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U.S. Antarctic Research, 1980-1981

The 159 reports in this issue of the Antarctic Journal of the
United States reflect the diverse nature of the United States
Antarctic Research Program (USARP). They describe field
work accomplished during 1980-1981, preliminary analyses of
data, and continuing studies of data previously acquired. Also
represented are the activities of people and organizations that
support the program in the field and in the United States. The
assistance of the investigators and project directors, who pre-
pared these papers, is gratefully acknowledged.

1980-1981 austral summer operations. Between late August
1980 and early March 1981, 310 science personnel from 42 U.S.
universities, colleges or associated institutions, 5 federal agen-
cies, and 7 industrial, private or nonprofit organizations con-
ducted 77 research projects on the continent and in the sur-
rounding waters. Land-based research was conducted at the
four U.S. stations (McMurdo, Amundsen-Scott South Pole,
Siple, and Palmer), from field camps, and at stations of other
nations. Marine research was conducted from the Founda-
tion's research ship Hero, the Coast Guard icebreakers Polar
Star and Glacier, and the RJV Melville of the U.S. academic
fleet. Logistics and support in Antarctica were provided by
559 U.S. Navy and other military personnel (not including
ships' personnel) and 234 employees of IT!' Antarctic Services,
Inc.

Flights in August delivered personnel to McMurdo Station
to help the 76 members of the McMurdo wintering staff prepare
for the arrival of science and support personnel in October.
During this Winfly (winter-fly-in), three ski-equipped Her-
cules airplanes, each making two trips, transported 162 sup-
port personnel and researchers from Christchurch, New Zea-
land, to McMurdo Station.

Antarctic Peninsula operations began in late December
when 23 science and support personnel, along with the bulk
of the annual resupply of cargo and fuel, arrived at Palmer
Station aboard the Polar Star.

On 29 January 1981 after a highly successful season Siple
Station was prepared for the winter and closed—the begin-
ning of a 9-month hiatus. Summer research continued at
McMurdo and South Pole Stations until mid-February when
the winter staffs began their months of isolation. Summer
operations continued at Palmer Station until March.

Science highlights. The variety of life on and around the
Antarctic Peninsula draws biologists to the region each year.
During the 1980-1981 austral summer nine biology projects
were undertaken. Among these was a study of leopard seal
ecology. In the final year of this 3-year study biologists cap-
tured, measured, examined and released 19 seals. Radio trans-
mitters were attached to another 14 leopard seals to track their
movements near Palmer Station; 18 adult females were cap-
tured for age and reproductive studies. In avian research,
biologists, working at the Polish station Arctowski, banded
and gathered data on penguins and flying birds at five rook-
eries in the Admiralty Bay area of King George Island. The
presence of 3-year-old chinstrap penguins at one rookery
established the age of first breeding for this species. Other
biologists investigated how two species of terrestrial insects
have adapted to prolonged subfreezing temperatures. One
hypothesis is that the insects acquire the necessary cryopro-
tectants directly from their food.

Projects in other disciplines were a geological investigation
of metallic mineral occurrences in the South Shetland Islands
and lands surrounding the Gerlache Strait and near Palmer
Station. Upper atmosphere physicists at Palmer Station collab-
orated with investigators at Siple Station in a study of very-
low-f requency electromagnetic waves.

At Siple Station in Ellsworth Land approximately 40
researchers, representing 10 institutes in the United States,
Norway, and the United Kingdom, investigated the earth's
radiation belts and the magnetosphere. In the magnetosphere,
which begins about 100 kilometers above earth and extends to
a boundary that marks the beginning of interplanatary space,
the earth's geomagnetic field dominates physical processes.
Siple Station is at one end of a geomagnetic line of force that
passes outward through this region and returns to earth at
Siple's northern conjugate point near Roberval, Quebec. Radio
waves generated and recorded at both ends have helped
describe processes in the magnetosphere; instrumented
sounding rockets provide more detailed information from var-
ious levels. During periods of magnetospheric wave activity
triggered by natural events and the Siple transmitter, three
Nike-Tomahawk and four Super Arcas rockets (provided by
the National Aeronautics and Space Administration) were
launched to an altitude of approximately 200 kilometers to
study wave-particle interactions. Scientists also used 15
instrumented balloons with flight durations of 20 to 40 hours
to measure bremsstrahlung x-rays, dc electric fields, and very-
low-frequency radio wave emissions. The investigators
obtained important data that will expand knowledge of the
upper atmosphere.

The RN Melville, operated by Scripps Institution of Ocean-
ography with funding by USARP as a part of the University-
National Oceanographic Laboratory System, spent 100 days in
antarctic waters between December 1980 and March 1981. Dur-
ing the first third of this time scientists conducted geophysical
investigations of the antarctic tectonic plate boundary and
gathered data on geothermal activity near the Scotia Arc. The
remaining time was devoted to two cruises in the eastern
Scotia Sea and the Bransfield Strait for physical, chemical, and
biological investigations, which emphasized the role of krill
(Euphausia superba) in the marine ecosystem. Physical and
chemical measurements of ocean water were taken at 133 sta-
tions. Detailed biological investigations included acoustical
surveys of krill using three frequencies (50, 105, and 120 kilo-
hertz), oblique bongo and vertical net tows of zooplankton and
plankton, and water sampling for chemical and biological
studies. U.S. investigators also collaborated with scientists
aboard two West German ships (the Meteor and the Walther
Herwig and one Polish ship, the Professor Siedlecki) in a study
of krill patches near Elephant Island. The results of these
investigations will increase scientific knowledge of the com-
position and structure of the antarctic marine ecosystem, help
determine the amount of krill in antarctic waters, and provide
information on how much krill could be harvested without
damaging stocks or other components of the ecosystem. The
data will contribute to the development of conservation mea-
sures for marine resources in the southern ocean.

In southern Victoria Land biological studies helped identify
physiological processes and adaptations to environmental
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extremes in local glacier-fed lakes. Over the last few years
benthic algal mats collected from Lakes Bonney, Hoare,
Fryxell, and Vanda have provided biologists with new insight
into the ecology and geochemistry of these ancient lakes. Data
gathered during the 1980-1981 austral summer show that mats
that form beneath permanent, poorly translucent ice adapt to
these conditions by producing great amounts of photosynthetic
pigments. The nonliving portions of these mats also appear to
retain chlorophyll for an unusually long time. Many of these
mats are preserved as nascent stromatolites, an algal-derived
structure present in the fossil record for approximately 3.5
billion years but reduced greatly during the lower Paleozoic
as larger life forms evolved. Data from the shallower waters of
Lakes Bonney, Fryxell, and Hoare suggest that stromatolites
may affect the geochemistry of these lakes by trapping min-
erals, which are carried to the surface as the mats freeze in the
lake ice and removed when the mats are blown away. Inves-
tigators found that some stromatolites were similar to those
that have been extinct since the end of the Precambrian. These
antarctic stromatolites are the first recorded in a polar envi-
ronment, and the ecological conditions of the Victoria Land
lakes suggest that they may be analogs of Precambrian eco-
systems.

On Mt. Erebus, the 3,794-meter active volcano on Ross
Island, U.S., Japanese, and New Zealand geologists installed
three seismometers with year-round telemetry links to New
Zealand's antarctic station Scott Base. From these devices
geologists are obtaining a long-term record of seismic activity.
The data acquired during 1981 have provided information on
microearthquakes (magnitudes less than 3) originating on the
mountain and elsewhere. Antarctica is considered nearly ase-
ismic, and these earthquakes are significant in determining
the tectonic characteristics of the Ross Sea area.

At Amundsen-Scott South Pole Station, glaciologists drilled
a 108-meter ice core, which was stored at the station for later
use by other investigators. In astronomy use of a telescope,
which provides a 20-centimeter solar image, established South
Pole as a unique site for certain solar investigations. Beginning
a 2-year study, scientists gathered data on the lifetime of the
visible chromospheric network and the evolution of other dis-
crete features, particularly supergranules with estimated life-
times between 20 and 90 hours. Despite substandard weather
a 5-day run with coronal viewing was completed in early
January 1981. Other astronomers tested a new portable solar
telescope, an f/100 refractor with a 10.64-centimeter aperture,
that will be used to observe solar oscillations.

Support. During the austral summer Navy pilots and crews
flew seven ski-equipped Hercules airplanes and seven heli-
copters. Other Navy logistics included operation of a cargo
ship (USNS Southern Cross) and a tanker (USNS Maumee). The

U.S. Coast Guard operated the two icebreakers, Glacier and
Polar Star, each with two helicopters. At McMurdo, construc-
tion workers finished building three 50-bed dormitories, the
first phase of a new power plant, and a temporary, three-
building scientific observatory on the Ross Ice Shelf near White
Island. By using a new temperature control system in
McMurdo buildings, Navy public works reduced the amount
of diesel fuel consumed by 20 percent compared to the 1979-
1980 austral summer. As a part of the shift to contract operation
and management of facilities, the Navy turned over to Ant-
arctic Services, Inc., the upkeep of Williams Field, McMurdo's
ice shelf landing strip. At Siple and South Pole Stations, sup-
port included the construction of living quarters for summer
science and support personnel. A major project at Palmer Sta-
tion was the rebuilding of the water desalinator.

Compilation of the Antarctic Bilbliography continued. Over
the last 20 years the Library of Congress Cold Regions Bibliog-
raphy Project has abstracted and indexed more than 25,000
items of antarctic literature. An analysis of the rate at which
antarctic science papers are cited demonstrated the significant
influence of U.S. antarctic research on world science. The study
used 2,942 articles that appeared in both the Antarctic Bibliog-
raphy and the Science Citation Index and that were cited at least
once between 1961 and 1978. Antarctic literature, much of it
by U.S.investigators, had a crucial role in several lines of
inquiry—including plate tectonics, magnetospheric pro-
cesses, stratospheric chemistry, paleoclimatology, and enzyme
adaptations to low temperatures—throughout the 1970's.

In 1980 the marine biological curation facility at the Smith-
sonian Oceanographic Sorting Center provided samples to 30
specialists and sent 19 shipments of specimens to the National
Museum of Natural History for permanent deposition. The
marine sediment core facility at Florida State University dis-
tributed 21,136 samples to 34 investigators at 16 institutions
in 3 countries. Between October 1978 and January 1981, the
staff at the meteorite curation facility in Houston, Texas pre-
pared about 1,200 antarctic meteorite samples and distributed
them to 90 investigators in 13 countries. The curation facility
in Buffalo, New York, handled quantities of ice cores from
Antarctica.

Fiscal 1981 support of the U.S. antarctic program, provided
through the National Science Foundation, totalled $67,454,493
in the following major categories: science projects $18,001,074,
construction and procurement $12,173,870, and program sup-
port $37,279,619. The scientific work included grants in atmos-
pheric sciences $2,171,911, biological sciences $2,266,470,
earth sciences $1,698,204, glaciology $1,063,514, oceanography
$1,265,411, information and advisory services $575,664, and
direct science support (costs normally included in a grant for
work at an institution but provided in Antarctica from program
resources) $8,959,900.
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Terrestrial geology and geophysics

Problems in the lndo-Antarctic fit

SANKAR CHArFERJEE

Department of Geosciences
Texas Tech University
Lubbock, Texas 79409

A central element in the concept of Gondwanaland is the
present subcontinent India, and any model of paleocontinental
connections and rifting and drifting of fragments must be
consistent with the evidence of India itself. In the reassembly
of Gondwanaland, the Indo-Antarctic fit is purely a geomet-
rical solution; it is not yet supported by geological, paleonto-
logical, and geophysical data. This report is an attempt to
outline the major problems of Gondwanaland reconstruction
involving India and Antarctica.

Geometric fit. In the continental reassembly (figure), the east
coast of India is usually repositioned relative to Enderby Land
of East Antarctica (Du Toit 1937; Smith and Hallam 1970). In
this reconstruction, an oceanic gap, termed Sinus Australis, is
created between the western margin of Australia and India.
Dietz and Holden (1971) suggested that this oceanic gap should
have a crust of pre-Mesozoic age. But because the crust, in
fact, is Mesozoic and no older (Heirtzler et al. 1973), the concept
of the Sinus Australis has been abandoned. Various sugges-
tions to fill the gap of Sinus Australis have been proposed:
(1) Southeast Asia (Audley-Charles, Carter, and Milson 1972);
(2) a displaced Tibetan massif (Crawford 1974); and (3) a
hypothetical "Greater India" lost under Tibet during collision
of India with Asia (Powell and Conaghan 1973; Veevers, Pow-
ell, and Johnson 1975).

Barron, Harrison, and Hay (1978), in a stimulating discus-
sion, rejected all the speculative landmasses between penin -
sular India and Australia. Instead, they modified the recon-
struction by pushing India against western Australia and
matching the Madras coast of India against that of Enderby
Land. This fit has narrowed the Sinus Australis gap but
expanded a large oceanic gap, thousands of kilometers wide
between India and Africa, without any continental connection.
Because most of the floor of the Indian Ocean is probably
Mesozoic in age, this speculation questions the existence of a
pre-Mesozoic ocean between India and Africa. Moreover, a
nonmarine dispersal route between these two continents is
necessary to explain the similarities of the Permian and Trias-
sic vertebrates.

r;i

Sketch map illustrating various attempts to reconstruct East Gond-
wanaland. India: black; Antarctica: stippled. (a) Du Toit (1937);
(b)Smith and Hallam (1970); (c)Dietz and Holden (1970);
(d) "Greater India" after Veevers and others (1975); (e) Barron and
associates (1978).
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Geological correlations. If Antarctica and India were united
prior to the fragmentation of Gondwanaland, the rocks of the
originally adjacent coasts should display strong similarities in
structure, composition, and age. So far, no clear or detailed
stratigraphic or structural correlations between India and Ant-
arctica have been established. A major difficulty in the precise
correlation stems from the fact that only 5 percent of the total
area of Antarctica is exposed rock. However, the Indian shield
remained stable since Proterozoic (Krishnan 1968), whereas
the Antarctic shield is complicated by a widespread late Pre-
cambrian-early Paleozoic thermal event that clouds the mean-
ing of radiometric ages and paleomagnetic pole determina-
tions (Craddock 1978). Most of the Antarctic shield is younger
than the supposed matching coast of the Indian shield. Only
the Napier complex of Enderby Land shows matching isochron
data (2.5 billion years) with the granulitic terrain of South
India (Grew and Manton 1979).

Craddock (1975) attempted to reconstruct Gondwanaland on
the basis of structural trends or orogenic belts. Clearly, the
detection of such lineaments provides a powerful tool for the
continental drift reconstructions. He traced several orogenic
belts from South America through Africa, Antarctica to Aus-
tralia. However, he could not find any continuation of such
lineaments between India and Antarctica. Certainly there is
no tectonic evidence for the abutment of East Antarctica
against India.

In the Indo-Antarctic fit, the Amery Ice Shelf of East Ant-
arctica is usually positioned near the Mahanadi valley of India
(Dietz, Holden, and Sproll 1972; Smith and Hallam 1970).
However, no lithologic or stratigraphic similarities could be
found between the Gondwana rocks of these two valleys (Elliot
1975; Mitra, Bandyopadhyay, and Basu 1979). In the Mahanadi
basin, the Gondwana rocks are extensive, ranging in age from
Permian to Jurassic; they commenced with a typical glacial
boulder bed, intercalated with marine sequences. No such
correlative glacial or marine beds are known in the Amery
basin. Here, the Gondwana rocks are very limited in extent;
only the Permian rocks are represented. Even so, there is no
clear identification of the Amery Group of rocks with any
Gondwana strata of India. In the Mahanadi basin, the Eastern
Ghat Hills along the east coast served as the provenance. For
the Amery Group, the source was a thousand kilometers inland
in Antarctica. The Mahanadi and Amery basins maintained
their separate identities, and the sedimentation and deposi-
tional histories of these two basins are entirely different.

Paleomagnetic evidence. Paleomagnetic data, still very scant
from India and Antarctica, do little to resolve the problems of
former relations between these two continents. Creer (1970)
noted that the Indian apparent polar wandering (Am) path for
the late Mesozoic-Cenozoic period has been too poorly defined
to use as a check to establish the timing of separation of India
from other Gondwana continents. For example, the Permian
and Jurassic poles for India are not coincident with those of
Antarctica, and the reason for this is not clear. This is further
complicated by the fact that various red beds of the Indian
Gondwana rocks that were used for paleomagnetic studies
reflect widespread remanent magnetization during the extru-
sion of the Deccan lava (65 million years ago), and the reli-
ability of these paleomagnetic data has been questioned
(Klootwijk 1979; Turner 1979). Since the APW curves of India
do not match those of Antarctica, some authors (Briden 1970;
McElhinny 1970) have suggested early fragmental movements

of Gondwanaland around the Permian-Triassic periods. How-
ever, generally a later date (late Cretaceous-early Tertiary) of
Indo-Antarctic fragmentation has been postulated from other
geologic and geophysical data (McKenzie and Sclater 1973;
Molnar and Tapponnier 1977).

Ocean-floor evidence. The relative positions of the conti-
nents, reconstructed from the oceanic magnetic anomalies, are
best known for the past 80 million years (late Cretaceous).
Prior to this time, the oceanic magnetic lineations are
extremely limited and less well dated; in some cases they may
have been eliminated, possibly by submarine diagenetic pro-
cesses (Larson and Pitman 1972). Consequently, the early his-
tory of the breakup of Gondwanaland is largely speculative.
Thus it is not possible to check from the oceanic magnetic
anomalies whether the Gondwanaland reassembly, especially
the Indo-Antarctic fit (Smith and Hallam 1970) during the
Triassic time, is correct.

Paleontological evidence. Continental vertebrates have always
been regarded as especially reliable indicators of former land
connections because of their general inability to cross major
sea barriers. In India, the tetrapod-bearing horizons are abun-
dant in the Gondwana rocks ranging from late Permian to late
Cretaceous. None of these has been found in Antarctica except
for the early Triassic Lystrosaurus Zone fauna (Elliot et al. 1970).
Even so, the Lystrosaurus Zone fauna is not unique in Gond-
wanaland. It has not yet been discovered in South America
and Australia, but is recorded in "northern" continents in the
U.S.S.R., China, and Indo-China (Colbert 1971). Thus there is
no firm paleontologic evidence for or against the Indo-Antarc-
tic fit on the basis of Lystrosaurus fauna.

Colbert (1973) suggested that Gondwanaland and Laurasia
had distinct faunas in the Triassic. The late Triassic Indian
vertebrates such as parasuchids and metoposaurs are restricted
only to Laurasia; India genera such as Parasuchus, Metoposau-
rus, Typothorax, and Malerisaurus are also known from the late
Triassic rocks of U.S.A. (Chatterjee 1980). In order to measure
the degree of faunal similarities between two regions, Simpson
(1943) suggested a simple but realistic formula of 100 C/N1,
where C is the number of faunal units at a given taxonomic
level common to two areas, and N 1 , is the total number of such
units in the smaller of the two faunas. Cox (1973) compared
Indian Triassic vertebrates with contemporary fauna of the
world and found that the index of faunal similarity (at a family
level, using Simpson's index) is highest for India-Europe,
around 81. The early Jurassic Kota fauna of India includes a
variety of fishes, the earliest sauropod dinosaur Barapasaurus,
the pterosaur Campylogna tho ides, and mammals; most of the
taxa are very similar to those of northern continents. Charig
(1973) found that the index of fauna! similarity (at a family
level, using Simpson's index) between Indian and North
American dinosaurs in the late Cretaceous is 100.

To accept the popular notion that India separated from Ant-
arctica and subsequently united with Asia, one must accept
the idea that during some part of Mesozoic or early Tertiary,
India was an island continent (Dietz and Holden 1970). India,
if it were a drifting island continent for many millions of years,
should have evolved highly distinctive endemic fauna during
its isolation (a situation similar to the radiation of mammals
of Australia in the Tertiary), and we surely should find some
evidence of it—if it ever existed. On the contrary, Indian
Mesozoic and Tertiary vertebrates show closest similarities to
those of Eurasia and North America. The lack of endemism in
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the Indian vertebrates during this period is clearly inconsistent
with the island continent hypothesis (Sohn and Chatteijee
1979). The paleontologic evidence certainly attests proximity
of India to Asia. It must also be recognized that more vertebrate
faunas may be discovered in the Gondwana rocks of Antarc-
tica, and these faunas may provide significant evidence con-
cerning the exact positions and durations of contacts, if any,
between India and Antarctica.

This research was supported by National Science Founda-
tion grant DPP 80-06953.
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Significant new Gondwana data on
Australian, South African, and South

American conchostracans

PAUL TASCH
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Wichita State University
Wichita, Kansas 67208

Continuing assembly of data for a monograph on Gondwana
estheriids, their taxonomy and biostratigraphy, has led to
some important new findings.

Australia. [Newcastle Coal Measures (Permian), New South
Wales]. Mitchell's fossil conchostracan types (Australian
Museum) were never stratigraphically placed (Mitchell 1925,

1927) or restudied firsthand. Both of these shortcomings have
been removed by systematic collections from measured sec-
tions at 14 localities in the Lake Maquarie district and environs
(figure) and by revision of Mitchell's taxonomy to incorporate
the new data that have accumulated since the original descrip-
tions were written.

A major traceable conchostracan-bearing bed in the Crou-
dace Bay Formation has been defined. Other fossil conchos-
tracans were found closely above or below this datum. Well
below this datum and at the farthest removed outcrop from
the Lake Maquarie district (figure, station 14), three conchos-
tracan beds were located. These beds are under water during
high tide. In the formation immediately above the Croudace
Bay (i.e., the Eleebana Formation), the geologically youngest
conchostracan-bearing bed was found. Altogether (from older
to younger) nine conchostracan-bearing beds were sampled
and three new species described.

These data have relevance for the Permian Leaia Zone in the
Ohio Range, Antarctica, which is a time-correlate of the New-
castle Coal Measure leaiids.

Munmorah Conglomerate	Tickhole
Catherine Hill Bay	 Glebe

VM Eleebono	 Kotaro
1111111 Croudoce Boy	 N Shepherds
NEW

Mount Hutton

Distribution of conc hostracan-bea ring beds by formation and outcrop site. (Adapted from E. A. Pryor and V. Mursa map, Surface Geology,
Newcastle Coalfield, 1968, The Broken Hill Proprietary Co., Ltd.)
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South Africa. Reports of ribbed conchostracans (Leaia spe-
cies) are rare in South Africa. A new leaiid species was found
on a slab from the Cape Province. Contemporaneous Permian
leaiid horizon(s) appear to have been widespread in many
parts of Gondwanaland: Antarctica, South Africa and Zim-
babwe, South America (Brazil and Argentina), and Australia.

South America. In a collection from the Santander Massif,
Colombia, now in my laboratory, an Estheriella species was
found. The age is most likely Triassic. This is of interest since
Marlière (1950) described an Estheriella from the Triassic Karoo
(Cassanje III beds) of Angola.

The pattern of the marginal costae (partial ribs) of the Colom-
bia species, while not identical, is reminiscent of Estheriella
taschi Shah and Ghosh from the Panchet Formation of India.
The spread of this genus to three Gondwana continents during
Triassic time, representing as it does broadcast of the same
basic bioprogram, can be attributed to the proximity of con-
tinents.

This research was supported by National Science Founda-
tion grant DPP 79-09015. The fine cooperation of the Geological
Survey of New South Wales, and especially colleagues Toby
Rose, C. T. McElroy, and John Pickett, facilitated my Newcas-
tle Coal Measures fieldwork. Will Maze, graduate student,
Princeton University, contributed his Mesozoic conchostracan
collection from the Venezuelan Andes and Colombia.
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Geochronologic studies in East
Antarctica: Ages of rocks at Reinbolt

Hills and Molodezhnaya Station

EDWARD S. GREW

Department of Earth and Space Sciences
University of California

Los Angeles, California 90024

WILwM I. MANTON

Department of Geosciences
University of Texas-Dallas
Richardson, Texas 75080

The bedrock exposures at Molodezhnaya Station (67°40'S
46°E) in Enderby Land and Reinbolt Hills (70°30'S 72°30'E) on
the Ingrid Christensen Coast consist of well-layered granulate-
facies rocks and foliated charnockite. The charnockite at
Molodezhnaya is a well-lineated or well-foliated rock contain-
ing quartz, two feldspars, and hornblende, with subordinate
orthopyroxene, clinopyroxene, garnet, and biotite (Grew
1978). The Reinbolt Hills charnockite is a porphyroblastic rock
containing quartz, two feldspars, orthopyroxene, garnet, and
biotite; the porphyroblasts (potassium feldspar) commonly
have preferred orientation (E. S. Grew unpublished field
notes; Ravich, Solovyev, and Fedorov 1978, pp. 166-167). At
both localities, the charnockite appears to be a plutonic rock

that was metamorphosed and deformed under granulite -facies
conditions soon after emplacement. However, Ravich, Solov-
yev, and Fedorov (1978, p. 167) suggest that the Reinbolt Hills
charnockite is derived by the metasomatic replacement of the
granulite -facies country rocks.

We report here uranium-lead (U-Pb) isotopic analyses of
zircons from charnockite at Molodezhnaya (samples 323, 108C)
and Reinbolt Hills (samples 565A and 557), and from a quart-
zofeldspathic gneiss at Molodezhnaya (106Z) (table, next
page). Specific localities of the Molodezhnaya specimens are
given elsewhere (Grew 1978, figure 8), as are results of analyses
of total rock samples of these three specimens for rubidium
(Rb) and strontium (Sr) isotopes (Grew 1978, tables 2 and 3).
The quartzofeldspathic gneiss (106Z) contains minor ortho-
pyroxene, garnet, and biotite. We also report thorium (Th)-U-
Pb isotope data on six zircon crystals from a subconcordant
pegmatite lens in quartzofeldspathic garnet-biotite gneiss at
Reinbolt Hills (also described by Fedorov and Grikurova 1980);
preliminary results have been presented orally (Grew and
Manton 1977). This pegmatite is also the source of single crys-
tals of sillimanite up to 6 centimeters long and 2 centimeters
across (Fedorov and Grikurova 1980; Grew 1980). The zircon-
bearing samples were collected during the winter of 1973 at
Molodezhnaya and during austral summer 1973-74, when
Grew was U.S. exchange scientist with the Soviet Antarctic
Expedition.

The zircons from the Reinbolt Hills charnockite are rounded
and milky; those from Molodezhnaya charnockite are subhed-
ral and clear. Zircons from the quartzofeldspathic gneiss are
elongate and rounded. We observed no detrital cores in any
of these zircons. The pegmatitic zircons are subhedral or
euhedral and red-brown in transmitted light, as seen in thin
splinters. The analyzed crystals range in weight from 0.07 to
1.44 grams and are up to 0.5 centimeters across.
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Uranium, thorium, and lead concentrations and isotopic ratios of zircons from Reinbolt Hills and Molodezhnaya Station

	

206Pb	206Pb

	

204pb	207Pb

Pegmatite- Reinbolt Hills

	

2.2x104	14.552

	

2.8x104	14.568

	

2.2x104	14.635

	

2.Ox 104	14.541

	

2.0x104	14.544

	

-	14.430

Sample	U	Th	Pb
number	 (parts per million)

5227	37.8	631.4
4951	49.6	648.6
4905	43.1	620.2
5092	53.9	667.1
4844	46.2	648.0
4478	55.3	577.1

575
743

244
136

847

*Radiogenic component.

206pb	207Pb
	2O6pb*

208Pb

189.4	1.240
	

0.1309
204.1	1.344

	
0.1420

197.8	1.291
	

0.1370
181.0	1.346

	
0.1419

186.3	1.374
	

0.1449
151.8	1.332

	
0.1394

7.852	1.213
	

0.1272
11.372	1.1908

	
0.1255

3.131	0.8601
	

0.0999
3.062	0.8196

	
0.0965

0.9781	1.436
	

0.1332

556-1
556-2
556-3
556-4
556-5
556-6

557
565A

108C
323

106Z

Charnockite-Reinbolt Hills
80.6	1.80x104	14.30
99.2	2.81x104	14.43

Charnockite- Molodezhnaya
31.1	7.69x103	15.56
16.8	5.9x103	15.61

Quartzofeldspathic Gneiss- Molodezhnaya
209	1.25x104	12.79

The pegmatitic zircons lie on a chord intersecting concordia
at 94 and 896 million years (figure), suggesting crystallization
of the zircon 896 million years ago and subsequent loss of lead.
Thorium ages range from 1300 to 1800 million years and are
markedly discordant. Isotopic data on zircons from the Rein-
bolt Hills chamockite lie on the chord defined by the pegmatite
zircon data. We conclude that the 896-million-year value is the
age of cyrstallization of the pegmatite and charnockite at Rein-
bolt Hills. There is no isotopic evidence that the zircons lost
lead during a metamorphic event between the time of crystal-
lization 896 million years ago and the present. Consequently,
the time interval between the crystallization of the pegmatite
and charnockite on the one hand, and the granulite-facies
metamorphism on the other, was relatively small and the 896-
million-year value is also the age of metamorphism. This value
lies in the range of Rb-Sr isochron ages (800 to 1100 million
years) reported by Tingey (in press) on plutonic and high-
grade metamorphic rocks in Mac. Robertson Land (between
about 67° and 73°S, and east of 62°E) and the Ingrid Christensen
Coast.

The two zircon samples from Molodezhnaya chamockite
have suffered a large lead loss and lie on a chord intersecting
concordia at 512 and 984 million years (figure). Although the
errors in the upper intersection are necessarily large, the 984-
million-year age is consistent with the 987 ± 60 million-yser-
Rb-Sr isochron age (initial 87Sr/86Sr ratio of 0.7109 ± 0.0015)
obtained on the charnockite (Grew 1978). We interpret the
ages near 1000 million years as the age of crystallization of the
charnockite, which was soon followed by granulite-facies
metamorphism and deformation. The lower intercept near 500
million years may reflect lead loss associated with pegmatite
emplacement, faulting, and amphibolite-facies metamorph-
ism dated 500 to 550 million years ago at Molodezhnaya (Grew
1978).

Isotopic data on the zircon from the quartzofeldspathic
gneiss (106Z) do not lie on the 512-984 million-year-chord,
and this zircon appears to be older than the other two Molod-
ezhnaya zircons. A total-rock model Rb-Sr age of 2120 ± 155
million years was obtained on sample 106Z assuming an initial
87Sr/86Sr ratio of 0.715 ± 0.010 (Grew 1978). Given the evidence

for a 550-million-year metamorphic event at Molodezhnaya,
we note that this sample plots on a 550-1800-million-year
chord. The zircon U-Pb data thus corroborate field and Rb-Sr
data cited by Grew (1978) as evidence for the quartzofeld-
spathic gneisses being older than the chamockite at Molod-
ezhnaya.
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207Pb/ 235U

Concordia plot of uranium-lead isotopic data from zircon extracted
from charnocklte, pegmatite, and quartzofeldspathlc gneiss.
Closed circles = charnockite, Reinbolt Hills; Open
circles = pegmatite, Reinbolt Hills; Open triangles = charnockfte,
Moiodezhnaya Station; Closed triangle = gneiss, Molodezhnaya
Station. Numbers on concordia are ages in billions of years. The
Reinbolt Hills data lie on a 94-896-million-year chord and the
Molodezhnaya Station charnockite data, on a 512-984-million-
year chord. The dashed line Is  portion of a 550-1800-million-year
chord.

6	 ArJTARCnC JOURNAL



These zircon data provide further evidence for charnockitic
plutonic activity and granulite -facies metamorphism 900-1100
million years ago in an east-west trending belt exposed in
western Enderby Land, Mac. Robertson Land, and the Ingrid
Christensen Coast.

This research was supported by National Science Founda-
tion grants DPP 75-17390 and DPP 76-80957 to the University of
California, Los Angeles. Grew thanks members of the 18th
and 19th Soviet Antarctic Expeditions for their logistic support
and cooperation.
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Petroleum resources of Antarctica*

JOHN C. BEHRENDT

U.S. Geological Survey
Denver, Colorado 80225

There are no known petroleum resources in Antarctica, and
information on which to base reliable estimates of undiscov-
ered resources is lacking. Given the hostile antarctic environ-
ment, only giant fields (approximately 70 million tons, or 0.5
billion barrels), or more probably supergiant fields (approxi-
mately 700 million tons, or 5 billion barrels), could reasonably
be considered economical in the next few decades. Consider-
ing the locations of known giant oil fields in the world, Ant-
arctica does not appear a very good prospect. The location of
Antarctica in the Gondwanaland reconstruction suggests that
West Antarctica is the area most likely to contain petroleum
resources. Probably only the continental margins (possibly

*This paper will be published in Mineral Resource Potential of Antarctica
by I . Splettstoesser (University of Texas Press).

including ice-shelf areas) bordering the Ross, Amundsen, Bel-
lingshausen, and Weddell Seas will be exploitable with present
or future technology because of the several-kilometers-thick
moving grounded ice sheet covering the rest of Antarctica.

Geophysical data are sparse but do suggest the presence of
several kilometers of unmetamorphosed sedimentary rock
(possibly Cretaceous and Tertiary age) beneath the Ross and
Weddell continental shelves. There is no information on the
Amundsen and Bellingshausen continental shelves. Several
Deep Sea Drilling Project (osDr') holes beneath the Ross con-
tinental shelf have shown the presence of Tertiary marine and
nonmarine sedimentary rocks as old as Oligocene in age over-
lying early Paleozoic basement. Shows of gas in the DSDP holes,
although provocative, cannot be considered evidence of any
hydrocarbon resources. Technology to exploit possible petro-
leum resources in Antarctica is developing faster than the
scientific studies directed at resource assessment and environ-
mental hazards, and faster than the international legal process
of establishing a mineral resources regime to determine
whether, or under what circumstances, industrial exploration
and exploitation should be permitted. As future geophysical
and geologic studies outline possible prospective areas, sci-
entific studies are needed of hazards associated with geologic,
meteorologic, and oceanographic conditions, as well as eco-
systems that might be affected adversely.

Tectonic studies in the Scotia Arc
region and West Antarctica

IAN W. D. DALZIEL

Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964

My students and I were involved in two major field studies
during the 1980-81 austral summer. The first involved a con-
tinuation of work in the southernmost part of the Andean

Cordillera undertaken by scientists from Lamont-Doherty over
the past 12 years. The second involved a new venture in West
Antarctica undertaken in cooperation with scientists of the
British Antarctic Survey (see Doake and Crabtree, Antarctic
Journal, this issue).

With the absence of RIVHero as a result of her major overhaul,
the South American work was limited to the foothills of the
Andean Cordillera. Here Terry Wilson completed a detailed
structural traverse from the outcrop of the Upper Jurassic
Tobifera Formation through the folded and thrusted Lower
and Upper Cretaceous strata of the foreland fold and thrust
belt to the outcrop of the Tertiary. This traverse was located in
the district of Ultima Esperanza near the spectacular Miocene
granitic pluton of Cerro Paine. The structures in the area stud-
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ied consist of a north-northwest-trending set of major folds
with subordinate thrusts. The existence of previously unrec-
ognized major folds was determined from detailed study of
minor-fold geometry as well as reinterpretation of some Cre-
taceous stratigraphic boundaries. The folds involve Upper Jur-
assic through Upper Cretaceous rocks, while Tertiary sedi-
mentary rocks occur in a monoclinal belt along the eastern
edge of the study area. A well-devloped cleavage is present
throughout. A structural profile of the transect is being con-
structed.

Wilson also measured detailed stratigraphic sections in the
Lower Cretaceous rocks. Together with sedimentologic data
and petrographic results, these sections will provide a more
detailed understanding of the early evolution of the Magal-
lanes basin.

The cooperative Lamont-Doherty- British Antarctic Survey
(BAS) geophysical study involved radar ice-echo sounding by
a BAS "Twin Otter" aircraft (using fuel left by the United States
in the Ellsworth Mountains at the end of the 1979-80 season)
to fly along tracks jointly selected for their tectonic as well as
glaciological significance. The main objective was to improve
our understanding of the morphology and interrelationships
of the obvious continental blocks of the Antarctic Peninsula,
Ellsworth Mountains, and Thurston Island areas. The aircraft
also obtained profiles across major glaciers within the Ells-
worth Mountains and along gravity traverses measured pre-
viously by Robert Rutford.

A total distance of 15,700 kilometers was flown in 78.5 hours
using all the fuel available. Four lines were flown at maximum
range of the aircraft to the Bryan Coast and Pine Island Glacier,
four lines at maximum range over the Ronne Ice Shelf towards
the Antarctic Peninsula, and two lines covering local features
within and around the Ellsworth Mountains.

The survey delimited the catchment area of Pine Island Gla-
cier and gave valuable information on the nature of the sub-
ice surface as well as the sub-ice topography itself (Doake and
Crabtree, Antarctic Journal, this issue).

The British Antarctic Survey scientists most closely involved
with the work are Charles Swithinbank, head of the Earth
Sciences Section, Christopher Doake, and Richard Crabtree.
Peter Clarkson, Geoffrey Renner, and Michael Thomson par-
ticipated in planning the flight program.

The work in the Scotia Arc region is supported by National
Science Foundation grant DPP 78-20629. The cooperative pro-
gram in the interior of the continent is supported by NSF grant
Dl'? 79-20220. The invaluable efforts of the British Antarctic
Survey air unit under the command of Captain Gary Studd is
gratefully acknowledged.
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Preliminary bivalve zonation of the	Orville Coast may be considerably more than the 830 meters
measured by Thomson and others (1978, p. 9). While the FossilLatady Formation	 Bluff Formation of Alexander Island (figure 1) accumulated in
a fore-arc environment to the west of the peninsula, the Latady
Formation has generally been interpreted as a back-arc deposit

J. A. CRAME	 (Suarez 1976).

British Antarctic Survey
Natural Environment Research Council

Madingley Road
Cambridge CB3 OET, England

A primary aim of the 1977-78 U.S. Geological Survey field
party to the Orville Coast (figure 1) was to investigate the
biostratigraphy of the Jurassic Latady Formation, which is well
exposed in this region. Preliminary results of this fieldwork
(Rowley 1978, 1979; Thomson, Laudon, and Boyles 1978)
include synopses of the paleontology. In addition, Thomson
(1980) has given a brief review of the principal ammonite
faunas. This article is a complementary report on another fossil
group with considerable biostratigraphic potential, the
bivalves.

Predominantly composed of shallow-water volcaniclastic
sediments, the Latady Formation is now known to be one of
the major sedimentary formations of the Antarctic Peninsula.
It can be traced from the Lyon Nunataks-Behrendt Mountains
region through the Orville and Lassiter coasts to the southern
Black Coast (figure 1) (Rowley 1978; Thomson et al. 1978). Lack
of continuous exposures and considerable tectonic deforma-
tion mean that the true thickness of the formation on the
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Figure 1. Map of the Orville Coast region. The shaded area on the
Inset shows the relationship of this region to the Antarctic Penin-
sula. The numbers 1, 2, and 3 refer to the Lassiter Coast, southern
Black Coast and Alexander Island, respectively.
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Initial paleontologic studies in the Lyon Nunataks-Behrendt
Mountains region indicated a Middle to Late Jurassic age for
the Latady Formation: Quilty (1970) described Middle Bajo-
cian, Lower Callovian, and Oxfordian ammonites, and Stevens
(1967) and Quilty (1977), Kimmeridgian bivalves and belem-
nites. No further systematic studies of Latady Formation fos-
sils have been published, but preliminary investigations of
both Orville and Lassiter Coast faunas suggest an essentially
Late Jurassic age (Rowley and Williams in press; Thomson et
al. 1978). An interesting finding of studies in both these
regions is that bivalves are particularly abundant. Large robust
forms, such as inoceramids and astartids, are much in evi-
dence, and arcaceans, buchiids, oxytomids, entoliids, pectin-
ids, and trigoniids are all common.

The 1977-78 field party brought back large collections of
bivalves from a series of localities in the Hauberg Mountains,
Peterson Hills, and Wilkins Mountains (figure 1). Particularly
common at these localities are small buchiidlike bivalves and
large inoceramids. Many of the former, although poorly pre-
served, can be identified as the distinctive Southern Hemi-
sphere bivalve, Malayomaorica malayomaorica (Krumbeck)
(figure 2), and the latter as representatives of the genus Retro-
ceramus (figure 2). Precise species identifications of the mo-
ceramids have yet to be completed, but their large size, char-
acteristic outlines, and prominent concentric ornament (figure
2) mean that they can almost certainly be referred to the R.
haasti (Hochstetter)-R. subhaasti (Wandel) group. This associ-
ation of M. malayomaorica with the R. haasti-subhaasti group
is a very common one in Late Jurassic strata throughout the
Southern Hemisphere. They occur together in New Zealand
(Fleming and Kear 1960; Sporli and Grant-Mackie 1976), Indo-
nesia (Krumbeck 1923; Wandel 1936), New Guinea (Glaessner
1945; Skwarko 1967) and New Caledonia (Freneix, Grant-
Mackie, and Lozes 1974). Their age in New Zealand has been
established as Lower Ohauan (Middle Kimmeridgian), and
this seems to be consistent with their stratigraphic occurrences
in all other regions (Jeletzky 1963; Stevens 1965). A Kimmer-
idgian age for strata exposed in the Hauberg Mountains-Wil-
kins Mountains region is also compatible with the known
ammonite data: Thomson (1980) concluded that the pens-
phinctid-dominated faunas had a Kimmeridgian to Early
Tithonian age.

In his study of the Late Jurassic bivalves of eastern Ellsworth
Land, Quilty (1977) demonstrated overwhelming similarities
with the Heterian (Lower Kimmeridgian) faunas of New Zea-
land. Especially prominent are the Hetenian index species,
Inoceramus (= Ret roceramus) galoi (Boehm) and Vaugonia
kawhiana (Trechmann). Thus, it would appear that, whereas
the Lyon Nunataks-Behrendt Mountains region (figure 1) is
characterized by Hetenian strata, the Hauberg Mountains-Wil-
kins Mountains region (figure 1) is characterized by Ohauan
strata. A southeasterly trend toward younger strata is further
indicated by the presence of sedimentary rocks of probable
Tithonian age at Cape Zumberge (figure 1). No bivalves have
yet been collected from this locality, but there are a number of
berriasellid ammonites with strong Late Tithonian affinities
(Thomson 1980).

The predominance of Heterian and Ohauan strata in the
Lyon Nunataks -Behrendt Mountains-Orville Coast region
strongly suggests that the Latady Formation largely predates
the Fossil Bluff Formation of Alexander Island (figure 3, next
page). The lowermost beds of the latter, the so-called "dis-
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FIgure 2. Two common bivalve species from the Latady Formation
of the Orville Coast: (a- d) Malayomaorlca malayomaorlca (Krum-
beck) (a and b are molds of left valves, c and d of right valves;
original shell lengths 23-29 millimeters); (e) a large member of
the Retroceramus haastl-subhaasti group, viewed from the left side
(original shell length 195 millimeters).

turbed zone," contain ammonites and belemnites with Kim-
meridgian affinities and R. haasti (Taylor, Thomson, and Wil-
ley 1979; Thomson 1979); therefore they are Ohauan in age.
Succeeding beds, however, contain Tithonian ammonites and
buchiid bivalves belonging to the Buchia blanfordiana (Stol-
iczka) group (Thomson 1979). Only the rocks exposed at Cape
Zumberge are likely to be equivalent in age to these (figure 3).

The fieldwork for this project was funded by National Sci-
ence Foundation grant DPP 76-12557 to the U.S. Geological
Survey. The fossils were collected by members of the 1977-78
field party, led by P. D. Rowley. I am grateful to M. R. A.
Thomson for allowing me ready access to the fossils and for
providing much useful background information.
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Paleomagnetic studies of the
northern Antarctic Peninsula

DOYLE R. WAUS

Department of Earth Sciences
University, Leeds
United Kingdom

and
Earth Sciences and Resources Institute

University of South Carolina
Columbia, South Carolina 29208

Laboratory studies of oriented core samples collected from
the northern Antarctic Peninsula and South Shetland Islands
during the 1977-78 and 1979-80 field seasons were completed
recently at the paleomagnetic laboratory at the University of
Leeds. The purpose of the investigation is to determine the
direction of the paleomagnetic field with respect to the pen-
insula for the Mesozoic and Cenozoic. These data are poten-
tially useful for determining the motion of this region with
respect to other parts of Gondwanaland and testing various
hypotheses concerning the interaction of the Antarctic, Pacific,
and Indian plates.

Measurements of magnetic remanence were made using a
Digico complete results spinner magnetometer and the pro-
totype United Kingdom cryogenic magnetometer. Demagne-
tization experiments were carried out with a tumbler alternat-
ing field device and thermal demagnetization apparatus.

A large body of data is now available as characteristic mag-
netizations have been identified in the Tertiary Ezcurra Inlet
Group lavas, the Point Hennequin Group lavas, the possibly
Mesozoic intrusive rocks from the Danger Islands, Wideopen
Islands, Etna Island, and the igneous rocks from Hope Bay,
Byers Peninsula, Greenwich Island, and Snow Island. A partial
synthesis of these results was read before the Geological Soci-
ety of London in October 1981. The final interpretation awaits
the completion of a potassium-argon (K-Ar) age determination
program now in progress at the Ohio State University to pro-

vide necessary information on the ages of magnetization of
the sampled units.

Certain conclusions may be drawn on the basis of available
information (Watts, Bramall, and Watts 1981). The Early Ter-
tiary Ezcurra Inlet Group lavas are especially good recorders
of the paleomagnetic field. The poles derived from these rocks
are very similar to Early Tertiary poles predicted for the east
antarctic craton by rotation of well-documented poles from the
global data set. This confirms an earlier conclusion (Watts
1981) that either the Antarctic Peninsula has not moved with
respect to the east antarctic craton since the Early Tertiary, or
that any movement has been a rotation about a pole of spread-
ing located approximately at the present geographical pole.
Those hypotheses that require a large-scale translation of the
Antarctic Peninsula with respect to East Antarctica during the
Tertiary may be rejected on the basis of these data.

When the age determinations are completed, the northern
Antarctic Peninsula polar wander track from the period 120 to
40 million years ago will be documented. These data, com-
bined with recent results from the Ellsworth Mountains (Watts
and Bramall 1981, in press), will reveal aspects of the move-
ments of the microcontinents that comprise West Antarctica.

This work was supported by National Science Foundation
grants DPP 77-23427 and DPP 79-21102.
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Jurassic-Cretaceous palynology of
Byers Peninsula, Livingston Island,

Antarctica

ROSEMARY A. ASKIN

Department of Geology
Colorado School of Mines
Golden, Colorado 80401

Samples from 5 of 10 localities on Byers Peninsula, Livings-
ton Island (figure), contain stratigraphically useful palyno-
morph species. The assemblages range in age from possible
uppermost Jurassic (Tithonian) to Lower Cretaceous (Barre-

mian). Apart from recycled specimens, they are the first
Tithonian-Barremian palynomorphs reported from Antarctica.

Forty-eight samples collected during the February 1980
expedition (P./v Hero cruise 80-2; Elliot and Askin 1980) to Byers
Peninsula were examined for palynomorphs. Outcrops of fine-
grained sedimentary rocks suitable for palynological study
were scarce, and in many cases the sediments were too baked
by adjacent igneous rocks for preservation of palynomorphs.
Ten main localities were sampled, of which localities 2, 4, 6,
9, and 10 (figure) include productive samples. Samples from
the other localities are barren of palynomorphs or contain
skeletal grains too poorly preserved to identify.

The productive samples contain often abundant but poorly
preserved spores and pollen (land-plant-derived microfossils)
and dinoflagellates (marine phytoplankton). Among the
spores occurring in most samples and identifiable to species
level are the long-ranging species Cyathidites australis Couper,
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Two samples from locality 6, Point Smellie, contain amber
to brown, though torn and mineral-scarred, palynomorphs.
The species Murospora florida (Balme) Pocock (Middle Jurassic-
Albian), and long-ranging Classopollis chateaunovi Reyre, Tsu-
gaepollenites dampen (Balme) Dettmann and T. trilobatus
(Balme) Dettmann were observed, together with dinoflagel-
lates Fusiformacysta salasii Morgan (early-late Neocomian),
Pareodinia ceratophora Deflandre (?Toarcian-Albian), Batiola-
dinium spp., and Canningia spp. The Neocomian age suggested
by the palynomorphs is in keeping with the Berriasian age
derived from ammonites from this locality (figure).
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C. minor Couper, Stereisporites antiquasporites (Wilson and
Webster) Dettmann, Osmundacidites wellmanii Couper, Bacu-
latisporites comaumensis (Cookson) Potonié, and Gleicheniidites
circinidites (Cookson) Dettmann. Distribution of a few strati-
graphically useful species of palynomorphs is discussed
below.

Locality 2, an approximately 5-meter-thick marine section
in a small high valley northeast of Laager Point, includes three
productive samples. These contain dark brown to black and
corroded, abundant spores and dinoflagellates, plus uncom-
mon bisaccate pollen. The assemblages include the spores
Cicatricosisp o rites australiensis (Cookson) Potonié (?Oxfordian-
Upper Cretaceous), C. ludbrookii Dettmann (Berriasian-
Albian— ranges of spores are for southern continents), and
the dinoflagellate cf. Broomea simplex Cookson and Eisenack.
The range of Broomea simplex is mid-Kimmeridgian-Tithonian;
the diagnostic intercalary archeopyle is not visible in the Byers
specimens, hence the cf. designation. A tentative Tithonian or
Berriasiari age is suggested for this outcrop.

Four samples from locality 4, a valley between Laager and
Smellie Points, contain dark brown to black, corroded, abun-
dant spores and dinoflagellates, and uncommon bisaccate pol-
len. These include Cica tricosispo rites australiensis, Contignis-
porites cooksonii (Balme) Dettmann (Oxfordian-Aibian), Aequi-
triradites spinulosus (Cookson and Dettmann) Cookson and
Dettmann (?Tithonian-Albian), and dinoflagellates Canningia
sp., Batioladinium sp., and Batioladinium sp. cf. B. micropodum
(Eisenack and Cookson) Brideaux (late Neocomian-Albian). A
Neocomian age is suggested for these samples. Nearby
ammonite faunas (figure) are Berriasian (basal Neocomian) in
age.

Locality 9, approximately 2 kilometers south of Chester Cone
and between 200 meters and 1 kilometer west of False Cerro
Negro, includes a wide area of several small outcrops. The
outcrops are probably stratigraphically above the beds con-
taining Covacevich's (1976) Valanginian fauna, 1 to 0.5 kilo-
meter to the southwest. Preservation of palynomorphs
throughout this area is extremely poor. Only 3 samples of 11
contain very corroded spores, pollen, and dinoflagellates. The
rest are effectively barren. The productive samples contain
Cicatnicosisporites australiensis, C. ludbrookii, Appendicisporites
sp., and dinoflagellates Batioladinium sp. cf. B. micro podum,
Palaeoperidin ium cretaceum Pocock (Hauterivian-Cenoman-
ian), and Pareodinia ceratophora. From the assemblage com-
position it appears that these samples are of late Neocomian
(Hautenvian-Barremian) age.

Locality 10 includes a nonmanne, mostly volcaniclastic rock
section on a ridge southwest of Cerro Negro. Plant megafossils
from near the top (eastern part) of this ridge were assigned a
"Wealden" age by Fuenzalida (1965) and Araya and Hervé
(1966). Hernández and Azcárate (1971) later compared the flora
to that of the Barremian Baqueró Formation of Santa Cruz
Province, Argentina. Seven samples from this section contain
brown spores and pollen grains. The assemblages are domi-
nated by the distinctive spore Cyatheacidites tectifera Archan-
gelsky and Gamerro, which was described from the basal part
of the Baqueró Formation (Archangelsky and Gamerro 1965)
of Barremian age (Archangeisky 1967). Preliminary study
indicates that this is its only previously reported occurrence.
The palynomorph assemblages substantiate the previous
assignment of a Barremian age to the volcaniclastic beds west
of Cerro Negro.

The lack of palynomorph species diagnostic of Aptian or
younger rocks, together with the absence of any tricolpate
angiospermous pollen, supports a pre-Aptian age for all these
samples.

This research was supported by National Science Founda-
tion grant DPP 78-21128.
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Metallic mineralization, South
Shetland Islands, Gerlache Strait,

and Palmer Station

DOUGLAS PRIDE, STEVEN MOODY, and MICHAEL RosEN

Institute of Polar Studies
and

Department of Geology and Mineralogy
The Ohio State University

Columbus, Ohio 43210

Cruise 81-3 of RN Hero was devoted largely to investigations
of metallic mineralization presumably related to Andean intru-
sive activity in the northern Antarctic Peninsula. The objec-
tives were (1) to examine in detail areas identified as of interest
during cruises 80-1 and 80-2 of RJV Hero (Cox, Ciocanelea,
and Pride 1980), and (2) to study reported mineral occurrences
in the South Shetland Islands (del Valle, Morelli, and Rinaldi
1974) and in the Gerlache Strait area (Alarcón et al. 1976). The
overriding concern is whether large-scale porphyry-type and
related mineralization is present in rocks of the northern Ant-
arctic Peninsula.

Field studies were undertaken in mid-to-late March 1981 on
Livingston Island (South Shetland Islands), at several localities
within the Gerlache Strait area, and in the vicinity of Palmer
Station, southern Anvers Island (figure). The geology was
examined with respect to rock type, structure, and the presence
of wall rock and/or pervasive hydrothermal alteration and
mineralization. Hand specimens were collected for thin-sec-
tion and polished-surface studies, and composite rock-chip
samples were collected for trace element analyses.

Investigations by del Valle and others (1974) in the Johnson's
Dock area, Hurd Peninsula, Livingston Island, identified sev-
eral sulfide phases within veins in the Miers Bluff Formation;
and Cox and others (1980) noted quartz veins bearing sphal-
erite, galena, chalcopyrite, and pyrite in the same area. Studies
during cruise 81-3 indicate that the area probably does not
contain large-scale metallic mineralization.

According to del Valle and associates (1974) the minerali-
zation near Johnson's Dock is related to a tonalite intrusion
located in False Bay. In addition, J. E. Curl (personal com-

munication) described molybdenite veining in a granodiorite
boulder from the east False Bay area. Several igneous phases
were found within glacial debris along the northeast shore of
the bay. Except for epidote, the rocks generally are unaltered,
although they contain veinlets bearing pyrite, molybdenite,
chalcopyrite, sphalerite, and quartz. The complex igneous
geology and the heterogeneous mineralization suggest that
the area should be studied in detail, particularly "up glacier"
to the east-northeast.

Mineralization characterized as "polyrnetallic base-metal"
and "porphyry copper" has been described for the Gerlache
Strait region (Alarcón et al. 1976). Six localities from the strait,
plus one point in the Melchior Islands and Point Thompson
on northeastern Anvers Island, were reexamined during cruise
81-3. Where examined, the mineralization is fracture-con-
trolled and weak. It consists of pyrite occasionally accompa-
nied by chalcopyrite, galena, and sphalerite. Malachite stain-
ing sometimes accompanies iron-oxide coloration of the rocks.
Wall rock alteration generally is not strong and where present
consists largely of quartz, plus epidote and chlorite. The rocks
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exposed on southwestern Pelseneer Island are an exception in
that they are strongly silicified and iron-stained at one locality.

Significant sulfide veining was found in float boulders along
the shore north of Recess Cove (64°30'S 61°30'W), eastern Ger-
lache Strait. Iron-stained boulders up to 0.5 meters in diameter
contain massive veins of pyrite, galena, sphalerite, and chal-
copyrite(?). The veins generally are less than 1 centimeter
thick, but one vein 10 centimeters thick was noted.

Several igneous phases were studied and sampled in the
vicinity of Palmer Station, southern Anvers Island (figure).
Igneous units of interest are trondhjemite and tonalite, as
mapped by Hooper (1962). The mineralization of greatest
interest is in the immediate vicinity of the station. A system
of 20-25 veins was examined and sampled. Individual veins
range to 12-15 centimeters thick, but the thickness varies
considerably along strike. The mineralization includes pyrite,
molybdenite, chalcopyrite, galena, sphalerite, and arsenopyr-
ite, all within a quartz matrix. Wall rock alteration selvages are
as much as 7 centimeters thick, and secondary minerals include
epidote, quartz, and pyrite, plus perhaps clay minerals. The
highest temperature mineralization in the Palmer vicinity
seems to be in the area encompassing the station buildings.

The center of mineralization may lie to the east-northeast,
beneath the ice.

We thank Mort D. Turner, who accompanied us and pro-
vided valuable counsel during the field studies. We also thank
Captain Lenie and the crew of RN Hero for their excellent
support throughout our work, particularly in the South Shet-
land Islands and in the Gerlache Strait. This work was sup-
ported by National Science Foundation grant DPP 79-22830.
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New antarctic mineral occurrences

WALTER R. VENNUM

Department of Geology
Sonoma State University

Rohnert Park, California 94928

JAMES M. NIsHI

Lakewood, Colorado 80028

Numerous reports of green and yellow surficial salts have
appeared in antarctic geological literature. Most authors
assume that these salts are malachite, chrysocolla, and/or
limonite but have done little or no laboratory work to support
their identifications. Studies of secondary copper and iron
minerals developed in oxidized caps above the large porphyry
copper deposits along the Peru-Chile coast indicate that chem-
ical weathering in the hot, dry climate of that region has pro-
duced a much more complex mineral assemblage (Bandy 1938;
Cook 1978). The predominate minerals are copper and iron
sulfates, oxides, carbonates, and hydroxides, some of which
are hydrated. Presumably, the same type of secondary mineral
assemblage should develop from chemical weathering of cop-
per and iron sulphides in the cold, dry climate of Antarctica,
but relatively little attention has been devoted to this subject.
Hirabayashi and Ossaka (1976) and Kaneshima, Toni, and
Miyahara (1973) reported atacamite CU2(OH) C C1], copiapite
[(Fe, Mg)Fe431 (SO)(OH) 2 .2OH2O], and carphosiderite [hy-
dronium jarosite—H 3 OFe 1 (SO 4) 2 (OH)6] from the Prince
Olav Coast (figure); Vennum (1980) has described a complex
assemblage of secondary salts—atacamite, antlerite

[Cu3(SO4)(OH)4], brochantite [Cu4(SO4 )(OH) 6], plancheite
[3CuSiO 5 •1H20], natrojarosite [NaFe:C (SO4 )2 (OH)6], fibrofer-
rite [Fe(SO 4 )(OH).5H201, and alunite [KA1 3(SO4 ) 2 (OH)6] from
the Orville Coast and eastern Ellsworth Land (figure). During
the 1979-80 austral summer 49 samples of green, blue, yellow,
orange, red, and black salts were collected at widely scattered
locations in the southern half of the Heritage Range of the
Ellsworth Mountains (79°30'-80°30'S 80°-85°W; figure). Con-
ventional X-ray diffraction techniques (nickel-filtered copper
K and zirconium-filtered molybdenum K cc radiation) supple-
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mented by atomic absorption spectroscopy and scanning elec-
tron microscopy in the case of ambiguous or questionable
X-ray data were used to identify the minerals present. Since
supergene minerals rarely develop in the frigid antarctic
environment, where groundwater is lacking, a thorough
knowledge of the products of sulphide oxidation in cold, dry
climates might eventually aid economic mineral exploration in
both polar regions.

Green and blue salts include azurite, chalcanthite
[CuSO 4 •5H 2 0], malachite, paratacamite [CU 2(OH):3C1],
and malachite-paratacamite mixtures. Yellow and orange
salts include alunogen [Al2 (SO 4 ) • 17H 2 0], fibroferrite, an
aragonite-natrojarosite mixture, natrojarosite-gypsum
mixtures (± quartz), and an anglesite-beaverite
[Pb(Cu,Fe,Al)(SO4) 2 (OH)6J mixture. All red salts are hematite-
quartz mixtures (± muscovite, ± calcite). Black botyroidal
goethite was found at one site. All of these salts form by the
oxidation of pyrite, chalcopyrite, or galena and are preserved
by the cold, and antarctic climate. The assemblage of copper
salts is different from that described by Vennum (1980) for the
Orville Coast 500 kilometers to the northeast. The difference
in copper salts found at these two localities and studies of
marine derived antarctic aerosols (Duce, Zoller, and Moyers
1973) suggest that malachite, azurite, and chalcanthite will be
the common secondary copper minerals found deeper in the
antarctic interior and that copper chloride compounds will
become less abundant farther away from the coast. A more
detailed version of this report is now in preparation.

Stewart (1964) does not mention alunogen, anglesite, beav-

erite, chalcanthite, or paratacamite in a list of antarctic min-
erals, and a further literature search has shown that these five
minerals have not previously been reported from Antarctica.

This research was supported by National Science Founda-
tion grant DPP 78-21720 to Gerald Webers of Macalester College.
Logistical support was provided by U.S. Navy squadron VXE-
6. The senior author was in the field from 20 December 1979
to 17 January 1980.
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Sandstone petrology of the Polarstar
Formation (Permian), Ellsworth

Mountains

CHARLES L. VAVRA and JAMES W. COLLINSON

Institute of Polar Studies
Department of Geology and Mineralogy

The Ohio State University
Columbus, Ohio 43210

Modal analyses of more than 150 samples collected from the
Polarstar Formation in the northern Sentinel Range of the
Ellsworth Mountains during the 1979-80 field season (Collin-
son, Vavra, and Zawiskie 1980) indicate that the primary
source for Permian sediments in West Antarctica was calc-
alkaline volcanism along the Pacific margin of Gondwana, and
that the East Antarctic craton was at most a minor source. The
Polarstar Formation, the youngest known stratigraphic unit of
the Gondwana sequence in West Antarctica, is an 800- to 1,000-
meter-thick sequence of argillite and sandstone with sparse
coal toward the top. The vertical distribution of facies in the
composite section suggests that the depositional setting tem-
porally changed from prodeltaic to deltaic and coastal plain
environments. The Polarstar, which conformably overlies the
Whiteout Conglomerate, an Upper Carboniferous to Lower

Permian diamictite, is similar to Permian postglacial rocks
throughout the central Transantarctic Mountains (Collinson et
al. 1980).

Polarstar sandstone is moderately well sorted, fine- to
medium-grained feldspathic litharenite (figure 1). Sandstone

QUARTZ

FELDSPAR	 50	 LITHIC
FRAGMENTS

Figure 1. Triangular composition diagram for Polarstar sandstone
samples. Solid circles are based on analysis of 300 points per
sample. Open circle is mean sandstone composition.
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Figure 2. Photomicrograph of glass shards (arrows) in vitric tufi
from Mount Weems. Shards are replaced by calcite. Shard in cen
ter of photomicrograph is 0.24 millimeters long. Plain light.

in the lower part of the formation is generally finer grained
and texturally less mature than that in the upper part. Detrital
modes are dominated by subangular to subrounded mono-
crystalline quartz and plagioclase grains, and by silicic to
andesitic volcanic rock fragments. Potassium feldspar, mus-
covite, biotite, heavy minerals, and mafic volcanic, metamor-

phic, and intraformational lithic fragments are also present in
minor amounts. Metamorphic fragments are dominantly
quartz-mica schist.

Detrital grains suggest that the source terrain for Polarstar
sands was dominated by silicic to andesitic volcanic rocks with
lesser amounts of mafic volcanic, plutonic, and low-grade
metamorphic rocks. An active volcanic source is indicated by
the presence of vitric and crystal tuff in the upper part of the
formation (figure 2).

Postdepositional modifications have greatly altered the fab-
ric and composition of Polarstar sandstone. Mechanical mod-
ifications include compaction and deformation of labile rock
fragments, fracturing of stable quartz and plagioclase grains,
and development of schistosity during deep burial and fold-
ing. Chemical alterations include formation of phyllosilicate
pore-lining and pore-filling cement; precipitation of quartz,
chert, plagioclase, calcite, dolomite, ferroan dolomite, and
ankerite cement; dissolution and replacement of cement and
detrital grains by calcite; choritization of lithic fragments and
glass shards; albitization of calcic plagioclase feldspar; and
formation of authigenic pyrite, sphene, and epidote.

This research was supported by National Science Founda-
tion grant DPP 78-21129.
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Tectonic and metamorphic studies of
the Ellsworth Mountains

MASARU YOSHIDA

Department of Geosciences, Faculty of Science
Osaka City University

Osaka 558, Japan

The U.S. Antarctic Research Program (usARP) conducted
geological surveys of the Ellsworth Mountains during the aus-
tral summer of 1979-80. To study tectonics and metamorphism
of the mountains, I joined the field team led by G. F. Webers
of Macalester College. During my 48-day stay in the temporary
Ellsworth Mountains camp, I surveyed the Marble Hills, Lib-
erty Hills, Edison Hills, Wilson Nunataks, High Nunatak, and
some nunataks of the northwestern part of the Heritage Range,
and briefly visited the Soholt Peaks, Webers Peaks, and Polar-
star Peak (Yoshida 1981). Many rock specimens, including
oriented ones, were collected and the laboratory work is
underway. Preliminary results of the study are presented here.

At least four superposed folding phases and an event of
intrusions of doleritic rocks were found, as follows (figure 1;
Yoshida 1980):

First phase—Moderately to steeply inclined isoclinal-to-
closed small folds and second-class folds in the southern part
of the Heritage Range, with axes generally paralleling the main
mountain range. These are the passive, slip-type folds with
the main cleavage structure paralleling the axial planes. Fold-
ings and cleavaging of this phase possibly may be divided
further, chronologically; the discrimination, together with
data concerning doleritic dikes and some mineral veins, may
be given in a forthcoming report (Yoshida in preparation).

Intrusions of doleritic rocks —Doleritic intrusions of various
sizes and intensities in the development of cleavages and
metamorphic recrystallization in the southern part of the Her-
itage Range. These dolerites appear to be divided into two or
more time groups, as mentioned previously.

Second phase—Roughly spaced cleavage running parallel
or subparallel to the main cleavage. The cleavage of this phase
also develops over dikes and quartz-chlorite veins cutting the
first-phase folds and main cleavages. Some of the steep-to-
upright, gentle-to-open folds, with their axial planes parallel-
ing the roughly spaced cleavages in the southern part of the
Heritage Range, are considered to be of this phase.
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Figure  1. Diagrammatic stereographic projection of folds of every
stage in the southern Heritage Range. Great circles labeled 1, 2,
3, and 4 are axial surfaces of folds of the first, second, third, and
fourth phases, respectively. A circle with a dot denotes the fold
axis. This figure was drawn up from data from Marble Hills and
Sohoit Peaks (on the Schmidt net, lower hemisphere).

Third phase—Second-class transversal upright gentle folds
in the northern part of the Heritage Range (figure 2) and cren-
ulation cleavage of the same direction in the central-to-south-
ern part of the same range.

Fourth phase—Small kink folds nonuniformly developed
throughout the Heritage Range. Their directions vary; some
have horizontal axial planes, and others form a pair of the
conjugate set.

Preliminary optic study of thin sections and X-ray diffraction
study of rocks indicated the following:

1. The metamorphic recrystallization is complete in some
strongly cleaved rocks but incomplete in many less cleaved
rocks. Metamorphic minerals are quartz, albite, calcite, white
micas, chlorites, epidote minerals, micaceous clays, and stilp-
nomelane, many of which develop parallel to the main cleavage
structure. Chloritoid is found near the contact of some doler-

,,

Figure 2. Third-phase folds in the northwestern part of the Heritage
Range. The earlier folds, their hinges marked by chains with an
arrow, are systematically disturbed by the third-phase folds whose
axial traces are Indicated by thick chains. Striped areas mark the
distribution of the Heritage Group, and the blank area indicates
the location of the Crashsite Quartzite. A nunatak labeled "W" is
Welcome Nunatak.

ites, and actinolite and green biotite develop in some igneous
basic rocks. In total, the grade of the metamorphism is preli-
minarily assumed to be around the lower temperature portions
of the grade described by Winkler (1974), and a part of the
metamorphic recrystallization might have taken place during
the first folding phase.

2. Metamorphosed massive or cleaved basic dikes and
quartz-chlorite veins sporadically develop, cutting and some-
times annealing the main cleavage structures; hence, the meta-
morphic recrystallization has taken place at least twice. The
later metamorphism is considered to be at around the second
folding phase.

Whole-rock potassium-argon (K-Ar) dating of three speci-
mens obtained so far is listed in the table. The results, along
with the evidence and consid rations mentioned previously,
indicate the following:

1. The first folding and metamorphic phase is pre-Middle
Devonian, because the massive dolerite sills from both the
Edison Hills and the Wilson Nunataks gave ages 396 and 381
million years.

2. The age of 278± 14 million years of the chlorite-sericite
phyllite from the Heritage Group of the Edison Hills indicates
that the later metamorphism is of this age or older.

K-Ar dating of rocks from the Heritage Range'

Specimen	Analyzed	Percent	 isotope
number	material	potassium scc Ar40Rad/gm x 10-5	% Ar4ORad	age	 Petrography and locality

MY8001 0602	Whole rock
	

0.43	 0.737
	

87.8
	

396 ± 20 Weakly altered dolerite about 200

	

0.43	 0.742
	

84.9	 meters thick, Edison Hills
MY80010707	Whole rock

	
3.31	 3.86
	

96.9
	

278 ± 14 Chlorite-muscovite phyiiite, Edison

	

3.34	 3.92
	

96.0
	

Hills
MY691 23033	Whole rock

	
0.78	 1.29
	

91.3
	

381 ± 19 Altered massive dolerite about 120

	

0.79	 1.30
	

90.2	 meters thick, Wilson Nunataks
aAnaiyzed by the Teledyne isotopes Co. of New Jersey, with the following constants: 6/3 = 4.962 x 10 1 0 per year; 6E = 0.581 x 10- 1 0 per year;
K40 = 1.167 x 10 atom per atom of natural potassium.
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In conclusion, the present study may alter earlier under-
standing of the geologic development of the Ellsworth Moun-
tains (Craddock 1969; Craddock, Anderson, and Webers 1964;
Hjelle, Ohta, and Winsnes 1978). It is possible to assume that
some metamorphic and folding episodes (e.g., Ross and/or
Borchgrevink and related orogenies of Craddock 1972; Brad-
shaw, Laird, and Wodzicki in press) had affected the Ellsworth
Mountains before the early Mesozoic Ellsworth orogeny of
Craddock (1972). There is a possibility that considerable por-
tions of the sequence of superposed deformations are com-
parable to those of the Pensacola Mountains (Schmidt and
Ford 1969). The view of the "autochthonous" origin of the
crust of the Ellsworth Mountains (e.g., Ford 1972; Grikurov et
al. 1980) appears to be receiving more support than the
"exotic" origin view (Clarkson 1977; Schopf 1969).

This work was partly supported by the National Institute of
Polar Research, Japan, the National Science Foundation, and
the Department of Scientific and Industrial Research, New
Zealand. My hearty thanks are extended to the scientists,
Navy, and Holmes and Narver personnel who guided and
supported my field activities.
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Ellsworth Mountains studies,
1980-1981

GERALD F. WEBERS

Macalester College
St. Paul, Minnesota 55105

Following the 1979-80 field season in the Ellsworth Moun-
tains (Splettstoesser and Webers 1980), thf, 1980-81 year has
been one of intensive study of the field data and of the more
than 3,000 kilograms of rocks, minerals, and fossils collected.
A list of 16 articles that have been published or accepted for
publication during the last year is included (see table).

Seven fossil faunas are presently under study by a number
of investigators. The 7,000-meter-thick Heritage Group has
been subdivided into formations, and the stratigraphy of the
Crashsite Quartzite, developed in the Sentinel Range, has
been extended and modified to the Heritage Range. Two geo-
logic maps of the Ellsworth Mountains are in preparation. A
meeting was held in Madison, Wisconsin, 22-24 April 1981,

to further coordinate research on Ellsworth Mountains geol-
ogy. It was attended by 10 investigators, including represen-
tatives from New Zealand and West Germany. All segments
of the geology were discussed, with emphasis on problematic
areas. I can provide notes on this meeting, on request.

A symposium on the geology of the Ellsworth Mountains
has been organized and will take place as a special session of
the annual meeting of the Geological Society of America, to be
held in New Orleans in 1982. Plans for a volume on the geology
of the Ellsworth Mountains are nearly complete. Application
will be made shortly to the American Geophysical Union's
Board of Associate Editors for a volume in the Antarctic
Research Series. Twenty-two papers have been organized for
the volume.

This project was supported by National Science Foundation
grant DPP 78-21720 to Macalester College, St. Paul, Minnesota;
John Splettstoesser critically read the manuscript.
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Mid-Tertiary glacial history recorded
at Mount Petras, Marie Byrd Land

WESLEY E. LEMASURIER

Natural and Physical Sciences-Geology
University of Colorado-Denver

Denver, Colorado 80202

WILLIAM C. MCINTOSH

Department of Geology
University of Colorado

Boulder, Colorado 80303

DAVID C. REX

Department of Earth Sciences
University of Leeds

Leeds LS2 9JT England

Among the major topographic features of coastal Marie Byrd
Land are isolated nunataks and mountain ranges composed of
granitic and metamorphic rocks and surmounted by a very flat
early Tertiary erosion surface. The erosion surface is of regional
extent (e.g., see Laudon 1972; LeMasurier and Rex in press;
Rutford, Craddock, and Bastien 1968) and clearly represents a
large region of very low topographic relief in early Tertiary

time. It has subsequently been disrupted by block faulting,
and the highest block-faulted remnant of the surface is now
found at Mount Petras (figure), 120 kilometers from the coast;
here it is coincidentally overlain by the thickest and most
extensive outcrop of late Oligocene-early Miocene palagonite-
tuff-breccia (hyaloclastite) in Marie Byrd Land. Hyaloclastite
is essentially a deposit composed of chips of volcanic glass
produced when lava is erupted beneath water or ice. The
Mount Petras hyaloclastite is elieved to have been produced
by volcanic eruptions beneath the antarctic ice sheet; together
with the underlying erosion surface, it provides an unusually
valuable record of the geologic environment of this region in
middle Tertiary time, roughly 25 million years ago. A reex-
amination of Mount Petras was begun during the 1977-78
field season, and the major results are summarized here.

Mount Petras stands 800 meters above the level of the con-
tinental ice sheet at an elevation of 2,867 meters. The entire
range from Peter Nunatak and Wallace Rock to Putzke Peak is
composed mainly of deeply eroded late Mesozoic volcanic and
plutonic rocks. Cataclastic gneisses crop out at Navarrette Peak
and Wallace Rock (figure). The most common composition of
the igneous rocks is rhyodacite, and their potassium-argon (K-
Ar) age is roughly 80 million years (LeMasurier and Wade
1976). The erosion surface is preserved on the rhyodacite at
the 2,700-meter level of the range, from Schwob Peak to the
north end of Mount Petras. Hyaloclastite rests on the surface
at Mount Petras proper. The contact was first visited by
LeMasurier during the 1967-68 season at a location where the
configuration of the erosion surface was not very clear. The
relief on the surface was estimated at that time to be roughly
400 meters (LeMasurier and Wade 1976). A more thorough
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investigation of the contact, by helicopter in 1977, shows
clearly that relief on the prevolcanic unconformity is less than
100 meters. This is comparable to the flatness of the Jones
Mountains erosion surface described by Rutford and others
(1968) and to other exposures of the surface in a number of
nunataks closer to the coast of Marie Byrd Land. There is no
evidence that the surface becomes more rugged inland, and
its value as a structural datum seems much greater now than
when described earlier (e.g., LeMasurier and Rex in press).

The hyaloclastite section extends from the erosion surface to
the summit ridge of Mount Petras and covers a total area of
roughly 1 square kilometer. Its thickness can be estimated
from the map to be roughly 150-200 meters. Our pilot
attempted to measure the thickness by helicopter altimeter,
and this yielded an estimate of 900 ± 100 feet (roughly 300
meters). The exposure was too precipitous to be measured
directly on the ground. The deposit is crudely stratified and
poorly sorted, in general, with a maximum clast size of about
1 meter. It is characterized by intervals of graded bedding,

and evidence of soft sediment flowage is common. Rounded
cobbles and hexagonal joint blocks of the underlying rhyo-
dacite are found interbedded in the hyaloclastite. They are
believed to be glacial erratics melted from the base of the ice
sheet at the time of eruption. Other evidence for a subglacial
environment of eruption is the very minimal low-temperature
oxidation of titanomagnetite grains in this deposit, compared
to submarine basalt. This criterion is the result of a separate
study by McIntosh and is reported elsewhere in this issue
(McIntosh and LeMasurier, Antarctic Journal, this issue). Two
new dates for this deposit are reported in the table. They are
similar to the age previously reported from the 1967 locality
and confirm that the deposit was formed in late Oligocene-
early Miocene time.

The significance of the deposit and the underlying erosion
surface is that they record the presence of a large ice sheet,
rather than a valley glacier, in earliest Miocene time. The
deposit lacks the thin laminations and abundance of scoria-
ceous clasts that seem to represent shallow-water (or thin-ice)
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Whole rock potassium-argon age of the summit section hyaloclastite, Mount Petras, Marie Byrd Land

Sample	 Percent
number	 Location	potassium

PT67E	1 kilometer south of	1.47
Petras summit

PT67M	1 kilometer south of	1.33
Petras summit

13b	1 kilometer southwest of
Petras summit

avolume of radiogenic argon-40 per second per gram x .00001.
'Percent of radiogenic argon-40.

Vol.40Ar rad.	% 40Ar	Age
sec/gX 10-	 rad . b	(million years)	Remarks

	

0.1457
	

71.4	25.3 ± 1.0

	

0.1192
	

67.8	23.0 ± 1.0

22 ± 1	LeMasurier and
Rex in press

phreatomagmatic eruptions in this region. This implies that
in the earliest Miocene the ice was substantially thicker than
200 meters, the approximate thickness of the hyaloclastite at
Mount Petras. Furthermore, because hyaloclastites are subject
to high rates of erosion in Marie Byrd Land (Andrews and
LeMasurier 1973), we can infer confidently that the original
deposit was far more extensive than the present exposure.

The regional scale and low relief of the erosion surface offers
further evidence that the ice in Marie Byrd Land 21-25 million
years ago was a large ice sheet rather than valley glaciers. The
erosion surface offers clear evidence that the topography in
Marie Byrd Land has evolved from a very flat coastal plain in
early Tertiary time, to the present rugged terrain, largely by
tectonic displacements and constructional volcanic processes
accompanied by erosional dissection. The rectangular fault-
block outlines of basement nunataks only 100 kilometers
northwest of Mount Petras are remarkably fresh, suggesting
relatively recent fault activity. It is very likely that the topog-
raphy in late Oligocene-early Miocene time was much less
rugged than today and that there may have been no mountains
at all of any consequence. The record at Mount Petras suggests
that late Oligocene-early Miocene glaciers were large enough
to fill the existing valleys and cover the surrounding uplands
with an icecap of substantial thickness.

A more thorough exposition of the interrelationships of tec-
tonic evolution and glacial history in Marie Byrd Land is about
to be published in the proceedings of the August 1977 sym-
posium of the Scientific Committee on Antarctic Research
(SCAR), Madison, Wisconsin (LeMasurier and Rex in press).
The new information presented here suggests that the ice sheet
was larger and the topography less rugged 21-25 million years
ago than could be inferred from the information available
when the SCAR paper was presented. Recently, Matthews and
Poore (1980) and Barron, Thompson, and Schneider (1981)
have suggested that the marine isotope record and paleocli-
matic models could be consistent with the existence of an early
Tertiary and even Cretaceous ice sheet in Antarctica, depend-
ing on the assumptions one chooses to make. Their interpre-

tations are much easier to reconcile with the terrestrial record
in Marie Byrd Land than are interpretations that favor no large
volumes of ice in Antarctica prior to middle Miocene time
(e.g., Loutit and Kennett 1980).

This research has been supported by National Science Foun-
dation grants DPP 76-04396 and DPP 77-27546.
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Late Mesozoic-Cenozoic history of
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The Ross Sector contains a significant and varied record of
late Cretaceous and Cenozoic geologic history. The separation
of the New Zealand subcontinent from Antarctica in the late
Cretaceous, the separation of Australia in the Paleogene, the
uplift of the Transantarctic Mountains from the Cretaceous,
and the submergence of the Ross Sea continental shelf from
the Cretaceous controlled or at least strongly influenced the
major preglacial and glacial events within and even beyond
this part of Antarctica. Lateral and vertical tectonic events
influenced the fragmentation of late Mesozoic basins, the
development of more localized Cenozoic basins, the formation
of seaways within and across Antarctica, the evolution of
oceanic circulation patterns and biotic migration routes within
and around Antarctica, the growth of fault-related volcanic
centers, the provision of ice nucleation centers, and the phys-
iographic restriction and channeling of ice sheets and shelves
(figures 1, 2).

The geologic history of the Ross Sector is separated into two
major phases: a preglacial or pre-late Oligocene (>25 million
years) phase, and a glacial late Oligocene to Recent phase. This
separation is presently based on a single control point in the
central Ross Sea, at Deep Sea Drilling Project (DSDP) site 270.
It is premature, then, to suggest that marine glaciation origi-
nated at or about 25 million years ago around the entire Ross
Sea periphery. Terrestrial glaciation presumably commenced
earlier than the latest Oligocene, but again it is premature to
identify with any certainty specific times or locations for the
origins of alpine or ice sheet glacial history. It is assumed that
the Transantarctic Mountains acted as one of the major ice
nucleation centers.

Cenozoic. About 28.5 percent (18 million years) of Tertiary
time is documented (Webb 1980,1981a, 1981b). The Paleogene
(65 to 24 million years ago) record is extremely poor. The
Neogene (24 to 2 million years ago) is much better known,
with 73 percent (16 million years) currently documented. Dat-
ing techniques as they apply to the Cenozoic are summarized
in figure 3.

Late Cretaceous-Cenozoic basins. The Transantarctic Moun-
tains and mountain ranges of part of West Antarctica provide
the major boundaries of the Ross Sea depression or basin, a
sedimentary depocenter since the Cretaceous. Webb (1979,
1980, 1981a, 1981b) applied the name "Transantarctic Strait"
to this north-south trending depression and suggested that it
provided a moderately deep marine link between the proto-
Pacific and Atlantic oceans, at least until being obstructed by
a grounded west antarctic ice sheet (figure 2). It has also been
suggested that distinct basins formed within this "Transant-
arctic Strait," with centers of maximum sediment accumula-
tion shifting in concert with regional tectonic events (Webb
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Figure 1. Structural features of Ross Sector. Major proven and
postulated features within and adjacent to the Transantarctic
Mountains are taken from Gairet al. (1969), Warren (1969), Grindley
and Laird (1969), and McGregor and Wade (1969). V = significant
occurrences of Miocene-present day volcanic centers. 1 = Hallett
Volcanic Province, 2 = Melbourne Volcanic Province, 3 = Erebus
Volcanic Province. Ross Sea continental shelf information from
Hayes and Davey (1975). + = western Ross Sea positive gravity
anomaly.

1979). Discrete basins are poorly delineated at this time, and
it is unlikely that regional basins were completely isolated
from one another. Western and eastern Ross Sea basins existed
in the Paleogene, separated by a north-south oriented sub-
marine high of Paleozoic crystalline basement rocks (figure 1).
In the southwest, the relatively small and elongate McMurdo
Basin (Wilson et al., Antarctic Journal, this issue; figure 3)
developed following the eruption of Mount Bird and other
Ross Island volcanic centers from the Pliocene onward. Should
Ross Island have erupted above sea level earlier, the history of
the McMurdo Basin might be extended into the Miocene. The
absence of volcanic material in Miocene sediments of several
drill holes in the area suggests that the McMurdo Basin is a
relatively young feature (less than 5 million years old). The
McMurdo Basin maintained marine connections to the western
Ross Sea basin throughout its history.

Geophysical results suggest that the Cretaceous-Cenozoic
sedimentary succession of the Ross Sea basins are 3 to 4 kilo-
meters thick.
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Figure 3. Stratlgraphic distribution of major fossil groups through
the Ross Sector Cenozoic. Isotope techniques used In dating are
also plotted.

Cretaceous. Cretaceous rocks are not known to crop out any-
where in the Ross Sector. Cretaceous foraminifera and radi-
olaria have been redeposited into Miocene-Quaternary sedi-
ments. Cretaceous sediments presumably occur ow in succes-
sions south of the latitude of McMurdo Souna. Cretaceous
sediments are also likely near the base of the succession at the
northern extremity of the continental shelf in the northern
Ross Sea. It is probable that these sediments closely resemble
the organic-rich marine and nonmarine successions of the
Otway Basin and Campbell Plateau.

Paleocene. No Paleocene fauna, flora, or sediments are
known from the Ross Sector, but they are likely to be present
low in the continental shelf successions. Deep water separated

the early Cenozoic Ross Sea from the Campbell Plateau,
although the northwestern area of the Ross Sea and the south-
east Australia-Tasmania area were still in close proximity.
Similar littoral-shallow shelf sediments and faunas probably
occur in the latter two areas, and the existence of a "Transant-
arctic Strait" facilitated biotic movement between the south-
western Pacific and Atlantic oceans.

Eocene. No Eocene in situ outcrops are known. Transported
blocks of Eocene sediment, in a wide variety of facies, occur
in Quaternary deposits of southern McMurdo Sound. Sedi-
ments include breccia, conglomerate, greensands, shell beds,
oyster beds, carbonaceous sandstones, and calcareous silty
mudstone. Fossils include mollusca, foraminifera, palyno-
morphs, microplankton, and wood. Eocene silicoflagellates
and microflora are present in Miocene and younger sediments.
No Eocene volcanics are known. The varied sediment types
suggest that the bathymetry within the "Transantarctic Strait"
ranged from littoral depths to several hundred meters. The
abundance of recycled Beacon Supergroup and older Paleozoic
detritus in these sediments indicated that the Transantarctic
Mountains constituted a significant physiographic feature
during the Eocene.

Oligocene. Only the latest Oligocene (26 to 24 million years
ago) is documented at present. At DSDP site 270, in the central
Ross Sea, approximately 29 meters of Oligocene breccia, green-
sand, and carbonaceous sandstone is preserved above a Paleo-
zoic crystalline basement. This succession was deposited dur-
ing a late Oligocene marine transgression. Basin deepening
continued late into the Oligocene, with deposition of 33 meters
of glaciomarine pebbly mudstones. Benthic and planktonic
foraminifera, microplankton, and palynomorphs are common
in this Oligocene sequence. No Oligocene volcanic rocks are
known.

Miocene. Miocene marine, terrestrial, and volcanic rocks are
widely distributed through the western part of the Ross Sector.
The early and middle Miocene glaciomarine sediments of the
continental shelf consist of deepwater pebbly mudstones con-
taining up to 40 percent diatoms. In rare instances, the diatom
content rises to more than 90 percent. The more than 900
meters of early-middle Miocene provides a blanket cover
above the coarse-grained preglacial clastic successions. Appre-
ciable methane and ethane shows are known from two drill
hole successions in these Miocene sediments. Late Miocene
sediments are not known from the Ross Sea continental shelf.
This may be due to lack of exploration. Latest Miocene gla-
ciomarine sediments occur within the valley basins or paleo-
fjords of the eastern Transantarctic Mountains. Basal tills and
water-lain deposits occur at many high-elevation locations
along the Transantarctic Mountains. These are poorly dated.
They are certainly Miocene in age, and some deposits could
be as old as Paleogene.

Early Miocene volcanic centers are known in the southern
Transantarctic Mountains. Middle and late Miocene volcanics
are concentrated north of the McMurdo Sound area. During
the Miocene, marine sediments of Ross Sea were derived from
alpine, trunk, and piedmont glaciers and very restricted ice
shelves. Currents within the "Transantarctic Strait" moved
debris-laden icebergs from the Ross Sea periphery to open sea
melt zones in the central and northern Ross Sea. Prolific pho-
toic zone productivity contributed a significant biogenic com-
ponent to the clastic material derived from icebergs.

Pliocene. Pliocene rocks are known from the Transantarctic
Mountains, the offshore volcanic islands, and the Ross Sea
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continental shelf. The Scallop Hill Formation and Pecten grav-
els are thin units rich in fossils and widely distributed around
the periphery of McMurdo Sound. These were quite shallow
water deposits. Pliocene sediments of the McMurdo Sound
area are dominantly volcaniclastic in composition, while those
from the paleofjords of the Transantarctic Mountains contain
mostly igneous and metamorphic material. Fossil material
includes mollusca, polyzoa, barnacles, corals, serpulids,
sponges, echinoids, fish bones, foraminifera, radiolaria, and
ostracods. The dating of volcanics associated with these
marine sediments suggests that only part of the Pliocene is
present. A thick (265 meters) open shelf hemipelagic glacio-
marine succession occurs at DSDP site 271. These sediments
contain abundant diatoms, radiolaria, and silicoflagellates,
testifying to the continued presence of open water marine
conditions and high photic zone productivity. Again, only
part of the Pliocene is thought to be present here. Pliocene
volcanism was widespread throughout the Transantarctic
Mountains north of McMurdo Sound.

Quaternary. A blanket of Quaternary sediment 40 meters or
less thick is distributed widely across the Ross Sea floor. A
distinctive disconformity separates these sediments from the
underlying Cenozoic sediments. The age of sediments just
above the disconformity is not determined with certainty in
many areas; late Pliocene ages are possible. The mode of origin
of these Quaternary successions is also the subject of debate.
They have been explained as the basal till of a grounded marine
ice sheet and as glaciomarine sediments deposited from ice-
berg sedimentation in an otherwise ice-free water column.
Recent ages have been established for littoral deposits around
the periphery of McMurdo Sound, but underlying marginal
marine and freshwater sediments have been dated as late
Pleistocene or Pliocene.

Tectonic considerations. The Victoria Orogeny is the most
significant event in the history of the western Ross Sector. As
most recently defined (Webb 1979), it spans the late Mesozoic
and Cenozoic and includes subsidence (with marine
transgression) to form the Ross Sea, and emergence (with
marine regression) to form the Transantarctic Mountains. A
single fault, or more likely a plexus of faults, separate the
subsiding and emerging crustal blocks. The geology of the
junction or fault zone is located near and seaward of the present
western Ross Sea coastline. This junction zone is critical to a
fuller understanding of the vertical displacements and dura-
tion of Victoria Orogeny tectonism. Most existing data come
from widely separated and strongly contrasted environments,
within the Transantarctic Mountains on one side of the fault
zone and the central Ross Sea on the other. If major fault
lineations are just offshore, we have an opportunity to examine
emerging and subsiding blocks in a totally marine environ-
ment. The gathering of such sedimentological and paleonto-
logic evidence will require offshore drilling in up to 400 meters
of water.

Geologic and geophysical evidence suggests vertical dis-
placements at the eastern side of the Transantarctic Mountains
of about 4 to 5 kilometers. If we assume subsidence of the
central Ross Sea from near sea level in the late Oligocene, rates
of subsidence and basin filling are about equivalent (about 40
to 45 meters per 1 million years). Subsidence may have com-
menced earlier in other parts of the Ross Sea. Paleontologic
and fission-track dating data suggest an emergence rate for the

Transantarctic Mountains of at least 60 meters per 1 million
years during the Cenozoic. The rate of uplift during the Pli-
ocene may have been in excess of 100 meters per 1 million
years. This may account for more widespread volcanism dur-
ing the Pliocene.

A detailed understanding of the tectonic history of the west-
ern Ross Sea is particularly important to discussions of the
relationship between the west and east antarctic ice sheets
during the late Cenozoic. To what extent did the emerging
Transantarctic Mountains dam the east antarctic ice sheet and
prevent massive streaming into the Ross Sea? Deep-sea isotope
data have been interpreted as suggesting a major buildup of
the east antarctic ice sheet in the middle Miocene (approxi-
mately 15 million years ago). Was part of the east antarctic ice
sheet able to flow through or around the Transantarctic Moun-
tains to form antarctic bottom water (.sw) in the Ross Sea; or
did ABW enter the southern ocean by other drainage routes? If
the Transantarctic Mountains prevented a major flow of ice
from East Antarctica, could the west antarctic ice sheet have
contributed the ABW that apparently reached northern Pacific
areas in the middle Miocene?

This work was supported by National Science Foundation
grant DPP 79-07043.
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This article reports some findings of a recently completed
study of rock magnetism and paleomagnetism of antarctic
hyaloclastites (McIntosh 1981). A total of 165 samples of Cen-
ozoic volcaniclastic rocks from 17 sites in Marie Byrd Land and
Ross Island were examined (table 1), including 148 samples of
hyaloclastite of probable subglacial origin and 17 samples of
tuff-breccias apparently erupted subaerially. Laboratory stud-

ies of these samples included determination of direction and
intensity of remanence, thermomagnetic analysis, measure-
ment of susceptibility, reflected light examination of polished
thin sections, and electron-microprobe analysis of some
opaque grains. Magnetic properties potentially useful as
ground control for aeromagnetic surveys are summarized in
table 2.

Results of this study suggest that the level of oxidation of
titanomagrtetite grains in volcaniclastic rocks may be an effec-
tive criterion for distinguishing between subglacial hyaloclas-
tites and deposits of submarine and subaerial origin. Magnetic
iron-titanium oxides in volcanic rocks typically crystallize as
single-phase titanomagnetite that is susceptible to subsequent
oxidation at either high temperatures (related to initial cooling)
or low temperatures (intrastratally or during weathering). Ant-
arctic volcaniclastic rocks contain titanomagnetite grains that
are very fine grained (typically <30 micrometers), euhedral,
and commonly skeletal. Petrographic observations, thermo-
magnetic analyses, and comparison of Curie temperature mea-
surements with microprobe analyses of iron and titanium
(table 1) independently show that (1) high-temperature oxi-
dation of titanomagnetite affects only subaerial tuff-breccias,
whereas (2) low-temperature oxidation of titanomagnetite
grains is minimal or entirely absent in both the hyaloclastites
and tuff -breccias.

High-temperature oxidation. Titanomagnetite grains in the
subaerial tuff-breccias exhibit high-temperature oxidation
features similar to those commonly observed in subaerial lava

Table 1. Site details and titanomagnetite properties of antarctic volcaniclastic samples

Site details	 Titanomagnetite
Age	Number of

Rock type	Site	Location 	Composition 	(million years)	samples	Oxidation'	Tc( OC)d	Xe

Hyaloclastite 10
8

10
12
15

10
10
9
6

10

5
8

12
13
10

1	Coleman Nunatak, MBL
2 Coleman Nunatak, MBL
3 Coleman Nunatak, MBL
4 Mathewson Point, MBL
5	Mathewson Point, MBL
6	Mount Petras, MBL
7	Castle Rock, RI
8	Cone Hill, RI
9 Shibuya Peak, MBL

10	Mount Petinos, MBL
11	Turks Head (base), RI
12	Tent Island, RI
13	Brandenberger Bluff, MBL
14	Brandenberger Bluff, MBL
15	Brandenberger Bluff, MBL

Basanitoid
Basanitoid
Basanitoid
Basanitoid
Basanitoid
Basanitoid
Basan iteh
Basa n iteb
Hawailte
Hawaiite
Hawaiite"
Ben mo rit&
Trachyte
Trachyte
Trachyte

2.4 to 3.2'
2.4 to 3.2'
2.4 to 3.2'

1.5'
15'

22(±1)

1.12'
nd

4.4(±O.2)

0.6(±0.1)f

nd
nd

2.6 to 2.8'
2.6 to 2.8'
2.6 to 2.8'

None
None
None
Slight LT
Slight LT
Slight LT
None
None
None
None
None
None
None
None
None

	

66	.65

	

70	.65

	

80	.65

	

70	.75

	

105	.75

	

85	.67

	

70
	nd

	

100
	nd

	

71	.75

	

100	.71

	

112
	nd

	

85	.76

	

455
	nd

	

385	.33

	

373	.33
Subaerial
tuff-breccia	16	Mount Obiglio, MBL	Trachyte	 0.6'

	
9
	HTk	 524

	nd
17 Turks Head (top), RI	Phonolite"	 nd	 8

	HT	 580
	nd

aMBL = Marie Byrd Land; RI = Ross Island
"Composition estimated petrographically unless noted otherwise.
cLT = low-temperature oxidation; HT = high-temperature oxidation.
dTC = site mean Curie temperature, determined according to convention of Gromme, Wright, and Peck (1969).
ex = compositional parameter, Fe3_TiO4.
'LeMasurier and Rex (in preparation).
1 LeMasurier and Rex (1981).
h chemicai analysis (Kyle 1976).
'Armstrong (1978).
'nd = not done.
'Submicroscopic exsolution.
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Table 2. Averages of rock magnetic properties of antarctic voicaniclastic samples

Rock type

Basaltic hyaloclastite
clasts
matrix

Intermediate hyalociastite
ciasts
matrix

Trachytic hyaloclastite
clasts
matrix

Trachytic tuff-breccia
clasts
matrix

Phonolitic tuff-breccia
clasts
matrix

Remanent intensity
Number	x 10-3emu/cm 3 (± 0)

58	 7.55 (± 6.3)
23	 .64

26	 9.0 (± 6.5)
2	 .16

23	 1.90(±1.5)
8	 .18

7	 1.95(±1.4)
2	 .33

7	 6.69 (± 2.4)
1	 .27

Initial susceptibility
X 10 3emu/cm 3/oe (± 0)b

.68 (± .65)
.30

1.76(± .90)
.69

1.79(± .76)
.43

2.55(± 1.66)
1.24

2.64 (± .98)
1.48

Königsberger ratio(!

27.9
3.4

13.2
.46

2.9
.86

1.9
.42

5.5
.43

a Remanent intensity x .001 electromagnetic units per cubic centimeter.
b initial susceptibility x .001 electromagnetic units per cubic centimeter per oersted.
c konigsberger ratio Remanent intensity/Susceptibility x local field.

flows and indicate slow cooling in the presence of high-oxygen
fugacity (Ade-Hall, Khan, and Wilson 1968). Titanomagnetite
in antarctic hyaloclastites, on the other hand, lacks high-tem-
perature oxidation, as does titanomagnetite in nearly all sea-
floor basalts (Johnson and Hall 1978). In both the antarctic
hyaloclastites and in the seafloor basalts, high-temperature
oxidation apparently has been prevented by quenching and
low-oxygen fugacity associated with eruption into a water-
saturated environment. Results of this study support the use
of high-temperature oxidation in titanomagnetite grains as a
diagnostic criterion for identification of subaerially erupted
volcaniclastic deposits.

Low-temperature oxidation. The lack of advanced low-tem-
perature oxidation in the titanomagnetite grains in antarctic
hyaloclastite is in sharp contrast to the case of seafloor basalts
of similar age. Seafloor basalts greater than 5 million years old,
with rare exceptions, show low-temperature oxidation far
more advanced than that observed in any antarctic hyaloclas-
tites. Only the youngest submarine extrusives, typically those
within the median valleys of spreading ridges, are untouched
by oxidation (Johnson and Atwater 1977). Post-emplacement
environments of antarctic hyaloclastites must have been sig-
nificantly less oxidizing than those experienced by seafloor
basalts. This contrast probably is related to differences
between subglacial and submarine conditions. Subglacial
eruptions produced meltwater that was probably low in elec-
trolytes and as such was an environment less oxidizing than
seawater. Additionally, the low temperature of antarctic glacial
ice may have promoted rapid refreezing of meltwater following
eruptions, thereby restricting subsurface water movement
through subglacial deposits and retarding chemical reaction
rates. Any combination of these factors could slow the process
of low-temperature oxidation of titanomagnetite grains in
subglacial hyaloclastites. An alternative mechanism that could
contribute to minimal low-temperature oxidation of titano-
magnetite is reduction of permeability associated with pala-
gonitization (alteration) of glassy fragmental matrix material
(Fumes 1974).

Samples of subaerial tuff-breccia also lack evidence of
advanced low-temperature oxidation. Titanomagnetite grains
in these samples have undergone high-temperature oxidation
and therefore have been resistant to further oxidation (Kono,
Clague, and Larson 1980).

The presence or absence of low-temperature oxidation in
titanomagnetite grains is potentially a valuable tool for distin-
guishing between subglacial and submarine volcaniclastic
deposits. To test this hypothesis, it will be necessary to exam-
ine titanomagnetite grains in submarine hyaloclastites to
determine whether they show the same advanced degree of
low-temperature oxidation as the titanomagnetites in sub-
marine lavas. We are attempting to acquire samples of sub-
marine hyaloclastites for this purpose.

This research has been supported by National Science Foun-
dation grants DPP 76-04396 and DPP 77-27546.
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Hyaloclastite at Minna Bluff,
McMurdo Sound region

WILLIAM C. McINTosH

Department of Geology
University of Colorado

Boulder, Colorado 80309

PHILIP R. KYLE*

Institute of Polar Studies
The Ohio State University

Columbis, Ohio 43210

Minna Bluff is a 35-kilometer-long, 5- to 10-kilometer-wide,
1,000-meter-high peninsula surrounded on three sides by the
Ross Ice Shelf and located 72 kilometers due south of McMurdo
Station (figure). It adjoins Mount Discovery and, like Hut
Point Peninsula, is composed of numerous volcanic deposits
erupted from an aimed series of vents.

A geological reconnaissance visit was made to Minna Bluff
during January 1981 to search for occurrences of hyaloclastite.
The search was prompted by a report by Hamilton (1972) that
hyaloclastites were present in the area. Hyaloclastites are frag-
mented volcanic rocks, resembling tuffs, which form by sub-
aqueous eruptions. Formation may occur subglacially, there-
fore hyaloclastites can be used to determine old ice levels (see,
for example, Kyle in press and LeMasurier 1972).

Minna Bluff presently acts as a barrier to direct movement
of the Ross Ice Shelf through McMurdo Sound (Kyle in press).
The time of formation at Minna Bluff is unknown, but is critical
to an understanding of movement and possible erosional
effects of the Ross Ice Shelf in McMurdo Sound.

Volcanic rocks, including lava flows, agglomerates, welded
spatter, and hyaloclastites, were observed and sampled at four
localities (figure). A sequence of more than 30 subhorizontally
layered volcanic units is exposed in cliffs along the southeast-
ern tip of Minna Bluff (locality 1, figure). The upper portion of

*present address: Department of Geoscience, New Mexico Institute of
Mining and Technology, Socorro, NM 87801.

this sequence consists almost entirely of lava flows, typically
2 meters to 6 meters thick, whereas the lower portion consists
of interbedded lava flows and hyaloclastite units ranging in
thickness from 3 to 12 meters. The lowermost hyaloclastite unit
is exposed approximately 15 meters above the level of the
adjacent Ross Ice Shelf. It rests on a glacially polished and
striated erosional surface developed on the top of an under-
lying lava flow, suggesting an origin involving subglacial vol-
canic eruption. Clastic dikes, 15 centimeters wide and com-
posed of hyaloclastite, are present in the lower portion of the
sequence. These dikes are similar to those reported from the
Hallett volcanic province (Hamilton 1972) and are evidence for
postdepositional remobilization of unconsolidated hyaloclas-
tite.

Additional outcrops of layered volcanic rocks are exposed in
a 15-kilometer-long series of cliffs along the southwestern edge
of Minna Bluff. Field observations were insufficient to deter-
mine the amount or distribution of hyaloclastite deposits in
this area, but one hyaloclastite unit, 3 meters thick, was sam-
pled at an outcrop approximately 550 meters above sea level
(locality 4, figure).

Generalized map of Minna Bluff showing sample localities and
observed rock types. f = lava flow, h = hyaloclastite, a =
agglomerate, and s = welded spatter.
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Preliminary petrographic examination of rock samples from
Minna Bluff suggests bimodal basanite to phonolite compo-
sitions, similar to volcanic rocks found elsewhere in the Erebus
volcanic province (Kyle 1976).

It is probable that the lava flows at Minna Bluff were
extruded subaerially and that hyaloclastites were erupted in
subglacial environments produced by thickening of the Ross
Ice Shelf.

Many thanks to John Schutt and Gary MacKenzie for field
assistance in this project and to VXE-6 for helicopter support.
This research was supported by National Science Foundation
grants DPP 77-21590 and DPP 79-20316.
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Geochemistry of
some rocks from Dry Valley
Drilling Project borehole 1,

Hut Point Peninsula, Ross Island

SAMUEL B. TREvEs

Department of Geology
University of Nebraska

Lincoln, Nebraska 68588

Dry Valley Drilling Project borehole 1 was drilled to the
northeast of McMurdo Station at the foot of Twin Craters
(70°50'45"S 166°40'11"E), an extinct volcano on Hut Point Pen-
insula. Drilling began 21 January 1973 and was terminated 29
January 1973. During that time, 196.54 meters of core were
recovered.

Detailed relogging of the core is now in progress. Data in
hand indicate that the core consists of 31 or 32 flow units, a
paleosol, 7 or 8 pyroclastic units, and 2 dikes. The flows are
generally thin (table 1) and slightly oxidized. Pyroclastic units
are slightly thicker than the flows and consist of tuff, lapilli
tuff, and breccia. The basal pyroclastic unit is probably a
hyaloclastite. Drilling was terminated in the hyaloclastite after
penetrating 52.52 meters; hence, its true thickness is not
known. The paleosol is less than 1 meter thick and consists
primarily of rounded fragments of basalts. The dikes are grey
and, hence, distinctive. Contacts with flow units are sharp
and inclined. Streaky-flow banding is common.

Mineralogy. The flow units consist primarily of plagioclase,
clinopyroxene, amphibole, olivine, and glass. Plagioclase
occurs as microphenocrysts and microlites and ranges in com-
position from bytownite to oligoclase (table 1). The clinopy-
roxene occurs as microphenocrysts in the groundmass, and as
xenocrysts. Brown to pink titan-augite is most common; aegi-
rine-augite occurs in the more sodic units. Xenocrysts consist
of diopsidic-augite and are commonly rimmed with titan-
augite.

The amphibole of these rocks is kaersutite, which occurs as
phenocrysts, micro phenocrysts, and as reaction rims on oliv-
ine. Locally, it is replaced, partially or completely, by opaque
minerals.

Olivine occurs as microphenocrysts and phenocrysts and is
magnesium-rich. Glass is present in almost every unit. It is
commonly charged with opaque minerals and ranges from
brown to tan to clear.

Opaque minerals and apatite occur in all units. Rhönite
(Kyle and Price 1975) occurs in unit 33 and perhaps in some of
the older units.

Petrography. Mineralogy and texture, the parameters ordi-
narily used to define rock types and to assign rock names,
cannot be used exclusively to name these rocks because most
units contain a great deal of glass. The nomenclature must,
therefore, be based, at least in part, on chemical analyses of
the rocks.

Geochemistry. Forty chemical analyses were made of these
rocks in the laboratories of the Japanese Geological Survey
under the direction of Dr. Kurasawa (table 2). These analyses
show clearly that the rocks are alkaline. If the nomenclature
used by Goldich and others (1975) is used to name these rocks,
most are trachybasalts, four are basanitoids, and one is a phon-
olite. Trachybasalts of Goldich and others are resolved into
nepheline hawaiites, mugeantes, and nepheline benmoreites
if Coombs and Wilkinson's (1969) nomenclature is adopted.

The flows do not occur in any well-defined differentiation
series, except that the basanites occur near the bottom of the
pile and the intermediate rocks near the top.

In conclusion, the rocks of this hole resemble the surface
flows of the Ross Island province described by Goldich and
others (1975). The AFM (A = alkalies; F = iron oxide;
M = magnesium oxide) plots (figure) show the similarity
clearly. Hence, these rocks are also differentiations of a bas-
anitoid magma that probably was generated initially by partial
melting of the mantle.

The most striking feature of the flows of this hole is the
abundance of intermediate rock types represented. In contrast,
the surface flows of this province are primarily basanites and
phonolites.
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Table 1. Modal analyses of flow units of DVDP 1, Hut Point Peninsula, Ross Island

Flow
unit

2
2
2
3
3
4
4
6
7

8
9

10
11
11

12
13
14
14
15

15
16
17
18
19
19
20
23
23
23

23
24
24
24
25
26
30
31
32
33

36
37
38
38
38
38
39
40

Thickness
(meters)

2.02
3.93
3.93
3.93
1.98
1.98
4.58
4.58
2.31
1.75
1.77
1.41
2.36
6.08
6.08
2.97
3.83
7.24
7.24
6.15

6.15
1.91
4.54
2.52
3.78
3.78
0.88
6.61
6.61
6.61

6.61
4.56
4.56
4.56
0.85
2.29
0.99
6.87
0.70
7.05

2.52
0.50
0.36
0.55
3.22
3.81
2.31
0.70

Location of
thin section

(meters)

1.00
4.82
5.58
6.78
7.67
8.17

12.21
13.18
15.08
17.10
18.43
20.04
22.09
23.91
27.26
32.33
32.95
39.04
41.01
44.14

48.14
50.95
54.51
57.94
59.03
62.00
63.00
81.53
81.62
85.35

87.18
88.55
91.43
91.45
93.93
94.51

104.80
111.37
112.27
121.88
131.36
131.84
133.76
134.41
137.11
138.12
142.51
146.68

Plagioclase

28
30
30
24
26
40
37
38
38
37
35
35
30
32
30
38
58
50
47
42

42
43
33
35
36
56
34
43
66
60

64
60
53
53
25
25
24
22
21
22

61
53
60
56
52
50
57
23

Pyroxene

22
25
22
26
21
25
24
24
25
17
17
18
18
17
20
19
24
26
26
11

20
19
19
18
26
12
13
20
16
16

15
18
19
25
29
30
33
29
34
30
18
10
19
22
19
22
18
30

Mode (percentage)

Amphibole

Trace
2
8
9
4
2
2
2
2
5

5
5

6
1
2
2
3
4

3
3
4
3
3
5
8

10
2
6

4
0
2
2
0
0
0
0
0
0

8
1

2
0

0

Olivine

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0

18
17
16
23
20
17

0
0
0
0
0
0
0

18

Glass

40
28
24
29
15

6
11
11
12
15

17
18
22
22
20

17
0
0
0

21

11
10
19
25

6
11
37

0
0
0

0
0
0
0

18
18

7
6
5

13
0

20
0
0
0
0
0

17

(Text continues on page 31.)
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49.11
2.66

18.24
3.80
5.08
0.21
3.08
7.69
6.31
3.40
0.44
0.26
0.13

100.41

19

46.84
2.48

17.95
2.46
7.74
0.22
4.31
8.02
5.88
3.26
0.54
0.21
0.10

100.01

29

42.48
3.84

13.24
3.25
8.88
0.20

11.84
11.20
3.33
1.24
0.44
0.10
0.02

100.06

39

43.33
3.80

16.09
4.37
8.47
0.20
6.60
8.98
5.22
2.38
0.46
0.22
0.08

100.20

49.32
2.70

17.96
3.49
5.02
0.22
3.40
8.21
5.76
3.11
0.52
0.31
0.08

100.10

20

48.00
2.40

18.10
4.02
5.92
0.20
3.94
7.88
6.22
2.91
0.46
0.18
0.08

100.31

30

41.64
3.94

13.66
4.55
7.66
0.18

12.26
10.96
3.04
0.91
0.56
0.33
0.12

99.84

40

54.36
1.49

18.97
2.22
4.30
0.18
2.04
4.43
7.06
3.76
0.25
0.31
0.12

99.49

Table 2. Chemical analyses of flow units of DVDP 1

1
	

2 3 4 5 6 7
 

8
 

9
 

10

Si02
Ti02
Al203
Fe204
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20-

Total

Si02
Ti02
Al20.4
Fe204
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20-

Total

S102
Ti02
Al20i
Fe 20:4
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20-

Total

Si02
Ti02
Al204
Fe20,4
FeO
MnO
MgO
CaO
Na20
K20
P203
H20+
H20-

Total

42.12
2.85

17.33
3.62
8.02
0.20
4.26
7.93
5.11
3.02
0.73
0.26
0.21

99.66

11

48.96
2.60

17.71
3.06
5.96
0.21
3.61
8.05
6.22
3.08
0.49
0.34
0.11

100.40

21

46.70
2.66

18.75
3.38
6.44
0.21
4.06
7.69
6.52
3.00
0.48
0.36
0.20

100.45

31

41.44
3.84

13.47
3.74
7.77
0.21

12.41
11.02
2.89
1.70
0.57
0.32
0.14

99.52

45.71
3.00

16.98
3.83
7.26
0.23
4.70
9.06
6.03
2.68
0.59
0.36
0.11

100.55

12

50.20
2.65

18.08
3.60
5.19
0.20
2.89
7.59
5.88
3.12
0.48
0.27
0.08

100.23

22

48.41
2.46

19.08
2.80
6.40
0.19
3.21
6.66
6.24
3.23
0.34
0.94
0.20

100.16

32

41.79
4.11

13.11
3.84
7.82
0.18

11.80
12.04
3.13
1.51
0.62
0.23
0.12

100.30

46.55
2.70

16.23
3.99
8.10
0.22
5.40
7.52
5.34
2.61
0.66
0.36
0.14

99.82

13

47.56
2.55

18.41
3.48
6.35
0.21
3.07
8.80
6.40
2.54
0.51
0.33
0.15

100.36

23

49.12
3.02

19.02
2.66
6.21
0.21
3.00
6.21
5.97
3.47
0.46
0.81
0.12

100.28

33

42.28
3.86

14.04
3.48
8.20
0.20

11.11
10.98
3.22
1.66
0.55
0.12
0.04

99.73

45.08
3.44

16.34
4.01
7.53
0.21
4.97
8.56
6.33
2.77
0.54
0.18
0.20

100.16

14

47.49
2.71

18.80
4.22
5.20
0.23
3.33
8.32
6.00
2.83
0.55
0.21
0.26

100.15

24

54.02
1.85

19.12
2.85
3.66
0.17
2.14
5.07
7.41
3.40
0.31
0.43
0.04

100.47

34

53.56
2.60

19.62
2.36
4.20
0.18
2.60
3.10
7.55
4.00
0.32
0.26
0.08

100.43

46.14
2.65

17.41
5.23
6.24
0.21
4.32
7.71
6.04
3.27
0.61
0.26
0.08

100.17

15

50.24
2.08

18.41
3.27
5.42
0.21
2.86
7.56
5.97
2.97
0.49
0.16
0.08

99.72

25

55.34
1.21

19.07
2.88
3.41
0.18
1.98
4.48
7.21
3.19
0.33
0.45
0.08

99.84

35

54.23
1.90

19.01
2.23
4.43
0.18
2.44
4.71
6.89
3.62
0.40
0.22
0.10

100.36

46.89
2.64

17.55
4.24
6.37
0.17
4.03
8.00
6.03
3.40
0.56
0.40
0.13

100.41

17

50.86
2.50

18.92
3.16
4.78
0.20
2.74
6.88
5.89
3.10
0.48
0.22
0.14

99.87

27

43.37
3.84

16.68
6.93
5.61
0.20
6.21
9.65
4.77
2.26
0.55
0.27
0.10

100.44

37

43.82
3.64

16.77
3.69
8.87
0.18
6.40
9.02
5.12
2.09
0.45
0.24
0.08

100.37

46.08
2.83

17.90
3.82
6.78
0.20
4.44
8.31
6.28
2.81
0.49
0.22
0.07

100.23

18

47.26
2.88

18.10
2.77
7.56
0.21
3.98
7.77
5.79
3.08
0.51
0.34
0.15

100.40

28

41.85
3.74

13.57
4.01
8.02
0.18

12.51
11.00
3.22
1.46
0.46
0.25
0.06

100.33

38

54.32
1.20

19.43
2.08
4.52
0.18
2.32
4.20
6.98
3.51
0.24
0.20
0.14

99.32

48.60
2.19

18.04
3.30
6.44
0.19
3.43
7.66
6.11
3.20
0.51
0.22
0.09

99.98

16

50.44
2.66

18.74
2.40
5.62
0.19
2.55
7.22
6.37
3.35
0.44
0.23
0.18

100.39

26

55.71
0.98

20.46
1.74
2.68
0.18
1.40
3.54
8.08
4.16
0.21
0.22
0.02

99.38

36

44.15
3.48

16.52
4.22
7.85
0.20
6.64
9.06
5.00
2.34
0.42
0.12
0.14

100.14
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Two conventional potassium-argon (K-Ar) ages were deter-
mined on samples from 25.52 meters (a nepheline hawaiite)
and from 148.81 meters (a basanite). The ages are 1.21 ± 0.11
million years for the shallow sample and 1.32 ± 0.16 million
years for the deeper sample (Kyle, Sutter, and Treves 1979).
The ages are not statistically different from each other, indi-
cating that the flows were erupted relatively rapidly slightly
more than 1 million years ago.

This work was supported by National Science Foundation
grant 0PP 72-05800.
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AFM (alkalies, Iron oxide, and magnesium oxide) plots of chemical
analyses of rocks from DVDP 1 (this report) surface rocks from Ross
Island and vicinity (Goidich at al. 1975) showing general similarity
of the suites.

McMurdo Sound upper crustal
geophysics

D. D. WILSON, L. D. MCGINNIS, W. J . BURDELIK,
and T. L. FASNACHT

Department of Geology
Northern Illinois University

DeKalb, Illinois 60115

Gravity and seismic measurements were made from sea ice
2.8 meters thick during November and December of 1980 along
an east-west profile crossing McMurdo Sound. The profile is
in line with Cone Hill on Hut Point Peninsula on the east and
the Strand Moraine on the west along latitude 75°46.3'S (figure
1). Additional data were collected across the mouth of the
Ferrar Valley, north of the Strand Moraine. Instruments were
contained in a geophysics van mounted on skids and pulled
by a Spryte tracked vehicle. This article describes field oper-
ations and preliminary interpretations of collected data.

A damped LaCoste-Romberg gravity meter (model G) per-
mitted gravity observations from sea ice with an accuracy of
± 2 milligals. Sea-floor bathymetry was obtained using a Geo-
metrics/Nimbus 1210F signal enhancement seismograph and
three to five sledgehammer blows struck on the sea ice for the
reflected energy source. Water velocity is 1.44 kilometers per
second as determined from the direct wave arriving from long
refraction shots. The higher velocity wave propagating

through the sea ice quickly attenuates so that at shot-detector
distances of 2-3 kilometers it is no longer discernible. Depths
to the ocean floor were measured from seafloor reflections at
each gravity station; this permits construction of a Bouguer
gravity map with errors resulting primarily from sea-ice move-
ment. Reflection and refraction depths to the seafloor agreed
to within 5 meters.

Depths to acoustic layers below the seafloor were derived
from reversed refraction shooting at nine stations located at 5-
kilometer intervals across the Sound. An SIE-RS 4, 12-channel
refraction seismograph was used with 8.25- and 4-hertz geo-
phones connected to a 650-meter cable, with 50-meter sepa-
rations between geophones. In preceding years a standard
black cable with 30.49-meter geophone separations was used;
on warm, sunny days the cable melted its way into the sea ice,
refroze, and then had to be chopped out with an ice axe—a
situation not particularly conducive to long cable life. The 650-
meter cable has a white jacket and could be laid out on the ice
for many hours without freezing, saving much time and cable-
repair cost.

The procedure used in refraction shooting was such that the
recording system and cable were held stationary while the shot
point was moved out away from the spread at 1-kilometer
intervals. The maximum shot-detector distance was 42 kilo-
meters and the deepest refractor was found to lie at a depth of
7 kilometers. Charge size ranged from 1 kilogram for close-in
shots to 454 kilograms for those at greatest distance (see figure
2).

Excellent reflections from sledgehammer blows were ob-
tained from the seafloor, due to the high velocities and

1981 REVIEw	 31



'eq.'	 165,	 166	 67'

7 7 45

77.45,

Figure 1. Location of refraction stations crossing McMurdo Sound. The study was conducted from sea ice In November and December
1981.

consequent large acoustic impedance of the seafloor sedi-
ments. Sediments at the ocean floor displayed an average
velocity of 2.53 kilometers per second which is normally found
at depths about 1 kilometer below the ocean floor. The cause
of the high seafloor velocity is not known; however, sediments
are known to be highly cemented and the Sound has been
subjected to glacial scour, with concomitant overconsolida-
tion. The large range in seafloor velocities, from 1.81 to 3.06
kilometers per second, indicates a variety of sediment char-
acteristics, possibly including differential overconsolidation,
cementation, or perhaps permafrost. The low temperature of
McMurdo Sound ocean water (-1.8'C) would result in per-
manent freezing if freshwater sediments were present. The
geologic unit lying immediately below the ocean floor averages
about 500 meters thick.

A sub-seafloor refractor having a P-wave velocity averaging
3.25 kilometers per second probably represents the top of the
oldest glaciomarine sequence in the McMurdo Basin. An
unusual characteristic of this sequence is the apparent lack of
a vertical velocity gradient normally present in clastic sedi-
ments. An explanation for this might be a high degree of
overconsolidation by a thick, overriding ice sheet. This unit
has an average thickness of 1.5 kilometers. The lack of a vertical
gradient agrees with the interpretation of Wong and Christof-
fel (in press) and contrasts with the Ross Sea data of Houtz and
Davey (1973), who suggest continuously increasing velocities
with depth.

The deepest layer of sediment characterized by average
velocities of 4.00 kilometers per second is interpreted as Beacon
sandstone. This contradicts the report of Wong and Christoffel,
who interpret the 4.00-kilometer-per-second unit as consisting
of metasediments, although they agree it could also indicate
Beacon sandstone. Because two higher velocity units, one
averaging 5.07 and the deeper averaging 6.55 kilometers per
second, lie beneath the 4.00-kilometer-per-second layer, we
interpret the 4.00-kilometer-per-second layer to be Beacon and
the 5.07-kilometer-per-second layer as basement, consisting
of metasediments or igneous, silicic intrusives. The Beacon
unit thickens toward the east and appears to be block-faulted
downward under Ross Island.

The 6.55-kilometer-per-second, intrabasement refractor,

first reported in Western McMurdo Sound by McGinnis, Wil-
son, and Burdelik (1981), extends to the east beneath Ross
Island. If the refractor is composed of Ferrar-like intrusives, of
Jurassic age and therefore younger than basement, the change
in elevation may not reflect structure; however, if it represents
a crustal unit similar to a granulite facies that may have formed
at a common depth on a regional scale, it could indicate a
graben associated with rifting beneath Ross Island. The latter
explanation is preferred because of the progressive and con-
tinuous deepening to the east and also because of the lack of
magnetic anomalies associated with relief on the unit. A geo-
logic cross section based on seismic refractors is shown in
figure 3.

This research was supported by National Science Founda-
tion grant DPP 78-21112-03. Field personnel were D. Wilson,
W. J . Burdelik, T. L. Fasnacht, P. Rebert, and L. D. McGinnis.
We were in the field from 13 November-12 December 1980.
Graphics are by Paula Rebert.

Figure 2. Geophysics van and field crew preparing 454 kilograms
of dynamite in 22.7-kilogram strings for a shot 42 kilometers from
the recording site. An electric blasting cap is inserted Into each
string; the strings then are lowered Into the water to depths of
about 30 meters and detonated simultaneously.
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UPPER CRUSTAL REFRACTION STUDY IN McMURDO SOUND
COLOR CODED CAMPS (RECORDING SITES)
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Figure 3. Profile illustrating an interpretation of seismic refraction data in McMurdo Sound. The section is suggestive of a rift-graben
structure centered beneath Ross Island.
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Volcanic activity of Mount Erebus,
1980-1981

PHILIP R. KYLE*

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

The anorthoclase-phonolite magma lake at Mount Erebus
has been under surveillance since its discovery during the
1972-73 austral summer field season (Giggenbach, Kyle, and
Lyon 1973). The annual observations are intended to record
changes in the shape and behavior of the lake and to determine
the nature of the associated eruptive activity. Ejected volcanic
material is collected for petrologic and geochemical investi-
gations.

The Mount Erebus magma lake is unique as it is the only
phonolitic magma lake in the world. There is only one other
persistent convecting lake in the world, at Erta Ale in Ethiopia,
and it is currently inaccessible because of a civil war in the
area.

Observations of the magma lake during the 1980-81 season
were limited due to continuous bad weather at the summit of
Mount Erebus in late December and early January. During a
10-day stay at the summit, the magma lake was glimpsed on
only 1 day. Better observations had been made during a 1-day
visit to the summit on 21 November, but those were intermit-
tent and lasted just over 1 hour. Even under ideal conditions,
observations of the magma lake are difficult because of the
plume of volcanic gases emitted from the magma lake and
adjacent fumaroles.

The 120-meter-long, oval-shaped lake shows a simple con-
vection pattern, with magma welling up from two centers
about one-third of the way from each end. Downwelling occurs
around the edge of the lake and also along a "subduction"
zone which runs across the middle of the lake.

The magma lake appears to be a very stable feature; its size
and shape have changed very little during the last 4 years
(although the level did seem to be slightly lower than that
observed over the last 2 years) (figure). The most significant
change was the appearance of a new small lava flow on the
south side of the inner crater. During the November visit, the
flow had an extremely fresh appearance and was likely to be
less than several weeks old. It had issued from a fumarole vent

Mount Erebus magma lake in December 1979. This infrared view
shows lava upweliing (bright areas) in the center of the lake. The
white dot above the lake is a small fumarole vent with magma
beneath ft. The length of the lake in this view is about 100 meters.

which remained incandescent during November, December,
and January. It is likely that the magma column, exposed in
the lake, also occurs at depths beneath the south side of the
inner crater.

Small strombolian eruptions continued at a frequency of 2-6
per day. Noise associated with eruptions consisted of drawn-
out roars occasionally lasting 20 seconds. The sound of these
explosions was in contrast to the strong explosive eruptions
heard during the 1979-80 field season. Although no eruptions
were witnessed, they are believed to have come from the small
vent, called the active vent, adjacent to the magma lake. Very
few bombs were found on the main crater rim during Decem-
ber 1980; however, in January 1981, there were a few sharper
explosive eruptions, and these ejected material onto the crater
rim. A short, sharp explosion seems to indicate that magma is
present in the active vent; the continuous roar indicates a mild
gas explosion.

Work at Mount Erebus was supported by National Science
Foundation grant DPP 79-20316. Special thanks go to Bill
McIntosh (University of Colorado) for assistance in the field.
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Seismicity of Mount Erebus,
1980-1981

JUERGEN KIENLE

Geophysical Institute
University of Alaska
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STEVE Esms

Geophysical Institute
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TEisuo TAKANAMI

Department of Geophysics
Hokkaido University

Sapporo, Japan

RAY R. DIBBLE

Department of Geology
Victoria University

Wellington, New Zealand

During the 1980-81 field season we installed on Mount
Erebus three permanent seismometers with radio-telemetry
links to Scott Base (figure la). Two stations are on the western
flank at Abbott Peak (1,793 meters) and Hooper Shoulder
(approximately 1,900 meters), 10 and 5 kilometers, respec-
tively, from the summit crater. The third station is near the
summit of Mount Erebus. The electronic configuration of the
seismic array is shown in figure lb. Each station transmits
continuously the output from a single, vertical-component,
borehole-type seismometer having a 1-second period. In
addition, the summit station also telemeters data from two
acoustic channels used to monitor explosions in the crater, and
from an experimental induction loop that monitors the flux of
electrically charged gases. Data are recorded on a 14-channel,
slow-speed, magnetic tape recorder.

As of June 1981, the three-station network was still operating
(S. Whitfield, telephone conversation, Scott Base, 1981). We
had expected the two flank stations to cease operations in May
or June because the batteries freeze in the cold temperatures
and the attached solar panels are inoperable in the antarctic
winter. However, the Erebus summit station should continue
to function throughout the year because the batteries are bur-
ied in warm, geothermally heated ground.

*present address: Department of Geoscience, New Mexico Institute of
Mining and Technology, Socorro, NM 87801.
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Figure 1. (Top) Location and altitude of three permanent seismic
stations on Mount Erebus. The frequencies of the radio transmit-
ters are shown. (Bottom) Configuration of the seismic network.
AMP/vco = amplifier; RCVR = receiver; S = seismometer;
XMTR = transmitter.

The only data we have at present are paper chart recordings
at 60 millimeters per minute for 22 days (19 December 1980 to
9 January 1981) for the two stations at Hooper Shoulder and
Abbott Peak and paper charts for the Mount Erebus summit
station for 16 days (25 December 1980 to 9 January 1981). Daily
earthquake counts for the three stations are plotted in figure
2. Station gains for 1-hertz signals are 25,000 for Mount Erebus
summit and 800,000 for Abbott Peak and Hooper Shoulder.
Generally, the Abbott Peak station recorded about twice as
many events as the other two stations (Abbott Peak, 748 rec-
ognizable events in 22 days, or 34 events per day; Hooper
Shoulder, 327 events in 22 days, or 15 events per day; and
Erebus Summit, 201 events in 16 days, or 13 events per day).
Overall, the seismic activity at all stations occurred in swarms,
with peaks at the beginning of the recording period in late
December 1980 and a slight increase toward the end of the
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Figure 2. Frequency of mlcroearthquakes observed by the seismic
array on Mount Erebus.

recording period (5 to 9 January 1981). Activity was lower from
about 28 December to 4 January at all stations, but there were
some departures at individual stations (e.g., Hooper, 2 January
1981). We have learned via telephone conversations with Scott
Base personnel that significant earthquake swarms occurred
in February, March, and April. They report that some events
in these swarms have been well recorded at the World Wide
Standardized Seismic Network (wwssN) station at Scott Base,
38 kilometers south of the volcano (the station is running at
significantly higher gain during the winter months when the
seawater in McMurdo Sound freezes over).

Of the events recorded between 22 December 1980 and 9
January 1981, 21 were seen on all three stations. S-P times for
many of these events ranged from 3 to 6 seconds at the Erebus
summit station; at Abbott Peak some were as low as 1 second,

Figure 3. Epicenters of 21 mlcroearthquakes observed at all three
seismic stations, based on an assumed seismic velocity of 1.25
kilometers per second. Although the assumed velocity is very low,
It was the highest that would allow location of all 21 events. When
a velocity of 2 kilometers per second was used, only 16 events
gave acceptable solutions.

and one was as high as 10.7 seconds. Unfortunately, the veloc-
ity structure of Mount Erebus is unknown. Our first impres-
sion is that the P-velocity is extremely low within the main
cone, perhaps as low as 1 to 1.5 kilometers per second. With
the assumption of such a low velocity, most of the 21 events
seen on all three stations were located 5 to 10 kilometers east-
northeast of the Erebus summit station in the upper Fang
Ridge-Fang Glacier region (figure 3). Some of these could be
nonvolcanic icequakes, but the swarmlike character rather
suggests a volcanic/tectonic origin. Assuming a higher velocity
of 3.5 kilometers per second would make the epicenters further
out, to 10 to 30 kilometers.

The longest S-P time observed for an individual event was
25 seconds, corresponding to a distance of approximately 85
kilometers, assuming a P-velocity of 3.5 kilometers per second.
This suggests that there may be swarms of seismicity well
outside Mount Erebus and probably Ross Island.

This work was supported by National Science Foundation
grant DPP 79-20316. We are extremely grateful to Scott Base
personnel, and in particular to Stan Whitfield, who assisted in
establishing the seismic network. Special mention must go to
the VXE-6 helicopter crews who showed considerable patience
during setup of the seismic stations. Bill McIntosh and Jon
Prosser (New Zealand Antarctic Research Program) were
invaluable assistants.

60

40

20

0

100

j80

0

o 20
I.-a).0
E 0
Z

80

60

40

20

0

36	 ANTARcTIc JOURNAL



Earth science research in the
McMurdo Sound region, 1980-1981

TAKES! NAGATA

National Institute of Polar Research
Tokyo 173, Japan

Japanese scientists Kei Terai (National Institute of Polar
Research), Tetsuo Takanami (Department of Geophysics, Hok-
kaido University), and Noboru Osada (Earthquake Research
Institute, University of Tokyo) visited the McMurdo Sound
region for cooperative research with U.S. and New Zealand
scientists during the 1980-81 field season. The party stayed at
Wright Valley and on the summit of Mount Erebus from 7
November 1980 to 21 January 1981. During that time, the group
carried out two seismic research programs.

Microearthquake observation at Wright Valley took place
between 18 November and 4 December 1980. A six-geophone
network was installed at the eastern side of Lake Vanda in the
Wright Valley (figure 1). Recordings indicated very low
seismic activities in this area.

Seismological observation at the summit of Mount Erebus
took place between 19 December 1980 and 6 January 1981.

Figure 1. Seismograph network near Lake Vanda.
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Figure 2. Seismograph network at the summit of Mount Erebus.

Assisting were P. Kyle (Ohio State University), J . Kienle (Uni-
versity of Alaska), and R. Dibble (Victoria University). Loca-
tion of the six-geophone network is shown in figure 2.

A number of volcanic earthquakes, some with explosive
sounds, were recorded during the observation period. Many
varieties of waveforms of earthquake swarms were recorded;
this suggests the complexity of occurrence of seismic waves
and the influences of propagation paths on the waveforms.
Time of commencement was sporadic, and the data suggest
that no typical type of occurrence, such as "mainshock-after-
shock" or " foreshock- mainshock- aftershock," exists. Further
analyses will focus on the relationship between the waveforms
and the mountain structure, distribution of hypocenters, sta-
tistics of occurrence, and other relevant problems.

During its stay at McMurdo Station, the Japanese party
installed a recording system at Scott Base for the purpose of
telemetering seismic signals. Three telemetric seismographs
were installed at the flank of Mount Erebus (Abbott Peak and
Hoopers Shoulder) and at the summit rim of Mount Erebus.
The recording system at Scott Base consists of one 14-channel
data recorder (Sony model uFR-11400AL), one pen recorder for
monitoring (Sanen Sokki model 8D01), and a timer (Citizen
model 9031A-06). Scott Base personnel did the recording dur-
ing the winter.

Between 24 November and 2 December 1980, one geophone
was installed at Cape Evans, but no record was obtained
because a passer-by accidentally pulled out the geophone.

The Division of Polar Programs of the National Science
Foundation and the Antarctic Division of the New Zealand
Department of Science and Industrial Research provided logis-
tics support.
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Resource and radioactivity survey in
southern Victoria Land

GISEIA A. M. DREScHHOFF and EDWARD J . ZELLER

Space Technology Center
University of Kansas

Lawrence, Kansas 66045

Surface Radiometric Data
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The resource and radioactivity survey by airborne gamma-
ray spectrometry (Zeller and Dreschhoff 1980) is a continuing
effort to evaluate the uranium resource potential of Antarctica.
During the 1980-81 field season, two objectives were accom-
plished. First, the reconnaissance survey with the gamma-ray
spectrometer was completed. Although the area was surveyed
initially in the 1976-77 season (Zeller et al. in press), the
apparatus was of much lower sensitivity than the present
detection system. Furthermore, the original survey was made
only as a total-count survey, whereas the present equipment
permits the simultaneous recording of six gamma-ray spec-
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Figure 2. Relative surface count rate (In counts per second) and
geologic profile of the fllghtpath. B = northwest end of flightpath;
A = southeast end of fllghtpath; c/o = counts per second.

trometer channels. However, an extensive resurvey of south
Victoria Land was neither planned nor necessary.
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38	 ANTARCnc JOURNAL



Specific targets, especially those related to the sediments
that lie immediately above the Kukri erosion surface, were
examined in detail. Several areas were found where sedimen-
tary beds in the lower Beacon Group showed elevated uranium
concentrations. These apparently are associated with shale
zones. Also, the Ross Island volcanics are anomalously high
in a number of localities. Our survey revealed that almost all
of the exposed rocks in a large area at the south end of the
Royal Society Range have higher than normal uranium levels.

The radiometric survey continued from 20 November to 23
December 1980 and included one reconnaissance flight with
an LC-130 aircraft. The airplane was flown at 100 meters above-
ground to permit the scanning of exposed rocks in the Darwin
Mountains and Brown Hills adjacent to the Darwin Glacier in
the Transantarctic Mountains. Although the detector volume
of 8,390 cubic centimeters cannot be considered adequate for
the high forward speed of this fixed-wing aircraft, we found
that it was possible to obtain very useful information about
ratios of uranium/thorium and uranium/potassium. This
experiment suggests that remote areas of the continent could
be reached and surveyed for evaluation of uranium resource
potential by the use of aircraft similar to the LC-130.

The second objective of this field season was the establish-
ment of a new calibrated flightpath to permit the standardiza-
tion of the airborne counting apparatus. This flightpath is

approximately 3 kilometers long and is coincident in orienta-
tion with the old landing strip at Marble Point. It terminates
on the northwest against the Wilson Piedmont Glacier and on
the southeast at the shore of Arnold Cove. Figure 1 shows the
location of the flightpath A-B and the general geology of the
area. Figure 2 shows the relative surface count rate in counts
per second and the geologic profile of the flightpath. Figure 3
indicates the variation in counts per second in the individual
channels of the gamma-ray spectrometer at an elevation of 15
meters above the ground. These channels measure the con-
centration of potassium-40 and the radioactive equilibrium
concentrations of uranium and thorium.

This project is a continuing joint research effort of the Uni-
versity of Kansas and the West German Federal Institute of
Geosciences and Resources. This research was supported in
part by National Science Foundation grant DPP 77-21504.
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Magnetostratigraphy and
sedimentology of late Cenozoic

glaciogenic deposits,
eastern Taylor Valley*

DONALD P. ELSTON and STEPHEN L. BRESSLER

U.S. Geological Survey
Flagstaff, Arizona 86001

PAUL H. ROBINSON

Ministry of Works and Development
Christchurch, New Zealand

A joint U.S.-New Zealand stratigraphic, paleomagnetic, and
sedimentologic study was undertaken in late Cenozoic glaci-
ogenic deposits in eastern Taylor Valley. Fieldwork, which
was carried out from 18 November to 5 December 1980,
involved Winkie core drilling in the valley floor, logging and

*This report is preliminary and has not been reviewed for conformity
with U.S. Geological Survey editorial standards and stratigraphic
nomenclature.

sampling of the core for paleomagnetic and sedimentologic
analysis, and examination and sampling of apparently correl-
ative strata exposed along stream courses near the margins of
the valley (figure). Preliminary results of the field and labo-
ratory work are summarized in a report we are preparing for
open file. Photographic and lithologic logs of the core are given
in that report. Frozen, ice-cemented cores from two holes (ETV-
1, drilled to a depth of 4 meters, and ETV-2, drilled to a depth
of 45 meters) are in the freezer at the antarctic core storage
facility at Florida State University, Tallahassee.

The object of the study was to investigate the nature, age,
and distribution of deposits underlying a veneer of drift that
accumulated during incursion of the Ross Sea ice in late Pleis-
tocene time (Ross Sea I drift of Denton, Armstrong, and Stuiver
1971, reported to be about 15,000 years old). A field recon-
naissance in 1979 had led to the inference that comparatively
fine-grained deposits, perhaps aggregating some tens of
meters in thickness, underlay the Ross Sea drift in the valley
floor, particularly near a north to south-trending ridgeline that
forms a transverse divide about 100 meters above sea level
(figure). Ross Sea drift that caps this ridge locally contains
solitary corals and bivalves. These fossils weather out of soft
siltstone clasts apparently transported from the Ross Sea dur-
ing the last incursion of the ice. This ridge thus has been
informally called Coral Ridge.

The youngest deposits in the area are comparatively well-
sorted sand that overlaps Ross Sea drift along and adjacent to
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Wales Stream and its delta at New Harbor. DVDP-8 and -10 are
collared in this "New Harbor sand" unit on a bench about 2
meters above sea level. A carbon-14 ( 14C) age of 5,800 years
was obtained on an in situ bivalve shell encountered 25 meters
deep in the core (Stuiver, Denton, and Borns 1976), presum-
ably near the base of this deposit.

The Ross Sea drift appears to consist of two units where it
is exposed along Commonwealth Stream (figure). A silty, com-
monly well-sorted, fine-grained lower unit about 5-13 meters
thick (unit a, figure) is overlain by a generally coarser, poorly
sorted deposit that contains boulder-size detritus and locally
is as much as 10 meters thick (unit b, figure). The lower unit
appears to be present in the central and southern parts of the
valley but is thin (less than 1 meter) and is not depicted as a
separate unit in the sections away from Commonwealth
Stream.

A relatively thick sand body underlies Ross Sea drift in the
floor of Taylor Valley. An incomplete section was intersected
in core from 1.5 meters to 45 meters depth in hole ETV-2.
Similar, if not identical, ice-cemented sand underlies Ross Sea
drift in exposures along the Commonwealth and Wales
Streams, where incomplete sections are as great as 15 meters
thick. In DVDI'-11, this sand was penetrated from a depth of 2
to 16 meters. The distribution indicates that the sand accu-
mulated as a body across the valley, presumably as a conse-

quence of a single depositional episode. This sand body is
informally called the "Coral Ridge sand."

The Coral Ridge sand is dominantly medium- to coarse-
grained and is rather well sorted, lacks clay and silt, and
exhibits common fluviatile cross-stratification. Small pebbles
are rare. Deposition appears to have occurred in a fluviatile or
perhaps a fluvio-marine deltaic environment, above and pre-
sumably very near sea level. The sand body accumulated fol-
lowing deposition of coarse diamictons and interbedded sand
in a fjord that once occupied the site of Taylor Valley. The
source of the sand has yet to be determined. It came either
from a grounded ice sheet in the Ross Sea to the east or from
the west at a time when a more extensive Taylor Glacier occu-
pied the valley.

The age of the Coral Ridge sand also is not yet resolved.
Except for the 2-meter-thick section of reversely polarized sand
near the top of hole DVDP-11 (Elston and Bressler in press;
Purucker, Elston, and Bressler in press), all of the ice-cemented
sand (in cores of DVDP-11 and ETV-2, and in outcrops in Wales
and Commonwealth Streams) has been found to be normally
polarized, which suggests a Bruhnes (less than 730,000 years
old) age. In light of this work and previous studies, two pos-
sibilities exist: (1) the sand body was deposited principally
during the Bruhnes normal polarity epoch of late Pleistocene
time and the reverse polarity in DVDP-11 is an anomaly, or
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(2) the Coral Ridge sand body was deposited during a time of
normal polarity of the Gauss epoch. Additional subsurface and
surface geologic and paleomagnetic study, including study of
sedimentary structures, is needed to resolve the foregoing
problems that bear directly on the late Cenozoic glacial and
structural history of Taylor Valley and environs.

The Winkie drill and drill team of Garth Varcoe, James Jen-
kins, and Roy Parish were provided by the Antarctic Division,
New Zealand Department of Scientific and Industrial
Research.

U.S. Antarctic Research Program personnel included
Michael E. Ahkeah, Stephen L. Bressler, Donald P. Elston,
Christopher H. Hendy (Waikato University, New Zealand),
and Paul H. Robinson (New Zealand Ministry of Works). This
research was supported in part by National Science Founda-
tion grant DPP 79-07253 and in part by the U.S. Geological
Survey.
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Soil development in the Quartermain
Range and the Wright Upper Glacier

region

J . G. BOCKHEIM and S. C. WILSON

Department of Soil Science
University of Wisconsin

Madison, Wisconsin 53706

During the 1980-81 field season, we examined soils at three
locations in the Quartermain Range—upper Arena Valley,
Beacon Valley, and an unnamed cirque north of Tabular Moun-
tain (77°48'S 160°15'E)—and on Mount Fleming in the Wright
Upper Glacier region (figure 1). The primary objectives of the
study were (1) to use soils as relative-age indicators for study-
ing the behavior of local alpine glaciers and the east antarctic
ice sheet, and (2) to determine the nature, distribution, and
origin of salts in soil profiles, snow, and ice in the McMurdo
Sound area.

Surface-boulder weathering features were recorded along
line transects at 17 sites. Twenty-six soil descriptions were
taken and 100 soil samples were collected for laboratory anal-
ysis, including ion chemistry of soil water extracts (Na, Ca2,
Mg2 , K, NO-3, Cl, SO, and 1), particle-size distribution,
and clay mineralogy. Twelve samples of salt encrustations
were obtained along the polar plateau for chemical and miner-
alogical characterization. Four samples of freshly fallen snow
and 10 samples of glacial ice were collected for chemical anal-
ysis, melted, and shipped frozen in plastic bottles sealed with
paraffin.

We report the following field observations. Strongly devel-
oped soils with deep sola (30 centimeters) and salt pans were
sampled on dolerite-sandstone drift within 50 meters of the
surface of the east antarctic ice sheet at the unnamed cirque
and along the Wright Upper Glacier at Mount Fleming (figure
2). These soils resemble those derived from the Prospect For-
mation in Wright Valley and the Asgard Range (Bockheim

1979), which may be of Miocene age (Vucetich and Topping
1972). These data suggest that the elevation of the east antarctic
ice sheet has not changed significantly in the upper Taylor and
Wright Valleys region in approximately the past 7-10 million
years.

Soil chronosequences were identified and sampled in upper
Arena Valley, Beacon Valley, and on Mount Fleming. Defined
as arrays of soils that differ primarily as a result of the soil-
forming factor, time, soil chronosquences are useful for rela-
tive-age dating, correlating glacial deposits in Antarctica, and
comparing rates of soil formation in cold deserts with those in
hot deserts. The chronosequences contain member soils that
range in age from 3,100 to possibly 7-10 million years. Within
each of the chronosequences identified, surface-boulder fre-
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Figure 1. Location of areas for sampling soils and salt encrusta-
tions (X) and snow and ice (0), and distribution of salts in soils.
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Figure 2. Soil profile on Prospect drift at Mount Fleming showing
salts and deep oxidation.

quency declines with age of the deposit, and the number of
boulders that are fragmented in situ (boulder shadows), yen-
tifacted, planed to the surface, pitted, and fractured increases
with time. Morphologic features increasing with time include
solum thickness, depths of ghosts and visible salts, salt mor-
phogenetic stage, and depth to ice-cemented frost table.

To date, more than 1,000 soils and salt encrustations have
been analyzed for water-soluble salts. A regional picture of
salt distribution is evolving for the McMurdo Sound region
which relates to precipitation patterns (figure 1). In areas

within 50 kilometers of the coast, predominant ions in soil-
water extracts are Nal and Cl-. Ratios of these ions and others
are similar to those calculated from antarctic seawater analysis.
Since they occur in soils not having been influenced by marine
incursions, the salts are of marine-aerosol origin. At elevations
above 1,500 meters and/or distances greater than 100 kilome-
ters from the open sea, soils contain dominantly Na and
NO-3 . Several investigators (Parker et al. 1977; Wilson and
House 1965) have shown that the nitrate is contained in snow
falling on the polar plateau. This snow subsequently is blown
by katabatic winds for distances exceeding 1,000 kilometers to
ice-free areas in the Transantarctjc Mountains, where it sub-
limes, leating a residue of salts. In a third zone, intermediate
in elevation and distance from the open sea, Na or Ca 2+ and
SO are prevalent. The sulfate may be partially of marine-
aerosol origin and partially from polar snow (Sulek et al. 1979).

Concentrations of ions possibly contributed by rock weath-
ering (Ca 2+, Mg2 , and K) are low compared with those
brought in by precipitation. Therefore, the chemistry of cold
desert soils in Antarctica is influenced more by precipitation
than by chemical weathering (Bockheim 1981).

This work was supported by National Science Foundation
grant DPP 78-23832 to George H. Denton. We appreciate his
assistance as well as that of J. Vanden Brook, H. Conway, and
M. Dagel. We also are grateful for the logistic support provided
by the VXE-6 helicopter crew.
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A partial geochemical analysis of the
Onyx River

WILLIAM J . GREENand DONALD E. CANFIELD

School of interdisciplinary Studies
Miami University

Oxford, Ohio 45056

While Lake Vanda has been the subject of several geochem-
ical (e.g., Angino, Armitage, and Tash 1965; Jones and Faure

1969) and biological investigations (e.g., Benoit, Hatcher, and
Green 1971) over the past two decades, little attention has been
given to the lake's major feeder stream, the Onyx River. As
part of a study that focuses on the transport, speciation, and
fate of biologically important trace metals and nutrients in the
Vanda-Onyx system, we have had an opportunity to deter-
mine a number of chemical constituents in the river under a
range of flow conditions.

The Onyx originates at the Wright Lower Glacier, at the
eastern end of Wright Valley, and flows some 27 kilometers
westward (away from the sea) into Lake Vanda. Along its
course, depending on temperature, it may be fed by tributary
streams derived from several smaller glaciers occupying hang-
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Month/day/
time of day

12/15/0945
12/16/2200
12/23/1400
12124/0900
12/25/1300
12126/2300
12/27/1000
12127/2100
12128/0900
12128/2230
1/6/1415
Average world

river water'

(6)	(7)	(8)	(9)

Calciumb Magnesium b Sodium b Potassiumb

6.72
	1.99
	7.20
	1.67

6.40
	1.82
	7.07	1.56

5.39
	1.72
	5.30
	1.39

4.96
	1.61	4.93

	1.33
4.41	1.29
	4.47	1.23

5.01
	1.55
	5.03
	1.36

5.40
	1.71	5.33	1.40

4.98
	1.52
	4.98
	1.32

4.96
	1.48
	4.96
	1.32

4.75
	1.44	4.90

	1.32
4.11
	1.29
	4.20
	1.09

15	4.1	6.3	2.3

ing valleys above the floor of Wright Valley (Nichols 1971).
Water depths in the Onyx are typically .5 meter, and the chan-
nel is perhaps 3 to 6 meters wide.

For the past 12 years, investigators from the New Zealand
Ministry of Works (Anderton and Fenwick 1976; Chinn 1975)
have been carrying out hydrological studies in the antarctic
dry valleys. This work has included a detailed set of flow
measurements taken at a permanent weir site on the Onyx
River near Vanda station. Stream discharges monitored over
the period 1969-81 showed considerable annual variations,
ranging from 15 million cubic meters in 1970-71 to zero in
1977-78, and averaging about 3 million cubic meters (Chinn
personal communication). No systematic chemical analyses on
Onyx River water were undertaken during this time.

Table 1 lists the concentrations of major ions and silica in
the Onyx River, along with temperature, dissolved oxygen,
pH, and flow rate recorded at the Vanda weir. Dates in the
left-hand column indicate the month, day, and time when

samples were taken. As a check on our analyses, we computed
millimoles of positive and negative charge; these appear in
columns 13 and 14. The percentage difference (with respect to
anionic charge) is given in column 15.

We found the waters of the Onyx to be slightly basic and
generally saturated with dissolved oxygen. In the first few
days of Onyx flow there is a sharp decrease in major ion and
silica concentrations, suggesting that during early flow salts
derived from weathering of valley soils are being solubilized
and transported by the river. During the remainder of the flow
season the major ion and silica concentrations all appear to
remain fairly constant.

The ionic content of the Onyx is considerably lower than
that of average world river water (Livingstone 1963). Among
the major ions, only chloride is comparable to that reported
by Livingstone (1963). We find in the Onyx roughly equimolar
concentrations of sodium and chloride, indicating that the
relatively high chloride values are probably attributable to

Table 1. Concentrations of major ions and silica in the Onyx River

Month/day!	 (1)	 (2)
time of day	 Temperaturea	 Oxygonb

12/15/0945	 -	 -
12/16/2200	 2.0	 13.2
12/23/1400	 -	 13.4
12/24/0900	 2.0	 13.7
12/25/1300	 3.5	 12.4
12/26/2300	 2.8	 13.2
12/27/100	 2.0	 13.6
12/27/2100	 -	 -
12128/0900	 5.0	 13.6
12/28/2230	 4.5	 -
1/6/1415	 3.0	 12.5
Average world

river water

(3)	 (4)	 (5)
pH	 Flow	 Silicab

-	 66	 -
7.9	 77	 3.45
7.4	 230	 3.34
-	 328	 3.04
-	 440	 2.86
7.5	 422	 3.07
-	 449	 3.09
-	 750	 -
-	 988	 2.93
-	 676	 2.93
-	 661	 2.68

13

(10)	(11)	(12)	(13)	(14)	(15)
Positive Negative Percentage

Chiorineb Sulfateb Bicarbonateb chargec chargec difference

11.95	7.35	23.0	0.856	0.867	1.3
11.10	6.30	23.0	0.818	0.821	0.3
8.35	5.25	22.5	0.714	0.712	0.2
8.01	4.80	18.4	0.627	0.627	0.0
7.10	4.50	15.2	0.551	0.543	1.5
7.60	4.70	19.8	0.631	0.636	0.8
8.16	5.50	19.0	0.678	0.655	3.5
8.01	4.25	17.5	0.621	0.601	3.3
7.60	5.20	17.5	0.621	0.609	2.0
7.76	4.90	17.1	0.602	0.601	0.2
6.35	4.24e	16.7	0.522	0.541	3.7

7.8	11	58

'In °c.
b In milligrams per liter.
CIn millimoles.
d Dashes indicate no data.
eEstimated
From Livingstone (1963).

g In liters per second.
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2.22	1.08

	

3.04	1.12

	

3.38	1.16

	

4.11	1.29

	

0.10	1.35	N.D.a	N.D.

	

0.69	4.58	4.4	8.3

	

0.79	5.37	5.0	11.4

	

0.93	5.76	6.1	13.0

	

1.09	6.35	7.2	16.7

	

0.1	 32.7

	

1.66	3.6	21.5

	

1.91	6.8	18.2

	

2.21	12.9	19.4

	

2.68	4.4	3.3
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2.88

3.31
3.63
4.20

incorporation of halite into valley soils by the airborn transport
of ocean salts and subsequent solubilization by the Onyx.

Compared with rivers of the temperate zone, there is little
change in ionic concentration with flow rate changes. This is
seen most clearly in the data sets for 23 and 28 December 1980.
Here flow rates differed by about 400 percent, but changes in
cation or anion concentrations amounted to only 13 percent.
We found no evidence of strong or irregular variations in
composition that might be taken as evidence that groundwater
is entering the Onyx.

Table 2 gives concentrations of total phosphorus, dissolved
orthophosphorus, total dissolved phosphorus, inorganic
nitrogen species, total and dissolved iron, and total copper.
Total phosphorus values are low and comparison of columns
2 and 4 shows that most of the phosphorus in the Onyx is
present in particulate form. If this particulate phosphorus
tends to settle out in the shallow eastern end of Lake Vanda
(the "Vanda Estuary"), this could be one reason why the lake
is so starkly unproductive.

High nitrate nitrogen values were obtained early in the
season, but these fell rapidly with time. Nitrate also was mea-
sured in early samples but was not detected after 16 December.
We suspect that our first sample reflected to a large extent the
composition of the biologically active Bull Pond, which lies
just above the weir. Ammonia was not detected.

Average iron concentrations in the Onyx were high; this is
consistent with the presence of dolerite sills (McKelvey and
Webb 1962) and iron-enriched soils (Ugolini 1964). Like phos-
phorus, iron was present largely in particulate form, at levels
ranging from 210 to 360 micrograms per liter of total iron.
Copper concentrations in the Onyx, as in most unpolluted
natural waters, were low, the highest measured value being
2.5 micrograms per liter.

On the morning of 6 January 1981, we sampled the ice of
Wright Lower Glacier and the waters of the Onyx at four
locations along its course to Vanda (see table 3). For all of the
major ions and silica, we observed a regular increase in con-
centration along the length of the river- a trend first observed
by Jones and Faure (1969) for the major cations. Total phos-

Table 2. Nutrients and selected trace elements In the Onyx River

(1)	 (2)	 (3)
Dissolved

Total	orthophosphate
Month/day/time	phosphorus	phosphorus

12/15/0945	 94	 _a
12/16/2200	10.0	 0.8
1212311400	 '6.8	 1.3
12/24/0900	 4.8	 -
12125/1300	 -	 0.9
12/26/2300	 6.2	 1.8
12/28/0900	 7.3	 -
1/6/1415	 4.4	 0.8
1/6/2200	 5.2	 -

Note. All values in micrograms per liter.
a Dashes indicate that no analysis was attempted.
bND = Not detected.

(4)
	

(5)	(6)	(7)	(8)	(9)	(10)

Total dissolved	 Total	Dissolved
	

Total
phosphorus
	NO-N	NO-N NH,-N	iron	iron	copper

88.8
	

4.8
	

N.D.b
	

350
	

2.5
50.1
	

3.6
	

N.D.	270
	

1.5
	

0.9
1.8
	

10.1
	

N.	N.D.	320
	

8.0
	

N.D.
2.6
	

8.1
	

N.D.	N.D.	254
	

26
	

0.6
2.8
	

6.6
	

N.D.	N.D.	210
	

13
	

0.7
4.8
	

N.D.	N.D.	237
	

6.5
	

0.6
1.1
	

8.4
	

N.D.	N.D.	360
	

12
	

1.5
3.3
	

N.D.	N.D.	290
	

21
	

0.4
1.0
	

4.5
	

N.D.	N.D.	340
	

0.6

Table 3. Major Ions and nutrients at various locations along the Onyx River on 6 January 1981

Location

Wright Lower
Glacier ice

Lake Brownsworth
Onyx near the

Meserve Glacier
Onyx near Bull Pass
Onyx at Vanda Weir

a ND = Not detected.
b No analysis was attempted.
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phorus also increased along the Onyx as far as Bull Pass, but
between the pass and the Vanda Weir, it decreased bya factor
of three. We suspect that an active algal community just above
Bull Lake may be acting as a phosphorus sink.

Unlike phosphorus, which is derived from the soils of the
valley and whose concentration is augmented by contact with
these soils, nitrate is apparently derived from the ice of Wright
Lower Glacier. The concentration of this nutrient decreases
downstream, perhaps in response to its utilization by soil and
aquatic organisms. As with phosphorus, the most pronounced
change again occurs between sites 4 and 5, which may be
another indication of an active biological community above
Bull Lake.

As part of this research, we have also measured major ions,
nutrients, and trace elements throughout the water column of
Lake Vanda and in the lake ice and sediments. Determinations
of chromium, manganese, cobalt, nickel, zinc, lead, and cad-
mium are in progress for all compartments of the Vanda-Onyx
system. We hope to report shortly on trace element and
nutrient residence times and equilibrium speciation and to
comment on the possible origin and distribution of salts in
Lake Vanda. A more detailed article on the Onyx is in prepa-
ration.

This research was supported by National Science Founda-
tion grant DPP 79-20860. We are grateful to Trevor Chinn and
Ian Maize for permitting us to use their Onyx River flow data
in this study. We express thanks to Pete Johnstone, leader at
Vanda Station, for his hospitality during our stay in Wright
Valley. We also wish to acknowledge the helpful suggestions
of G. Fred Lee and R. Anne Jones of Colorado State University
of logistics and fieldwork. Green was in the field from 14
November 1980 to 17 January 1981, Canfield from 14 November

1980 to 29 January 1981, and Lee and Jones from 8 December
1980 to 21 December 1981.
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Provenance of feldspar in till on
Mount Fleming, southern

Victoria Land
GUNTER FAURE and KAREN S. TAYLOR

Department of Geology and Mineralogy
and

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

During the 1980-81 field season, from 5 November to 11
December 1980, we collected a large number of samples of
glacial deposits from localities in southern Victoria Land

reachable by UH-1N helicopter from McMurdo. The feldspar
in these samples is being analyzed in our laboratory for dating
by the rubidium-strontium (Rb-Sr) method to detect a com-
ponent that may have been transported from the Precambrian
Shield of East Antarctica by the ice sheet that covered the
Transantarctic Mountains prior to the cutting of the major
valleys (Barrett and Powell 1981; Faure and Taylor 1980).

A sample of till was collected for us by George Denton from
a rock basin on the southeast flank of Mount Fleming (77°33'S
160°08'E). The till is highly indurated but uncemented,
unsorted, and unstratified with a silty to sandy matrix (figure
1A). Clasts ranging from 0.4 to 3 centimeters constitute 20
percent of the till and are composed of sandstone (60.6 percent
by weight), siltstone (34.5 percent), black shale (4.2 percent),
coal (0.4 percent), and white quartz (0.4 percent). Quartz has
a unimodal distribution with an abundance peak in the 125-
to 500-micrometer fraction coincident with quartz grains in
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Figure 1. (A) Grain-size distribution of till from Mount Fleming,
southern Victoria Land. (B) Distribution of quartz determined by X-
ray diffraction. (C) Distribution of feldspar. (D) Variation of the K-
feldspar-piagloclase ratio with grain size.
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Figure 2. Rb-Sr dating diagram for feldspar fractions of till and of
sandstone clasts. The numbers in brackets identify size-fractions
defined in the text. The dates are for reference and do not consti-
tute ages of these feldspars.

million-years-old reference isochron (figure 2) whereas the
finer fractions (3) and (4) plot significantly above it. Two feld-
spar concentrates prepared by crushing and sieving sandstone
clasts extracted from the till also plot above the reference iso-
chron. The deviation of these data points from the 500-million-
year reference line may be caused by extensive alteration of
the feldspar or by the presence of a feldspar component that
is significantly older than 500 million years. The oldest date
derivable from feldspar fraction (4) is 1,460 million years.
However, this result is being checked by additional pretreat-
ment of fractions (3) and (4) and cannot be accepted as evidence
for the presence of a component of Precambrian feldspar in the
Mount Fleming till. The abundance of quartz grains and sand-
stone clasts in the till suggests that a large proportion of the
feldspar in the sand-size fractions of the Mount Fleming till
originated from rocks of the Beacon Supergroup, even though
the abundance of feldspar in these rocks is generally less than
5 percent.

This work was supported by National Science Foundation
grant DPP 79-20407.
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the sandstone clasts (figure 1B). Feldspar has a skewed distri-
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Field study of orbicular rocks in
Taylor Valley, southern

Victoria Land*
PETER S. DAHL and DONALD F. PALMER

Department of Geology
Kent State University

Kent, Ohio 44242

During the 1980-81 austral field season, orbicular grano-
diorite and associated rocks from two localities in Taylor Valley
were mapped, described, photographed, and sampled for sub-

*Contnbution 221, Department of Geology, Kent State University

sequent petrographic and chemical analyses. The primary pur-
poses of our research are (1) to elucidate the mechanism(s) by
which the orbicular rocks formed and (2) to gain new infor-
mation regarding the processes of chemical diffusion and mag-
matic assimilation. In this article we present some of the results
and preliminary conclusions based on our recent fieldwork.
Earlier reconnaissance of the orbicular rocks in Taylor Valley
includes a field and petrographic study by Palmer, Bradley,
and Prebble (1967) and an electron microprobe study of two
orbicular samples (Dahl and Palmer 1979).

Figure 1 is a new geologic map of part of the Taylor Glacier
locality (4 kilometers west of the Rhone Glacier), showing
relationships between Larsen granodiorite, Skelton Group
metasediments, and orbicule zones. Here, orbicules and xen-
oliths (i.e., rock fragments) occur in discontinuous bands,
lenses, and irregular pod-shaped zones in the Larsen grano-
diorite (figure 2), although isolated single orbs are found
occasionally. Xenolith and orbicule zones are parallel to the
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Figure 1. Geologic map of part of the Taylor Glacier area: (1) index map of Taylor Valley with inset of map 2; (2) geologic map by theodolite
showing general relationships between Larsen granodiorite, Skelton Group metasediments, and zones of orbicules, with Inset of map 3;
and (3) detail of orbicule pod pictured in figure 2, with relationships to other smaller pods and thin zones of orbicules.
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flow-banding in the granodiorite, the foliation in the nearby
Skelton Group metasediments, and the (largely concordant)
Larsen-Skelton contact.

Within most orbicule zones, the orbs are widely to closely
spaced and commonly are embedded in a hornblende-plagio-
clase-rich granodiorite matrix that is distinctly coarser grained
than the surrounding granodiorite. Orbs within a zone are
remarkably well sorted as to size, and, although spherical to
somewhat ellipsoidal in shape, they show no obvious pre-
ferred orientation (figure 2). A given xenolith zone usually is
dominated by xenoliths of one lithology. Similarly, in a typical
orbicule zone, the orbs are cored by xenolithic material of one
dominant lithology, but shell geometry and degree of mag-
matic assimilation may differ from orb to orb.

no-

Figure 2. Irregular pod of orbicuies plus matrix embedded in Lar-
sen granodlorite, Taylor Glacier area. Pod shown is the large one
mapped in figure 1, inset 3 (center).

Orbicules in the Taylor Glacier locality typically consist of
a nonfoliated diopside-biotite-andesine core surrounded by
a single monomineralic shell or by multiple shells alternately
plagioclase-rich and homblende-rich. Within a given shell,
radial hornblende, plagioclase, and/or (less commonly) diop-
side-biotite intergrowth are superimposed on the overall con-
centric structure. Orbicular matrix appears to be a hybrid rock
formed by contamination of granodioritic magma by assimi-
lated xenolithic material. Figure 3 illustrates a typical multi-
shelled, diopside-biotite-andesine-cored orbicule in
granodioritic matrix. Orbicules in the Taylor Glacier area are

Figure 3. Diopside-biotlte-ande sine-co red orb from outcrop shown
In figure 2 (right side, below rock pick). Shell minerals are domi-
nantly hornblende and plagioclase defining the radial-concentric
structure.

less commonly cored by amphibolite, very coarse-grained cli-
nopyroxene or hornblende, and (rarely) granodiorite or orbic-
ular shell fragments.

Similar relationships were found at Nussbaum Riegel, 10
kilometers east of the Taylor Glacier area. At Nussbaum Riegel,
orbicules and xenoliths are closely spaced in long narrow
bands in Larsen granodiorite and Olympus granitic gneiss.
One orbicule band ranging from 0.5 to 2 meters wide was
traced continuously along strike for a distance of 800 meters.
The orbicules are commonly elongate parallel to the bands,
which, in turn, are parallel to nearby contacts, flow-banding,
and foliation. They are simple orbicules, displaying only very
thin single or multiple concentric shells of hornblende and
plagioclase. Radial shell structure was found only in a few
samples. Orbicules usually are cored by the same diopside-
biotite-andesine lithology observed at Taylor Glacier.

Previous work has shown that most orbicules in Taylor Val-
ley originated when xenoliths, possibly of the Skelton Group,
underwent simultaneous reaction with and assimilation by
granodioritic magma. Field relationships suggest that the
orbicule and xenolith bands represent original concordant
interbeds and lenses in a quartzo-feldspathic metasedimen-
tary rock that was part of the original Skelton sedimentary
sequence. High-grade metamorphism associated with the
Ross orogeny must have resulted in widespread melting of
this (water-rich) quartzo-feldspathic sediment, and the result-
ing magma must have reacted with the now-metamorphosed
original interbeds and lenses to form orbicules. This model
explains (1) the mapped occurrence of orbicules and xenoliths,
(2) the uniformity of xenolithic core lithology within an orbi-
cule zone, and (3) the origin of at least part of the Larsen
granodiorite and Olympus granite gneiss.

Subsequent field, petrographic, and chemical work will test
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this and other hypotheses for the origin of the xenoliths and
the mechanisms of formation of the orbicules themselves.

We thank Gary Rogers and Mark Schmidt (Kent State Uni-
versity), JoAnne Danielson (University of Massachusetts), and
Vladimir Samsonov (Research Institute of Arctic Geology, Len-
ingrad) for their able field assistance. All fieldwork was com-
pleted during the period 1-19 January 1981.

This research is supported by National Science Foundation
grant DPP 80-01743.
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Structural and stratigraphic studies
of the Beacon Supergroup: Interim

report

C. T. MCELROY and K. J . WHITBY

McElroy Bryan and Associates
Sydney, New South Wales

C. ROSE

Department of Mineral Resources
Sydney, New South Wales

The purpose of our field investigations was to increase
knowledge of the Victoria and Taylor groups in the Beacon
sequence, Quartermain Range (Beacon Heights), southern
Victoria Land. We established four objectives: (1) to map, geo-
logically, for the first time, the Beacon Supergroup outcrop on
a formation basis in the area of Ferrar, Taylor, and Lashly gla-
ciers; (2) to study the unique large-scale deformation in stra-
tigraphic units of the Arena Valley, particularly a remarkable
exposure on Slump Mountain north of Brawhm Pass; (3) to
establish type sections of stratigraphy originally described by
McElroy (1969)—specifically, the Altar Mountain Formation,
the Arena Sandstone, and the Brawhm and Farnell Sandstone
members were in need of definition; and (4) to examine in
detail the nature of coal occurrences within the Victoria Group.

Work was undertaken from McMurdo between 9 December
1980 and 15 January 1981. Two periods of fieldwork, each of
about 2 weeks, were separated by a week of compilation and
review in McMurdo.

Geologic mapping. The original concept of the mapping pro-
gram was adhered to and a map at a scale of 1:50,000 has been
compiled covering a triangular area extending from New
Mountain, southwest to Mount Feather, north to Kennar Val-
ley and Finger Mountain, and closing southeasterly to New
Mountain (see figure).

We used nonstandard geologic mapping techniques. Due to
the large contour interval on the only available base map (a
preliminary 1:100,000 sheet), and to the generalization that
expectedly and inevitably occurs on such a map, it was nec-
essary to plot geologic boundaries by independent position-
ing. This was achieved by setting up "plotting stations" at 12
strategic positions located by using sextant bearings from
defined peaks. Thereafter, we used a sextant, high-resolution
binoculars, sections measured by earlier workers, trimetragon

aerial photography, color and black-and-white ground pho-
tography, enhanced by walking and climbing to compile what
we believe is a reasonably reliable geologic map. The area of
precise mapping covers approximately 200 square kilometers,
with interpolative mapping extending to cover 650 square
kilometers.

Major stratigraphic units shown on the map, and largely
adapted from McElroy (1969) and McKelvey, Webb, and Kohn
(1977) are: cover units (ice, snow, scree, talus, etc.), Ferrar
Dolerite, Lashly Formation, Feather Conglomerate, Weller coal
measures, Metschel Tillite, Aztec Siltstone, Beacon Heights

7730'
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Fig. 1 LOCALITY MA!

Locality map of Beacon Supergroup.
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Orthoquartzite (Farnell, West Beacon, and Brawhm Sand-
stones), Arena Sandstone, Altar Mountain Formation (includ-
ing Ashtray Sandstone Member), New Mountain Sandstone
(Terra Cotta Siltstone and Windy Gully Sandstone members),
and basement.

As a result of our map work, we are convinced that areas
such as the Quartermain Range (Beacon Heights) need basic
detailed stratigraphic mapping. Special methods should be
used to overcome difficulties in establishing normal "base
station" operations.

In our structural studies in the Arena Valley we considered:
(1) large-scale intraformational folds previously reported by
McElroy, Rose, and Bryan (1967)—in the sequence below the
Beacon Heights Orthoquartzite, broadly displayed in the floor
of Arena Valley, and on the face of Slump Mountain, near the
head of Arena Valley, in a formation now believed to be the
Metschel Tillite; and (2) directional sedimentary structures
(trough and planar crossbeds and elongate concretions) and
other sedimentary structures.

The folds near the base of the Altar Mountain Formation
may reflect a series of low-angle subaqueous gravity slumps
of semiconsolidated beds, possibly triggered by volcanic activ-
ity. In one case, however, an allocthanous folded block, about
5,000 square meters in area, rests on the present erosion surface
of a sloping valley wall of differing lithology. Dolerite dikes
thought to be associated with the Jurassic Ferrar Group cut
across some of the folds, suggesting a pre-Jurassic origin for
the folds.

The sequence of Slump Mountain, including tillite, is about
70 meters thick, and it is difficult to attribute this to glacial
drag. A gravitational slide, possibly as a valley fill deposit on
the gently dipping Maya erosion surface, is postulated as the
fold origin.

Measurements of crossbeds (mostly trough) were carried out
as part of our work on sedimentary structures to check any
possible correlation with axial trends of the folded sequence
mentioned previously. No dominant axial trends were deter-
mined, and crossbedding directions showed substantial vari-
ations of different levels within the sequence. While there is
a dominant trend to the southwest near the top of the Altar
Mountain Formation, directions somewhat lower are diverse.
No conclusions have been reached concerning the relationship

of directional sedimentary structures to the intraformational
folds.

Coal. Reports of coal in Antarctica appear to demonstrate a
widespread and perhaps continuous occurrence of this
resource. Only a few coal seams have been sampled, however.

In our stratigraphic and structural studies, coal seams of
Permian age were sampled at Kennar Valley. In addition, a
separate sampling exercise was done at Mount Fleming, some
30 kilometers north. Our 1:50,000 scale mapping throughout
the Beacon Heights area highlighted the extent of the Permian
Weller coal measures.

Local weather conditions, before and at the time of sam-
pling, influence the efficiency and effectiveness of coal col-
lecting. At Kennar Valley, a section of the Weller coal was
measured and channel samples were taken from the three coal
seams (0.9, 0.5, and 0.4 meter thick) within the measured
interval. At Mount Fleming, recent snow had obscured most
of the coal strata, but one seam was located and sampled. The
coal samples are being analyzed in Australia by a coal research
laboratory using standard analytical techniques.

We thank the U.S. Antarctic Research Program, National
Science Foundation, for indispensable field support. We also
appreciate the cooperation and dedication of the pilots of the
U.S. Navy Helicopter Squadron VXE-6. The Australian Ant-
arctic Division, Department of National Development, spon-
sored the project and provided help in many of the prepara-
tions. Barrie McKelvey (Australia) and Peter Barrett (New Zea-
land) gave us guidance on location of outcrops and assisted us
in advance preparation.
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Geomorphic processes in Victoria
Valley

FRANZ-DIETER MIOTKE

Geographical Institute
University of Hannover

Hannover, West Germany

During the 1980-81 season, geomorphological fieldwork
was continued within the dune area at Packard Glacier. Tem-
perature profiles of dune and slope sand, daily temperature
variations in sand and rocks, and sand moisture and salt con-
centrations in different depths were measured.

The temperature of dune sand declines within the upper
meter to below –20°C. Surface temperatures above 20 centi-
meters depth are highest where sand has been deposited
recently closer to dune crests (figure 1). Snow-cemented layers
cause rapid drops in temperature. Moisture in dune sand pri-
marily is limited to a small percentage, except where snow
layers are interbedded. Close to the surface the sand is rather
dry, often containing less than 1 percent water.

Migration rates of dune crests depend on wind velocity and
dryness of sand. Ice-cemented dune sand has to be warmed
above freezing before evaporation of water can start. Subli -
mation of water is slower. When sand finally dries out, wind
can move the sand grains easily. While fieldwork was going
on, the wind nearly always blew from the east. Maximum
recorded wind velocities reached 15 meters per second, with
average wind velocities of 6 to 8 meters per second. During
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Figure 1. Temperature profiles of dune sands.

one month, dune crests migrated from 2 to more than 6 meters
from east to west.

Well-developed ventifacts on the surface of young Packard
Glacier moraines within the dune field support experimental
work (Miotke 1979a) that indicates that these wind-cut rocks
can be formed rather fast.

Research on weathering processes (Miotke 1979b) was con-
tinued by sampling salts and salt-fretted rocks from different

Figure 2. The Packard Glacier River cuts through dune field in
Victoria Valley. West-facing dunes cover young moraines situated
along the northern slope of lower Victoria Valley.

old erosion surfaces in Taylor Valley and Victoria Valley and
within the Olympus Range. R. von Hodenberg, Institute of
Mineralogy, University of Hannover, studied the salt samples
by means of X-ray analysis (Miotke and Hodenberg 1980).
Results are shown in the table (page 52).

The Packard Glacier River started to flow on 7 December
1980 (figure 2). Ion concentrations from meltwater of the river
were analyzed in the field by applying field methods (figure
3). There was little variation of concentrations along the river
course from the glacier snout to the main valley floor, but
during low discharge concentrations nearly doubled.

Further fieldwork was devoted to slope-forming processes,
especially concerning slope-debris movements without flow-
ing water.

This work was supported by National Science Foundation
grant DPP 79-22833 and Deutsche Forschungsgemeinschaft.
Fieldwork was conducted by F. -D. Miotke, W. Kramm, and
H. Schau.
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Survey of salt minerals collected

Number of
Area	 samples

Nussbaum Riegel	 14

Darwin Mountains	 12

Bull Pass	 12

Walcott Glacier	 11

Haskell Ridge	 7

Roadend Nunatak	 2
Turnstile Ridge	 2

Olympus Range	 5

McMurdo	 1

Source. Miotke and Hodenberg (1980).

Main salt minerals	 Other minerals

Calcite (CaCO3)
	

Bassanite (CaSO4 • 1/21-120)
Gypsum (CaSO4 ' 21-120)

	
Na-Jarosite (NaFe3[(OH)6 ( SO4) 21)

Thenardite (Na2SO4)
Gypsum
Mirabilite (Na 2SO4 • 10 H20)
Thenardite
Calcite
Gypsum
Halite (NaC1)
Calcite
Thenardite
Gypsum	 Bassan ite
Calcite
Calcite
Gypsum
Thenardite
Gypsum
Calcite
Gypsum
Gypsum	 Hexahyd rite (MgSO 4 ' 6H20)
Halite	 Astrakanite (Na 2Mg(SO4) 2 . 4H20)
Nitronatrite (NaNO3)
	

Darapskite (Na 3 [SO4NO3]. H2O)
Gypsum
Mirabilite
Thenardite

New skull of Lystrosaurus curvatus
from the Fremouw Formation

\\	( .	: 1	I\'\i

Wayne State Universitt
Detroit, t4ic!i içan 482L

During the 1977-78 field season, a cranium of Lystrtuirii
curvatus was collected in the Fremouw Formation of the
Cumulus Hills (Collinson, Stanley, and Varva 1978; Cosgrif I
and Hammer 1979; Cosgriff et al. 1978). The entire cranial
specimen (wsu0977) is shown photographed in its prepared
state in figure 1; the skull portion is shown in reconstructed
lateral view by the line drawing in figure 2. The skull repre-
sents the most complete cranium of Lystrosaurus curvatus col-
lected to date from this formation. Portions preserved include
most of the skull, the nearly complete left lower jaw ramus
and the anterior part of the right ramus. Distortion is severe
and seems to have resulted from postmortem pressure exerted
obliquely against the upper left side of the cranium. This has
laterally compressed the entire specimen, flattened the left
side, and folded under the right side.

*present address: Department of Geology, Augustana College, Rock
Island, IL 61201.

Figure 1. Lystrosaurus curvatus (wsu0977) skull and lower Jaws,
dorsolateral view.
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Figure 2. Lystrosaurus curvatus (wsu0977). Restoration of the left
lateral aspect of the skull. Abbreviations: e.n = external narls;
or = orbit; p.b = postorbital bar; s.f = squamosal flange; t = tusk;
t.f = temporal fenestra; z.a = zygomatic arch.

The cranium was found in a gray siltstone, 43 meters above
the base of the section at Collinson Ridge, which lies east of
the Shackleton Glacier just to the south of its junction with the
McGregor Glacier in the Cumulus Hills (85 008'S 174°50'W) of
the Queen Maud Mountains. The level from 42-43 meters at
this locality was highly fossiliferous; it also produced the only
specimens of Myosaurus gracilis known from the Fremouw
Formation (Hammer and Cosgriff 1981).

Three species of Lystrosaurus are presently known from the
Fremouw Formation. Colbert (1974) described cranial material
of L. curvatus and L. murrayi, and Cosgriff, Hammer, and Ryan
(in press) described cranial material of L. maccaigi.

Principal skull features of wsu0977, which is best preserved
on the left side, include the entire snout with canine tusk, the
external naris, the orbit, the constricted parietal region, the
zygomatic arch, and the flared squamosal region. Preservation
of surface bone is poor and, hence, the sutures separating the
various skull bones cannot be discerned. The skull, small com-
pared against the total size range for Lystrosaurus, measures
(in its distorted state) about 135 millimeters in a straight line
from ventral snout edge to posterior edge of skull table
between the parietals.

The chief resource for morphologic and taxonomic work on
the genus Lystrosaurus is the extensively studied and docu-
mented complex of species from the Lystrosaurus Zone (basal
Triassic) of the Beaufort Series of South Africa. Brink (1951)
provided the first modern review of these, recognizing eleven
species. Cluver (1971) reduced the number to nine. Kitching
(1968) and Colbert (1974) recognize only six, namely, L. cur-
vatus, L. murrayi, L. maccaigi, L. platyceps, L. oviceps, and L.
declivus. Cosgriff and associates (in press) tentatively accept
these six as valid but suggest that further analysis may reduce
the set to the three known to be shared with the fauna from
the Fremouw Formation. Of these three, L. curvatus is clearly

a primitive species while L. murrayi and L. maccaigi are
derived.

WSU0977 fits the description of L. curvatus (see Cluver 1971;
Colbert 1974; Cosgriff et al. in press) through the following
primitive features: (1) skull roof a smooth curve in profile;
(2) no vertical ridges on the premaxillary surface; (3) no fron-
tonasal ridges; and (4) no surface ornament on the frontal
region. L. murrayi, L. maccaigi, and L. declivus contrast with L.
curvatus and show the derived conditions in all four features.
L. platyceps contrasts in feature 1, and L. oviceps in features
2-4.

The L. curvatus specimen described by Colbert (1974),
AMNH9515, is a natural longitudinal section of a skull. It can be
compared to L. curvatus primarily on feature 1. WSU0977 fur-
ther substantiates the presence of L. curvatus in the Fremouw
Formation through demonstration of features 2-4. It serves to
emphasize again the remarkable fact that three species of a
single genus are shared by the fossil vertebrate faunas of the
Fremouw Formation of Antarctica and the Lystrosaurus Zone
of South Africa. This information, together with other taxo-
nomic data, establishes these units as closely synchronous
within the earliest phase of the Triassic.

In addition to its occurrences in Antarctica and South Africa,
L. curvatus is also known from Lower Triassic deposits of
Sinkiang, China (by L. youngi; Sun 1964, placed in synonymy
by Colbert 1974).

This research was supported by National Science Founda-
tion grants DPP 76-23435 and 79-26279.
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Published geologic maps (Grindley and Laird 1969) indicate
that Butcher Ridge, which is located at the head of the Darwin
Glacier 280 kilometers southwest of McMurdo Station, is com-
posed of rocks belonging to the Ferrar Dolerite Supergroup. A
brief reconnaissance undertaken in 1978-79 indicated that the
exposures there are complex and warranted detailed study
(Kyle, Elliot, and Sutter 1981). Thus, during November and
December 1980, we mapped the 10-kilometer-long ridge at a
scale of 1:5,000, measured four sections, and systematically
collected over 400 samples. The lithologies and structures
exposed on the cliffs of Butcher Ridge are quite unlike those
of all known exposures of Ferrar Dolerite and may represent
a previously undescribed type of igneous body. 40Ar/39Ar age
determinations show the body is 175 million years old and
thus lies within the 179 ± 7-million-year age range of the
Ferrar Supergroup (Kyle et al. 1981).

In contrast to the uniform mafic character of typical Ferrar
Dolerite, Butcher Ridge lithologies are diverse. Preliminary
chemical analyses by Kyle (unpublished data, Ohio State Uni-
versity, 1981) show a complete range in compositions, from
basalt [50-58 percent silica (SiO2)] to rhyodacite (69-72 per-
cent SiO2), but the rocks are tholeiitic in character and thus
should be included in the Ferrar Supergroup. Even though
Butcher Ridge is a hypabyssal intrusion, the terminology
adopted in the field was that for volcanic rocks because the
rocks are fine grained and glassy. The field names we gave to

these rocks do not always coincide with their chemical clas-
sifications; however, we are retaining the field terminology
until more extensive chemical data are available. Approxi-
mately 65 percent of the exposure is andesite, 15 percent is
rhyolite, 10 percent is glass, and 5 percent is dolerite. Dolerite
occurs only in small cross-cutting dikes and sills. In addition,
sedimentary rocks of the Beacon Supergroup occur as rafts and
xenoliths, the largest of which is about 300 meters across. All
of the exposures of andesite and rhyolite at Butcher Ridge are
layered to some extent. We distinguish three general types of
layering: (1) diffusely layered to massive, (2) well-layered, and
(3) well-layered with distinctive glass layers.

On the basis of lithologic composition and the nature of
layering, we distinguished eight spatially distinct map units
(table). Both gradational and angularly discordant contacts
occur between units vertically, and it appears that units grade
into one another laterally. In fact, we could trace individual
layers which changed in composition along strike from rhyo-
lite to andesite. As a consequence, the vertical sequence of
units is different at different locations. Where the vertical
variability is greatest, the 400-meter-thick sequence exposed
on the cliffs is as follows: The base is diffusely layered andesite
(Unit DaC), overlain successively by well-layered andesite
(Unit La), rhyolite with glass (Unit Rg), and diffusely layered
andesite (Unit DaA) (see table).

Main lithologies mapped at Butcher Ridge

Fd	 Late cross-cutting dolerite
DaA	Diffusely layered to massive andesite; forms

ridge top of south half
DaB	Diffusely layered to massive andesite; forms

ridge top of north half
La	 Well-layered andesite
Lag	Well-layered andesite with glass layers
Rg	Well-layered rhyolite with glass layers
Ob	1-kilometer-long glass body
Dac	Diffusely layered to massive andesite; forms

ridge base of south half
Tb	 Rafts of sedimentary rocks

The most spectacular and perplexing feature of the exposures
at Butcher Ridge is the pervasive rhythmic layering. Individual
layers are continuous for at least half a kilometer, and more
than 100 distinct layers are visible on some cliff faces. The
layered appearance is primarily a manifestation of textural,
not mineralogical, variation. Dark layers include a higher pro-
portion of glass than do lighter layers. In two units (Lag and
Rg), crystalline lithologies are interleaved with distinct layers
of black glass (figure 1). The most remarkable feature of the
layering is its scale: Unlike the flow banding of silicic flows,
individual glass bands at Butcher Ridge are up to 1 meter
thick, and, locally, several layers coalesce into large, irregularly
shaped bodies.

Folding affects all units at Butcher Ridge. The attitude of
layering in the southern half of the ridge defines a major north-
south trending anticline. The crest of this anticline coincides
with the maximum thickness of Unit Rg. The layering of Unit
Rg in the core of this structure is contorted into noncylindrical,
disharmonic folds with amplitudes in the range of 20 meters.
These folds are sometimes cored by irregularly shaped glass
bodies. Unit DaA, at the top of the ridge, is involved in the
large-scale anticline, but its base truncates the steeply dipping
limbs of the folds in the underlying Unit Rg. No brittle struc-
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Figure 1. Exposure of Unit Rg, showing meter-thick black glass
layers interleaved with crystalline rhyolite. Lighter colored rock
bordering the black glass is composed of devitrified glass.

tures accompany the folding, suggesting that the rocks were
warm when deformed. The nature of the folding suggests that
this deformation developed during the emplacement of these
rocks and is not tectonic in origin.

As noted earlier, black glass occurs as layers interleaved
with rhyolite and andesite. In addition, glass forms a 1-kilo-
meter-long body which crops out on the east side of the ridge.
The layers of adjacent Unit La have been folded into a broken,
hinged anticline which is draped around the glass body. Along
the margins of this body, layers of andesite are engulfed by
the glass (figure 2).

The glassy textures of the rocks necessitated the use of vol-
canic terminology; however, there is no indication that the
individual layers represent individual flows. Among other
evidence, we found no brecciated surfaces or weathering
horizons between individual layers. We are not aware of tex-
tural layering on the scale elsewhere; furthermore, the kilo-
meter-long glass body is possibly larger than any other known

Figure 2. Cliff face exposure of the 1-kilometer-long glass body.
The glass body is outlined in black ink for emphasis. To its left are
steeply dipping layers of Unit Lag. The scale bar is approximately
10 meters.

example. We believe that the Butcher Ridge Igneous Complex
is unique. It may represent mixing in a hypabyssal setting of
two magmas, one silicic, derived by melting of crustal rocks,
and one basaltic (precursor of Ferrar Dolerite), derived from
the mantle.

This work was supported by National Science Foundation
grant DPP 77-21590.
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Geological investigations in the
La Gorce Mountains and central

Scott Glacier area

EDMUND STUMP, STEPHEN SELF, JERRY H. SMIT,

PHILIP V. COLBERT, and TERRY M. STUMP

Department of Geology
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During the 1980-81 field season our party undertook
detailed geological mapping from two base camps in the La
Gorce Mountains and traversed Scott Glacier (85°45'S
153°00'W) for reconnaissance sampling of the granitic rocks
found throughout much of the area. The party was landed by
an LC-130 aircraft on Robison Glacier, 14 December 1980 (fig-
ure 1). We established our first camp to the east of Ackerman
Ridge and then moved to the second site on 1 January 1981;
mapping of the La Gorce Mountains was completed from these
two camps. We returned to the landing site on 7 January to
resupply and on 10 January sledded down the east side of Scott
Glacier to the Gothic Mountains, where we established a third
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Figure 1. Sketch map of La Gorce Mountains area. LS = landing
site; 1 = first base camp; 2 = second base camp.

base camp (figures 2 and 3). The 72-kilometer traverse down
the glacier took 13 hours, compared to 9 hours on the return
to the landing site on 16 January. The season ended 22 January
when we were airlifted back to McMurdo.

Minshew (1967), the first geologist to work in the La Gorce
Mountains, identified the late Precambrian La Gorce Forma-
tion, a sequence of graywacke and shale deposited as turbi-
dites. Our party found numerous criteria to support Mm-
shew's interpretation of depositional mode. Observed sedi-
mentary structures include graded beds, flute and load casts,
convolute bedding and flame structure, and low-angle cross-
bedding. Much of the bedding is massive, and fine lamina-
tions are also common. Incomplete Bouma sequences occur
throughout the section.

The La Gorce Formation is deformed into tight chevron and
isoclinal folds with steep axial planes and variably plunging
axes. The folding occurs in zones distributed between portions
of relatively undeformed beds which strike approximately
east-west and dip steeply to the south.

Volcanic rocks similar to the late Precambrian Wyatt For-
mation (Borg 1980; Minshew 1967; Murtaugh 1969), which
occurs on the west side of upper Scott Glacier and in the Reedy
Glacier area, were found by Katz and Waterhouse (1970) to be
in conformable contact with the La Gorce Formation on Ack-
erman Ridge. These investigators also suggested that the La
Gorce Formation is stratigraphically younger than the volcan-
ics. Stump (1976) visited the contact briefly in 1971 and con-

firmed the comformable relationship, but suggested that the
volcanics overlie the La Gorce Formation. After careful study
of the contact this past season, we have concluded that the two
formations are bounded by a fault. Within several hundred
meters of this fault the rocks are highly sheared, with the
shearing in part parallel to bedding in the La Gorce Formation,
thus producing the apparently conformable contact. Kink folds
with variable orientations occur throughout a wide zone adja-
cent to the fault. Tops are indicated toward the south in both
the La Gorce Formation and the volcanic formation, but the
fault boundary precludes a determination of which rocks are
older.

The section of the volcanic formation adjacent to the fault
contains volcanic flows interbedded with sedimentary units,
including massive sandstones, some containing sparse con-
glomerate, purple and green shales, and volcaniclastic rocks.
Farther north, to the end of Ackerman Ridge, the rocks are a
massive, silicic porphyry similar to the Wyatt Formation found
on the west side of Scott Glacier. The sedimentary rocks in the
Ackerman Ridge section are unique among outcrops of the late
Precambrian volcanic rocks in the region and are also distinctly
different from the graywacke-shale association of the La Gorce
Formation.

We found that most of the western portion of the La Gorce
Mountains is underlain by silicic porphyry similar to that on
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Figure 2. Sketch map of Scott Glacier area. 3 = third base camp.
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Granitic rocks were systematically collected on the traverse
down Scott Glacier for later chemical analysis. In the Gothic
Mountains a roof pendant of porphyry similar to the Wyatt
Formation was visited and the granitic rocks of the area were
collected. The northeastern portion of the Gothic Mountains
is underlain by a striking granite prophyry with potassium-
feldspar crystals up to 15 centimeters throughout the pluton.
On the last day in the field we discovered a pegmatite con-
taining yellow concentrations of calcium/uranium-bearing
hydrated silicates at Szabo Bluff northeast of the landing site.

Funding for this project was provided by National Science
Foundation grant DPP 78-20624. During this season we had
excellent support from all aspects of the U.S. Antarctic
Research Program. We are particularly grateful to LCDR Jack
Paulus for our pickup landing in whiteout conditions.
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18.6-year modulation tide at the
South Pole

P. A. RYDELEK, L. KNOPOFF, and W. ZUirj

Institute of Geophysics and Planetary Physics
University of California

Los Angeles, California 90024

Diurnal and semidiurnal gravity tides should be absent at
the South Pole if the mass in the solid Earth and its oceans is
distributed symmetrically about the axis of rotation. We have
observed that these tidal components are not zero at the South
Pole (Jackson and Slichter 1974; Knopoff and Rydelek 1980).
These terms arise because the tidal bulge, which is concen-
trated between the tropics, has an amplitude that varies with

longitude, due to the asymmetric distribution of the Earth's
mass. The bulge at temperate latitudes does not move relative
to the Earth with exact 12-hour and 24-hour periods because
of the non -station arity of the Moon's orbit. The line of nodes
of the Moon's orbit rotates with an 18.6-year period; thus, the
amplitudes of the daily and semidaily tides are modulated
with an 18.6-year period.

We have observed a significant variation in amplitude of
the diurnal and semidiurnal tidal components 01, K 1 , and M2
at the South Pole which, we have indicated, is due to the
nonuniform distribution of matter of the Earth about the axis
of rotation. The six years (1970-71, 1974, 1977-79) of obser-
vations with stable LaCoste-Romberg tidal gravimeters at
Amundsen-Scott Station were uninterrupted by significant
instrumental or operational failures. Harmonic analyses of
selected long runs of hourly gravity values from these 6 years
of recordings have shown that the diurnal tidal components
01 and K 1 decreased from 1970 to 1979 while the semidiurnal
component M2 increased over this same period. The variation
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The 18.6-year amplitude modulation of the semldlurnal and diurnal
tidal waves M2 , K1 , and O. The solid line is the theoretically pre-
dicted effect and the dashed line connects the observed changes
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per second.

in amplitude of these tidal spectral components is given in the
figure. We have plotted the variations in amplitude of these
components of the gravitational acceleration of Sun and Moon

at a selected extrapolar site as the continuous curves in the
figure. The curves have been normalized to have the same
mean as the function.

A0 + A 1 sin(2irt/18.6 ± 4))

passed through the observations, where t is the time in years.
The ratios A0/A1 for all three components are consistent with
the values of this ratio for the theoretical tide. The phase shifts
4) are small and probably are associated with observational
uncertainties and/or with the effects of the deep oceans.

It must be emphasized that these observations are of the
influence of the 18.6-year component of the Moon's motion on
the diurnal and semidiurnal tidal components. They do not
offer insights into the more interesting problem of the obser-
vation of the term with 18.6-year period in the Earth tides. To
assess the latter term, data must be collected that have a span
somewhat greater than 18.6 years; the tidal gravimeter must
be stable over that period.

This research was supported by National Science Founda-
tion grant DPP 79-21387. The data used in this analysis were
collected by the following personnel during winter-overs at
the South Pole: B. V. Jackson (1971), W. Zürn (1972), P. A.
Rydelek (1974), T. Yogi (1977), R. C. Countryman (1978), and
C. E. Morris (1979). We are indebted to them.
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Paleomagnetism of the Dufek
intrusion

RUSSELL F. BURMESTER and MYRL E. BECK, JR.

Western Washington University
Bellingham, Washington 98225

The Dufek intrusion (figure 1) is a layered mafic body (Ford
1976) of greater volume than the chemically similar Kirkpatric
Basalt Group flows and Ferrar Group sills and dikes (Kyle 1980;
Kyle, Elliot, and Sutter 1981) which occur from the Pensacola
Mountains along the Transantarctic Mountains to Tasmania.
Radiometric ages (Kisler and Ford 1979; Kyle et al. 1981) hint
that the Forrestal Gabbro Group of the Dufek may be younger
than the Kirkpatric and Ferrar rocks, but they cannot be used
to demonstrate a sequence of magmatic events. It is possible,
however, to construct a simple story based on magnetic polar-
ity of these rocks because the Forrestal Gabbro records both
polarities (Beck 1972) and their order has now been worked
out.

Since the Dufek intrusion's lateral dimensions far exceed its

thickness (Behrendt et al. 1980; Ford 1976), the position of the
magnetic blocking temperature isothermal surface likely pro-
ceeded inward from top and bottom parallel with the Earth's
surface, except near the margins. Since the top has been
removed and the bottom is unexposed, the earliest record of
the magnetic field comes from near the lateral contacts.

Near such contacts both low in the section west of the Dufek
Massif and high in the section south of the Forrestal Range
(figure 1), the rocks are reversely magnetized. Toward the
interior, transitionally magnetized rocks have been sampled
at Hannah Peak and Soma Bluff (Burmester and Sheriff 1980).
The progression of directions at these places is entirely con-
sistent with cooling laterally from the southwest contact at
Hannah Peak and from the top, down at Soma Bluff during a
reverse-to-normal transition of the Earth's magnetic field.
Modeling the Dufek intrusion with a reversely magnetized
exterior and normally magnetized interior produces a non-
unique but adequate fit to the aeromagnetic data (Behrendt et
al. 1980). This is consistent with the intrusion cooling during
a single, reverse-to-normal transition.

The vast majority of the Ferrar Group and Kirkpatric Basalt
Group rocks, however, are normally magnetized (Creer 1970;
Irving, Tanczyk, and Hastie 1976; McElhinny and Cowley
1978). If they are genetically related, as their ages and chem-
istry suggest, the simplest chronology is for the Dufek to pre-
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cede the others immediately. Many other more complicated
chronologies are, of course, possible.

Three other questions that can be addressed with magnetic
data from the Dufek concern the origin of stable magnetiza-
tion, the intensity of the Earth's magnetic field during the
Jurassic, and the anatomy of a field transition. The carrier of
stable magnetization is submicroscopic magnetite in cumulate
plagioclase. Figure 2 shows the magnetization of one specimen
from Soma Bluff and its response to alternating field demag-
netization. Also shown is the behavior of cumulate plagioclase
that remained on a polished thin section after most cumulate
magnetite and pyroxene had been removed. If the whole spec-
imen's magnetization had been normalized by the mass of
cumulate plagioclase in it instead of the mass of the whole
sample, the two curves would have coincided at high demag-
netizing fields, indicating that the cumulate plagioclase
accounts for all of the high coercivity remanence. The mag-
netizations differ at low field because the cumulate magnetite
records a normal Jurassic field direction which must have been
acquired after the reverse-to-normal transition was completed.
Moreover, normal magnetization of the cumulate magnetite is
stable to higher temperature than is magnetite in plagioclase
(Burmester and Sheriff 1980). This suggests that the cumulate
magnetite does not carry an original, thermoremanent mag-
netization. Since exsolution of ilmenite from cumulate mag-
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Figure 1. Location map of outcrops and southern limit (dashed
line) of the Dufek intrusion, modified after Ford (1976) and Beh-
rendt and others (1980).

Figure 2. Orthogonal projections of magnetization vectors for one
specimen and oriented plagioclase from Sorna Bluff. Progressive
alternating field demagnetization to 120 miiiitesla for both, fol-
lowed by thermal demagnetization to 580°C for the whole speci-
men, shows that the plagioclase can account for the entire high
coercivity remanence of the specimen. emu/g = electromagnetic
units per gram; mT = millitesla; AF = alternating field.

netite stopped above the magnetite's blocking temperature in
similar samples (Himmelberg and Ford 1977), the cumulate
magnetite may carry a viscous rather than chemical reman-
ence.

To complement the directional data, we determined paleo-
field intensities on selected specimens. The procedure we used
(Shaw 1974) compares the natural remanence with that
acquired in a known magnetic field by heating and cooling in
the laboratory. Both magnetizations are subjected to progres-
sive alternating field demagnetization, so the contribution of
low-coercivity grains of cumulate magnetite can be disre-
garded. The results are shown in figure 3 as field strengths
plotted next to the virtual geomagnetic poles (vcP) calculated
from the samples' directions. The numbers themselves are
overestimates and need to be reduced by 0.8 to 0.75 because
of the difference between natural and laboratory cooling rates
(Halgedahi, Day, and Fuller 1980). For comparison with other
results corrected to equatorial field intensity, they need to be
reduced further by a factor of 0.6. When this is done, the
maximum field values reduce to approximately 20 microtesla
(p.T), consistent with, but larger than, intensities obtained
from other Lower Jurassic rocks from the Southern Hemi-
sphere: 13 microtesla for Stormberg lavas, Africa (Van Ziji,
Graham, and Hales 1962), 12 microtesla for a Ferrar sill, and 17
microtesla from the Red Hill Granophyre, Tasmania (Briden
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Figure 3. Portion of equal area projection showing virtual geo-
magnetic poles (vo p's) and paleointensities of samples with
reverse, transitional, and normal (open symbols) magnetizations
from the Dufek Intrusion. The Jurassic antarctic paieomagnetic
pole was calculated from compilations of Creer (1970), Irving and
associates (1976) and McElhinny and Cowley (1978). Long dashed
lines are southern paleolatitudes; solid lines are paleomerldians
through the Intrusion and through the transitional vo p's. Green-
wich is toward the top of the figure. 1AT = microtesla.

1966). These are lower than today's field strength, but not by
as much as has been proposed to explain the younger Pacific
(Jurassic) quiet zone (Cande, Larson, and LaBrecque 1978).

The transition path itself is only incompletely known
because the rest, at the places sampled, is under ice. The path,
approximated by a great circle on figure 3, is near-sided; i.e.,
in the same paleohemisphere as the Dufek but 50 degrees from
the Dufek's paleomeridian. Since the Dufek's Jurassic paleo-
latitude of 52 degrees is substantially lower than its present
latitude, the path cannot be used to distinguish between the
axisymmetric or zonal (Hoffman and Fuller 1978) and nonax-
isymmetric (Hoffman 1979) reversal mechanisms. However,
the nonaxisymmetric model permits the suggestion that the
reversal initiated approximately 90 degrees from the Dufek's
paleomeridian.

This work was supported by National Science Foundation
grant DPP 77-21904. We wish to acknowledge the help of S. D.
Sheriff in collecting samples in 1978-79 and of A. B. Ford in
supplying material from his 1965-66 collection.
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Meteorite studies_______________________

Antarctic search for meteorites,
1980-1981

WILLIAM A. CASSIDY

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

JOHN 0. ANNEXSTAD

Lyndon B. Johnson Space Center
National Aeronautics and Space Administration

Houston, Texas 77058

Meteorites were collected during the 1980-81 austral sum-
mer season at the Allan Hills site (76°42'S 159°20'E; 34 speci-
mens) and the ice-core moraine about 16 kilometers west of
Reckling Peak (76°16'S 158°36E; 69 specimens). The latter site
is part of a 3- by 100-kilometer patch of bare ice that extends
westward from Reckling Peak. Most of the recoveries we made
there were on ice west of the moraine, and, compared with
the Allan Hills occurrence, recoveries there were sparse. The
majority of specimens were small and were concentrated in or
adjacent to firn areas at the northern edge (i.e., the downwind
margin) of the ice patch. This is similar to the situation at Allan
Hills, where we had suspected that small specimens had been
concentrated by wind action across the ablation surface.

One member of our field team visited several sites in Taylor
Valley and walked about searching specifically for meteorites,
but found none. This, combined with an absence of finds by
the many geologists who have visited the Dry Valleys, suggests
that these valley surfaces are quite young, that is, that it has
not been an extremely long time since their most recent glacial
scouring. This conclusion is supported by our recent obser-
vation that the terrestrial ages of the Allan Hills meteorites
apparently are no greater than about 800,000 years, suggesting
that the Allan Hills collection site had also been flushed out
relatively recently.

A triangulation network for ice movement and ablation
studies has been in existence at Allan Hills for several years
(Annexstad and Nishio 1980). In November 1980, Annexstad
and Schutt remeasured the network for ablation data. The table
contains these latest determinations and compares them to the
previous year's findings. Note that most ablation values from
last season are substantially lower than for the previous year,

and station 3 actually showed accumulation. Only 4 of the 24
stations had higher ablation rates last season than the year
before. This may have been because the more recent measure-
ments represent only an 11-month period; more likely, it
indicates that during the period December 1979 to November
1980 the ablation rate was appreciably slower than it had been
the year before.

Ablation measurements

Dec. 1978 Dec. 1979	 Surface
Station	to Dec.	to Nov.	2-year	Average character-
number	1979	1980	ablation per year	istics

3	-2.3	+1.8	-0.5	-0.2	firn
4	-2.3	-0.8	-3.1	-1.6	fim
5	-1.1	-2.0	-3.1	-1.6	firn
6	-1.6	-2.2	-3.8	-1.9	firn
7	-2.5	-2.6	-5.1	-2.6	firn
8	-3.7	-1.4	-5.1	-2.6	firn
9	-4.2	-1.9	-6.1	-3.0	ice

10	-6.5	-3.5	-10.0	-5.0	ice
11	-5.6	-2.5	-8.1	-4.0	ice
12	-4.5	-2.8	-7.3	-3.6	ice
13	-5.6	-5.9	-11.5	-5.8	ice
14	-7.0	-2.5	-9.5	-4.8	ice
15	-5.7	-1.9	-7.6	-3.8	ice
16	-4.2	-2.9	-7.1	-3.6	ice
17	-5.1	-3.3	-8.4	-4.2	ice
18	-4.5	-4.1	-8.6	-4.3	ice
19	-3.1	-0.9	-4.0	-2.0	firn
20	-1.8	-1.1	-2.9	-3.0	firn
A	-6.4	-2.5	-8.9	-4.4	ice
B	-6.2	-1.3	-7.5	-3.8	ice
C	-6.0	-2.9	-8.9	-4.4	ice
D	-5.0	-3.4	-8.4	-4.2	ice

Fireman (1980) found that surface ice samples collected in
earlier field seasons were contaminated by atomic weapons
fallout. One sample from the 1979-80 season that had been
collected at a depth of 15-25 centimeters was found to contain
a feather of the antarctic tern. Two new ice samples were
collected at depths of 15-25 centimeters for measurement of
carbon-14 and gas content. One sample was collected from ice
immediately below a relatively large specimen at the Reckling
moraine ice field (specimen field no. 1300) for 36Cl measure-
ments. 36C1 is a cosmogenic isotope that is assuming impor-
tance in determining the terrestrial ages of antarctic meteo-
rites. Its presence in ice underlying such a meteorite would be
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related to both ice-ablation rates and meteorite-weathering
rates in the antarctic environment.

A search for new meteorite concentration sites was con-
ducted at ice patches associated with Reckling Peak, Griffin
Nunatak, Brimstone Peak, Tent Rock, and Sheppard Rocks.
One specimen was found at Outpost Nunatak, an outlier of
Griffin Nunatak, but none were found at the other sites. It
may be significant that at all of these sites the downstream
iceflow direction was open to David Glacier and the upstream
sides of these barriers appeared to be areas of snow accumu-
lation rather than ice-ablation zones.

This work was supported by National Science Foundation

grant DPP 78-21104. Other members of the field party were
Joanne Danielson, Harry Y. McSween, Jr., Louis A. Rancitelli,
Ludolf Schultz, and John Schutt. We particularly thank Peter
Dahl for allowing Danielson to associate with his party in
order to conduct the Taylor Valley meteorite survey.
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Characterization of antarctic
meteorites

BRIAN MASON

Department of Mineral Sciences
Smithsonian Institution
Washington, D.C. 20560

During the past year I have continued to characterize ant-
arctic meteorites collected in Victoria Land (Allan Hills, Rec-
kling Peak, Elephant Moraine, Darwin Glacier) by W. A. Cas-
sidy (principal investigator) and his colleagues during the
1978-79 and 1979-80 field seasons. This work has required
the preparation of several hundred polished thin sections of
the meteorites, their examination with a petrographic micro-
scope, and analysis of the minerals with an electron-beam
microprobe. Individual meteorites are classified by mineral
composition and textural relationship.

Meteorites are classified into four groups: (1) chondrites-
stony meteorites containing chondrules, which are rounded

aggregates of silicate minerals, usually 0.2-2 millimeters in
diameter; (2) achondrites— stony meteorites without chon-
drules; (3) stony-irons—meteorites consisting of subequal
amounts of silicate minerals and nickel-iron; and (4) irons—
meteorites consisting essentially of a nickel-iron alloy, the
nickel content usually in the 5-20 percent range. Chondrites,
which make up by far the most common meteorite group, are
subdivided into classes according to increasing iron content
of the pyroxene: enstatite (E) chondrites; olivine-bronzite (H)
chondrites; olivine-hypersthene (L and LL) chondrites; and
carbonaceous (C) chondrites, a separate small group charac-
terized by a matrix containing carbonaceous material.

Of the 268 meteorites characterized from the Victoria Land
collections, 132 are H chondrites, 82 are L chondrites, 8 are LL
chondrites, 4 are C chondrites, and 1 is a unique chondrite not
readily classified; no E chondrites have been identified; there
are 20 achondrites, I stony-iron, and 20 irons.

Ursula B. Marvin and I have collaborated in editing Catalog
of Antarctic Meteorites, 1977-1978, published in 1980 as num-
ber 23 in Smithsonian Contributions to the Earth Sciences. We
have in press Catalog of Meteorites from Victoria Land, Antarc-
tica, 1978-1980, which will be published as number 24 in
Smithsonian Contributions to the Earth Sciences. Copies of these
are available on request.

Antarctic meteorites: Their curation
and study

D. D. BOGARD and J . 0. ANNEXSTAD

Lyndon B. Johnson Space Center
National Aeronautics and Space Administration

Houston, Texas 77058

A total of 792 meteorite specimens have been recovered from
the vicinity of McMurdo during the last five field seasons
(Cassidy 1980, personal communication; Cassidy et al. 1980;
Cassidy, Olsen, and Yanai 1977; Shiraishi 1979; Yanai 1978,
1979; Yanai et al. 1978). Several thousand meteorite specimens
have been recovered near the Yamato Mountains by the Jap-
anese since 1969 (Matsumoto 1978; Shiraishi et al. 1976; Yanai
1976, 1978; Yanai et al. 1981; Yoshida et al. 1971). The high rate

of recovery of meteorites from Antarctica contrasts sharply
with that for the rest of the Earth, where only 5-10 meteorites
are recovered annually to augment the 2,100 known nonant-
arctic meteorites. These nonterrestrial materials have provided
a significant new resource for understanding the origin and
evolution of our solar system.

The excitement meteorite investigators experience over the
antarctic finds arises from both the large number of well-pre-
served new specimens and from the existence of a few rare
and unique specimens (table). For example, the recovered
antarctic eucrites and diogenites (achondrites formed by
igneous processes on asteroidal parent bodies) have essentially
doubled the total number of such known meteorites. Many of
the antarctic eucrites show intriguing petrological and chem-
ical differences from other eucrites; these differences are not
yet understood. Two new specimens of Shergottitelike achon-
drites (peculiar, igneous meteorites with geologically young
ages which some investigators speculate may have originated
on Mars) have doubled the number of Shergottite specimens
known. The antarctic Shergottites show a greater diversity in
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A summary of 269 classified antarctic meteorites in the U.S.
collection

Meteorite type
	

Number of specimens

Carbonaceous chond rites	 4
Type H chond rites

H-3
	

4
H-4
	

28
H-5
	

71
H-6
	

33
Type L chond rites

L-3
	

18
L-4
L-5
	

4
L-6
	

58
Type LL chond rites (L-3, L-5, and

L-6
	

8
Achondrites

Eucrites and howardites	 12
Ureilites	 3
Diogenites	 2
Aubrites
Shergottitelike	 2

Mesosiderites
Irons	 19

Note. An additional 288 meteorite specimens weighing less than 150
grams each are currently undergoing classification and detailed
study by five investigator groups in the United States, England, and
Australia. The 103specimens recovered during the 1980 fieldseason
are not yet classified. It is known that a number of antarctic meteorite
specimens represent common meteorite falls, and additional paired
specimens undoubtedly will be found; however, the diversity and
number of separate meteorites in the collection is still large.

their petrology and composition than those found previously
in other parts of the world (Reid in press). Two carbonaceous
chondrites from Antarctica were found to contain complex,
nonbiotic, organic molecules; these data confirm analogous
results previously found in an Australian meteorite (Cronin,
Pizzarello, and Moore 1979; Holzer and Oro 1979; Kotra et al.
1979). The second iron meteorite known to contain diamonds
was found recently in Antarctica, but in this specimen the
diamonds apparently were formed by preterrestrial processes
rather than by impact with the Earth (Clarke, Appleman, and
Ross 1981). It has now. been determined that several antarctic
meteorites are as much as 700,000 years old. This information
will aid further study of old solar emissions (which have inter-
acted with these meteorites) and long-term movement of ant-
arctic ice, through an understanding of the mechanisms of
meteorite concentration (Evans, Rancitelli, and Reeves 1979;
Fireman, Rancitelli, and Kirsten 1979; Nishiizumi et al. 1981).

Meteorite studies are major contributors to such diverse
space science topics as element nucleosynthesis, our early solar
system, igneous and surficial processes on asteroidal parent
bodies, the history of solar emissions, and complex primordial
organic molecules. Investigations of antarctic meteorites are
equally diverse and include, among others, the petrology,
chemistry, ages, physical properties, and energetic particle
interactions.

To facilitate the recovery and scientific study of antarctic
meteorites, the National Science Foundation (NSF), the
National Aeronautics and Space Administration (NASA), and
the Smithsonian Institution have supported cooperative pro-
grams to (1) develop specific collection and preliminary exam-

ination protocols (Annexstad and Cassidy 1980), (2) provide
documented samples for scientific investigations in response
to specific requests, and (3) aid and coordinate research by
scientific consortia. As a consequence of such programs, the
U.S. antarctic meteorites make up one of the most valuable,
best documented, and most accessible collections available to
researchers. Since inception of the cooperative program in
1978, investigators at the meteorite curatorial facilities at NASA,
the Johnson Space Center (for stony meteorites), and the
Smithsonian Institution (for iron meteorites) have made phys-
ical descriptions and classifications of some 269 antarctic
meteorites and have allocated some 1,200 separate samples to
90 investigator groups in 13 countries (Duke, Bogard, and
Annexstad 1981). Preliminary information about the speci-
mens is reported to some 500 scientists and institutions via
periodic publication of the Antarctic Meteorite Newsletter,
which was specifically created at the Johnson Space Center for
this purpose. A more permanent record of the program and
the meteorite collection is published in catalogs as Smithsonian
Contributions to the Earth Sciences (Marvin and Mason 1980).
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Meteoritic metal from Antarctica

Roy S. CLARKE, JR.

Department of Mineral Sciences
Smithsonian Institution
Washington, D.C. 20560

During the past 2 years, curation, distribution, and prelim-
inary characterization of the iron meteorites recovered from
Antarctica by the joint U.S.-Japanese field teams during the
1977-78 and 1978-79 field seasons have been managed from
the National Museum of Natural History, Washington, D.C.
Eight individual meteorite specimens from the Allan Hills,
nine from Derrick Peak, and one from Purgatory Peak that was
collected by a University of Maine field party, were involved.
The specimens weighed from 85 grams to 138 kilograms, pre-
senting a series of challenging problems for our sample prep-
aration laboratory. Initially, progress was slow, but the instal-
lation of additional modern metal-cutting equipment has
helped us overcome this problem.

Distribution of the Allan Hills and Derrick Peak specimens
was made first to the National Institute of Polar Research
(NIPR), Tokyo. Half of each specimen from the Allan Hills was
sent to the NIPR. The nine Derrick Peak specimens presented
a special problem. They have highly unusual and attractive
external surfaces, and the similarities between these speci
mens suggest that they are all from the same fall. Rather than
split each specimen, only the two largest specimens (59 and
138 kilograms) were halved to provide material for the Nll'R.
The seven smaller specimens were divided between the two
collections.

As of late May 1981, research allocations had been approved
for 10 of the 15 iron meteorite specimens retained in the U.S.
antarctic collection. (Approval comes from the Meteorite
Working Group, an official committee established by the
National Science Foundation and composed of representatives
of the Smithsonian Institution, the Johnson Space Center, the
National Science Foundation, and the science community.)
More than 50 individual subsamples have been distributed to
six principal investigators in three countries. The results of
their efforts are beginning to appear in the literature.

My colleagues and I have completed initial characterization
of the Allan Hills and Purgatory Peak irons (Clarke et al. 1980).
The results are summarized in the table; the specimens are

grouped according to the individual meteorite falls that are
represented. The nickel content is an important discriminator;
combined with trace-element data, it leads to the more refined
chemical group classification given in the right-hand column
of the table. The structural classification is determined by the
nature of the Widmanstätten pattern, a metallographically
revealed expression of the meteorite's internal structure. Five
separate iron meteorite falls have been recovered in the Allan
Hills, and because of location and structural considerations,
the Purgatory Peak specimen appears to represent a sixth dis-
tinct fall. The four Allan Hills specimens grouped together are
individual pieces of a single coarse octahedrite (Og) fall. A
coarse octahedrite is a meteorite with a wide-banded Wid-
manstätten pattern. A second distinct coarse octahedrite was
also present in the Allan Hills, as was a fine octahedrite (Of).
The other two Allan Hills specimens are a hexahedrite (H), a
meteorite without a Widmanstätten pattern, and an ataxite
(D), a meteorite with metallographic structure too fine to be
seen except under high magnification.

Characterization of Allan Hills and Purgatory Peak iron
meteorites

Nickel
(weight in	Structural	Chemical

Sample	 percent)	classification	group

	

ALHA77250	 6.8	 Og	 IA

	

A77263	 6.8	 Og	 IA

	

A77289	 6.8	 Og	 IA

	

A77290	 6.8	 Og	 IA

	

ALHA77283	 7.3	 Og	 IA

	

ALHA77255	 12.2	 D	Anom

	

ALHA78100	 H	 IIA

	

ALHA78252	 9.3	 Of	 IVA

	

P0PA77006	 7.3	 Og	 IA

A particularly interesting individual from among these
meteorites is ALHA77283. It is the second iron meteorite known
to contain the high-pressure association of carbon minerals,
graphite- diamond -lonsdaleite (Clarke, Appleman, and Ross
1981). This association of three different crystallographic mod-
ifications of the element carbon had previously been known
from the Canyon Diablo iron meteorite, the projectile that
excavated Meteor Crater, Arizona. In the Canyon Diablo case,
the graph ite- diamond -lonsd aleite association is thought to
have formed from preexisting graphite as a consequence of
high temperature and pressure caused by the intense shock
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waves associated with creation of the crater. Terrestrial impact,
however, does not seem to be responsible in the case of
ALHA77283. It seems much more likely that the shock event
producing the required high-pressure conditions occurred
preterrestrially at the time of parent body breakup or on sub-
sequent collision in space. This conclusion is based on metal-
lographic evidence that demonstrates that ALHA77283 entered
the Earth's atmosphere as a small body and landed softly in
Antarctica. Under these circumstances, sufficient shock pres-
sures could not have been generated to transform graphite into
diamond and lonsdaleite. Therefore, this association must
have been present prior to entry into our atmosphere.

A related investigation of the metallic minerals in the first
antarctic mesosiderite to be recognized, ALHA77219, has also
been conducted (Agosto, Hewins, and Clarke 1980). Mesosi-
derites are a rare type of stony iron meteorite containing
approximately equal amounts of metal and silicate. Descrip-
tion of the new mesosiderite was timely from a metallographic
point of view as the work was done at the time the new
meteorite mineral tetrataenite (approximately 50 percent iron,
50 percent nickel) was being studied (Clarke and Scott 1980).

Mesosiderites as a class have relatively abundant and well-
developed tetrataenite, a mineral that forms at the very last
stages of meteoritic metallic structure development. ALHA77219
is the first mesosiderite to be described in detail that takes the
presence of this new low-temperature mineral into consider-
ation.
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Basaltic achondrite meteorites from
the Antarctic

ARCH M. REID

Department of Geology
University of Cape Town
Cape Town, South Africa

The U.S.-Japanese expeditions of 1976, 1977, and 1978 and
the U.S. expedition of 1979 returned 690 meteorite samples, of
which 20 were achondrite meteorites. The achondrites com-
prised 10 eucrites (of which 9 are polymict eucrites), 3 ureilites,
2 howardites, 2 diogenites, 2 shergottites, and 1 aubrite (Reid
in press).

Eucrites and howardites are brecciated pyroxene-plagioclase
rocks that resemble terrestrial basalts but have very low alkali
contents. These basaltic achondrites crystallized very early in
solar history under much more reducing conditions than ter-
restrial lavas. The "polymict eucrites" are breccias with clasts
representing a variety of eucrite fragments indicating a range
of composition and thermal histories, unlike most eucrites
which are monomict breccias (Reid and Schwarz 1980). The
abundance of this particular type of eucrite in Antarctica is
puzzling in light of its rarity in other, nonantarctic collections.

Among the more interesting studies of these samples in 1980
was an attempt to separate "clean" samples of igneous clasts
(most approximately 100 milligrams) from the breccia matrix
to allow a combined petrographic, major element, trace ele-
ment, isotopic study of uncontaminated igneous materials.
Preliminary results from these studies indicate that the ant-
arctic eucrites may not be derived from the same parent body
as the other eucrites (Wooden et al. in press).

The discovery of a large (8 kilograms) shergottite meteorite
in the 1979 collection has added a new ingredient to an already
very active research field (King et al. 1980; Reid and Score in

press). Only two shergottite meteorites (Shergotty, which fell
in India in 1865, and Zagami, which fell in Nigeria in 1962)
were known prior to the antarctic discoveries. A third was
found in the Allan Hills region in 1977. These meteorites are
basaltic in nature, being intergrowths of pyroxene with pla-
gioclase laths that have been converted to isotropic maskelyn-
ite by shock processes.

Unlike the eucrite meteorites, the shergottites are not alkali
deficient but have compositions much more closely resem-
bling terrestrial basalts. Their mineral assemblages indicate a
much less reducing, and more earthlike, environment than the
eucrites or the lunar basalts, and their ages (< 1,100 million
years) are very young compared with the great majority of
meteorites. This combination of attributes has raised the prob-
lem of the source region for the shergottites, as heat sources
that would allow igneous activity in small bodies such as the
asteroids would presumably be exhausted very early in solar
history.

The new shergottite is made up of two distinct lithologies
joined along an apparently undisturbed igneous contact. Such
a contact is unique in meteorite samples, and we can look
forward to a wealth of new data from current studies.
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Seymour Island lies southeast of the northern end of the
Antarctic Peninsula (figure 1). The islands in that region lie in
a precipitation shadow and thus have more snow and ice-free
land than has any other part of the peninsula area except the
South Shetland Islands.

The upper Cretaceous and lower Tertiary bedrock (Elliot et
al. 1975) consists of very poorly consolidated sediments; less
than 5 percent of the sequence forms resistant bedrock ledges.
The sediments between the resistant ledges may be more lith-
ified than their surface outcrop suggests because of freeze and
thaw effects during midsummer. The rate of erosion of the
sediments doubtless is high.

The island can be divided into two physiographic provinces:
(1) in the northeast a meseta that is the remnant of an erosion
surface and is covered by glacial drift, and (2) in the southwest
a ridge and valley topography underlain by a homoclinal
sequence of Cretaceous sediments and lacking a cover, or
evidence of a former cover, of glacial drift (figure 2). Whether
the erosion surface extended southwest over the Cretaceous
beds remains uncertain.

The top of the meseta is covered, probably thinly, by glacial
drift with a lag gravel at the surface; the maximum depth of
the drift is uncertain but probably does not exceed 1 meter.
The seasonal thaw and washing out of fines by summer melt,
together with wind action (deflation), contribute to the drift
thinning around much of the margin of the meseta.

Pebble counts (table) of clasts in the drift show a range of
rock types that can be matched with the bedrock exposed in
the northern Antarctic Peninsula. The basalt pebbles are simi-
lar to the Pliocene to Pleistocene alkali-basaltic rocks of the
James Ross Island Volcanic Group (Nelson 1975; Rex 1976).
Low-grade metasedimentary clasts include sandstones, silt-
stones, and quartzites that can be matched with the upper
Paleozoic-lower Mesozoic Trinity Peninsula Group (Aitken-
head 1975; Hyden and Tanner 1981). Granitic and dioritic
plutonic rocks are like those of the Andean Intrusive Suite, of
late Mesozoic to early Cenozoic age; the intermediate to silicic
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volcanic rocks resemble those of the upper Mesozoic (Upper
Jurassic to ?Cretaceous) Antarctic Peninsula Volcanic Group
(Aitkenhead 1975). The coarse sandstones, listed separately,
may be derived from the Cretaceous sequence now exposed
on James Ross, Snow, and Seymour islands (Bibby 1966), or
possibly from older rocks not now exposed.

Large glacial erratics were first noted by Andersson (1906).
The boulders, up to 3 x 2.5 x 1.5 meters, are scattered over
the top of the meseta, on or in the glacial drift, and on the

• _

0	km	5058W	-'__._rI_.	56W

Upper Tertiary James Ross Island Volcanic Group

1111111111 Lower Tertiary Seymour Island Group

Jurassic to Cretaceous sedimentary rocks

Upper Mesozoic Antarctic Peninsula Volcanic Group

Em Upper Paleozoic to Lower Mesozoic Trinity Peninsula Group

Upper Mesozoic Andean plutons

Figure 1. Location map for Seymour island, and geological sketch
map of the northern Antarctic Peninsula. The extent of rock out-
crop Is greatly exaggerated except for Seymour island and the
northeastern point of Snow Hill island.
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Pebble counts of the coarse fraction of the glacial drift at three sites on the southern end of the meseta, Seymour Island

- Site 1	 Site 2	 Site 3	-

Pebble size	 2.5_10cma	10-60 cm	2.5-10cm	10-60 cm	2.5-10cm	10-65 cm

Basalt
	

56	 33
	

53	 17
	

51	 36
Metasedimentary rocks	 17	 31

	
15	 25
	

18	 19
Granitic rocks	 6	 13

	
7	 22
	

8	 19
Dioritic rocks	 0	 9

	
2	 7
	

6	 5
Silicic volcanic rocks	 19	 13

	
20	 25
	

20	 15
Sandstone	 2	 1

	
3	 4
	

3	 6

Note. All counts based on 100 pebbles each. Each count includes the maximum clast size encountered.
a cm = centimeters.

meseta flanks where they are isolated, the fines having been
washed away. Most of these scattered large erratics consist of
plutonic and metasedimentary rocks similar to those in the
pebble counts, but some are of pebbly mudstone, a rock type
not found in the pebble counts but which is sparsely distrib-
uted in the Trinity Peninsula Group on both the southeast and
northwest flanks of the peninsula (Aitkenhead 1975; Elliot
1965, 1966).

The occurrence of these large erratics around the flanks of
the meseta, which itself is covered with glacial drift, suggests
that the northern part of Seymour Island has a glacial history
different from the southern part. Snow Hill Island, to the
southwest of Seymour Island, is largely covered by an icecap,
but at the northern tip has exposed rock which apparently
lacks a cover of glacial drift.

The composition of the clasts in the glacial drift on the
northern part of Seymour Island implies transport by ice from
the mainland. At least three broad alternatives, which enlarge
on the explanations offered by Andersson (1906), can be pro-
posed:

1. The southern part of Seymour Island and the adjacent
part of Snow Hill Island were covered by ice, but all glacial
drift derived from the mainland has been removed because of

Upper Tertiary drift
	

Cape

I71 1 Lower Tertiary strata
	 Wiman

[] Cretaceous strata

.	Pebble count sites

Bodman Pt.

64°15'S
	

lurisland
560454	

0	km	5

Figure 2. Geological sketch map of Seymour Island.

long subaerial exposure and/or high rates of erosion of the soft
bedrock.

2. At the time of drift deposition (as an ice-contact deposit)
the local icecap on Snow Hill Island was much larger and
diverted mainland ice to the north and east. Only the northern
part of Seymour Island was covered by ice derived from the
mainland.

3. The glacial drift on the northern part of Seymour Island
was deposited from floating ice.

Although the first two alternatives cannot be completely
discounted, the third alternative is favored. It implies that the
northern part of the island has been uplifted at least 200 meters;
the rapid rate of coastal erosion (Zinsmeister 1979) and prom-
inent marine terraces (Zinsmeister 1980) support the inference
of recent uplift.

Fieldwork was supported by National Science Foundation
grant OPP 74-21509.
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During the 1980-81 summer field season our field party
studied two aspects of antarctic glacial history in the McMurdo
Sound region.

First, a long-term project involving detailed geologic map-
ping and soil studies of moraines adjacent to blue ice margins
in uppermost Taylor and Wright Valleys, as well as on Mount
Fleming and elsewhere along the inland mountain flank, was
nearly completed.. When combined with similar mapping in
middle and lower reaches of the valleys, the results indicate
that all moraines representing advances of Taylor Glacier
within the last 3.9 million years approach the present ice sur-
face near the inland margin of the mountains. Correlative
moraines in upper Wright Valley are confined to the Labyrinth
within 3 kilometers of the present glacier snout, and on Mount
Fleming the entire correlative moraine sequence occurs within
100 meters of the ice edge. Investigations in several areas
showed that elevations of accumulation surfaces of Taylor and
Wright Glaciers did not rise significantly during any of these
advances.

Drewry (1980) identified a local ice dome inland of Taylor
and Wright Glaciers that now severely restricts their catch-
ments; he concluded from oxygen-isotope studies that this
local dome, rather than interior east antarctic ice, has fed Taylor
and Wright Glaciers for at least the past 16,000 years. The
results of the moraine-mapping program now suggest that all
advances within the last 3.9 million years probably involved
only this local dome. In any case, it follows that inland of the
McMurdo Sound area the east antarctic ice sheet has not been
significantly thicker than it is now since Pliocene time; data
from nunataks adjacent to upper Darwin and Byrd Glaciers
suggest that this conclusion applies to a large area. Thus, I
reverse my earlier suggestion (Denton, Armstrong, and
Stuiver 1971) that moraines in middle Taylor Valley represent
fluctuations of the east antarctic ice sheet.

These moraine studies place constraints on reconstructions
of antarctic ice during a Pleistocene glacial maximum. Figure
7-26 in Stuiver and associates (1981) shows a suggested con-
figuration of the antarctic ice sheet during the late Wisconsin-
Weichselian maximum of 17,000-21,000 years ago. Large-scale
expansion of grounded ice onto the Ross and Weddell conti-
nental shelves, as well as less-extensive advance of east ant-
arctic ice onto its narrow peripheral continental shelf, was
induced by eustatic sea-level drop caused primarily by expan-
sion of Northern Hemisphere ice sheets. East antarctic ice
inland of the Transantarctic Mountains did not thicken to
overwhelm the local dome and send ice tongues down Taylor
and Wright Valleys. Rather, radiocarbon dates indicate that
ice tongues from the local dome receded owing to reduced
precipitation from the ice-filled Ross Sea. Likewise, neither
the local accumulation surface inland of Darwin Glacier nor

the ice sheet inland of Byrd Glacier thickened, because lateral
moraines dating from the last glaciation merge with the pres-
ent inland ice surfaces near the heads of these glaciers.

The major weakness of the reconstruction is the uncertainty
about interior surface elevations of the east antarctic ice sheet.
The model reconstructed ice-surface elevations slightly higher
than today's because of peripheral expansion onto the narrow
continental shelf. However, this may have been counterbal-
anced by reduced interior precipitation.

The second aspect of our work during the 1980-81 summer
field season involved continued mapping of the Quartermain,
Asgard, and Olympus Ranges. Two basic imprints of glacier
erosion antedate 4.2 million years. The oldest is a system of
fjords and valleys, with associated cirques, in inter-valley
mountain blocks. This system is similar to those now being
cut into the Evans Nevé of northern VictoriaLand and the
Bruce Plateau of the Antarctic Peninsula. It was probably
formed beneath a thick mantling plateau icecap with a divide
inland of the present exposed mountains. Headward -cutting
valleys drew down plateau ice, exposing intervening moun-
tain blocks first to icecap and then to alpine glacier erosion.
The presence of a similar inland-facing valley system now
buried by east antarctic ice (Drewry 1975) suggests that a local
plateau icecap on the Transantarctic Mountains accomplished
most dissection. However, the possibility cannot be dismissed
that some ancient valley erosion was accomplished by east
antarctic ice spilling into the drainage basin of seaward-flow-
ing outlet glaciers.

The younger imprint records two episodes of strong over-
riding ice flow from southwest to northeast across the grain of
the initial west-to-east valley and fjord system. This overriding
ice severely modified the preexisting landscape, particularly
on inter-valley mountain ranges. Cirques facing into
approaching iceflow were abraded; those facing away from
iceflow were eroded headward by subglacial meltwater and
their floors were mantled with megaripples, till patches, and
boulder trains emanating from dolerite caps on up-glacier
peaks. Some of these headward -cutting cirques breached
divides and isolated ridges and individual peaks. In places,
extensive subglacial erosion removed all isolated ridges and
peaks, leaving an undulating mountain crest with remnant
hollows that mark former cirque floors. This cross-grain over-
riding flow has plucked the south walls and abraded the north
walls of upper Taylor and Wright Valleys.

The episodes of mountain submergence recorded by the
younger imprint most likely reflect the east antarctic ice sheet.
Erosional features and deposits of these two submergence
episodes associated with the younger imprint correlate with
the glacial stratigraphy on the floor of Wright Valley, as
inferred by G. H. Denton, M. Prentice, D. E. Kellogg, and
T. B. Kellogg (in preparation). This correlation suggests that
the earliest overriding episode antedates middle-to-late Mio-
cene time, whereas the younger episode is younger than mid-
die-to-late Miocene time.

This research was funded by National Science Foundation
grant DPP 78-23832. Helicopter support was provided by VXE-
6. Field party members were G. H. Denton, J. G. Bockheim,
M. Dagel, H. Conway, and J . VandenBrook. The party was in
Antarctica from 10 October 1980 to 15 January 1981.

References

Denton, G. H., Armstrong, R. L., and Stuiver, M. 1971. The late Cen-
ozoic glacial history of Antarctica. In K. K. Turekian (Ed.), The late

68 ANmicnc JOURNAL



Cenozoic glacial ages. New Haven, Conn.: Yale University Press.
Denton, G. H., Prentice, M., Kellogg, D. E., and Kellogg, T. B. In

preparation. Origin and early history of the antarctic ice sheet: Evidence
from the Dry Valleys.

Drewry, D. J. 1975. Initiation and growth of the east antarctic ice sheet.
Journal of the Geological Society of London, 131, 255-273.

Drewry, D. J. 1980. Pleistocene bimodal response of antarctic ice.
Nature, 287, 214-216.

Stuiver, M., Denton, G. H., Hughes, T. J., and Fastook, J. L. 1981.
History of the marine ice sheet in West Antarctica during the last
glaciation: A working hypothesis. In G. H. Denton and T. J. Hughes
(Eds.), The last great ice sheets. New York: Wiley-Interscience.

Maceral and total organic carbon
analyses of RISP site J-9 cores
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Maceral and total organic carbon (Toc) analyses were con-
ducted on gravity cores recovered from the Ris? (Ross Ice Shelf
Project) site J-9 (82°22'S 168°38'W; Webb et al. 1979). The pur-

*Present address: Amoco Production Company, Research Center,
P.O. Box 591, Tulsa, OK 74102.

**present address: Phillips Petroleum Company, Research and Devel-
opment, Bartlesville, OK 74004.

pose was to document the types and distribution of macerals
present, to determine the TOC profiles, and to study the effects
of submarine oxidation (Webb 1978) on the maceral and TOC
contents of the cores.

Previous investigations demonstrated the presence of two
units in each core (figure 1; Webb 1978; Webb et al. 1979). The
lower unit, unit 1, is a plastic-to-stiff, olive-gray clay contain-
ing pebbles, granules, diatoms, and calcareous microfossils.
The overlying light gray unit (unit 2) is a water-saturated-to-
soft clay containing pebbles, granules, and diatoms. Calcar-
eous microfossils are absent except for an apparently Recent
foraminiferal fauna in the uppermost sediments (Webb et al.
1979).

The contact between the units is marked by a thin yellow-
brown, iron-rich layer, interpreted as a chemical boundary
(oxidation front). That this contact is a disconformity is dis-
counted because clast composition is the same in both units,
some large clasts straddle the unit boundary, and diatoms
suggest the entire sequence was deposited at one time (Webb
et al. 1979). The age of these sediments is controversial; mid-
Miocene (Brady 1978), pre-Quaternary (Yiou and Raisbeck
1981), and late Pleistocene (Kellogg and Kellogg 1980) ages
have all been suggested.

All the sediments in the cores were deposited from floating
ice. Unit 2 is an alteration product of sediments originally
identical in composition to those in unit 1.
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Figure 1. Stratlgraphic, lithologic, and paleontologic characteristics of cores collected at the RISP site J-9. The location of the samples
studied is Indicated to the left of each core. The composite core presents relative sample positions and generalized sedimentologic and
paleontologic data. (Adapted from Webb 1978)
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Sixteen samples were selected from 6 of the 11 cores collected
during the 1977-78 field season (figure 1). For the purposes of
interpretation, the samples can be treated as components of a
single composite core. This can be done because of their close
geographic proximity and the lithologic similarity of the cores.

Maceral analysis is the study of particulate acid-resistant
organic matter (macerals) contained within sedimentary strata
(Wrenn and Beckman 1981). Macerals were counted and cate-
gorized according to type, preservation, and color (as an index
of thermal alteration). The maceral types recognized (figure 2)
include phytoclasts (terrestrial plant fragments, spores, pol-
len), protistoclasts (acritarchs, dinocysts, foraminifera lin-
ings), scleratoclasts (fungal spores, hyphae, and fruiting bod-
ies), and an amorphous infested indeterminate (Au). The latter
is organic matter so completely altered or degraded as to defy
assignation to any other maceral category. All macerals may
result from (1) intense biodegradation of phytoclasts or pro-
tistoclasts, (2) agglutination of dissolved humic and commi-
nuted substances, or (3) fecal pellet degradation. Maceral and
TOC sample preparation and analyses were conducted accord-
ing to procedures reported by Wrenn and Beckman (in press).

The dominant maceral type in the core is derived from phy-
toclasts, followed by protistoclasts, and lesser amounts of
scleratoclasts and All. The maceral and TOC data for each unit
of the composite core were combined in two populations (units
1 and 2) and statistically tested for differences between the
units. A Student's t test was used to determine the means of
the variables from the two populations. Figure 3 presents the
variable means and the results of the Student's t test.

The Student's t test for the maceral data reveals no significant
difference between the means of unit 1 and unit 2, except for
a highly significant difference in the All macerals. The All
maceral mean in unit 2 is 2 percent, compared with the unit
1 mean of 13 percent. The TOC content also was statistically
higher in unit 1 (X = .43 percent) than in unit 2 (X = .29
percent).

No trends were observed in the distribution of macerals by
color in the cores.

We reached five conclusions:
1. The maceral spectrum was essentially homogeneous at

the time of sedimentation in the J-9 areas.
2. The significantly lower All content in unit 2 indicates that

post-depositional destructive oxidation of this maceral type
has significantly decreased the bc content with respect to
unit 1.

3. The maceral assemblage indicates that chemical oxidative
destruction, rather than biological degradation, is responsible
for the selective removal of the All macerals. If biological deg-
radation had been operative, bacterial and fungal infestation
would be indicated over the entire maceral spectrum.

4. The random distribution of maceral colors within the
composite core show the J-9 sedimentary sequence has not
been thermally altered since deposition.

5. The combined macera! and TOC analytical approach is
applicable in studying strata subjected to diagenetic processes,
the effects of which need not be limited to thermal alteration
of organic matter.

We thank the Division of Polar Programs, National Science
Foundation, for making available the core samples used in this
study. This work was supported by the Department of Geol-
ogy, Louisiana State University. Our thanks is extended to
Dennis S. Cassidy for his meticulous sampling of the RISP cores
and to Peter N. Webb for pertinent comments. Technical sup-
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port during the preparation of this manuscript by the Amoco
Production Company, Research Center, Tulsa, Oklahoma, is
gratefully acknowledged.
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Table 1. Palynomorphs recovered from RISP site J-9 cores. Age
range and authority are shown to the right of taxa identified to

the species level. The numbers after the ages refer to the
references listed at the bottom of the table.

Microplankton

Dinophyceae
Apectodinium homomorpha

Costa and Downie ex Lentin
and Williams

Cleistosphaeridium spp.
Deflandrea antarctica Wilson
Hystrichosphaeridium sp.
Pareodinia sp.
Spinidinium macmurdoense

Wilson
Spiniferites sp.
Vozzhennikovja rotunda

(Wilson)
V. apertura

Unidentified dinocysts
Acritarcha

Cymatiosphaera sp.
Unidentified acritarch

Chlorophycea
Tasmanites sp.

Foraminifera
Microforaminifera

Pollen and spores

Angiosperms
Beaupreaidites cf. B.

eleganiformis Cookson
Nothofagidites flemingii

(Couper) Potonie
Nothofagidites spp.
Tricolpites spp.
Triorites fragilis Couper
Unidentified angiosperms

Gymnosperms
Podocarpidites spp.
Phyllocladities mawsonii

Cookson
Microcachryidites antarcticus

Cookson
Unidentified gymnosperms

Spores
Lycopodium sporites sp.
Laevigatosporites sp.

Fungal spores
Unidentified fungal spores

Stratigraphic range

Upper Paleocene to middle
Oligocene (2)

Eocene (7, 9, 13)

Paleogene (1, 4-9, 13)

Early Eocene to Oligocene (1, 4,
5, 7, 9, 13)

Eocene to early Oligocene (6, 7,
9)

Stratigraphic range

Middle Paleocene-upper Eocene
(7,11)

?Upper Senonian to middle
Eocene (3)

Turonian-Miocene (7, 10, 12)

Jurassic-Miocene (7, 9)

References
(1) Archangelsky and

Fasola 1971
(2) Costa and Downie

1979
(3) Couper 1960
(4) Fasola 1969
(5) Goodman 1975
(6) Hall 1977
(7) Haskell and Wilson

1975

(8) Heisecke 1970
(9) McIntyre and Wilson

1966
(10) Playford and

Dettmann 1978
(11) Stover and Evans

1973
(12) Stover and Partridge

1973
(13) Wilson 1967

Preliminary palynology of the RISP
site J-9, Ross Sea

JOHN H. WRENN

Amoco Production Company
P.O. Box 591

Tulsa, Oklahoma 74102

A low-diversity palynoflora was observed during macera!
analysis (Wrenn and Beckman, Antarctic Journal, this issue) of
16 samples from six gravity cores recovered at RISP (Ross Ice
Shelf Project) site J-9 (82°22'S 168°38'W; Webb et al. 1979).
Preliminary investigation of this flora has shown that dino-
cysts, acritarchs, spores, and pollen are present throughout
the cored sequence (table 1). Chlorophycea and microforami-
nifera, though rare, are also present. A complete palynological
study of these samples is under way.

The age of the core sediments is controversial. Diatom-based
age determinations of middle Miocene (Brady 1978), late-mid-
dle Miocene (Brady and Martin 1979), and late Pleistocene
(Kellogg and Kellogg 1980) have been proposed. Cosmogenic
beryllium-10 ('°Be) concentrations in the core sediments indi-
cate the cores are pre-Quaternary (Yiou and Raisbeck 1981).
The diatom results indicate a post-Paleogene age. This seems
to be supported by 10Be concentration data.

The dinocyst flora reported here (table 1) is Paleogene
(?Eocene) in age. The assemblage demonstrates extensive
reworking contemporaneous with Neogene sedimentation in
the 5-9 area. This contention is supported by the presence of
Upper Cretaceous foraminifera in the RISP cores (Webb per-
sonal communication). The dinocysts Deflan drea antarctica,
Spinidinium macmurdoense, Vozzhennikovia rotunda, and V.
apertura are present in the RISP J-9 cores.

Most of these dinocysts have been reported from the West
Ice Shelf area in East Antarctica (Kemp 1972), DSDP sites 270
and 274 (Kemp 1975), the northern Ross Sea (Wilson 1968),
and the McMurdo Sound region (McIntyre and Wilson 1966;
Wilson 1967). Hall (1977) reported S. macmurdoense and V.
rotunda from Seymour Island, Palmer Peninsula. All four taxa
have since been observed during a subsequent study of this
island's Tertiary sequence (Wrenn in preparation).

These Paleogene dinocyst assemblages are accompanied by
sporomorph assemblages, which include one or more of the
following: Nothofagidites spp., Microcachryidites antarcticus,
and Phyllocladidites mawsonii. This implies that the dinocyst
and sporomorph assemblages are coeval and widespread in
coastal areas of Antarctica. It is clear the majority, if not all, of
the RISP J-9 sporomorphs are reworked.

The sporomorph species observed in the sample studied by
Brady and Martin (1979) are shown in table 2. Brady and Martin
(1979) concluded that the sporomorph assemblage indicated
that a low-diversity continental vegetation existed in parts of
Antarctica during the middle Miocene. The reworked nature
of the palynomorph assemblage, as demonstrated herein,
strongly suggests that this interpretation is untenable.

The scarcity of Protencidites and the lack of Myrtaceidites
pollen alluded to by Brady and Martin (1979) do not necessarily
indicate the RISP 5-9 cores are middle Miocene in age. Equally
valid explanations of these observations include (1) sediment
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Table 2. The sporomorph species identified by Brady and Martin
(1979). The stratigraphic range of each taxa Is given. Numbers

after ranges refer to references listed at the bottom of the table.

Taxa	 Stratigraphic range

Angiosperms
Nothofagidites aspersus	?Middle Maestrichtian-Pliocene

(Cookson) Stover and Evans	(1, 2, 9)
N. emarcidus (Cookson)	Early Eocene through Miocene

Harris	 (10)
N. flemingii (Couper) Potonie	Late Paleocene through

Oligocene (10)
N. heterus (Cookson) Stover	Early Eocene through Miocene

and Evans	 (1,10)
N. vansteenisii (Cookson)	Eocene through Miocene (1, 10)

Stover and Evans
Proteacidites ivanhoensis	Eocene-Oligocene (5)

Martin
P. pseudomoides Stover	Early Eocene-early Oligocene

(10)
Gymnosperms

Phyllocladidites mawsonii	Turonian-Miocene (8)
Cookson

Microcachryidites antarcticus	Jurassic-Miocene (4, 7)
Cookson

Spores
Cyathea paleospora Martin	?Pliocene-Quaternary (5, 6)
Laevigatosporites ovatus	Santonian-upper Eocene (3)

Wilson and Webster
Stereisporites antiquasporites	Permian-lower Cretaceous (4)

(Wilson and Webster)
Dettmann

References
(1) Cookson 1959	(7) McIntyre and Wilson
(2) Couper 1960	 1966
(3) Freile 1972	 (8) Playford and
(4) Haskell and Wilson	Dettman 1978

1975	 (9) Romero 1973
(5) Martin 1973	(10) Stover and Partridge
(6) Martin 1976	 1973

dilution of pollen concentrations during reworking, and
(2) derivation of the RISP J-9 spore-pollen flora from paleoen-
vironments inimical to Proteacidites and Myrtaceidites pollen-
producing plants.

The reworked Paleogene palynomorph assemblages reported
from the Ross Sector (sensu Webb 1979a) probably have a
common provenance. The only known outcrops of Paleogene
marine sediments in Antarctica occur 3,000 kilometers to the
northeast of the Ross Sea, on Seymour Island, Palmer Penin-
sula. It is unlikely that this is the source area, since it is located
in a different drainage basin (Goodell 1973).

The source beds either crop out below the Ross Sea, are
buried beneath the ice, or have been completely eroded away.
The absence of abundant Paleozoic palynomorphs argues
against a provenance in the Transantarctic Mountains or East
Antarctica.

Webb (1979b) suggested that at least part of the J-9 sediments
were derived from the Whitmore Mountains, Marie Byrd
Land. This contention is supported by present ice movement
into the Ross Sea from the east (Goodell 1973). Presumably,
iceflow patterns were similar during the time of J-9 sediment
deposition.

It is most likely the Paleogene (?Eocene) beds that contrib-
uted the palynomorph assemblages to the Ross Sector lie under
the west antarctic ice sheet.

The distribution of Paleogene dinocysts extends from Sey-
mour Island through the Ross Sector and DSDP 274 to the West
Ice Shelf area, East Antarctica. This distribution supports
Webb's (1979a) hypothesis of taxa dispersal by a circum-east
antarctic current flowing through a Transantarctic Passage
prior to the opening of the Drake Passage.

I thank the Division of Polar Programs, National Science
Foundation, for making available the core samples used in this
study. My thanks to Dennis S. Cassidy for his meticulous
sampling of the RISE' cores. This research was supported by the
Department of Geology, Louisiana State University. Technical
support during manuscript preparation by Amoco Production
Company, Research Center, Tulsa, Oklahoma, is gratefully
acknowledged.
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Ice mass fluctuations in Victoria
Land, Antarctica

PAUL A. MAYEWSKI and JON M. HASSINGER

Department of Earth Sciences
University of New Hampshire

Durham, New Hampshire 03824

During the 1980-81 field season we conducted a two-part
program: the first part was spent on the Rennick Glacier in
northern Victoria Land, and the second in the ice-free valleys
of southern Victoria Land. The primary objective of the pro-
gram was to help elucidate the glacial and climatic history of
Transantarctic Mountains ice masses by interpreting the rec-
ords available from the spectrum true glaciers to rock glaciers.

The northern Victoria Land portion of the study is an off-
shoot of a reconnaissance glacial geologic investigation con-
ducted during the 1974-75 field season (Mayewski and Attig
1978; Mayewski, Attig, and Drewry 1979). Specifically, the
1980-81 season's work involved (1) completion of the glacio-
geomorphic mapping of the Morozumi Range region (figure
1) and (2) implantation of experiments designed to assess the
responsiveness of selected ice masses in this general region
since they are differentially affected by the continuing "draw-
down" of the surface of Rennick Glacier (Mayewski et al. 1979).
The experiments are designed to record mass balance, velocity,
and strain (figure 1) on two alpine glaciers and Rennick Glacier
to clarify their current dynamics. In addition, a radio-echo
sounding program is being undertaken to model the effects of
subglacial topography on the dynamics of these ice masses
and to evaluate total ice volume fluxes. During the 1981-82
field season, all aspects of the study previously mentioned will
be expanded and remonitored and more ice cores will be col-
lected from selected glaciers for purposes of developing a mass
balance record. This mass balance record will be interpreted
using ice chemistry as a seasonal and source indicator, with

dating calibration to be provided by /3-activity measurements
on the core samples.

The second phase of this project, begun during the 1979-80
field season (Mayewski and Hassinger 1980), is a study of the
relative age and origin of glacio-geomorphic deposits located
in the North Fork of Wright Valley and of rock glaciers found
throughout the ice-free valleys. Results from this study have
been used to construct a framework of climatic change for
western Wright Valley and to provide an analysis of the for-
mation and dynamics of antarctic rock glaciers.

Three groups of features including glacial deposits, contem-
poraneous rock glaciers, and relict mass-movement features
have been identified in the North Fork area on the basis of
stratigraphic relationships and examination of surface mor-
phology. Relative ages of these deposits were estimated on the
basis of standard antarctic clast weathering techniques and
analysis of subsurface structure as inferred from shallow geo-
physical sounding (Bell 1966).
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Figure 1. Location map of study area with location of mass bal-
ance/velocIty/strain nets referred to by arrows. (Photo TMA 867,
number 190 F-33, U.S. Navy)
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Data from 15 sites were used to summarize the weathering
of deposits found in the North Fork. Comparison of weath-
ering data obtained for these deposits was also used to date
them (relatively) with respect to glacial deposits studied in the
eastern portion of Wright Valley by other workers. A total of
32 shallow seismic refraction profiles and 52 resistivity profiles
was used to characterize the subsurface structure of the rock
glaciers in the ice-free valleys as well as the glacial deposits
found in the North Fork region. Geophysical information for
deposits found in North Fork is summarized in figure 2. Glacial
deposits, interpreted to be predominantly ice-free to a mini-
mum depth of 20 meters, were found to contrast with rock
glaciers in which frozen material was found within 0-60 cen-
timeters of their surfaces. Profiles taken along the valley floor
of North Fork illustrate the importance of collecting both elec-
trical and seismic data, since a low velocity and, therefore, a
hidden refractor of unknown material is indicated at a depth
of 4 meters by a sharp decrease in apparent resistivity.
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Figure 2. Seismic and resistivity characteristics with depth for the
surficial deposits in North Fork, Wright Valley. km/s = kilometers
per second; m = meters; cll-m = ohm-meters.

The dynamics of nine rock glaciers (see map, Mayewski and
Hassinger 1980) have been examined in detail by means of
velocity/strain networks and micromovement studies, the
implementation of which was completed during the 1980-81
season. Reduction of data from a 10-year time series for a
prominent rock glacier found in the North Fork area has
yielded horizontal velocities of approximately 1-5 centimeters
per year and velocities perpendicular to the surface of the rock
glacier from —1.4 to +0.51 centimeters per year. Two-dimen-
sional, infinitesimal strain, calculated from the relative move-
ment of survey stakes, is characterized by principal strain rates
of .000312 to -.000998 per year inclined at approximately 20°
to the long axis of the rock glacier. These data are regarded as
evidence of the very low levels of activity currently displayed
by these mass-movement features. Photographic comparison
of ten 1-meter by 0.5-meter survey sites over a 1-year period
yielded higher strain rates on the order of .01 per year. Data
from the remaining eight movement experiments are expected
to yield usable movement data in 3 to 5 years.

Environmental variables associated with rock glacier sites,
including geographic proximity to moisture sources, incidence
of solar radiation, lithology of source material, and geometry
of site location, also have been examined in light of their
influences on the development of rock glaciers.

Members of this season's field party were Mark Bon Signor,
Roger Goldenberg, Jon M. Hassinger, and Paul A. Mayewski
(leader). We are grateful for the support provided by the C-
130 and helicopter crews of \T)(E-6. This research was sup-
ported by National Science Foundation grant DPP 79-20755.
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Land ice studies_________________________

Analysis of air bubble composition,
crystal size, and pore shape in tim
from South Pole Station, 1980-1981

BERNARD STAUFFER

Physics institute
University of Bern
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The composition of air bubbles in ice reveals very important
information about the composition of the atmosphere when
the ice was formed. One must be careful in interpreting the
results of analyses, however, because the process of gas enclo-
sure in ice is not yet understood.

The purpose of this field project was to fill some of the gaps
in information. In connection with the Polar Ice Coring Office
(Pico) core-drilling project at South Pole Station, the following
work was undertaken; (1) sample collection and analysis of air
that fills the pore space in firn; (2) investigation of variations
in the size of ice crystals with depth; and (3) observations of
the evolution of the shape of pores in firn as depth increases.
The experiments and some preliminary results are described
in this article.

Analysis of air in pore space in firn. Air filling the pore space
in firn is connected through air channels to the atmosphere at
the surface. It is believed that, due to air pressure changes and
the effect of surface winds, the air in the open pores is mixed
with atmospheric air. It is not known how fast the mixing
occurs, but the existence of this mixing has been shown by
39Ar activity measurements of argon extracted from very young
ice samples at Crete. Raynaud and Delmas (1975) claim that at
a depth of only a few meters the air filling the pore space in
firn is depleted in carbon dioxide (CO 2 ). They found CO2
concentrations in air from fim samples from Pionerskaya to be
160 parts per million and in samples from Vostok, 240 parts
per million, instead of about 320 parts per million in atmo-
spheric air at the time of sampling. More recent results from
gas analysis of ice samples raises some doubt as to how rep-
resentative these results are. Therefore, it is important to col-
lect and analyze air samples out of firn with improved sam-
pling and analyzing techniques.

One such technique involves collecting air samples in situ
by lowering a teflon tube into a borehole to a certain depth

and then filling the space between the tube and the borehole
wall with snow. This is done to avoid merely collecting atmo-
spheric air at the bottom of the open borehole and because,
during the time the borehole is open, the air in the surround-
ing firn could exchange with the atmosphere. It is estimated
that after the hole has been closed for about a year, a new
equilibrium will be established.

Work of this sort was undertaken at South Pole Station 13-19
January 1981. A teflon tube having an inner diameter of 2
millimeters was lowered to a depth of 85 meters into a borehole
drilled by iico in January 1978. A glass frit at the lower end of
the tube prevented clogging of the tube entrance. Every 2
meters the teflon tube was fixed with tape to a 1-millimeter
steel rope in such a way that it could glide along the rope.
After the tube was lowered, the hole was filled with surface
snow. The flow through the teflon tube into a calibrated and
evacuated volume was measured and compared with calcu-
lated values.

On the basis of these measurements, we conclude that the
teflon tube probably broke apart in the middle where the two
pieces of tube had to be connected. Therefore, the inlet is now
not at the desired 85-meter depth, but at 35 meters. For the
main purpose of the experiment—measurement of carbon
dioxide concentration—the air at 35 meters will provide just
as interesting information as the air at 85 meters. However,
for measurement of mixing rate or mean age of the air at a
certain depth (e.g., by measuring krypton-85 activity), the 85-
meter depth would have been better. Initial sampling was
done while the tube was in the open hole and also a few days
after filling the hole with snow. As mentioned earlier, more
representative samples can be collected in approximately 1
year.

Periodic variations of ice crystal size. The size of ice crystals
increases with time and therefore with depth. In ice samples
from Camp Century we observed this phenomenon as well as
a periodic variation in the crystal size, the length of which
may correspond to an annual layer as a result of the tempera-
ture at Camp Century rising to close to the melting point
during the summer. To learn whether periodic variations are
also present in ice from a location where the temperature
remains well below melting during summer, it was planned
to analyze thin sections prepared from ice cores taken approx-
imately 160 meters below the surface at South Pole Station.
That was not possible since the hole from which the core was
to be taken was only 106 meters deep; thus, the thin sections
were made of a 50-centimeter-long piece of core from a depth
of 106 meters drilled by rico in December 1980. Analysis of
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Number of crystal boundary intercepts per 2-centimeter length along a core section of 50-centimeter length from 106-meter depth. Smooth
curve shows a variation in the number of crystal boundary intercepts (crystal size) within an estimated annual layer thickness.

thin sections from firn samples is difficult due to the complex-
ity of pore shapes; therefore, the results may be a little less
reliable than they might be had they been taken from ice
samples. The figure gives the intercepts over a path of 2 cen-
timeters perpendicular to the core axes, as a function of depth.
The measurements of the intercepts show great scattering. The
10 values of running means indicate a variation, with the
length of a period close to the estimated thickness of an annual
layer at this depth (see figure). We do not know why these
variations occur. They could be a remnant of original differ-
ences in crystal shape and size in the precipitation; if this were
the case, one would expect the amplitude of the variations to
decrease as depth increases. The variations also could be
caused by impurities that influence crystal growth and the
concentrations of which show seasonal variations; if this were
the case, one would expect stable or increasing amplitude of
variations as depth increases. Knowing why these variations
occur may well be the key to understanding why crystal size
decreases at the transition from recent to Pleistocene ice and
why there are variations of the total air content.

Evolution of the void shape in firn. Close-off depth is defined
as the point at which the entire pore space is isolated in bub-
bles and is no longer connected to the surface. There is some
controversy over whether close-off of single bubbles starts a
few meters below the surface and the number of bubbles
formed increases roughly linearly with depth until the last one
is closed off at the close-off depth, or whether close-off occurs
mainly just a few meters above close-off depth.

Knowing where close-off occurs is important in determining
age of air in snow. For example, at the South Pole the snow at
close-off depth (approximately 120 meters) is already about
2,000 years old; one model suggests that the air enclosed at
close-off is modern, the other that the air has a mean age of
about 1,000 years. To understand the close-off process better
and to check certain hypotheses, thin sections about 1 milli-
meter thick taken from ice samples from depths of 75, 85, 95,
and 105 meters were prepared and photographed. Preliminary
conclusions based on the observations of these pictures are:

1. At 75 meters, the void has a structure similar to froth. It
is difficult to see a geometrical regularity except that several
rings with six nodes seem to exist.

2. With increasing depth, more and more channels between
the nodes are closed off. At 75 meters, many nodes have four
branches. At 95 and 105 meters, most nodes have only three
branches.

3. No thin lamellas which separate isolated void spaces are
observed. (These could easily break during handling of firn
samples or during removal of air from the open pore space by
evacuating the surrounding of a firn sample.)

In conclusion, the void shape in firn from the South Pole is
still too complex to be described by a simple geometrical
model. However, the shape is much less complex than that
found at a corresponding depth at Camp Century. With the
simpler void shape in the firn, the enclosure of bubbles in the
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transition zone will be less complex, too. At a firn temperature
of —50°C, the portion of gases adsorbed at the firn grain surface
is expected to be minimal. Therefore, it is believed that gases
enclosed in ice samples from South Pole Station represent the
composition of the atmosphere at the time of enclosure better
than ice samples previously available.

I thank the National Science Foundation, Division of Polar
Programs, and i'ico (NSF contract DPP 74-08414) for making the
fieldwork possible and for providing excellent working con-

ditions. I also thank the station leader and crew at South Pole
Station for their efficient support.
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Ice core drilling, 1980-1981

KARL C. KUIVINEN
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The Polar Ice Coring Office (Pico) conducted field tests of an
intermediate-depth ice core drill at Amundsen-Scott South
Pole Station during December 1980. Ice cores collected from
two test holes of 49 meters and 108 meters were logged, pack-
aged, and stored at the station for future sampling by other
investigators.

The drill, designed and built by the U.S. Army Cold Regions
Research and Engineering Laboratory (CRREL), had been tested
in Greenland during 1976 and had undergone several modi -
fications at both CRREL and PiCO prior to deployment to Ant-
arctica in 1980. The objective during this season was to test
the unit to a depth of 500 meters, collecting continuous ice
core from the South Pole Station for later analysis. A drill
shelter and core-processing laboratory van were set up in the
center of the taxiway oval at the station. Drilling commenced
using the original components of the CRREL drill: a 3,000-kil-
ogram winch unit with armored cable, a horizontal tower, and
various combinations of lightweight fiberglass drill barrels
driven by a submersible pump motor. Drilling proceeded to
a depth of 49 meters; beyond that depth the drill could not
penetrate vertically. Runs made with an inclinometer indi-
cated that the hole was being drilled in an ever-increasing
spiral; this resulted in the drill's being wedged in the curved
hole, thus preventing further penetration. It appeared that the
drill was too light to deploy the cable properly and control
penetration speed.

A new hole was then started using a heavier (120 kilograms)
drill built by PICO. This unit collects core 4 inches (10.16 cen-
timeters) in diameter, in contrast to the CRREL drill, which
collects 3-inch (7.62-centimeter) core. Four days of drilling
produced promising results: core of excellent quality averaging
1.40 meters per run during the first 90 meters, average core
retrieval of 5.5 meters per hour, and winch line speeds of up
to 400 feet per minute (122 meters/minute) during raising of
the drill. At a depth of 92 meters, a line tension of 4,000 pounds
(1,818 kilograms) was registered by the load cell during core
break. When the drill was brought up, two breaks in the cable's
armored jacket were apparent, and in other places the cable's
neoprene sheath showed evidence of the cable's being slightly
birdcaged. The damaged 100-meter portion of the cable was

removed, and drilling continued to a depth of 105 meters,
where the cable broke again during a core break that registered
over 4,500 pounds (2,045 kilograms); the cable was again short-
ened and reterminated. On the next run it again broke, and
the drillers decided to terminate the season's drilling because
of the increasing danger to both personnel and equipment in
the event of catastrophic cable failure. The change to the larger
diameter i'ico drill produced an expected increase in line ten-
sion needed to break the core, but the tension as recorded on
the load cell should not have been sufficient to break the cable
if it had been manufactured and spooled to the designer's
specifications. The complete drill has been returned to the PICO
workshop for further engineering research concerning core-
break, cable, and winch design.

The PICO core-drilling program at South Pole Station was
augmented by studies conducted by the Physics Institute,
University of Bern, of the process of gas enclosures in ice and
the composition of air enclosed in bubbles in cold ice. Data
from their study should provide information about the com-
position of the atmosphere at the time the ice formed. Exper-
iments were conducted in which air filling the pore space in
the firn was collected and analyzed, and determinations were
made of the variations in crystal size and shape of pores with
increasing depth (see Stauffer, Antarctic Journal, this issue).

In addition to the drill test at the South Pole Station, PICO
prepared and loaned a National Science Foundation Swiss
shallow drill (100-meter capability) to the British Antarctic
Survey for use in their drilling program on the Antarctic Pen-
insula. The British successfully collected cores from two holes
of 30 meters and 83 meters. Unfortunately, this drill suffered
severe damage and was not recovered after being dropped off
the drilling tower and falling free from the surface to the bot-
tom of the 83-meter hole.

Two members of the Pico team visited the Ross Ice Shelf
Project drill camp J-9 and recovered a recorder and magnetic-
data tape from the Norsk Polarinstitutt oceanographic freeze-
in experiment.

The PiCO drill team included Jay Arneson, Leendert Kersten,
Karl Kuivinen, John Litwak, Philip Marshall, and Richard Till-
son. Bernhard Stauffer of the Physics Institute, University of
Bern, Switzerland, conducted the core analysis and gas sam-
pling program upon completion of the drilling.

The Polar Ice Coring Office is supported under National
Science Foundation contract DPP 74-08414.
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Nitrogenous chemical composition
of antarctic ice and snow

BRUCE C. PARKER

ing the snow accumulation rate remains constant. The greater
detail appearing in the South Pole record results from more
analyses, as a smaller sample interval is made possible by the
higher snow accumulation rate. The smoothing shows the
fairly good visual similarity between the two firn cores col-
lected about 1,300 kilometers apart on the east antarctic ice
sheet (correlation = 0.69).
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In this third and final report we emphasize nitrate ion [NO,
henceforth (NO 3 )] concentrations in antarctic snow and firn
from pits and cores, some details of which have been pub-
lished previously (Olson 1980; Parker and Zeller 1980 and
references cited therein; Parker, Zeller, and Thompson 1981;
Rood et al. 1979; Stothers 1980; Zeller and Parker 1981). Table
1 summarizes the types of chemical analyses we have con-
ducted and plan to conduct on snow, firn, and ice.

Table 1. Analyses conducted or planned on antarctic snow, fir,
and ice, Including the type of analytical method and analysis

frequency (i.e., on All, Some, or Occasional samples)

Chemical	 Analytical
constituents"	Method	 Frequency

NO 3 (nitrate ion)	Ultraviolet spectro-	A
photometry

NO 2 (nitrite)	diazotization	 0
NH, (ammonium)	phenoihypochlorite	 A
pH (acidity)	electrode	 A
Na (sodium)	atomic absorption	 S
Al (aluminum)	plasma emission	 S
SO, (sulfate)	PbSO, conversion	 S
Cl (chloride)	electrode	 0
K (potassium)	atomic absorption	 0
Mg (magnesium)	atomic absorption	 0
Ca (calcium)	atomic absorption	 0
G All except pH refer to ions.

Figure 1 shows the variation in NO:5 with time in a firn core
drilled by the Polar Ice Coring Office (r'ICO, Lincoln, Nebraska)
at South Pole (above) compared with the time equivalent por-
tion of a firn core from Vostok (below). These curves are
derived by making incremental averages sequentially through
the raw data, then applying cubic spline data-fitting tech-
niques to achieve smoothing and to determine the shape of
the curve. Cubic splines are produced by generating stepwise
cubic polynomials for the data points, and they do not cause
significant displacement of curve maxima and minima. Both
curves have been corrected for firn density change with depth
so that the horizontal axis is linear with respect to time, assum-

The use of average annual accumulation estimates intro-
duces some error in assigning approximate dates (year) to
various depths of these cores. However we have used Giovi-
netto's (1960) snow-mine stratigraphy data, which date back
to 1750, for calculation of the South Pole firn core dates. Extrap-
olation of the average annual accumulation for the period
1850-1750 to the remainder of the South Pole firn core leaves
little doubt that the most recent low NO 3 period between 34
and 41 meters in core depth is remarkably close to, if not
coincident with, the period of the Little Ice Age or Maunder
Minimum in solar activity, as reported by John A. Eddy (1977),
at approximately 1640-1710 A.D. While less convincing,
because of the increasing potential error from calculated
extrapolation of average annual accumulation rates to the

Figure 1. Computer-smoothed curves for NO:,N concentrations
(El = x 10 micrograms per liter) in the past 1,000 years
(E3 = x 1,000) of South Pole and Vostok fimn cores. (See text for
explanation.)
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I. In situ microbiological fixa-
tion

2. Contamination from drill-
ing, handling, storing, proc-
essing of cores

3. Global anthropogenic pol-
lution with tropospheric
transport

4. Soil denitrification with tro-
pospheric transport

5. Marine aerosols with tro-
pospheric transport

6. Fixation by lightning with
stratospheric transport

7. Volcanic activity with strato-
spheric transport

8. Fixation by meteoroid trails
in stratosphere

9. Photochemical ultraviolet
fixation in stratosphere

10. Ionization in upper atmo-
sphere by galactic cosmic
rays

11. Ionization in upper atmo-
sphere by solar cosmic rays

12. Ionization in the upper
atmosphere by auroral
activity and by polar cap
absorption

13. Ionization in upper atmo-
sphere by solar flares

14. Ionization in upper atmo-
sphere by supernovae

Rejected (direct proof)

Eliminated (direct proof)

Rejected (direct proof)

Rejected (direct proof)

Rejected (direct proof)

Improbable (indirect proof)

Improbable except as nonper-
iodic pulses (indirect proof)

Probable as small average con-
tributions (no proof)

Probable (some direct proof)

Probable for background only
(indirect proof)

Probable for solar activity com-
ponent

Probable for solar activity com-
ponent

Probable for both solar activity
and select spikes

Probable for select spikes

deeper core sections, we note that both cores show a less
pronounced Sporer Minimum (1400-1510 A.D.) and a Medi-
eval Maximum (1120-1280 A.D.) at approximate depths where
they might be anticipated. The much lower accumulation at
Vostok Station (2.2 grams per square centimeter per year com-
pared with 7 grams per square centimeter per year at South
Pole) results in the 101-meter Vostok core representing approx-
imately 3,250 years; this information allows resolution of sev-
eral additional highs and lows in NO 3 (figure 2). This NO3
concentration record for the entire Vostok core was generated
in the same way as for figure 1. The deep minimum centered
at about 1,530 years ago (450 A.D.) is especially prominent.
This is preceded by a broad, irregular maximum lasting nearly
800 years. The two sharp minima that precede this maximum
correlate roughly in age with Eddy's (1977) Homeric and Egyp-
tian minima.
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and 6 (Parker and Zeller 1980). We also considered 3, 4, and 7
unlikely sources. As a result of the poor correlation with
sodium, we now have ruled out 5 (i.e., marine sources) for the
bulk input of NO 3 to the east antarctic ice sheet (South Pole
and Vostok). The more likely sources or mechanisms appear
to be some solar-mediated phenomenon, such as sources 9-14.
Because not all these phenomena occur precisely with the solar
activity maximum, a linear correlation coefficient of 0.90
may not be obtainable until the precise phenomenon has been
identified and the time lags defined. Also, production of NO3
almost certainly involves more than one mechanism. For
example, the background levels of NO 3 inevitably present in
all minima in South Pole and Vostok cores might be produced
by galactic cosmic rays (source 10), while the 11-year maxima
and longer term maxima might be from a solar activity mech-
anism (sources 9, 11-14) superimposed on that background.

The remoteness of Antarctica from major sources of anthro-
pogenic pollutants, and the high elevations of the East Ant-
arctic Plateau make it highly probable that we are observing
periodicities in NO 3 that may be undetectable or at least well
masked in other ice sheets. The significance of our findings is
not yet known. Nevertheless, it appears highly likely that an
understanding of the source(s) of the production mechanism(s)
for NO3 will contribute to our understanding of solar and
atmospheric science and may provide a useful new type of
marker or fingerprint in antarctic snow, firn, and ice—a new
glaciological window into the past.

Table 2. Fourteen sources or mechanisms for NO 3 in antarctic
plateau snow, fun, and Ice with Information regarding their

probability as a source (mechanism)

Source	 Probability

Figure 2. Computer-smoothed curve for NO 3-N concentrations
(El = x 10 micrograms per liter) in the past 3,000 years
(E3 = x 1,000) of a Vostok fir core. (See text for explanation.)

Our Fourier analysis of the NO 3 data from both South Pole
and Vostok cores reveals strong periodicities in the NO 3 con-
centration occurring at approximately 11-, 22-, and 66-year
intervals. Already we have reported data supporting the
hypothesis that the 11-year fluctuations in NO 3 concentration
either coincide with the solar activity maximum or that of the
auroral maximum, which lags the solar maximum by about 1
year (Olson 1980; Parker and Zeller 1980).

During the 1980-81 field season, we dug and sampled a 10-
meter-deep snowpit. Three replicate columns were sampled
averaging 5-7 samples per year (minimum 2, maximum 12)
going back to 1928. Two sets of samples have been analyzed.
The annual NO 3 fallout has been calculated and shows a rea-
sonably good coincidence with the five solar activity cycles.
The linear correlation coefficient for NO3 and the aa geomag-
netic index is 0.50, while that for NO:) and sodium is 0.27. The
aa index is one of a number of measurements of the geomag-
netic field strength of the Earth. This means that one of several
methods of measuring the variability in the strength of the
Earth's magnetic field correlates better with the NO:s data than
with sodium, which in turn correlates with no more than 7
percent of the NO:5 signals.

Table 2 lists 14 potential sources of NO: 5 and mechanisms
that might explain the fluctuating NO: 5 levels in antarctic snow
and firn. Previously we discussed and ruled out sources 1, 2,
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Analysis of Dome C data,	along a common-depth-point profile. The preliminary results

IVI98" 98 * (Shabtaie and Bentley in press) yield velocities in the firm
layers that are 20 meters per microsecond or more higher than
previously assumed. This work implies that most, or perhaps
even all, of the variations in the dielectric constant of solid

CHARLES R. BENTLEY, DONALD D. BLANKENSHIP,	 polar ice that have been calculated from measurements at dif -
ROGER M. GASSETr, and SI0N SHABTAJE

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

There was no field program during 1980-81, but data anal-
ysis proceeded at the Geophysical and Polar Research Center.

The detailed bedrock map of Dome C, determined from
profiling on the surface (figure 1, prepared in cooperation with
K. C. Jezek), shows that the area is characterized by a rugged
subglacial topography. The dominant feature is a central pla-
teau with an elevation of -400 meters. This plateau is dissected
by a 20-kilometer-wide subglacial valley trending grid south-
east, with a floor 1,000 meters below sea level. Radar soundings
obtained from the 1978-79 National Science Foundation-Scott
Polar Research Institute-Technical University of Denmark
flights on a 50- by 50-kilometer grid with 10-kilometer line
spacing emphasizes the ruggedness of the terrain, showing
ice thicknesses ranging from 3,300 to 4,250 meters.

In some areas, radar profiling shows abnormally strong bot-
tom echoes from a smooth, flat surface 300 meters below sea
level, suggesting reflections from subglacial water channels.
Mapping of these "channels" indicates that they probably are
interconnected. However, no echoes of this type were
observed in the deep valleys. Several bright spots that may
have been caused by accumulations of subglacial water also
were observed on the airborne radar records.

Differing models of the effect of density on the radio wave
velocity currently are being studied using velocity measure-
ments made at Dome C (Shabtaie et al. 1980). Travel times of
oblique reflections from numerous internal layers down to a
depth of 2,600 meters, and from the ice bottom, were measured

*Contribution 391, University of Wisconsin-Madison, Geophysical
and Polar Research Center.
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Figure 1. Detailed subglacial topographic map of the local Dome
C area. The solid dot shows the camp location (the deep drill hole
Is at the edge of the camp). Contours are in meters relative to sea
level.
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ferent locations have resulted from using an incorrect velocity-
density model.

Ground-based magnetic and gravity measurements were
made at many points on the local 100-square-kilometer grid
during both the 1978-79 and 1979-80 field seasons. Rapid
variations in the magnetic field (15-100 gammas per hour)
made frequent readings at a central base station essential to
the analysis of these data. The magnetic anomaly field is char-
acterized by a steep gradient of 225 gammas in only 10 kilo-
meters, with a high in the grid east and a low in the grid west.
A three-dimensional model using a source of high magnetic
susceptibility (0.011 centimeter-gram-second units) immedi-
ately beneath the ice gives a magnetic field that closely fits that
observed. However, the 5.8-6.0-kilometer-per-second seismic
velocities obtained in the same area (Shabtaie et al. 1980) are
much lower than would be expected for most rocks with the
required magnetic susceptibility. An acceptable geologic
explanation may involve mafic extrusives interstratified with
sediments.

In an effort to determine the extent of crystalline anisotropy
in the ice sheet, a seismic wide-angle reflection experiment
was performed during the 1979-80 field season (Shabtaie et
al. 1980). Preliminary results for one of the three lines shot are
shown in figure 2, which is a plot of average wave speed over
the travel path vs. angle of incidence. As the figure shows, the
data can be modeled quite nicely by an ice sheet that comprises
approximately 50 percent perfectly anisotropic ice with a ver-
tical axis of crystal symmetry.

Seismic short refraction data from Dome C are being reduced
and analyzed. Compressional wave velocities increase more
slowly with depth than at Byrd Station, on the Ross Ice Shelf,
or in Victoria Land. The density-depth curve calculated using
Kohnen's density-velocity relation (Kohnen 1972) is similar to
Alley's (1980), compiled from direct measurements on core
from Dome C, and to the one reported by Korotkevich (1978)
from direct measurements of core taken from Vostok.

Analysis of the electrical resistivity profiles reported last
year (Shabtaie et al. 1980) continues, with emphasis on devel-
oping a computer program to calculate apparent resistivities
on an inland ice sheet in which the density, temperature, and
ionic impurities vary with depth.

Analysis of digital magnetotelluric recordings made during
the 1979-80 field season has yielded inconclusive results.
Updating of the analog equipment has continued in prepara-
tion for the 1981-82 field season.

This research was supported by National Science Founda-
tion grant DPP 78-20953.
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Figure 2. Plot of the average wave velocity (in meters per second)
measured through the Ice sheet vs. angle of incidence (I), for wide-
angle seismic reflections, Dome C. The dashed line indicates the
velocity function expected for an ice sheet comprising two layers
of equal thickness, one with random crystalline alinement and the
other with 100 percent vertical c-axial alinement.
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Dome C glaciology
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Data collected during the 1978-79 and 1979-80 field seasons
(Bolzan, Palais, and Whillans 1979) at Dome C have been
analyzed, and most results were presented at the Third Inter-
national Symposium on Antarctic Glaciology (TIsAG) in Sep-
tember 1981.

J . Palais has studied snow stratigraphy with a view toward
developing a model for the formation of the stratigraphic fea-
tures preserved at depth. Many of these features are satisfac-
torily explained by patterns in original deposition complicated
by the formation of sastrugi. We plan to investigate diagenetic
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effects when the results of the stable oxygen isotopic mea-
surements become available.

R. Alley has studied the 50-meter core obtained by the Polar
Ice Coring Office. He has found grain size and firn-structural
variations, the origins of which are unknown. The amplitudes
of these variations decrease with depth, and depth changes
have been studied to test models for grain growth and firn
densification with depth.

J . Boizan, R. Ewing, and I have compared the temperature
profile at Dome C with model calculations and find it consis-
tent with steady glacial flow and a climatic temperature
increase of about 3°C about 15,000 years ago. This confirms
the concept that antarctic temperatures were lower during the
last Northern Hemisphere glaciation and that this portion of
the ice sheet has not surged during the past 100,000 years or
so, contrary to some suggestions.

The interpretation of shallow-depth temperature profiles
requires a knowledge of the thermal properties of firn. J . Bol-

zan and I designed and operated simple equipment at Dome
C to test core samples. R. Ewing interpreted the data, and
results were presented at TISAG.

In preparation for the interpretation of stable oxygen iso-
topic ratio data, D. Bromwich and C. Weaver have been study-
ing atmospheric processes using data published by Japanese
researchers from Syowa Station. They find that the isotopic
ratio there is closely connected with the sea ice extent.

Strain figures were established in 1978-79, and remeasure-
ments will be done in 1981-82; other aspects of our program
at Dome C will be concluded as well.

The program is supported by National Science Foundation
grant OFF 76-23428.
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collapse of the ice sheet (Denton et al. 1979). The radial network
of flights over this area defined the drainage basin for Pine
Island Glacier (figure) and also revealed deep and rugged bed-
rock topography between the Ellsworth Mountains and a much
more elevated region toward Eights Coast.

One flight covered the area to the east of Siple Station toward
the base of the Antarctic Peninsula. This flight, together with
two tracks flown over the peninsula going to and from the
Ellsworth Camp, complemented sounding carried out by BAS
in 1975 using NSF fuel from Siple Station (Swithinbank 1977).
The objectives were to define the southern limit of the Ant-
arctic Peninsula and to investigate its geological structure in
relationship to the low-lying bedrock to the west.

Several local glaciers within the Ellsworth Mountains were
sounded on another flight. Long and cross profiles of New-
comer, Nimitz, Minnesota, and Union Glaciers were obtained.

A Twin Otter belonging to the British Antarctic Survey (BAS)
carried out 60 hours of airborne radio-echo sounding in Feb-
ruary 1981 as part of a joint National Science Foundation (NSF)/
BAS program to study the tectonics of West Antarctica and the
geological relationship between East and West Antarctica. We
operated from the NSF Ellsworth Camp set up for the 1979-80
season. For logistic reasons, geological field parties could not
be supported, so all the fuel was used for radio-echo flights.
Because the base of operations was near the center of the area
of interest, all flying time provided new useful data. A total of
12,000 kilometers of track was flown, covering the half-million
square kilometer area of Ellsworth Land between Pine Island
Glacier in the west and the base of the Antarctic Peninsula in
the east.

Ten flights were made between 6 and 17 February 1981. Five
flights were over the previously unsounded area of Ellsworth
Land to the north and west of the Ellsworth Mountains. Two
of these flights ranged as far as Pine Island Glacier, measuring
transverse and longitudinal profiles of an outlet glacier thought
to play an important role in determining the stability of the
west antarctic ice sheet (Denton et al. 1979). At the grounding
line the ice is about 1,400 meters thick, resting in a bedrock
trough about 1,200 meters below sea level and on a 200-meter-
high bedrock sill. This sill may be preventing the postulated

Surface elevation contours (In hundreds of meters) from aircraft
Pressure altimetry.
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The Minnesota and Union Glaciers cut across the dominant
structural trend of the mountains, while the Newcomer and
Nimitz Glaciers follow it. We also sounded along six gravity
profiles made earlier by U.S. scientists studying major struc-
tural features of the Ellsworth Mountains.

A short flight to the southwest of the Ellsworth Mountains
was used to fill in a blank area on the NSF/Scott Polar Research
Institute and Technical University of Denmark grid of radio-
echo sounding flights (Drewry et al. 1979). The remaining two
flights concentrated on the Ronne Ice Shelf. The ice rises and
western boundary of the ice shelf appear to be morphologically
similar to each other but sufficiently different in character from
the rest of Ellsworth Land to provide a constraint to the size
of a possible Ellsworth Mountain microcontinent (Schopf 1969;
Watts and Bramall 1980).

Navigation was by means of a Doppler radar system. The
accuracy was very good, errors of only a few kilometers being
observed after flights lasting up to 8 hours. Most of the flying
was carried out at about 10-meter terrain clearance in order to
gain maximum penetration of the ice sheet. Low flying allowed
successful sounding even in areas of extensive crevassing;
surface reflections from the spectacular jumble of rifts, cre-
vasses, and rumples on Pine Island Glacier obscured the bot-

tom echo when flying at altitudes of a few hundred meters
above the surface but caused no loss of echo when flying at 10
meters.

This work was supported by National Science Foundation
grant DPP 78-20679 to I. W. D. Dalziel of Lamont-Doherty Geo-
logical Observatory, Columbia University.
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Analysis of RIGGS data, 1980_1981*
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and SI0N SHABTAIE

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Analysis of gravity data from the Ross Embayment continues
at the Geophysical and Polar Research Center. Sea-shelf grav-
ity data from cruises 32, 51, and 52 of the USNS Eltanin, which
have been approximately adjusted to the new gravity datum
(IGSN 71) and geodetic reference system (GRS 67), have been
used to extend the Ross Ice Shelf Geophysical and Glaciological
Survey (RIGGs) gravity data to the edge of the Ross Sea conti-
nental shelf.

Except for a few isolated anomalies, free-air gravity anomaly
values in the Ross Embayment (figure) are negative. Free-air
gravity anomalies trending parallel to the Transantarctic
Mountains dominate the map. These anomalies are superim-
posed on a regional free-air gravity anomaly field that
increases from a minimum of -30 milligals near the Siple
Coast to -15 milligals near Ross Island and near the edge of
the Ross Sea continental shelf. The regionally negative char-
acter of the free-air gravity anomaly field favors an extended
Ross Ice Sheet model for late Wisconsin time.

A spectral analysis technique described by Lewis and Dor-
man (1970), applied to the free-air anomaly, Bouguer anomaly,
and bathymetry maps of the Ross Embayment, reveal that
topographic loads with wave lengths greater than 500 kilo-
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*Contribution 397, University of Wisconsin-Madison, Geophysical
and Polar Research Center.

Free-air gravity anomaly map of the Ross Embayment. The contour
Interval Is 10 milligals.
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meters appear to be overcompensated. The relationship of
gravity anomalies to short wavelength features shows consid-
erable scatter, which precludes modeling of the gravitational
response to topographical loading in terms of properties of the
crust and upper mantle.

Models of the 204 kilometers of local gravity profiling done
in the vicinity of the three RIGGS base camps, Q13, C-16, and
J-9, were computed using the Taiwani method (Talwani and
Ewing 1960; Talwani, Worzel, and Landisman 1959). Faults
with throws as large as 500 meters occur in the gravity models
for each of these stations, as well as at RIGGS stations RI and BC
(Whiting 1975). All the faults except the one at BC, which strikes
grid NE-SW, strike parallel to the predominant trend of the
free-air gravity anomaly map, indicating a relationship
between local and regional tectonics beneath the Ross Ice Shelf.
The fault at BC may be related to a secondary trend running
grid NE-SW through Crary Ice Rise.

RIGGS electrical resistivity profiles have been discussed
elsewhere (Bentley 1977, 1979; Shabtaie and Bentley 1979).
Model resistivities calculated in those studies assumed that
the resistivity varied with temperature and density only,
although the potential importance of ionic impurities was rec-
ognized. We are changing our computer program to take ionic
impurities, which vary with depth at a particular site and with
distance from the ocean front (Herron and Langway 1979), into
account. We hope thereby to improve estimates of bottom-
mass balance rates on the Ross Ice Shelf.

Many of the complexities in the ice shelf that have been
revealed by recent geophysical and glaciological investigations
could be important in iceberg structure. Rift zones, surface
and bottom crevasses, ridge/troughs, and other features
revealed by radar sounding could substantially modify the
hydraulics of iceberg towing and/or lead to disintegration in
the course of transport. Bottom crevasses with different
shapes, sizes, and spacings are abundant in ice shelves. Radar
profiles normal to the ice shelf barrier in some places show
regularly spaced rifting upstream from the barrier, suggesting
a periodic calving, and reveal differential bottom melting near
the barrier that would cause icebergs to have a dome-shaped
surface. From the relationship between elevation and total ice
thickness of the Ross Ice Shelf, expressions for the thickness/
freeboard ratios of tabular icebergs calved from the ice shelf
have been obtained. For more details see Shabtaie and Bentley
(in press).

As part of a project to study the history of the ice sheet in
the Ross Embayment, a program has been developed to solve
Mahaffy's (1974, 1976) equations for computation of time-
dependent thickness changes in ice sheets and has been
applied to a digitized version of the Hughes and others (1981)
reconstruction of the antarctic ice sheet as it existed during the
late Wisconsin glacial maximum. The purpose of the experi-
ment was to investigate the feasibility of using the Mahaffy
model for computation of the load changes on the Earth asso-
ciated with shrinkage of the ice sheet from its apparent late-
glacial maximum size. The reconstruction of Hughes and
associates (1981) was used as a starting point because it is (at
present) the only complete reconstruction of the ice sheet at a
former time that is based on a synthesis of geologic evidence
and the mechanics of iceflow.

The ice sheet was assumed to move via shear strain parallel
to the geoid; basal sliding was assumed to be zero everywhere.
The accumulation rate was taken to be constant at 0.17 meters
per year (about average for the present ice sheet). A flow law
exponent of 3 was used, with a flow law constant appropriate

for ice at about - 10°C. The modeled ice sheet was not allowed
to advance beyond the edge of the continental shelf. A 111-
kilometer grid was used, and the modeled time period was
1,200 years, with 50-year time steps.

The model predicted thickening in most areas, accompanied
by smoothing of the ice sheet surface. The locations of former
ice streams (assumed to exist in places where present ice
streams exist) are reflected in the reconstruction of Hughes
and others (1981) by troughs with low surface slopes, and
these, in particular, tended to fill in rapidly. These results
indicate that ice sheet behavior cannot be modeled realistically
without taking account of basal sliding.

Further analysis of the characteristics of the radar reflecting
bands in the grid eastern part of the Ross Ice Shelf (Bentley
1981) suggests that over the past 1,500 years (1) the input from
east antarctic outlet glaciers has been steady, (2) except near
the ice front, no areally extensive region exhibits a bottom
melting or freezing rate greater than 0.1 meter per year, and
(3) variations as large as an order of magnitude in the ice input
from the sections of the Transantarctic Mountains between
outlet glaciers have occurred. Comparison of those variations
with oxygen isotope records suggests climatic control (Bentley
in press).

This research was supported by National Science Founda-
tion grant DPP 79-20736.
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Byrd Glacier: 1978-1979 field results

T. HUGHES and J. L. FASTOOK

Department of Geological Sciences
and

Institute for Quaternary Studies
University of Maine-Orono

Orono, Maine 04469

Photogrammetric determinations of the surface velocity and
elevation, combined with radio-echo determinations of ice
thickness and basal grounding, for Byrd Glacier eventually
will provide data for a finite-element analysis of the Byrd
Glacier-Ross Ice Shelf interaction. This is the ultimate objective
of our study. Application of our finite-element model, devel-
oped by W. F. Schmidt, must await completion of the photo-
grammetric analysis. In the meantime we are reporting our
complete 1978-79 field results. These results have been avail-
able since early 1979 but are published here for the first time.

Figure 1. Survey work on Byrd, Hatherton, and Darwin Glaciers. Ground control points for photogrammetric work were established by
electronic traverse and trliateratlon in conjunction with the U.S. Geological Survey team of Thomas T. Smith and Leland D. Whitmiil.
Several of these points were also occupied by the U.S.G.S. team with JMR Doppler positioning equipment. Three U.S.G.S. electrotape
units were made available to the University of Maine to carry on the survey after the departure of the U.S.G.S. surveyors. Ice motion was
measured by repeated intersections of 71 markers on the ice from some of the ground control points and additional points established
specifically for the purpose.

Symbols on the figure indicate the following: U.S.G.S. control survey lines ...... . simultaneous angle experiments for measuring tidal
oscillations, . (denoted I, Ii, Ill); baselines for ice motion survey, ; photogrammetric control survey lines - - (direction
measurements, -*; distance measurements, ); survey station, 0; survey station also occupied in the JMR receiver, 0; survey stations
at ice motion markers,:. ; ice motion markers,*. (Centerline markers denoted C; transverse velocity markers denoted 1, 2, 3, 4, 5.)
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Our justification for studying Byrd Glacier and the field	Figure 2 shows surface velocities measured on Byrd, Dar-
techniques we employed were discussed in the 1979 annual	win, and Hatherton glaciers using the survey stations and
review of this journal (Hughes 1979). Figure 1 shows the kinds	baselines shown in figure 1. The two landward velocities
of field studies made on Byrd, Darwin, and Hatherton glaciers	across the north rift of Byrd Glacier may be an artifact of the
during the 1978-79 field season. In addition, two photo-	great distances to survey targets (up to 68 kilometers). Dashed
graphic flights were made 2 months apart for the photogram-	velocity vectors represent sightings from a single survey sta-
metric study. Low clouds obscured the entrance to Byrd Glacier	tion, after initial sightings from two or three stations when the
fiord on the first flight, so surface velocities in this region	survey targets were emplaced. These targets ablated into the
could not be measured photogrammetrically. A third photo-	ice and became lost from view at some survey stations.
graphic flight was made at the end of the 1980-81 field season,	Figure 3 (top left) shows the respective surface elevations
but incomplete sidelap down the center of Byrd Glacier will	and velocities along the centerline array of survey targets in
restrict any photogrammetric study to the lateral rifts. These	figure 1. A break in elevation and velocity at target B seems to
rifts are critical boundary conditions in applying our finite-	locate the first grounding of floating ice. Target B lies on the
element model to Byrd Glacier. The photogrammetric study is	200-meter surface elevation contour in figure 1 and is about
being conducted at The Ohio State University by Henry H.	150 meters lower than the U.S. Geological Survey contours in
Brecher.	 figure 1 that were made from 1960-62 aerial photography.
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Figure 2. Glacier surface velocities determined from ground surveys. (Dashed lines represent results for which some assumptions were
required because data were missing.)
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However, contrary to the preliminary result by Brecher (1980),
Byrd Glacier has not thinned since then (Brecher personal
communication).

Figure 3 (bottom left) shows five transverse velocity profiles
from the north fiord wall to the centerline of Byrd Glacier.
Survey targets for these profiles are located in figure 1. Profiles
1, 2, and 3 were meant to compare velocities immediately
downstream from, at, and immediately upstream from, the
grounding line. However, as seen in figure 3 (right) no sharp
grounding line exists and profiles 2 and 3 apparently span a
broad zone of grounding. Profiles 4 and 5 are both across
grounded ice and were meant to compare velocities in the
fiord where ice experiences basically longitudinal flow in sim-
ple shear alongside fiord walls (profile 4) with velocities for
ice just entering the fiord from a strongly converging flow
regime (profile 5). In all cases, a sharp velocity gradient occurs
near the fiord wall. This suggests that simple shear in an easy
glide fabric exists along the entire length of the fiord, despite
converging flow at the fiord entrance and the observed shear
rupture after Byrd Glacier becomes afloat.

Figure 3 (right) shows the changing tidal rise and fall of Byrd
Glacier with distance up Byrd Glacier fiord. These data are
from simultaneous measurements of vertical angles between
survey stations on the fiord wall and survey targets on the
glacier, as described earlier (Hughes 1979). These station-tar-
get links are identified by Roman numerals I, II, and III in
figures 1 and 3. Byrd Glacier seemed to be fully ungrounded
at target I, but partial grounding was evident at targets II and
III. The rapid increase in surface slope beginning at centerline
target B in figure 3 includes targets II and III, but not target I.
Unpublished radio-echo sounding results are also consistent
with grounding in this zone (Drewry personal communica-
tion).

As seen in figure 1, baseline lengths and distances from
survey stations to survey targets were often quite large. Cor-
rections for refraction and curvature of the Earth were neces-
sary. Over distances up to 34 kilometers, we obtained a linear
correction of 0.063 ± 0.0001 meter per square kilometer at Byrd
Glacier. We hope our correction curve will be useful to others
who may survey in this part of Antarctica in future years.
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John Splettstoesser coordinated our logistical needs. Our
field measurements were made by Charles Swithinbank,
James Fastook, Tad Pfeffer, Mark Hyland, Jeff Lingham, Henry
Brecher, and T. Hughes, with full cooperation of U.S. Navy
helicopter squadron VXE-6 and the support of National Sci-
ence Foundation grants DPP 77-22204 and DPP 79-18681.
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Microparticle record from Q-13:	 Average
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A 100-meter core was drilled on the Ross Ice Shelf at site Q-
13 (78°57'S 179°55'E) during the 1977-78 austral summer. At
site Q-13 the Ross Ice Shelf is approximately 330 meters thick
and the ice moves approximately 900 meters per annum from
the grid southwest corner of the ice shelf (Jezek 1980). Flow
line maps based on intensity variations of the bottom echo
(Bentley et al. 1979) indicate that ice at Q-13 has come from the
vicinity of West Antarctica ice streams A and B passing to the
east of the Crary Ice Rise (these streams flow into the Ross Ice
Shelf at approximately 84°-85°S 15°W).

A total of 2,611 samples representing the entire 100-meter
length (equal to 77 meters of water) were analyzed for micro-
particle concentration and size distribution. The figure illus-
trates the concentration of total particles (diameters equal to
or greater than 0.63 micrometers) per 500 microliters of sample
for the entire 100-meter core, plotted in water-equivalent
depth. The dates assigned at each 5-meter interval were
obtained by counting apparent seasonal variations in particle
concentration downward from the surface. The average annual
accumulation (A n) estimates for each 5-meter interval (figure)
fall between 143 and 200 millimeters of water per annum. A
for the entire core is 169.4 millimeters per annum.

As might be expected, the Q-13 microparticle record for the
last 450 years bears no resemblance to the only other detailed
antarctic microparticle record, that from the South Pole (Mos-
ley-Thompson 1980). In the Q-13 core a gradual increase in
particulate deposition begins around 1800, increasing by a
factor of 4 by 1900 (table). Particulate concentrations increase
rapidly after 1900, and by 1950 the concentrations are almost
one order of magnitude greater than in 1730 (table). This gen-
eral increase in particle concentration is attributed to the grad-
ual northward movement of the deposition site. Thompson
and Mosely-Thompson (in press) report a current annual par-
ticle deposition rate of 150,000 particles at site J-9, which is
approximately 500 kilometers from the Ross Sea, in sharp con-
trast to 900,000 particles per annum at site Q-13.

Much of the material deposited at Q-13 today is locally
derived, as the concentration ratios for large particles (greater
than 1.0 micrometer) in the table illustrate. Most of this mate-
rial probably is transported in association with the cyclonic
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The concentration of total particles in 2,611 samples representing
the entire 100-meter 0-13 core. Depth is in water equivalent. The
estimated annual accumulation rate (in millimeters) and the date
are Included for each 5-meter increment.

storm systems that move into the Ross Sea. Carleton (1981)
reports that during all seasons cyclogenesis in the Southern
Hemisphere tends to occur over middle latitudes, with matu-
rity and decay (cyclolysis) occurring at higher latitudes.
Cyclone frequency is 2.5 times greater during winter than
summer (Carleton 1981), and by late winter/early spring (Sep-
tember) cyclolysis reaches a maximum in response to the
intensified circumpolar trough. The mean distribution of dis-
sipating vortices for five winters shows a maximum over the
Ross Sea (Carleton 1979). As these dissipating storms move
onto the Ross Ice Shelf, they can transport very small (less than
1.0 micrometer) particles from mid-latitudes as well as local
antarctic material entrained from exposed areas along the east-
ern margin of the Ross Sea Embayment.
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Ratios of particle concentrations representing five time intervals
In the 0-13 ice core

Estimated	 Particle size (in micrometers)

time horizons 0.63-0.80	0.63	1.0	5.0

1900 5.2	4.8	3.9	41730

8.1	9.3	10.8	241730

25	27.9	29.6	251730
1 927 39.5	52.2	68.5	341730

ii 1.5	2.0	2.7	61900

The very substantial increase in particle concentrations
between 1920 and 1940 is quite intriguing. Size distribution
data indicate that the material is locally derived and consists
of great quantities of large (greater than 1.0 micrometer) frag-
ments. Very pronounced broad peaks are centered at about
1927, 1934, 1938, and 1940 and are associated with modest
increases in accumulation. Scanning electron microscope
examination of the particles in the 1927 and 1940 peaks reveals
many large (greater than 50 micrometers) fragments and very
few fresh volcanic glass shards, which might be expected if
direct air fall from Mount Erebus were the source.

We propose that the most viable mechanism to account for
the transport of this great quantity of poorly sorted material to
site Q-13 between 1920 and 1940 is either an increase in the
annual frequency of storms entering the Ross Sea or deeper
penetration of the depressions onto the Ross Ice Shelf. Under
conditions of greater baroclinic instability, deeper depressions

could be generated over the southern oceans, resulting in a
more southward penetration into the Ross Sea during a longer
dissipation stage.

We plan to analyze available meteorological data from Aus-
tralia and New Zealand and from the Byrd antarctic expedi-
tions (1928-30, 1933-35) for any evidence that might support
or refute a substantial change in cyclonic activity or patterns
in the Ross Sea-Australian sector between 1920 and 1940.

This work was supported by National Science Foundation
grant DPP 77-19371A02. We express appreciation to A. Carle-
ton, J . Rogers, and P. Kyle for valuable discussions. We thank
R. Tope and J. Cothran for the accompanying illustration.
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Gas in Allan Hills and Byrd Station
core ice

E. L. FIREMAN and T. NoRRIs

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

We extract and analyze the gas from 5- to 30-kilogram sam-
ples of Allan Hills and Byrd core ice and measure its carbon-
14 ( 14C) content. From such analyses, we date the ice and
obtain information on the history of the ice and the compo-
sition of the ancient atmosphere.

The Allan Hills site (76°45'S 159°40'E), at 2,000 meters ele-
vation, is an ice-ablation region of approximately 100 square
kilometers where many exposed meteorites have been found
(Cassidy 1978; Cassidy, Olsen, and Yanai 1977). The terrestrial
ages of the meteorites range from 11,000 to 700,000 years
(Evans, Rancitelli, and Reeves 1979; Fireman 1980a; Fireman,
Rancitelli, and Kirsten 1979; Nishiizumi et al. 1979). Essen-
tially no glaciological, isotopic, or gas information exists for
Allan Hills ice.

The Byrd core, on the other hand, has been studied exten-
sively and provides a continuous stratigraphic record for the
past approximately 100,000 years (Epstein, Sharp, and Gow
1970; Johnson et al. 1972). Gas studies on Byrd core using
analytical procedures different from those we use are being
done by Berner, Oeschger, and Stauffer (1980). We extract the
gas by helium purging the meltwater, then acidifying and
heating the water (pH = 1, 55°C) and repurging the water
(Fireman 1980b; Fireman and Norris in press). The carbon
dioxide (CO2) is removed from gas by a fine spiral cold trap,
measured volumetrically. The oxygen is removed from the gas
and the purified nitrogen and argon (N2 + Ar) is studied mass
spectrometrically.

Table 1 gives the amounts of gas, the percentage of CO 2. the
14C activity, and the 14C ages of four Allan Hills ice samples,
a frozen distilled water sample, and seven Byrd core samples.
Maps of the Allan Hills site given by Annexstad and Nishio
(1979, 1980) show the locations of the numbered stakes and the
strain flower region.

Table 2 gives the nitrogen and argon abundances, the vari-
ation of nitrogen-15 (' 5N) relative to room-air nitrogen, and
the argon-40 to argon-36 ( 40Ar/36Ar) ratios.

The amount of gas in the Allan Hills ice from stake 18, 20
cubic centimeters per kilogram, is lower than the amount in
the other samples. The low gas content at this site is probably
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Table 1. Amounts of gas, percentage of carbon dioxide (CO2), and specific activity of the CO 2 and carbon-14 (14C) ages

Sample location, depth,	Extraction temperature	Gas (cubic centimeters	 14C/CO2	 14C age
and weight	 and pH	 per kilogram)	CO2 (percent)	(10-3 dpm/cm3)*	(1,000 years)

Allan Hills
Stake 12, surface	 24°C, 1

31 kilograms	 55°C, 1
Stake 18, surface	 24°C, 5.5

16.6 kilograms	 55°C, 1

	

Stake 11-12, 5-25	24°C, 5.5centimeters	
55°C 112.9 kilograms

	

Strain flower, 10-20cen-	
24°C, 5.5timeters	
24°C 110.3 kilograms

Frozen water	 24°C, 5.5
7.8 kilograms	 55°C, 1

Byrd core
271 meters	 24°C, 5.5
7.6 kilograms	 55°C, 1
272 meters	 24°C, 5.5
8.8 kilograms	 55°C, 1
362 meters	 24°C, 1
6.2 kilograms	 55°C, 1
363 meters	 24°C, 1
8.0 kilograms	 55°C, 1
1068 meters	 24°C, 5.5
9.2 kilograms	 55°C, 1
1071 meters	 24°C, 5.5
6.2 kilograms	 55°C, 1
1469 meters	 24°C, 5.5
9.5 kilograms	 55°C, 1

*(10_3 dpm/cm 3) = 0.001 decays per minute per cubic centimeter.

Table 2. Nitrogen (N 2 ) and argon (Ar) abundances and isotopic
compositions

Percentage Percentage
Gas	of N 2	of Ar	15N(0/00)b	40Ar/36Ar

sample	(o = ± 1.0)a ( 0, = ± 0.05)(a = ± 0.30) (a = ± 2)

Allan Hills
Stake 12 (sur-	77.4	0.89	-0.26	296
face)
Stake 18 (sur-	77.6	0.92	0.51	294
face)
Stake 10-11	79.7	0.94	1.25	296
(5-25 centi-
meters)
Strain flower	78.0	0.93	-2.72	296
(10-20 centi-
meters)

Frozen water	71.8	1.30	-	-
Air	 78.0	0.93	0.0	296
Byrd core

271 meters	79.3	0.93	1.76	295
272 meters	77.9	0.93	-	-
362 meters	79.3	0.95	-1.38	295
363 meters	77.7	0.82	-1.71	294

1,068 meters	77.6	0.82	1.08	-
1,071 meters	78.6	0.92	3.70	296
1,468 meters	78.8	0.71	-0.07	292

a = standard deviation.I ( 15 NI14 N)samp	1b15N =I	 - 1x 1,000L	(15N114N)air	J

0.187
	

27 ± 3
	 Nuclear

debris
Nuclear0.129

	
25 ± 6 

debris

0.054
	

7.0 ± 3.0	 '6

0.049
	

11.0 ± 3.0

1.35
	

9.0 ± 0.5
	

0 ± 0.7

0.0336	 6.8 ± 1.0	1.0 ± 1.0

0.051	 6.0 ± 0.5	2.0 ± 0.7

0.0216	 -	 -

0.0356	 3.0	 8.0

0.0237	 -	 -

caused in part by the high horizontal velocity of the ice, 237
centimeters per year, and in part by melting and refreezing.
The high CO2 contents of the surface ice at stakes 18 and 12 are
indicative of melting and refreezing. Very high CO 2 abun-
dances were obtained in gas from frozen distilled water.

The amount of gas in the ice between stakes 11 and 12, at
stake 12, and at the strain flower region, approximately 50
cubic centimeters per kilogram, is greater than at stake 18 but
less than in the Byrd samples. The Byrd core had gas contents
ranging from 58 cubic centimeters to 118 cubic centimeters per
kilogram. The highest gas contents were in the 1,068-,
1,071-, and 1,469-meter samples; our values for the gas con-
tents at these depths agree with those of Berner and others
(1980). However, our values for the 271-, 272-, 362-, and 363-
meter depths are approximately 25 percent lower than their
values.

The CO2 abundances in the Byrd core are generally lower
than in the Allan Hills ice. Two Byrd samples, at 1,068- and
1,469-meter depths, had lower CO 2 abundances than normal
air. Their low CO2 abundances of 0.0216 and 0.0237 percent
are in accord with the results of Berner and associates (1980)
for their first gas fraction. The specific activity of the 14C in
the 1,071-meter sample indicates that its age is greater than
8,000 years.

The high 14C specific activities in the surface ice at Allan
Hills indicate the presence of nuclear debris. The nitrogen
abundances are the same as in normal air; however, there are
fluctuations in the 8 15N ratios that cannot be attributed to
experimental error.

47.0
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20.1
0.4

46.0
1.5

52.5
0.15

20.4
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66.8
0.1
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0.1
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We thank W. A. Cassidy for the Allan Hills ice, C. Langway,
Jr. for the Byrd core ice, and J . DeFelice for his assistance. This
work was supported in part by National Science Foundation
grant DPP 80-25234.
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Micrometeorites from antarctic ice
cores

ELBERT A. KING and JERRY WAGsTAFF

Department of Geology
University of Houston
Houston, Texas 77004

The continuation of our efforts to recover and identify extra-
terrestrial particles from the antarctic ice cores (King and
Wagstaff 1980) has resulted in a collection of micrometeorites
that closely resemble particles presently recovered from high-
altitude aircraft (Fraundorf, Brownlee, and Walker 1981). Many
particles are clearly extraterrestrial, and some of these may
have been derived initially from comets. The rationale, pro-
cedures, and investigative techniques have been described by
Wagstaff and King (1981).

The most abundant particles in the ice cores consist of irreg-
ular particles, shards, and spheres with the major elements Si-
Al-Fe-Ca-K-S-0 or Si-Al-Fe-Ca-K-0 that almost certainly are
derived from terrestrial volcanoes. Fortunately, these terres-
trial particles are easy to recognize on the basis of both mor-
phology and composition. Industrial pollution presents no
problem in our samples because the samples now being exam-
ined predate the industrial age.

Particles assigned to an extraterrestrial origin include Fe-S
and Fe-0 spheres and also irregular particles with various
proportions of Si-Mg-Fe-Ni-S-P-Al-0 and Fe-Cr-Ni-S-O with
overall appearances and textures similar to particles described
by Brownlee et al. (1976) and others. The spherical particles

may originate as ablation products from the surfaces of larger
meteoroids, liberated chondrules, melted primary particles, or
primary particles that are essentially unaltered. The irregular
particles may be primary or may result from the disaggregation
of fragile meteoroids by aerodynamic pressure in the atmo-
sphere.

As in any research project involving the analysis of large
numbers of particles, we have found several classes of particles
of problematic origin. These include (1) non-nickel-bearing
Si-Mg-0, Si-Mg-Fe-O, and Si-Ca-Mg-Fe-Ti-O particles less
than 5 micrometers in diameter that appear to be olivines and
pyroxenes; (2) particles with an abundance of low atomic
number (less than 11) elements that contain minor amounts of
Fe-Ni-Cu, Fe-Mn, or Ti-Si-Fe-Cr in discrete inclusions;
(3) particles with abundant low atomic number elements and
minor amounts of Si-Ca-Mg-Fe-Zn-Cu-Ni-S, which are dis-
tributed inhomogeneously; and (4) a single La-Ce-Fe sphere
11 micrometers in diameter. Some of these problematic par-
ticles, particularly the nickel-bearing ones, may be of extrater-
restrial origin. Some of the rare unusual particles may be pre-
viously unrecognized contaminants.

A long-range goal of our work is to attempt to correlate the
populations of particles in certain core intervals with the
apparitions of dusty comets or particularly spectacular come-
tary meteor displays to try to identify populations of extrater-
restrial particles that originated from comets.

In our most micrometeoroid-rich sample intervals, the cores
contain approximately 1 extraterrestrial particle in 10,000 ter-
restrial ones. However, the fact that the compositions and
other properties of extraterrestrial particles differ from ordi-
nary volcanic ones offers the possibility of concentrating vol-
umes of extraterrestrial particles by various separation tech-
niques—provided a sufficient volume of micrometeoroid -rich
antarctic ice can be obtained, either from cores or from
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trenches. If successful, this separation of at least certain types
of extraterrestrial particles from the larger population of vol-
canic particles will allow us to concentrate on the characteri-
zation of extraterrestrial particles rather than the search for
such particles. Another benefit of particle separations will be
the greater numbers of extraterrestrial particles that can be
characterized in a given unit of time. This appears to be the
most cost-efficient method presently available for the recovery
of extraterrestrial particles or micrometeoroids, even without
significant extraterrestrial particle concentration.

This research was supported by National Science Founda-
tion grant DPP 78-20410.
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Physical and structural
characteristics of sea ice in

McMurdo Sound

ANTHONY J . Cow, W. F. WEEKS, JOHN W. CovoNI,
and STEPHEN F. ACKLEY

U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire 03755

An examination of the physical and structural properties of
sea ice in McMurdo Sound was conducted in October and
November 1980. This work, performed in conjunction with
studies of Weddell Sea pack ice, constituted the final phase of
a 3-year field program devoted to investigation of the dynam-
ics, thermodynamics, and structure of antarctic sea ice. Results
of the previous 2 years of fieldwork in the Weddell Sea have
been reported by Ackley and his associates (Ackley 1979;
Ackely et al. 1980).

This season's study in McMurdo Sound was restricted sub-
stantially to sea ice that had formed since April 1980 following
a major breakout of ice in February 1980 that virtually elimi-
nated all previously existing sea ice in McMurdo Sound,
including several generations of multiyear ice. Only at one
location, near Cape Chocolate on the western edge of
McMurdo Sound, was multiyear ice observed and sampled.
The locations of this one sample (site 18) and of all other
samples obtained during the current survey are indicated in
figure 1. At each location these samples included large, azi-
muthally oriented blocks excavated down to 60 centimeters
with the aid of a chainsaw and oriented cores extending from
top to bottom of the ice sheet. The sampling program included
an over-ice traverse of the bay-fast ice in McMurdo Sound.
During the latter stages of this traverse we observed that a
recent, very extensive calving of the Koettlitz Glacier ice
tongue had occurred in the immediate vicinity of the Dailey
Islands, located between sites 16 and 20. This breakout, indi-
cated by the shaded area in figure 1, most likely occurred
sometime during the past 4 years and involved the loss of at
least 80 square kilometers of ice. At present, only two of the
six Dailey Islands remain connected to the Koettlitz Glacier ice
tongue. The present disposition of the ice edge indicates that
further substantial calving leading to detachment of ice from
the two remaining Dailey Islands is imminent.

Preliminary investigations of the crystal structure of samples
from 28 locations revealed widespread formation of congela-

tion ice but only minimal amounts of frazil ice, limited gen-
erally to the upper layers of the sea-ice sheet. Frazil ice of the
type that characterizes much of the pack ice in the Weddell Sea
(Ackley et al. 1980) was not detected in McMurdo Sound. Frazil
ice is derived from small crystals that are nucleated in the
water column; the virtual absence of such ice in McMurdo
Sound can probably be attributed to the bay-fast nature of the
sea-ice sheet and the lack of large leads and polynyas. How-

/

19\ is

Figure 1. Satellite Image map of McMurdo Sound showing loca-
tions of sea-ice sampling sites. Circled area showing the location
of site 1 also includes sites 2, 3, 4, 5, and 22. At several of the sites,
the direction of preferred c-axis alinement is indicated by a line
passing through the solid circle marking the site. At sites marked
with only a solid circle, the c-axis orientation has not yet been
determined. Sites showing random alinements of c-axes are
marked with open circles. Note that sites 7, 8, and 9 actually were
located on fast ice, not on drifting pack Ice as Indicated on this
satellite image map, which was prepared from ERTS-1 data
obtained on 13 Januray 1973. Scale: 1 centimeter = about 5.5
kilometers.
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ever, the formation of a sub-ice platelet layer with individual
plates measuring up to several centimeters in length was
observed at the majority of sampling sites (see also, Paige
1966). At one location, this sub-ice platelet layer was observed
extending several tens of centimeters below the bottom of the
ice sheet.

Petrographic studies (see figure 2 for typical textures and
fabrics) revealed crystalline structures and c-axis orientations
that exhibited much in common with shore-fast ice of the
arctic coast of Alaska, as reported by Weeks and Cow (1978,
1980). Strong-to-moderate c-axis alinements were observed at
about 60 percent of the sampling sites in McMurdo Sound. As
was observed in the Arctic, these alinements appear linked to
the measured and/or inferred direction of the current at the
ice-water interface.

Salinity measurements also indicate somewhat greater
entrapment of salt in McMurdo Sound sea ice than is observed
in the Arctic.

Work is continuing at the Cold Regions Rsearch and Engi-
neering Laboratory on samples recently returned from the
field. In addition, we plan to examine the structure of slabs
and cores of ice obtained at Lake Hoare, Taylor Valley. The
purpose of this study is to analyze the composition of the gas
trapped in large tubular bubbles in the ice and to examine
bubble stratigraphy and crystal structure as a means of obtain-
ing better estimates of ice-sheet turnover rates on Lake Hoare.
This work is being performed in support of ongoing research
on the biological regime of Lake Hoare by George Simmonds
and associates of Virginia Polytechnic Institute.

This research was supported by National Science Founda-
tion grant DPP 77-24528. We gratefully acknowledge the assis-
tance of Antarctic Services, Inc., and the U.S. Navy for support
of our field program.

Site 2
62 cm

Site II
59cm

Site 25
64cm

No c-axis
alignment
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High-resolution impulse radar
measurements for detecting sea ice

and current alinement under the
Ross Ice Shelf

REXFORD M. MOREY

Nashua, New Hampshire 03062

AusTiN KOVACS

U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire 03755

The objectives of our January 1981 field season were (1) to
evaluate the feasibility of using a high-resolution impulse
radar profiling system to detect the existence of sea ice which
coring had revealed on the bottom of the Ross Ice Shelf at J-9
and (2) if successful in that effort, to try to detect the preferred
horizontal C-axis azimuthal direction of the sea ice crystals
using the voltage amplitude of the radar reflection. From the
latter we would have been able to determine the orientation
of the current at the sea ice/water interface following the pro-
cedure of Kovacs and Morey (1980). We did pre-field deploy-
ment checkout and evaluation of the radar system, both from
the surface and from a helicopter, on the McMurdo Ice Shelf.

In preparation for the J-9 field test program, we modified
the radar system in several ways to improve its performance
and thus increase the maximum radar range. Three different
antennas, each operating at a different center frequency, were
tested. A preamplifier was placed at the front ends of the
receivers, providing an additional 10 to 15 decibels of gain.
Generally, the ice-probing radar uses one antenna for trans-
mitting and receiving simultaneously. In our study, two
antennas were used, both transmitting and receiving simul-
taneously. Theoretically this would provide a 6-decibel gain
in system performance. Experimental results indicated about
4.5-decibel improvement.

Special low-frequency liquid-filled antennas were also used,
one for transmitting and one for receiving. The antenna con-
sisted of a plastic tube 10 centimeters in diameter and approx-
imately 3 meters long. A copper dipole element was supported
along the axis of the plastic tube, which was divided into two
chambers. A low-loss liquid filled one chamber, and a high-
loss liquid the other. The purpose of the dielectric liquid was
to make the antenna electrically longer than its physical length
and thus radiate lower frequencies. The high-loss dielectric
liquid tended to damp out pulse ringing on the antenna.

The table lists the radar parameters used for calculating the
maximum radar range shown in figure 1. The 80- and 300-
megahertz antenna system values in the table are based on the
two-antenna configuration.

Plotted in figure 1 is the maximum radar range for the 20-
megahertz and 80-megahertz antennas. Two models are con-
sidered, one without sea ice on the ice shelf bottom and one
with 6 meters of sea ice on the bottom. The maximum radar
range is shown to be very sensitive to the bulk direct-current
conductivity. The ice shelf thickness at J-9 is about 45 meters.
Bentley (1977) estimated the bulk direct-current conductivity
of the ice shelf near J-9 to be 1.4 x 10 siemens per meter.

Using this value, we should have been able to detect the shelf
bottom. (Neither antenna system appeared to detect the glacial
ice/sea ice boundary or the ice/seawater boundary.) An inter-
face did appear in the radar echo data at somewhat beyond
the time (i.e., at a greater depth than) we would have expected
to "see" the ice shelf bottom. Although this reflected signal
varied in time as we moved along our traverse, suggesting an

20 MHz
80

E

0

C

- No sea ice on bottom of shelf.
Sea ice on bottom of shelf.

I	111111
06	 165

	 164
Bulk D.C. Conductivity (S/rn)

Figure 1. Maximum Ice/water Interface depth detectable versus
the bulk conductivity of an ice shelf having a smooth bottom. Depth
In meters; conductivity in siemens per meter.

undulating ice shelf bottom, the signal was weak and discon-
tinuous. In short, we are uncertain about the origin of this
signal.

There are several possible explanations for our negative
results. One is that the conductivity at J-9 is higher than pub-
lished estimates, maybe in the vicinity of 3.5 x 10 siemens
per meter or even greater, as may be inferred from the work
of Robin, Evans, and Bailey (1969). Another possible expla-
nation is that our radar system did not perform as well as
expected. However, we were able to penetrate 300 meters of
the McMurdo Ice Shelf and receive a fairly strong ice/water
reflection on all three radar systems. In fact, with a single 80-
megahertz antenna suspended from a helicopter at an altitude
of 10-15 meters, shelf thicknesses of up to approximately 300
meters were continuously profiled. This was the maximum
shelf thickness encountered on the flight. A third possible
explanation is that the 6 meters of sea ice on the bottom of the
ice shelf at J-9 acted as a gradual electromagnetic transition
from the polar ice to the seawater, and thus the coefficients of
reflection at the glacial ice/sea ice and sea ice/seawater bound-
aries were lower than those used in our calculations.

At J-9 we did observe many interval layers and signatures
of crevasses (figure 2). The latter are believed to have devel-
oped upstream of J-9 and to have become buried by subse-
quent snow accumulation during the years the crevasses were
in transit to J-9. We estimate their depth at 46 meters.

In addition to our work at J-9, radar profiling was made
along the brine infiltration horizon in the McMurdo Ice Shelf.
This revealed that a 4.4-meter high brine front, monitored
since 10 January 1977 (Kovacs and Cow 1977) had moved from
3,610 meters in from the shelf edge to 4,140 meters inland
between 24 November 1978 and 20 January 1981, at an average
rate of 0.67 meters per day. From missing survey stations it
was determined that 1,640 meters of the ice shelf had calved
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Radar parameters used for calculating maximum range

Radar
parameter
	 20 megahertz

p.a (peak watts)	 2.5 x 10
Pmin b (watts)	 2.5 x 108
QC	 -110 decibels
ET = E R 	 -l3decibels
GT = G Re	 2 decibels

ap, = power input to the transmitting antenna.
b Pm in = minimum detectable signal power.
cQ = system performance factor.
d ET and ER = antenna transmitter (T) and receiver (R) efficiency.
eGT and GA = antenna transmitter (T) and receiver (R) gain.

during a 6 February to 22 March 1980 breakout. An interesting
finding was that brine had risen 8.7 meters (figure 3) inside a
borehole 0.15 meter in diameter located near the approximately
10,000-meter inland boundary of brine infiltration. This hole
was drilled in November 1978. Brine was encountered in ice
(density 0.85 megagram per cubic meter) at a depth of 50.4
meters. Further aspects related to this event and brine infiltra-
tion into the McMurdo Ice Shelf can be found elsewhere
(Kovacs et al. in press).

This research was supported by National Science Founda-
tion grant DPP 80-04221.
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Figure 2. Graphic record of radar profile over two of the many
buried crevasses observed near J-9. ns = nanoseconds.

Figure 3. Radar profile over borehole at station E of Kovacs, Gow,
and Cragin (in press) showing the infiltration brine layer in the
McMurdo Ice Shelf at a depth of approximately 51 meters, the top
of brine rise in the borehole, and several horizons where the brine
had migrated laterally away from the hole. The 8.7-meter brine
upwell level was determined by lead line sounding.
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Observations of the antarctic east
wind drift current, 1980-1981

P. TCHERNIA

Laboratory of Physical Oceanography
Museum National d'Histoire Naturelle
43 Rue Cuvier, 75231 Paris Cedex 05

The radio beacon N-Argos 1068 was set up, from the USCGC
Polar Sea, atop a tabular iceberg drifting at 75°33'S 160048'W.
The track of the drift was recorded from 21 January 1980 until
22 February 1981 (398 days) (see Tchernia 1980). The last posi-
tion received was 69°9'S 162031'W.

The iceberg showed a general tendency to drift south to
north, oscillating between the two meridians, 160°W and

170°W. Making loops and meandering along the way, it drifted
to the north-northwest for 7 months. In early October 1980,
while approaching the southern edge of the Antarctic-Pacific
Ridge, it turned sharply northeast. In late November 1980 it
moved east, and in February 1981 to the south-southwest.

Results obtained via the radio beacon 1068 will be compared
with data from other such beacons to be set up in the Ross Sea
by the Soviet Union.

This work is supported by the French agency for space stud-
ies (Centre National d'Etudes Spatiales) and helped by the
National Science Foundation.
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Weddell deep water: Source and
variability

ARNOLD L. GORDON

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964

The ARis Islas Orcadas data sets in the South Atlantic obtained
between 1976 and 1978 are used to study the regional ocean-
ography of the circumpolar belt, waters of the Weddell-
Enderby Basin, and their interaction. The items presently
being investigated are the source of the warm-saline signal
within the Weddell oceanic regime and the alteration of Wed-
dell deep water which apparently occurred during the middle
1970's.

The warm-saline deep water of the Weddell Sea represents
the weakest open ocean remnant of North Atlantic deep water
(NADW) in the southern ocean. The more specific source of
Weddell deep water (wDw) is the circumpolar deep water (cow)
entering the Atlantic through the Drake Passage. CDW mixes
vigorously with NADW in the Argentine Basin. However, a
ribbon of nearly pure Pacific CDW at the salinity maximum
level flows eastward across the Atlantic Ocean just north of a
frontal zone marking the northern boundary of the Weddell
oceanic regime. Between 20° and 40°E the deep water turns
south, mixing with Weddell water. While most of this water
continues flowing eastward at a more southerly latitude, some
is incorporated in the Weddell Gyre, crossing back into the
Western Hemisphere between Maud Rise and Antarctica.
West of Maud Rise the deep water signal is rapidly eroded by
sea-air-ice interaction, and new deep and bottom water masses
form.

Comparison of the warm-saline deep water west of Maud
Rise found in 1973 with that observed in 1977 and 1978 indi-
cates that more cooling and freshening occurred during the
middle 1970's. The most intense thermohaline difference of
the wow extends from the near surface to approximately the
—0.45°C potential temperature level near 2,700 meters. The
change amounts to an average cooling of 0.2°C with freshening
of 0.02%o, but with only minor variation in the density field.
The most intensive cooling and freshening (in excess of 0.4°C
and 0.03%o respectively) occurs in a region about the size and
position of the winter Weddell polynya, as observed in satellite
images made during the middle 1970's. The position of this
"cold spot" drifted westward at a rate of 1.4 centimeters per

second between the austral summers of 1976-77 and 1977-78
(see figure). This is also the rate of drift of the polynya.

It is suggested that the heat deficit within the wow of
1977-78 is caused by excess oceanic heat loss that must have
been associated with the polynya. A deep-water heat source
inhibiting ice formation is consistent with the convective
model for the Weddell polynya (as discussed by Gordon 1978;
Killworth 1979; and Martinson, Killworth, and Gordon 1981).
Warm deep water and cold surface water are vertically
exchanged as pycnocline stability disappears in winter.

The data suggest that winter surface water is convected into
the deep water mass at a rate of at least 2 x 106 cubic meters
per second during the 3 years of an extensive polynya
(1974-76) and at a rate of 8 x 106 cubic meters per second if
the rate during only the active winter period is considered. In
this way, open ocean convection forms a specific water mass
to abyssal depths, but not to the seafloor. The cooled WDW

includes the layer that Foster and Carmack (1976) call classical
antarctic bottom water, which they attribute to mixing of the
Weddell Sea bottom water and wow. The 1977 and 1978 data
indicate that this layer also receives direct input of antarctic
surface water by open ocean convection.

Study of historical hydrographic data in the Weddell Sea
suggests the deep water cooling occurred in the early 1960's.
It is possible that cooling of wow has accelerated in the last 20
years.

Below the intensely altered wow layer extending to the
—0.45°C level are further differences between the 1977 and
1973 conditions. In 1973 the 0/S structure displays a decreased
0/S slope between —0.45°C to —0.75°C, below which the water
column is composed of more isohaline Weddell Sea bottom
water (Carmack and Foster 1975). By 1977 this structure had
been destroyed. The entire water column below —0.45°C is
more nearly isohaline, so that above —0.65°C the 1977 condi-
tion is slightly less saline, and below —0.65°C it is slightly
more saline and warmer than observed in 1973. Possibly the
situation of open ocean convection in the mid-1970's "short
circuited" the open ocean/continental margin bottom water
formation mixing pattern, as presented by Foster and Carmack
(1976).

The process that initiated the polynya condition during the
mid-1970's is not known, though some speculation is offered.

An October 1981 joint U.S./U.S.S.R. expedition into the sea
ice of the Weddell region should provide information about
the end of winter stratification. Such data would improve
understanding of the Weddell polynya as well as the general
rapid decay of the southern ocean sea ice in the early spring
(Gordon 1981).

This work was supported by National Science Foundation
grant OFF 78-24832.
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Physical oceanographic
investigations in the Weddell Sea
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The last phase of the International Weddell Sea Oceano-
graphic Expedition has involved four cruises to the Weddell
Sea: Polarsirkel in 1977 and 1979, Glacier in 1978, and Polar Sea
in 1980. We now have data from nine current meters with
records up to 630 days long and more than 300 vertical profiles

of temperature, salinity, and oxygen. These observations were
concentrated in a relatively small area at the shelf break of the
southern Weddell Sea near 74°S 40°W in order to study the
mixing processes that lead to the formation of bottom water.

Although the data are still being evaluated, several inter-
esting features are evident. The power spectra of the current
meter data show that energy levels of velocity fluctuations at
periods longer than about 2 days are much higher on the
continental slope than on the shelf proper. The energy levels
of velocity fluctuations at tidal periods, however, are lower on
the slope than on the shelf. The total energy of velocity fluc-
tuations is dominated by tidal effects and thus is stronger on
the shelf than on the slope. The longer period velocity fluctua-
tions seem to be consistent with a shelf wave origin. Power
spectra of temperature fluctuations indicate that highest levels
are right at the shelf break. This agrees with the higher levels
of temperature fine structure found at the shelf break from the
vertical profiles. A fairly consistent picture of the mixing pro-
cesses that occur near the shelf break in the southern Weddell
Sea thus is beginning to emerge from the data obtained during
the 1977 to 1980 cruises.

This work was supported in part by National Science Foun-
dation grants OFF 78-07797 and OFF 79-20384.

100	 ANTARCTIC JOURNAL



1975	1976	1977	1976	1979

Ui
I-
Ui

ZE
UJ,cr

cr

0

;: :
u,E

cr
0.

Z

Ui

0

C,,
Cl,

U,,,

Z.

Ocean pressure gage
measurements in Drake Passage

RICHARD B. WEARN, JR.

Applied Physics Laboratory
University of Washington
Seattle, Washington 98195

For the past 5 years, a program has been under way to
measure ocean pressure fluctuations across the Drake Passage
and relate them to changes in the Antarctic Circumpolar Cur-
rent (ACC) and to forcing by the wind. This work has begun as
part of the International Southern Ocean Studies (Isos) pro-
gram and is being continued as a part of the National Climate
Program. An overview of the Isos field program has been given
by Nowlin and Pillsbury (1979). In the pressure gage part of
the program, moorings have been installed annually for 1-year
deployments at the north and south sides of the Drake Passage
at a depth of 500 meters.

For the current year, the pressure mooring work was carried
out in March 1981 by R. Wearn and E. Krause of the University
of Washington during a physical oceanographic research
cruise of the Chilean ship AGS Yelcho. D. Pillsbury of Oregon

Figure 1. Drake Passage ocean pressure gage current meter and
wind stress data. PNORTH and PSOUTH are pressure gage data
from 500-meter depth at the north and south sides of Drake Pas-
sage. Current meter data are from Oregon State University records
from 2,700-meter depth near the center of Drake Passage.

State University was chief scientist on the cruise and has
described the shipboard research in a separate article (Pills-
bury, Antarctic Journal, this issue). The positions of the pres-
sure moorings are shown in Pillsbury's figure. One mooring,
set in January 1980, was recovered from the south side and
yielded good data. A companion mooring on the north side
was lost. Four new pressure moorings designed for 2-year
deployments were installed in pairs across the passage. If
successful, these extended-duration deployments will reduce
significantly the cost of maintaining a monitoring effort in
future years.

Analysis of the pressure data and of southern ocean wind
stress data is being carried out at the University of Washing-
ton. The data through 1979 are summarized in figure 1. The
pressure signals are seen to be strongly related to changes in
the westerly component of wind stress averaged over the
southern ocean. The pressure difference across the passage is
a measure of the average velocity through the passage at 500-
meter depth. The observed fluctuations imply that large
changes in transport of the ACC occur on time scales of a month
and longer. The cross-correlation between wind and ocean
pressure (figure 2) shows that the ACC responds very rapidly
to wind stress forcing, with current lagging wind by about 9
days. Pressure fluctuations on periods longer than a few weeks
are more highly correlated with wind stress averaged over the
southern ocean than with local wind stress, suggesting large-
scale forcing. It is, therefore, reasonable to expect that fluctua-
tions in the transport of the ACC may be coherent over large
distances, perhaps even on a global scale.

This work was supported by National Science Foundation
grants OCE 77-23444 and OCE 80-24905 and by National Oceanic
and Atmospheric Administration grant NA80RAC00034.
Logistics support and ship time were provided by the Chilean
Navy.

0.8

Z
o 0.6

—J
W

0.4
0

0.2

-40	-20	0	20	40
LAG (days)

Figure 2. Lagged cross-correlation between circumpolar averaged
wind stress and pressure gage data. Note that the correlation for
PSOUTH Is shown inverted (actual values are negative).
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Drake Passage Pilot Ocean
Monitoring Project activities

R. DALE PILLSBURY

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

Field operations for the second year of the Drake Passage
Pilot Ocean Monitoring Project were carried out aboard the
AGS Yelcho. The purpose of the project is to continue the mon-
itoring of the flow through the Drake Passage begun by the
International Southern Ocean Studies (isos) program. The
monitoring is done by direct observation of the flow using
moored current meters and pressure gages. In addition, to
study the internal structure of the Antarctic Circumpolar Cur-
rent (ACC) in the passage, the monitoring project analyzes
expendable bathythermograph (xBT) readings taken by ships
passing through the region on other primary missions. The
data from the XBT program also are used to study variabilit% in
water mass zonation, which is related to current structure.
Participants aboard the cruise included scientists from the
Chilean Naval Hydrographic Institute, Texas A&M University,
Oregon State University, and the University of Washington.

The records from the isos program provide data for 5 years
and show interesting low-frequency variability (Wearn, Ant-
arctic Journal, this issue). The monitoring project placed a
current meter mooring in the central passage on the recovery
cruise of the DRAKE 79 experiment (Nowlin 1980). During the
same cruise, pressure gage moorings were placed at the north-
ern and southern sides of the passage (see figure).

The cruise aboard the Yelcho had as one of its goals the
recovery of those moorings and the installation of new ones to
continue the monitoring of the fluctuations in transport of the
ACC. Another goal was to complete a hydrographic section
along the same section that was monitored by the 1505 program
for comparison with the 1505 sections. XBT's also were taken
to help define the structure of the currents and water masses.

The results of the cruise were not as satisfactory as had been
hoped. The acoustic release on the central current meter moor-
ing failed. This prevented the installation of a new mooring to
replace it. The pressure gage on the northern side of the pas-
sage was not recovered; however, the pressure gage on the
southern side was recovered and yielded good data. Fortu-
nately, the southern three-quarters of the hydrographic section
was completed prior to the failure of the generator for the
hydrographic winch.

NP
NWP J'
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X"_^/
750	 70P	 65

Mooring locations used in the Drake Passage Pilot Ocean Moni-
toring Project. NP = north pressure gage mooring; SP = south
pressure gage mooring; All = Atlantis II mooring.

With the deployment of the two pressure gages in the north
and two in the south, it is hoped that data collection will
proceed without any additional interruptions for the pressure
program. Installation of any additional current meter moorings
must depend on a study of the value of the existing data base.
At present the plan is to recover one of the pressure gages from
each side during an AGS Yelcho cruise in the austral summer of
1981-82. Those recovered will be replaced with gages to be
recovered the following summer. The two unrecovered gages
will remain for an additional year to study, in part, the prac-
ticality of moorings of 2-year duration in this location.

This work has been supported by grants NA8ORAC00034
and NA81AA-D-00032 from the National Oceanic and Atmo-
spheric Administration and by the Chilean ship Yelcho.
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Physical oceanographic features of
Islas Orcadas cruises 17 and 19

TAKASHI ICHIYE

Department of Oceanography
Texas A&M University

College Station, Texas 77843

ARA Islas Orcadas cruises 17 and 19 were carried out from
2 September to 14 October 1978 and from 22 February to 9
April 1979 in the Drake Passage and the Scotia Sea. The two
cruise tracks nearly overlapped (Biggs and Bidigare 1981).
Physical oceanography of cruise 17 is discussed elsewhere
(Ichiye and Inoue 1980; Inoue and Ichiye 1980).

Comparison of temperature and salinity determined with
salinity-temperature-depth (sm) sensors for the two cruises
indicates that the major seasonal differences within the same
water mass occurred in the upper 50 meters of the water col-
umn. However, the seasonal displacement of water masses,
particularly of fronts, caused some drastic changes in temper-
ature and salinity down to 1,000 meters (the lower limit of STD
in cruise 19) at almost the same geographic location.

In the Drake Passage area, the upper temperature was 2° to
5°C higher in austral summer (cruise 19) than in winter (cruise
17) (the larger differences occurred in the southern section).
The summer increase in temperature was less than 1°C below
200 meters. In the Scotia Sea and South Georgia Basin, the
summer temperature increase in the upper 50 meters was 2° to
3°C, but almost less than 0.5°C below 200 meters. Salinity
change seemed to be almost negligible except at stations near
the islands, where surface salinity decreased by 0.3 to 0.6%o
in austral summer.

Vertical profiles of sm in cruise 17 indicate interleaving
structures with predominant vertical wave numbers of 5 to 10
per kilometer in the Polar Front Zone between 200 and 800
meters (Inoue and Ichiye 1980). The cause of such structures

most likely is the baroclinic instability generated by the ver-
tical shear having stable stratification but accompanied by
horizontal shear in a frontal zone such as the Polar Front (Ichiye
in preparation). The conspicuous interleaving phenomenon
observed during cruise 17, but not during cruise 19 and other
summer cruises of the International Southern Ocean Study,
may have been caused by the strong horizontal shear, mani-
fested in the large geostrophic velocity in the Drake Passage
(62 centimeters per second) during cruise 17.

Temperature and salinity microstructures were observed
during cruise 17 with predominant vertical wave numbers in
the range of 0.1 to 1 per meter. It is not clear whether such
structures were results of double diffusivity instability (Hup-
pert and Turner 1981; Ichiye 1973) or of fossil turbulence (Gib-
son 1980).

This work is supported by National Science Foundation
grant DPP 79-09258.
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Winter hydrographic observations
from the southwestern Atlantic, the
northwestern Scotia Sea, and the

Drake Passage

DANIEL T. GE0RGI* and ALBERTO R. PIOLA**

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

*present address: Exxon Production Research Company, Houston,
Texas 77001.

**On leave from Servicio de Hidrografia Naval, Buenos Aires, Argen-
tina.

In the austral winter of 1980, the p./v Atlantis sailed from Mar
del Plata, Argentina, to collect hydrographic data in the vicin-
ity of the Patagonian Shelf, the southwestern Argentine Basin,
near the Malvinas (Falkland) Islands, and in the northern
Drake Passage. After 33 days at sea, the ship returned to Punta
Arenas, Chile, via the Beagle Channel. After a brief port stop,
the Atlantis II departed (M. McCartney, chief scientist) to col-
lect winter hydrographic data in the southeast Pacific and the
northern Drake Passage. These cruises were part of an Inter-
national Southern Ocean Studies (Isos) experiment designed
to evaluate various antarctic intermediate water formation and
circulation schemes (Georgi 1979; McCartney 1977; Molinelli
1981).

After departing Mar del Plata (5 August 1980), an intensive
hydrographic survey (figure 1) was started. In all, we made 99
conductivity-temperature-depth (cm) stations, took nearly
300 expendable bathythermographs (xBT's), and collected more
than 1,500 water samples. These water samples provided
salinity and dissolved oxygen samples for cm calibration and
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Figure 1. Position of conductivity-temperature-depth stations
taken during the winter 1980 hydrographic expedition aboard the
R/VAtIantIs II.

samples for nutrient analysis. Determinations of dissolved
silicate, phosphate, and nitrate were carried out under the
direction of J . Jennings of L. Gordon's chemistry group at
Oregon State University. In addition, 60 water samples (4.2
liters each) to be used for low-level tritium measurements and
230 water-filled copper tube samples to be used in helium-
tritium analysis were collected for W. J. Jenkins of the Woods
Hole Oceanographic Institution. Surface temperature and
salinity data also were collected along the 3,972 nautical miles
of track.

During the first phase of the cruise (stations 150-173), we
crossed the Brazil/Malvinas (Falkland) Confluence twice. Our
primary objective was to investigate the difference in prop-
erties between the antarctic intermediate waters farther off-
shore in the Brazil waters and those just seaward of the Argen-
tine continental slope, which are presumed to be of more
recent southern origin. At the confluence, the warmer/salty
waters of the Brazil current come into contact with the colder/
fresher circumpolar waters. This is evident in the large differ-
ences in potential temperature-salinity (9/s properties: there
are no central waters on station 150 (figure 2), and the inter-
mediate waters are nearly 0.1%o fresher than those on station
153. The contrast, albeit weaker, is still apparent further south
(figure 1; stations 158, 161, and 166). The 9/s diagrams also
reveal much thermohaline fine structure similar to that
observed by Georgi (1981) in older salinity-temperature-depth
data in the deep waters and intermediate waters.

During the second phase of the cruise (stations 173-249),
we concentrated mainly on determining the winter hydro-
graphic properties of waters in the subantarctic regions near
the Malvinas (Falkland) Islands, over the Falkland Plateau, and
in the northwestern Scotia Sea and the northern Drake Pas-

C?	 moo

SALINITY (0/00)

Figure 2. Potential temperature/salinity diagram for selected stations from the Argentine Basin.
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sage. These data should supplement modern winter observa-
tions made somewhat farther to the east and south during ARA
Islas Orcadas cruises 13/14 and 17 (Ichiye and Inoue 1980; Parodi
1978) and summer data collected during the 5-year Isos field
programs.

It is in this region that the Antarctic Circumpolar Current
axis shifts north nearly 1,000 kilometers. On our fourth cross-
ing of the current, the axis was located near station 214, just
south of the Polar Front and north of the pack ice. At this
station, the antarctic surface waters were well mixed (temper-
ature approximately –1.73°C, salinity approximately 33.8%o)
to a depth of nearly 75 meters. Stations 213 and 215 are located
in the Polar Front Zone and exhibit thermohaline fine structure
to depths as great as 700 meters. Station 216 is transitional in
character; it appears to be located on the boundary between
the Polar Front and the subantarctic zone. The vertical tem-
perature and salinity stratification is similar to the isohaline
thermocline (Molinelli 1978) first observed in this region by
Gordon, Georgi, and Taylor (1977). A similar stratification is
observed on stations 217, 218, and 219 in the upper 750 meters,
except that a 75-meter-thick lens of low-salinity water (salinity
less than 34.00%o) caps the water column. The nearly isohaline
layer found between 100- and 600-meter depths on stations
216-218 has an extremely weak density gradient (pycnostad)
associated with it. However, the presence of a vertical tem-
perature gradient and a dissolved oxygen gradient rules out a
simple one-dimensional convective origin as has been attrib-
uted to subantarctic mode water (McCartney 1977). Only in
the vicinity of the Burdwood Bank (stations 220, 221, and 222)
did we observe deep (200-500 meters) mixed layers that can
be attributed to winter convection. It is interesting, however,
that the two deepest mixed layers were observed on stations
207 and 222 (figure 1) on the north flank of the Burdwood Bank;
this suggests that mixed layers are not just the result of a
simple one-dimensional process. Station 223 is again similar
to station 220 and 219 south of the Burdwood Bank. At station
224, the warmer (5.3°C) and lower salinity (33.75%o) Patagon-
ian Shelf waters are evident. These waters lie predominantly
to the north and west of the 200-meter isobath and our data
sets.

The two remaining hydrographic sections are similar to the
one described above, starting near the continental shelf and
ending north of the pack ice. Over the 75-kilometer separation
between CTD stations 235 and 236 the surface temperature
decreased by 1°C. However, between the two stations, we
traversed a small, intense surface feature. South of station 235,
minutes after XBT 379 was taken, the surface temperature
dropped abruptly 4°C (figure 3). Within a few kilometers, the
temperature started to rise again. On the basis of XBT data, we
judge that this anomalously cold feature was confined pri-
marily to the upper 60 meters of the water column and was
less than 16 kilometers in north-south extent.

GM T

:

Figure 3. Surface temperature record across an intense cyclonic
eddy.

This work was supported by the office for the International
Decade of Ocean Exploration of the National Science Foun-
dation, grant OCE 78-22223. The cooperation and skillful work
of the officers and crew of RJV Atlantis II greatly contributed to
the success of the cruise. The cooperation of the Argentine
Hydrographic Service and the Argentine Antarctic Institute is
gratefully acknowledged, and most of all we would like to
thank the scientific personnel who made this cruise a success.
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Marine geology and geophysics

Heat flow in the east Scotia Sea

LAWRENCE A. LAWyER, WALTER Loy, and Jol-nsi C. SCLATER

Earth and Planetary Sciences
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

RICHARD VON HERZEN

Woods Hole Oceanographic Institution
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One and one-half days of station time were allotted for heat-
flow measurements and gravity coring on the Vulcan-5 cruise
aboard RivMelville during December 1980. We hope eventually
to collect sufficient heat-flow values in the eastern Scotia Sea
to be able to analyze the thermal structure of a presently active
back-arc basin. Barker (1972) first correlated magnetic anom-
alies in this area, and the east Scotia Sea remains the only
presently active back-arc basin where correlated magnetic
anomalies unquestionably are present.

A previous cruise to this area (Zlotnicki et al. 1980) had
difficulty obtaining usable heat-flow data in the central Scotia
Sea, primarily because of difficult sea bottom conditions. The
next cruise, aboard iVy Atlantis II in March 1980, attempted
heat-flow measurements to the west of the active spreading
center in the east Scotia Sea. Only three heat-flow measure-
ments were successful on that cruise because of equipment
problems and a general lack of adequate sediment cover. All
of the measurements indicated low to extremely low heat flow
[10-70 milliwatts per square meter or 0.25-1.80 microcalones
per square centimeter-second (heat flow unit)] (Loy et al. in
preparation).

On the Vulcan-5 cruise we wanted to attempt heat-flow
measurements to the east of the presently active ridge since
seismic reflection data from previous cruises indicated a
reasonable sediment cover. Since the Atlantis II cruise had
collected three heat-flow values within 2 kilometers of each
other on what was identified as anomaly 2 (2-million-year-old
crust), we took our first group of three stations near what
might be the eastern half of anomaly 2 (see figure). From that
station we moved west, although we did not move as far as
we had hoped to because of opposing wind and drift. The
third group of three stations was approximately 30 kilometers
to the east, and the last group was 20 kilometers north of the
third group.

On the RN Melville cruise we used a 4-meter-long Bullard-
type heat-flow probe with a new Von Herzen digital recorder
in it. The Bullard probe was fitted with a pinger telemetry
system that transmitted the digitally recorded heat-flow data
so that they could be recorded on the 12-kilohertz receiver on
board the ship. The heat-flow instrument also recorded inter-
nally on a high-density cassette tape. Because power drain
was low, the instrument was able to operate for 23 hours
without interruption for battery recharging, even though it
was telemetering data to the 12-kilohertz recorder on board
the ship.

Penetrations for the first two groups of stations were 3
meters or more, indicating that an excellent survey can be
done in the eastern half of the east Scotia Sea. The last group
of stations, which are closest to the active volcanic arc, had
reduced penetration but still yielded a good heat-flow value
at each attempt.

Heat-flow values are a product of the measured thermal
gradient obtained from the resistances measured by the ther-
mistors spaced along the probe and the thermal conductivities
measured on gravity cores. Gravity cores were successful at
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Location map of heat-flow measurements taken on Vulcan-5
cruise aboard A/v Melville in the east Scotia Sea. Values shown
are in heat-flow units (HFU). Inset map taken from Hill and Barker
(1980) shows A/v Melville tracks through east Scotia Sea.
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Heat-flow stations taken on Vulcan-5 expedition, RIv Melville

Position of stationa
Station	 Depth	Penetration
number	°S Latitude	 °W Longitude	(corrected meters)	(meters)

Heat flowb

(°C per meter) HFU (MW/M2)

3
	

57°ii.0'
	

29°06.5'
	

3,357
	

3.6
	

0.19
	

3.2
	

(134)
4
	

57011.3'
	 29006.3	 3,353

	
3.2
	

0.20
	

3.4
	

(143)
5
	

5T1 1.0'
	 29006.2	 3,353

	
3.1
	

0.20
	

3.5
	

(145)
7
	

57012.7'
	

29°12.2'
	

3,361
	

>4?
	

0.03
	

0.4
	

(17)
8
	

57013.0'
	 29012.2	 3,361

	
4+
	

0.03
	

0.4
	

(18)
9
	

Sri 3.5'
	

29013.5'
	

3,363	 -4
	

0.03
	

0.5
	

(23)
ii
	

57°13'
	 28028	 3,330

	
2.3
	

0.19
	

3.2
	

(133)
12
	

5T1 4.9'
	

28°28.2'
	

3,334
	

2.1
	

0.14
	

2.4
	

(99)
13
	

57014.7'
	

28°29.1'
	

3,334
	

2.0
	

0.13
	

2.2
	

(94)
15
	

56°55.i'
	

28°26.4'
	

3,277
	

1.1
	

0.20
	

3.3
	

(139)
16
	

56°55'
	 28024	 3,290

	
1.1
	

0.19
	

3.2
	

(134)
17
	

56°55.0'
	 28030.9	 3,340

	
1.1
	

0.14
	

2.4
	

(102)

a posjtions are given to the nearest tenth of a degree for stations that were in progress while a satellite fix occurred, and to the nearest degree
if no satellite fix occurred between stopping the ship and getting underway.

bHeatf low calculations assumed a thermal conductivity of 0.71 watt per degree Celsius-meter. HFU = heat-flow unit, 1 microcalorie per square
centimeter-second; MW/M2 = milliwatt per square meter.

only two out of four attempts on this cruise. The thermal
conductivities were extremely uniform and were similar to
those found on the Atlantis II cruise in March 1980. For the
preliminary heat-flow calculations listed in the table, an
assumed thermal conductivity of 0.71 watt per degree Celsius-
meter (1.7 . 10- calorie per centimeter-second) was used. The
digital tape reader had some problems, so all of the thermal
gradients have been calculated using the 12-kilohertz record.
When the high-density tape reader is fully functional (it is still
in final development stages), the thermal gradients will be
recalculated; it is unlikely they will change significantly, but
even so the values listed in the table should be considered
preliminary.

The initial results are extremely encouraging with regard to
the thermal cooling of oceanic crust created above a descending
slab. Data from stations 3 through 9 show the expected large
variation in closely spaced stations near a ridge, which is
indicative of hydrothermal convection in the oceanic crust.
The values from stations 11 through 17 show a more consistent
pattern indicative of a more uniform insulating sediment cover
which should minimize large variations and give a more uni-
form value. Enough additional measurements should show a

coherent pattern that can be compared to heat-flow patterns
at mid-ocean ridges.

We thank Captain Arsenault and the crew of RN Melville,
whose willing assistance and cheerful dispositions made this
an extremely successful cruise. D. Goldstein and C. Pelletier
finished the new digital heat-flow recorder 2 minutes before
it was flown to Valparaiso, Chile.

This cruise was supported by National Science Foundation
grant DPP 78-19279 to the Massachusetts Institute of Technol-
ogy.
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Pliocene/ Pleistocene erosional
unconformity of the western South

Georgia Basin

MARTIN L. ABRAHAMS*

Antarctic Marine Geology Research Facility
Florida State University

Tallahassee, Florida 32306

*present address: Occidental Petroleum Company, Houston, Texas

Major unconformities in the late Cenozoic record spanning
the interval from middle Pliocene through middle to late Pleis-
tocene time have been detected in various areas of the southern
ocean (Ciesielski et al. in press; Fillon 1975; Kennett and Wat-
kins 1976; Ledbetter and Ciesielski in press; Watkins and
Kennett 1972; Weaver and McCollum 1974). Causes of these
hiatuses appear to be related to climatic variations which have
influenced bottom currents in the southern ocean since late
Cenozoic time (Ciesielski and Wise 1977; Kennett and Watkins
1976; Ledbetter and Ciesielski in press).

In his analysis of the diatom stratigraphy of Deep Sea Drill-
ing Project hole 328, Gombos (1977) reported evidence of a
hiatus spanning the Plio/Pleistocene boundary in the western
section of the South Georgia Basin, just east of the Falkland
Plateau off the tip of South America (51°S 38°W). He states,
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however, that the missing interval could lie totally within an
uncored section of approximately 1 meter.

To verify the existence or absence of the Plio/Pleistocene
unconformity in the western section of the basin, I analyzed
44 piston cores recovered in the area by various cruises of the
RIV Vema, RN Robert Conrad, USNS Eltanin, and the ARA Islas
Orcadas.

The initial sampling interval of each core was 25 centimeters
for the Conrad and Vema cores and 20 centimeters for the Eltanin
and Islas Orcadas cores. Samples were also taken within each
lithology where lithologic changes did not coincide with the
sample interval. When a sedimentological hiatus was discov-
ered, a sample spacing of as little as 1 centimeter was used to
verify its presence.

Smear slides were prepared from each sample and then
examined for their diatom content. Next, the intervals were
age-dated using the biostratigraphic zonation defined by
McCollum (1975) as revised by Weaver (1976). The geologic
time scale of Berggren (1972) was used to relate the biostrati-
graphic boundaries to chronostratigraphic boundaries. Cie-
sielski's (1978) correlation of diatom zones to the absolute time
scale was followed. No paleomagnetics were used in the age
determinations of these cores because none were available at
the time of this study.

The results of the study are depicted in the generalized core
zonation diagrams in figures 1 and 2. From these illustrations,
it appears that the Plio/Pleistocene unconformity in question

is present and is regional in extent. Only core 10 07-75-2 has
a complete section lacking the unconformity (Ciesielski 1978).
This is due to the location of the core in an area of the basin
that is protected by the Falkland Plateau from eastward-flow-
ing currents, which are predominant in this area (Ciesielski et
al. in press). Figure 1 depicts the unconformity in its minimum
span of time, with the limits of resolution dictated by the
biostratigraphic zonation used. Figure 2 depicts the hiatus in
its more probable chronological extent, based on a qualitative
judgment of sedimentation rates in each core.

The disconformity in question has been documented on the
elevated eastern extremity of the Falkland Plateau (Ciesielski
et al. in press) and elsewhere in the Atlantic sector of the
southern ocean (Ledbetter and Ciesielski in press). On the
more elevated features (rises and ridges), the agent of erosion
is the circumpolar deep water (Ciesielski and Wise 1977). In
the deeper basins, such as the South Georgia Basin, the agent
of erosion is less well documented, although antarctic bottom
water is suspected by some authors (e.g., Ledbetter and Cie-
sielski in press).

Cores kindly provided by the curator's office of Lamont-
Doherty Geological Observatory (Columbia University) were
maintained under National Science Foundation grant OCE 78-
25448 and Office of Naval Research grant N00014-80c-0098.
This study was supported by National Science Foundation
grant DPP 78-07183 to Florida State University. I appreciate the
assistance of D. Cassidy of the Antarctic Research Facility of
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2 AFTER BERGGREN (1972)	3 GOMBOS (1977)	4 CIESIELSKI (1978)
5 THIS STUDY

Figure 1. Zonation of cores depicting the minimum possible span of time for the Plio/Pleistocene hiatus as dictated by the resolution of the
blostratigraphic zonation.
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Figure 2. Zonation of cores depicting the span of time that may actually be represented by the Plio/Pleistocene hiatus based on a
qualitative Judgment of sedimentation rates.

Florida State University for lending valuable help and advice
during the sampling and research phase of this study.
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Bottom-current erosion in the South
Atlantic sector of the southern ocean
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Disconformities in the sedimentary record of the southern
ocean have been attributed to erosion by two major bottom-
water masses in the antarctic and subantarctic regions. Erosion
of the seafloor in areas more than 4,000 meters deep has been
attributed to scour by Antarctic Bottom Water (AABW) in the
Indian Ocean (Kennett and Watkins 1976; Watkins and Ken-
nett 1971, 1972). Erosion of shallow rises in the south Atlantic
sector of the southern ocean (Ciesielski, Ledbetter, and Eli-
wood in press; Ciesielski and Wise 1977) has been attributed
to Circumpolar Deep Water (cDw). We have chosen a traverse
Of ARA Islas Orcadas piston cores from Antarctica to Africa
(figure 1) to examine the pathways and periods of increased
bottom-water production (shallow and deep) in the Weddell
Sea region.

The magnetic polarity of each of the 25 piston cores was
determined at approximately 10-centimeter intervals. The
biostratigraphic age was determined on the basis of a diatom

Figure 1. The location of piston cores from Islas Orcadas shown on
bathymetry from Goodell (1973).

zonation (McCollum 1975; Weaver and Gombos in press) and,
where required, a silicoflagellate zonation (Busen and Wise
1977; Ciesielski 1975; Weaver 1976). Biostratigraphic samples
were taken above and below magnetic reversals and at more
closely spaced intervals where disconformities were indicated.
Piston core segments were assigned an age (figure 2) by cor-
relation to the magnetostratigraphic time scale (LaBrecque,
Kent, and Cande 1977; Mankinen and Dalrymple 1979). The
magnetos tratigraphy and biostratigraphy of the 25 piston cores
reveal disconformities during the last 5.5 million years of sed-
imentation in this area (figure 2). Periods of erosion or non-
deposition of sediment have been identified by hiatuses in
the sedimentary record. These hiatuses are a function of the
physiographic province where the core is located.

The age of sediment at or very near the seafloorTeveals that
the present velocity of bottom currents in the South Atlantic
sector of the souther ocean is high enough to erode or inhibit
deposition of sediment in three areas. The most recent sedi-
ment from the deep Weddell Basin is lower Pliocene to Mio-
cene (figure 2) and forms the Weddell Basin scour zone. Ero-
sion of sediments near the crest of the Atlantic-Indian Ridge
has exposed lower Pleistocene sediments in the uppermost
sediment column. One core near the continental rise adjacent
to the Cape Basin recovered Pliocene sediment near the sea-
floor.

Scour by AABW within the deep, northern Weddell Basin has
exposed upper Pliocene sediment with a northern limit of
scour at the base of the ridge (figure 2). We have designated
the Weddell Basin, including the area south of the Maud Rise,
as a scour zone since erosion or winnowing by AABW has
removed sediment deposited since the Miocene to early Pli-
ocene.

A second large scour zone is found on the crest of the Atlan-
tic-Indian Ridge (figure 2). This shallow disconformity is sep-
arated from the Weddell Basin scour zone by a zone of sedi-
mentation along the south flank of the ridge. The disconform-
ity is maintained by high-velocity CDW which has eroded or
inhibited deposition at the crest of the ridge, leaving lower to
middle Pleistocene sediments at the seafloor.

The third disconformity at or near the seafloor is found in
one core (figure 2) from near the connection of the West Agul-
has Basin and the Cape Basin (figure 1). Lower Pleistocene
sediment is found at the seafloor in this deep site where ero-
sion is caused by high-velocity AABW which flows in a clock-
wise gyre in the Cape Basin (Embley and Tucholke 1976).

In addition to the disconformities at the present seafloor,
three major hiatuses were identified within the sedimentary
record (figure 2). The youngest hiatus is restricted to the Atlan-
tic-Indian Ridge, while the oldest hiatus is apparently more
widespread and the third hiatus is found only on the southern
flank of the Atlantic-Indian Ridge.

Four cores near the crest and south flank of the Atlantic-
Indian Ridge have a hiatus in the sedimentary record from the
middle Pliocene to early-middle Pleistocene (figure 2). These
cores are from water depths of less than 3,850 meters and are
presently in the axis of high-velocity CDW which has left a
disconformity at the seafloor. The scour zone on the Atlantic-
Indian Ridge during the middle Pliocene to early Pleistocene
represents an increase in the velocity of CDW within an area
similar to the present core of high-velocity CDW. This hiatus
is very similar to one identified on the Maurice Ewing Bank
at a similar water depth (Ciesielski, Ledbetter, and Ellwood in
press).
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Figure 2. Ages of cores in figure 1 determined on the basis of the assignment of core segments to the magnetostratigraphic time scale
using a diatom zonation. Three areas (Weddell Basin, Atlantic-Indian Ridge, and Cape Basin) have a disconformity at the present seafloor.

A buried disconformity on the south flank of the Atlantic-
Indian Ridge at the northern boundary of the Weddell Sea
(figure 1) is delineated in two cores (io 11-67 and 70). The
hiatus extends from the middle Pliocene (3.5 million years) to
early-middle Pleistocene (1.8-0.8 million years). Since both
cores are much deeper (>4,500 meters) than the disconformity
in cores on the Atlantic-Indian Ridge (<3,850 meters), the
bottom-current responsible for the scour was the deeper AABW.

The cessation of scour in the early-middle Pleistocene to the
north of the present Weddell Basin scour zone represents a
major reduction in the thickness or lateral extent of the AABW.

A third buried disconformity was delineated on the profile
of cores. Middle Pliocene sediment unconformably overlies
upper Miocene sediment in three cores (figure 2). This discon-
formity is more widespread than others since it extends from
the southern flank of the Atlantic-Indian Ridge to the southern
Weddell Basin. The water mass responsible for erosion is prob-
ably the AABW; however, no conclusion can be drawn concern-
ing the areal extent or watermass responsible without a greater
core coverage.

The intensification of bottom circulation that results in dis-
conformities may be caused by climatic deterioration (Cie-
sielski, Ledbetter, and Ellwood in press; Kennett and Watkins
1976; Moore et al. 1978; Watkins and Kennett 1972). The exact
age of the increase in bottom-water velocity cannot be deter-
mined, however, since it falls within the hiatus. The age span
of the disconformities in this region encompasses some major
climatic coolings that could be responsible for intensification
of benthic circulation. The cause-and-effect relationship of the
paleoclimatic fluctuations and bottom-water paleocirculation
must await more precise dating of the circulation events by
tracing scour zones into marginal winnowing areas where
dating of high-velocity pulses may be delineated (Allison and
Ledbetter in press; Huang and Watkins 1977; Ledbetter, Wil-
liams, and Ellwood 1978).

This work was supported by National Science Foundation
grant DPP 79-05111. We thank D. Cassidy for his help in sam-
pling Islas Orcadas piston cores stored at the Antarctic Core
Storage Facility.
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Seafloor spreading model for the
Weddell Basin

JOHN LABRECQUE

Lamont-Doherty Geological Observatory
Palisades, New York 10964

This article describes current work in two areas: analysis of
marine magnetic anomaly data to develop a model of seafloor
spreading in the Weddell Basin and preparation of a bathy-
metric map of the Indo-Atlantic Basin.

Weddell Basin model. Analysis of marine magnetic anomaly
data has been extremely useful in describing the development
of oceanic basins and the evolution of continental margins. A
paucity of appropriate data within the Antarctic has delayed
application of these same techniques to the antarctic margins
and oceanic basins.

The Weddell Basin recently has been the focus of several
geophysical cruises, including those of the British Antarctic
Survey vessels and the ARA Islas Orcadas. Analysis of the
marine anomaly data gathered during these cruises has yielded
a distinct magnetic anomaly pattern which can be correlated
to the magnetic anomaly pattern M29 to 18, or ages of Late
Jurassic to late Eocene, respectively (figure 1) (LaBrecque and
Barker 1981). The present data set covers only portions of the
eastern Weddell Basin; however, coverage is sufficient to
extrapolate the seafloor spreading model for the Weddell Basin
as a whole. It is hoped the model will serve as a guide in
planning future expeditions to the region.

The marine magnetic data suggest that the Weddell Basin
was formed at the southern flank of a north-south spreading
system that was initiated during the Early Jurassic breakup of
Gondwana. The anomaly lineation pattern indicates that the
poles of rotation that describe the Mesozoic separation of
Gondwana with respect to West Antarctica remained very near
the Antarctic Peninsula during most of the Mesozoic. There-
fore, a Gondwana reconstruction similar to that of DeWit (1977)
is supported by the recent data. During the Cenozoic, the
Weddell spreading center has been progressively subducted
beneath the Scotia Plate, with only the America Antarctic
Ridge surviving to the present.

Indo-Atlantic Basin map. Preparation of a new bathymetric
map of the Indo-Atlantic Basin was also completed in 1981
(figure 2). The map, prepared as part of the fifth edition of the
General Bathymetric Chart of the Oceans (GEBCO) map series,
shows all recent track lines, including the complete Islas Orca-
das data set. Bathymetry is contoured at a 250-meter interval
on a Mercator projection. Several new features have been
defined on the map, including the Meteor and Islas Orcadas
Rises, which manifest a Paleocene truncation of the Falkland/
Aguihas fracture zone (LaBrecque and Hayes 1979). Endurance
Ridge, located southeast of the South Orkney Platform, has
been named in honor of the ship Endurance, which broke up

-20

Figure 1. Magnetic anomaly profiles In the Weddell Sea from Islas
Orcadas cruises and Project Magnet flight 720. Model parameters:
layer depth, 6 kilometers; layer thickness, 500 meters. Skewness
parameter 0 = 0; transition zone width, w = 12 kilometers; mag-
netization, 0.01 electromagnetic units per cubic centimeter.
Spreading rates: 35-80 million years ago = 0.9 centimeters per
year; 80-108 million years ago = 0.45 centimeters per year;
108-165 million years ago = 0.6 centimeter per year. Flow lines
for South American motion with respect to Antarctica in a fixed
position are shown as stippled lines. Ages along flow lines are
expressed as magnetic anomalies and are underlined.
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Figure 2. General Bathymetric Chart of the Oceans (GEBc0) map 5.16, prepared by J. L. LaBrecque, P. D. Rabinowitz, C. Brenner, and F.
Munzo. Available from the Canadian Hydrographic Service, Ottawa.

and sank nearby after succumbing to the immutable forces of
the Weddell Gyre. (The breakup left Sir Ernest Shackleton and
his crew stranded within the Weddell Sea during an unsuc-
cessful attempt to cross the Antarctic continent in 1915.)

The investigator is coordinating a data synthesis program
within the region 90°W to 20 0E, 90°S to 450S. The objective of
the synthesis program is the completion of a map series which
presents the currently available geophysical and geologic data
set for the region. The data review currently underway will
examine the adequacy of the available data set for the selection
of Weddell drill sites proposed within the Ocean Margin Drill-
ing Program (0MD).

The aim of the polar drilling program is to trace the paleo-
environmental development of the Indo-Atlantic Basin since
the early Mesozoic. Little is currently known of the geologic
and paleoenvironmental development of the Antarctic. The
OMD polar drilling program will study an area that has been
unsampled by the Glomar Challenger and therefore the program
promises significant new information concerning the dispersal
of the Gondwana continents, the development of oceanic cir-
culation, and the advance of the antarctic ice sheet.

Participating scientists in the OMD synthesis program rep-
resent the Bundesanstalt für Geowissenschaften und Roh-

stoffe, the Norwegian Polar Institute, the University of Bir-
mingham, the Argentine Hydrographic Office, the Bernard
Price Institute, the Massachusetts Institute of Technology, the
Woods Hole Oceanographic Institution, Rice University, Flor-
ida State University, the University of Georgia, the University
of Rhode Island, and the Lamont-Doherty Geological Obser-
vatory. The purpose of the synthesis program is to accumulate
and review all available data that bear on the paleoenviron-
mental development of the Indo-Atlantic Basin.

The acquisition and analysis of Islas Orcadas data within the
Weddell Basin have been supported under National Science
Foundation grants DPP 77-15586 and DPP 74-12862.
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Growth of the antarctic ice sheets
and the Neogene paleoenvironment

of the Maurice Ewing Bank

PAUL F. CIE5IEL5KI, MICHAEL T. LEDBETrER,
and BROOKS B. ELLw00D

University of Georgia
Athens, Georgia 30602

A micropaleontologic, magnetostratigraphic, and sedimen-
tologic analysis of 56 piston cores was the basis of a geologic
study of the late Miocene to Recent depositional and erosional
history of the intermediate-depth Maurice Ewing Bank (Cie-
sielski, Ledbetter, and Ellwood in press) located at the eastern
extremity of the Falkland (Malvinas) Plateau, southwest Atlan-
tic Ocean (see Ciesielski and Wise 1977 for location map). This
article presents the major conclusions of this study.

1. A review of regional oceanographic data indicates that
oceanic circulation over the Falkland Platform is dominated by
the Pacific water masses of the Antarctic Circumpolar Current
(ACC), with current velocities generally inferred to be 10-20
centimeters per second. The direction and relative intensity of
ACC bottom water flow over the Falkland Platform was
inferrred independently on the basis of a regional study of
bottom photographs, nephelometer profiles, direct measure-
ments of current, and surface sediment distribution (Ciesielski
1978).

2. Fluctuations through time in the position of the Polar
Front and in the intensity of the ACC probably have been the
dominant influence on the depositional history of the Maurice
Ewing Bank since the initiation of the ACC flow over the bank
during the Miocene.

3. A detailed analysis of the late Miocene-Recent geologic
history of the Maurice Ewing Bank reveals a depositional and
erosional history, summarized in the following paragraphs,
which may be correlated with globally significant paleocean-
ographic events and episodes (figure 1).

The Maurice Ewing Bank suffered a major erosional event
during the late Miocene which exposed most Cretaceous-
Miocene sediment, now near the surface, and shaped the pres-
ent configuration of the bank. This erosional event occurred
during the late Miocene to early Pliocene (-7.2-4.7 million
years ago), with the major phase of erosion probably occurring
between middle magnetostratigraphic Chron 7 and late Chron
6 (-7.4-6.2 million years ago).

A widespread resumption of deposition on the Maurice
Ewing Bank occurred from 4.5 to 3.9 million years ago due to
a decrease in ACC velocity associated with an early Pliocene
amelioration of climate (figure 2).

Limited deposition and widespread erosion and/or non-
deposition over most of the bank approximately 4.0-3.2 mil-
lion years ago occurred due to an intensification of the ACC
during the late Gilbert and early Gauss magnetostratigraphic
chrons.

A renewal of widespread deposition occurred as bottom
current velocities decreased throughout much of late Gauss
time between 2.8 and 2.43 million years ago, and more limited
deposition occurred during the earliest Matuyama Chron
(2.48-2.2 million years ago).

A regional disconformity was formed between sediments of
approximately 2.0-1.0 million years in age by intensified ACC
flow which is inferred to have occurred during the late Matu-
yama Chron (1.2 to approximately 1.0 million years ago). The
disconformity is thought to be temporally correlative with the
greatest Patagonian glaciation (Mercer 1976) in nearby south-
ern Argentina.

Between approximately 1.0 and 0.7 million years ago the
bank was blanketed with a coarse, erosion-resistant layer of
ice-rafted detritus which armored the older sediment, thereby
protecting it from subsequent major erosion.

Sedimentation on the Maurice Ewing Bank was intermittent
during the Brunhes Chron (720,000 years ago to Present) and
finally culminated with the deposition of a veneer of carbonate
ooze during the last 200,000 years. This is the first record of
carbonate deposition on the bank since late Miocene time and
probably marks a southward shift of the Polar Front to its
present position over the bank.

4. The Miocene sedimentary record of the Maurice Ewing
Bank and other paleoenvironmental evidence from the circum-
antarctic region suggests several things about conditions prior
to the late Miocene. First, extensive ice shelves were not pres-
ent along the antarctic margins. Second, no grounded ice sheet
was present in West Antarctica. Instead, present-day West
Antarctica was occupied by an archipelago and West Antarctic
Sea (figure 3). Finally, most ice-rafted detritus was deposited
close to the antarctic continent (e.g., Ross Sea), with more
limited deposition as far as 56°S. Ice-rafting was by small bergs
principally from tidewater glaciers and small ice shelves.

5. Extensive ice shelves formed in the Ross and Weddell
Seas during the late Miocene in response to expansion of the
east antarctic ice sheet and further reductions in ocean and
atmospheric temperatures.

6. With the formation of the Ross and Weddell ice shelves,
or shortly after, an immense ice shelf covered the former West
Antarctic Sea. Formation of this ice shelf was accompanied by
a significant increase in the velocity of oceanic circumpolar
circulation, resulting in widespread late Miocene erosion of
deep-sea sediments.

7. During the late Miocene, the west antarctic ice shelf rap-
idly thickened by basal and surface accretion until it grounded
below sea level to form the west antarctic ice sheet.

8. Formation of the west antarctic ice shelf and subsequent
formation of the west antarctic ice sheet, with floating and
partially grounded extensions (ice shelves) in the Ross and
Weddell embayments, led to the first major production of
antarctic bottom water (AABw) with characteristics similar to
those of the present-day AABW.

9. The late Miocene change in the character and volume of
AABW permanently altered rates of global abyssal circulation
and the temperature of abyssal water. Late Miocene changes
in oceanic carbonate compensation depth levels and an appar-
ent permanent shift in the oceanic 13C/ 12C composition may
be attributed to this major change in abyssal circulation.

10. Antarctica was more extensively glaciated during most
of the Pliocene-Quaternary than at any time during the Mio-
cene.

F. McCoy assisted in providing core samples from the
Lamont-Doherty Geological Observatory Core Laboratory.
Support for their collection and curatorial facilities is provided
by National Science Foundation grant OCE 76-18049 and Office
of Naval Research grant N000 14075-C-021. D. S. Cassidy pro-
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Figure 1. Compilation of major late Miocene to mid-Pleistocene (1.0 million years ago) paleocilmatic, paleoglaclal, and paleoceanographic
events (left column) and episodes (right column). Also presented is a summary of late Miocene glacial conditions (lower right corner) prior
to (below diagonal lines) and after (above diagonal lines) establishment of the west antarctic ice sheet. For comparison purposes all ages
are quoted according to a single magnetostratigraphic time scale of LaBrecque, Kent, and Cande (1977) with the revised potassium-argon
(K-Ar) constants of Mankinen and Dalrymple (1979). (Figure is taken from Clesielski, Ledbetter, and Ellwood in press. All references to
"this paper" in the figure refer to that publication.)
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Figure 2. Lithologies of the Pliocene-Recent sediments of Islas Orcadas piston cores recovered from the Maurice Ewing Bank. Gaps in the
lithologic columns represent disconformities. Ages of core sequences below the regional upper Miocene disconformity (lower part of
figure) are given above the lithologic columns showing the upper few meters of sediment below the disconformity. Ages of pre-Pliocene
portions of piston cores taken from CiesieIski and Wise (1972).

vided samples from the Antarctic Marine Geology Research
Facility Core Library at Florida State University. Support for
this collection and curatorial facility is provided by National
Science Foundation grant OPP 74-20109. Partial financial sup-
port for this study was provided by National Science Foun-
dation grants ON' 74-20109 and DPP 77-19360 to S. W. Wise and
DPP 79-05111 to M. T. Ledbetter and by the Institute for Polar
Studies of Ohio State University.
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USCGC Glacier Deep Freeze 81
expedition to the Amundsen Sea and

Bransfield Strait

JOHN B. ANDERSON and NATHAN C. MYERS

Department of Geology
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Houston, Texas 77001

During the 1981 austral summer, USCGC Glacier supported
oceanographic studies of an area of the Amundsen continental
margin and the Bransfield Strait en route from McMurdo Sta-
tion to Palmer Station. During the limited time available for
scientific operations (7 days), 23 geologic stations (see table)
and 11 hydrographic stations were occupied. A geophysical
survey also was conducted. In addition, a biologist from
Hubbs Sea World Research Institute conducted whale obser-
vations (see Awbrey and Thomas, Antarctic Journal, this issue).

Science operations this season were hindered because -the
ship was unable to receive data on ice coverage by satellite
and the helicopters were disabled, thus making ice navigation
extremely difficult. Despite these problems, we did manage to
penetrate the sea ice on the outer shelf of the Amundsen Sea
between 108° and 110'W (see figure 1). An important objective
of our geologic program was to see if grounded ice deposits
exist on the continental shelf in this region. Eight piston cores
and three bottom grab samples were taken at 12 geologic sta-
tions in this area. Three piston cores taken on the continental
shelf (stations 5, 6, and 7) penetrated glacial deposits. We are
presently analyzing these sediments to determine whether
they were deposited by grounded ice or floating ice. The other
five piston cores were taken on the continental slope; they
contain a variety of glacial marine and nonglacial sediment
types.

On February 1, the Glacier departed the Amundsen Sea en
route to the Bransfield Strait area. The primary objective of our
Bransfield Strait survey was to acquire shallow seismic reflec-
tion profiles in the area for the purpose of locating geologic
outcrops. We also hoped to core those areas where outcrops
were indicated. Since only a small amount of ship's time was
available, most of this time was devoted to the geophysical
survey and to physical oceanographic work. We plan to return
to this area next season to conduct a more thorough piston
coring operation. The seismic survey was conducted through
the cooperation of L. McGinnis of Northern Illinois University
and R. Sylvester of the United States Geological Survey. An
800-joule teledyne sparker system and hydrophone streamer
was used to collect single-channel seismic data. Figure 2 shows
the locations of the seismic tracks and sediment sample loca-
tions.

Seismic profiling revealed several interesting features.
Along tracks BS3 and BS4 up to six reflecting layers were
detected, the lowermost of which was .07 second below the
sediment/water interface. At the southern end of track BS4
these layers have an apparent dip northwest under a bathy-

Geologic sample station data

Piston core
Station	 Depth	length
number	Position	(meters)	(centimeters)

1	710 02' S	2,466	128
110° 19' W

2	710 10' S	1,565	69
110° 21' W

3	710 13' S	1,000	69
110° 21' W

4	710 15' S	818	225
110° 20'W

5	710 14' S	567	149
110° 26' W

6	710 18' 5	450	148
110° 16' W

7	710 15' S	470	232
109° 00' W

8	710 11' 5	618	169
109° 02' W

9	710 11' S	480	None
109° 03' W

10	710 09' S	1,069	None
109° 02' W

11	710 03' S	2,089	None
108° 60' W

12	700 47' 5	3,065	None
108° 20' W

13	630 34' S	988	122
61° 33' W

14	630 24' S	68	None
61° 55' W

15	630 28' S	244	Bag sample only
16	630 28' S	433	Bag sample only

61° 50' W
17	63°29' 5	1,201	Bag sample only

61° 44' W
18	630 31' 5	1,300	172

61° 34' W
19	630 29' S	1,219	None

61° 40' W
20	630 31' 5	757	None

61° 21' W
21	630 24' 5	557	None

61° 10'W
22	630 16' 5	928	284

61° 57' W
23	630 14' S	936	278

61° 51' W

Note. Bottom grab taken at all stations but station 8.

metric trough. Potential outcrop of these layers was located
along tracks BS3 and BS4. Interestingly, these layers were
observed to lie at approximately the same water depths along
the different tracks. During profiling, some extremely steep
slopes (up to 25°) were recorded. These slopes strike east-
northeast roughly paralleling the regional structural fabric of
Bransfield Strait, and could be the expression of fault scarps
as postulated from gravity data (Davey 1972) and other seismic
data (Ashcroft 1974; Griffiths et al. 1964). Although seismic
penetration was not sufficient to show structural evidence for
faulting, bathymetry in the area of track ss4 does show north-
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Figure 2. Bathymetry, geologic station locations, and geophysical
tracks for area 2. Seismic tracks are designated Bsl through ss4.
The arrows indicate the start and stop points for each track.

northwest and east-northeast trending troughs that may be
related to the regional structural fabric of Bransfield Strait.
Near the end of track BA, layered sediment ponded in a
broadly U-shaped trough was observed. This trough is cut in
a highly reflective layer which, at other points near Low Island,
is marked by a knobby and terraced surface overlain by a thin
veneer of sediment. This highly reflective layer may be vol-
canoclastic rock or may be upfaulted basement rock.

During Deep Freeze 82, we will focus our coring operation
in areas where outcrops and near-surface exposures are indi -
cated on seismic records.
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Early Miocene to Pleistocene
fluctuations in ice-rafted debris at

DSDP site 274
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The initiation and growth of the antarctic ice cap has been
studied directly using the deep-sea sedimentary record and
indirectly using inferences from global changes in sea level,
climate, and vegetation (Drewry 1975). Since the recovery of
ice-rafted debris (mD) off Antarctica during the H.M.S. Chal-
lenger expedition (Murray and Renard 1891), attempts have
been made to distinguish uw in deep-sea sediments from other
terrigeneous components. IRD in deep-sea sediments com-
monly has been thought of as poorly sorted angular grains
consisting of quartz, feldspars, garnet, and rock fragments
(Connolly and Ewing 1965). It is particularly important, how-
ever, to differentiate individual IRD grains from grains trans-
ported or reworked by contourites and turbidites. Guidelines
have been put forth for recognizing individual grains of glacial
origin by correlating surface microfeatures on quartz (deter-
mined by scanning electron microscopy) with source environ-
ment and modes of transport (e.g., Krinsley and Takahashi
196; Margolis and Krinsley 1974).

In our work we are using Fourier grain shape analysis (Ehr-
lich and Weinberg 1970) to determine the deposition of IRD

onto the antarctic continental rise at Deep Sea Drilling Project
(DSDP) site 274 since the early Miocene. Fourier grain shape
analysis is able to describe the two-dimensional maximum
projectional shape of unicrystalline quartz grains to any spec-
ified degree of exactness. Fourier data are analyzed with an
extended CabfadQmodel algorithm (Full, Ehrlich, and Klovan
in press), which is able to define the number of end members
present within the data set and determine which samples are
most representative of each end member. The source and
transport history of any individual quartz grain controls the
overall shape of the grain. Sediment samples are so complex
that they can be considered unique fingerprints. The percent-
ages of grains from contributing source areas and modes of
transport can then be quantified. The glacial origin of the
samples representing the most irregular end member within
the 45- to 63-micrometer quartz fraction is linked to glacial
erosion on the antarctic continent by verification of surface
feature microfeatures using the scanning electron microscope.

DSDP site 274, located on the continental rise in the north-
west Ross Sea (figure 1), is ideally located to record the accu-
mulation of sediment from the initiation and subsequent fluc-
tuations of the west antarctic ice sheet. The percentage of
variaton of the glacial end member in site 274 divides the early
Miocene through Pleistocene section into three distinct inter-
vals (figure 2). The early to middle Miocene interval contains
low percentages (5 to 28 percent) of highly irregular quartz
(sample average = 13 percent). In contrast, the late Miocene
and early Pliocene samples contain large fluctuations, with
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Figure 1. Location map of DSDP site 274 in the northwestern Ross
Sea Embayment. Taken from the Initial Reports of the Deep Sea
Drilling Project, Vol. 28.

percentages varying between 22 and 70 percent (sample aver-
age = 45 percent). The late Pliocene to Pleistocene interval
contains intermediate values (sample average = 19 percent)
but with variations (7 to 36 percent) on a scale similar to
variations in the early and middle Miocene.

The temporal fluctuations in the mr end member in this
study reinforce the basic findings of Frakes (1975) based on
the total percentage of coarse fraction. The mD end member
became an important component of the sedimentologic record
in the early Miocene (core 19), but did not intensify until the
late Miocene (core 12) after a peak in the early Pliocene (core
9). IRD deposition then appears to have tapered off. High
percentages of the IRD end member are positively correlated
with high percentages in the total coarse fraction (Frakes 1975).

The early Miocene through Pleistocene record of site 274 can
be correlated with paleoceanographic changes within the
southern ocean. The west antarctic ice sheet is believed to have
coalesced in the late Miocene and grounded on the continental
shelf in the early Pliocene (Drewry 1975), 5.5 to 3.7 million
years ago (Hayes and Frakes 1975). About 5.0 million years
ago there was a massive influx of sediments into site 274, along
with a decrease in IRD sedimentation in the Ross Sea (Hayes
and Frakes 1975). At 4.0 million years ago a rapid retreat of the
expanding ice sheet (Shackleton and Kennett 1975) was marked
by high paleotemperatures (Berggren and Haq 1976; Ciesielski
1975). The IRD end member of site 274 also shows a small
decrease in percentages at this time (figure 2). The period of
3.7 to 3.35 million years ago saw an expansion of the ice past
its present limits (Ciesielski 1975; Hayes and Frakes 1975;
Margolis 1975). A strong peak in IRD deposition occurs during
this time interval in the upper half of core 9. During the period
of deposition represented by this site there was a series of sea
level drops at 13, 10, 6.8, and 5.5 million years ago (Vail and
Hardenbol 1979) that have been related to the formation of the
west antarctic ice sheet. The percentage of IRD decreased
greatly after the deposition of core 9 approximately 3.1 million
years ago.
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previous paleoclimatic reconstructions of the west antarctic ice
sheet. This study shows that the shape variation within a
specified size fraction of quartz can be used to distinguish the
ice-rafted component, rather than the size range of particles
found within each sample or surface microfeatures.

This work was supported by National Science Foundation
grants DPP 77-21929 and DPP 80-23696. Samples for this study
were obtained from the DSDP core storage facility at Lamont-
Doherty Geological Observatory and from P. Ciesielski at the
University of Georgia. Thanks go to R. Thunell and W. Full for
their helpful comments on the various aspects of the study.
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Figure 2. Fluctuation in the percentage of the irregular end mem-
ber (ice-ratted debris; IRD) distinguished from Fourier grain shape
analysis.
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Quaternary paleocirculation of the
Antarctic Circumpolar Current

BRUCE H. CORLISS
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The Antarctic Circumpolar Current (ACC), flows eastward
around Antarctica between approximately 400 and 65°S and is
one of the major currents in the ocean, with a transport on the

order of 125 Sverdrup (1 Sv = 10 6 cubic meters per second)
(Fandry and Pillsbury 1979). The current extends from the
surface to a depth of about 4,000 meters and serves to mix the
deep water in the ocean, contributing significant amounts of
circumpolar water to all of the deep ocean basins. In this study,
the history of ACC during the Quaternary is considered by
analyzing deep-sea benthonic foraminifera in four sediment
cores from the southeast Indian Ocean sector of the southern
ocean. The four Eltanin piston cores, E49-18, E49-23, E48-22,
and E48-28, were taken from the Southeast Indian Ridge in
waters at depths of 3,200 to 3,400 meters (figure 1). The data
for E49-18 are presented here (figure 2) and related to the glacial
circulation of the ACC. The water overlying these cores is Ant-
arctic Circumpolar Water (ACw), flowing eastward within the
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Figure 1. Map of the southeast Indian Ocean with major physiographic features, the 2,000-,3,000-, and 4,000-meter depth contours (Heezen,
Tharp, and Bentley 1972), location of four piston cores being considered in this study, and the Recent distribution of deep-sea benthonic
foraminifera (Corliss 1979). Shaded areas atop the Southeast Indian Ridge and in the South Australian Basin are areas where Uvlgerina

spp. and Eplstominella exigua dominate; the cross-hatched area is marked by the dominance of Globocassidulina subglobosa; and the
hatched area is dominated by Epistominella umbonifera. The G. subglobosa assemblage was inferred to mark a western boundary
undercurrent indicated by closed arrows. The open arrows indicate an additional route for Antarctic Bottom Water Inferred from work by
Rodman (1977) and Gordon and Molinelli (1975).
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Figure 2. Eltanin piston core E49-18: The second principal com-
ponent of the benthonic foraminiferal data is shown, along with
planktonic foraminiferal oxygen isotopic data, a radiolarian near-
surface summer temperature estimate, percentage of Cyclador-
phora davlslana, percentage of calcium carbonate (CaCO) (Hays,
Imbrie, and Shackleton 1976), and the percentage of planktonic
foraminiferal fragmentation. Negative shaded values of the sec-
ond principal component of the benthonic foraminifera are domi-
nated by Melonis barleeanum, Melonis pompilioides, and Uvigerina
spp. Positive values are marked by the dominance of Globocas-
sidulina subglobosa.

ACC with potential temperatures of 0.7° to 1.2°C, salinities of
34.72%o, and dissolved oxygen contents of 4.8 to 4.9 milliliter
per liter at the location of these cores (Gordon and Molinelli
1975; Rodman 1977).

The second principal component of the benthonic forami-
niferal data in E49-18 is presented in figure 2 along with plank-
tonic foraminiferal oxygen isotopic data from stages 12 to 5,
radiolarian near-surface summer temperature estimates, the
percentage of Cycladorphora davisiana and the percentage of
calcium carbonate (CaCO), presented by Hays, Imbrie, and
Shackleton (1976), and the percentage of planktonic forami-
niferal fragments. The principal component analysis reveals
two assemblages within the second principal component, with
the oscillations of the faunal assemblages showing a striking
correlation with the oxygen isotopic curve. The first assem-
blage, marked by positive values, is dominated by Globocas-
sidulina subglobosa and is found generally during the warm
interglacial isotopic stages 11, 9, 7, and 5. Negative values
indicate that the second assemblage is dominated by Melonis
barleeanurn, Melonis porn pilioides, and livigerina spp. and is
found generally during glacial isotopic stages 10, 8, and 6,
during intermediate isotopic levels (including the latter part
of stage 11), and during the middle of stages 9 and 7. The G.
subglobosn assemblage is similar to the faunal assemblage
found presently associated with Antarctic Bottom Water

(AABw), with potential temperatures of 0.6° to 0.8°C, suggest-
ing that the AABW boundary current was present at this site
during interglacial times, as it is today. The presence of M.
barleeanu rn and the M. barleeanurn-M. porn pilioides- Uvigerina
assemblage indicate that conditions within the ACC were dif-
ferent during glacial intervals than at present.

It is interesting to note the similarity between the benthonic
foraminiferal faunal patterns in the eastern North Atlantic and
beneath the ACC. Streeter and Shackleton (1979) analyzed one
core, v29-179 in the northeast Atlantic, which showed a Uvi-
gerina -M. barleeanurn -Astrononion assemblage during glacial
times within the last 125,000 years. The Uvigerina dominance
was suggested to reflect the reduction or elimination of the
young, well-oxygenated North Atlantic Deep Water (NADW),
resulting from the cooling and stratification of the Norwegian
Sea surface (Kellogg 1980). It was speculated that the M. bar-
leeanurn-Astrononion assemblage may reflect deep water for-
mation north of the Polar Front in the North Atlantic during
full glacial intervals. The North Atlantic faunal assemblages
during glacial times and the timing of these changes are strik-
ingly similar to those found in this study beneath the ACC.

Two possibilities are suggested to account for the glacial-
interglacial oscillations of the ACC and the similarity of faunal
patterns between the North Atlantic and the southern ocean.
The first hypothesis is that the similarity between the North
Atlantic and ACC faunal changes and timing of faunal changes
is a result of the circulation changes being linked and the deep
circulation responding as one system. The cessation or reduc-
tion of NAM during the glacial intervals has been suggested
to be due to the Norwegian Sea becoming ice covered (Kellogg
1980; Schnitker 1979; Streeter and Shackleton 1979). At present,
the NADW, with high temperatures, salinities, and dissolved
oxygen content, flows south in the Atlantic to the southern
ocean, where it becomes an important component of the ant-
arctic circumpolar water (Acw). The cessation or reduction of
NADW during glacial intervals may have affected in some man-
ner the ACW and may account for the observed faunal changes.
The hydrographic changes in the ACW may have changed
directly because of the lack of NADW input, or it may have been
altered because of changes in the residence time of the ACW.
The presence of an M. barleeanurn-M. pornpilioides-Uvigerina
assemblage suggests the presence of a deep water mass that is
not present today in the ACC, which can be called "Circumpolar
Glacial Deep Water" (cGDw).

A second possibility to account for the faunal patterns is that
the circulation changes in the two polar regions are not linked,
but occurred as a result of similar oceanographic conditions
responding to global climatic changes but independent of one
another. This explanation puts more emphasis on variables
such as the extent of ice cover and wind conditions to account
for the presence of the CGDW. Ongoing research will evaluate
these two hypotheses to account for the observed faunal pat-
terns.

This work was supported by National Science Foundation
grant DPP 78-21105.
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Early to early-middle Paleocene
diatom zonation

CONNIE A. DEPRADO and HsIN Yi LING
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DeKaIb, Illinois 60115

Knowledge of Paleocene diatoms is still in its infancy, pri-
marily because Paleocene deposits bearing siliceous microfos-
sils are extremely rare, both on land and under the sea. With
the exception of Combos' (1977) report of late Paleocene dia-
toms from hole 327A of leg 36 of the Deep Sea Drilling Project
(DSDP), which is by far the most comprehensive and readily
accessible reference to date, information regarding Paleocene
diatom biostratigraphy is limited and inconclusive and comes
almost solely from the land outcrop sections.
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Figure 1. Location map for site 208 of leg 21 of the Deep Sea
Drilling Project. Contour Interval of bathymetric insert, 300 fathoms
(after Mammerlckx et al 1971).

Combos (1977) established three tentative late Paleocene
diatom zones from the southwestern Atlantic. This article
reports on an early to early-middle Paleocene diatom zonation
based on submarine deposits of site 208 and nearly completes
a Paleocene diatom zonation.

Site 208 of leg 21 of the DSDP was located on the northern
part of the Lord Howe Rise at 26°06.61'S 161°13.27'E at a water
depth of 1,545 meters (figure 1). Of the 255.4 meters of cored
sediments recovered from this site, 21 meters (cores 29 through
31) were referred to as early (Danian) to middle Paleocene age
on the basis of calcareous nannofossils (Martini 1971). Gen-
erally, the Paleocene sediments consist of gray, siliceous fossil-
bearing and nannofossil-bearing radiolarite or diatomite. Dis-
conformities occur above and below this section between the
middle-middle Eocene/early-middle Paleocene and the Meso-
zoic and Cenozoic (Burns et al. 1973).

From a moderately well-preserved diatom assemblage
recovered from this Paleocene section, diatom microflora of
over 40 species distributed in 16 genera were recognized
(dePrado 1981). We propose four new diatom zones for the
early to early-middle Paleocene sections. They are (in ascend-
ing order): the Hemiaulus caracteristicus s.l. partial range zone;
the Notiostyrax tasmanos partial range zone; the Riedelia ?
cylindrica partial range zone; and the Stephanopyxis conici
local range zone (figures 2 and 3).

This work was supported in part by National Science Foun-
dation grant DPP 79-11304 (to H. Y. Ling).
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Marine biology

Sea-ice microbial communities in
McMurdo Sound
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The annual sea ice in McMurdo Sound provides a substrate
for the growth of a complex microbial community that was
described first by Bunt and Wood (1963). Diatoms, which
dominate this community, undergo a spring "bloom," turning
the bottom of the ice a golden brown color. Microalgae, bac-
teria, and protozoa apparently live and grow within sea-ice
brine channels and attached to ice-crystal surfaces at the ice-
seawater interface. Cellular metabolism occurs in a harsh
environment where ambient temperatures are below -1.86°C
(and possibly as low as -4°C) and where light is strongly
attenuated. Under-ice light is reduced to less than 1.0 percent
that of the light at the ice surface. Furthermore, while light is
continuous during the summer months, the photosynthetic
diatoms are subjected to almost 6 months of continual darkness
during winter.

During the 1980-81 field season, we addressed the following
questions concerning the population ecology and the phys-
iological ecology of the sea-ice micro-organisms: (1) What fac-
tors affect the distribution and abundance of sea-ice organ-
isms? (2) What are the interactions between the members of
the microbial community? (3) How are the sea-ice micro-
organisms adapted to the conditions of low light and low
temperature? (4) How do the photosynthetic microalgae sur-
vive the long antarctic winter? We have only begun to answer
these questions and report here our preliminary findings.

We examined the areal distribution of the algal and bacterial
components of the sea-ice community in 30 cores taken at six
stations in McMurdo Sound during the 1980-81 austral sum-
mer. The mean chlorophyll a content was 114 ± SD 112 mil-
ligrams per square meter; the mean concentration of bacteria
was 3.9 x 10 11 ± SD 2.1 x 10 11 cells per square meter, as
determined by a direct count of acridine orange-stained cells
by means of epifluorescence microscopy.

We found that the levels of chlorophyll a per square meter
associated with the New Harbor area, West Sound (x = 188,
SE = 58) were not significantly different than the levels in the
East Sound (x = 142, SE = 36). This observation is particularly

interesting because previous workers have characterized the
West Sound as oligotrophic (deficient in plant nutrients) and
East Sound as eutrophic (rich in dissolved nutrients). Dayton
and Oliver (1977), for instance, reported an order of magnitude
difference in infaunal densities. Further, the oligotrophic
nature of the West Sound relative to the East has been con-
firmed by measurements of bacterioplankton standing stocks
and secondary production made by Holm-Hansen and asso-
ciates (1977), Fuhrman and Azam (1980), and Hodson and
associates (1981).

While our tests are preliminary, they suggest the following:
1. In contrast to the planktonic and benthic communities,

there seems to be little difference between the East and West
Sounds in the sea-ice microbial standing crop.

2. West Sound benthic fauna may receive a significant por-
tion of their carbon and energy from sea-ice community pro-
duction.

3. Growth of the sea-ice community may not be nutrient-
limited.

Vertical profiles of chlorophyll a, phaeopigments, adenosine
triphosphate (Alp), and bacterial concentrations showed con-
sistent patterns in all the annual sea-ice cores examined. In
general, the bottom 20 centimeters of the core contained 100
to 1,000 times more chlorophyll a and phaeopigments than the
remainder of the core; chlorophyll a concentrations were as
high as 2.10 milligrams of chlorophyll a per liter. The mean
chlorophyll a:phaeopigment ratio was greater than 1.0 for the
bottom 20 centimeters of the core, while the ratios for the
upper sections of the core and for seawater phytoplankton
samples were consistently less than 1.0.

The lower 20 centimeters contained bacterial concentrations
as high as 6 x 109 per liter. The bacteria in this section were
relatively large, often occurred as paired or dividing cells, and
frequently were found in chains of 10 to 30 cells. In the upper
sections of the ice core, bacterial concentrations were an order
of magnitude lower, and the size and morphology of the bac-
teria were strikingly different. Bacteria were usually single
cells, small (<0.8 micrometer in diameter) and similar to those
found as bacterioplankton in the water column.

In examining the interrelationships of members of the bot-
tom-ice microbial community, we found that bacterial cells
were frequently in close physical association with certain dom-
inant species of diatoms of the genus Amphiprora (figure). A
variety of morphological types of bacteria, often in chains and
filaments, appeared to colonize the exterior of the diatom
valve. It is not uncommon in nature to find bacteria colonizing
detritus, including dead and decaying diatoms; however, the
colonized Amphiprora cells were not senescent. Cytological
analysis using phase-contrast microscopy and epifluorescent
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Scanning electronmicrograph of bacteria associated with the ice diatom Amphiprora sp. Sample was collected from sea Ice at site 2 (Cape
Armitage) by divers. The material was rapidly fixed with 2 percent glutaraldehyde In seawater at —2°C and prepared by critical-point drying
before observation through a Cambridge microscope. (a) Indicates the specificity of the bacterial association with Amphiprora sp.; bacteria
seldom are associated with other diatoms. (Magnification 380X) (b) Depicts the morphological diversity of Ice bacteria observed In
association with Amphiprora sp., including rods, cocci, filaments, and prosthecate bacteria. (Magnification 1,550X)

illumination of DAPI and acridine orange-stained cells indi-
cated that the cells were intact and performing normal meta-
bolic processes.

The large size of the bacteria associated with the bottom-ice
community suggests that they are physiologically active, while
the presence of multiple cells and chains suggests that the
bacteria are growing and dividing. The brine channels that
harbor sea-ice organisms may have a relatively high concen-
tration of dissolved organic matter due to the release of pho-
tosynthate by ice algae, which could then be utilized by the
associated sea-ice bacteria.

To determine the effect of changing light intensities on the
physiology of sea-ice algae, we conducted a controlled light
perturbation study on the sea ice at McMurdo Station. Light
penetration to the underlying ice algae was reduced by more
than 90 percent in a 100-square-meter experimental quadrat
by covering the ice surface with tarps and snow; an adjacent
control quadrat was left uncovered. We were assisted in this
experiment by George Simmons and his field team. Under-ice
samples and light measurements were taken by divers Dale
Anderson, Arpad Vass, and John Wood. The results of this
experiment are currently being analyzed.

Little is known about the capacity of ice microalgae to sur-
vive the polar winter when absence of light precludes photo-
synthetic nutrition. In our laboratory at the University of
Southern California, three polar sea-ice diatoms, isolated in
unialgal, axenic culture, were subjected to a 30-day simulated
summer-winter transition. Light and temperatures were
decreased and salinity was increased to mimic seasonal
changes for ice-covered polar seas reported previously. The
diatoms responded to these changes by a reduction in cellular
metabolism, as indicated by (1) a decline in growth rate and
photosynthetic rate, (2) a decrease in cellular ATP, and (3) the

storage and subsequent utilization of endogenous carbon
reserves. In addition, heterotrophic potential of the three
clones increased by as much as 60-fold. In some cases, the
decrease in light intensity characteristic of the onset of polar
winter alone was sufficient to trigger these physiological
changes. Survivorship of cells subjected to the summer-winter
transition,then kept in complete darkness at 0°C for 6 months,
ranged from 0.1 to 10 percent of the population.

In conclusion, our combined field and laboratory studies
have indicated that the sea ice-microbial community is very
rich and active. Because of this any studies attempting to
evaluate the carbon and energy flow through polar ecosystems
must include this conspicuous and important aspect of the
environment.

This research was funded by grant DPP 79-20802 from the
Division of Polar Programs, National Science Foundation.
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Diatom resting spores usually are heavily silicified cells with
morphology and metabolism markedly different from actively
growing, vegetative cells. Since diatom resting spores can sur-
vive periods of darkness, it is reasonable to assume that con-
version into spores would be an effective over-wintering strat-
egy. Resting spores are not commonly reported in antarctic
waters (Hargraves and French in press). However, their appar-
ent absence may in part be matters of timing, place of collec-
tion, or nonrecognition. Foster and associates (1980) found
what they considered to be resting cells (if not specialized
resting spores) in newly formed ice in the Weddell Sea. We
have found resting spores of centric diatoms in cultures and
now understand better the preserved samples from past
cruises. Collections from the SA Agulhas, a successful cruise
extending far south during the austral fall in remarkably good
weather, promise a continuation of this study.

Many antarctic Chaetoceros species belong to a section of the
genus not known to have resting spores. Another section of
the genus is represented in the southern Indian Ocean by the
resting spore-forming C. radicans Schütt, which is considered
to be a cosmopolitan species. On the cooperative, 1976 French
cruise of the Marion Dufresne (cruise MD-08) this species, col-
lected under the direction of S. Z. El-Sayed, was dominant in
many stations. Net hauls were crowded with chains of vege-
tative cells having bifurcating spines (Fryxell and Medlin in
press), and the paired resting spores had specialized setate
valves holding them together (figures 1 and 2). These special-
ized "extra" valves are not part of the resting spore, but are
the valves formed at the first nuclear division in the resting
spore process.

Although much can be learned about morphology and stages
in resting spore production from such preserved field samples
in which the dominant organism is forming spores, questions
concerning ecological triggering mechanisms require work
done with living material. Thalassiosira antarctica Comber,
examined in culture at Texas A&M University, has been found
to form resting spores (Fryxell, Doucette, and Hubbard 1981;
Fryxell, Villareal, and Doucette 1980).

Study of the antarctic clones (T. antarctica var. antarctica)
has revealed that high salinity (such as cells might experience
in interstitial brine in sea ice) triggers resting spore production
(Villareal in preparation) and is especially effective when cou-
pled with a controlled nitrogen source (up to 75 percent resting
spores) (Doucette in preparation). These resting spores also
have "extra" valves—in this case, the last nuclear divisions
originating with a single vegetative cell are unequal. A rudi-
mentary valve is left as the hypotheca and usually telescopes
into the nearly empty vegetative epitheca husk. Most com-
monly, pairs of resting spores originating from a vegetative

Figure 1. Chaetoceros radicans single resting spore. Taken during
Marion Dufresne cruise MD-08, at station 17 (46052.6'S 37°53.7'E),
25 March 1976, with a 35-micrometer net hauled to the surface
from a depth of 100 meters. Magnification, 4,800X.

Figure 2. Chaetoceros radicans specialized setate valves that hold
twin resting spores together but are not part of the resting spore
frustule. Taken during Marion Dufresne cruise MD-08 at station
17. Magnification, 3,200X.

cell are seen in field samples, but a determinate number of
divisions can produce up to four resting spores per vegetative
cell. Figure 3 illustrates a single resting spore with limp rudi-
mentary valves remaining after final nuclear divisions. Its
appearance, with limp rudimentary valves still clinging to
both domed resting spore valves, indicates that, in this
instance, one vegetative cell produced only one resting spore.

T. antarctica is a bipolar species. The northern clone (T.
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Figure 3. Thalassiosira antarctica var. antarctica resting spore with
a rudimentary valve clinging to each valve, showing that there
were two unequal divisions of the original vegetative cell nucleus.
Clone AA4 originally was isolated from the South Atlantic during
Islas Orcadas cruise 17/78, at station 34 (51 '47'S 39 030'W), 5 Octo-
ber 1978; isolated 6 November 1978. Magnification, 3,000x.

antarctica var. borealis Fryxell, Doucette, and Hubbard) is also
in culture at Texas A&M University. Besides having markedly
different resting spore morphology, the boreal and austral
varieties have slight structural differences in vegetative bands.
Production of resting spores is not a response to high salinities
in T. antarctica var. borealis, but resting spores have been
produced in senescent cultures.

Samples of another bipolar species, Porosira glacialis (Gru-
now) Jorgensen, taken from both Narragansett Bay and the
Scotia Sea, also are in culture. They have been studied in light
and scanning electron microscopes. Although few resting
spores have been produced in the boreal clones, and fewer in
the austral cultures, observations on vegetative girdle bands
suggest that varietal status for these two species may be jus-
tified (Villareal and Fryxell in preparation). Girdle band struc-
ture appears to show genetic separation as effectively as valve
morphology (Fryxell, Hubbard, and Villareal 1981).

All clones of T. antarctica and P. glacialis from the north and
south reveal surprisingly wide tolerances to changes in salin-
ity, with all clones able to grow in salinities ranging from 10
to 50 parts per thousand. Thus far, all clones are able to grow
if fully acclimatized to each increment in temperature from
—2°C to 10°C. In addition, morphological differences exist in
cultures grown at temperatures of melting ice. Cold tempera-
tures (0° to —2°C) result in loss or marked reduction of external
tubes. Cold temperatures also result in the constriction of the
foramen (external opening of the areola), but this characteristic
is somewhat variable and also is noted in P. glacialis grown at
a salinity of 50 parts per thousand. This "cold-water form" has

been seen previously in field samples, but it was not recog-
nized for what it was. We have not experimented yet with
different nutrient levels at low temperature; however, resting
spores are not produced by near-freezing temperatures alone.
Culture work on these and other antarctic clones (totaling more
than 90 clones of a dozen species) is continuing (Villareal in
preparation).

Initial examination of the nonsiliceous, vegetative ultra-
structure of the two bipolar diatom species by light and trans-
mission electron microscopy has yielded evidence of no
obvious differences between the two populations of the same
species (Doucette in preparation). An observation of multiple
nucleoli in all four populations, although not unusual in
plants, was unexpected in that to our knowledge it had not
been previously reported in diatoms. Work is under way to
determine the contents of specialized secretory vesicles in both
species that may be involved in extrusion of f3-chitin threads
through strutted processes, present only in the family Thal-
assiosiraceae. The fusion of these vesicles with the plasma
membrane and the liberation of their contents into the area
between the plasmalemma and the cell wall has been dem-
onstrated (Doucette 1980).

Plans had been made to cooperate with the British Antarctic
Survey (BAs) on the First International BIOMASS Experiment
early in the austral summer of 1980-81. However, metal fatigue
of the propeller (brought about by vibrations of unknown
origin in the shaft) caused cancellation of this year's field effort
by BAS. S. Z. El-Sayed, who was invited by the South African
Council on Scientific and Industrial Research to participate on
the South African ship SA Agulhas, made some last minute
changes to accommodate our phytoplankton project. From 10
February to 20 March 1981, M. A. Meyer, representing our
project, took phytoplankton collections on a survey of the
relatively little-studied area of the southern ocean north of
Queen Maud Land. The chief scientist, Ian Hampton, con-
ducted the acoustic survey of Euphausia superba Dana by map-
ping a grid from the ice edge north to 60°S, bounded by 15°E
and 30°E, a part of the international effort to assess the abun-
dance of krill.

Discrete samples were taken from Niskin bottles at 17 night
stations (three depths) and 23 day stations (seven depths) for
quantitative estimates by microscopical examination of phy-
toplankton species present. In addition, at each station, ver-
tical hauls with nets of 35-micrometer mesh were made from
a depth of 200 meters for concentration of rarer, larger species,
taxonomic study of abundant species, and study of resting
spore production. Preliminary analysis of the net hauls by El-
Sayed while on board ship revealed the predominance of Cor-
ethron criophilum Castracane, Rhizosolenia spp., Thalassioth rix
antarctica Schimper, and Nitzschia kerguelensis (O'Meara)
Hasle. A bloom of Chaetoceros neglectum Karsten was encoun-
tered in the area of the subantarctic Marion Island (46°53'S
37°52'E, 15 March 1981) near the end of this successful cruise,
but no resting spores were noted in the study of living material
on board ship. Living material was brought back to Texas, and
selected cultures are being established.

This work was supported in part by National Science Foun-
dation grants DPP 78-23463, DPP 80-20381, and DEB 79-23159 and
by the Smithsonian Oceanographic Sorting Center's program,
"Cooperative Systematics and Analyses of Polar Biological
Materials" (DPP 76-23979; B. J . Landrum, principal investiga-
tor).
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First estimates of bacterioplankton production in Drake Pas-
sage of the antarctic ocean were made in the austral summer
of January 1980 (Hanson and Lowery 1981; Hanson et al. in
preparation). The major results of that study were:
(1) bacterioplankton production was less than 1 milligram per
square meter per day (or less than 0.02 microgram carbon per
liter per day); (2) free-floating bacteria were mainly respon-
sible for the production in surface waters; and
(3) bacterioplankton production was an insignificant source of
particulate organic matter, but bacterioplankton were impor-
tant in the consumption of dissolved organic carbon and the
decomposition of particulate organic matter in antarctic cir-
cumpolar deep water.

A followup cruise was made between 13 September and 16
October 1980 to obtain additional estimates of production and
adaptation of bacterioplankton in the antarctic region. We
studied the waters along 90°W from 45°S to the Polar Front
Zone, and across the Drake Passage from ice pack to Cape
Horn (figure 1). Michael McCartney of the Woods Hole Ocean-
ographic Institute studied the hydrographic conditions in the
southeast Pacific Ocean and obtained evidence of a convective
zone (formation of the antarctic intermediate water) in the
southeastern gyre of the Pacific Ocean (McCartney in prepa-
ration).

A microbiological team of R. Hanson, K. Lowery, D. Schafer,
and T. Ryan studied a number of characteristics of microplank-

ton (<100 micrometers) and bacterioplankton (<3 microme-
ters): adaptation to low temperature and nutrient waters, bac-
terial production by frequency of dividing cells, and increase
in cell numbers (Fuhrman and Azam 1980; Hagstrom et al.
1979), percentage of active bacterial cells by the 2-(p-iodo-
phenyl)-3-(p nitrophenyl)-5-phenyl tetrazolium chloride (TNT)
technique (Zimmerman, Iturriaga, and Becker-Berck 1979),
and size fraction of the microplankton biomass (ATP, total
adenylates, and adenylate energy charge). A summary of the
results from this cruise follows.

Bacterioplankton are adapted to low-nutrient waters in the
subantarctic zone (figure 2). Bacterioplankton growth in water
strained through a filter having holes less than 3 micrometers

50°S

550

600

90°W	800	 700	 600

Figure 1. Station locations for the RIV Atlantis II cruise 107, leg 11,
in the south Pacific and the Drake Passage, 30 September-13
October 1980. Zones based on conductivity-temperature-depth
and expendable bathythermograph data (modified from McCartney
in preparation).
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Figure 2. Influence of nutrient concentrations (yeast extract) on
the growth of bacterioplankton (<3 micrometers) collected from
a depth of 40 meters in the subantarctic convergence zone off
South America (station 265). Cultures maintained at in situ tem-
peratures (60C). In the beginning, the frequency of dividing cells
was 6 percent; after 45 hours it varied between 10 and 20 percent.

in diameter showed little response to 0.001 percent yeast
extract, whereas high concentrations of yeast extract (>0.001
percent) suppressed growth. The initial bacterio plankton
number was 26,000 cells per milliliter. Approximately 6 percent
of the cells were in the process of binary division. The per-
centage increased to 20 percent during the latter stages of
growth. Assuming a carbon content of 830,000 grams per cell
(Fuhrman and Azam 1980), bacterioplankton production in
the nonenriched cultures over the first 10 hours of incubation
was 0.13 microgram carbon per liter per day.

Bacterioplankton biomass (ATP) in the <3-micrometer frac-
tion showed more variation with a change in culture temper-
ature than with a change in nutrients (figure 3). At in situ
temperatures, biomass changed very little and even decreased
at 0°C over 48 hours. At elevated temperatures, however,
biomass increased significantly with time. These results sug-
gest that the bacterioplankton growth in the Polar Front Zone
is suppressed by low temperature. In contrast, in the antarctic
zone, the bacterio plankton possess a lower temperature range
for maximum growth (Wiebe and Hendricks 1972).

Spatial distribution of microplankton biomass was related
to hydrological conditions (data not presented). From 45°S and
southward, AT? concentrations were low (10-20 nanograms
per liter) and became more uniform with depth (100 meter')

Uk

Figure 3. Influence of temperature on the growth (ATP concentra-
tion) of bacterioplankton (<3 micrometers) collected from a depth
of 40 meters at station 298 in the Polar Front Zone of the antarctic
ocean. The initial ATP concentration was 9 nanograms per liter.
h = hours of incubation; ng ATP/l = nanogram of adenosine tn-
phosphate per liter.

in the southern subantarctic zone (Convection Zone). Between
the subantarctic front and the Polar Front Zone (figure 1),
concentrations increased (>60 nanograms per liter) before they
declined at station 292 near the antarctic zone. Most (60-80
percent) of the biomass was in the size fraction >3 micrometers
but <10 micrometers. Bacterial numbers showed about the
same trend (that is, highest concentrations, approximately
100,000 cells per liter, at the Polar Front Zone). However, the
frequency of dividing cells remained constant, at approxi-
mately 5 percent. This suggests that bacterioplankton produc-
tion was higher at the Polar Front Zone than in the subantarctic
zone. Estimates of the percentage of active bacterioplankton
by the NT technique were inconclusive. Formazan deposits
were difficult to observe in the small coccoid to rod cells
(approximately 0.2 by 0.5 micrometer, measured by scanning
electron microscopy).

In conclusion, these alternative methods of bacterioplankton
production tentatively confirm the low production estimates
made by means of nucleic synthesis (Hanson and Lowery 1981;
Hanson et al. in preparation). However, the bacterio plankton
are functioning at near optimum rates that are regulated by
temperature but not by low concentration of nutrients.

This work was supported by National Science Foundation
grant 0?? 78-21507. Ship time on the RN Atlantis II, Woods
Hole Oceanographic Institute, was provided by M. McCartney
(NSF grant OCE 78-22223).

1981 REVIEW	 131



References

Fuhrman, J . A., and Azam, F. 1980. Bacterioplankton secondary pro-
duction estimates for coastal waters of British Columbia, Antarctica
and California. Applied and Environmental Microbiology, 39,
1085-1095.

Hagström, A., Larsson, U., Horstedt, P., and Normark, S. 1979. Fre-
quency of dividing cells, a new approach to the determination of
bacterial growth rates in aquatic environments. Applied and Envi-
ronmental Microbiology, 37, 805-812.

Hanson, R. B., and Lowery, H. K. 1981. Bacterial glucose uptake and
production estimates in the Drake Passage, Antarctica. Abstracts.
American Society for Microbiology, 81st Annual Meeting (Dallas, Texas,
1-6 March 1981), (N-21), 176.

Hanson, R. B., Lowery, H. K., Shafer, D., Sorocco, R., and Pope,
D. H. In preparation. Bacterioplankton productivity in the Drake Pas-
sage, Antarctica.

McCartney, M. S. In preparation. Observation of the convective for-
mation of the antarctic intermediate water of the south Pacific
Ocean.

Wiebe, W. J . , and Hendricks, C. W. 1972. Distribution of hetero-
trophic bacteria in a transect of the antarctic ocean. In R. R. Colwell
and R. Y. Morita (Eds.), Effects of the ocean environment on microbial
activities. Baltimore, Md.: University Park Press.

Zimmerman, R., Iturriaga, R., and Becker-Berck,J. 1978. Simultaneous
determination of the total number of aquatic bacteria and the num-
ber thereof involved in respiration. Applied and Environmental
Microbiology, 36, 926-935.

Planktonic foraminifera from the
southwest Atlantic, collected by

Atlantis II (cruise 60)

SILVIA WATANABE

Museo Argentino de Ciencias Naturales "B. Rivadavia" and Consejo
Nacional de Investigaciones Cientificas y Tecnicas, Argentina

HAYDEE LENA

Department of Biological Sciences
Florida Institute of Technology

Melbourne, Florida 32901

Since 1959, Boltovskoy and co-workers have studied the
surface hydrology of the southwest Atlantic using foraminifera
as biological indicators. Boltovskoy published a detailed
bibliography of those studies in 1970 and 1978. The present
investigation augments what has already been done to deter-
mine the different water masses and hydrologic limits of the
southwest Atlantic. The main objective of this investigation
was to determine, by means of planktonic foraminifera, the
structure and composition of the northwest region of the sub-
tropical/subantarctic convergence zone. The material analyzed
consisted of 29 planktonic samples, 16 collected in the surface
layer by horizontal tows, and 13 collected in the epipelagic
zone by vertical tows between 225 and 0 meters (figure).

The fauna was found to be qualitatively and quantitatively
poor. Sixteen species were found. They can be divided accord-
ing to their temperature requirements into three well-defined
groups: (1) Subtropical. Globigerina rubenscens Hofker, Globi-
gerinella aequilateralis (Brady), Globigerinoides conglobatus
(Brady), G. ruber (d'Orbigny), C. trilobus (Reuss), Globorotalia
hirsuta (d'Orbigny), C. Menardii (d'Orbigny), and Orbulina
universa (d'Orbigny); (2) Subantarctic. Globigerina bulloides
(d'Orbigny), G. Quinqueloba Natland, Globigerinita uvula
(Ehrenberg), Globoquadrina pachyderma (Ehrenberg), Globoro-
talia inflata (d'Orbigny), C. scitula (Brady), and G. truncatuli-

noides (d'Orbigny); and (3) Cosmopolitan. Globigerinita glutin-
ata (Egger).

Three kinds of water masses in the sampling area were
identified on the basis of species collected (figure): pure sub-
tropical waters, pure subantarctic waters, and waters having
different mixtures of subtropical and subantarctic waters. The
three types of waters were distributed in patches; generally,
subtropical waters predominated over subantarctic waters
down to 39°30'S latitude. No direct contact was found between
pure subtropical and pure subantarctic waters. The results
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confirmed once again the existence of a wide convergence zone
in the southwest Atlantic Ocean (Boltovskoy 1966, 1970, 1978).
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Calcareous dissolution of deep-sea
benthonic foraminifera

BRUCE H. CORLISS and SUSUMU HoNjo

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

Little attention has been given to the effect of carbonate
dissolution on calcareous deep-sea benthonic foraminifera
other than the observation by many workers that benthonic
foraminifera are more resistant than planktonic foraminifera
to carbonate dissolution. One of the complicating factors in
studying calcareous deep-sea benthonic foraminifera in the
southern ocean is the presence of highly corrosive Antarctic
Bottom Water, which may influence the faunal distribution
patterns by differentially removing solution-susceptible spe-
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Figure 1. Temperature, salinity, and 141 data from GEOSECS (Geochemical Ocean Sections Study) station 235, together with dissolution
sample number and percentage of broken benthonic foraminiferal tests per sample vs. water depth (Corliss and Honjo In press). 141 is an
Index of undersaturation with respect to calcite. Note the different scales for 141 above and below zero. Negative values Indicate
supersaturation of calcium carbonate (CaCO1), zero is saturation, and positive values indicate undersaturatlon of CaCO1. In this region,
the upper 500 meters are supersaturated, with undersaturation increasing steadily below this level.
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cies. We describe in this article a dissolution experiment
involving nine species of benthonic foraminifera on a 5,792-
meter mooring in the central North Pacific (Corliss and Honjo
in press). The purposes of the experiment were (1) to determine
the influence of carbonate dissolution on benthonic forami-
niferal tests and (2) to establish the relative susceptibility of
the nine species.

Ten dissolution samples with approximately six specimens
each of eight common deep-sea benthonic foraminifera and
one shallow-water species were placed on a 5,792-meter PAR-

FLUX (Particle Flux Study) P 1 sediment trap mooring (Honjo
1980) in the central North Pacific (15°21.1'N 151°28.5'W) and
exposed to seawater at nine different depths on the mooring
(figure 1) for 61 days between September and October 1978.
(Two samples were located in water 5,582 meters deep.) The
eight deep-sea species, all common in the southern ocean
(Corliss 1979), were: Cibicidoides kullenbergi (Parker), Epistom-
inella umbonifera (Cushman), Gyroidinoides orbicularis
(d'Orbigny), Gyroidinoides soldanii (d'Orbigny), Hoeglundina
elegans (d'Orbigny), Oridorsalis tener (Brady), Planulina wuel-
lerstorfi (Schwager), and Pyrgo murrhina (Schwager). The shal-
low-water species, Amphistegina sp., was included in the
experiment to determine the susceptibility of a porous, shal-
low-water species. All specimens were greater than 250
micrometers in diameter and in good condition, with no cham-
ber, breakage and shiny surface textures.

The sequential modification of the test ultrastructure of E.
umbonifera is presented in figure 2 as an example of the results
of the experiment. This species, a dominant species in the
deep sea, is found throughout the southern ocean and is asso-
ciated with cold Antarctic Bottom Water (Corliss 1979, in prep-
aration). The sequence of modification in E. umbonifera is: (1)
corrosion of test surface, which creates dull surface textures;
(2) smoothing of the surface; (3) pitting of the surface, resulting
in uneven surface textures; and (4) breakage of the chambers
and extensive corrosion of the remaining surfaces, resulting
in a highly irregular surface texture.

The sequence of modification of E. umbonifera is similar to
that of the other hyaline trochospiral species. The modification
of P. murrhina is slightly different due to biloculine coiling of

the test. Initial corrosion of the surface layer is associated with
the development of cracks, holes, and dull surface textures.
Removal of the chamber wall follows, generally without any
observable intermediate steps. As each chamber is removed,
the preceding chamber is exposed in good condition and the
dissolution sequence begins again.

The susceptibilities to carbonate dissolution of the nine ben-
thonic foraminifera vary considerably. A ranking of their rel-
ative susceptibilities shows that Amphistegina sp. is the most
susceptible to dissolution, followed by P. murrhina, P. wuel-
lerstorfi, a group of four species (C. kullenbergi, E. umbonifera,
H. elegans, and 0. tener), and finally, G. orbicularis and G.
soldanii.

The susceptibility ranking shows that E. umbonifera is as
susceptible to dissolution as C. kullenbergi, H. elegans, and 0.
tener and more susceptible than Gyroidinoides spp. This indi-
cates that it is unlikely that dissolution has a major role in
preferentially concentrating E. umbonifera within the depth
range where calcareous benthonic foraminifera are found,
since E. umbonifera is as susceptible to dissolution as many of
the other species. However, this study has not considered all
of the major deep-sea species, and the effect of dissolution on
deep-sea assemblages would depend somewhat on the com-
position of the faunal assemblage and the resistance to dis-
solution of the individual species present.

This work was supported by National Science Foundation
grant DPP 78-21105 to Bruce H. Corliss and grant OCE 77-27080
to Susumu Honjo.
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Figure 2. Sequential modification of Epistominella umbonifera by calcium carbonate dissolution (Corliss and Honjo in press). Photographs
(1) through (5) Illustrate the condition of the specimens before the experiment, including two closeup photographs taken at random
locations on the umbilical and spiral sides of the test. (1) umbilical view (b OX); (2) closeup of (1)(625X); (3) spiral view (94X); (4) closeup
of (3)(625X); (5) edge view (175X); (6) sample 1 (87X), 306 meters; (7) sample 4 (94X), umbilical side, with circular cracks developed near
aperture taken at depth of 2,778 meters; (8) closeup of (7) showing surface in good condition (525X); (9) sample 4 (525X), closeup of spiral
side showing surface composed of interlocking crystals surrounding pores; (10) sample 5 (68X), initial effects of erosion shown with large
crystals standing out in central region, 3,978 meters; (11) sample 5 (525X), closeup of spiral side showing surface of test smooth compared
with (9), with no dissolution modification, 3,978 meters; (12) closeup of central region of (10) showing large crystals (525X); (13) sample 7
(89X), spiral side, showing pitting of tests and extensive erosion which created an irregular surface texture, 4,878 meters; (14) sample 10
(87X), spiral side, showing erosion of surface and extensive breakage of chambers, 5,590 meters; (15) closeup of (14) showing highly
Irregular surface texture (525X).
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Feeding biology of sea stars and
brittle stars along the Antarctic

Peninsula

JOHN H. DEARBORN, KELLY C. EDWARDS, and DAvID B. FRAU

Department of Zoology
University of Maine
Orono, Maine 04469

During RJV Hero cruise 81-2, 9 February to 5 March 1981, we
conducted field studies of the foods and feeding behavior of
selected species of two groups of echinoderms, sea stars
(Asteroidea) and brittle stars (Ophiuroidea). Our objectives
for this first field season were (1) to collect a large number of
individual specimens of the most abundant species from a few
widely separated stations for analysis of stomach contents, (2)
to obtain material from selected species for preservation for
later morphological studies, particularly for examination of
ciliated surfaces by scanning electron microscopy, and (3) to
obtain at each principal station a representative series of bot-
tom photographs for both analysis of the community and
determination of feeding postures and orientation of individ-
ual asterozoans.

Food habits. A total of 16 trawl stations were made between
15 and 26 February. Invertebrates were obtained in depths
ranging from 66 to 690 meters. Additional collections were
made with fish traps, grabs, and plankton traps from RIV Hero
and with fish traps and dip nets from zodiacs used near Palmer
Station. Our ship operations took place from Grandidier Chan-
nel (65°29'S 64°31'W) in the south to Admiralty Bay, King
George Island (62°09'S 58°28'W) in the north; fieldwork in the
Palmer Station area was emphasized. Large collections of echi-
noderms (figure 1) were obtained together with numerous
other invertebrates, some of which were preserved for even-
tual shipment to the Smithsonian Oceanographic Sorting Cen-
ter. Ten species of sea stars and seven species of brittle stars
were collected in sufficient numbers to provide adequate sam-
ples for analysis of stomach contents. A total of 360 individual
specimens from these collections were measured in the labo-
ratory at Palmer Station and their stomach contents noted.
Several thousand additional specimens were preserved and
returned to Maine for later analysis.

Our studies of echinoderm food habits involve recording
the size, sex, and reproductive condition of each individual,
then determining the composition of the diet by a numerical-
points method modified from Brun's (1972) work on the aster-
oid Luidia ciliaris. The points method assesses percent fre-
quency of occurrence of each item, stomach fullness, and the
relative proportion of each diet component in relation to a full
stomach. The resulting information is then organized for later
computer analysis.

We were especially interested in obtaining data on two
abundant large species which were the ones most likely to feed
on krill or krill remains. These were the multi-armed sea star
Labidiaster annulatus and the brittle star Ophionotus victoriae.

Examination of 50 specimens of Labidiaster annulatus taken
off Janus Island near Palmer Station showed that 93 percent of

Figure 1. Assortment of sea stars on deck, collected by otter trawl,
100.-i 10 meters, off Janus Island at University of Maine station 19,
23 February 1981. (a) Dipiasterias brucel; (b) Acodontaster sp.,
about 18 centimeters across; (c) Psilaster charcoti, with oral sur-
face uppermost; (d) Porania antarctica glabra.

the 43 individual specimens containing food had been feeding
on living krill. One specimen contained a small unidentified
fish. These sea stars capture krill and small fish by means of
long flexible arms (figure 2) and rings of numerous small,
pincer-like structures called pedicellanae. At other locations
this species was more catholic in its diet. Additional prey
included polychaetes, gastropods, bivalves, amphipods, mys-
ids, and ophiuroids. These data confirmed earlier studies
(Dearborn 1977) demonstrating the opportunistic nature of
this predator.

Other asteroids obtained in large numbers included Bath y-
biaster loripes obseus, Psilaster charcoti, Odontaster validus, Por-
ania antarctica glabra, and Diplasterias brucei (figure 1).

The brittle star Ophionotus victoriae was particularly impor-
tant for our studies of food habits and trophic relationships
because of its large size, abundance, and known biological
interactions. It literally carpeted the seafloor at several stations
in the South Shetlands and south of Anvers Island. During the
1981 fieldwork, specimens were collected primarily at three
locations: Whalers Bay at Deception Island, off Janus IIand,
and at the Argentine Islands. About 1,500 individual speci-
mens were preserved for stomach analysis. At Whalers Bay the
population was dominated by young individuals having disc
diameters generally less than 15 millimeters. This may have
reflected recolonization following recent volcanic disturbance.
At the Argentine Islands the population consisted mostly of
individuals having disc diameters larger than 22 millimeters.

This species obtains food from both the bottom and the
water column. The various food items taken with the long
flexible arms include diatoms, foraminifera, mollusks, poly-
chaetes, copepods, mysids, krill, fragments of sea urchins, and
brittle stars. Sufficient data are now available to compare pop-
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Figure 2. Photograph of the seafloor at a depth of 77-78 meters,
taken off Janus Island at University of Maine camera station 7, 23
February 1981. (a) compass, suspended from camera frame, with
vane Indicating direction of bottom current; (b) gorgonian; (c) sol-
itary ascidian; (d) large nemertean worm, probably Parborlasia
corrugatus; (e) medium-sized specimen (about 38 centimeters
across) of the multi-armed sea star Labidiaster annulatus. This
asteroid can capture krill and small fishes with its flexible arms.

ulations at various locations and different size groups within
the same population.

These and other data on Labidiaster, Ophionotus, and other
asterozoan genera support and expand earlier observations
(Dearborn 1977) on the presence of krill and krill remains in
the diet of certain benthic macroinvertebrates.

Morphological studies. Various external parts and internal
tissues were dissected from a number of echinoderms and
other invertebrates. These were fixed in a buffered glutaral-
dehyde-formalin solution and returned to Maine for later
examination, especially with scanning electron microscopy.
We obtained sufficient material to begin descriptive studies
of the surface morphology of asterozoans as it relates to cap-
ture, handling, and eventual ingestion of food particles. It was
important to determine the presence or absence of cilia on
particular surfaces and their functional arrangement because
of the role of cilia in transporting small particles and main-

taming respiratory surfaces, particularly in ciliary-mucoid and
deposit feeders (Shick, Edwards, and Dearborn 1981). Other
structures designated for study were asteroid spines, dermal
papulae, podia and pedicellariae, and ophiuroid spines, arm
plates, and podia.

Underwater photography. Underwater photographs provided
important ecological data on the kinds, numbers, and orien-
tation of invertebrates on the seafloor (figure 2) and the con-
dition of the bottom as it was affected by anchor ice or scouring
by icebergs. Photographs were taken at eight stations ranging
in depth from 24 to 78 meters. Equipment used included a
Benthos (Benthos, Inc., North Falmouth, Massachusetts 02556)
model 371 utility camera and a model 381 flash activated by a
bottom contact switch. A model 395 deep-sea compass was
suspended below the camera frame and appeared to some
degree in each photograph (figure 2). The compass had an
attached vane so that the instrument oriented into the bottom
current and thus indicated direction of current flow in the
photograph. This was important because knowledge of bottom
current direction was required for interpreting the orientation
of feeding postures of individual echinoderms and other
macroinvertebrates. Negatives were returned to Maine for
printing and detailed examination. Preliminary results show
that the substrate at all sites photographed was greatly affected
by ice action. There was little development of the community
of sessile, slow-growing hexactinellid sponges, colonial cni-
darians, and ectoprocts so characteristic of the seafloor in the
deeper waters of the antarctic shelf free of ice disturbance (Dell
1972).

This research was supported by National Science Founda-
tion grant DI'? 79-21537. We are indebted to Capt. Pieter J.
Lenie and the crew of the Riv Hero for excellent field assistance
and to Don Wiggin and others for support while at Palmer
Station.
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Phytoplankton ecology and krill
distribution in the southern ocean

SAYEDZ. EL-SAYED

Texas A&M University
College Station, Texas 77843

IAN HAMPTON

Sea Fisheries Institute
Cape Town, South Africa

At the invitation of the South African Council on Scientific
and Industrial Research (csu), a Texas A&M University team
joined in a cooperative research cruise on the SA Aguihas (fig-
ure) with scientists from the South African Sea Fisheries Insti -
tute, the National Research Institute of Oceanology, the Uni-
versity of Cape Town, and the Percy Fitzpatrick Institute of
African Ornithology. This cruise (10 February-20 March 1981)
was part of FIBEX (First International BIOMASS Experiment), an
international expedition organized to study the living
resources of the southern ocean within the framework of the
BIOMASS (Biological Investigations of Marine Antarctic Systems
and Stocks) program. The primary objectives of the cruise were
to study the distribution and abundance of krill by hydro-
acoustic techniques and to develop a methodology for a future
circumpolar acoustic assessment of the krill stock. Other objec-

tives included the study of krill biology and behavior and the
relationship of krill to the physical, chemical, and biological
environment. The Texas A&M program focused on the aspects
of phytoplankton research that are designed to give a better
understanding of the distribution and abundance of krill in
the southwestern Indian sector of the southern ocean.

To estimate krill abundance, a 120-kilohertz echo-sounder,
a 2-channel analog echo-integrator, and a 20-channel digital
integrator were run continuously (except while on station).
The computer-based digital data logger was operated when-
ever krill swarms were detected and during most net tows to
record detailed acoustic information on swarm structure.

For phytoplankton studies, stations were occupied daily at
approximately 1 hour before local apparent noon and 1 hour
before midnight. At the noon stations several operations were
carried out: a Secchi disc reading, a conductivity-temperature-
depth-oxygen (cwo) profile to 200 meters, a Niskin cast, and
a phytoplankton net haul. Water collected from Niskin casts
was used to determine the concentrations of chlorophyll and
phaeopigments, adenosine triphosphate (All'), and nutrients
(phosphate, silicate, nitrate, nitrite, and ammonia), as well as
for estimating the primary productivity of phytoplankton and
species abundance. Activities at midnight stations were simi-
lar, but productivity and ATP were not measured. Other phy-
toplankton studies carried out included culturing of antarctic
species, with special emphasis onNitzschia kerguelensis ( =Fra-
gilariopsis antarctica) and species of Thalassiosira, and autora-
diographic studies to track the relative carbon-14 uptake of
different phytoplankton species.
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Cruise track and stations occupied during SAAgulhas cruise (10 February-20 March 1981).
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Analysis of the material/data related to phytoplankton and
krill studies is still under way; preliminary results suggest the
following:

1. There was little change in the chlorophyll a content
between latitude 67S and 61°S, but north of 61°S there was a
steady chlorophyll increase which reached a maximum at
about 52°S (near the Antarctic Convergence); thereafter, it
decreased slightly.

2. The depth of the chlorophyll maximum layer usually was
located at or near the bottom of the euphotic zone (about 70
meters) and often was associated with the pycnocline. The
bulk of the phytoplankton gathered by net were Nitzschia ker-
quelensis, Corethron crio phi/urn, Rhizosolenia spp., Chaetoceros
spp., or Coscinodiscus spp. Further, species distribution
reflected the three different water masses traversed during this
cruise, namely sub-antarctic waters, the Polar Front Zone, and
antarctic waters.

3. The dissolved in vivo fluorescence accounted for 15 to 75
percent of the total in vivo fluorescence. The "correction" of in
vivo fluorescence for the dissolved fraction may prove useful
in the calibration of continuous fluorescence measurements
with particulate samples.

4. Euphausia superba was widely distributed, but a marked
degree of patchiness was evident. There was no obvious trend
in abundance either from north to south or from east to west.
Gross distribution features probably will become evident only
when our data are combined with those from adjacent areas
studied by French, Japanese, and Australian scientists.

5. The krill almost always were found in well-defined
swarms; sound-scattering layers were encountered only rarely.
Swarms were often small (less than 50 meters across) but dense.
During the day, the swarms were almost always found
between 20 and 100 meters, and they tended to concentrate
between 40 and 50 meters. There appears to be a relationship

between the maximum depth of the swarms and the vertical
extent of the well-oxygenated antarctic winter water, but this
hypothesis will have to be examined statistically before any
valid conclusion can be reached.

6. There was consistent vertical migration of krill swarm to
the surface at night. This makes nighttime acoustic records
questionable since they cannot detect surface concentrations.
On the one occasion when a surface swarm was sampled dur-
ing the day it was found to consist predominantly of juvenile
animals; this agrees with last year's findings (El-Sayed and
Hampton 1980). There appears to be little relationship between
the state of digestion of krill and the depth at which they are
caught or the local abundance of phytoplankton. In mixed
catches, the guts of juvenile and subadult animals .often were
empty while the adults showed evidence of recent feeding.

Analysis of the 1981 data should give us a better understand-
ing of the relationship between krill abundance and the con-
centrations of their food supply.

We wish to thank John Henry of the Sea Fisheries Institute,
Cape Town, M. Orren of the University of Cape Town, and D.
Pin and C. Els of the National Institute of Oceanology, Stel-
lenbosch, South Africa, for their close collaboration and coop-
eration. We also deeply appreciate the efforts of M. Meyer and
L. Weber of Texas A&M University in data collection and
analysis. Capain William Leith and the officers and crew of
the SA Aguihas are to be thanked for their valuable support.
The Texas A&M University team gratefully acknowledges the
csm's invitation to participate on this cruise and the financial
contribution of the U.S. Marine Mammals Commission.
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Biochemical and ultrastructural
aspects of vision in Euphausia

superba

C. J . DENYS

Department of Biological Sciences
DePaul University

Chicago, Illinois 60614

An organism's visual perception of its environment is a
function of several factors, including the wavelength of max-
imum absorbance (A max) of its visual pigment (rhodopsin),
the spectral absorbance of the screening pigments, and the
morphology of the eye in which these pigments are located.
The vision of Euphausia superba is of particular interest since

it has a bearing on such behaviors as vertical migration and
swarming, which are of ecological importance to both the
species itself and to its numerous predators. My colleagues
and I have been studying the vision of E. superba. The results
reported in this article are based on work done at Palmer
Station during the 1979-80 field season (see Denys, Poleck,
and O'Leary 1980) and at Harvard University in the laboratory
of P. K. Brown during 1980.

The rhodopsin extracted in digitonin from the rhabdoms of
E. superba has a 485-nanometer A max (figure 1). Unlike the
rhodopsins of most other invertebrates, it is unstable at room
temperature and bleaches in the dark to retinal and opsin. At
10°C it is stable, and irradiation causes the formation of a
stable, photoconvertible metarhodopsin with a 495-nanometer
A max. In addition to being thermally labile, the rhodopsin of
E. superba exhibits a unique sensitivity to pH. With increas-
ingly alkaline pH, the absorbance decreases at 485 nanometers
and rises at 370 nanometers. The spectral change can be
reversed by decreasing the pH of the extract. There is no other
rhodopsin known to have this property.
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Previous studies of euphausiid visual pigments (Fisher 1967;
Fisher and Goldie 1959, 1961; Kampa 1955) had indicated that
euphausiid rhodopsins absorbed maximally at about 465
nanometers. The disparity between the 485-nanometer X max
of E. superba rhodopsm and the shorter wavelength absorb-
ance maxima reported for other euphausiid rhodopsins can be
attributed to screening pigment contamination of extracts used
in previous studies. The eyes of E. superba contain ommo-
chrome screening pigments of both ommin and xanthomma-
tin-type (Denys in press). The ommin is red (A max = 515
nanometers in digitonin, pH 6.5) and the xanthommatin-like
pigment is yellow (A max = 450 nanometers in digitonin, pH
6.5). The latter pigment is photosensitive and bleaches maxi-
mally at about 440 nanometers. It is the xanthommatin-like
pigment that contributes to erroneous determinations of rho-
dopsin absorbance maxima. When a digitonin extract of E.
superba rhodopsin containing the yellow pigment is bleached
at room temperature, the difference spectrum has a 465-nano-
meter A max like that reported for other euphausiids instead
of the 485-nanometer A max of the purified rhodopsin. The
role of xanthommatin contamination was further confirmed
by measuring the bleaching of the rhodopsin of the North
Atlantic euphausiid Megan yctiphanes norvegica in the rhab-
dom membrane by microspectrophotometry. The M. norvegica
rhodopsin has a 488-nanometer A max rather than the 465-
nanometer A max reported in earlier studies (Fisher 1967;
Fisher and Goldie 1959). Since M. norvegica and E. superba
have similar depth distributions, the similarity of their rho-
dopsins may reflect an adaptation to the prevailing wave-
lengths in their photic environment. The similarity may also
reflect an adaptation to the color of their own bioluminescence,
if the latter plays a role in intraspecific behavior.

Morphologically, the compound eye of E. superba is of the
clear-zone type usually associated with dim-light vision. In
adult animals, the clear zone between the proximal tips of the
crystalline cones and the distal ends of the rhabdoms accounts
for approximately two-thirds of the length of each ommati-
dium. In addition to the usual optical and photoreceptive

300	400	500	600nm
Figure 1. Bleaching of E. superba rhodopsin in 2 percent digitonin
In 1/15 molar phosphate buffer, pH 6.5, at room temperature: 1—
initial dark spectrum; 2—final bleached spectrum in the presence
of 0.04 molar hydroxylamine.

Figure 2. Electronmicrograph of an axial section through a rhab-
dom of E. superba. ORE, distal refractive element; PRE, proximal
refractive element. Scale = 10 micrometers. (Prepared by M. Ada-
mian of Harvard University, Cambridge, Massachusetts)
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elements, the eyes of E. superba contain several unusual mor-
phological features. The distal end of the rhabdom is capped
by a conical refractive structure (DRE) (figure 2), which is con-
tinuous with a refractile axial channel complex. The complex
extends through the clear zone to the proximal tip of the crys-
talline cone. The high refractivity of these structures suggests
an optical function, as first proposed by Kampa (1965), but
their actual role has not been determined. A similar conical
refractive element (PRE) is located at the proximal end of the
rhabdom. The rhabdom itself is fused and composed of alter-
nating layers of orthogonally oriented microvilli contributed
by the seven retinula cells of each ommatidium. This kind of
rhabdom structure has been associated with polarized light
sensitivity in other crustaceans (Waterman 1981) and may have
such a function in E. superba as well.

This work was supported by National Science Foundation
grant DPP 76-23437. Additional support was provided by
National Institutes of Health grant EY 03104 to P. K. Brown. C.
M. Boyd of Dalhousie University, Halifax, Nova Scotia, pro-
vided live M. norvegica for micro spectro photometry.
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Euphausiid larval distribution in the
Scotia Sea, 1979-1980

larvae of these two species in samples from the western Scotia
Sea. Furthermore, various furcilia stages (figure 2) of the
euphausiid E. triacantha appear to show a significant abun-

ROBERTY. GEORGE

Institute for Marine Biomedical Research
University of North Carolina-Wilmington

Wilmington, North Carolina 28403

The rich material of euphausiid larvae from the 1979 Islas
Orcadas cruise in the Scotia Sea (1 March to 5 April) provided
the impetus for a careful analysis of the pattern of distribution
of larvae during the antarctic austral summer. Special effort
was made during the 1980-81 season to examine and identify
the euphausiid larvae in four locations in the western and
eastern sectors of the Scotia Sea (figure 1). Another objective
was to compare the euphausiid larval distribution north and
south of the Antarctic Convergence northwest of South Geor-
gia Island.

The samples were obtained at discrete depths down to 1,000
meters with the use of the Reeve plankton sampler containing
a 5-gallon cod-end capsule. The procedure followed—captur-
ing the larvae alive and then fixing them for taxonomic iden-
tifications—permitted healthy recovery of the minute
euphausiid larval forms (1-11 millimeters in length) without
any morphological mutilations.

The study revealed the dominance of calyptopis and furcilia
stages of Thysanoessa sp. in the western sector of the Scotia
Sea, which also contained furcilia larvae of Euphausia frigida.
Advanced furcilia larvae of these two euphausiid species also
were encountered in the eastern sector of the Scotia Sea. We
presume that these two species tend to breed in the Scotia Sea.
However, the larval abundance of the Thysanoessa sp. is several
orders of magnitude greater than that of E. frigida.

In the eastern Scotia Sea, larval forms of two other antarctic
euphausiid species, E. spinifera and E. triacantha, were found
in appreciable numbers. It is of interest that there were no

6ESCE
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 GEORGIA
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Figure 1. Area map showing the four sampling stations in the
Scotia Sea.
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Furcilia I	2.98mm	Site D Furcilia U	4.38 mm Site C Furcilia III 4.56mm Site D

Furcilia VJL	9.13mm	Site D Post Larva 10.46mm Site D

Figure 2. Furcilia larvae of Euphausla triacantha from the vicinity of the Antarctic Convergence northwest of South Georgia island.

dance in the vicinity of the Antarctic Convergence, particularly
at site D located north of the convergence. E. triacantha may
require a higher breeding temperature (5° to 7°C) than does
the cold-adapted southern euphausiid species. Samples from
all four study sites visited during austral summer 1979 lacked
the antarctic krill E. superba larvae. Nevertheless, E. superba
larvae were found during the same cruise in the northern
Weddell Sea at stations south of Elephant Island. This finding
is in agreement with findings on krill larvae reported by Irm-
traut Hempel of Kiel University, West Germany (Hempel 1979;
Hempel, Hempel, and de C. Baker 1979). It is becoming
increasingly evident that early larval stages of E. superba are
seen primarily in the Bransfield Strait-Weddell Sea area and
that embryological development takes place at greater depths
(George 1980). On the basis of these results, further experi-
ments on development of krill embryos and larvae will be
performed at Palmer Station during the 1982 austral summer.

I wish to thank Margaret Amsler for her help in the analysis
of larval samples and Ellen Smoller for her help during the
field-sampling effort aboard Islas Orcadas. The research was
supported by National Science Foundation, Division of Polar
Programs, grant DPP 78-27021.
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Protein synthesis and reproduction
in fishes of McMurdo Sound

AUDREY E. V. HASCHEMEYER

Hunter College
The City University of New York

New York, New York 10021

The fishes of Antarctica are a highly specialized group of
vertebrates that have evolved to achieve an extraordinary
degree of cold adaptation (DeWitt 1971). This project is con-
cerned with the molecular basis of temperature adaptation at
the subcellular, cellular, and organismal levels. Studies are
focused on the protein synthetic system, which represents the
final expression of hereditary information and is closely linked
with basal metabolism, growth, and reproduction.

Large numbers of Trematomus species were obtained by
fishing through the ice in the McMurdo area. In addition, 20
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species not previously studied in this project were obtained
by trawling from the icebreakers off Ross, Beaufort, and Frank-
lin Islands. These included representatives of the following
families: Channichthyidae (icefish), Bathydraconidae,
Nototheniidae, and Liparidae.

One of the questions addressed this season was: How do
antarctic fish meet synthetic demands of reproduction under
conditions in which biological reactions are slowed by low
temperatures? Trematomus hansoni, for example, has a rate of
liver protein synthesis at 0°C that is only one-twentieth that
of a mammal of comparable size (Smith and Haschemeyer
1980).

The table presents results for incorporation of 3H-leucine
into protein in liver, plasma, and ovary at varying stages of
gonad development. Fish at an early stage (gonadosomatic
index = 1.4 percent) show most incorporation retained in liver
protein (62 percent), with 30 percent in plasma and 8 percent
in ovary. This pattern changes markedly with ovary develop-
ment. In late-stage fish (gonadosomatic index = 18 percent),
the ovary accounts for 51 percent of total incorporation. In
addition, two-thirds of the radioactivity in plasma protein was
found in polypeptide chains having high molecular weight
(figure 1, track C); these chains are not present in immature
fish (track B). Molecular weight standards are shown in track
A (from top to bottom: 200,000; 116,000; 94,000; 68,000; 43,000);
gels are stained with Coomassie blue dye.

Further analysis was carried out with isolated hepatocytes
prepared by collagenase perfusion in situ at 5°C. Cells were
plated and incubated at 4°C with various radioactive amino
acids in a modified Waymouth's medium. Plating occurred in
3 days, at which time the medium was changed in order to
eliminate free radioactivity. The subsequent secretion of
radioactive protein into the medium is shown in figure 2. Half-
time for secretion was 18 hours, comparable to that observed
for secretion of radioactive plasma protein in vivo. Analysis of
the secretion products from hepatocytes of gravid fish showed
a high proportion of protein in the high-molecular-weight
region (figure 1, track E). Hepatocyte protein (track D) also
showed a faint band here; the band was highly labeled (track
F), indicating active synthesis.

The results are consistent with production of egg proteins
in antarctic fish via the hepatic precursor, vitellogenin, as in

Figure 1.1. Sodium dodecyl sulfate gel electrophoresis of T. hanson!
proteins. (A) Molecular weight standards; (B) plasma protein,
immature fish; (C) plasma protein, gravid female; (D) hepatocyte
protein; (E) secreted protein from plated hepatocytes, gravid
female; (F) 14C-leucine incorporation into hepatocyte protein by
fluorography.

other egg-laying vertebrates. A striking feature of this system,
however, is the fact that as much as 75 percent of liver protein
synthesis is directed to a single protein. The basis for this may
be an unusually large number of expressed genes for vitello-
genin. To examine this question, DNA has been purified from
eight antarctic species (Hudson et al. 1980) and used for prep-
aration of clones hybridizable to liver poly A- messenger RNA
of immature or vitellogenic fish. Five DNA clones found to be

Incorporation of 3H-leucine into protein of liver, plasma, and ovary of T. hanson! and T. bernacchii in vivo at -1.5°C. HSI (hepatosomatic
Index) = grams of liver per 100 grams of body weight; GSI (gonadosomatic index) = grams of ovary per 100 grams body weight

Stage

Early
Middle
Late

Body weight
(grams)

166 ± 56 (9)(
224 ± 82 (3)
188 ± 60 (5)

Relative incorporation

HSIa	 GS1	 Liver (%) -	Plasma (%)

2.5 ± 0.7	1.4 ± 0.5	0.62 ± 0.06	0.30 ± 0.06
4.2 ± 0.6	9.0 ± 0.9	0.41 ± 0.06	0.21 ± 0.08
3.7 ± 0.8	17.8 ± 4.3	0.20 ± 0.04	0.29 ± 0.14

Gonad (%)

0.08 ± 0.02
0.38 ± 0.03
0.51 ± 0.14

Note. Results presented ± standard deviation.
aHSI (hepatosomatic index) = grams of liver per 100 grams of body weight.
bGSI (gonadosomatic index) = grams of ovary per 100 grams of body weight.
CNumbers in parentheses = number of animals studied.
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Figure 2. Time course for secretion of labeled protein into the
culture medium by plated hepatocytes of T. hansoni (gravid
female). Total labeled protein released to the medium Is normal-
ized to the level reached at 6 days and is presented with standard
deviation (N 4). Experimental temperature = 4°C.

specific form RNA of gravid fish will be studied to determine
number and arrangement of vitellogenin genes and will be
compared with data for other vertebrates.

Fieldwork was conducted from early September 1980 until
station closing in late February 1981. The field party comprised
A. Haschemeyer, R. Mathews, H. W. Detrich, R. Cohen, R.
Rice, and H. Jannasch. The project was supported by National
Science Foundation grant DPP 77-20461. I gratefully acknowl-
edge the collecting assistance provided by the marine science
technicians and officers of USCGC Glacier and USCGC Polar Star.
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Effect of temperature on levels of
glycoprotein antifreeze in

antarctic fishes

A. L. DEVRIES

University of Illinois
Urbana, Illinois, 61801

This season's work began in late October with the arrival of
J. Schrag, B. Marks, P. Yund, W. VanVoorhies, and S. O'Grady
of the University of Illinois. A. Clarke of the British Antarctic
Survey and J . C. Ellory of the Physiological Research Labora-
tory, Cambridge, England, joined the group during the early
part of the season.

Three fishing stations were established on the ice of
McMurdo Sound and maintained until mid-December, when
sea-ice conditions became too hazardous to transport person-
nel and fish houses. From these stations specimens of the
various Trematomus fishes as well as 200 specimens of the large
antarctic cod (Dissostichus mawsoni) were obtained. Most of the
Dissostichus were weighed, measured, tagged, and released.
Several of the smaller specimens were transported to the
aquarium and used for studies of glycoprotein antifreeze turn-
over.

Seasonal variation in antifreeze concentrations in northern
fishes has been documented (DeVries 1980a). Since fishes
inhabiting McMurdo Sound experience freezing temperatures
throughout the year, with little seasonal variation (0.2°C), we
were interested in the effect of warm acclimation on the con-
centration and synthetic rate of glycoprotein antifreeze in these
fishes. To examine this problem, we acclimated two groups of
Pagothenia borchgrevinki. The first group was held at +4°C

(warm acclimated) for a period of 6 weeks, while the second
group was held at -1.5°C, which approximates their environ-
mental temperature. For both groups, incorporation of 14C-
leucine and 3H-alanine into TCA (trichioroacetic acid) precip-
itable protein, TCA soluble protein, and glycoprotein antifreeze
was measured in isolated hepatocytes (liver cells). Viability of
the isolated hepatocytes was determined by trypan blue stain-
ing, INT Formazan incorporation, and 14C-leucine incorpora-
tion into TCA precipitable protein. In these experiments, iso-
lated hepatocytes effectively incorporated 14C-leucine for 120
hours (figure 1).

The rate of 3H-alanine incorporation into glycoprotein anti-
freeze followed Michaelis-Menten kinetics, with a maximum

-L5°C TCAppt protein	 +4°C TCAppt protein
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Figure 1. Time course of 3 H-alanine and 14C-leucine incorporation
Into TCA (trichioroacetic acid) precipitable protein over 120 hours
at -1.5°C and +4°C. DPM = disintegrations per minute.
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velocity of 20 nanomoles per milligram of protein per hour at
—1.5°C, and 32 nanomoles per milligram of protein per hour
at +4'C. Glycoprotein antifreeze accumulation in the culture
medium was monitored by radioimmunoassay over a period
of 120 hours in cultures of hepatocytes from cold acclimated
fish (-1.5°C) incubated at —1.5°C and +4°C. The estimated
1110 (temperature coefficient) for the rate of antifreeze synthesis
is approximately 3. Polyacrylamide gel electrophoresis of the
glycoprotein antifreeze produced by the isolated hepatocytes
showed that all four fractions normally present in the serum
of P. borchgrevinki are also synthesized by isolated hepatocytes
(figure 2).

CM's GEL SLICE

Figure 2. Distribution of 3 H-alanine activity from gel slices of gly-
coprotein antifreeze standard fractions, TCA-soluble culture
media, and antibody-treated, TCA-soluble culture media. DPM =
disintegrations per minute; 0 3H-AFGP STD's = tritiated antifreeze
glycoprotein standards.

Two major conclusions can be drawn from this study: (1)
Pagothenia borchgrevinki, unlike many northern fishes, does
not show compensation during warm acclimation; and (2)
environmental factors responsible for the modification of
antifreeze synthesis in northern fishes do not elicit changes in
the rate of antifreeze synthesis in P. borchgrevinki (O'Grady,
Clarke, and DeVries in press).

In a continuation of the study of turnover of glycoprotein
antifreeze, the disappearance of tritium labeled glycoprotein
from the circulation was followed over the course of 5 weeks.
In general, the half-life of the different-sized glycoproteins
was approximately 3 weeks.

With the help of J . C. Ellory, we examined the role of the
glycoprotein antifreeze in the prevention of freezing of the
cytosol of the red blood cells of Dissostichus. Although these
cells are capable of inward transport of potassium, they do not
appear to transport the labeled glycoprotein antifreeze. The
results of these studies agree with those of another that showed
that the cytosol of red blood cells do not contain significant
amounts of glycoprotein antifreeze (DeVries 1980b).

Several grams of glycoprotein antifreeze were isolated this
season and were used to investigate the so-called cooperative
effect of the high-molecular-weight glycoproteins on the freez-
ing point depression of the low-molecular-weight glycopro-
teins. Measurements of the freezing point depression using a
freezing point osmometer (Osuga et al. 1978) suggested that
the presence of small amounts of glycoproteins 1-5, which are
large, potentiated the antifreeze activity of glycoproteins 7 and
8, which are small and have little antifreeze activity by them-
selves. With this technique, however, the dependence on
freezing rate of the small glycoproteins must be considered.
The temperature of initial ice propagation of a seed crystal
while the temperature was lowered slowly was compared with
results obtained from a freezing point osmometer when tem-
perature was lowered rapidly. Results when cooling was slow
indicated no cooperative effects. Thus, the potentiation of
antifreeze activity reported by Osuga and associates (1978)
must be considered an artifact produced by the technique
employed rather than a real phenomenon (Schrag and DeVries
in preparation). Antarctic fishes seldom are observed to freeze
in nature; however, determination of the temperature at which
their body fluids freeze, using slow cooling rates, is useful,
because that temperature would approximate the temperature
at which antarctic fishes would freeze in their environment,
since cooling and freezing of antarctic waters occurs slowly.

This research was supported by National Science Founda-
tion grant DPP 78-23462.
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Morphological specializations in
antarctic fishes

JOSEPH T. EASTMAN

Department of Zoology and College of Osteopathic Medicine
Ohio University

Athens, Ohio 45701

My work this year included morphological studies of fishes
collected during two previous field seasons near McMurdo
Station. In my laboratory at Ohio University, gross anatomical,
histological, and ultrastructural studies have focused on buoy-
ancy mechanisms in swim -biadderless antarctic fishes
(DeVries and Eastman 1978; Eastman 1979, 1980; Eastman and
DeVries 1981 in press). I am also studying other aspects of the
morphology of this unique group. In this article I discuss
briefly three of these topics.

Specializations in cryopelagic fishes. The cryopelagic habitat
(Andriashev 1970) is associated with the undersurface of sea
ice. Andriashev considers this habitat to be a feeding ground
for a variety of organisms, including amphipods and fishes.
Dunbar (1977) speculated that the cryopelagic biota is one of
the most specialized components of the polar ecosystem.

Pagothenia borchgrevinki is the only truly cryopelagic fish in
McMurdo Sound. Although not neutrally buoyant, Pagothenia
have lower percentage weights in seawater than do most other
notothenioids. This species also lacks the substrate-contact
adaptations characteristic of benthic trematomids. Further-
more, Pagothenia are generally more active swimmers than the
benthic trematomids, as indicated by higher hemoglobin con-
centrations and hematocrits (Wells et al. 1980). Since Pago-
thenia are likely to encounter ice crystals in their habitat, they
have greater concentrations of glycoprotein antifreeze com-
pounds in their blood than do trematomids confined to ice-
free habitats (DeVries 1974).

Another unique specialization related to the cryopelagic
habitat of Pagothenia is the presence of a reflective layer
between the dermis and the body musculature. This subder-
mal stratum argenteum (figure, A) consists of iridophores con-
taining large reflective crystals, probably guanine. The silver
light reflected from iridophores produces a camouflage effect
that serves to make Pagothenia less conspicuous against a back-
ground of platelet ice. Pagothenia is also unique among
McMurdo Sound notothenioids in possessing a stratum argen-
teum between the sclera and choroid of the eye. This layer
provides additional camouflage. In conclusion, my observa-
tions on Pagothenia support Dunbar's (1977) hypothesis con-
cerning the specialized nature of the cryopelagic biota.

The eye of Dissostichus mawsoni. We know little about the
biology of this large antarctic fish. It is captured in McMurdo
Sound from October through December at depths of 350-550
meters. The eye of Dissostichus is similar to that of nocturnal
teleosts. Rods are far more numerous than cones. The ratio of
receptor to bipolar to ganglion cells is high, and there is much
vertical summation. There is probably no retinomotor move-
ment; the pigment appears to be permanently retracted into
the cell bases. The choroid is remarkably thick and vascular
and includes a large choroid gland (figure, B) with blood ves-
sels arranged as a rete mirable (figure, Q. In summary, the eye

of Dissostichus is adapted for vision in dim light; however, the
cones have been retained, indicating that this species may
occasionally employ photopic vision.

The choroid gland probably maintains the high intraocular
oxygen tension necessary for acute vision, and it may also
cushion the eyeball against hydrostatic pressure (Lagler et al.
1977). Most notothenioids possess a choroid gland. For exam-
ple, the gland is present in the nonantarctic Bovichthys vane-
gatus and Not othenia angustata as well as in eight species from
McMurdo Sound. However, it is absent in Pagothenia, Tre-
matomus newnesi, and Gymnodraco acuticeps. The loss of this
structure through evolution may be another specialization
associated with life in the cryopelagic habitat or, in the case
of Gymnodraco, a relatively shallow, seasonally bright, benthic
habitat.

Black pigment in the body cavity and the gut. The body cavities
and gut walls of McMurdo Sound fishes living in the water
column have a heavily pigmented lining. This is especially
marked in pelagic (Pleuragramma, Aethotaxis) and benthope-
lagic (Trematomus loennbergii) species. The linings of the oral
and opercular cavities and the walls of the esophagus and
stomach, as well as the parietal peritoneum, are pitch black.
In Aethotaxis, the wall of the rectum also is black. Histological
sections indicate that gut wall pigment is contained in melan-
ocytes located in the tunica submucosa (figure, D).

Gut pigmentation is probably an adaptation serving to
reduce bioluminescence of the gut contents, thereby rendering
fishes less visible to potential predators. Raymond and
DeVries (1976) describe bioluminescent dinoflagellates, cope-
pods, ostracods, and fish fecal pellets from McMurdo Sound.
Bioluminescence probably would be visible through the thin
body walls of notothenioid fishes, especially during the dark-
ness of the austral winter, or in water depths greater than 100
meters at any time of the year. The large Dissostichus is the
only pelagic or benthopelagic species lacking a darkly pig-
mented gut. It may be that the thick body wall (to 5 centime-
ters) of this large fish effectively masks bioluminescence.

This work was supported by National Science Foundation
grants DPP 77-15612 and DPP 79-19070. Dr. J . A. C. Nicol pro-
vided helpful comments about the eyes of antarctic fishes.
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(A) Skin and adjacent red pectoral muscle of Pagothenia borchgrevinkl. The stratum argenteum (arrow) is in a subdermal location, and the
iridophores appear yellowish-brown in transmitted light. 150X. (B) Interior view of the posterior half of the eye of Dissostichus mawsonl.
This species has a large, crescent-shaped choroid gland which has been filled with dark Microfil latex. 1.8X. (C) Cross section of the
choroid gland of Dissostichus mawsoni. The gland is composed of numerous small blood vessels arranged as a rete mirable. 250X. (D)
Cross section of the rectum of Aethotaxis mitopteryx. Black pigment (arrows) is contained in melanocytes located in the tunica submu-
cosa. 250X. Histological sections stained with hematoxylin and phloxine. Abbreviations: cg, choroid gland; d, dermis; e, epidermis; rm, red
muscle; s, scale; sa, stratum argenteum; tm, tunica mucosa; tml, tunica muscularis; ts, tunica submucosa.
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Population studies of south
polar skuas

DAVID G. AINLEY

Point Reyes Bird Observatory
Stinson Beach, California 94970

One goal of the project described in this article is to deter-
mine the population structure and demography of south polar
skuas (Catharacta maccormicki) nesting at Cape Crozier, Ross
Island. To do this we are collecting data on age-specific annual
survivorship, fecundity, and emigration. Another goal is to
determine the way age affects aspects of the species' life his-
tory, including such elements as arrival date, laying date,
clutch size, fidelity to mate and territory, and nesting success.
The project was begun during the 1961-62 austral summer
when Robert C. Wood of Johns Hopkins University banded
all chicks that survived to at least 3 weeks of age. He did
likewise in each succeeding season through 1970-71. During
those 10 years he gathered data on known-age skuas that
survived their early years to return to Crozier. In 1974-75 and
1975-76 we returned to Crozier and censused known-age
skuas again.

During the austral summer of 1980-81, with the indispens-
able help of Bob Wood, we began a final 3-year study of the
dynamics of the banded skua population. In December, Bob,
Steve Morrell, and I located 216 known-age individuals and

rebanded 200 of them with highly resilient stainless steel
bands. The birds were 10 to 19 years old. (The ages of skuas
studied in earlier years had ranged from 2 to 14 years.) In the
following months we summarized all data collected during
this and previous years and are now preparing the data for
computer analysis. In the summers of 1981-82 and 1982-83
we will again census the Crozier known-age skuas and will
also visit other skua rookeries to look for Crozier-born birds.
These data will provide insight into emigration rates, annual
survivorship, and the probability of sighting among older age
classes. Following the third season (1982-83) all data collected
since 1962-63 will be analyzed.

Trends visible in the data collected to date, though expres-
sible now only in qualitative terms, are that Crozier skuas
have extremely low fecundity, probably live 30 to 40 years once
they reach breeding age, and remain attached to Cape Crozier
and the sea in spite of the large, reliable food source 150
kilometers away in McMurdo (I refer here to the dump). It also
is apparent that fecundity is highly sensitive to factors inde-
pendent of population density and is especially sensitive to
weather. This results in a very uneven age structure in the
Crozier population. For instance, more than 50 percent of the
banded population alive in 1980-81 were born in 1962-63
(and thus were 18 years old in 1980-81), and only two other
age cohorts made up the majority of the other individuals.
Such a structure is not typical in populations of long-lived
birds.

This project is being supported by National Science Foun-
dation grant DPP 79-20796.

Respiratory heat and water
exchange in three species of

antarctic birds
DAVID E. MURRISH and PAUL C. TIRRELL

Department of Biological Sciences
State University of New York-Binghamton

Binghamton, New York 13901

Countercurrent heat exchange in the respiratory passages of
birds has been shown to result in substantial savings in met-
abolic heat and body water (Murrish 1973; Schmidt-Nielsen,
Hainsworth, and Murrish 1970). This energy and mass
exchange is based on simple physical principles. During
inhalation, the incoming air is warmed and humidified by the
mucosal lining of the nasal passageways. The mucosa is cooled
by convection and evaporation. During exhalation, air at body
temperature and saturated with water vapor passes over these
cool tissues and gives up heat. Water vapor then condenses
on the mucosa. The amount of heat and water savings can be
determined by measurement of the temperature of the exhaled
air.

Giant petrels (Macronectes giganteus), Wilson's storm petrels
(Oceanites oceanicus), south polar skuas (Catharacta maccoT-
micki), and blue-eyed shags (Phalacrocorax atriceps) were cap-
tured as needed from islands near Palmer Station. Birds were
released immediately following the experiment.

Measurement of respiratory air temperatures were made on
unanesthetized birds lightly restrained to a wooden frame
with cloth strips. Body temperature was determined by a ther-
mistor inserted into the esophagus to the vicinity of the crop.
The rapidly fluctuating temperatures within the nasal passages
were measured with a calibrated microbead thermistor (time
constant = 0.05 second in air moving 100 centimeters per
second). The microbead thermistor was one arm of a wheat-
stone bridge; the null balance was determined with an oscil-
loscope.

Plastic casts were made of the nasal air passages to determine
their geometry and dimensions. (The casts were made on dead
animals collected for other studies.)

Temperatures of the exhaled air of the two species of petrels
and the skua are shown in figure 1. At ambient air tempera-
tures of 00 to 30°C, the temperature of the exhaled air was well
below body temperature. Body temperatures (with standard
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deviations) were: giant petrels, 39.2 ± 0.2°C (N = 8); Wilson's
storm petrels, 39.5 ± 0.4°C (N 5); and south polar skuas, 39.3
± 0.3°C (N = 5). Representative temperature profiles within
the nasal passages of the birds at an air temperature of 0°C are
presented in figure 2. For all three types of birds, the gradients
for temperatures taken within the passages were steep. Tem-
peratures at the internal nares approached those of bodies.

The nasal passages of these polar birds consist of a system
of turbinates similar to those of other birds (Bang 1966;
Schmidt-Nielsen et al. 1970). The lengths of the main air stream
channels were: giant petrel, 70 millimeters; Wilson's storm
petrel, 17 millimeters; and south polar skua, 52 millimeters.
The mean distances from the center of the air stream lumen to
a nasal surface for the three birds were 0.5, 0.1, and 0.2 milli-
meter, respectively. The pathway for air movement is char-
acterized by a large surface area and a short distance from the
center of the air stream to the nearest mucosal wall.

AMBIENT TEMPERATURE o

Figure 1. Temperature of the exhaled air of three species of ant-
arctic birds at various air temperatures. Regression lines fitted by
least squares method to points below 20°C.

The external nasal passages of the blue-eyed shag are less
than 0.2 millimeter in diameter. They do not communicate
with the external nares and, thus, do not function for respi-
ration. The internal nares of shags serve to eliminate secretions
from the nasal salt glands (Schmidt-Nielsen, Jorgensen, and
Osaki 1958).

The south polar skuas were able to decrease their exhaled
air temperatures below those of the other two birds. The respi-
ratory heat budget of the skua is given in the table. Heating
1 liter of air from 0°C to 39°C requires 9.8 calories. The heat of
vaporization to saturate the liter with water vapor is 29.8 cal-
ories. A skua must then add 39.6 calories to every liter of 0°C
air it inhales. Upon exhalation of the liter of air at 7°C, satu-
rated, 83 percent of the heat is recovered. This amount of heat
is important to the heat budget of the bird. If one assumes a

DEPTH, mm

Figure 2. Temperatures at various depths in the nasal passages
of three species of antarctic birds breathing air at 0°C.

skua extracts 20 percent of the oxygen (42 milliliters) from the
liter of inhaled air, the metabolic heat production would be
202 calories (4.8 calories per milliliter of oxygen). If the bird
were to exhale the air at body temperature, 39.6 calories would
be lost. This is approximately 19.6 percent of the simultaneous
metabolic heat produced. Calculations for the two petrels
reveal similar heat savings.

Calculated heat required for warming and humidifying 1 liter of air
(STP) from 0°C, 75 percent relative humidity, to 39°C, saturated,
during inhalation, and the heat recovered by cooling the same air
to 7°C, saturated, upon exhalation.

Heat recovered	Percent
Heat added	upon	savings

	

upon inhalation exhalation	upon
(calories)	(calories)	exhalation

Heating of air	9.8	 8.0	820/6
Heat of

vaporization	29.8	24.8	830/6
Total heat	 39.6	32.8	830/6

The volume of respiratory water saved by cooling the
exhaled air also can be estimated. One liter of air, standard
temperature and pressure, at 0°C, assuming 75 percent relative
humidity, contains 3.6 milligrams of water. Warming the air
to 39°C, 100 percent relative humidity, increases the carrying
capacity to 48.6 milligrams of water. Of this amount, the respi-
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ratory tract of skua would have to add 45.0 milligrams of water.
If the bird exhaled air at body temperature, saturated, all of
the water would be lost. However, by exhaling at 7°C, satu-
rated, only 7.8 milligrams of water would be lost, and 37.2
milligrams of water would be recondensed onto the nasal lin-
ings. This is an 82.7 percent recovery of the water added to the
inhaled air. The two petrels would have slightly less efficient
water recovery.

This work was supported in part by National Science Foun-
dation grants DPP 74-18368 and DPP 77-21861.
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Pygoscelid penguin research in
Admiralty Bay

WAYNE TRIVELPIECE, RONALD G. BUTLER,

and NICHOLAS VOLKMAN

Mount Desert Island Biological Laboratory
Salsbury Cove, Maine 04672

Our field team was based at the Polish Academy of Science's
Arctowski Station at Point Thomas on King George Island from
12 February to 2 March 1981. Our efforts were directed pri-
marily toward preparations for the 1981-82 and 1982-83 field
seasons. This involved censusing and banding penguins and
flying birds in five rookeries in the Admiralty Bay area, as well
as coordinating our research with that of our Polish colleagues.

Chinstrap (Pygoscelis antarctica) penguin chicks that sur-
vived to creche age (3-4 weeks) were counted and banded at
the Point Thomas, Sphinx, DeMay, Uchatka, and Stranger
Point rookeries (figure); gentoo(P. papua) penguin chicks were
censused and banded at the first two sites. Estimates of the
reproductive success of chinstrap and gentoo penguins were
made on the basis of the number of breeding pairs at each
rookery in 1977-78. Chinstrap penguins fledged a mean of
0.45 chicks per pair, and gentoo penguins, a mean of 0.30
chicks per pair. In contrast, during 1977-78, chinstraps fledged
1.06 chicks per pair, and gentoos, 1.12 chicks per pair (Trivel-
piece unpublished doctoral dissertation; Trivelpiece and Volk-
man 1979). The primary cause of the relatively low productivity
in 1980-81 may have been severe storms in December and
January which deposited 1-2 meters of snow on penguin nest-
ing areas (Jablonski personal communication). Although all
Ade'lie (P. adeliae) penguin chicks had fledged prior to our
arrival, a similar low productivity was indicated by the
hundreds of dead 5- to 7-week-old chicks (estimated by degree
of molt) found in the Point Thomas, Sphinx, and Stranger
Point rookeries. The cause of this mortality, thought to be a
pathogen, is being investigated by B. Jablonski of PAS. Several
breeding adults that had been banded between 1976 and 1978
were sighted at Point Thomas this season. Among them were
3-year-old Ade'lie (n = 4) and chinstrap penguins (n = 9) that
had been banded as chicks in 1977-78. Sighting of the chin-
straps gives us the first data on the age of first breeding of this
species. The sex of these breeders was not determined.

Finally, we censused breeding brown (Catharacta lonnbergi)
and south polar (C. maccormicki) skuas and American sheath-

bills (Chionis alba) in the Point Thomas and Sphinx rookeries.
Brown skuas banded in 1977-78 experienced 90 percent mor-
tality among the territorial pairs at Point Thomas. The cause
of this high mortality is unknown, but the situation appears
to be similar to that recorded at Palmer Station, Anvers Island,
in 1978-79 (Parmelee, Maxson, and Bernstein 1979). However,
all known skua territories at Point Thomas were re-occupied
by new breeding pairs. Reproductive success of brown skuas
in 1980-81 was 0.68 chicks per pair, 40 percent lower than in
1977-78; south polar skua and American sheathbill productiv-
ity was similar to that in 1977-78-0.40 and 1.1 chicks per
pair, respectively.

This research was supported by National Science Founda-
tion grant DPP 79-20424. We thank K. Birkenmajer, com-
mander, Arctowski Station, for his hospitality and helicopter
transport, which greatly facilitated our research. B. Jablonski
kindly shared his 16 months of research data with us and
recorded the breeding of penguins we had banded in 1976-78.
We also thank Capt. P. Lenie and the crew of the 1w Hero for
logistical support.
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Map of Admiralty Bay showing locations of rookeries being studied
by our group.
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Summer leopard seal ecology along
the Antarctic Peninsula

S. STONE and T. MEJER

Department of Ecology and Behavioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

From late December 1980 through March 1981, we studied
leopard seals (Hydrurga leptonyx) around Palmer Station
(64°46'S 64°04'W) and in adjacent waters from the RN Hero.
This was the final season of a 3-year study of the species. The
objectives were: (1) observe and examine adult females to
obtain more precise information on the timing, social orga-
nization, and success of mating; (2) handle weaned pups as
well as seals of other ages to obtain information on growth and
maturation; and (3) quantify information on feeding and food
habits and examine age-related food preference and seasonal
change in food habits.

We concentrated on capture and release, radio telemetry,
collection, and visual and underwater acoustic observation.
We also gathered information on crabeater seals (Lobodon car-
cinophagus) and Weddell seals (Leptonychotes weddelli) as it
pertained to leopard seal ecology (e.g., distribution) and activ-
ity (e.g., feeding); we were especially interested in crabeater
seal pup predation by leopard seals. We captured leopards on
ice floes by injecting them with an immobilizing drug and
then, if necessary, pulling a heavy canvas bag over the heads
of lightly immobilized seals (Stirling 1966). Nineteen leopard
seals were captured, measured, and examined for scars,
wounds, and ectoparasites. Toenails (to determine age), blood
samples and smears (to identify blood parasites), and vaginal
smears from females (to check for evidence of estrus) were
taken. Radio transmitters were attached to 14 leopard seals.
Radio tracking was conducted from Zodiacs (inflatable rubber
boats), the RN Hero, and three antenna masts at islands near
Palmer. In addition, 18 adult females were collected for repro-
ductive material, teeth (for aging), blood smears and compre-
hensive tissue samples (for parasite quantification), and stom-
ach contents (for food type and amount). Preliminary exami-
nation of the reproductive material indicates that adult females
ovulate and implant by late January or early February. More
thorough examination of the ovaries and reproductive tracts
should clarify whether delayed implantation occurs in leopard
seals and should yield detailed information on the timing of
reproductive events. Intraspecific scarring in leopard seals was
not as extensive or severe as that seen in crabeaters and Wed-
dels; fresh wounds were most common in January.

Leopard seals of all ages and both sexes used the waters
around Palmer throughout the season. Drifting pack ice was

plentiful when we arrived. We began to see leopards in early
January, and they became increasingly common into February.
Leopard seals were always present and available for handling
as long as ice was accessible to us. Leopards were present even
when ice was absent, and sometimes we saw them many
kilometers from ice.

Leopard seals, regardless of their sex and age, appear to feed
effectively on whatever is most accessible (figure). Within the
same bay and at the same time, different leopards fed on seals,
penguins, fish, krill, and (rarely) squid. Commonly, one
individual was found to have taken two different items at the
same feeding or within several hours. Unexpectedly dense
concentrations of leopard seals, from 10 to 20 or more in Arthur
Harbor, sometimes occurred in midseason when numerous

Leopard seal showing cusped dentition for grasping and straining.
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crabeaters and Ade'lie penguin chicks were also present and
feeding on the abundant krill. Leopards showed no inclination
to scavenge, either from penguin, seal, or whale carcasses.

In March, weaned crabeater pups with extensive, raking,
fresh wounds from leopard seal canines increasingly became
apparent. Most pups seen toward the end of summer bore
such signs of recent attacks, just as most adult crabeaters bear
scars from leopard seal teeth (Siniff and Bengtson 1977). Wed-
dell pups commonly hauled out on beaches around Bismarck
Strait, but only one was seen with old scars from canine punc-
ture wounds, possibly from a leopard. None of the weaned
elephant seal (Mirounga leonina) pups that appeared from mid-
summer on showed signs of leopard seal attack.

This project was supported by National Science Foundation
grant DPP 77-21946. The manager and personnel of Palmer
Station, as well as Capt. Lenie and the crew of the RN Hero,
again provided consistent, invaluable support and direct,
energetic assistance. We gratefully acknowledge their essential
help.
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Milk intake of Weddell seal young
estimated by tritiated water and

22sodium turnover

RAY A. TEDMAN and MICHAEL M. BRYDEN

Department of Anatomy
University of Queensland

St. Lucia, Queensland 4067, Australia

BRIAN GREEN

Division Wildlife Research
C.S.I.R.O., P. 0. Box 84

Lyneham, A.C.T. 2602, Australia

Weddell seal young, like other phocid seals, exhibit rapid
growth during a relatively short nursing period, gaining about
100 kilograms in 6 to 7 weeks. Since there are no morphological
adaptations of adult mammary glands in Weddell seals, apart
from sinusoidal vessels in lactating glands, which might
account for their rapid growth (Tedman 1981; Tedman and
Bryden 1981), we believe it is important to determine to what
extent the high fat content of the milk (up to 60 percent) and
the milk secretion rate are responsible for the large weight
increases. Although the milk composition of many phocids is
known, we lack complete information on milk yield for this
group.

Owing to the disturbance associated with repeated handling
of young and separation from their mothers, as well as diffi-
culties involved in measuring urine and fecal losses, it would
be difficult to obtain reliable data on milk intake by Weddell
seal pups by weighing pups before and after suckling. Radio-
active isotopes such as tritiated water (I-iTo) and 22sodium
(22Na) have been used successfully to measure water and
sodium turnover rates, respectively, and, in turn, to measure
milk intake by offspring in some domestic and wild species
(Green and Newgrain 1979; Macfarlane, Howard, and Siebert
1969). The main advantage of these methods is that they reduce
disturbance to mother and offspring to a minimum (Wright,
Jones, and Gentry 1974).

A combination of HTO and 22Na was used to make two
independent estimates of milk intake by Weddell seal young

on the sea ice at Turtle Rock, McMurdo Sound, between 18
October and 10 December 1980.

Newborn pups and their mothers were tagged within 3 days
of birth. At the beginning of the experiments, each of 11
randomly selected pups (6 days postpartum) was given an
intravenous injection of 0.4 milliliter of hypotonic 22sodium
chloride (22NaCl) solution (1.85 millibecquerels per milliliter)
and 1 milliliter of tritiated water (370 millibecquerels per mil-
liliter). They were isolated from their mothers for 5 hours to
allow equilibration of the isotope, after which a blood sample
was obtained from the extradural vertebral vein. The dilution
of isotopes during the equilibration period provided estimates
of body water and exchangeable Na pools. Pups were then
returned to their mothers.

Blood samples were collected at 3-day intervals, and pups
were reinjected at 15 days (with 1 milliliter of HTO and 0.8
milliliter of 22NaC1) and at 27 days (with 1 milliliter of HTO and
1 milliliter of 22NaC1) postpartum following the procedure out-
lined in the preceding paragraph. A final injection of 1 milli-
liter of HTO was given at the end of each experiment to check
the pups' total body water content. Four lactating seals not
involved in the previous experiments were given intravenous
injections of 1 milliliter of 1-cro at 6 days and 35 days postpartum
to calculate changes in body composition. On each occasion,
a blood sample was collected 5 hours after injection. All blood
samples were allowed to clot, after which serum fractions were
drawn off and frozen along with red-cell fractions.

Isotope turnover is derived from fractional turnover rate
[(m I-I nF)/t] and body pool, where I is the initial isotope
concentration in the blood after equilibration and F is the final
isotope concentration in the blood at time ' 1t" (days) after
injection. Milk intake estimates are calculated from isotope
turnover rates and water and sodium contents of milk.

Milk samples (2 milliliters) were collected from the mothers
of each of the 11 pups at approximately 6-day intervals. A

subcutaneous injection of 4 milliliters of oxytocin (P-M Oxy-
tocin, Ethnor Pty. Ltd., N.S.W.; 10 I.U.'s (international units)
per milliliter usually was required to obtain samples using a
human milk expressor.

Pups were weighed at intervals of approximately 6 days to
check growth rates and to relate milk intake to weight gain.
Cows were weighed during the first week postpartum and
again near weaning to quantify weight loss.

Analysis of blood and milk samples is continuing. In addi-
tion to sodium and water content (for use in milk intake cal-
culations), milk samples are undergoing detailed analyses (fat,
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fatty acids, protein, carbohydrate, electrolytes, osmolarity) to
supplement the small amount of published data on milk com-
position in this species.

Field support for this work was supplied by the National
Science Foundation, for which we are deeply grateful. We
thank D. Griffiths for assistance in the field studies.

References

Green, B., and Newgrain, K. 1979. Estimation of the milk intake of
sucklings by means of 22Na. Journal of Mammalogy, 60, 556-559.

Macfarlane, W. V., Howard, B., and Siebert, B. D. 1969. Tritiated
water in the measurement of milk intake and tissue growth of rum-
inants in the field. Nature, 221, 578-579.

Tedman, R. A. 1981. Lactation in the Weddell seal, Leptonychotes wed-
delli (Lesson). Doctoral thesis, University of Queensland.

Tedman, R. A., and Bryden, M. M. 1981. The mammary gland of the
Weddell seal, Leptonychotes weddelli (Pinnipedia). 1. Gross and
microscopic anatomy. Anatomical Record, 199, 519-529.

Wright, D. E., Jones, B. A., and Gentry, K. C. 1974. Measurement of
milk consumption in young ruminants using tritiated water. Pro-
ceedings of the New Zealand Society for Animal Production, 34,
145-150.

Population dynamics of Weddell
seals in eastern McMurdo Sound

J. W. TESTA, J. L. BENGTSON, and D. B. SINIFF

Department of Ecology and Behavioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

We investigated the population dynamics of Weddell seals
(Leptonychotes weddelli) near McMurdo Station from 22 Octo-
ber to 5 December 1980. Our main objective was to maintain
the continuity of census and reproductive data for a long-term
research project initiated in 1970.

Seals on the fast ice adjacent to Ross Island between Cape
Evans and McMurdo Station were reached by tracked vehicles
from late October through early December. Tagging pups and
retagging adult females in pupping colonies along traditional
tide cracks at Hutton Cliffs, Turks Head, and the Delbridge
Islands (166°25'E 77°40'S) were priorities early in the season.
Tagging of pups was intensive enough to allow a complete
count of parous females and pups. Numbers of males and
nonparous females were estimated by Jolly-Seber analysis of
resightings. Censuses of seals were conducted seven times
from 11 November to 2 December. Pups at the Hutton Cliffs
colony were weighed weekly to evaluate their growth and
condition at weaning, providing a basis for comparison with
previous years.

The total population of Weddell seals in the fast-ice area was
estimated to be 930. There were at least 830 individuals (this

figure includes those seen during a census period plus tagged
seals known to be alive but not sighted). Adult and subadult
females accounted for approximately 80 percent of the popu-
lation. Pup production had increased from a low of 257 in 1976
(DeMaster 1978; Thomas et al. 1980) to a high of 457 in 1980.
The proportion of known adult females pupping (76 percent)
was as high as that of any of the last 10 years (Siniff in press).
However, total population size has not recovered from the
1976 decline. Growth and condition of the pups at Hutton
Cliffs in 1980 were good.

Future work will concern ecological relations between Wed-
dell seals and antarctic cod (Dissostichus mawsoni) and the sea-
sonal movements and mortality factors affecting juvenile Wed-
dell seals. Preliminary work on these aspects was begun in
1979 (Thomas et al. 1980).

This research was sponsored by National Science Founda-
tion grant DPP 78-21713801.
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Late summer dives of Weddell seals In early January 1981, studies of the diving behavior of
Weddell seals began near Scott Base and near White Island.
This late-summer investigation continued until late February,
when all summer personnel departed. By the end of the sum-
mer field season 20 dive recorders had been attached to seals
and 19 had been recovered.

The recorders were of two types, a time-depth recorder (TDR)

and a depth histogram recorder (DHR). Both are described else-
where (Kooyman 1981; Kooyman, Billups, and Farwell in
press). The TDR, which records every dive over a 2-week
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period, has been used in previous studies of Weddell seals
(Kooyman et al. 1979). The DHR, which analyzes the frequency
of dives to a preset depth threshold, records every dive over
a 1-month period. This was the first time it had been used in
the Antarctic, but it has been used previously in studies of
king penguins in the subantarctic (Kooyman, Davis, and Costa
1980).

The recorders were on the seals from 2 to 21 days. A total of
4,000 dives were recorded. Data on these dives now are being
analyzed for similarities and differences from previous years,
as well as for comparisons between McMurdo Sound and
White Island seals. Analyzed will be such variables as the
diving intensity (number of dives per unit of time and amount
of time spent underwater), preferred depths, and preferred
time of diving.

Simultaneous with the dive studies, a field site for overwin-
tering was being set up at White Island (figure). The site

-	-	-	.	-

_t-
-	I

includes an ice hole cut through 15 meters of sea and platelet
ice. The hole is being used for biological and oceanographic
collections and observations through the winter.

The White Island site is of special interest because it is
located about 25 kilometers south of the edge of the Ross Ice
Shelf and is one of the few localities where seals live year
around within the ice shelf. The ice in this location is stable
throughout the year, and we are taking advantage of this
condition to study the seals throughout the winter. Similar
winter studies will be done at McMurdo as soon as ice con-
ditions permit.

Such studies will yield information about how foraging
behavior of seals differs between summer and the harsher
winter conditions. We also will look for differences in feeding
behavior between seals diving under thin sea ice and those
diving under thick shelf ice. Ice thickness under the shelf
ranges from an estimated 15 to 70 meters. Dives under the
thick ice will provide data on orientation abilities of seals
when they dive to depths where no astronomical light sources
(such as the sun, moon, or stars) are available.

This work was supported by National Science Foundation
grant DPP 79-23623. Many assisted in the fieldwork; we would
like to give special acknowledgment to the Weddell seal field
team of M. Davis, M. Horning, R. Maue, and W. Stockton.
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A south-facing, oblique, aerial photograph of White island taken
25 January 1981 from an altitude 011,525 meters. The arrow Indi-
cates the overwintering field camp. There were open water leads
up to 10 meters wide In the three ice rifts nearest the island. The
rifts are about 10 meters deep. (Photograph by G. L. Kooyman)
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Ross Island
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The first objective of our study was to quantify responses of
minke whales (Balaenoptera c.f. B. acutorostrata) to a survey
vessel passing nearby. This information is needed to deter-

mine whether a correction term is necessary for ship transect
models used to estimate population sizes of minkes and other
large whales (Tillman in press). Joint helicopter and ship sur-
veys totaling 8 hours 8 minutes were conducted at seven loca-
tions in open water in the southwestern Ross Sea (figure 1).
Observed minke whale swimming directions, grouped by dis-
tance and bearing relative to the ship, were tested for uniform-
ity (Batschellet 1972). If the whales were not responding to the
vessel, one would expect a uniform distribution of swimming
directions, irrespective of the whales' positions relative to the
ship. We found that swimming directions were unaffected by
the ship (Leatherwood, Awbrey, and Thomas in press) and
concluded that no correction factor would be necessary to
estimate minke whale density from data collected on board
USCGC Polar Star. However, we recommended to the Interna-
tional Whaling Commission (IwC) that similar studies be con-
ducted with aircraft and the actual research vessels used by
iwc in censuses of antarctic minke whales.

Our second objective was to describe the distribution, size,
and behavior of the Ross Island segment of minke whale pop-

154	 ANTARCrIc JOURNAL



74 S

WEODELL
SEA

73S 65E

TERRA

75°S 

 -

NOVA

BAY

Approx. position of

ice edge 06don-IFeb

76 S

7OE

CÔULMAN

ROSS

4
29
(2-3)

Feb	 31-1)

ROSS ISLAND

IFeb

Figure 1. Areas of the Ross Sea where seven flights were con-
ducted from USCGC Polar Star to determine minke whale response
to a survey vessel (shown by solid arrow; —p ), and area where
eight flights were conducted from McMurdo Station to describe
distribution, size, and behavior of minke whale population(s) (sec-
tion of Ross Sea adjacent to Ross Island and Ross Ice Shelf and
enclosed with dashed line; ---). Numbers in parentheses indicate
number of whales observed from helicopter and ship, respectively,
during concurrent operations.

ulation(s) summering in the Ross Sea. Eight helicopter survey
flights, totaling 17.5 hours, were conducted over the icebreaker
channel and its associated cracks and over the waters near the
fast-ice edge (approximately 6 nautical miles to either side of
the channel mouth). Five times, we landed on the ice and
maintained ice-edge hydro phone- recording stations (a total of
4.25 hours of recordings).

From 36 to 64 minke whales were observed during each
flight, as individuals and in pods of up to 38. Their distribution
was clumped along the ice edge and in wide cracks. The whales
also used areas under the ice extensively, capitalizing on small
cracks and holes to penetrate under the fast ice to at least 2.5
nautical miles from the nearest appreciable open water. Several
whales were seen respiring in holes so narrow they had to
"spy-hop" to expose the blowhole above the water surface.
Individual whales were observed to dive for up to 14 minutes.

Respiration patterns of individuals and groups were often
highly repetitive for protracted periods. Average dives for 30
whales observed for about 1 hour lasted from 9.7 to 10.8 min-
utes. These long dives were separated by 1.3 to 3.5 minutes of
shallow submergence or surface "rafting" in open water and
by 2-15 blows (figure 2). Such behavior is comparable to that
previously described for minke whales (Kimura and Nemoto
1956). In observed feeding instances, whales were swimming
on either side, and their throats were distended. Since the
water near the whales was brownish-red, prey were assumed
to be krill.

-
-	 -	___ -	_•_••u_.___I -__- -

Figure 2. Two minke whales that have emerged from beneath the
Ice and circled while hyperventilating before resubmerging
beneath the ice. Dive patterns in such instances were highly pre-
dictable.

Under the best conditions, "slicks" persisted in the cold
water for as long as 4 to 5 minutes after the whales sounded.
When we encountered such slicks, we lingered until the
whales surfaced so that we could count accurately the number
in the group. The entire study area was surveyed on five of
the eight flights. We assumed that we saw from all to about
half the minke whales present on each of these five flights.
Therefore, we think that a conservative estimate of the summer
population of minke whales off western and northwestern
Ross Island is between 65 and 130.

The whales either lacked white or gray on the flippers or
had only a trace of light gray on the flippers; this is consistent
with observations by Williamson (1959) and Ohsumi, Masaki,
and Kawamara (1970). Total body lengths were estimated as
7 meters to nearly 10 meters. No calves were seen.

In January 1980, USCGC Northwind personnel observed killer
whales (Orcinus orca) attack a minke whale in the icebreaker
channel. However, we observed no such behavior; minke
whales and killer whales appeared to coexist in close proximity
without confrontation.

Six types of underwater sounds recorded in the presence of
minke whales were believed to be minke whale vocalizations:
a whistle series, a clanging bell series, a click, a screech, a low-
frequency grunt (figure 3), and a frequency-modulated sweep
similar to that illustrated by Schevill and Watkins (1972).
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Figure 3. Sonograms of five types of underwater sounds believed to be minke whale vocalizations: clanging bell series, screech, low
frequency grunt, whistle, and click.

This research was supported by National Science Founda-
tion grant 77-21646. S. Leatherwood was partially supported
by the iwc. The authors thank the officers and crew of USCGC
Polar Star; the pilots and crew of VXE-6, McMurdo Station,
and AVDET 82, Naval Air Station, Mobile, Alabama; and per-
sonnel of rrr at McMurdo Station.
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Ross Sea killer whale distribution,
behavior, color pattern, and

vocalizations
J . A. THOMAS, S. LEATHERWOOD, W. E. EVANS,

and J . R. JEHL, JR.

Hubbs Sea World Research Institute
San Diego, California 92109

F. T. AWBREY

Biology Department
San Diego State University
San Diego, California 92182

Objectives of this continuing project are to document
(1) killer whale (Orcin us orca) distributions and behaviors near
Ross Island and elsewhere in the Antarctic, (2) geographic and
interpod variation in killer whale color patterns, and
(3) geographic variability in killer whale vocalizations.

Searches for killer whales were made from shipboard in the
following areas: (1) in the Ross Sea, January 1981 (Leather-
wood, Thomas, and Awbrey in press); (2) between McMurdo
Station and Punta Arenas, Chile, Lyttleton, New Zealand, and
Wellington, New Zealand, January and February 1981 (Leath-
erwood, Todd, Thomas, and Awbrey in press); and (3) between
Port Hueneme, California, and Callao, Peru, December 1980.
Searches also were made from land-based helicopters 5-26
January 1980 in McMurdo Sound and from ship-based heli-
copters 27 January-2 February 1980 off Franklin Island and
northwestern Ross Island (total of 30 flights; approximately 50
hours). On 28 occasions, ice-edge stations were maintained to
collect underwater recordings of whales and seals (approxi-
mately 40 hours of recordings) (figure 1).

Killer whales were seen off Cape Adare, over Pennell Banks
(approximately 170°O'E 75°0'S), and near King George Island,
but were abundant only off Ross Island. As many as 152 whales
were observed during a single flight, with an estimated 50 in
a single herd. Whales were concentrated in some of the same
four or five areas on nearly ever flight. Calves, large adult
males (estimated at 9 meters in length), and numerous inter-
mediate-sized animals were seen. Animals judged to be calves
of the season, less than half the length of an accompanying
adult, comprised 2.99 percent (52 of 1,789) of all animals
sighted-3.66 percent (47 of 1,285) of those in McMurdo Sound
and 1.00 percent (5 of 504) of those in more offshore areas.

Before the icebreakers arrived at McMurdo Sound, the killer
whales used the fast-ice edge. When the breakers began pre-
paring the channel, they were accompanied by killer whales,
which moved ahead of and behind the vessels into newly
forming cracks and holes. Once the channel was open, the
whales continued to use the newly opened water and adjacent
cracks. In one instance, a group of eight was observed in a
crack about 6 nautical miles from the icebreaker channel, near
the Strand Moraines; the group was progressing slowly away
from open water such that individuals had to break 2.5-15.0
centimeters of sheet ice to breathe. Bubble-blowing often pre-
ceded the whales' contact with the ice. Preparation of breath-
ing holes appeared purposeful. Whales, sometimes three
abreast, often surfaced in the newly opened holes.

Figure 1. Researcher recording vocalizations of killer whales In a
crack west of the icebreaker channel In McMurdo Sound, 24 Jan-
uary 1981. (Photo by J. Thomas)
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Figure 2. Comparison of selected vocalizations of killer whales
from Ross Island and Puget Sound, Washington: (A) Downswept
whistle followed by rapid, suppressed, carrier FM burst. This Is one
of the most common sounds produced by McMurdo killer whales
and is most similar to the "ricochet" sound of Puget Sound animals
(Dahlheim 1980). (B) Upswept whistle of Puget Sound killer whales
(Dahlheim 1980). (C) Upswept whistle of McMurdo Sound killer
whale. Compare with (B). Sounds of McMurdo whales generally
start and end at higher frequencies than comparable sounds from
Puget Sound. Effective filter bandwidth for all three, 50 hertz.
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edly in front of the recording station after long dives. They
made no movements that we regarded as aggressive.

Although present during most recording sessions, Weddell
seals were not vocalizing. Their silence may have been a
response to the presence of killer whales, or it may reflect
termination of mating activities. Killer whale activity levels
increased in the evening, corresonding with peak underwater
activity of Weddell seals.

This research was sponsored by National Science Founda-
tion grant DPP 77-12646. We thank personnel of rrr, McMurdo
Station, and the officers and crew of USCGC Polar Star, USCGC
Glacier, AVDET 82, Mobile, Alabama, and VXE-6, McMurdo.
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Figure 3. A killer whale feeding on an antarctic cod (Dissostichus
mawsonl) near the Ice edge In McMurdo Sound. (Photo by S.
Drelschma n)

Evans and Yablokov (1978) reported regionally distinct color
patterns for killer whales. Bigg, MacAskie, and Ellis (1976) and
Chandler, Goebel, and Balcomb (1977) similarly distinguished
pods and individuals. Ross Island killer whale patterns
observed in 1981 were indistinguishable from those seen there
in 1980 (JehI et al. 1980). One large male seen in 1980 and in
other years since 1976 was re-identified in 1981 from its saddle
pattern and its distinctively shaped and notched dorsal fin.
Many individuals had light, yellowish to brownish patches;
these are presumed to be algal concentration.

Killer whale regional populations (Jehl et al. 1980), pods
(Ford 1980), and individuals (Dahlheim 1980) also can be dis-
tinguished acoustically. Sounds of Ross Island killer whales
recorded in 1981 were indistinguishable from those recorded
there in 1980. However, all antarctic killer whale sounds (figure
2), other than clicks, are different from those of Pacific North-
west killer whales.

Killer whales were observed feeding on antarctic cod (Dis-
sostichus mawsoni) (figure 3) and pursuing Adelie penguins.
On one occasion, a killer whale swimming in an ice-lead
stopped at locations where emperor penguins had been feed-
ing, hyperventilated, proceeded directly to the next penguin
feeding area, and again hyperventilated. The whales were
aware of our presence on the ice and often investigated the
hydrophone, "spy-hopping" in front of us or surfacing repeat-
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A multidisciplinary study of the
eastern Scotia Sea
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The basic objectives of this study were (1) to investigate the
physical-chemical environment of the eastern Scotia Sea in
order to provide a base for studies of the ecosystem, (2) to
delineate the zone of mixing between Weddell Sea and Drake
Passage waters, (3) to determine the biomass, metabolic activ-
ity, and distribution of bacterioplankton, phytoplankton, and
selected zooplankton species, and (4) to determine whether or
not the northern boundary of the Weddell Sea outflow is caus-
ally related to the high densities of krill and to krill develop-
ment.

The study was conducted from 1w Melville, a UNOLS (Uni-
versity-National Oceanographic Laboratory System) vessel
operated by Scripps Institution of Oceanography, which
departed from and returned to Punta Arenas, Chile. A full,
multidisciplinary team of investigators was on board during
the 63 days of sea time.

Leg 1 (20 January to 20 February 1981; T. D. Foster, chief
scientist) emphasized physical-chemical oceanographic mea-
surements in the eastern Scotia Sea; 133 stations were occupied
in five north-south sections, as shown in figure 1. On every
station a conductivity-temperature-depth (crD) profiler and
rosette water sampler was lowered to 1,000 meters or to the
bottom. In addition to providing calibration of the cm data,
water samples were used on an alternating basis by the chem-
ical and biological programs. On every other station an oblique
BONGO net tow was made, and at a few stations vertical net
tows were also made. Large water samples for the biological
and chemical programs were taken at selected stations. An
acoustic transducer was towed between most stations to sense
zooplankton distribution. Bathymetry was determined along
the cruise track except in territorial waters.

Figure 1. Cruise track of R/v Melville during the first leg of the
eastern Scotia Sea study. Dots show the positions of hydrographic
stations occupied.
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Figure 2. Cruise track of RN Melville during the second leg of the
Scotia Sea study. Hatched area north of Elephant Island indicates
area of Intensive sampling in conjunction with krill swarm studies.
Dots show the positions of hydrographic stations occupied in
addition to those taken within the hatched area.
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Leg 2 (25 February to 27 March 1981; 0. Holm-Hansen, chief
scientist) emphasized biological studies in the area between
Bransfield Strait and the South Orkney Islands. It was planned
that the Melville would do a limited acoustic survey for krill in
conjunction with the First International BIOMASS Experiment
(1mEx) program, which involved 17 ships from 12 countries.
Unfortunately, this was not possible because of ship sched-
uling problems, but the Melville did rendezvous with the
Meteor and Walther Herwig (Federal Republic of Germany) and
Professor Siedlecki (Poland) in the area north of Elephant Island

in order to pursue krill patch studies. Figure 2 shows the cruise
track and the area where a superswarm of krill was detected.
Thirty-five C1D stations were occupied during leg 2.

The work done by the major disciplines on board ship are
described in the 10 reports that follow. During leg 2 a film
crew (Payson Stevens, Bill Milling, and Charles Hipser) was
on board preparing a documentary film on krill in the antarctic
ecosystem.

All ship time was provided by National Science Foundation
grant DPI' 79-21295.

Net sampling of plankton and krill in
the Scotia Sea, January-March 1981

EDWARD BRINTON

Scripps Institution of Oceanography
University of California-San Diego

La Jolla, California 92093

ERIc SHULENBERGER

Museum of Natural History
San Diego, California

JOHN WORMUTH

Department of Oceanography
Texas A&M University
College Station, Texas

TARsiclo ANTEZANA

Institute of Oceanology
University of Valparaiso, Chile

Leg 1 of the Scotia Sea expedtion of 1w Melville was carried
out within the framework of a hydrographic study of the west-
ern Scotia Sea (see Holm-Hansen and Foster, Antarctic Journal,
this issue). The survey period of late January to mid-February
1981 was during the austral summer.

Leg 2 of the Scotia Sea expedition included intensive zoo-
plankton sampling where krill were abundant (in the vicinity
of Elephant Island and in part of the Bransfield Strait) and in
adjacent waters; in addition, a southern portion of the leg 1
track was retraced. Net sampling in conjunction with an
acoustical survey of the plankton (Macaulay, Antarctic Journal,
this issue) and serial net tows for examination of krill patch
structure and plankton associations were emphasized.

As analysis of the material continues, distributions and
abundances of zooplankton species will be related to physical-
chemical features of the environment and to availability of
food, especially phytoplankton.

Field procedures. On leg 1, zooplankton was sampled at alter-
nate hydrographic stations with an open BONGO net (333-
micron mesh) towed obliquely from 0 to 150 meters deep at
2-2.5 knots; 67 such tows were made, approximating a random

assessment of plankton within the upper waters of the region.
Other leg 1 sampling included (1) noon and midnight vertical
net hauls from 200-0 meters for T. Ikeda's physiological stud-
ies and (2) surface tows to obtain live krill for observations of
feeding and egestion by T. Antezana and K. R. Antezana.

Leg 2 was oriented toward biology and focused on areas
within and around high densities of krill near Elephant and
Cornwallis Islands, in the Bransfield Strait, and in the south-
eastern Scotia Sea, where a portion of a leg 1 transect was
repeated. Net sampling was done using BONGO nets, a 10-foot
(3.05-meter) midwater trawl, and a multiple opening-closing
net and environmental sensing system (MOcNESS).

The BONGO samples were collected in a series of consecutive
tows to 100 or 150 meters depth, the tows being repeated as
rapidly as possible. We made four to five such tows per hour,
each about 1 kilometer long; 158 pairs of BONGO samples were
obtained (24 series).

Finer structure of the plankton assemblage was investigated
with the MOCNESS. We made 27 hauls, each deploying eight
nets consecutively. The hauls included replicate horizontal
and stratified oblique tows, replicate day and night series, and
replicate series inside and outside the large swarm (approxi-
mately 10 megatons) found near Elephant Island. Much of this
sampling was targeted as to depth and tow length on the basis
of simultaneous acoustic information (see Macaulay, Antarctic
Journal, this issue).

Eight Isaacs-Kidd midwater trawl samples were made to
obtain bulk material.

Results. Conspicuous features of Euphausia superba (krill)
noted during leg 1 were as follows.

1. Low to moderate numbers of early larvae, particuarly
calyptopis stages, were dispersed across the central part of the
Scotia Sea, north of the principal zone of confluence with
Weddell Sea water.

2. Few juvenile and adult krill were caught where the larvae
were present.

3. There were instances of alternation between presence of
krill, usually at low population densities, and high concentra-
tions of net phytoplankton both at the southern stations near
and to the east and west of the South Orkney Islands and
southward from South Georgia Island in a transect across the
eastern half of the Scotia Sea.

4. At 30 of the 67 sampling localities, net (333-micron mesh)
phytoplankton densities were high (greater than 200 cubic
centimeters wet displacement per square meter).

5. High densities of late-juvenile and adult krill were found
at only 2 of 67 stations, near the northern South Orkney bank
and southeast of South Georgia Island. We interpret this as
representing the probability of encountering a substantial
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swarm at random. Population densities were approximately
2,000 and 700 cubic centimeters beneath 1 square meter,
respectively, each over a towing distance of about 1 kilometer.

Zooplankton observations during leg 2 were mostly to the
south and southwest of the leg 1 survey. Preliminary results
are:

1. Dominance of adult krill in particular coastal regions and
of larvae in contiguous oceanic regions was particularly evi-
dent on leg 2.

2. A BONGO net transect oblique to Elephant Island was
repeated on 4 consecutive days, during which originally high
concentrations of krill fell to nil. Krill were replaced by a
diverse, low-concentration assemblage dominated by salps,
copepods, and hyperiid amphipods. On a fifth day, a large
swarm of krill was located farther to the north, somewhat
seaward of the insular slope. A 15-sample transect was made
across the approximately 10 kilometers of high krill concentra-
tion. The mean concentration of krill was 380 cubic centimeters
beneath 1 square meter.

3. Using a conservative estimate of patch size (50 square
kilometers; Macaulay, Antarctic Journal, this issue), the net-
krill in the patch gives (5 x 107 square meters) x (0.38 kilo-
grams per square meter), or 1.9 x 10 kilograms of krill in this
one patch. However, the BONGO nets towed to only 80 meters,
less than half the thickness of the patch as observed simulta-
neously using acoustics.

MOCNESS sampling provided material for finer resolution
of structure within the patch. The krill were predominantly of
2nd- and 3rd-year age classes; males were most common.

4. A moderately dense aggregation along the eastern margin
of the Bransfield Strait was transected by BONGO and MOCNESS

sampling.
5. A crossing of Bransfield Strait at 63°S yielded consistently

low densities of plankton, though with distinct onshore-off-
shore differences, and almost no krill.

6. Fourteen oblique BONGO tows were made between the
South Orkney Islands (59°S 47°W) and Elephant Island (61°S
55°W). Large quantities of furcilia larvae (predominantly two
late stages) were encountered for over 350 kilometers. Popu-
lation densities ranged from 20-250 cubic centimeters per
square meter (x = 91.5), with sampling to about 100 meters
depth. Stratified sampling by MOCNESS showed that the larvae
were concentrated almost entirely at about 20 meters at one
locality.

7. Narrow, dense swarms of krill, which by late March
extended along slope waters of the northwestern and western
sides of Elephant Island, were sampled by zigzag transects;
sampling was done with BONGO nets which were guided by
the acoustic records. The swarms were closely tied to waters
of 140-160 meters depth, though the bottom slope in these
areas was particularly gradual. The narrow juvenile-adult

swarm paralleled the coastline, and the extensive areas occu-
pied by larval krill extended seaward and shoreward, largely
separate from it.

Our January-February 1981 records of calyptopis larvae and
early furcilia stages of Euphausia superba over the central and
southern Scotia Sea agree with those reported by Hempel and
Hempel (1978) from early 1976. By March 1981, larval devel-
opment had proceeded to late furcilia, dominated by 7-8 mil-
limeter and 9-10 millimeter stages, and the dense net phyto-
plankton noted in February had disappeared.

Size composition of the population of larvae in the southern
Scotia Sea resembles the equally dense population of larvae to
the north, west, and southwest of Elephant Island, suggesting
that there may be continuity between these nursery areas.

The population densities of adult krill measured by BONGO

and MOCNESS sampling in the large patch to the north of Ele-
phant Island during March were of the order of 0.4 percent of
densities estimated from acoustic studies by Macaulay at the
same time. There is little doubt that the nets employed by
Melville were inaccurate for estimates of larger krill, 20-55
millimeters in length. BONGO nets towed at 4-5 knots appear
to have sampled better than when towed at slower speeds.
Nighttime catches of large krill were consistently greater than
daytime catches, again emphasizing the need for improved
sampling techniques.

Analysis of the collections will proceed with determinations
of the major zooplankton taxa, particularly copepods, amphi-
pods, and pelagic tunicates. Euphausia superba are being
analysed for size-frequency composition and sex ratios, with
a view toward understanding more about composition of the
unevenly distributed population segments.

This work was supported in part by National Science Foun-
dation grant DPP 79-21295. Participants in the zooplankton
program included: leg 1—Michael Fahay (National Marine
Fisheries Service) and Victor Mann (Graduate, University of
Chile); leg 2—Sergio Andrade (University of Concepción),
Robert Marak (National Marine Fisheries Service), Eric Shu-
lenberger (San Diego Natural History Museum), and John
Wormuth (Texas A&M University); legs 1 and 2—Kristen Ray
Antezana and Tarsicio Antezana (University of Valparaiso)
and Edward Brinton (Scripps Institution of Oceanography).
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Metabolic activity of larval stages of
antarctic krill

TSUTOMU IKEDA

Australian Institute of Marine Science
Townsville, Queensland, Australia

The studies described below are part of a long-term program
by the author to better our understanding of the growth and
nutrition of krill (Euphausia superba Dana) and to relate their
life cycle to the physical and biological conditions in antarctic
waters.

During both legs of the expedition, krill larvae were collected
from surface tows with a 500-micrometer mesh net for the
purpose of obtaining respiration (oxygen consumption) and
excretion (ammonia and inorganic phosphate) measurements.

1981 REVIEW	 161



Temperature
(°C)

Body dry weight
(milligrams) Respiration ratea	Ammonia (NH)"	Orthophosphate (PO3)C

n

6
6
6
5
5
6
8
8
5
8
8

+0.5
-0.5

0.0
+0.7

0.0
0.0

-0.5
-0.5
-1.0
+0.2
+0.1

ND
ND
ND
ND
ND

0.008 ± 0.004
0.012 ± 0.006
0.011 ± 0.005
0.014 ± 0.002
0.008 ± 0.004
0.015 ± 0.010

ND
ND
ND
ND
ND

0.022 ± 0.008
0.027 ± 0.008
0.034 ± 0.018
0.030 ± 0.016
0.043 ± 0.019
0.048 ± 0.015

0.090- 0.026
0.68 ± 0.09
1.12 ± 0.21
1.44 ± 0.53
1.06 ± 0.080
1.05 ± 0.11
1.09 ± 0.12
1.07 ± 0.14
1.01 ± 0.13
1.03 ± 0.10
0.969 ± 0.208

0.0276 ± 0.0005d
0.0277 ± 0.0033d
0.0820 ± 0.0098
0.0672 ± 0.0097
0.179 ± 0.028
0.253 ± 0.011
0.251 ± 0.022
0.0964 ± 0.0109
0.486 ± 0.036
0.419 ± 0.037
1.308 ± 0.319

Eggs
Nauplii
Cl-lit
Ci'
C"
Cli'
Ci"
C"
F
F,_,,,
F iv- v

Respiration and excretion rates of krill larvae measured during the Melville cruise to the northern Weddell Sea and eastern Scotia Sea,
January- March 1981

Excretion rate

a Measured in microliters of oxygen per milligram of dry weight per hour.
bMeasured in micrograms of nitrogen per milligram of dry weight per hour.
C Measured in micrograms of phosphorus per milligram of dry weight per hour.
d Measured on formaiin preserved samples.
e ND = Not determined.
C = Calyptopis.

= Furcilia.

Eggs and nauplii were obtained from gravid females main-
tained at close to 0°C in aquaria on board the Melville. Res-
piration and excretion were measured simultaneously by a
water-bottle method (Ikeda 1974). Incubation was made at near
in situ temperatures for a period of 24 hours, except for exper-
iments on eggs and nauplii, which were incubated for 48
hours. Dissolved oxygen was determined by the Winkler titra-
tion method; ammonia and phosphate were measured by the
phenol-hypochlorite method and the molybdate-blue method,
respectively (Strickland and Parsons 1972).

Results are summarized in the table. The respiration rate of
48-hour-old eggs was on the order of 0.090 microliter of oxygen
per milligram of dry weight per hour. This rate increased to
0.68 microliter of oxygen per milligram of dry weight per hour
for nauplii that had hatched 24 hours previously. No excretion
measurements were taken on eggs or nauplii. Further increase
of the respiration rate was observed for calyptopis and furcilia
(0.969 to 1.44 microliters of oxygen per milligram of dry weight
per hour). The excretion rates of ammonia and phosphate by
calyptopis and furcilia ranged from 0.022 to 0.048 microgram
of nitrogen per milligram of dry weight per hour, and 0.008 to
0.015 microgram of phosphorus per milligram of dry weight
per hour, respectively.

Using the same experimental techniques, Ikeda and A. W.
Mitchell (Australian Institute of Marine Science) measured
respiration and excretion of juvenile and adult krill (size range,
27 to 354 milligrams dry weight) during the Kaiyo-Maru cruise
to the Indian sector of the antarctic ocean in 1980. The respi-
ration rates of 0.349 to 0.485 microliter of oxygen per milligram
of dry weight per hour and phosphate excretion rates of 0.005
to 0.009 microgram of phosphorus per milligram of dry weight
per hour were substantially lower than the present results for
the larval stages; the ammonia excretion rates, 0.029 to 0.045

microgram of nitrogen per milligram of dry weight per hour,
were similar to the present results on larvae.

When the results obtained from the Melville cruise are com-
bined with those of the Kaiyo-Maru cruise, a changing pattern
of respiration rate over the life cycle of krill (eggs to matured
adults) becomes apparent: The highest rate occurs during the
calyptopis and furcilia stages, and rates during both younger
and older stages are relatively lower. The relatively high rate
of ammonia excretion by adult krill as compared with rates of
respiration suggests changes in protein metabolism associated
with developmental changes from the larvae to the juvenile-
adult stage.

Cannibalism of juvenile and adult krill under laboratory
conditions is well known; frequent cannibalism was also
observed among calyptopis and furcilia maintained in aquaria
on board the Melville. Detailed study of this phenomenon
might provide information regarding nutrition and feeding
habits of dense larval swarms of krill such as were encountered
between the South Orkney Islands and Elephant Island (see
report by Brinton et al., Antarctic Journal, this issue).

T. Ikeda participated during both legs of the Melville cruise.
This work was supported by National Science Foundation

grant DPP 79-21295.
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Most phytoplankton studies in the southern oceans have
been simple estimates of the magnitude of primary production
and cell counts of the larger algal cells which are sampled by
nets (see Holm-Hansen et al. 1977 for data and other refer-
ences). While considerable information has been obtained on
rates of primary production as related to geographical area and
seasonal effects, our understanding is still relatively poor
regarding such matters as the causes of phytoplankton patch-
iness, the interaction between phytoplankton distribution and
physical mixing processes, and the relationship between phy-
toplankton abundance (and species composition) and zoo-
plankton biomass and species. Our program on board Riv Mel-
ville thus had the following primary objectives: (1) to relate the
distribution, species composition, and metabolic activity of
phytoplankton to the physical and chemical environment; (2)
to determine the chemical and physiological differences in
cells from various depths in the water column and to relate
these differences to the rate of mixing by downwelling or
turbulence; (3) to determine the most important factors gov-
erning growth rates of phytoplankton; and (4) to mesh our
data on phytoplankton with information on the feeding pref-
erences and abundance of zooplankton, especially Euphausia
superba (krill).

Phytoplankton distribution. Surface chlorophyll concentra-
tions were determined during all steaming time by recording
in vivo fluorescence on water pumped from an intake close to
the bow of the ship. During leg 1 the vertical distribution of
chlorophyll was determined at 12 depths (usually to 1,000
meters) on every even-numbered conductivity-temperature-
depth (cm) station; during leg 2 chlorophyll was similarly
measured on 33 of the 35 cm stations occupied. Water samples
were preserved with formalin or iodine solution whenever
extracted chlorophyll measurements were made. These sam-

ples will be examined by inverted microscope techniques for
the enumeration of species and calculation of total organic
carbon as a function of species and phylogenetic group. High
chlorophyll concentrations (above 3 micrograms per liter) were
found at only six locations, all of which were in relatively
shallow areas close to the Scotia Ridge. Net  tow samples (35-
micrometer mesh) of phytoplankton from 26 stations (leg 1)
were preserved with gluteraldehyde and osmium tetroxide for
light and electron microscope studies. Preliminary examina-
tion of net samples revealed marked differences from station
to station regarding relative abundances of major phylogenetic
groups (diatoms, thecate or naked dinoflagellates, nanoplank-
ton, etc.); this heterogeneity was also seen in chlorophyll data
on size-fractioned water samples. The phytoplankton biomass
often seemed to be inversely related to the zooplankton bio-
mass. At station 016 (just west of South Orkney Island) on leg
1, the chlorophyll concentration was over 8 micrograms per
liter, with very low zooplankton biomass; the same station on
leg 2 had relatively low chlorophyll (approximately 0.6 micro-
gram per liter) but much higher zooplankton biomass, includ-
ing larval krill.

Extensive chlorophyll a data were collected during leg 2,
north and northeast of Elephant Island. In addition to the
chlorophyll measurements made in surface waters and in water
samples from the rosette bottles as described previously, con-
tinuous chlorophyll profiles from the surface to 120 meters
were obtained with a pumping system connected to the cm
unit. Examination of the chlorophyll data indicates that water
with high standing stock of phytoplankton (about 3 micro-
grams of chlorophyll a per liter) flowed from the south, around
the east end of the island, and into the area north of Elephant
Island, where the large krill swarms were found. The chloro-
phyll concentrations decreased with increasing krill abun-
dance; to the north and west of the major krill swarms, the
chlorophyll concentrations were reduced to approximately 10
percent of that found "upstream" of the krill. This suggests
that the location of krill swarms may be related to the current
systems, which transport high concentrations of phytoplank-
ton into areas inhabited by the krill.

Phytoplankton growth rates. Our studies concerned with
measuring phytoplankton growth rates were directed at (1)
determining the rate of primary production, which represents
the "base" of the food web and (2) increasing our understand-
ing of the rate of photosynthesis as influenced by light inten-
sity, temperature, and addition of essential inorganic
nutrients, as well as organic compounds and chelators. No
nutrient deficiency could be demonstrated in culture experi-
ments that lasted for 18 days. Temperature seems to be of
major significance in regard to low growth rates, as generation
times of most samples examined were in the range of 3 days
at ambient surface water temperatures (usually between 0° and
1°C). Photosynthetic rates increased markedly when temper-
ature was increased to 8°C, above which the rates decreased
rapidly. On sunny days all phytoplankton samples tested
showed either light saturation at ambient light conditions or
a photoinhibition at the higher light intensities. Incident light
intensity was measured continuously on both legs with a deck-
mounted scalar irradiance quantum meter. Radiometric mea-
surement of attenuation of photosynthetically active light in
the water column was also measured with a submersible quan-
tum meter. Respiration of phytoplankton was estimated by
direct oxygen uptake and also by loss of previously fixed
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radiocarbon during the ensuing dark period. These data will
be used to calculate the quantum efficiency of photosynthesis
and will also be used in attempts to model primary production
in the Antarctic on a seasonal and geographical basis.

Cellular adaptation. The relatively low standing stock of phy-
toplankton in nutrient-rich antarctic waters most likely reflects
grazing pressure as well as loss of cells from the euphotic zone
by physical mixing processes. The ciD data indicated a "mixed
layer" in nearly all vertical profiles. The extent to which cells
have time to adapt, either chemically or physiologically, to
conditions at any depth will be controlled by the rate at which
the water is mixed in the upper layer. If the rate of turbulent
mixing is high, one would not expect to detect chemical or
physiological adaptation in cells as a function of depth. Our
studies with cells from various depths in the euphotic zone
suggest that cells do have time to adapt to conditions existing
at various depths. This is suggested by the following obsei-

vations:
1. In the many radiocarbon incorporation experiments in

which cells from various depths were exposed to a range of
light intensities, cells from deeper water showed photoinhi-
bitory effects much more than did cells from surface waters.

2. Absorption and spectral fluorescence characteristics
showed differences in cells from various depths in the water
column.

Many samples were taken for chemical analyses (carbon,
nitrogen, phosphorus, biogenic silica, adenosine triphos-
phate, lipid, protein, carbohydrate, and photosynthetic pig-
ments) to see if the differences in physiological characteristics
are also reflected in chemical composition of the cells. Data on
the species composition of these samples will also be consid-
ered in regard to interpretation of the physiological and chem-
ical information.

In addition to the study of phytoplankton, a limited number
of water and net samples were obtained at eight stations for
a preliminary examination of the species and numbers of
microzooplankton; these samples will be examined by J . R.
Beers at Scripps Institution of Oceanography.

Authors Paden and Holm-Hansen participated in both legs
of the Melville expedition; Hewes and Weaver participated in
leg 1, and Kiefer, Neon, and Sakshaug participated in leg 2.
This work was supported by National Science Foundation
grant DPP 79-21295.

Reference

Holm-Hansen, 0., El-Sayed, S. Z., Franceschini, G. A., and Cuhel,
R. L. 1977. Primary production and the factors controlling phyto-
plankton growth in the southern ocean. In C. A. Llano (Ed.), Adap-
tations within antarctic ecosystems: Proceedings of the Third SCAR Sym-
posium on Antarctic Biology. Houston, Texas: Gulf Publishing.

Bacterioplankton distributional
patterns and metabolic activities in

the Scotia Sea

F. AzAM, J . W. AMMERMAN, and N. COOPER

growth rates followed chlorophyll a profiles (rather than pri-
mary productivity profiles), suggesting that bacterial growth
was not directly related to the new photosynthate production
(figure). (4) Average population doubling times were 2-4
days. (5) Leucine and glucose pool turnover rates were rapid,

SCOTIA SEA

Scripps Institution of Oceanography
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We carried out a comprehensive study of the distributional
patterns and production rates of bacterioplankton during leg
2 of the Melville cruise. The bacterially mediated turnover of
selected dissolved organic matter (Dom) components was also
measured. These measurements were done at all stations and
generally at 12 depth intervals. The broad objectives of the
study were (1) to quantify the energy and material flow
through the bacterioplankton component of the food web and
(2) to evaluate the role of bacterioplankton in nitrogen and
carbon cycles in the study area.

Results available to date suggest the following general fea-
tures of bacterially mediated processes studied: (1) Bacterial
standing stocks were 200 million to 500 million bacteria per
liter, roughly equal to the standing stocks in southern Califor-
nia offshore water. (2) Bacteria were large; the average bacterial
volume was consistently and significantly (perhaps 50-100
percent) larger than bacteria in southern California water. (3)
The depth distribution of bacterio plankton occurrence and
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Bacterioplankton production rates and light profiles at station 141
(1-A); Bacterioplankton production rates and chiorophylla profiles
at station 142 (B). (Bacterloplankton production rates given in cells
produced per liter per day; chlorophyll  in micrograms per liter.)
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on the order of 5 percent per hour and 1 percent per hour,
respectively. (6) Temperature optimum for growth and metab-
olism was around 7°C, although the rates at -1'C were only
about 30 percent lower than the maximum.

Our study leads to a general picture of bacterioplankton in

the study area as a quantitatively significant and metabolically
dynamic component of the biota.

All three authors were on the ship during leg 2. This work
was supported in part by National Science Foundation grant
DPP 79-21295.

Microbial nitrogen metabolism in the
Scotia Sea
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Waters south of the Antarctic Convergence (Polar Front) are
high in nutrients, with nitrate concentrations generally in the
range of 15 to 30 micromolars (Holm-Hansen et al. 1977). It is
unlikely that phytoplankton growth rates are ever limited by
any inorganic nutrient deficiency. There is much interest,
however, in microbial nitrogen metabolism, for the following
reasons: (1) by determining the relative uptake rates of ammo-
nia and nitrate, it is possible to estimate what fraction of
primary production is remineralized in the euphotic zone and
how much is lost to deeper water and to the benthos (Dugdale
and Goering 1967; Eppley and Peterson 1979); (2) the rates of
assimilation, transfer, and mineralization of nitrogenous com-
pounds by various populations of organisms are an important
component in efforts to model dynamics of the food web 'in
antarctic waters.

Previous studies have shown that uptake of ammonia by
antarctic phytoplankton occurs at rates comparable to rates of
uptake of nitrate (Olson 1980). Ammonia concentrations in
antarctic waters are generally fairly high, in the range of 0.1 to
3.0 micromolars throughout the euphitoc zone (Bidigare, John-
son, and Biggs, Antarctic Journal, this issue; Biggs et al. 1979).

As part of the RN Melville expedition to the eastern Scotia
Sea, we investigated the uptake and recycling of nitrogenous
nutrients by microbial assemblages by use of the nitrogen-is
( 15 N) tracer technique. All water samples were incubated in
either polycarbonate or borosilicate bottles maintained at sur-
face water temperature and exposed to varying light intensities
by use of neutral density filters. During leg 1, nitrite, nitrate,
and ammonia uptake rates were determined at three different
depths (40 percent, 8 percent, and 1 percent of ambient light

intensity) at 13 stations; during leg 2, rates of nitrate and
ammonia were similarly studied at 11 stations, including
coastal waters near Elephant Island, pelagic waters both north
and south of the Scotia Ridge in the vicinity of South Orkney
Islands, and waters north and south of the Polar Front in the
Drake Passage. Several other measurements were also taken
to support and to help in interpretation of the assimilation
data. Assimilation rates of nitrate and ammonia were deter-
mined on samples that were (1) prefiltered through nylon nets
having mesh sizes of 10, 20, or 100 micrometers; (2) exposed
to light intensities other than those simulating the light flux
at the depth from which the sample had been obtained; (3)
enriched with varying concentrations of the 15N substrates;
and (4) incubated for varying periods of time. The rates of
ammonia regeneration by microbial cells were determined by
a 15N-dilution technique. These data on ammonia regenera-
tion by microbial cells will be considered in conjunction with
data on ammonia excretion by larger planktonic organisms
(see Bidigare et al., Antarctic Journal, this issue; Ikeda, Antarc-
tic Journal, this issue).

The table (page 166) shows the uptake rates of ammonia and
nitrate at three depths of the euphotic zone at a station near
Elephant Island, in addition to some fractionation data. At
this station, concentrations of nitrate (24 to 25 micromolars),
ammonia (1.8 to 2.1 micromolars), and chlorophyll a (0.6 to 0.8
microgram per liter) were nearly uniform in the euphotic
zone. The rate of ammonia assimilation with depth decreases
much less than that of nitrate; ammonia uptake accounted for
72, 84, and 95 percent of total nitrogen uptake in samples from
2, 10, and 30 meters, respectively. Thus, ammonia, which is
supplied primarily by means of regeneration within the
euphotic zone, is the major nitrogenous source for phyto-
plankton growth. The fractionation data in table indicate that
small phytoplankton (those that pass through a net having a
mesh size of 10 micrometers) show a relatively higher rate of
ammonia assimilation as compared to nitrate assimilation
rates at the three depths investigated. Such a difference in
nitrogen preference in relation to cell size might have impor-
tant implications in regard to species composition as influ-
enced by nitrate and ammonia concentrations.

In addition to conducting these 15N-enrichment experi-
ments, we obtained samples for determination of the natural
abundance ratio of 15N/14N in the organic matter in krill, phy-
toplankton, and fish; water samples were also preserved, with
mercuric chloride (HgC12), for determination of this ratio in
nitrate and ammonia. These data, in conjunction with isotopic
fractionation factors for various pathways of nitrogen metab-
olism, will aid in interpretation of routes and fluxes of nitrogen
in the lower trophic levels in antarctic waters.

Author Rçnner participated in leg 1, Koike in leg 2, and
Holm-Hansen in both legs. This work was supported in part
by National Science Foundation grant DPP 79-21295.

1981 REVIEW	 165



Ammonium (NH) and nitrate (NO) rates of microbial cells from station 138 near Elephant Island

Cell size
Control

Measurement	 (without fractionation)	Less than 100 /Am	Less than 10 Mm

Depth, 2 meters; light, 46% of la
Chlorophyll a (Mg/I)
NH uptake rate (A)b

(B)C
NO uptake rate (A)

(B)
Depth, 10 meters; light, 8.2% of

Chlorophyll a (Mg/I)
NH1 uptake rate (A)

(B)
NO uptake rate (A)

(B)
Depth, 30 meters; light, 1.3% of 10

Chlorophyll a (Mg/I)
NH1 uptake rate (A)

(B)
NO uptake rate (A)

(B)

al. = light flux at sea surface.
b Rate in nanogram-atom nitrogen per liter per day.
c Rate in nanogram-atom nitrogen per microgram chlorophyll a per day.
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Distribution and abundance of krill in
the Scotia Sea as observed

acoustically, 1981

MICHAEL C. MACAULAY

Northwest and Alaska Fisheries Center
Resource Assessment and Conservation Engineering Division

Seattle, Washington 98109

As part of FIBEX (First International Biological Investigations
of Antarctic Systems and Stocks Experiment) the National
Oceanic and Atmospheric Administration (NOAA), in cooper-
ation with the National Science Foundation, this year fielded
a hydroacoustic assessment team to assess the antarctic krill
population. The team, composed of personnel from the North-
west and Alaska Fisheries Center and the Northeast Fisheries
Center, was directed to use high-frequency sound to estimate

the krill population in the area to be covered during the Scripps
Institution of Oceanography's Vulcan-6 and Vulcan-7 surveys
of the Scotia Sea (53°S to 60°S, 50°W to 33°W).

The experiment was conducted by transmitting three fre-
quencies simultaneously from a 4-foot V-fin (Braincon, Inc.)
towed at a depth of 6-8 meters. The transducers were mounted
in the fin in such a way that two frequencies (50 and 120
kilohertz) were directed downward and the third frequency
(105 kilohertz) was directed sideward. This combination per-
mitted simultaneous observations of acoustic targets in the
vertical/horizontal planes.

Field analysis of the acoustic data was done by the method
recommended in BIOMASS handbook 7. The target strength per
unit biomass of krill was estimated to be approximately -65
decibels per gram (wet weight) of krill (Mathison personal
communication). This value was used to calculate the biomass
of krill reported in this article. It should be noted that the
results reported here are based on a limited analysis of data
conducted in the field.

The abundance of krill patches observed on the first leg of
the cruise was very low. Small patches (10-40 meters horizon-
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tally by 5-20 meters vertically) that contained adult krill were
located in the area east of South Georgia Island (samples were
obtained by hauls of a BONGO sampling net). The abundance
in these patches is estimated to be 200-1,000 grams per cubic
meter.

Numerous patches and larger concentrations were found in
certain parts of the area surveyed during the second leg. The
average patch size was larger (patches 100 meters or more
horizontally by 40-60 meters vertically were common) and
occasional large swarms (3-5 kilometers by 8-12 kilometers
horizontally and 80- 100 meters vertically) were noted (figure).
The large patches were estimated to contain 1,000-2,000 grams
of krill per cubic meter. This suggests that individual swarms
ranged in weight from 2 to 10 million metric tons.

On both legs of the cruise, the average size of krill ranged
from 2 to 4 centimeters. In most samples individual krill 3 to
4 centimeters in total length predominated. This indicates that
most individuals were nearly 2 years old. Samples often con-
tained specimens of only one sex.

The use of three frequencies simultaneously was very useful
in establishing the identity of targets and helped make up for
the relatively limited net sampling in some areas. Because of
the discrimination that could be achieved by using three fre-
quencies, a few good net samples provided a clue to the iden-
tity of several patterns of targets. The presence of adult krill
was indicated by strong signals on the 50-kilohertz and the
120-kilohertz systems. The results suggest that problems of co-
occurrence of different organisms can be resolved quite relia-
bly if two or more carefully chosen frequencies are used simul-
taneously.

These studies have revealed certain inadequacies of sam-
pling, particularly in the area of obtaining net samples of
acoustically identifiable targets. In retrospect, it seems that
adult krill must be considered more truly nektonic. The larval,
juvenile, and 1-year-old individuals appear to be quite ade-
quately sampled by small nets (BONGO and MOCNESS, or mul-
tiple opening-closing net systems), towed at speeds up to 2-3
knots. However, individuals older than 1 year appear capable
of avoiding capture at these speeds, at least much of the time.
Also, because they are distributed in highly concentrated lay-
ers and discontinuous patches, positioning of nets to take
samples for comparison with acoustic estimates is exceedingly
difficult. We might recommend using large, midwater trawls
or small nets having coarse mesh (openings 0.5-1 centimeter
large) towed at 4-6 knots.

The pattern of distribution of krill appears to be much more
complicated than is commonly suggested. The sea-surface
expression of patches and swarms appears to be a less com-
mon, perhaps seasonally fluctuating, phenomenon. Swarms
seemed to have an identity for 2 to 3 days and then disperse
into many smaller patches over a period of hours or days,
remaining dispersed for a day or two and then reforming in
a different location. It is not known if this type of behavior is
typical. Long-term studies are needed to determine within-
season and between-season variations in swarm size and rates
of aggregation and dispersal.

I wish to thank Kendra Daly (February-March 1981), T.
Saunders English (January-February 1981), John Garrison

50kHz	FIBEX 1981	 $NACH

Typical echogram from the large swarm observed at Elephant
Island on 8 March 1981. This is part of approximately 2 hours of
continuous trace of this magnitude and is representative of the
"super swarm" for which the 10-million-metric-ton estimate was
made. The depth scale marks indicate 20-meter Intervals.

(January-February 1981), and Ole A. Mathison
(February- March 1981) for their participation and assistance
during the field efforts. The cooperation of Bob Marak (Feb-
ruary-March 1981) and Ken Sherman, the Northeast Fisheries
Center, was greatly appreciated. The project was supported
by NOAAlNational Marine Fisheries Service through the North-
west and Alaska Fisheries Center, the University of Washing-
ton, Department of Oceanography, and the Northeast Fish-
eries Center. Ship time on the RIVMelville was provided by the
National Science Foundation through the Scripps Institution
of Oceanography.
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Nutrient chemistry of ammonium in
antarctic surface waters

R. R. BIDIc, M. A. JOHNSON, J . D. CUFF?, and D. C. BIGGS

Department of Oceanography
Texas A&M University

College Station, Texas 77843

As part of the First International BIOMASS Experiment (FIBEx),

our January—March 1981 fieldwork aboard iJv Melville contin-
ued and extended investigations of the interrelationships
between phytoplankton-zooplankton-ambient NH which
we had initiated in the Scotia Sea in 1978-79 on Islas Orcadas
cruises 17 and 19 (Biggs et al. 1979). Those cruises had con-
firmed that high levels of ambient NH ("regenerated nitro-
gen") reduced the uptake of NO ("new nitrogen") by Scotia
Sea phytoplankton assemblages (Glibert, Biggs, and McCarthy
in preparation; Olson 1980). Such a reduction is ecologically
significant, for when phytoplankton and zooplankton are cou-
pled in a mass balance for nitrogen, a reduced uptake rate of
"new nitrogen" means that less production is available for
export to higher trophic levels (Eppley and Peterson 1979).
Specifically, previous studies had shown that NO uptake
accounted for less than half of the total nitrogen uptake when
ambient NH levels exceeded 0.5-1.0 microgram-atoms per
liter. Since average ambient NH1 in the mixed layer of the
Scotia Sea increases threefold, from 0.3 to 1.1 microgram-atoms
per liter, as austral spring proceeds into austral summer (Biggs
and Bidigare 1981), this suggests a broadly seasonal shift in
ecosystem structure, from dependence on "new nitrogen" to
dependence on "regenerated nitrogen."

For FIBEX, we examined the spatial variability in ambient
NH in relation to NOj , NO , PO 3, Si(OH)4 , and selected
physical and biological parameters. On leg 1 (Vulcan-6) five
mesoscale transects were run, with conductivity-temperature-
depth (ciD) cast hydrostations spaced about every 15 kilome-
ters (see Holm-Hansen and Foster, Antarctic Journal, this
issue). At each of these stations, discrete water samples were
collected at 12 depths in the upper 1,000 meters (seven or more
of these samples were in the upper 200 meters) by a rosette
multisampler attached to the ciD and analyzed aboard ship
with a five-channel autoanalyzer. On the subsequent leg (Vul-
can-7), we looked at finer scale spatial variability in nutrient
distribution. A dozen vertical pumped profiles (0-120 meters)
and one horizontal pumped profile (1,500 meters horizontally
at a depth of 42 meters) were made by attaching a submersible
pump immediately below the CTD (figure 1). This multi-instru-
ment package allowed fine-scale resolution of physical
(salinity, temperature), chemical (oxygen, nutrients), and
biological (chlorophyll fluorescence) parameters when the
sample stream was fed into the shipboard autoanalyzer which
sampled in continuous flow mode and through a flow-through
fluorometer (Turner Designs, model 10). Our pumped profiles
were made in conjunction with net and acoustic surveys car-
ried out by other investigators (Brinton et al., Antarctic Journal,
this issue; Macaulay, Antarctic Journal, this issue) so that we
could correlate ambient NH concentrations with approxi-
mate zooplankton biomass.

Figure 2 presents two pumped vertical profiles taken inside
a krill "super swarm" observed off Elephant Island and two
taken adjacent to but outside the swarm. Note that NH con-
centrations in the swarm were elevated 50-100 percent, reach-
ing levels that saturate phytoplankton nitrogen-uptake kinet-
ics. Conversely, chlorophyll levels inside the krill swarm were
reduced 60 percent, suggesting intense phytoplankton graz-
ing. The differences in ambient NH and 0 2 between the
swarm and outside, coupled with measured metabolic rates
for krill (Biggs and Bidigare 1981; also see below) suggest that
krill swarms at a density of 5 grams per liter interact with and
modify water parcels on time scales of 40-60 minutes. Our
data emphasize that, on a time scale of hours, krill swarms can
excrete enough NH to mediate fine-scale and coarse-scale
shifts in nitrogen-based production that are independent of
the broadly seasonal change noted earlier.

Bidigare and King (in press) have reported that glutamate
dehydrogenase (GDH) activity is tightly coupled to rates of
NH excretion in temperate crustaceans. Since GDH activity
(microgram-atoms NH per milligram biomass per hour) can
be assayed readily, and zooplankton biomass (milligrams per
cubic meter) can be computed from net hauls, one can calculate
the impact of ammonium excretion (microgram-atoms NH

/	 1

9

Figure 1. Sampling configuration of submersible pump employed
for R/vMeIvlIle fieldwork, March 1981, with pump shackled below
CTD fitted with rosette multisampler frame.
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Figure 2. Pumped vertical profiles of (A) NH and (B) chlorophyll measured by M. Johnson and A. Neon, respectively, during FIBEX

fieldwork aboard n/v Melville. Casts 79 and 80 were made within a "super swarm" of krill, for which biomass averaged 5 grams per liter
distributed throughout an area of 5 square kilometers and ranging in depth from 10 to 200 meters. Casts 76 and 77 were made adjacent
to and outside the swarm. ug • at titer-' = microgram-atoms per liter; mg m 3 = milligrams per cubic meter.

per cubic meter per hour), subject to the normal limitations
and biases of estimating zooplankton biomass with nets.
Aboard Melville ,. both NH excretion and GDH activity were
assayed using mixed zooplankton samples, collections of larval
krill, and hyperiid amphipods and adult krill selected individ-
ually from plankton tows. GDH activity tracked NH excre-
tion over a three-order-of-magnitude range in body size
(1-1,000 milligrams wet weight), although both indices were
highly variable in freshly field-collected adult krill. Two time-
course excretion experiments, in which adult krill were main-
tained for 54 hours in filtered seawater, demonstrated that
NH excretion could decrease 50 percent after only 24 hours of
starvation. This suggests that much of the variability in NH4
excretion among krill of similar size probably reflects differ-
ences in their nutritional state in their natural environment.

A two- or threefold change in NH excretion on a 24-hour
time scale, coupled with an ambit of 30-40 centimeters per
second for individual krill (Kils 1979), has important implica-
tions for NH patchiness, which, in turn, will influence phy-
toplankton NO uptake on coarse- and mesoscales of time
and space. Other experiments showed that urea excretion rep-
resented about one-third of the total nitrogen regenerated by
krill. Urea, like NH , is taken up preferentially to "new nitro-
gen" by oceanic phytoplankton (McCarthy, Taylor, and Taft
1977).

J. D. Guffy was a participant in leg 1; R. R. Bidigare and
M. A. Johnson participated in leg 2. This research was sup-
ported by National Science Foundation grant DPP 79-21355,
directed by D. C. Biggs.
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Chemical sampling of the eastern
Scotia Sea

ROBERT L. MICHEL

Scripps Institution of Oceanography
University of California

La Jolla, California 92093

On leg 1 of the Scotia Sea expedition, samples were collected
for analysis of nutrients, tritium, and carbon-14. Nutrients
were collected at all odd-numbered stations at eight depths
(5, 50, 100, 200, 300, 500, 750, and 1,000 meters). Tritium pro-
files were collected at stations 1, 7, 11, 15, 29, 33, 37, 43, 47, 55,
71, and 79; 12 samples were collected at each station (one at
each of 12 depths-5, 25, 50, 75, 100, 150, 200, 300, 400, 500,
750, and 1,000 meters). Results from samples analyzed from
station 1 are reported in the table. One precipitation sample
was collected at station 28; it had a tritium concentration of 9.8
+ 0.4 i'u (1 ni equals 1 tritium atom per 1018 hydrogen atoms).
Tritium stations were chosen to encompass the water masses
on each side of the convergence as well as in the convergence.
Upwelling tends to lower tritium concentrations throughout
the water column, while overturn adds tritium to the deeper
layers. We expect our sampling series to clarify the importance
of these two processes in the convergence.

Samples of dissolved inorganic carbonate in surface waters
were collected at approximately every third station and
extracted by the method outlined by Williams and Linick

(1975). These samples are being returned to the Mount Soledad
Radiocarbon Laboratory to be analyzed for carbon-14. Sam-
pling programs in the early 1970's had shown a significant
difference in the surface carbon-14 concentrations of Weddell
Sea waters and those of the Drake Passage (Ostlund et al. 1976;
Weiss, Ostlund, and Craig 1979). Sections across the conflu-
ence should indicate whether this difference still exists.

Biological samples were also collected for carbon-14 analysis
from selected net tows. Samples of krill were obtained from
stations 74, 94, 95, and 100. A phytoplankton sample was
collected from station 95. Biomass such as krill should have a
carbon-14 content representative of the waters in which they
feed. Assuming a difference in carbon-14 between Weddell
and Scotia Sea waters, we should be able to observe whether
the krill we collected are long-term residents of the water
masses in which they were found or migrants from the other
side of the convergence. During the 1980 International Weddell
Sea Oceanographic Expedition, two krill samples were col-
lected for carbon-14 analysis (Foster et al. 1980). Both appar-
ently were living in Weddell Sea water masses, and they had
similar carbon-14 contents (station 80, 74°21.4'S 31°17.3'W,

= —92 ± 6°/oo; station 130, 59°25.6'S 47(57.8'W, A14C =
-96 ± 13%o, where A14 is the depletion inputs per mil of
carbon-14 relative to pre-1950 atmospheric concentration in
CO2).

This program was supported by National Science Founda-
tion grant DPP 79-21295. E. M. Druffel and T. W. Linick ana-
lyzed the carbon-14 samples, and T. L. Jackson was in charge
of technical analysis of tritium samples. The sampling program
was carried out by R. L. Michel and S. M. Griffin aboard the
R/V Melville from 20 January to 20 February 1981.

Concentration of tritium units as a function of depth In the Scotia
Sea, station 1, 24 January 1981

Depth (in meters)	 TUa

	

5	 0.47

	

25	 0.43

	

50	 0.44

	

100	 0.32

	

150	 0.25

	

200	 0.25

	

300	 0.29

	

400	 0.16

aQne TU equals 1 tritium atom per 1018 hydrogen atoms.
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Physical oceanography of the
eastern Scotia Sea

THEODORE D. FOSTER

Center for Coastal Marine Studies
University of California

Santa Cruz, California 95064

JASON H. MIDDLETON

School of Physics
University of New South Wales

Kensington, New South Wales 2033
Australia

The physical oceanography program in the eastern Scotia
Sea was aimed at investigating the boundary region between
the water flowing through the Drake Passage and that ema-
nating from the Weddell Sea. A total of 133 hydrographic
stations were taken in five sections with a station spacing of

55 0 S	 56S	 57S

10 nautical miles. A Neil Brown Mark III CTD-02 profiler was
used on every station to provide continuous vertical profiles
of temperature, salinity, and oxygen. Calibration data for the
ciD-02 profiler were obtained by shipboard analysis of samples
taken with a General Oceanics rosette sampler with Niskin
bottles and reversing thermometers.

Although final processing of the salinity and oxygen data is
still in progress, processing of temperature data from the first
leg is nearly complete. The figure shows the temperature field
along the section across the Scotia Sea running along 38°06'W
from the southern Scotia Ridge to South Georgia. The striking
feature of the section is the apparent lack of a clear-cut bound-
ary between the Weddell Sea and Drake Passage waters.
Rather, it appears that the entire region is characterized by an
assemblage of eddies having diameters of the order of 50 to 70
kilometers. The presence of the eddies may explain the lack of
agreement among earlier investigators about the position of
the boundary between the two waters.

This work was supported by National Science Foundation
grant DPP 79-21295. The authors were assisted in the field by
Arthur W. Hester and Frank Sanchez, Jr. of Scripps Institution
of Oceanography and by Eric Brinton of the University of
California, Santa Barbara.
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Bio-optical studies in the Scotia Sea

DALE A. KIEFER and B. GREG MITCHELL

University of Southern California
Los Angeles, California 90007

AMW NE0RI

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, California 92093

During both legs of the Melville cruise in the Scotia Sea,
optical measurements were made of suspended particles in an
attempt to characterize the relationship between water color

and biological production. These measurements included
three areas of interest: (1) acquisition and analysis of satellite
imagery of surface temperature and color, (2) descriptions of
light scattering by particles of different sizes, and (3) deter-
minations of the absorption and fluorescence properties of
these particles. It is hoped that these three areas not only will
supply new tools for examining the plankton ecosystem, but
also will help oceanographers describe in more detail the fate
of radiant energy that enters the water column throughout the
year.

Coverage of antarctic waters during January, February, and
March 1981 was provided by the Coastal Zone Color Scanner
and infrared radiometer aboard the Nimbus 7 satellite. Because
much of the sky was overcast much of the time, it is likely that
the imagery of the Scotia Sea will be quite limited. Tapes that
appear promising will be processed for mapping of sea surface
chlorophyll concentration and temperature.
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Large-angle scattering by suspended particles was measured
with a Brice-Phoenix scatter meter. By examining the filtrate
of seawater passed through membrane filters having varying
pore diameters, contributions to light scattering by differing
size fractions of particles were determined. Preliminary data
indicate that particles that pass through a 1.0-micrometer pore,
the size range for most marine bacteria, contribute signifi-
cantly to the scattering of light in the Scotia Sea. Bacterial
counts made simultaneoulsy with the optical measurements
will help us determine the importance of scattering by bacteria
and phytoplankton.

Measurements of spectral absorption by suspended particles
and of the excitation spectrum for chlorophyll a fluorescence
were made with a specially constructed spectrophotometer.

These spectra indicate that the principal contributors to light
absorption in the Scotia Sea are the pigments found in phy-
toplankton cells or in detrital particles produced by the grazing
of herbivorous zooplankton. From measurements of the
absorption and fluorescence excitation spectra, we will be able
to calculate relative spectral quantum efficiencies for fluores-
cence and photosynthesis, a calculation that has not been
attempted previously. We are hopeful that such measurement
will help us interpret satellite imagery, characterize the species
and pigment composition of crops within the Scotia Sea, and
aid in a general mathematical description of seasonal primary
production in these waters.

This work was supported in part by National Science Foun-
dation grant DPP 79-21295. G. Mitchell participated in leg 1; D.
A. Kiefer and A. Neon participated in leg 2.
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Terrestrial biology

Physiological adaptations of biota in
antarctic oasis lakes

C. M. SIMMONS, JR., B. C. PARKER, R. A. WHARTON, JR.,

F. C. LOVE, and K. G. SEABURG

Department of Biology
Virginia Polytechnic Institute and State University

Blacksburg, Virginia 24061

The primary objective of our investigation of antarctic lake
physiological adaptations is identification of physiological
adaptations to environmental extremes in the numerous
microhabitats of the highly diverse lakes of southern Victoria
Land. A secondary objective is assessment of the degree to
which the native biotic communities of these lakes change
their lacustrine environment. To obtain data we took samples
from the lake surface and, using SCUBA, collected lake benthos
through dive holes cut through the thick (4-6 meters) per-
manent ice (fieldwork conducted October 1980 through Janu-
ary 1981). These field studies serve to identify potentially
interesting biological adaptations and processes, which then
can be explored more thoroughly in a laboratory, using sim-
ulated microcosms. On the basis of earlier studies we have
identified adaptations to the major environmental variables of
light, temperature, salinity, turbulence, oxygen, and nutrient
availability as of special interest. In this report of our first field
season, we address primarily the benthic algal mats, which
were observed and collected in all four lakes visited during the
1980-81 field season: Lakes Bonney, Hoare, Fryxell, and
Vanda. Many of these mats, when they bind sediment and/or
precipitate minerals such as calcite, are preserved in these
lakes as nascent stromatolites.

On the basis of data collected this past season, we suggest
that algal mats growing beneath permanent, poorly transpar-
ent lake ice have adapted to the lower available light by making
more photosynthetic pigments per amount of organic matter
than do mats growing beneath water not covered by ice. The
antarctic lake algae appear not to possess any unique photo-
synthetic pigments. The ratio of chlorophyll a to adenosine
triphosphate (ATP) is consistently greater for extracts of mats
collected below the permanent ice. This greater ratio, we
believe, is due to two factors: (1) production of more chloro-
phyll relative to the amount of ATP present in the dimly lit lake
habitats and (2) slower or less completely degraded chlorophyll
in the nonliving layers of the mats beneath permanent lake

ice. An unusual state of chlorophyll a preservation in lake
sediment is shown in the table. Other cores showed preser-
vation in only the top two layers.

Adaptations to salinity have been observed in Lake Bonney,
where chemical stratification going from fresh to very saline
water is pronounced. The SCUBA reconnaissance in the east
lobe found a striking change in appearance of the algal com-
munity with changing depth beneath the permanent ice down
to approximately 16 meters, below which no attached mat
community was found (i.e., approximately 78,000 micromhos
per centimeter). Other variables may also be involved.

The significance of the nascent stromatolites within these
lakes was recognized only a few years ago. First, at least three
of the lakes (Bonney, Fryxell, and Hoare) have rather ephem-
eral nascent stromatolites. These stromatolites, which consist
of blue-green algal mats in the shallower waters beneath the
4-5 meters of permanent ice, produce excesses of photosyn-
thetic oxygen. Gas bubbles form and sometimes grow as large
as 1 centimeter in diameter. By remaining trapped in the algal
mat, they aid upward growth of the mats. Some of the mats
tear loose, float upward, and freeze within the new lake ice.
A significant amount of this mat frozen in the lake ice ulti-
mately reaches the upper ice surface. There, the mat's selec-
tively accumulated minerals and entrapped sediments lyoph-
ilize and blow away. We propose that this process of mat
escape from these arheic lakes has had a dramatic effect on the
geochemistry of the lakes' shallow waters (Parker and Sim -
mons 1981; Parker, Simmons, Wharton, Love, and Seaburg
1981). The more permanent stromatolites are forming deeper
in these lakes, at depths where surface-ice abrasion and exces-
sive photosynthetic-oxygen production and accumulation do
not occur.

For 2 years our research has included study of stromatolites
in southern Victoria Land lakes. Stromatolites are represented
in the fossil record for the past approximately 3.5 billion years,

Relative abundance of chlorophyll a and ATP (adenosine
triphosphate) and their ratios in a 32-centimeter benthic core

Depth	Chlorophylla	ATP	Ratio

	

- 1 c	 Xa	 X	Low

	

5— 5 c	—.35X	 .07X	High

	

20-22 cm	---.04X	 None	-
detected

	

30-32 cm	--21X	 None	-
detected

= amount of chlorophyll a measured at the surface of the mat.
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but their prevalance in the fossil record was drastically reduced
during the lower Paleozoic (Awramik 1981). Their decline is
thought to be due to the evolution and diversification of
eucaryotes and metazoans (Garrett 1970). Modern stromato-
lites are restricted to extreme environments that preclude
organisms that either compete with or destroy algal mats and
their resultant sedimentary structures. Recognition of their
presence in antarctic lakes constitutes the first observation of
polar stromatolites (Parker, Simmons, Wharton, and Seaburg
in press). Because these lakes exhibit a paucity of metazoans
and turbulence and low light intensities, they may represent
reasonable analogs of Precambrian ecosystems.

Our investigations show that Phormidium frigidum is the
dominant species in all of these mats. Therefore, the various
stromatolitic morphologies in these lakes reflect adaptation to
various combinations of ecological properties (i.e., light, tem-
perature, and water chemistry) and/or variations in the com-
ponents of mat communities. Observations this past year
revealed types of mat growth that strongly resemble fossil
stromatolites that became extinct at the end of the Precambrian
(Raaben 1969). Lake Fryxell contains mat that is precipitating
columnar calcite casts. This is apparently the result of the high
water hardness of this lake. This year also marked the first
time a vibracorer was used beneath the ice in Antarctica (fig-
ure). A vibracorer is specially designed to collect soft sedi-
ments with a minimum of distortion. Penetration was made
to till in two lakes.

Antarctic lakes are valuable natural laboratories. Because
they lack higher invertebrates and vertebrates, they resemble
in many ways ecosystems that occurred more than 600 million
years ago. The result is that we have the opportunity to study
analogs of ancient ecosystems and, by manipulating these
communities under controlled, artificial laboratory conditions,
we can gain insight into the effects of different environmental
conditions in the past on stromatolite morphology.

We wish to thank the National Science Foundation for DPP

grant 79-20805 which supported this research. We are also
grateful to many for field and/or laboratory assistance: Dale
Andersen, lain Farrance, Mark Kaspar, and Arpad Vass.
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Endolithic microorganisms in the dry
valleys of Antarctica

E. IMRE FRIEDMANN

Department of Biological Science
Florida State University

Tallahassee, Florida 32306

From 8 December 1980 to 7 January 1981, my associates and
I continued the survey of microorganisms and the study of
microclimate in the mountainous regions of the dry valleys.

Over 100 samples of cryptoendolithic lichens were collected
from different localities. On the basis of their infrequent sexual
stages, three genera (Buellia, Lecidea, and Acarospora) could be
identified. These genera are unrelated and belong to different
families. Yet, their cryptoendolithic stages, which are sterile,
are morphologically similar and distinguishable only on the
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basis of chemical characteristics. It remains to be investigated
whether cryptoendolithic lichens are growth forms of epilithic
species or exist only as cryptoendoliths, having been perma-
nently adapted to their environment.

Microclimatological parameters (rock temperature at differ-
ent depths, light, and relative humidity inside rocks and of
the air) were continuously recorded on Linnaeus Terrace
(77 036'S 16105'E) (Asgard Range), near the site of the automatic
weather station. There is indication that the principal reason
for the absence of life forms on the rock surface is the rapid
rate of alternate freezing and thawing. Thus, on 25 December,
during a period of 42 minutes (starting at 8:30), temperature
on the rock surface moved across 0°C no less than 14 times. At
the same time, temperature in the lichen zone (3 millimeters
below the surface) was more stable and always above freezing
point. The rapid alternation of freezing and thawing is a phys-
iological stress with which most organisms are unable to cope.
The cryptoendolithic way of life (inside porous rocks) presup-
poses a specific morphogenetic adaptation that enables organ-
isms to penetrate the rock substrate, thus evading the extreme
and stressful conditions on the surface and take refuge in a
protected niche. Some results were presented in a paper at the

Symposium on Subantarctic Terrestrial Ecosystems, organized
by the Comité National Français des Recherches Antarctiques
at the University of Rennes, France, (Friedmann, Friedmann,
and McKay in press).

Aseptic samples of rocks and of adjacent soils were used to
culture algae, fungi, and bacteria. Cultures of bacteria were
sent to P. Hirsch, University of Kiel, Germany, and yeast
cultures to H. Vichniac, Department of Microbiology, Univer-
sity of Oklahoma, Stillwater, for further study.

Members of the field party were: Mason E. Hale (lichencol-
ogy), Eliezer Kashi (geology), Christopher P. McKay (micro-
meteorology), Roseli 0. Friedmann (microbiology), and E. I.
Friedmann.

This research was supported by National Science Founda-
tion grant DPP 77-21858.
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Adaptative potential of terrestrial
invertebrates: Maritime Antarctica

JOHN C. BAUST and RICHARD E. LEE, JR.

Department of Biology
University of Houston
Houston, Texas 77004

Terrestrial invertebrates of the maritime antarctic (Palmer
Station, 64°46'S 64°03'W) endure prolonged freezing and near-
constant low temperatures (Baust 1980, 1981). Typical micro-
habitats do not afford ample periods of elevated temperatures
that might permit completion of a life cycle. At best, a few
days of relatively warm temperatures (5°-10°C) during the
austral summer may provide an opportunity for adult emer-
gence, egg laying, and hatching (Edwards and Baust 1981).
The immature stages must, however, maintain life processes
at or below freezing for 90 percent of the year.

Two groups of free-living terrestrial arthropods dominate in
this region. Insects are represented by a holometabolous dip-
teran, Belgica antarctica, and a few collembolan species, of
which Cryptopygus antarcticus is most abundant. Mites rep-
resent a second major group. As illustrated in figure 1, these
groups use two distinct hardening strategies. Belgica is freez-
ing-tolerant and elevates supercooling points (sCP) to approx-
imately —5.4°C with the onset of "winter." This SCP elevation
suggests a recruitment of endogenous ice nucleators (Baust
and Zachariassen in press) as found in other polar insects. The
diminution of supercooling capacity is adaptive in that it
ensures early freezing during occasional exposures below
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Figure 1. Seasonal changes In microhabitat temperatures
recorded 1 centimeter below the surface and supercooling points
(scP) of three dominant terrestrial arthropods of the Palmer Station
area. B = Belgica antarctica; C = Cryptopygus antarcticus; A =
Alaskozytes antarcticus.
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-5°C and thereby reduces the probability of intracellular ice
formation (Baust and Lee in press).

The collembolans and mites, as represented by Cryptopygus
and Alaskozetes antarcticus, respectively, are freezing-intoler-
ant but depress SCP to levels well below extreme winter micro-
habitat temperatures (Baust 1980). Each species produces an
array of antifreeze/cryoprotective agents that afford protection
by as yet unknown mechanisms. These protective agents
include glycerol, glucose, fructose, and trehalose. In addition,
Belgica demonstrates a novel metabolic flexibility in that it
produces either glycerol or erythritol as a cryoprotectant. The
nature of the control that allows for such a metabolic shift is
unknown since the glycolytic branch points are decidedly dif-
ferent. It has been reported that dietary carbon sources may
have an effect on cryoprotectant composition in Belgica (Baust
and Edwards 1979). The hypothesis suggesting that cryopro-
tective agents may be directly sequestered from food sources
requires further study. If substantiated, it would represent a
unique variation in hardening strategies.

An additional inference supporting this hypothesis may be
drawn from the observation that separate populations of Be!-
gica have qualitatively identical but quantitatively different
cryoprotectant compositions (figure 2). Species collected on
the same days from different islands having nearly identical
microhabitat temperatures contained erythritol, glucose, and
trehalose as the predominant protective agents. However, the
levels and patterns of change were quite dissimilar. The total
protective potential of these agents, as indicated by collective
hydroxyl equivalents, was not significantly different between
subpopulations.

In addition to its ability to survive continually low temper-
atures, Belgica endures prolonged freshwater immersion dur-
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Figure 2. Patterns of cryoprotectant-concentration variability in
subpopulations of Belgica antarctica found in the Palmer Station
area. Nor = Norsel Point; Hum = Humble Island; Tor = Torgersen
Island; Bon = Bonaparte Point; (jig/mg) = micrograms per milli-
gram.

ing melt periods, saline immersion during evaporation of melt
ponds, desiccation during late summer microhabitat drying,
and anaerobiotic conditions resulting from either encasement
in ice (up to 7 months) or residence in decaying seal detritus.
Belgica will tolerate, with 100 percent survival, 28 days of
immersion in fresh water, 7 days in 1.0 molar saline, and 28
days under nitrogen (all at 0°-6°C). Remarkably, within the
summer ambient temperature range (0°-10°C), it can with-
stand a loss of 60 percent of its body water without mortality.
This loss yields a total body water content as low as 35 percent
(figure 3).

Figure 3. Time rate of water loss and survival of Belgica antarctica
when exposed to 0 percent relative humidity at 00 and 10°C.

These presumed stresses are experienced concomitantly
with low temperatures. There are no separate stress indicators
that would facilitate the identification of each environmental
variable on cryoprotectant metabolism. It is known, however,
that each of these potential stressors is capable of eliciting
similar metabolic responses in other, nonpolar invertebrates
(i.e., glycerol and trehalose accumulations).

This work was supported by National Science Foundation
grant DPI' 78-21116 to J . C. Baust. The 1980-81 field team
comprised Richard Lee (December—March 1981), David John-
son, and Robert Watkins (December 1980—December 1981).
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Bird sightings in the Ellsworth	 0'

Mountains and other inland areas

JOHN F. SPLETFSTOESSER

Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota 55108

While conducting geological research in the Ellsworth
Mountains during the 1979-80 season, I sighted two species
of birds. I report this information because it may be useful to
researchers who maintain records of migrations of bird species
in Antarctica. Since occasional and haphazard observations of
this kind are not often reported in the literature, I also describe
the circumstances of these sightings. In addition, I report on
bird sightings dating back to 1960 from my personal obser-
vations.

The south polar skua, as well as a number of the other
species of flying birds and penguins, are common around
much of Antarctica's coastline. The south polar skua* (Cathar-
acta maccormicki), in particular, is very common at McMurdo
Station (figure 1). They are also common among the Adélie
penguin (Pygoscelis adeliae) rookeries I have visited on Ross
Island, and presumably in other coastal rookeries as well.
Skuas nest within the vicinity of rookeries, preying on eggs or
chicks (figure 2).

Migrations of the south polar skua into the interior of Ant-
arctica have been reported (Axelrod 1979; Rugh 1974). For
example, I saw a number of them at Byrd Station, about 700
kilometers from the nearest coast, during the 1960-61 and
1961-62 seasons. Their migration distances northward are
substantial; in one instance, a south polar skua banded near
Palmer Station on 20 January 1975 was found 31 July 1975 at
Godthabsfjord, Greenland (about 64°N 52°W) (Parmelee,
Fraser, and Neilson 1977; Salomonsen 1976).

Ellsworth Mountains, 1979-80. In the 1979-80 austral season
a field camp was constructed in the Ellsworth Mountains, 2,000
kilometers east of McMurdo (see Splettstoesser and Webers
1980). Camp construction began the day of the first flight there,
November 8, at a site in about the middle of the north-south
trending mountains and about 650 kilometers from the nearest
coast. I arrived at camp on December 2; about December 20 a
skua appeared in camp at the garbage piles and was seen
sporadically over the next several days before it disappeared.
Some camp occupants reported seeing two skuas.

On December 25, two white birds presumed to be snow
petrels (Pagodroma nivea) flew over the camp at a height of
about 50 meters, circling a group of camp occupants engaged
in a volleyball game before flying away out of sight. No other
snow petrels or skuas were reported during the remainder of
the season, which lasted until mid-January.

Ellsworth Mountains, 1961-62. During a previous geologic
investigation in the Ellsworth Mountains (Anderson et al.
1962), T. Bastien and I observed a lone skua on 2 December
1961 as it flew over our temporary camp in the northern Sen-
tinel Range, at 77°33'S 86°58'W, about 450 kilometers from the

*A11 skuas described in this article are presumed to be of this species.
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Figure 1. Map showing locations mentioned In the text.

nearest coast. The bird did not land, but hovered about 10
meters overhead, nearly motionless, for a few seconds while
observing us, then flew out of sight in a generally southerly
direction. Coincidentally, earlier that day an R41) had flown
over us after it had left Camp Sky-Hi (later Eights Station). No
additional skuas were observed during the duration of our
work in the Ellsworth Mountains, through 4 February 1962.
Some individuals, including Axelrod (1979), have theorized
that skuas, and perhaps other flying birds, might follow air-
craft contrails and thus migrate inland under some circum-
stances.

Our field party traveled by motor toboggan about 1,200
kilometers throughout the Sentinel and Heritage Ranges in a
little more than 2 months. Only four flights and landings were
made to the Ellsworth Mountains from Byrd Station during
that season. If there is any correlation between aircraft activity

Figure 2. South polar skua and Adélie penguins at Cape Crozier,
February 1961. Down-covered chicks are segregated Into crèches,
guarded by adults against the skua in the foreground. Numerous
penguin carcasses are scattered In the foreground.
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and skua migration to the interior of the continent, the low
incidence of flights in 1961-62, coupled with our nomadic
existence and numerous dispersed campsites, may have ham-
pered skuas in locating our camps.

In the next season in the Ellsworth Mountains, 1962-63, C.
Craddock (personal communication) made two sightings of
lone snow petrels in the northern Sentinel Range, on December
4 and 5. R. H. Rutford (personal communication) saw no birds
in the northern Sentinel Range during the 1963-64 season,
even though a central base camp had been established and
occupied during the season.

To complete this account of the Ellsworth Mountains, lichens
have been observed on many of the rocks throughout the
range, beginning with the first geologic survey of the range in
1961-62. In 1979-80, samples were collected by several of us
and given to Dr. I. Friedmann (Florida State University) at
McMurdo to aid him in his research. A sample that I collected
on 23 December 1979 from a quartzite outcrop at 79°50'S
81°30'W, elevation 750 meters above sea level, is by no means
the farthest south occurrence (Wisconsin Range, 86°09'S
131°14'W, as cited by Wise and Gressitt 1965). In addition, R.
H. Rufford collected a moss sample from the northeast-facing
slope of a peak at about 78°59'S 84023'W in the southern Sen-
tinel Range in 1979-80. This sample was also given to Dr. I.
Friedmann at McMurdo.

Jones Mountains, 1960-61. In the 1960-61 season, during
geological investigation of the Jones Mountains (Craddock,
Bastien, and Rutford 1964), it was not thought unusual to see
skuas at our camp (73°30'S 94°30'W) or elsewhere in the range
because the main camp was only 100 kilometers from the coast
of the Bellingshausen Sea, and mountainous and other ice-free
areas of the Eights Coast, Walgreen Coast, and Thurston Island
are nearby. As many as 10 to 12 skuas were seen at the main
camp at any one time.

In an attempt to assist biologists in recording possibly useful
information from an area about which little was known at that
time, we captured several skuas by luring them to an area near
camp. We placed food on the snow and surrounded it by a
cord noose. When the skua stepped inside the noose perime-
ter, we tightened the noose by pulling the other end of a long
extensionof the cord, thereby snaring one or both of the bird's
legs. We then fastened a makeshift band to the bird's leg
(figure 3). Unfortunately, we had not anticipated a birdband-
ing project as a sideline to our geologic work, and we had no
authentic leg bands. Instead, we used tear strips unwound
from metal coffee cans and scribed the words "University of
Minnesota Eights Coast 1961" into the metal on each band.
About six birds were banded and released. Some banded birds
returned to the same noose later for food, apparently having
learned little from the earlier episode. To our knowledge, none
of the banded skuas was ever captured later.

Gilbert, Early, and King (1969) have reported on the algae,
lichens, mosses, (snow?) petrels, and skuas they found in their
survey in the Jones Mountains in the latter half of January
1969. We also found all of those things in the 1960-61 season.
For example, we observed a large population of snow petrels
shortly after we arrived in December 1960; most were nesting
in weathered hollows in volcanic cliffs near our main camp.
Several high rocky spots contained piles of small bones, skulls,
and feathers, suggesting that something, probably the skuas,
had been feeding on the petrels. This population, estimated
at 1,000 birds, and the bird-banding incidents, were reported

I
Figure 3. South polar skua captured at Jones Mountains in January
1961, prior to banding. Cord used for capture is attached to left
leg.

to the noted ornithologist, R. C. Murphy, after the field season
(Craddock personal communication). We assumed that this
was a petrel breeding site, because some of the birds were
observed to be incubating eggs at the time of our visit. Mem-
bers of our 1960-61 field party also reported seeing a snow
petrel at Byrd Station on about December 1.

One additional bird sighting can be mentioned here. On 2
January 1961, after a storm of winds greater than 60 knots and
considerable blowing snow, an Adélie penguin appeared sud-
denly at our main camp. We presumed that it came from the
nearby coast (at least 100 kilometers to the nearest open water)
and became disoriented in the storm. We attempted to feed it,
but it took no food and made no signs of wanting to leave our
camp. As the storm continued, at lesser intensity, the penguin
reclined on its belly on the lee side of a snowdrift and appeared
to be waiting out the storm and gathering strength. On about
4 or 5 January it was gone, having left sometime during the
night. No one saw it leave, and there was no trace of footprints
to identify the direction of departure. Evidence of penguin
tracks in the interior of Antarctica at much greater distances
from coastlines (300 to 400 kilometers) has been reported by
Sladen and Ostenso (1960).
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Coalsack Bluff, 1969-70. One further circumstance of skua
sightings is reported here, during the 1969-70 season at Coal-
sack Bluff, west of Beardmore Glacier, where a Jamesway camp
was established at 84°17'S 162°20'E in support of geological
investigations conducted in that area (Elliot 1970). I was pres-
ent at the initial put-in flight on 16 November 1969 for camp
construction and stayed through December 18. Coalsack Bluff
camp was about 700 kilometers from the nearest open-water
coast at McMurdo Sound. On 4 December five skuas appeared
suddenly at camp, and on 7 December nine were sighted.
Skuas were present throughout my time at the camp, mainly
at the camp garbage piles. This camp was about on the flight
line between McMurdo and South Pole Station, a route of
frequent flights during the austral summer, thus lending more
credence to the suggestion that skuas follow aircraft contrails.

This manuscript benefited from review and comments by
Campbell Craddock, David F. Parmelee, Robert H. Rutford,
and Gerald F. Webers. Fieldwork in the seasons specified was
supported by the National Science Foundation Division of
Polar Programs while I was affiliated with the University of
Minnesota (1960-61, 1961-62, 1979-80) and the Ohio State
University Institute of Polar Studies (1969-70). The 1979-80
season in the Ellsworth Mountains was under the direction of
G. F. Webers, Macalester College (NSF grant DPP 78-21720).
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Medical research_______________________

Winter fly-in outbreak of
symptomatic respiratory infection at

Scott Base

KENNETH MCDONALD

Christchurch Hospital
Christchurch, New Zealand

CAS ROPER

Antarctic Division
Department of Scientific and Industrial Research

Christchurch, New Zealand

DENNIS E. SCHULTZ and ELLIOT C. DICK

Department of Preventive Medicine
University of Wisconsin-Madison

Madison, Wisconsin 53706

During the 1977, 1979, and 1980 winter fly-in (WINFLY) peri-
ods, E. C. Dick and colleagues studied the etiology and epi-
demiology of symptomatic respiratory infection (SRI) at Scott
Base. This base (population 12-23 persons during WINFLY), a
New Zealand scientific installation, is located on Pram Point
approximately 2 miles by road from the larger U.S.-managed
McMurdo Station (population approximately 200 during
WINFLY).

During WINFLY 1977, 1979, and the first 21/2 weeks of WINFLY

1980, sRi's at Scott Base were few to nonexistent. At the outset
of WINFLY 1977, three new Scott Base residents arrived from
New Zealand with mild-to-moderate colds, and two rhinovi-
rus types-67 and 86—were cultured therefrom. There were
no additional respiratory illnesses, nor any seroconversions,
among Scott Base personnel during this 6-week period, even
though more than half the 22-person population was suscep-
tible to these agents (serum antibody titers of < 1:8). Nor did
Scott Base share in a WINFLY 1977 outbreak of adenovirus 21
disease at McMurdo, as might have been expected since aden-
ovirus 21 is one of the serotypes often associated with epidem-
ics (Foy and Grayston 1976). That no outbreak occurred at Scott
Base is particularly surprising since 19 of the 22 Scott Base
residents were susceptible (serum antibody titer of < 1:3).

Scott Base and McMurdo personnel were together nearly every

day, and there was much intermingling in the recreational
areas of the two installations.

During WINFLY 1979, there was evidence of modest intrabase
virus dissemination in the 23-person Scott Base population
(figure 1). Four men arrived from New Zealand with mild-to-
moderate SRI's. Influenza B virus was grown from two indi-
viduals, both of whom had influenza-like illnesses (see 30
August data). The other entering cases were typical colds, and
efforts to diagnose these etiologically have been unsuccessful
to date. There were one second-generation influenza B case
(6 September) and five other etiologically undiagnosed colds
over the remaining 5 weeks of WINFLY. Simultaneous with the
Scott Base cases, there was a widespread outbreak of influenza
B and rhinovirus-caused SRI at McMurdo Station.

The epidemiology of SRI during WINFLY 1980 differed mark-
edly from that of prior years in that there was a sharp outbreak
of SRI during the last half of WINFLY (figure 2). As usual, none
of the winter-over personnel at Scott Base had a cold at the
outset of WINFLY, and for the first 19 days there were no colds
in the 12-man population. There were only two new arrivals,
and neither had a cold. There were the usual frequent visits
between the personnel of McMurdo and Scott Base. Especially
notable was a very crowded party on 6 September held in a
McMurdo lounge. At least five men from Scott Base attended
this function and stayed several hours; none of them caught
a cold, despite the fact that the Americans at McMurdo were

2 °	 TOTAL SRI (PREVALENCE)
4°

30-6
CL
0 20- 4 Lj^
(L 
IOU3

LL.	
I :^

ILEGEND:NEW SRI (INCIDENCE)
Z 20-iI	 INCOMING CASES

2r1 I [I ANTARCTIC CASES

28	311	5	10	15	20	25	301	56
AUG SEPTEMBER	 OCTOBER

979

Figure 1. Incidence and prevalence of symptomatic respiratory
Infection (SRI) in 23 residents (10 winter-over personnel and 13
newcomers) at Scott Base, 1979 winter fly-in period. The numerals
at the top of the columns indicate actual number of cases. Counted
as "antarctic cases" are those that occurred in winter-over per-
sonnel or in newcomers after 4 days in residence. Influenza B was
Isolated from the two cases beginning on 30 October and from one
of the two cases beginning 6 September.
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Figure 2. Incidence and prevalence of symptomatic respiratory
Infection (SRI) in 12 residents (10 winter-over personnel and 2 new-
comers) at Scott Base, 1980 winter fly-in period. The numerals at
the top of the columns indicate actual number of cases. The winter-
over party was held at Scott Base.

suffering from sRi's caused by adenoviruses, rhinoviruses,
parainfluenza viruses, and unidentified agents. Since we had
observed very little, if any, interbase dissemination in 1977
and 1979, the absence of infected Scott Base personnel after
what would appear to have been substantial exposure was not
considered unusual. Accordingly, the sharp outbreak of SRI

that followed a later, Scott Base-hosted party (approximately
40 people) for Americans and New Zealanders who were just
completing their overwintering ordeal was unexpected. Even-
tually, 9 of the 12 Scott Base residents caught colds.

One case (12 September) began the day before the party,
and it is possible that he alone caused the outbreak. However,
this seems unlikely in view of the history of poor intrabase
spread. Also, this individual's symptoms were extremely mild
until September 15, and there is evidence from our laboratory

(D'Alessio et al. 1976; Dick and Chesney 1981) as well as from
others (Fox, Cooney, and Hall 1975) that mild colds spread
poorly, if at all. It seems more likely that the six Americans
from McMurdo who had colds and attended the party, plus
perhaps the one New Zealander, caused the five colds that
became symptomatic between 15 and 17 September, and pos-
sibly those that began 19 and 20 September. The incubation
period of most colds is 2-5 days, but it can go as high as about
8 days (Evans 1976).

There were at least two viruses at Scott Base during this
small epidemic, as the last two cases (27 and 28 September)
were second colds.

As yet we have been unable to isolate the viruses causing
this outbreak.

We are extremely grateful to the personnel of Scott Base and
McMurdo Station for their indispensable help.

This research was supported by National Science Founda-
tion grants DPP 76-83918 and DPP 80-15486, National Aeronau-
tics and Space Administration grant NSG 2104, and a grant
from the S. C. Johnson Company, Racine, Wisconsin.
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Nasopharyngeal secretory immune
and nonimmune substances in
personnel at South Pole, 1978

winter-over period
HAROLD C. MUCHMORE, ALAN J . PARKINSON,

and E. NAN Scorr

Oklahoma Medical Research Foundation
University of Oklahoma College of Medicine

Veterans Administration Medical Center
Oklahoma City, Oklahoma 73104

In humans, protection from acute respiratory tract infections
(RTI's) is associated largely with the antiviral and antibacterial
substances present in the mucus blanket on the surface of the
respiratory mucosa. Such substances include immunoglobulin
A (IgA), interferon, siderophilin, and lysozyme. Secretory IgA

plays a major role in protecting against viral and bacterial
infections. The concentration of IgA in nasal washings from
humans appears to vary markedly between individuals but is
remarkably constant for each individual. Low concentrations
of secretory IgA have been shown to correlate with increased
susceptibility to infection. RTI's generally are followed by a
transitory rise in IgA levels in human nasal washings, with
peak levels frequently occurring between 2 and 4 weeks after
onset of illness; however, specific IgA may persist for several
months (Rossen, Kasel, and Couch 1971). A close functional
relationship appears to exist between lysozyme and secretory
IgA. Lysozyme is an enzyme possessing bacterolytic activity
which is greatly enhanced by the presence of specific IgA (Hill
and Porter 1974).

South Pole Station provides an extreme environment where
wintering personnel experience great changes in temperature
and humidity each time they move from indoor to outdoor
environments. We have demonstrated that the transition from
an indoor to an outdoor environment at South Pole alters the
total protein content of human nasal secretions (Muchmore et
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al. 1980). The long-term impact of the cold, dry south polar
environments on the secretion of antiviral and antibacterial
substances in the upper respiratory tract and the resulting
effect of this environment on susceptibility to RTI's have not
been studied.

Since many of the immune and nonimmune substances in
the upper respiratory tract are protein in nature, IgA often
accounting for as much as 30 percent of the total, the mea-
surement of the nasopharyngeal total protein provides an
indication of the total amount of antiviral and antibacterial
substances present. We have measured the total protein (mod-
ified Lowry method), IgA (indirect radioimmunoassay), and
lysozyme (bacteriolytic assay) levels of serial nasopharyngeal
washings obtained from 18 volunteer subjects wintering at
South Pole during 1978. Specimens were collected first in the
United States in September 1977 (U.S. baseline specimen)
prior to deployment to Antarctica, again on arrival at South
Pole in November 1977, and subsequently in January, March,
July, October, and November 1978. The nasopharyngeal total
protein profile (figure 1) shows a progressive decline in the
mean total protein concentration from that observed in the
U.S. baseline specimen. The decline is seen after arrival at
South Pole and persists until after station closing in February
1978. This downward trend is paralleled by similar decreases
in both mean total IgA and lysozyme levels (figures 2 and 3),
suggesting a change in the immune status of this isolated
population. As previously reported, RTI's occurred in this pop-
ulation in 8 of 20 winter-over volunteers in April and 1 of 20
in August 1978. Parainfluenza virus types 1 and 3 were recov-
ered from symptomatic and asymptomatic subjects during the
outbreak (Muchmore et al. 1979). Infections appear to coincide
with low mean levels of total protein, IgA, and lysozyme (fig-
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Figure 1. Mean total protein concentrations of serial nasopha-
ryngeai washes collected from volunteers, 1978 winter-over period
(in milligrams per milliliter). The bars indicate the 1-standard-error
range for each mean. The mean total protein concentrations from
samples collected at South Pole were compared with the mean
U.S. baseline total protein concentrations by the unpaired t test,
and the levels of significant differences between the means are
shown (p). RTI = respiratory tract Infection.

NASOPHARYNGEAL TOTAL IgA POLE WO 78

I	 I

29.0	
z0

27.0

10.0	 I	OSUBJECT WITH Eli I

8.0

6.0	 9NASOPHARYNGEAL	 0= . 2	-
TOTAL 19A	5.0

I4.0 I JP..0.2	
9=0.021 IP=0.025

30	 I 2.0	I1.0	I
SON Di F MA M J J AS ON

2	1977	 MONTHS	 1978
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munoassay. RTI = respiratory tract Infection.

NASOPHARYNGEAL LYSOZYME POLE WO 78

0 SUBJECT WITH RTI II	 I
100	 II	 I

9I	

Iz	 I
80	 z

0

P =0.6
NASOPHARYNGEAL	J70 I

LYSOZYME	J	 9
60 I	 -

I1p
i	 I

40_j	P=O.O2=0051
OZ

50 - 	JP = 

0.1	
1	

= 0.05J

301	j=0.02	Q

20 -1	 II	 9
io —1	

I	 -
I	 -

	

SON 0 J F MA M 	i A5 ON

z

1977	 MONTHS	 1978

D

Figure 3. The mean total iysozyme concentrations of serial naso-
pharyngeal washes collected from volunteers, 1978 winter-over
period (in micrograms per milliliter), as determined by a standard
bacterlolytic assay. RTI = respiratory tract Infection.

ures 1, 2, and 3), perhaps reflecting an increased susceptibility
to upper respiratory tract infection in these subjects. The
nasopharyngeal total protein levels measured in July were
significantly higher, and this increase apparently is due to
post-infection responses (figure 1). However, the increase in
total IgA is less apparent, and no increase in total lysozyme
levels can be detected (figures 2 and 3). Since peak secretory
IgA levels are reported to occur in subjects between 2 and 4
weeks after infection, elevated IgA levels in this group would
not be expected 21/2 months after the outbreak of infection.
The occurrence of RTI in only one subject in August, with no
observed secondary spread of clinical illness to other subjects,
may indicate persistence of protective specific IgA in this pop-
ulation which restricted further spread of infection.
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The reason for the observed decreases in nasopharyngeal
total protein, IgA, and lysozyme in winter-over personnel after
arrival at South Pole is unknown. They might be related to
environmental and physiologic factors induced by exposure
of the respiratory tracts to the extremes of cold and dryness
characteristic of the south polar environment. Both cold air
and low humidity have been related to arrest of ciliary activity
and mucus flow (Horstmann et al. 1977). Since proper muco-
ciliary function is required for the distribution of immune and
nonimmune resistance factors throughout the respiratory
tract, loss or impairment of this function might result in a local
decrease in availability of substances necessary for mainte-
nance of immunity and consequent increase in susceptibility
to viral and bacterial infections.

This work was supported by National Science Foundation
grant DPP 80-19528, the Oklahoma Medical Research Founda-
tion, and the Research Service of the Veterans Administration
Medical Center, Oklahoma City, Oklahoma.
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Identification of parainfluenza virus
isolates recovered during 1978

winter-over period

ALAN J. PARKINSON, HAROLD C. MUCHMORE,

and E. NAN Scorr

Oklahoma Medical Research Foundation
University of Oklahoma College of Medicine

Veterans Administration Medical Center
Oklahoma City, Oklahoma 73104

Parainfluenza virus types 1 and 3 were recovered from win-
ter-over personnel at South Pole Station during 1978. The ini-
tial isolates were made by the 1978 winter-over scientist, Dr.
J . E. Humphries, by direct inoculation of throat and nasal wash
specimens into continuous cell lines maintained at South Pole
throughout the winter. Virus was detected by hemadsorption
using washed human group 0 cells. Cell cultures showing
positive hemadsorption, characteristic of viruses of the myxo-
virus and paramyxovirus groups, were subpassaged into fresh
cell cultures, which were incubated to confirm the presence of
hemadsorbing agents. All cultures showing hemadsorption
were stored frozen at -70°C for the duration of the winter.
After station opening in November, all frozen cell culture
residuals and original specimens were reinoculated into fresh
cell cultures for identification of isolates by hemadsorption
inhibition (HI) using parainfluenza virus types 1, 2, and 3
specific antisera. Virus recoveries from each winter-over vol -
unteer subject, together with the respiratory tract illnesses
observed during the isolation period, were reported in 1979
(Muchmore et al. 1979). Because of the unexpectedly high
number of possible virus isolates recovered, only 14 of 48 could
be identified by hemadsorption inhibition with the limited
supply of antisera on hand at South Pole. In an attempt to
confirm these identifications and to type the remaining iso-
lates, all cultures showing positive hemadsorption were ali-
quoted in glass ampules and frozen in dry ice (-80°C) and in

liquid nitrogen (-200°C) for shipment back to the United
States. Both the dry ice and liquid nitrogen containers were
temporarily lost in transit within the United States aboard
commercial air carriers. They arrived in Oklahoma City 27
days after consignment, the dry ice and liquid nitrogen
exhausted and the specimens completely thawed. Exhaustive
attempts to recover viable virus from the thawed cell culture
residuals and from the original specimens were unsuccessful.
However, detection and identification of the viral antigens in
these cell cultures were possible using indirect, solid-phase
radioimmunoassay (RIA) and enzyme immunoassay (ELk).

For these assay systems, the thawed cell cultures were
diluted and a small amount of each dilution was fixed onto a
solid phase (polyvinyl microplate wells). Parainfluenza virus
specific type 1, 2, or 3 (horse antibody) was added to the wells
to bind to any virus antigen present. Any bound specific
antibody (type 1, 2, or 3) was in turn detected by the addition
of radio-labeled (1251) or enzyme-labeled (alkaline phospha-
tase) antihorse antibody. The presence of parainfluenza virus
type specific antigens was determined by comparing the
amount of labeled antibody bound to the test microplate well
with the amount bound to control wells containing cell culture
residual without viral antigen. In the RIA system, wells were
counted individually in a gamma spectrophotometer; for the
EIA system, the optical absorbance of each well was measured
30 minutes after the addition of enzyme substrate.

The major advantages of RIA and EIA over conventional HAl

for identification of parainfluenza virus isolates are: (1) a viable
virus growing in an intact cell monolayer is not required, and
(2) the sensitivity of these assays allows the detection and
identification of very small amounts of viral antigen in the cell
culture.

Of the original 12 hemadsorbing agents detected in the 1978
winter virus cultures, 7 were identified as parainfluenza virus
type 1 by HA!, and 11 as parainfluenza virus type 1 and 1 as
parainfluenza virus type 3 by RIA and EIA (table 1). Of the
remaining 36 specimens yielding hemadsorbing agents when
reinoculated into cell cultures in November 1978 after station
opening, 10 and 24 were identified as type 1 by HAl and ELA,
respectively.
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Table 1. Identification of hemadsorblng agents recovered from specimens collected during winter-over 1978 by hemadsorption
Inhibition (HAl), enzyme immunoassay (EIA), and radloimmunoassay (AlA)

Identification method
Total	 Total number	 HAI	 EIA	 AlA

number	hemadsorption
inoculated	 positive	P1	P2	p3	P1	P2	p3	P1	P2	p3

November 1978
reinoculation of
positive cultures	 12	 12	 7	0	0	11

Reinoculation of
original specimens	 105	 48	 10	0	1	24

Note. P1 = parainfluenza virus type 1, P2 = parainfluenza virus type 2, and p3 = parainfluenza virus type 3.

0	1	11	0	1

0	1	ND ND ND

The use of RIA and EIA systems to detect and identify para -
influenza virus antigen in cell cultures from which viable virus
could no longer be grown has confirmed the presence of both
parainfluenza virus types 1 and 3 in subjects at South Pole
during the winter 1978. To date we have identified 27 of the
48 hemadsorbing agents recovered from throat swab and/or
nasal wash specimens collected from 20 subjects as originally
reported in 1979 (table 2). The high frequency of virus shed-
ding we observed in these healthy subjects is remarkable,
particularly the shedding that occurred in asymptomatic sub-
jects. Corroboration of these observations is indicated and will
be sought by repeating the winter-over virus culture studies.
The observed viral shedding could be related to the dimin-
ished levels of antiviral substances present in the nasopha-
ryngeal mucosa of these subjects, resulting in either reactiva-
tion of an existing (persistent) infection and/or an increased
susceptibility to reinfection (Muchmore, Parkinson, and Scott,
Antarctic Journal, this issue).

This work was supported by National Science Foundation
grant DPP 80-19528, the Oklahoma Medical Research Founda-
tion, and the Research Service of the Veterans Administration
Medical Center, Oklahoma City, Oklahoma.
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Table 2. Virus isolation and upper respiratory infections at South
Pole Station, winter-over 1978

Isolation month

Subject	Mar	Apr	Jul	Aug	Sep	Nov

1	+(1)	+uRl	+	+(1)uRl +	0
2	+(1)	+(3)	+	-	+(1)	-
3	+(1)	+	+(1)	-	+	+
4	+(1)	0	0	+	0	0
5	+	0	0	-	0	+

6	+(1)	+URI	0	0	+(1)	0
7	+(1)	0	0	-	0	0
8	+	+(1)	0	0	0	0
9	+(1)	-	0	-	0	+

10	+(1)	0	+(1)	+	0	0

11	0	+(1)ui +(1)	-	0	0
12	0	+(1)uRl +(1)	0	0	0
13	0	+	+	0	+(1)	+
14	0	+(1) URI 0	+(1)	+(1)	0
15	-	+(1)uRI -	0	-	-

16	0	0	+	0	+(1)	0
17	0	0	0	-	+	0
18	0	0	0	-	+	0
19	0	OURI	0	-	+(1)	+
20	0	OuRI	0	0	+	0

Note. + = hemadsorbing agent recovered; (1) = parainfluenza virus
type 1 identified; (3) = parainfluenza virus type 3 identified; 0 = no
virus recovered; - = no specimen collected; uni = upper respira-
tory infection.
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Lower atmosphere studies_______________

Aerosol studies
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JOHN GRAS
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Australia

The antarctic activities of the Atmospheric Sciences Research
Center party during austral summer 1980-81 were devoted
primarily to conducting the meteorological flight program
aboard an instrumented VXE-6 aircraft XD-03 (159131) and
completing aerosol studies begun a year earlier at Vanda sta-
tion. The table shows the measurements of ozone and aerosol
concentrations taken during the trans-Pacific flight from
southern California to Antarctica.

Vertical profiles were taken during the descent to Barbers
Point (Hawaii) on 9 October 1980 and during the ascent from
Barbers Point on 10 October 1980. Another vertical profile was
taken during the descent to American Samoa on 10 October
1980. While in Christchurch, New Zealand, the crew flew three
missions to investigate the nature of the volcanic plume from
White Island and to intersect air of recent stratospheric history
descending in the vicinity of the jetstream. The vertical profiles
and the findings from the Christchurch missions are not
included in this report.

The results of this trans-Pacific flight, the three preceding
trans-Pacific flights with XD-03, three research missions over
Antarctica with XD-03, previous surface observations by the
authors, and data obtained from high altitudes by the National
Aeronautics and Space Administration GASP (Global Atmo-
spheric Sampling Program) program have been assembled to
provide a theory of aerosol transport over the Pacific. A paper
outlining the theory is being written. The transport hypothesis
can be summarized in three points.

1. Moist surface air, enriched in particulates but depleted
in ozone, is carried aloft by convective cells of the Intertropical
Convergence Zone (rrcz) and spreads, subsiding and drying,
through the tropical troposphere of both hemispheres. The
aerosol concentration in both tradewind zones is quite homo-

geneous with respect to both latitude and altitude above the
trade inversion.

2. The storms of 40°-60°S latitude also carry moist, aerosol-
laden air to considerable altitude. This air flows in the general
direction of Antarctica through the summer. This results in a
relatively homogeneous upper troposphere/lower stratosphere
over Antarctica with gradual, rather than abrupt, changes in
aerosol and water vapor concentration at the tropopause.

3. The mid- and upper-troposphere are the favored trans-
port layers for meteorological transport of gases and particles
into the Antarctic prior to the breakdown of the circumpolar
vortex in November.

S. Barnard and J . Gras began a 3-week series of aerosol and
solar observations at Vanda station in mid-November through
the kind invitation of the New Zealand Department of Indus-
trial and Scientific Research, Antarctic Division. Observations
included particulate number and sizing techniques and mea-
surements of incident solar radiation through various filters
to obtain turbidity factors through different air masses. Pre-
liminary investigations concerning variations in the measured
values through the Wright Valley were made using close heli-
copter support and transects up and along the valley walls.

In an attempt to determine the character of the lower atmo-
sphere above the valley floor eight soundings were obtained
using commercially available temperature (dry and wet bulb)
sondes. The sondes were launched under different weather
conditions and were timed to be relatively close to soundings
at McMurdo. In addition to the soundings, 20 pibals were
released during the observation periods to estimate low-level
wind regimes.

Preliminary results indicate surface aerosol number concen-
trations varied between 100 and 500 per cubic centimeter, with
higher concentrations occurring with increased surface wind
speeds. Greater fluctuation in concentration was seen in east-
erly surface winds than in westerlies (down-valley toward
Lower Wright Glacier). Mean turbidity values (/3 = 0.017)
indicated less attenuation than at the South Pole (/3 0.022),
where values were obtained in late December through January.
Pibals indicated a general westerly flow aloft near the top of
the Asgaard and Olympus ranges regardless of the direction
at the surface, although the westerly appeared stronger during
surface easterlies. Above mountain range level (1,500-2,000
meters above sea level), the temperature soundings were com-
parable to coincident McMurdo soundings and also showed
the general warming and drying effects of the valley below
that level.

This work was supported by National Science Foundation
grant DPP 79-05987.
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Record of ozone and aerosol concentration measurements taken during the trans-Pacific flight

Flight	 Ozone	Aerosol
level	 concentration	concentration

Location	(feet)	 Conditions	 (parts/million)	(per cm3)

West of Point	20,000 Fog and stratus. Easterly wind.	 0.055	300-500
Mugu, California

29°N 139°W	24,000 Cumulus below flight level. Northerly wind.	 0.035	 <200
100 nautical miles	24,000 Wind continued to shift to the west and became weaker.	0.035"	150-200
north of the	 Packed cumulus in the tradewind layer below flight level.
Hawaiian Islands
24°N 150°W

From Barbers	16,000 Cumulonimbus turrets visible at 18°N latitude. Air	 0.035	 350
Point, Naval Air	 relatively dry. Light northeasterly winds.
Station, Oahu,
Hawaii to 18°N

17°N	 18.000 Cumulonimbus turrets. Aerosol and ozone
concentrations increased in the convected air.

120 -1 0°N
	

20,000 Intertropical Convergence Zone (rrcz) marked by	0.010-0.020	500-1,000
extensive band of convective turrets and rising air that
was frequently water-saturated.

4°N
	

22,000 Cumulus became smaller; air became much drier.	 0.038
	

400
Aircraft flew out of the south side of the ITCz.

Southern
	

24,000 Very light wind. Dry air.	 0.020b	 250b
tradewind zone
160S	 -	Air quite moist.

17°S	 16,000 Air considerably drier. Weak westerly wind.

200S	 20,000 Northwesterly winds of 30 knots when the aircraft
entered the temperate zone spring season.

250S	 20,000 Dry westerly wind of 60 knots.
250S	 22,000 Westerly wind of 77 knots. Air slightly more moist.
280S	 22,000 Aircraft apparently passed beneath the core of the

subtropical jet stream. Wind maximum of 97 knots at
300°.

31 0 S	 24,000 Diminished westerly winds. Air uniformly dry.
24	Christchurch, New	18,000 Strong west-northwesterly winds. Large, deep storm in
October	Zealand	 flight track. Slightly turbulent. Water-saturated air.
1980

48.50S	 20,000 Aircraft in clouds. Winds at 290 0 at 80 knots.
51 0S	 20,000 Aircraft topped the cirrus and turbulence. Air slightly

drier. Westerly wind diminished to 60 knots.
580S	 22,200 Some cirrus.
67°S	 Descent for ice reconnaissance in clear air above the

polar easterlies.

"Comparable to measurements taken at Mauna Loa Observatory at 2,800 meters above sea level.
bComparable to measurements taken at 24,000 feet in the northern tradewind zone.

Aerosols over Antarctica and along the Christchurch-to-
McMurdo track were studied from October to November 1980
in experiments involving the science-configured C-130 air-
craft. Over open water and to altitudes extending to approxi-
mately 1 kilometer, sea salt material (indicated by the presence
of chlorine and sodium) predominated as an aerosol, but the
sea salt concentration declined above 1 kilometer, approxi-
mately as exp(-h/H) with H 1 kilometer (h = altitude).

Southern Hemisphere aerosols

GLENN E. SHAW and VIRGINIA FERRELL

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701
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At altitudes between 2 and 8 kilometers, the predominant
aerosol was sulfur-rich material, presumably in the form of
sulfates, with trace amounts of other elements (i.e., silicon,
aluminum, calcium, magnesium, potassium, titanium, iron,
and zinc.)

Over exposed land, primarily over New Zealand, we found
irregular particles that frequently showed coincoidal fracturing
or evidence of being composed of crystalline material and
sometimes, especially over Antarctica, had conglomerates of
other particles attached to the parent by coagulation. Invari-
ably, these particles exhibited strong Al (aluminum) and Si
(silicon) X-ray resonance lines, indicating that they are crustal.
Generally, the crust-derived particles were more abundant at
low than at high altitudes, and the mean size of crust-derived
particles tended to decrease both with increasing altitude and
with increasing distance from exposed land. Their size and
the fact that they tend to be confined to an area of radius less
than 100 kilometers from the continental coast indicate that
they must have relatively brief lifetimes (approximately 1 day).
The idea that crustal aerosol is confined to regions around
exposed land is not completely accurate, however; some par-
ticles appearing to be crustal in nature occasionally were col-
lected as far south as the ice sheet, but they were rare and
always under 1 micrometer in diameter. The midtroposphere
aerosol is somewhat patchy, sometimes varying in concentra-
tion by a factor of 2 between consecutive samples taken 100

kilometers apart. However, the mixing ratio of particle mass
loading to air density was found to be nearly constant in the
Southern Hemisphere, in great contrast to what one finds over
polluted continental regions, where aerosol concentration
more usually decreases by a factor of 2 for each approximately
1-kilometer increment of altitude.

The airborne aerosol-sensing experiments were supple-
mented with surface-based measurements of the monochro-
matic optical extinction and optical scattering coefficients of
aerosols at several elevations in the Victoria Mountain Range
and at the South Pole. The data indicate that the aerosol over
the great ice sheet is homogeneous—on vertical scales of
approximately 6-8 kilometers and on horizontal scales of
approximately 1,000 kilometers. The form of the microparticle
size distribution function (sensed indirectly by inverting
optical measurements), the composition of the particles (pre-
dominantly sulfur-bearing compounds), and the large-scale
homogeneity lead us to conclude that most of the particles are
secondary products nucleated from trace sulfur-bearing gases,
presumably from marine sources, which have lingered in the
atmosphere for 0.1-0.2 year.

This work was sponsored by National Science Foundation
grant DPP 79-20804. We are grateful to the VXE-6 squadron and
to the Naval Meteorological Office for support and friendly
participation way beyond the call of duty.

Microphysical measurements in
antarctic coastal clouds and the

subcloud layer

V. K. SAXENA

Department of Marine, Earth, and Atmospheric Sciences
North Carolina State University
Raleigh, North Carolina 27650

During the 1980-81 austral summer, measurements of
microphysical parameters were made along the antarctic coast.
Objectives were (1) determination of the cloud nucleation
characteristics of aerosol particles that participate in the for-
mation of antarctic coastal clouds, (2) study of variations in the
cloud droplet size spectra through direct measurements within
the clouds, (3) simultaneous measurements of the Aitken
nuclei concentration, and (4) determination of the primary
chemical constituents of cloud water collected directly by
means of aircraft penetrations. In addition, aerosol samples
were collected for later analysis by electron microscopy and X-
ray energy diffraction spectrometry.

To accomplish the objectives, a cloud condensation nucleus
(ccN) spectrometer (Fukuta and Saxena 1979a, 1979b) capable
of measuring in real-time spatial and temporal distributions
of the CCN activity spectrum was installed in an instrumented
LC– 130 aircraft equipped with sensors for pressure, humidity,
and aircraft position. A forward-scattering spectrometer probe
(model FSSP-100, Particle Measuring Systems) was attached

to the tip of the left wing of the aircraft. The mountings for the
probe were designed to prevent the boundary layer effects on
sampling the cloudy air. Cloud water was collected by means
of teflon probes that were exposed to the supercooled cloud
droplets through a hole in the fuselage.

The results of these field experiments are being analyzed.
Figure 1 presents an infrared absorption spectrum recorded
by the Perkin-Elmer infrared spectrophotometer for the cloud
water collected on 3 November 1980 around 75°53'S 172°20'E.
The minimum in transmittance at a frequency of 3,400 per
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Figure 1. Analysis of the cloud water sample by a Perkin-Elmer
spectrophotometer. Absorption peaks can be seen as a function
of wavelength. Frequencies are given In per centimeter.
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centimeter represents the presence of amines and/or hydroxy
compounds, and three consecutive minima in the frequency
range of 1,600-1,400 per centimeter represent the presence of
proteinaceous matter. For the desiccated water specimen,
scanning electron micrographs and energy dispersive X-ray
scans were made. An abundance of formed elements, which
are biological in origin, were found. The X-ray data showed
the major inorganic elements present to be silicon, sulfur,
chlorine, and potassium. The silicon seems to derive from
silicates, which are also indicated by the infrared scans shown
in figure 1 at 1,040 per centimeter, and the sulfur seems to
derive from the sulfates that are indicated at 1,100 per centi-
meter. The relatively high abundance of potassium and chlo-
rine suggests that the major ionically bonded salt in the cloud
water was potassium chloride (KC1), which is known to be
enriched inside the biological cells. These observations lead
to the conclusion that the antarctic coastal cloud water con-
tained cloud condensation nuclei derived from biogenic
sources. This is the first time directly sampled cloud water has
shown the involvement of the biogenic nuclei in antarctic
coastal clouds.

In figure 2, CCN concentration (active at 1 percent super-
saturation), dew point, and air temperature are plotted as
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Figure 2. Number concentration of cloud condensation nuclei (ccN)
active at 1 percent supersaturation as a function of altitude at a
location of about 76006'S 186035'E. Dew point and air temperatures
also are plotted. Concentration is given In per cubic centimeter.

functions of altitude at approximately 76°06'S 168°35'E. The
CCN concentration varied from 50 to 325 per cubic centimeter,
the minimum occurring at 640 meters measured from sea level
and the maximum at 830 meters measured from sea level. The
CCN measurements in the subcloud layer will be correlated
with the cloud droplet size distribution data. In figure 3, the
Aitken nuclei concentration, measured with the help of an E-
One counter, is shown plotted as a function of altitude at
75050'S 169024'E. The maximum (approximately 1,200 per cubic
centimeter) in the Aitken nuclei concentration occurs at 2,500
meters measured from sea level. Such vertical profiles will be
used to analyze the sources of aerosol in the antarctic region.

S.,.
a-4AITKEN NUCLEI CONCENTRATION
o----o TOTAL TEMPERATURE
0-6 DEW POINT TEMPERATURE

I-.I
LuI

Ml

IOL

	

0	300	600	900	1200 1500
AITKEN NUCLEI CONCENTRATION (crri3)

	

-250	-200	-150	_100	 00
TEMPERATURE (°C)

Figure 3. Number concentration of Aitken nuclei as a function of
altitude at a location of about 75 050'S 169024'E. Concentration is
given In per cubic centimeter.

This work was supported by National Science Foundation
grant DPP 79-22058. Robert E. Baier of Arvin Calspan Advanced
Technology Center enthusiastically analyzed the cloud water
samples and provided useful discussion.
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Air chemistry and meteorology

ELMER ROBINSON and DAGMAR R. CRONN

Air Pollution Research
Chemical Engineering Department

Washington State University
Pullman, Washington 99164

The objective of this research, both in Antarctica and during
the California to New Zealand aircraft deployment operation,
was to conduct air chemistry studies related to meteorological
exchange processes in the troposphere and lower stratosphere,
especially in Antarctica. Atmospheric samples were collected
using both an LC-130 aircraft, AJC 131, and McMurdo-based
helicopters. Sample analysis was done primarily onsite at
McMurdo during the sampling program. Analyses included
the halocarbons F-li (CFC1 3 ), F-12 (CF2 C12 ), methyl chloro-
form (CH3 CC13 ), and carbon tetrachloride (CC1 4 ); nitrous
oxide (N2 0); and the C2 hydrocarbons, ethane, ethylene, and
acetylene. Aircraft sampling missions emphasized vertical
profiles and other sampling that would permit detailed exam-
ination of exchange processes between the land surface and
the atmosphere and between the troposphere and the strato-
sphere. The collected data have not yet been evaluated in
detail. Some preliminary results are presented briefly in this
article.

The Washington State University instrumentation on board
A/C 131 included a continuous ozone (0 3 ) analyzer, a strip-
chart recorder, two Metal Bellows vacuum pumps, and a con-
stant pressure manifold system. Halocarbon and hydrocarbon
sampling was done by pressurizing whole-air samples into
special 1-liter and 6-liter stainless steel canisters for subse-
quent analysis at the McMurdo laboratory.

Helicopter air sampling flights began on 31 October 1980
and continued until 4 December 1980. A total of 13 helicopter
flights were made; on each flight 12 samples were collected
between 100 feet and 10,000 feet. On the helicopter, the sample
inlet was on a landing skid forward of the pilot's canopy.

Figure 1 presents the plotted results from one helicopter
flight (over the Ross Ice Shelf south of McMurdo in November
1980). The plotted data show the results of analyses for F-li,
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Figure 1. McMurdo altitude profiles—Helicopter flight C, 7 Novem-
ber 1980. PPT = parts per trillion (1012); PPB = parts per billion
(10-9).

F-12, CH3 CC1 3 , CC14 , and N20- To the left is plotted the
temperature sounding as obtained from the pilot's cockpit
sensor. Wind from the McMurdo noon sounding is also
shown. The temperature profile indicates a weak inversion
layer to about 1,000 feet and then decreasing temperatures to
10,000 feet. The air chemistry samples show, in general, mark-
edly increasing concentrations through the surface inversion
(e.g., see the F-li and N 20 records). Between the top of the
surface layer and 10,000 feet there are also measurable changes
between sample altitudes. Sampling and analytical precision
were checked carefully, and duplicate samples were routinely
taken at 10,000 feet. For F-il there was agreement within 1
part per trillion for 75 percent of the samples. The other anal-
yses were also satisfactory. Thus, the type of pattern seen in
the F-il profile is believed to be generally representative of
conditions at this time.

This set of profiles is not unique in the data set; rather, it
is generally typical. However, in some of the other profiles
the surface layer (to about 1,000 feet) shows significant de-
creases in concentration, in contrast with the increases shown
in figure 1.

Since study of these situations is in its early stages, we are
not ready to explain how essentially nonreactive atmospheric
constituents such as the halocarbons can be found in layers
with significant concentration gradients. We intend to look at
synoptic weather patterns and at possible wintertime atmo-
spheric events that could affect the concentrations of tropo-
spheric constituents. One mechanism that could cause con-
centration changes is the injection of stratospheric air into the
troposphere. This has been observed through air chemistry
measurements on A/C 131 a number of times. Our experiences
on the 1980 C-130 flights in the vicinity of the polar jet streams
are described in the following section.

While A/C 131 was in Christchurch in October 1980 two
flights were made into the area of the polar jet stream circu-
lation. Both of these flights encountered circulation systems
where stratospheric air was subsiding into lower altitudes.
Twleve samples were taken on these flights to correlate with
the jet stream circulation. These samples, along with a number
of the samples from the Christchurch-to-McMurdo transit
flights, make a total of 27 samples that are applicable to a jet
stream-circulation analysis in the latitude zone of 34° to 60°S.
Figure 2 shows the results of comparing ozone and the halo-
carbon F-li concentrations in these samples in the vicinity of
jet streams. There is a strong inverse correlation (r = —0.91)
for these data. Although this ozone—F-11 correlation is strong,
there is not a good correlation between altitude alone and
either ozone or F-li, as shown by the altitude data indicated
beside each sample point. These more detailed data show a
pattern that seems to be similar to what has been seen in
previous years across the polar jet stream south of New Zea-
land. Here, stratospheric air, as indicated by high ozone con-
tent, subsides on the poleward side of the jet stream and is
injected into the troposphere. This stratospheric air is also
relatively low in halocarbons. Thus, these jet streams are areas
of mixing between the lower stratosphere and the upper tro-
posphere. Northern Hemisphere jet stream mixing has been
examined in detail by Danielsen (1968), and Singh, Ludwig,
and Johnson (1978) have proposed that this injection of strato-
spheric air is the major source of ozone in the troposphere.
There has been much less study of jet stream circulations in
the Southern Hemisphere, although Hogan and Robinson
(1981) have reported on some of the earlier results obtained in

,0p0o

6,000

Ur
4,000

I.-

2,000

1,000
500

0

1981 REVIEW	 189



2921 
\	FIGURES SHOW SAMPLE ALTITUDE

IN HUNDREDS OF FEET\ REGRESSION: F 1 • 176.1-0.093 (03)
'0.91

n $ 27 SAMPLES1300

0.
ISO,

252
WZ0N •282 252o	

\\25. 1220
2011

52l	243
25i222_ \ #-24

222	241
185 zp^

130	24.1
251,

45	ISO	155	160	165	170	175
F - Il ppt

Figure 2. Anticorrelation of ozone and F-li for samples taken
October 1980 in the vicinity of the jet stream, New Zealand area
(34°S to 60°S). PPT = parts per trillion (10_12); PPB = parts per billion
(10-9).

the antarctic C-130 studies. Figure 3 shows the results of a jet
stream transit in November 1977. Note the inverse relationship
between ozone and F-12. As shown by the wind record, this
intrusion of stratospheric air occurred on the pole side of the
jet stream. Over Antarctica the changes in the tropopause
through the winter also may play a role in the chemistry of the
troposphere. These topics are being actively investigated.

This research was supported by National Science Founda-
tion grant DPP 79-21003. In addition to the authors, the field
team included Fred A. Menzia, who helped operate the trace
gas laboratory at McMurdo and acted as science crew on some
flights.

The VXE-6 air crews on both the C-130 A/C 131 and the
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Figure 3. Comparison of F-12 mixing ratios with ozone and wind
speed near the jet stream. Study conducted 12 November 1977
during McMurdo-to-Christchurch flight. PPT = parts per trillion
(10 12); KTS = knots.

helicopters made important contributions to the program
through their conscientious performance of the planned sci-
ence flight plans.
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Automatic weather stations,
1980-1981

CHARLES R. STEARNS and MICHAEL L. SAVAGE

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

Automatic weather stations (Aws) are deployed in Antarctica
in support of research on barrier and foehn winds (Antarctica
Peninsula), mesoscale wind flow (McMurdo), and katabatic
winds (Dumont d'Urville, 66 040'S 140°01'E, and Dome Q. The
data also will provide an increased database for antarctic fore-
casters and southern hemispheric numerical models.

The AWS units measure air temperature, air pressure, wind
speed, and wind direction at a height of 3 meters above the

surface. The data are transmitted to polar orbiting satellites for
storage and retransmission to ground stations in McMurdo
and in the United States (Renard and Salinas 1977; Savage and
Stearns 1981).

Prior to austral summer 1980-81, six AWS units had been
deployed. During that season, four additional stations were
installed (see table).

The AWS units in the Antarctic Peninsula region are being,
installed by the British Antarctic Survey from Rothera. Four
AWS units were shipped to Rothera in the fall of 1980 and the
first unit, 8917, became operational at Rothera on 31 March
1981. The second unit, 8919, became operational on 25 May
1981. All units will be operated at Rothera for 1 month for
comparison to local meteorological observations before final
deployment around the peninsula (figure 1).

In the McMurdo area, AWS units at Marble Point and Asgard
have been operating since austral summer 1978-79. During
austral summer 1980-81, Michael Savage supervised the
deployment of three additional AWS units in an arc of approx-
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Current and proposed AWS deployments in Antarctica. Two units currently In operation at Rothera will be deployed to other sites

Elevation
Name
	 ID number

	 Location
	 (meters)

	
Deployment

Current AWS deployment
Marble Point
	

8906
	

770 26'S 163045'E
	

40 m
	 1978-79

Asgard
	

8908
	

77°36'S 161004'E
	

1,750 m
	 1978-79

Manning
	 8905

	
780 45'S 166051'E
	

60 m
	 1980-81

Meeley
	 8915

	
780 30S 170°10'E
	

20 m
	 1980-81

Ferrell
	

8907
	

78002'S 170048'E
	

10 m
	 1980-81

D-1 0
	

8901 66042'S 139050'E
	

267 m
	 1979-80

D-1 7
	

8900
	

660 44S 139042'E
	

438 m
	 1979-80

D-59
	

8916
	

680 12'S 137032'E
	

2,064 m
	 1980-81

Dome C
	

8904
	

74030'S 123000'E
	

3,280 m
	 1979-80

Byrd
	

8903
	

80000'S 120000'W
	

1,530 m
	 1978-79

Proposed AWS deployment
Ice Rise
	 66057'S 60036'W

	
50 m
	 Dec. 1981

Spine
	 67036'S 66000'W

	
1,540 m
	 Winter 1981

Fossil Bluff
	

71 0 20'S 68017'W
	

70 m
	 Dec. 1981

Butler Island
	

72004'S 60021'W
	

130 m
	

Dec. 1981
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Figure 2. AWS deployment—Ross Island area.
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Figure 1. Proposed AWS deployment—Antarctic Peninsula.

imately 100-kilometer radius south-southeast of McMurdo
(figure 2). The AWS at Asgard and Marble Point, as well as
those at Byrd and Dome C, were visited in order to replace the
Bendix aerovanes.

In the Dumont d'Urville area, AWS 8916 was deployed at
D-59 by a French traverse party. Aws 8901 at D-10 continues

to operate properly, but AWS 8900 at D-17 failed in June 1980
after 6 months of operation.

Aws data are received in real-time from the satellite at the
McMurdo Weather Office using the TIROS information proces-
sor (TIP) decoder designed and installed by Stanford University
scientists. On at least one occasion in 1980-81 an LC-130
flight from Christchurch, New Zealand, to McMurdo was can-
celed because the TIP readout indicated that a "Herbie" (blow-
ing snow) was moving toward McMurdo and would make
landing at McMurdo difficult or impossible.

The AWS data collected by the satellite are delivered to the
University of Wisconsin at monthly intervals. The raw data
are converted to scientific units and stored on magnetic tape
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for distribution to the principal investigators (R. J . Renard,
Naval Postgraduate School—McMurdo area; G. Wendler,
University of Alaska—Dome C to Dumont d'Urville; and C.
Stearns, University of Wisconsin- Antarctic Peninsula).
Three-hourly observations and monthly summaries are pre-
pared for each station for use by those involved with the AWS
program.

This work is supported by National Science Foundation
grant DPP 79-25040. The design, development, and early
deployments of the AWS were done by members of the Radio-
science Department, Stanford University, under the direction
of Allen M. Peterson. John Katsufrakis and Evans Paschal of
Stanford installed the TIP decoder at McMurdo and assisted in
the installation of AWS 8905 on the Ross Ice Shelf, and their
help is gratefully acknowledged. The support of the British
Antarctic Survey through Charles Swithinbank and Victor

August, who is carrying out the AWS deployments from Roth-
era, is greatly appreciated. The efforts of Joseph Boissiere of
the Expeditions Polaires Francaises in deploying D-59 and the
assistance of LTCDR Brad Smith and LT Bob Evans of the Naval
Support Force Antarctica in the deployments around McMurdo
also is appreciated.
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Katabatic wind measurements
in Antarctica

GERD WENDLER and JOAN G0sINK

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

A. POGGI

Laboratoire de Glaciologie
Universite de Grenoble

Grenoble, France

During the austral summer 1980-81 as part of a U.S.-French
joint experiment, two additional automatic weather stations
(Aws), built by Stanford University, were installed in Antarc-
tica to investigate the katabatic wind in the French antarctic
sector. The two stations were established on the slope at D47
(1,554 meters, 67°23'45" S 138°43'00"E) and D57 (2,064 meters,
68011'30"S 137033'05"E) between Dome C (3,215 meters,
74o305 123°00'E) and the coastal region, where stations had
been established during the previous year. For one of the
stations (D10, 267 meters, 66°42'S 139°50'E) the transmission
became sporadic; however, it did not result in a major loss of
data, because D17 (438 meters, 66 044'S 139°42'E), which is not
far from D10, gave very similar surface observation data. These
stations, together with four additional stations installed by the
French scientists in the coastal area near their main station,
Dumont D'Urville (66040'S 140°01'E), give, for the first time, a

comprehensive database reaching from a dome in excess of
3,000 meters to the ocean, against which models of the kata -
batic wind can be tested or with which new models can be
developed.

Further, two flights of an instrumented LC-130, both dedi-
cated to the katabatic wind project, were carried out in winter
1980-81 to obtain a better understanding of the vertical dis-
tribution of the wind; a precise understanding is, or course,
not possible with only surface observations. All but one of the
stations are holding up very well. The meteorological condi-
tions are extreme in the area. Dome C measured temperatures
below -70°C, but the winds are light and variable in direction.
Dome C is one of the calmest places of Antarctica, even though
its altitude exceeds 3,000 meters. Going down the slope, the
winds become stronger and more funneled. Normally the
winds are downslope, and in the coastal regions they can
exceed 35 meters per second for extended periods.

Using our data, selected models of katabatic flow were stud-
ied and their limitations and assumptions compared. Empha-
sis was given to the work of Ball, Radok, Schwerdtfeger, and
Manins, all of whom have developed steady state models. By
time-scale analysis, a more precise definition of katabatic
equilibrium flow was derived which may be used to determine
the applicability of these models. A preliminary attempt was
made to incorporate dynamic processes, including blowing
snow, inertial effects, and variations of slope angle into the
existing models.

This work was supported by National Science Foundation
grants DPP 77-26379 and DPP 81-00161. Fieldwork was con-
ducted by J . Gosink and R. A. Schmidt. J . Boissiere of Expe-
ditions Polaires Françaises installed the two new stations for
us, after having received training at Stanford University.
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The Geophysical Monitoring for Climatic Change (GMCC)

program maintains four remote baseline stations, including
one at the Amundsen-Scott South Pole Station. Part of the Air
Resources Laboratories of the National Oceanic and Atmo-
spheric Administration (NOAA), the GMCC program monitors
levels of various atmospheric trace constituents to determine
any changes in background levels relevant to climatic change
and the anthropogenic impact related to those changes. During
the 1979-80 season, carbon dioxide, surface ozone, solar
radiation, aerosols, meteorology, and halocarbons were mon-
itored continuously. A Data General (NOVA 1220) computer
was used for control, scaling, and data logging of the instru-
ment measurements (Herbert et al. 1981). Also, GMCC main-
tained cooperative programs with the U.S. Department of
Energy, Scripps Institution of Oceanography, the State Uni-
versity of New York at Albany, the University of Maryland,
the University of Arizona, NOAA Air Resources Labs, and the
University of California at Los Angeles. GMCC activities are
carried out at the Clean Air Facility (CAF), located 90 meters
upwind from the main station, in order to minimize local
contamination.

During the 1978-79 season the program was operated by
LuG J . C. Bortniak, NOAA Corps (observer) and C. Smythe
(engineer). In November 1979 they were relieved by LTJG W.

L. Hiscox, NOAA Corps, and G. M. Siedelberg, respectively.
This article gives a brief description of the continuous and

discrete measurement activities of CMCC.

1. Meteorology. Measurements were made of wind speed
and direction, pressure, moisture, air temperature, and snow
temperature. The wind and temperature sensors are located
on a 10-meter tower 30 meters grid 00 from the CAF. Continuous
atmospheric moisture measurements were made with a
Dupont 303 moisture monitor provided by the State University
of New York. The mean temperature from November 1979
through October 1980 was —49.5°C, with a low of —74.2°C and
a high of —19.2°C. Mean wind direction was 045° and mean
wind speed was 9.7 knots, with a maximum wind of 40 knots.
The maximum wind chill factor was —118.3°C. A wind rose of
the surface winds at the Clean Air Facility is shown in figure
1. The steadiness of the surface wind is readily seen.

2. Aerosols. Continuous measurements of the number con-
centrations of aerosols were made using a modified General
Electric condensation nuclei counter. Until late January 1980,
a four-wavelength nephelometer was used to measure the scat-
tering properties of aerosols. This marks the first time the
scattering properties of aerosols have been measured at the
South Pole (see figure 2). Discrete measurements of Aitken
nuclei concentrations were made three times a day in the
summer and two times a day in the winter months with a
Pollack counter (Bodhaine and Murphy 1980). A long-tube
Gardner counter also was used, but it proved ineffective in the

E

WIND FREQ.
S

Figure 1. Wind rose for the South Pole observatory in 1979 (Herbert
1980, p. 54). M/S = meters per second.

midwinter months of May through August; during these
months, concentrations of surface aerosols are reduced when
a strong surface temperature inversion prevents good vertical
mixing with aerosol-enriched air aloft.

3. Carbon dioxide. The Uras 2T CO 2 non-dispersive
infrared analyzer was put back on line in November 1979 and
was used for continuous carbon dioxide (CO2) measurements
throughout 1980. Also, 0.5-liter flasks were aspirated by hand

• -------
....uII-uIIlUll! WA!Il

Figure 2. Daily geometric mean condensation nuclei concentration
(bottom), four wavelength aerosol light scattering (middle), and
angstrom exponent (top)for 1979 at the South Pole. Note the event
that occurred in early August and the corresponding large peak in
light scattering, which suggests that there were increases in the
larger atmospheric aerosols that cause high light scattering.
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and by vacuum pump at regular intervals. In March 1980 a
CO2-in-air reference tank was added to the weekly calibration
as a surveillance gas.

daily using a sun photometer at 380- and 500-nanometer wave-
lengths.

4. Ozone. During the austral summer, total ozone measure-
ments were taken three times a day at the South Pole using a
Dobson spectrophotometer. Focused moon observations were
made when possible during the austral winter. Surface ozone
measurements were made continuously using a Dasibi pho-
tometer.

5. Solar radiation. Solar irradiance was monitored contin-
uously using four Eppley global pyranometers with quartz,
GG-22, OG-1, and RG-8 Schott glass hemispheric filter domes,
an Eppley ultraviolet pyranometer with diffusing disk and an
Eppley normal incidence pyrheliometer mounted on a solar
tracker (see figure 3). In addition, discrete measurements were
made three times daily using a pyrheliometer with a rotating
filter wheel containing quartz, OG-1, RG-2, and RG-8 filters.
Discrete measurements of turbidity were also made three times

6. Halocarbons. Three-hundred-milliliter flasks were used
to collect samples of CFC-11, CFC-12, and nitrous oxide once
a week in summer and twice a month in winter for analysis at
the NOAA GMCC central laboratory in Boulder.

7. Instrument Control and Data Acquisition System (IcDAs).
Continuous measurements are fed into ICDAS for real-time
scaling and then are transferred to magnetic tape for transport
to Boulder. In addition, ICDAS initiates and monitors instru-
ment calibrations. Through the use of preventive maintenance
and a well-stocked spare parts supply, ICDAS had an online
efficiency of 98.9 percent.

The building facility housing the GMCC program at the South
Pole is supported by the National Science Foundation. For a
review of all GMCC activities see Herbert (1980). Data from past
years have been archived and are available from the World
Data Center in Ashville, North Carolina.

SPO NIP
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Figure 3. Solar irradiance of the normal Incidence pyrheliometer (NIP) for a 5-day period, from 1 through 5 November 1980. The lowest
excursions represent shadows cast on the NIP from sampling stacks on the roof of the Clean Air Facility. MW/CM xX2 = milliwatts per
square centimeter.
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Atmospheric processes and energy
transfers at the South Pole

JOHN J . CARROLL

Department of Land, Air, and Water Resources
University of California
Davis, California 95616

During the past year I continued several aspects of a study
of the lower atmosphere at the South Pole, as reported in
previous issues of this journal (see, e.g., Carroll 1980). The
investigation of surface albedos has been extended to consider
the effect of periodic surface macroscale structures (i.e., rip-
ples) on the effective shortwave albedo of liquid water and
snow surfaces (Carroll 1981b). Preliminary results of this work
indicate that at low latitudes, the effect of surface ripples is to
increase weakly the effective albedo. At high latitudes, a rip-
pled surface absorbs significantly more radiation than does a
flat surface. The magnitude of the effect depends on the
amplitude of the ripples, the dependence of the surface reflec-
tivity on angle of incidence of the radiation, and the orienta-
tion of the axis of the ripples.

I have completed analysis of the mean energy balance com-
ponents and related atmospheric variables and parameters
obtained between March 1975 and December 1977. A descrip-
tion of all data processing procedures has been prepared (Car-
roll 1981c) and tables of daily mean values of these quantities
have been published (Carroll and Eby 1981).

I have continued efforts to model the atmospheric boundary
layer/snow layer energy transfer processes and have revised
the prototype model reported previously (Carroll and Fitzjar-
rald 1979), and am now comparing model predictions and a
real sequence of events recorded at the South Pole. The model
is driven by the pressure gradient determined from the
observed, time-dependent, 500-millibar wind, the observed

changes in surface net radiation, and the observed snow tem-
perature at 100 centimeters. Initial fields are established from
measured snow temperature profiles, air temperature and
wind profiles to 8 meters, and radiosonde temperature and
wind data up to 500 millibars. Preliminary results (Carroll
1981a) indicate that the surface fluxes of heat and momentum
vary in the correct sense, but with less amplitude than those
estimated from surface layer observations. A major discrep-
ancy is that the turbulence model rapidly reduces the temper-
ature gradient in most of the outer layer, whereas this is not
generally observed.

This work was supported by National Science Foundation
grants DPP 77-19362 and DPP 80-90525.
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Airborne measurements of particle
size distributions in noneruptive

volcanic emissions

LAWRENCE F. RADKE

Cloud and Aerosol Research Group
Department of Atmospheric Sciences

University of Washington
Seattle, Washington 98195

The size distributions of particles in the atmosphere play an
important role in determining their effects on atmospheric
processes. Volcanic emissions are an important source of these
particles. While violent, explosive, volcanic eruptions are the
most spectacular source of such particles, the much quieter,
semicontinuous emissions that emanate from some volcanoes
over periods of many years between eruptive activity are a
significant source of atmospheric particles (Stith, Hobbs, and
Radke 1978). In remote regions such as the Antarctic, semi-
continuous emissions take on heightened importance. This
article describes the data obtained from some airborne mea-
surements of particle size distributions in the semicontinuous
emissions from Mount Erebus, in the Antarctic, and from
several volcanoes in New Zealand; in addition, these mea-
surements are compared with measurements of emissions
from a number of volcanoes in the Northern Hemisphere.

It was with the dual intention of (1) increasing the number
of continuously emitting volcanoes being monitored and (2)
assessing their impact on remote locations that particle and
trace gas measuring equipment was added to the instrumen-
tation aboard the LC-130R aircraft used by the National Science
Foundation for scientific research in the Antarctic. The instru-
ments provided measurements of the distribution of particles
ranging from 0.09 to 10 micrometers in diameter, Aitken
nucleus concentrations, light scattering coefficients, and sulfur
gas concentrations.

Measurements were made in the emissions from the White
Island and Ngauruhoe volcanoes in New Zealand and from
Mount Erebus on Ross Island. These are strato-volcanoes with
similar recent histories of nearly continuous activity. Although
the emissions from all three volcanoes are visible, they were
visually quite different. White Island steamed vigorously and
produced a white, hazy plume. Mount Erebus almost certainly
had a lava lake within the crater and produced a persistent,
light blue plume. Ngauruhoe, the quietest of the three, pro-
duced only an intermittent sulfurous steam plume that was
nearly invisible after it had traveled a few hundred meters.

Despite these differences, the particle size distributions
measured in the emissions from these and other nonerupting
volcanic vents that have been studied appear remarkably simi-
lar. This can be seen in the data shown in figures 1 and 2. For
comparative purposes, the size distributions shown in these
two figures have been normalized to give the concentration at
the centerline of the plume at a distance of 10 kilometers from
the source (using the method described by Turner 1970).

Figure 1 shows the measurements for White Island and
Mount Erebus and the measurements from three volcanoes in
the Northern Hemisphere (Mount St. Augustine, Mount St.
Helens, and a volcanic maar in Alaska). All five of these vol-
canoes had erupted within about a year from the time the

Figure 1. Particle size distribution for the semicontinuous emis-
sions from five volcanoes that had erupted within about a year of
the measurement. in each case, the concentrations have been
normalized to centerline at 10 kilometers from the source. Curve
: Mount St. Augustine, Alaska, 17 February 1976 (from Stith,

Hobbs, and Radice 1978). Curve ii: Volcanic maar eruption near
Mount Peulik, Alaska, 9 April 1977 (from Stith at al. 1978). Curve
sF1: Mount St. Helens, Washington, 29 August 1980 (from Hobbs et
al. 1981). Curve Wi: White Island, New Zealand, 15 October 1980.
Curve : Mount Erebus, Ross Island, Antarctica, 5 November 1980.
N = number; D = particle diameter; CM-3 = per cubic centimeter;
gm =micrometers.

measurements shown in figure 1 were obtained. The shapes
of the five particle size distributions are rather similar (partic-
ularly over the diameter range 0.1-1 micrometer). The higher
particle concentrations at diameters greater than 1.0 microm-
eter in the emissions from White Island and Mount St. Augus-
tine suggest that these samples contained some ash. The color-
ation of the plume from Mount Erebus—and the fact that its
coloration depended on viewing angle— is certainly due to the
comparatively low concentrations of particles of sizes less than
- 0.1 micrometer. Chemical analysis of the Mount Erebus
aerosol showed its composition to be mainly sulfuric acid.
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Figure 2 shows particle size distributions measured in the
emissions from Ngauruhoe and five noneruptive volcanic
emissions in the Northern Hemisphere. None of these volcan-
oes had erupted violently within less than 6 years of the time
emissions were measured.

Comparing the distributions shown in figures 1 and 2 it can
be seen that the concentrations of particles less than 0.1
micrometer in diameter are appreciably greater in the case of
volcanoes that had erupted more recently. These small particles
probably are due both to gas-to-particle conversion within
and near the source and to the products left behind after
"steam" droplets evaporate. The gas-to-particle conversion
mechanism probably dominates for the cases shown in figure
1, where the emission fluxes of sulfur gases were greater than
1 kilogram per second (except for the maar eruption, which
had a very large steam plume and only slight trace gas emis-
sions). The primary trace gas in the emissions from the vol-
canoes shown in figure 2 was hydrogen sulfide. This gas is
thought not to play a role in gas-to-particle conversion over
short transit distances. Therefore, it appears that more of the
particles in these plumes were mechanically ejected from the
volcanoes by the steam jets or were the products of evaporation
of steam and brine droplets.

The measurements from the plumes from the Icelandic vol-
canoes shown in figure 2 are exceptional in that both the
concentrations or particles and trace gas in these plumes were
low, despite average fluxes of steam.

The observations of noneruptive volcanic emissions
described in this article should help define the range of emis-
sions and the impact on the troposphere of the more than one
hundred similar sources worldwide.

Measurements in New Zealand and Antarctica were sup-
ported by National Science Foundation grant DPP 79-20857. I
thank J . Russell, field engineer, and the VXE-6 crews who flew
and maintained the aircraft. I also thank Peter V. Hobbs for
his scientific advice and J . Lyons for help with data reduction.

References

Figure 2. Particle size distributions for the semicontinuous emis-
sions from five volcanoes that had not erupted recently. In each
case, the concentrations have been normalized to centerline at 10
kilometers from the source. Curve MAG: Mount Mageik, Alaska, 21
April 1977 (from Stith, Hobbs, and Radke 1978). Curve MAR: Mount
Martin, Alaska, 21 April 1977 (from Stith, Hobbs, and Radke 1978).
Curve : Ngauruhoe, New Zealand, 23 October 1980. Curve a:
Mount Baker, Washington, 30 June 1976 (from Radke, Hobbs, and
Stith 1976). Curve : Kverkfjoll, Iceland, 25 June 1979. Curve :
near Laufafell, Iceland, 25 June 1979. (Abbreviations on axes are
explained in figure 1.)

Hobbs, P. V., Radke, L. F., Eltgroth, M. W., and Hegg, D. A. 1981.
Airborne studies of the emissions from the volcanic eruptions of
Mt. St. Helens. Science, 211, 834-836.

Radke, L. F., Hobbs, P. V., and Stith, J. L. 1976. Airborne measure-
ments of gases and aerosols from volcanic vents on Mt. Baker.
Geophysical Research Letters, 3, 93-96.

Stith, J. L., Hobbs, P. V., and Radke, L. F. 1978. Airborne particle and
gas measurements in the emissions from six volcanoes. Journal of
Geophysical Research, 83, 4009-4017.

Turner, D. B. 1970. Workbook of atmospheric dispersion estimates (Pub-
lication AP-26, NTIS No. 5503-0015). Washington, D.C.: Environ-
mental Protection Agency.

1981 REVIEW	 197



Atmospheric infrasound

CHARLES R. WILSON

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

A digital data acquisition and analysis system based on a
DEC PDP 11/03-L microcomputer was installed at the cosmic ray
building at McMurdo Station in November 1980. The system
logs and analyzes in real-time infrasonic wave data teleme-
tered in from a six-microphone array at Windless Bight on the
Ross Ice Shelf. Every 2 minutes the microprocessor system
provides a hardcopy printout giving the infrasonic wave
parameters of trace velocity, azimuth of arrival, amplitude,
period, and degree of waveform coherence for signals that
have been detected by a least-squares algorithm for identifying
coherent waves in the six-microphone time-series data. This
new digital infrasonic system is capable of sensing infrasonic
waves in the period range from 1 to 200 seconds with ampli-
tudes as low as one-half microbar.

A new Sentinal 25-watt radioisotope thermoelectric gener-
ator (RTG) was installed in an 8-foot by 16-foot instrument hut
(see figure 1) in Windless Bight, at 167°40'E 77°45'S, to provide
power for the infrasonic microphone array electronics and the
six-channel telemetry system. The real-time analysis capability
of the digital system and the digital recording of the infrasonic
microphone data on magnetic tape at McMurdo Station make
it possible to conduct onsite studies of the morphology of the
various types of atmospheric infrasonic waves and also to carry
out additional analysis of the infrasonic digital data back at
the University of Alaska laboratory.

The digital infrasonic data tapes that were recorded at
McMurdo Station prior to the closing of the mail in March 1981
have been analyzed. Infrasonic waves have been identified
from auroral electrojet motions in the lower ionosphere, vol-
canic eruptions, marine storm sea-wave activity, and moun-
tain-lee wave sources.

Standing wave patterns on the sea surface during marine
storms produce, in the atmosphere, infrasonic waves of 6-

-,-'

Figure 1. Infrasonic hut in Windless Bight housing the radioisotope
thermoelectric generator and the telemetry equipment.

second period that will propagate great distances in the strato-
spheric sound channel. The storm centers that produce these
waves—or microbaroms, as they are called—are within the
quasistationary lows in barometric pressure at sea level that
lie off the coast of Antarctica. (See figure 2 for map showing
quasistationary lows in January.) The expanded sensitivity
range of the new infrasonic system in Windless Bight allows
us, for the first time, to observe microbaroms from antarctic
marine storms. In figure 3 the azimuth of arrival (the direction
from which the waves have come) and the horizontal trace
velocity Vh (defined as Vh = C sec a, where C = local sound
speed and a = angle between the wave vector and horizontal)
are plotted for all the microbarom wave packets for which the
correlation coefficient (a measure of the coherence between
the waveform at pairs of microphones) was greater than 0.6
during the period 8 December 1980 to 9 May 1981. Because of
the very large number of microbarom wave packets observed
from the direction of the Ross Sea low (around 1,660 in all) and
the Bellingshausen Sea low (around 150), not all the data are
plotted in the figure; however, there are enough points to give
a general idea of the variation of both number of microbarom
events and horizontal trace velocity with azimuth of arrival.

From the location of the low pressure areas shown in figure
2, it can be determined that these four storm-producing
regions subtend the following angles, as seen from the Wind-
less Bight infrasonic microphone array: Ross Sea low, 15°-50°;
Bellingshausen Sea low, 110°-140°; south Atlantic Ocean low,
190°-240°; and south Indian Ocean low, 250°-290°.

The microbarom data, a sampling of which is plotted in
figure 3, show that storms in the Ross and Bellingshausen Seas
are strong sources of microbarom infrasound. Microbarom
events from the Ross Sea are numerous and at times persist
for many days. The Ross Sea low is much closer to the infra-

Figure 2. Mean sea level pressure for January period in Antarctica
showing quasistationary lows (World Survey of Climatology, Vol.
14,1972; New York: Elsevier).
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Figure 3. Horizontal trace velocity, in meters per second, for micro-
baroms observed at Windless Bight from 8 December 1980 to 9
May 1981.

sonic array than the other lows are; thus, one would expect
more microbarom events from the Ross Sea sources.

Propagation conditions play a very important role in deter-
mining whether or not microbaroms from a particular source

are observed. The horizontal trace velocity measured for a
particular microbarom wave packet is equal to the scalar sound
speed at the height of reflection of the ray path plus the com-
ponent of the wind speed at the reflection level in the direction
of propagation of the wave. Thus, the average trace velocity
for the microbaroms from the Ross Sea (about 350 meters per
second) is higher than that for microbaroms from the Bellings-
hausen Sea (about 300 meters per second). This is because the
propagation path from the Ross Sea storms to the infrasonic
microphone array is, on the average, parallel to the strato-
spheric winds, while the propagation path from the micro-
barom-producing storms in the Bellingshausen Sea to Wind-
less Bight is parallel to the stratospheric winds but flows in
the opposite direction. Thus, one would expect that the trace
velocity of microbaroms from the Bellingshausen .Sea would
be diminished with respect to those from the Ross Sea.

Although this statistical picture of the variation of micro-
barom trace velocity as a function of propagation path relative
to the mean stratospheric flow is crude, it is suggestive of
studies that could be made when upper air wind data become
available. It is anticipated that by studying the seasonal vari-
ations in the microbarom trace velocity from the different
storm centers around Antarctica we can say something about
the seasonal morphology of the mean stratospheric flow.

This research was supported by the Air Force Office of Sci-
entific Research, contract AFOSR 80-0125, with logistical sup-
port by the National Science Foundation, Division of Polar
Programs. C. Wilson, D. Spell, and D. Osborne worked in the
field between 14 November and 8 December 1980. S. Fullerton
was the winter-over operator.

Atmospheric composition using
infrared techniques

DAVID G. MURCRAY, FRANK J . MURCRAY, FRANK H. MURCRAY,

and D. BoyD BARKER

Department of Physics
University of Denver

Denver, Colorado 80208

University of Denver researchers carried out two experi-
ments last season: continuation of the observations from South
Pole Station and measurements from the research aircraft. Both
experiments measure trace gases in the atmosphere to help
assess the impact of human activities. The Antarctic offers
unique access to a polar atmosphere and the lowest pollution
levels in the world.

The major components of the atmosphere—nitrogen and
oxygen—are transparent to infrared radiation. Experiments
that measure the infrared properties are sensitive only to the
minor gases—water vapor, carbon dioxide, methane, nitrous
oxide, and ozone—and trace gases. Our experiments are of
the remote sensing type; they are sensitive to these gases at all
altitudes along the observation path.

A high-resolution, infrared spectrometer system was oper-
ated from the clean air facility at Amundsen-Scott South Pole
Station. This was the third year of observations (Murcray,
Murcray, and Murcray 1980; Murcray et al. 1979). The spec-

trometer measures the infrared radiation arriving at the Earth's
surface from the sun; radiation is absorbed along the entire
atmospheric path. The 3 years of observations have covered
500 to 2,000 wavenumbers (cm- 1 ) (20 to 5 micrometers) with
an instrument resolution of 0.02 wavenumber (cm - '). The
observed spectrum contains several thousand absorption
lines, which can be identified with the various atmospheric
gases. A section of the spectrum is shown in figure 1.

SOUTH POLE STATION	 5 DECEMBER 1980

860	864	868	872	876	880	884	888	892	896	900

SE4VENUMBER (c"

Figure 1. A short section of the infrared solar spectrum observed
from the South Pole. Most of the absorptions in this frame are due
to nitric acid; a few features are due to water vapor.
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Water vapor over the South Pole

H20 amount
Date	 (millimeters of precipitable water)

1 Dec 1978	 0.10
3 Dec 1978	 0.10

27 Nov 1979	 0.48
5Dec 1980	 0.35

One region of the spectrum has been observed in each of
the past 3 years. These data have been analyzed for the amount
of water vapor over the South Pole. As data in the table show,
the measured amounts are extremely low. Since water vapor
is one of the primary interferences for infrared astronomical
observations, the low water vapor amounts, plus high altitude,
make the South Pole a promising observation site. This is
further evidenced by the detection of solar emission lines from
our data (Murcray et al. in press) and the observation of solar
hydroxyl (OH) absorption lines (Goldman et al. in press).

The December 1980 spectra were analyzed for nitric acid
(HNO:) content. HNO3 is located primarily in a layer in the
stratosphere. The total amount is at a minimum at the equator
and increases toward both poles, and is larger in the winter
than in the summer. Figure 2 shows the results of a series of
aircraft measurements made in 1974, along with the South Pole
observation. The HNO: amount over the Pole is larger than
what we have observed elsewhere.

The research aircraft carried a spectrometer, cooled with
liquid helium, which measures the thermal emission of the
atmosphere. The emission depends on the amount of minor
and trace gases present. The spectrometer was also operated
in the 1978-79 season.

Measurements were made from the aircraft from California
to McMurdo and around the Antarctic Continent. Bad weather
at McMurdo limited the amount of data that could be obtained
this season. These data are being analyzed for fluorocarbons
11 and 12, HNO:, and O. The HNO: results will be useful in
understanding the large amount at the Pole, by showing
whether there is a sharp or a gradual increase from midlatitude
concentrations.

This research was supported in part by National Science
Foundation grants OFF 79-20187 and OFF 79-24307. Authors F.
J . Murcray and F. H. Murcray were in the field 11 November
to 15 December 1980; Barker was in the field during October
and November 1980.
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Figure 2. Nitric acid (HNO 3) amounts from various latitudes. Open
circles are measurements taken in 1974 during aircraft flights.
Black circle is the South Pole result from December 1980.
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X-band weather radar—Palmer
Station operation in the forecasting

mode
JOSEPH A. WARBURTON, ELSI REINHARDT, and L. G. YOUNG

Desert Research Institute
University of Nevada System

Reno, Nevada 89506

A fully computerized weather radar system having a wave-
length of 3 centimeters was installed at Palmer Station in 1977.

It operated successfully for three field seasons, obtaining data
on movements and intensities of storm systems as they
approach the Antarctic Peninsula in the vicinity of Palmer
Station. Data from two of these three seasons are being ana-
lyzed to study cellular structure of storms and the effect of the
mountain barrier on storm motions.

During the 1980-81 season, the radar system was modified
to provide weather forecasting capability to the station. This
involved installation of a storage oscilloscope display and a
time-lapse camera for recording precipitation echoes during
storms. The iso-echo contour display system was kept intact,
and the antenna could be operated in either a 360° or sector-
scanning mode. The Desert Research Institute (DRI) did not
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provide personnel for the winter-over program in 1980-81, so
agreements were made with Stanford University for their per-
sonnel to operate the radar system on an "as required" basis.
Necessary test equipment and calibration devices were avail-
able for maintaining the equipment in working order.

Data analysis continued on digital radar data taken in the
previous years. Two types of analyses were performed, one
using the Massachusetts Institute of Technology radar labo-
ratory facilities (with kind permission of Spiros Geotis and his
staff), the other using DRI computing facilities recently devel-
oped for this purpose. An example of the type of data display
generated by the second system is shown in the figure. Each
data point is obtained by averaging the reflected signal over
the equivalent of 1 square kilometer of the antenna beam. The
vertical projection of the data point above the base plane is
proportional to the radar reflectivity. The radar is located
approximately at the center of the display. The diagram is
oriented grid north-south as shown and covers an area of
approximately 2,500 square kilometers, the range being lim-
ited to that over which range corrections could be satisfactorily
applied to the data.

An attempt was made to obtain measurements to investigate
the relationship between radar reflectivity (Z) and precipita-
tion rate (R). The relationship is of the type Z = kR b ; for
snowfall in the U.S. midwest, K is approximately 1,000 and b
is approximately 2.2. However, this relationship is not well
established for a broad variety of snowfall conditions. An ice
crystal replicator was installed at the British Faraday Base,
some 60 kilometers south of Palmer Station, to record precip-
itation rates and ice crystal types, since these were needed for
determining the equivalent raindrop size distributions
needed for calculating and interpreting the Z-R relationships.

We had really excellent cooperation from the United King-

NOMM

/

A three-dimensional radar reflectivity computer graphics display
of a precipitating snowstorm surrounding Palmer Station. The
higher intensity echoes toward grid north were produced by the
glacier behind the station.

dom personnel at Faraday, but, unfortunately, the wind veloc-
ities at that base during precipitation periods were usually so
strong that precipitation rate measurements were very difficult
to obtain, and the crystal replicator was unable to obtain good,
reliable ice crystal information. In order to perform these
important measurements it will be necessary to redesign the
experiment for a tighter experimental control at Palmer Station
itself.

This research was supported by National Science Founda-
tion grant DPI' 78-21718.
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Upper atmosphere studies________________

Siple Station magnetospheric
physics campaign

D. L. MATFHEWS

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

A large-scale program in magnetospheric physics, including
active experiments by the Siple very-low-frequency (VLF)
transmitter and measurements made on the ground and in
balloons at Siple and its conjugate point, Roberval, and in
rockets at Siple, was carried out in the 1980-81 austral summer.
It was successful beyond expectation.

This article summarizes the Siple campaign, with emphasis
on the Nike-Tomahawk rocket results. Other reports in this
volume cover other programs in the campaign. New and sig-
nificant results were obtained by every participating experi-
ment.

The objectives of the campaign are set forth in table 1. Listed
in table 2 are the experiments. The rocket and balloon oper-
ations were specific to the campaign, as was the tracking
receiver/direction-finding operation at Siple; others are con-
tinuing programs. The latter were in continuous operation

Table 1. Objectives of the magnetospheric physics campaign

Observe and improve understanding of magnetospheric wave-
particle interactions from ultra low frequency to low frequency.
Obtain full-vector electromagnetic characterization of whistler-
made waves in situ in the ionosphere, including Poynting vector.
Observe and account for differences in form of whistler-mode
emissions as observed in the ionosphere and on the ground.
Measure the Jupiter very-low-frequency transmitter efficiency
below the ionosphere.
Observe and measure the efficiency of conversion from free-
space electromagnetic waves below the ionosphere to whistler-
mode waves in the ionosphere.

6. Estimate the extent over which ducted very-low-frequency waves
spread out between the duct exit point and ground- or balloon-
based receivers.

7. Compare data on waves, particles, and direct-current electric
fields observed simultaneously at Siple and its magnetic conju-
gate (Roberval, Quebec) and account for differences and simi-
larities in terms of an interaction model. Observe and account for
any effect of direct-current electric field on conjugacy.

through the summer. A total of 15 balloons were launched; in
one case, simultaneous observation of direct-current (dc) elec-
tric field was achieved at both ends of the field line. A variety

18.205	10 JAN 81
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Spectrograms of very-low-frequency (VLF) echoes and emissions
triggered by the Siple VLF transmitter, as observed in a Nike-
Tomahawk (N-I) rocket at Sipie and on the ground at both ends of
the field line (Si = Siple, RO = Roberval). Bx is a transverse com-
ponent of the magnetic field. The rocket was at 193 kilometers
altitude.
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Table 2. Experiments conducted during the magnetospheric physics campaign

Particles

Institution/principal
Site	Vehicle	Experiment	 investigator	Vehicle

Siple airborne	N-T rocket	Electron analyzer University of Maryland!	N-T rocket
Matthews

Balloon	Bremsstrahlung	University of Maryland!	N-T rocket
X-ray	 Rosenberg

Arcas rocket Bremsstrahlung	University of Houston!	N-T rocket
X-ray	 Sheldon

Balloon

Balloon

Siple ground-based -	Riometer	University of Maryland!	-
Rosenberg

Waves

Institution/principal
Experiment	investigator

VLF and DC	Cornell University/Kelley
vector E;
n!n

LF vector E	University of Oslo!
(40-250	Egeland
kilohertz)

VLF vector B	University of
Southampton!Rycroft

DC vector E;	University of Houston!
VLF receiver	Bering

VLF receiver	University of Oslo!
Egeland

"Jupiter" VLF Stanford University!
transmitter	Helliwell

VLF tracking	Stanford University!
receiver!DF	Helliwell

VLF broadband Stanford University!
receiver	Helliwell

Fluxgate	Bell Labs!Lanzerotti
magneto-
meter

Search-coil
	

University of New
magneto-	Hampshire!Arnoldy
meter	and University of

Minnesota/Cahill
Vector DC	University of California-

electric	Berkley!Mozer
field

VLF	Stanford University!
broadband	Helliwell
receiver

Fluxgate	Bell Labs!Lanzerotti
magneto-
metera

Search-coil	University of New
magneto-	Hampshire!Arnoldy
meter	and University of

Minnesota/Cahill

Conjugate region
	Balloon	Bremsstrahlung	University of	 Balloon

X-ray	 Wash ington!Parks

-	Riometer'	University of Maryland!	-
Rosenberg

Auroral
	

Stanford University!
photometer	Helliwell

HF sounder	Utah State University!
Stiles

a Longitudinal chain, L = 3-4.4.

of correlations was found on other flights among particle pre-
cipitation and VLF and ULF wave activity.

The rocket launches were made during periods of magne-
tospheric wave activity triggered by the Siple transmitter.
Interesting natural activity was also present on some of the
flights. By agreement in the field among the participating
scientists, the last Nike-Tomahawk rocket was reserved for a
"pure" condition of transmitter triggering, which was actually
attained a few days before termination of the campaign. Two
observations of transmitter-triggered emissions during this
flight are shown in the figure. The upper portion gives data
obtained while the transmitter was emitting 1-second steady
tones at four successively decreasing frequencies followed by
a rising ramp. After about 5.5 seconds, the amplified two-hop
echoes were seen at Siple in the rocket (top) and on the ground
(middle). The regularly spaced lines at about 0.3-second inter-
vals in the top trace were caused by vehicle rotation. The
triggered emissions seen on the ground were more structured,
while there was a marked, unique hiss component, triggered
at the lower frequencies, in the rocket data. At Roberval (bot-

tom), the one-hop structured emissions were different. A mul-
tiple whistler (a natural event unrelated to the transmitter)
seen from the rocket was almost undetectable on the ground.
This whistler may help determine where the plasmapause was
at the time.

The remarks about the triggered activity and the hiss also
apply to the lower portion of the figure, which shows a trans-
mitted slowly descending ramp. Additional remarkable fea-
tures are the 0.6-second periodic structure in the returning
wave at Siple (a structure not seen at Roberval), the linearly
descending tone starting near the end of the returning ramp,
and the presence of a second (four-hop) echo. Six-hop echoes
were also seen several times.

Telemetry and vehicles, plus ground station and launch
facilities and personnel for the Nike-Tomahawk rockets, were
provided by the National Aeronautics and Space Administra-
tion (NASA) Goddard Space Flight Center. Support for the
Superarcas launch operations was provided by NASA Wallops
Flight Center. The University of Maryland rocket work was
supported by NSF grant DPP 80-13722.
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Balloon measurements from Siple
Station during the 1980-1981

magnetospheric physics campaign

T. J . ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Balloon measurements of bremsstrahlung X-rays, direct-
current electric fields, and very-low-frequency (VLF) radiowave
emissions were made at Siple Station in December 1980 and
January 1981 as a cooperative effort of the Universities of Mary-
land, Houston, and Oslo. Field personnel included D. Detrick,
L. Lutz, D. Matthews, T. Rosenberg, and J . Siren of the Uni-
versity of Maryland and J. Benbrook, E. Bering, J. Roeder, W.
Sheldon, and E. Stansbery of the University of Houston. Mea-
surements of electric fields and X-rays covering a limited por-
tion of the Siple observations were obtained from balloon
flights in the conjugate region, conducted jointly by the Uni-
versities of California and Washington.

A summary of the Siple flights and information regarding
the conjugate measurements is given in the table. The duration
of most of the antarctic flights was 20-40 hours. Consequently,
comprehensive coverage was available at all local times for
comparisons with VLF transmissions and ground-based
recordings.

The processing and analysis of data from this flight series
are still in a very early stage. Some highlights of the Siple
balloon data and related ground-based measurements include
examples of the conjugacy of wave-particle correlations among
X-ray microburst/pulsation activity, VLF radiowave emissions,
and ultra-low-frequency (uLF) magnetic and electric field pul-
sations; the relationship of impulsive relativistic electron pre-
cipitation to the onset of a magnetic storm main phase; evi-
dence of the drift of small-scale precipitation regions; the local
time dependence of ionospheric absorption and its relation to
the flux and energy spectrum of precipitated electrons; and the

relationship of observed VLF emission features to the spatial
separation of balloon and ground receivers.

Information on the location and drift rate of balloons with
respect to Siple is needed in order to interpret properly the
effects arising from the spatial separation of balloon and
ground measurements. Such information was obtained in sev-
eral cases by onboard ranging instruments. The figure illus-
trates the range and bearing data for flight 7 (see table). The
mean wind speed for all flights, once the nominal float altitude
(, 10 millibars) was reached, was 10 knots. However, it wasIV

not uncommon, as is seen in the figure, for the balloon to

0 W	I	I	I	I	I	I	I	I	I	I	I	I	I	100
16 20 00 04 08	12 16 20

—'-Dec 31,19801 Jan. I, 198H'-UNIVERSAL TIME

Range and bearing of Siple balloon flight 7. The balloon was
launched at 1606 universal time (ur) on 31 December 1980 and
reached a stable float altitude of 9 millibars at 1808 UT to the east
(geographically) of Siple Station. From this time on, the balloon
drifted in a nearly constant westward direction at a mean speed
of approximately 10 knots.

Siple
flight

number

2
3b
4
5C
6
7
8
9

11
12

Launch date/
universal

time

11 Dec./0736
12 Dec./0629
15 Dec./0857
19 Dec./0925
30 Dec./0914
31 Dec./1 606
5 Jan./1114
7Jan./1 103

13 Jan./0230
14 Jan./0312

Flight summary, 1980-81

End date/
universal

time

11 Dec./1102
13 Dec./1100
16 Dec./0020
20 Dec./1 335
31 Dec./1715
1 Jan.!2100
7 Jan./01 30
7 Jan/i 500

14 Jan./1400
15 Jan./1249

Duration
(hours)

3.5
27.5
15.5
28
32
29
38

4
35.5
35.5

Instrumentation

X-ray/E-field/vLF
X-ray/E-field/vLF
X-ray/VLF
X-ray!E-field/vLF
X-ray/VLF
X-ray!E-field/vLF
X-ray/VLF
X-ray/E-field!vLF
X-ray/VLF
X-ray/VLF

aConjugate X-ray/E-field, 11 December, 0834-1350 universal time.
bconjugate X-ray!E-field, 12 December, 0842-1257 universal time.
CConjugate X-ray!E-field, 19 December, 1245-1434 universal time.
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stagnate for 1-2 hours at intervals of approximately 6 hours as
if it had encountered the nodes of a wave propagating slowly
in the azimuthal (westward) direction. Continuous measure-
ment of winds at the 10-millibar level in the atmosphere over
Antarctica (at 76°S) for extended intervals is rare, if not non-
existent. Thus, these results may have significance for mete-

orologists concerned with the dynamics of the polar strato-
sphere.

This work was supported in part by National Science Foun-
dation grants DPP 79-25014 and DPP 80-12901 and by Office of
Naval Research contract N00014-77-C-0423.

Whistler mode waves above the
Siple Station VLF transmitter

P. M. KINmER, R. BRnrAIN, and M. C. KELLEY

School of Electrical Engineering
Cornell University

Ithaca, New York 14853

The Earth is surrounded by a region of plasma that radically
affects the propagation of low-frequency electromagnetic
radiation. The plasma consists of two components—a low
energy (thermal) component, which is responsible for the real
part of the very-low-frequency (VLF) dispersion relation, and
an energetic component, which is responsible for the imagi-
nary part of the VLF dispersion relation. The thermal plasma
produces the dispersion characteristics of whistlers, while the
energetic plasma produces VLF wave amplification. By a quirk
of nature, the optimal position on the surface of the Earth to
observe the effects of both the thermal and energetic plasma
on VLF signals is Siple Station. This has been verified by Hel -
liwell and Katsufrakis (1974). To gain a better understanding
of the physics of the wave-particle interaction between thermal
plasma, energetic plasma, and VLF signals, a program to mea-
sure the VLF signals and energetic plasma in situ above the
Siple transmitter was undertaken.

The experiment involves three identical sounding rocket
payloads. Each payload contains instrumentation to measure
plasma particles (University of Maryland) and VLF wave electric
and magnetic fields (Cornell University and University of
Southampton). The payloads were mounted on two-stage
sounding rockets and launched from Siple Station to an alti-
tude of roughly 200 kilometers. The launch times were chosen
to coincide with periods of both natural VLF activity and VLF
emissions stimulated by the Siple transmitter. We describe
here preliminary results from the VLF electric and magnetic
field receivers.

One goal of the sounding rocket campaign was to obtain
measurements during periods of natural VLF activity. An exam-
ple of VLF signals measured on the sounding rocket during a
period of intense natural activity is shown in figure 1. This
figure is a frequency-time-gray scale plot of electric (upper
panel) and magnetic (lower panel) fields observed near 180-
kilometer altitude above Siple Station. Two bands of contin-
uous emissions at about 1 kilohertz and between 3 and 5
kilohertz were present for the entire flight. Also present were
a variety of discrete emissions such as "risers" and "hooks."
Between 17:35:28 and 17:35:29 (universal time) at about 2.7
kilohertz a slowly descending tone was producing triggered
emissions. The descending tone was the two-hop echo from

SIPLE (ANTARCTICA) NT 18,204	20 December 1980

ELECTRIC 
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o
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Figure 1. Frequency-time-gray scale plots of natural very-low-fre-
quency activity measured on the second sounding rocket
launched from Siple Station, Antarctica, on 20 December 1980.

the Siple transmitter. The direct Siple transmission from below
the sounding rocket was not apparent on this record, which
implies that the transmitted signal amplitude was much
smaller than the amplitudes of the natural signals.

An example of a period when natural VLF signals did not
dominate the transmitted VLF signal from Siple is shown in
figure 2. In this case, a frequency-time-gray scale plot of the
magnetic receiver illustrates data taken near the apogee of the
third sounding rocket. The transmitted signal from Siple was

SIPLE (ANTARCTICA) ROCKET NT 18,205	10 January 1981

Figure 2. Frequency-time-gray scale plot of the signal transmitted
from Siple Station to the third sounding rocket, 10 January 1981.
Also visible are the two-hop echo of the transmitted signal and a
whistler.
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obvious between 18:25:48 and 18:25:53 as a staircase followed
by a short ramp. Immediately following the direct signal, the
two-hop echo was received, and that also indicates that some
triggering was occurring. During reception of the two-hop
echo at 18:25:56, a one-hop whistler was also received.

The signals described here represent just a small sample of
the rich variety of VLF emissions observed on the three sound-
ing rockets above the VLF transmitter at Siple. The data will be
used in conjunction with the plasma particle data to identify
the sources of free energy for the wave emissions and to test
theories of wave-particle interactions (Helliwell and Crystal
1973; Sudan and Ott 1971). Another interesting feature of this
experiment is the ability of the wave field instrumentation to
measure phase. This will permit the sounding rocket receivers
to be used as one arm of an interferometer, the other arm being
the Siple transmitter. From this arrangement wavelengths can
be measured and the real part of the VLF dispersion relation in
the lower ionosphere can be tested for the first time.

This work is supported by National Science Foundation
grant DPP 80-23968. Fieldwork was conducted by P. Kintner
(23 November 1980 to 7 January 1981) and R. Brittain (23
November 1980 to 17 January 1981).
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Do ionospheric plasma instabilities
affect the Siple Station riometer?

JAN C. SIREN

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Until recently, a riometer was thought to measure only the
opacity of the D region of the ionosphere to radio noise of
cosmic origin. This opacity results from ionization by mag-
netospheric charged particles striking the atmosphere, as in
figure 1(a). However, D'Angelo (1976) has suggested that mag-

netic-field-aligned density irregularities in the E region could
also reduce the cosmic noise reaching a riometer, by nonab-
sorptive scattering, as in figure 1(b). This scattering is caused
by plasma instabilities associated with ionospheric currents
(Siren, Doupnik, and Ecklund 1977). The properties of this
scattering at the small deflection angles that would affect a
riometer are not known. We have studied Siple riometer data
intensively to find indirect evidence of this scattering mech-
anism.

Siple Station (76°S 84°W) has three advantages for this kind
of study:

1. E-region density irregularities occur frequently at south-
ern latitudes near Siple (Ogawa et al. 1979).

2. The riometer data were recorded digitally at high time
and amplitude resolution. Fast variations well under 0.1 deci-
bel are detectable.

(a)	 (b)
	

(c)
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Figure 1. Three possible causes of riometer variations: (a) 0-region absorption; (b) scattering of cosmic noise away from the riometer by
E-region field-aligned density irregularities; and (C) scattering of cosmic noise toward the riometer.
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3. The steep magnetic dip angle (68°) permits scattering to
cause both negative and positive intensity variations.

The third point is crucial. The radio sky is not uniformly
"bright." When the riometer views the brightest part of the
radio sky, scattering will decrease the "illumination," as in
figure 1(b); when it views the darkest part of the radio sky,
scattering will increase the illumination, as in figure 1(c). At
intermediate times, the net effect of scattering is indetermi-
nate. Note that a complete cycle repeats over a sidereal day (4
minutes shorter than a solar day).

In this study, approximately 1,000 continuous hours (2 June
to 12 July 1975) of Siple riometer data were examined. All
intervals of riometer signal variations exceeding - 0.03-deci-
bel peak-to-peak (p-p) and lasting more than 60 seconds were
noted. More than 300 events were found that could be used
(that is, that were unaffected by interference). Because the
scattering effect is likely to be marginally observable at best,
only the results for the 0.1-decibel p-p variations are shown
here. The upper panel of figure 2 gives the occurrence distri-
bution in 1-hour universal time (UT) bins (local time = UT - 5
hours). As is evident, there were far more occurrences at night,
defined as ± 6 hours from midnight, than during the day. This
day-night difference is a well-known characteristic of high-
latitude absorption at levels of several tenths of a decibel to
many decibels. It is present in these data down to 0.03 decibel.
Also apparent is a secondary, afternoon maximum (18-22 UT)

that may be related to the afternoon absorption maximum

12	 18	0	6	12
SIDEREAL TIME

ALL EVENTS :50.Idb
Figure 2. Time distributions of small-amplitude riometer varia-
tions: (above) universal time (M indicates local midnight); (below)
sidereal time.
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Figure 3. Sidereal time distributions of P-type and N-type small-
amplitude riometer variations.

recently found in magnetically quiet times by Detrick, Rosen-
berg, and Park (1981). The lower panel shows the same data
distributed in sidereal time bins (sidereal time drifted about
3 hours relative to UT over the study interval). Scattering vari-
ations should have occurred in the intervals marked N [neg-
ative net scattering, figure 1(c) ii and P [positive net scattering,
figure 1(c) ]. However, the peak at 13-17 hours is probably
only a reflection of premidnight absorption events, and there
is no P-peak at all. Most events could be categorized as either
"P-type" or "N-type," depending on whether the initial vari-
ation was a well-defined increase or decrease relative to the
background level. The P-type events (if due to scattering)
should have occurred during the P-interval, and correspond-
ingly for the N-type events. Figure 3 shows, however, no
significant difference in distribution of these two subsets.

This study does not entirely rule out scattering as a cause of
riometer variations, but it shows that scattering either is much
less common as a cause of the variations than absorption or is
effective only at levels 0.03 decibel.

This work was supported by National Science Foundation
grant DPP 74-01704. I thank H. Chivers of the University of
California-San Diego for the riometer data. L. J . Lanzerotti of
Bell Telephone Laboratories digitized the data and provided
computational assistance.
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Satellite measurements during Siple
Station VLF wave-injection

experiments

T. F. BELL and U.S. INAN

Radioscience Laboratory
Stanford University

Stanford, California 94305

One of the primary functions of the Siple Station very-low-
frequency (VLF) transmitter is to inject coherent VLF waves into
the magnetosphere in order to stimulate nonlinear gyroreso-
nance interactions between the waves and the energetic par-
ticles that populate the Earth's radiation belts. In these inter-
actions the perturbing waves may be amplified by as much as
30 decibels, VLF emissions may be produced, and the resonant
energetic electrons may be scattered into the atmospheric loss
cone, eventually precipitating into the lower ionosphere to
produce bremsstrahlung X-rays, optical emissions, and
plasma density enhancements (Helliwell and Katsufrakis
1974).

The main goal of the Siple Station VLF wave-injection exper-
iments it to gain understanding of the physics that governs
the nonlinear gyroresonance interaction in the magneto-
sphere. This knowledge is essential if we are to understand
the mechanisms that determine the lifetime of energetic par-
ticles in the magnetosphere of the Earth, as well as in the
magnetospheres of other planets in our solar system.

Each wave injection experiment begins with the injection of
VLF waves from the Siple transmitter into the ionosphere. A
small fraction of these waves travel in ducts of enhanced ion-
ization along the Earth's magnetic field. Near the magnetic
equatorial plane, these waves interact with energetic electrons
to produce wave amplification (up to 30 decibels), triggering
Of VLF emissions, and scattering of energetic electrons. The
ducted signals and associated triggered emissions travel to the
ionospheric regions conjugate to Siple Station and enter the
Earth-ionosphere waveguide to be observed on the ground
near Roberval, Canada.

Although ground-based measurements can determine a
number of important features of the interactions involving
ducted waves, most of the waves injected by the Siple Station
transmitter propagate in the magnetosphere in a nonducted
mode, and the output of these interactions is not observable
on the ground (Bell, man, and Helliwell 1981). Thus, the only
means of observing the output of wave-particle interactions
involving nonducted injected waves is through the use of
satellites or rockets.

During the past year, three satellites have been used to
obtain correlative measurements during Siple Station wave-
injection experiments: the EXOS-B, the Isis H, and the ISEE-1

spacecrafts. The Japanese high-altitude EXOS-B spacecraft has
been uniquely valuable in providing both VLF wave and ener-
getic particle measurements during Siple wave-injection
experiments. A few of the new discoveries (Bell et al. in prep-
aration; Kimura et al. in preparation) credited to the EXOS-B/

Siple Station experiments are:
1. In the local noon sector, the triggering of VLF emissions

by Siple signals took place only in the aftermath of a large
magnetic storm.

2. The probability of Siple signals triggering VLF emissions
was an order of magnitude higher in the local dawn sector
than in the local noon sector.

3. Emission-triggering by Siple signals appears to depend
more strongly on the magnitude of the energetic particle flux
than on the pitch angle distribution of the flux.

The Canadian low-altitude satellite Isis II has obtained valu-
able data above Roberval concerning the Doppler shift of non-
ducted Siple signals and associated VLF emissions. This infor-
mation has been used to determine the raypath along which
the emissions were generated and to determine the wave nor-
mal of the waves in the interaction region.

The National Aeronautics and Space Administration high-
altitude satellite ISEE-1 has been uniquely valuable in obtaining
comprehensive measurements of Siple transmitter signals and
associated emissions both inside and outside the plasma-
sphere. The figure shows a portion of the VLF wave data
acquired by the ISEE-1 satellite on 28 June 1980 during an hour-
long interval in which Siple signals and associated VLF emis-
sions were present in the data.

ISEE -1
L : 7.9,X m 60O N, #'59°w

1421 UT	 28 JUNE '80

ftk4	
j4jjj

kHz
1

6.5-

5.05

0	 10	 20 see

Portions of very-low-frequency (VLF) wave data acquired on the
SEE-11 satellite on 28 June 1980. Upper panel shows a spectrogram

of wave data in the 4-7 kilohertz range. Lower panel shows the
transmitter format. The presence of VLF emissions and signal
bandwidth increase Is clearly in evidence.

The upper panel of the figure shows a spectrogram of the
satellite wave data in the range of 4-7 kilohertz for a 20-second
period near 1421 universal time when the spacecraft was near
the northern auroral zone on a magnetic shell of number L =
7.9, a magnetic latitude of 60°N, and a geographic longitude
of 59°W. The transmission format at this time consisted of a
signal of constant frequency at 5.05 kilohertz, and this format
is depicted in the spectrogram in the lower panel of the figure.

The fading with 1.5-second period evident in the top spec-
trogram is caused by the rotation of the satellite dipole antenna
during reception. Comparison of the two panels of the figure
shows that the Siple transmitter signal has triggered a number
of VLF emissions somewhere along its path of propagation to
the satellite. In addition, the bandwidth of the signal has been
increased significantly by its interaction with energetic elec-
trons along its propagation path.

It is planned that new satellite wave and particle measure-
ments will be carried out during future Siple VLF wave-injec-
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tion experiments. These measurements will be of great value
in expanding our knowledge of how waves and particles inter-
act in the Earth's environment.

This research was supported by National Aeronautics and
Space Administration grants NAS 5-25744 and NGL-05-020-008.
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ULF-associated particle precipitation
at Siple Station

R. L. ARNOLDY

University of New Hampshire
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Durham, New Hampshire 03824

L. S. CAHILL, JR.

University of Minnesota
Minneapolis, Minnesota 55455

S. B. MENDE and R. RISLER

Lockheed Research Laboratory
Palo Alto, California 94304

The correlation of ultra-low-frequency (uLF) waves with par-
ticle precipitation has long been recognized as a very inter-
esting geophysical phenomenon that apparently results from
the interaction between waves and particles in the magneto-
sphere. Although the integrated wave energy in the magneto-
sphere is small compared with that in the particle population,
wave-particle interactions could be significant in particle
acceleration and losses, in wave growth, and in the modifi-
cation of such plasma parameters as collision frequency and
resistivity.

This report presents two different types of ULF-photometer
correlations. The first type is a prompt (within a few seconds)
correlation between Pi 1 (irregular pulsation category 1) and
auroral light bursts. Figure 1 gives the horizontal components
of dB/dt (i.e., the derivative of magnetic field B with respect
to time); the component along B was negligible. Also given is
the output from the 5577-angstrom Lockheed photometer
viewing vertically with a 100 entrance aperture for 4 minutes
on 21 August 1979. The vector direction of the horizontal dB/
dt signal is given by the angle measured positive north of
west. The figure clearly shows that only when the direction of
dB/dt was southwest, or when the disturbance field AB was
directed to the southwest, were the pulsations correlated with
light bursts. Equally large AB directed to the northwest
occurred but was not accompanied by a light burst. This rather
unique association of particle precipitation with a disturbance
field in one direction is a consistent feature seen in approxi-

mately a dozen such events recorded in 1979 with the favored
direction always southwest or west. We would like to make
brief comments about possible interpretations of this type of
photometer-Pi 1 correlation.

1. Local current model. In this model the micropulsations
are the ground-level magnetic signature of an ionospheric
current system enhanced or generated either as a result of an
impressed electric field or an increased ionospheric conduc-
tivity due to particle precipitation. The origin of the particle
precipitation and/or electric field is not addressed in this
model. For events like the one discussed here, one needs an
ionospheric current directed toward the north-northwest.
Such acurrent system has been attributed to the quasi-periodic
poleward propagation of on-off switching aurora as observed
with auroral iv by Oguti and Watanabe (1976). These pole-
ward-propagating auroral particles were observed by Oguti
and Watanabe in the dawn post-breakup aurora and were
concurrent with magnetic pulsations having approximately a
10-second period. The date of figure 1 are inconsistent with
this model in at least one respect. If the auroral light burst is
responsible for the local ionospheric current, then the ground

B field will rise with time approximately as the light burst.
The micropulsation signal is the time derivative of AB; hence,
it would not track the light burst as it is observed to do in
figure 1.

2. Equatorial wave-particle interaction. In this model, wave
growth in the equatorial plane is at the expense of particle
energy; hence, particles are moved into the loss cone and
precipitated. Pi 1 (sip) has been observed by satellite sensors
in the equatorial plane at synchronous orbit associated with
the onset of substorms (Shepard et al. 1980). Because the wave-
length of the observed Pi 1 is only a fraction of the distance
from the ionosphere to the equator, it is unlikely that the wave
is a standing mode. However, for a propagating wave, there
should be a delay of a few tens of seconds between the particle
precipitation and the arrival of the wave at the ionosphere,
and this is not observed.

3. Local particle precipitation. In this model, the magneto-
spheric waves incident on the ionosphere lower the mirror
point of local particles. A similar model involving ionospheric
current feedback has been suggested by Maehlum and O'Brien
(1968). The serious problem with this mechanism is that the
ground AB measured is only a few gamma in amplitude. Even
allowing large ionospheric attenuation, the signals above the
ionosphere still would be very small compared with the mag-
nitude of the local field and would be of questionable effec-
tiveness in the precipitation of particles. The ULF-photometer
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correlation of the second type we wish to discuss does, how-
ever, provide further evidence for this model.

In earlier papers, Cahill, Arnoldy, and Mende (1980) and
Mende and associates (1980) reported 4278 angstrom light
bursts delayed by tens of seconds from the arrival of Pc 1 pearl
wave packets at Siple. Figure 2 gives similar data recorded at
Siple and Roberval on 18 August 1979. The numbers are an
attempt to identify bouncing wave packets. The bounce period
of 137 second is verified by an auto-correlation analysis of both
the Siple and Roberval data. The Siple photometer bursts iden-
tified with the wave packets are delayed by nearly half this
bounce period. Five similar events we have studied have
revealed a light-burst delay equal to half the wave packet
bounce period. Although Mende and associates (1980) and
Cahill and associates (1980) have demonstrated that a wave-
ion interaction near the equatorial plane can satisfy the timing
of the event, the production of the light by the ions has been
of concern (Mende et al. 1980). If one attributes the light pro-
duction to electrons, then the delay of half a wave-bounce
period suggests a model in which the wave packet modifies
pitch angles at or near the conjugate (Roberval) ionosphere
such that electrons are precipitated at Siple. The much lower
mirror point at Siple (due to the South American anomaly)
requires only a very small pitch angle change at Roverval to
cause electron loss at Siple.

In summary, the detail of the Siple geophysical data has
revealed some interesting aspects of the wave-particle precip-
itation correlation.

This research was supported by National Science Founda-
tion grants DPP 79-23294 and DPP 71-01668.
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Active and passive VLF experiments
at Siple Station, 1980-1981

D. L. CARPENTER

Radioscience Laboratory
Stanford University

Stanford, California 94305

The scientific objectives of the 1980-81 rocket-balloon cam-
paign at Siple included: study of the manner in which the
Siple very-low-frequency (VLF) transmitting system illumi-
nates the lower ionosphere, study of the penetration of the
ionosphere by upgoing and downgoing VLF signals, compar-
ison of natural and manmade wave activity recorded within
the ionosphere and at conjugate ground stations, and inves-
tigation of the feasibility of VLF direction-finding (OF) at a site
away from the main Siple Station. During the campaign,
approximately 300 separate VLF transmissions lasting from
minutes to hours were made in connection with rocket and
balloon flights, ground-satellite propagation studies, Siple-to-
Roberval probing studies, and special transmitter experiments
involving Palmer and Halley Stations. In addition to regular
passive recording at the main station, J . Billey set up and
operated a VLF direction-finding system (Leavitt et al. 1978) 3
miles magnetically south of Siple. Following are a few high -
lights of the campaign activity.

Transmissions during Nike-Tomahawk flights. The transmitter
operated throughout each Nike-Tomahawk flight (12 and 20
December and 10 January 1981) using combinations of contin-
uous wave, 1-second pulses, and frequency ramps. The figure

shows frequency- (2.2-5.2 kilohertz)-versus-time records
from the 10 January flight when the rocket was at peak alti-
tudes. The middle record, from the Siple main station, shows
initially the format of a 5-second descending frequency ramp
from the Siple transmitter. Reception of natural wave activity
then began, and a two-hop echo of the ramp was observed,
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Spectrograms from 10 January 1981 when the rocket payload was
near peak altitudes. The rocket (N-T Br), Siple (Si), and Roberval
(Ro) records show a 5-second descending frequency ramp, trans-
mitted from Sipie, followed by a one-hop signal at Roberval and
two-hop echoes at Siple and on the rocket. The horizontal lines In
the no record are due to local power line interference at the Rob-
erval main station.
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delayed by about 5.4 seconds from its time of origin. The echo
exhibits evidence of frequency broadening at approximately
0.5-second intervals and triggering of discrete emissions. Fol-
lowing the two-hop signal is a faint four-hop echo consisting
mostly of a train of emission-like elements.

The top record shows the signal received on the nearby
rocket. The direct upgoing signal appears first, with essentially
no time delay. It is followed by two- and four-hop echoes
similar in many respects to those observed on the ground.
There are differences, however: The two-hop echo observed
in the ionosphere on the rocket appears to trigger a diffuse
band of noise above the transmitter frequency, while on the
ground this band is not evident. The bottom record shows
spectra from the Roberval main station. The ramp is observed
after a one-hop travel time of approximately 3 seconds and
exhibits many faint, rising, triggered emissions but no clear
evidence of the quasi-periodic frequency broadening at Siple.

Further study of the similarities and differences of the var-
ious spectra should lead to improved understanding of VLF
propagation in the ionosphere and of mechanisms by which
the injected signals grow to high amplitudes.

Direction-finding near Siple Station. The direction-finding
operation, 3 miles from Siple, was established by mid-Decem-
ber and was highly successful. J . Billey was able to get good
reference bearings on known fixed-frequency signal sources
and to make real-time determinations of the arrival bearings
of whistlers, discrete natural emissions, hiss, and two-hop
signals from the Siple transmitter. In one case, simultaneous
direction-finding on whistlers was achieved at Siple and at
Palmer Station.

In general, results of the direction-finding study were con-
sistent with expectations: Noise activity at the lower frequen-
cies, below approximately 2 kilohertz, tended to come from
the south, while whistlers with dispersion properties that
implied paths toward the equator from Siple gave northerly
bearings. During periods of multitechnique measurements,
such as by balloon X-rays and Siple VLF, results again were
consistent. When X-ray VLF correlations were observed, the
wave arrival bearings suggested magnetospheric propagation
near the known balloon position, while at times of structured
VLF but no X-ray correlation, the VLF appeared to arrive from
a direction well away from the balloon.

This work represents the first application of direction-find-
ing at Siple in the near presence of the 21-kilometer longwire
antenna. It will help determine how direction-finding can be
implemented in the future on a regular basis near the station.

General features of VLF transmissions from Siple to Roberval.
The results of transmissions to Roberval were surprising with
respect to the number of successful receptions, the frequencies
of the successful transmissions, and the local time of their
occurrence.

Transmitter triggering and/or echoing effects were observed
at Siple and/or Roberval on 16 days of the 45-day observation
period (1 December 1980 through 14 January 1981). On most
of the 16 days, two-hop echoes of the transmitter signals were
observed at Siple. In contrast, Siple records show that no two-
hop echoes were received in early 1980 until mid-March. The
number of successes at the end of the year probably is due in
part to the intensity of the 1980-81 campaign effort, but it also

appears to reflect a change, not yet understood, in magneto-
spheric propagation conditions.

In 14 of the 17 periods of successful transmissions to Rob-
erval (two periods occurred on one of the days), the center
frequency of the approximately 1-kilohertz transmitter band
was at or below 3.01 kilohertz. Furthermore, Siple operators
M. Dermedziew and J . Billey had found that throughout 1980,
the most favorable transmitter frequency range was approxi-
mately 2.5-4.0 kilohertz. From analysis of Siple data from 1973
and 1974, it had been predicted that the campaign transmis-
sions would tend to be in the 4-5 range, and it is not yet
understood why the lower frequencies actually provided most
of the opportunities for observations. The effect may be partly
a function of the increased power available with the new
Jupiter transmitter and in part may reflect a solar-cycle varia-
tion in the amplifying properties of the magnetospheric
plasma.

In previous studies, a peak in successful transmissions was
found near 12 universal time (UT) (Carpenter and Miller 1976),
while during the rocket-balloon campaign the echo activity
was clustered near 17 isr. A possible explanation involves the
diurnal variation in plasmasphere radius, such that a second-
ary maximum in radius (in contrast to the larger evening bulge)
develops near local noon (or —17 UT) (Carpenter 1978), thus
providing the high-density plasma conditions that are known
to be favored for propagation of the Siple signals (Carpenter
and Miller 1976).

Transmissions to balloons. A special transmitter format was
developed by E. Paschal, permitting the transmission to bal-
loon-VLF receivers of a series of 10-second-long pulses spaced
at 1-kilohertz intervals from 1.5-6.5 kilohertz, each at approx-
imately the same power applied to the Siple antenna. One
purpose of these transmissions was to monitor the transmitter
field strength at various points as the balloon drifted at an
altitude of 30 kilometers. This should provide information on
the effects of the icesheet and underlying rock environment on
the transmitter fields.

Transmissions to Palmer and Halley. A special series of exper-
iments was conducted on Earth/ionosphere waveguide prop-
agation of Siple signals from the horizontal dipole antenna at
Siple in the broadside direction (to Palmer) and in the endf ire
direction (to Halley). Palmer also supported the rocket-balloon
program by serving as a relay point for ATS-3 satellite voice
communication between Siple and the conjugate station Rob-
erval, Canada.

Field personnel were as follows: Siple—M. Dermedziew, J.
Billey, E. Paschal, W. Trabucco, and D. Carpenter; Palmer—
P. Mann and J . Green; Roberval—R. Taillefer.
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VLF transmissions from Siple Station

J . P. KATSUFRAKIS

Radioscience Laboratory
Stanford University

Stanford, California 94305

There is increasing interest in transmitting from Siple Sta-
tion at frequencies as low as 1 kilohertz. Many high-altitude
satellites that have wave detectors aboard are especially pro-
gramed to receive signals below approximately 1.6 kilohertz.
There is also interest in transmitting extensively between 1
and 4 kilohertz to enhance the wave interaction with the more
energetic electrons and to observe the ionospheric effects
associated with the particles scattered in the process.

During 1980, a receiving site that was free of power line
interference in the frequency range 10 hertz to 20 kilohertz was
established near Roberval (Canada). Transmissions of between
1 and 2 kilohertz were made from Siple and were received at
Roberval. An example of the observations of 2 July 1980 are
shown in the figure. Two modulations were employed. The
upper three panels show a staircase consisting of 1-second
pulses transmitted in sequence between 2 and 1 kilohertz at
100-hertz steps. Notice the triggered emissions and echoes at
the 2.0- and 1.9-kilohertz frequencies. The lower two panels
show a series of pseudo-C letters being transmitted. The upper
half of the C's without triggering were observed at Roberval.

Siple Station is now capable of transmission, although at
lower power, down to 1 kilohertz. It is hoped that Siple Station
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A frequency staircase and the letter C being transmitted from
Siple Station and received at Roberval. Notice the triggered emis-
sions and echoes associated with the 2.0 and 1.9 kilohertz pulses
of the staircase.

will be capable of transmitting at much higher power at these
lower frequencies.

This work was supported by National Science Foundation
grant DPP 76-82646. Fieldwork at Siple Station was carried out
by M. Dermedziew and J. Billey, from 1 December 1979
through 20 January 1981.

Digital ionosonde studies of the
ionosphere from Siple Station and

Roberval, Quebec

C. S. STILES, F. T. BERKEY, and J. R. D0UPNIK

Center for Atmospheric and Space Sciences
Utah State University

Logan, Utah 84322

In July of 1980 Utah State University began regular oper-
ational tests of a revolutionary computer-controlled iono-
spheric sounder at Roberval, Quebec (Roberval is located at
the northern end of the Earth's magnetic field line that passes
through Siple Station). Later this year the sounder will be
relocated at Siple Station. This instrument, constructed by the
Space Environment Laboratory of the National Oceanic and
Atmospheric Administration, at Boulder, Colorado, is a
greatly advanced version of the traditional ionosonde. Its basic
function is to probe the electrons in the ionosphere by the use
of reflected radio pulses. The digital sounder, however, can do
far more than the traditional ionosonde, which was limited
primarily to sweeping through the frequency range of about

1-20 megahertz and recording only the time of flight of the
reflected pulse. The new instrument can, in addition, operate
at a number of discrete frequencies, with the sampling rate
and duration of the sounding under software control by the
operator. An even more significant feature of the digital
sounder is that it records not only the time of flight of the
pulse, but also the amplitude and phase of all echoes at each
of four spaced antennas. This permits examination of such
attributes as the temporal variations of the amplitude and
phase of the signal and the location of the reflecting region.
This information is particularly critical at high latitudes, where
the ionosphere exhibits strong variations with both short (less
than a second) and long (hours) time scales.

Examples of the large quantities of information this machine
can provide over greatly different time scales are shown in
figures 1 and 2. Both figures show data taken with the sounder
operating at a single frequency. The first spans about 4 hours,
the second 300 seconds.

Figure 1 shows five parameters derived from the received
signal. The top two panels plot the calculated distance (to the
north and east of the transmitter) between the transmitter and
the ground projection of the ionospheric reflection point. The
third panel is the virtual range of the reflected pulse calculated
from the time of flight ("virtual" since propagation delays have
not been removed). Seen in this panel are both the first echo
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Figure 1. Three-hour ionospheric sounding at 4.6 megahertz, Roberval, Quebec.

and the second hop (the signal that has bounced off the iono-
sphere, off the ground, and off the ionosphere again). The
fourth panel shows the amplitude of the echo (note again both
the first hop and weaker second hop). The fifth panel records
the change in phase from pulse to pulse (the nanosecond time
scale variation of time of flight), which can be interpreted as
a velocity of the reflecting plasma; a positive velocity corre-
sponds to motion away from the observer.

Figure 1 is a particularly good example of the large-scale
wave motions often observed at Roberval. The motions are
most easily discerned in the amplitude and velocity plots,
which show periods of roughly 10 minutes. Such periods are
appropriate for internal gravity waves in the neutral atmo-
sphere. If the range scale is expanded, similar fluctuations can
be seen; the range is greater when the amplitude is greater,
and velocity becomes positive as the range increases, which

is expected for long trains of waves. Variations iu the location
also can be seen. Throughout this time there appears to be a
general motion from northeast to southwest, suggesting that
the fluctuations are due to the southwest movement of a fairly
regular wavelike structure.

Much more rapid variations can be studied with single-
frequency soundings plotted over greatly expanded time
scales. In figure 2 we examine a phenomenon known as Spread
F, which is an irregular enhancement in the width of the echo
from the F-region of the ionosphere (roughly above 150 kilo-
meters).

The data of interest are the amplitude, range, and north and
east echo locations. (The remaining two panels are meaning-
less for the particular format used in this experiment.) Note
that the range scale is much expanded from figure 1. The
expanded scale clearly separates the three discrete traces that
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Figure 2. Five-minute ionospheric sounding of Spread F at 2.3
megahertz, Roberval, Quebec.

make up the Spread F echo at this time; the primary trace is at
about 235 kilometers, and the other two show up erratically at
about 250 and 265 kilometers. All traces show rapid variations
in range of several kilometers, and there is evidence that one
trace may merge with another.

The top panel shows that the amplitude of the primary echo
is roughly 10 times that of the others and that all show rapid
fading. Equally rapid changes are exhibited in the locations of
the echoes. The primary echo appears to be centered somewhat
south of Roberval but varies over several tens of kilometers.
The weaker echo comes primarily from the northeast for the
first half of the run and then more from the west. The variations
in location are too rapid to be explained by bulk motions of
the plasma typically seen in the F-region at these latitudes;
they may be due to rapid changes in the orientation of the
surface that reflects the signals (i.e., speckling).

The two figures are good examples of the quantity of detailed
data that the new digital sounder easily can provide over both
very short (- seconds) and very long (- days) time scales.
Further information can also be extracted from the recorded
data, such as propagation mode. This instrument, which will
be installed at Siple Station in January 1982, should greatly
enhance our ability to study the dynamic high-latitude iono-
sphere and its relation to magnetospheric dynamics, electro-
magnetic and neutral atmosphere waves, and magnetic vari-
ations.

This work is supported by National Science Foundation
grant DPP 77-22170. It is being carried out in cooperation with
C. G. Park and R. A. Helliwell of Stanford University and L.
J . Lanzerotti of Bell Laboratories. Fieldwork has been con-
ducted by F. T. Berkey, J . R. Doupnik, and S. Walter; in
addition, field operations at Roberval have been greatly aided
by R. Taillefer.

Cosmic ray intensity variations

M. A. POMERANTZ, S. P. DUGGAL, and C. H. TSAO

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19711

Cosmic ray detectors in Antarctica located at McMurdo and
South Pole Stations continually record the interplanetary
"weather" conditions on time scales ranging from minutes to
several decades. These stations, operating in concert with oth-
ers in the Bartol network—at Thule, Greenland, and Newark,
Delaware—provide crucial three-dimensional information
concerning the dynamics and structure of the heliosphere in
which the solar plasma and the associated "frozen-in" mag-
netic fields play a dominant role in the propagation of energetic
charged particles.

Recent studies of the relationships between the relativistic
cosmic ray flux and various interplanetary phenomena have
revealed that the magnitude of the correlation coefficient rep-
resenting linear regression between the strength of the inter-
planetary magnetic field (IMF) and the cosmic ray intensity is
rather small. In an attempt to understand this puzzling result,

we have analyzed, by the method of superposed epochs,
nucleonic intensity data recorded during the period 1965-71
at our polar stations and at an equatorial viewing station that
has a high geomagnetic threshold rigidity. Figure 1 shows the
results of selecting the key days on the basis of an abnormally
high IMF magnitude (B> lly) and low (B < 5y), respectively.
A new statistical technique (Forbush et al. 1981) that we have
developed to test the significance of results obtained with this
type of analysis has revealed that the intensity variations dis-
played in figures 1(a) and 1(b) represent a real phenomenon.
These figures establish the following results:

• The cosmic ray intensity decreases during periods asso-
ciated with high values of the IMF (IMF> 11 x 1V gauss).

• On days characterized by low values of IMF (B < 5 x 10
gauss), the cosmic ray intensity increases.

• Both positive and negative modulations attain their max-
imum 1 day after the selected epoch date, a finding that throws
light on the plasma configuration that is responsible for pro-
ducing the cosmic ray intensity variation.

• At polar stations, the intensity fluctuations associated
with magnetic field changes are larger than they are at sites
characterized by high cut-off rigidity.

In addition, we have found that on many days when the IMF

is close to the mean value of about 6 x 10 gauss, no significant
nucleonic intensity variations are detected at the polar sta-
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Figure 1. Superposed epoch analysis of polar and equatorial
nucleonic intensity with respect to epoch days characterized by
(a) IMF> 11 y and (b) IMF < 5 y. IMF = interplanetary magnetic field.

tions. Taken together, these results show that only large depar-
tures from the mean IMF are effective in producing the corre-
sponding cosmic ray modulation (Duggal et al. 1981; Schaefer
1981).

The cosmic ray observations at McMurdo and South Pole
Stations originally established that every cosmic ray storm is
characterized by north-south (N-S) anisotropy (Duggal and
Pomerantz 1971). It was subsequently demonstrated that the
sense of the axial anisotropy varies from event to event, and
that these variations are related to the inclination of an asso-
ciated interplanetary shock wave (Duggal and Pomerantz
1976). We have recently discovered that, in addition to these
transient N-S anisotropies, a long-duration axial asymmetry
that is somehow associated with solar rotation also exists
(Pomerantz et al. 1980).

A comprehensive search for possible correlations of this
long-term N-S anisotropy with various solar and interplane-
tary parameters has been conducted. It now appears that there
is a significant relationship only in the case of that component
of the IMF that is parallel to the garden-hose direction (B 11 ). In
figure 2, Chree analysis of B11 with respect to epoch days
characterized by N-S asymmetry 0.7 percent reveals that a
N-S differential flux is related to B 11 not only on key days
(epochs), but also 27 days before and after the epochs. This
result suggests that the mechanism that gives rise to long-term
N-S asymmetry associated with solar rotation is the particle
streaming caused by B 11 x gradient (n) drift where B 11 is the
IMF component in the direction parallel to that of the spiral
interplanetary magnetic field and n is the cosmic ray density
(Pomerantz et al. 1981).

This work is supported by National Science Foundation
grant DPP 79-23218.
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Riometer measurements at South
Pole and McMurdo Stations

D. L. DETRICK and L. LUTZ

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

During the 1980-81 austral summer, multiple-frequency
riometer installations were made at South Pole and McMurdo
Stations. Participating in this project were D. Detrick, J . Gor-
don, L. Lutz, and T. Rosenberg of the University of Maryland.
The riometers at South Pole Station will form part of a new
upper atmosphere physics facility to investigate polar cusp
and plasma sheet phenomena; other instruments will provide
very-low-frequency (VLF), micropulse, magnetometer, iono-
sonde, electric field, and photometric measurements. The
riometers at McMurdo Station are intended to measure absorp-
tion in the polar cap region. Data from these sites will com-
plement ongoing projects at Siple Station and the magnetically
conjugate region in Canada.

The instruments installed have a frequency response flat
from 0 hertz, with a decibel rolloff at 5 hertz. They have been
placed in insulated enclosures, with thermostatically con-
trolled resistive heaters designed to maintain the internal tem-
perature at approximately 20°C over the expected range of
ambient temperatures. The enclosures can support four rio-
meters, with easy access to each for examination or removal;
all input and output voltages can be monitored externally with-
out opening the enclosures.

At South Pole, 20.5-, 30-, and 51.4-megahertz riometers were
installed approximately 1,000 meters from the new laboratory
facility in the Skylab building, along a boundary with the
clean-air sector. A similar installation at McMurdo provides
measurements at 30 and 51.4 megahertz. During the first year
of operation, the riometer signals will be recorded on low-
speed chart recorders and monitored by W. Gail (South Pole)
and D. Fullerton (McMurdo), both of Bartol Research Foun-
dation.

In the 1981-82 austral summer season, digital data logging
units will be installed at both sites. These will allow for coor-
dinated digitization and recording of analog signals from any
of the several available instruments; they will provide a com-
mon time base and sampling rates of 0.1 second, 1 second, or

10 seconds. These coordinated measurements are expected to
aid the analysis of related magnetospheric/ionospheric data.

The records produced in the first 2 weeks following instal-
lation contain several features of the data that may be repre-
sentatives of results to be obtained from the program. One
example is shown in the figure. During the period 0200 to 0900
universal time (UT) on 25 January, three separate absorption
events were found to occur simultaneously at both sites, indi-
cated by the arrows in the figure. This is noteworthy because
of the wide invariant latitude and local time separation of the
stations (South Pole at invariant latitude approximately 74.2°,
McMurdo at approximately 79.7°; local time difference approx-
imately 5 hours), and because the events correlate so closely
in time. With the installation of the digital data acquisition
systems, we expect to be able to examine such events more
thoroughly.

This work was supported by National Science Foundation
grant DPP 79-25074.
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Simultaneous occurrence of three separate riometer absorption
events (arrows) at South Pole and McMurdo Stations on 25 Janu-
ary 1981.
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Dayside aurora studies with a color
keogram camera

ROBERT H. EATHER

Physics Department
Boston College

Chestnut Hill, Massachusetts 02167

STEPHEN B. MENDE

Lockheed Palo Alto Research Laboratories
Palo Alto, California 94304

We described previously the keogram camera installed at
South Pole Station for the 1980 austral winter (Eather and
Mende 1980). The camera worked well and revealed previously
unsuspected dynamics of the dayside aurora, especially in the
morning and afternoon sectors. Extended periods (1-3 hours)
of poleward and equatorward drifting auroral structures were
observed (see figure). We are currently analyzing data and will

compare them with substorm parameters and interplanetary
field data.

A new, two-channel keogram camera was installed at South
Pole Station in December 1980 for the 1981 austral winter. In
this version, the meridinal slit image is color separated by a
dichroic filter to pass through X 4278 N 2 + (ionized nitrogen
molecule) and A 6300 01 (atomic oxygen) filters (30-angstrom
half width). These two images are optically re-imaged onto a
special white-phosphor second-generation image intensifier
tube. The output images are then color coded (gelatin filters)
and fiber-optically combined for recording on color film. In
this way we will have color-coded keograms that give a mea-
sure of average energy (from the 6300/4378 ratio) as well as
total energy precipitated.

This work is supported by National Science Foundation
grant DPP 78-23513. Fieldwork was carried out by R. H. Eather
and D. L. Bourke, 6-21 December 1980.

Reference

Eather, R. H., and Mende, S. B. 1980. Daycide aurora studies with a
keogram camera. Antarctic Journal of the U.S., 15(5), 203.

TIME UT

Part of X 6300 01 keogram taken with the keogram camera at South Pole Station, day 191, 1980. The latitude scale is measured along the
geomagnetic meridian and goes from 5 0 south of South Pole Station (top of picture) to 50 north (bottom of picture). The dayside cusp aurora
Is seen at the top of the picture near midday (1530 universal time), and dynamic equatorward and poleward movements of auroral
structures are seen between 1900 and 2200 universal time (late afternoon local time).

Reexamination of polar cap arcs

S.-I. AKASOFU

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

Auroral arcs appear most frequently along an annular belt
around the geomagnetic pole. The poleward boundary of this
auroral oval, as it is called, delineates approximately the outer
boundary of the plasma sheet, so that auroral arcs appear near
the "foot" of closed-field lines. The area bound by the auroral
oval is called the polar cap and is believed to be the region
where the open-field lines are "rooted."

In the polar cap, auroral arcs lying approximately parallel to

the Sun-Earth line (or to the noon-midnight meridian line)
often appear. These arcs are called the polar cap arcs (Davis
1960) and have been considered a great puzzle because they
appear near the foot of the open-field lines and because they
are not significantly different, in their characteristics, from
auroral arcs in the oval. For example, like oval arcs, they are
caused by the so-called monoenergetic electrons that carry
field-aligned currents. The energy of the electrons is, on the
average, a little less than that of electrons observed in the oval,
but such a fact cannot categorically distinguish polar cap arcs
from oval arcs.

Recently, Meng (1981) showed that the precipitation region
of auroral electrons extends continuously from the normal
location of the oval into the polar cap region in the morning
sector. An implication of his finding is that some of the polar
cap arcs lie in the widened oval (namely, in the closed-field
region), not in the open-field line region.
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In order to examine this possibility, electron data from the
DMSP (Defense Meteorological Satellite Program) satellite are
compared with the simultaneous auroral photographs taken
from South Pole Station. The results show that polar cap arcs
and glow are observed in the extended precipitation region,
indicating that some of the auroral arcs in the morning sector
belong to the auroral oval rather than to the polar cap. Figure
1 shows the DMSP satellite on 29 June 1975. The precipitation
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Figure 1. Electron precipitation region mapped by the DMSP satellite
In the Southern Hemisphere on 29 June 1975. The location of South
Pole Station at 04 through 16 universal time also Is Indicated.

Figure 2. All-sky photograph taken from South Pole Station, at
1016 universal time on 29 June 1975.

regions along the satellite passes are marked. The figure also
shows approximately the location of South Pole Station at 4,
6, 8, 10, 12, 14, and 16 universal time (UT). Figure 2 shows the
electron precipitation region mapped by all-sky photographs
from South Pole Station at 1016 UT on the same day. Since
South Pole Station was definitely under the extended precip-
itation region (figure 1), the arcs seen in figure 2 should not be
classified as polar cap arcs.

One of the possible causes for the large-scale deformation
of the polar cap is changes of the magnetospheric configuration
and thus of the geometry of the open region produced by the
east-west component (Br) of the interplanetary magnetic field
(IMF). Figure 3 shows an example of the geometry of the polar
cap when the IMF components are given by B = 0, B = -8.7y,
and B = S.Oy, that is, when the IMF has large north and east-
west components (Akasofu, Covey, and Meng 1981). The con-
clusion does not imply, however, that all polar cap arcs can be
explained in the same way.

Figure 3. Geometry of the open region when the interplanetary
magnetic field has a large north and east-west component (Aka-
sofu, Covey, and Meng 1981).

This research was supported by National Science Founda-
tion grant DPP 78-20630. I would like to thank C.-I. Meng,
Applied Physics Laboratory, Johns Hopkins University, for
his collaboration in this project.
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New upper atmosphere science
program at South Pole Station

D. L. CARPENTER and J. P. KATSUFRAKIS

Radioscience Laboratory
Stanford University

Stanford, California 94305

A new upper atmosphere science program was initiated at
South Pole Station with the completion in February 1981 of the
laboratory (Cusp Room) and the installation of the science
receiving and recording system.

The new science program will provide data for studying the
magnetospheric cusp, a region where the solar wind plasma
can freely penetrate the magnetosphere and produce a variety
of plasma instabilities as well as precipitation effects in the
ionosphere. Satellite-borne particle detectors show precipitat-
ing low-energy particles near the cusp, and a variety of
ground-based instruments reveal characteristic signatures
associated with the precipitation of cusp particles.

Several satellites will be investigating the cusp region in the
future; important among these are the National Aeronautics
and Space Administration's Dynamics Explorers (DE-A and -B)
launched in July 1981. These satellites are instrumented with
wave receivers, particle detectors, an auroral imager, electric
and magnetic field detectors, and thermal plasma probes. The
combination of ground instruments at South Pole Station and
the DE satellites will provide a unique opportunity to study the
interrelationships among various phenomena associated with
the cusp. The location of South Pole Station is particularly
advantageous, since both satellites will pass directly over the
station on every orbit.

A new satellite series, to become operational in the mid-
1980's, is being proposed. The mission is named OPEN (Origin
of Plasmas in the Earth's Neighborhood). This series will
involve satellites of interest to South Pole investigators, for
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Figure 1. The very-low-frequency receiving loop antennas at South
Pole Station.
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Figure 2. Structured very-low-frequency noise received at South
Pole Station on 1 February 1981. The spectrum is essentially free
of power system interference.
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Figure 3. A well-defined correlation event observed at South Pole
Station on 4 February 1981 at approximately 2240 universal time.
Very-low-frequency noise in several bands preceded the absorp-
tion (riometers) and micropulsations by approximately 2 minutes.
The noise was then reduced to a low level at the onset of the
absorption.
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example, the Polar Plasma Laboratory (PPL), the Geomagnetic
Tail Laboratory (GTL), and the Equatorial Magnetospheric Lab-
oratory (EML).

The experiments and instrumentation installed in the Cusp
Room are for high-frequency (HF) aborption (20-, 30-, and 51.4-
megahertz riometers), very-low-frequency (VLF) wave phe-
nomena (VLF receivers), and micropulsations (X, Y, and Z com-
ponent detectors). Additional experiments are to be added in
December 1981.

Figure 1 shows the VLF receiving loop antennas located in
the science quadrant, 3,000 feet from the laboratory in a direc-
tion halfway between the clean air facility and the HF com-
munications antennas. Figure 2 shows frequency-time records
of structured VLF noise in the 0.2- to 2.5-kilohertz range

received during magnetic daytime. Notice the absence of
power system (60 hertz) harmonics.

Figure 3 shows an 8-channel correlation chart record of an
event observed by all experiments on 4 February 1981 at
approximately 2240 universal time (UT). This event begins with
the observation of VLF noise over the frequency range 0.5-21.4
kilohertz. At approximately 2242 UT, the VLF noise is reduced
to a very low level, and absorpotion (30 and 51.4 megahertz)
and micropulsations (X-axis) are observed. Messages from
South Pole Station during the year report many events similar
to the one of 4 February 1981.

Fieldwork was carried out by J . P. Katsufrakis (December
1980), M. Dermedziew, J. Billey, and W. Trabucco (January
1981).

Polar solar observatory

MARTIN A. POMERANTZ

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19711

ARNE A. WYLLER and ULF KUSOFFSKY

The Royal Swedish Academy of Sciences
Stockholm, Sweden

Some 12 years ago, the obvious advantages of conducting
certain types of optical observations at the geographic South
Pole became apparent during the course of carrying out a long-
term program of cosmic ray research in Antarctica (Pomerantz
1978). For example, because the sun remains above the horizon
continuously during the austral summer and the solar altitude
remains essentially constant for long intervals, variations
associated with diurnal cycles are virtually absent. Conse-
quently, solar features and other time-varying phenomena can
be followed for prolonged periods with a single instrumental
system.

The first experiment, conducted during the 1979-80 austral
summer, provided spectacular results (Grec, Fossat, and Pom-
erantz 1980; Pomerantz 1981) concerning the internal structure
of the Sun as deduced from unprecedented full disk observa-
tions of global solar oscillations. This work has established
that the South Pole is, indeed, a unique site for certain types
of solar astronomy.

During the past summer, a 2-year program was instituted
to study the lifetime of the visible chromospheric network and
the evolution of other discrete surface features. In particular,
long continuous observations are necessary for following
supergranules during their lifetimes, which are estimated to
be in the range 20 to 90 hours. The telescope designed for this
work has now been installed and tested (figure 1), and exten-
sive observations will be carried out during the coming sum-
mer.

The 4.9 x 4.9 meter ski-mounted observing room, a power
plant, and living quarters are located about 8 kilometers from

the South Pole Station complex (figure 2). The 20-centimeter
£1100 instrument provides a 20-centimeter solar image. The 30-
centimeter heliostat is mounted atop a modified 8.2-meter
Bilby tower (a tower within a tower used by the National
Geodetic Survey for topographic mapping). The solar beam is

Figure 1. The tower telescope at Polar Solar Observatory nearing
completion.
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A number of tests of the optical system and the computer
were carried out after completion of the new observatory (fig-
ure 3). Not unexpectedly, several problems arose as a conse-
quence of the extreme temperature differential; all were solved
satisfactorily, however. Various changes in the control cir-
cuitry were suggested, and the computer and the interface
electronics were sent back to the United States upon comple-
tion of the tests.

Figure 2. The observing room, living quarters occupied during
observing runs, and, in the background, the power plant.

reflected vertically down a tube 30.5 centimeters in diameter
and then horizontally by a second flat mirror at the base of the
tower through a 12.2-meter horizontal light pipe. The light
pipe terminates at an x-y stage on which the guiding sensors
are mounted. The stage moves the 20-centimeter solar image
as required for acquiring the 3.8-centimeter-in-diameter fields
of interest. The telescope, as well as the electronics for con-
trolling the telescope and the x-y stage, were designed and
constructed at Bartol using optical components supplied by
the Royal Swedish Academy of Science. A naked minicom-
puter (Computer Automation), which provides the instruction
for the guidance system and for the camera functions, was
programed under the direction of the Swedish group.
Sequences of photographs of a number of selected fields 3.8
centimeters in diameter are taken through a Zeiss H-a filter
(0.25-angstrom bandpass) and a Halle calcium K line filter
(0.25-angstrom bandpass).

Figure 3. Interim view showing one of the optical benches, with
foundations isolated from the building. M. A. Pomerantz, left, and
A. A. Wylier of Sweden are checking out a special optical filter.

During the trials, it was determined that the resolution was
at least within a factor of 2 of the theoretical diffraction limit.
Although the weather in general was substandard compared
with the previous 2 years and historical records, a 5-day run
with coronal seeing commenced on 2 January 1981.

The telescope and the observing room were mothballed for
the winter to permit a flying start shortly after station opening
in November 1981.

This work is supported by National Science Foundation
grant DPP 78-22267 and by Swedish National Research Council
grant NFR 3461-100.
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Extended observations of solar
oscillations

ROBIN STEBBINS and RICHARD MANN

Sacramento Peak Observatory
Sunspot, New Mexico 88349

Several lines of investigation recently have shown the Sun
to be a pulsating star. The spectrum of oscillation encodes the
internal structure of the star, and the budding discipline of
solar seismology seeks to decode that structure from empirical
spectra. The oscillations are extremely weak, with periods in
the range of a few minutes to many hours. To decrease the
threshold of detection, the observer must take maximum
advantage of spatial and temporal coherence. To this end,
observations of solar oscillations over a period of days can be
made at the South Pole.

Extended observations of other solar phenomena and stellar
objects are equally attractive. Therefore, it is important to
ascertain the suitability of the geographic South Pole for astro-
nomical observations. Atmospheric conditions such as
weather, sky clarity, seeing (i.e., image blurring caused by air
density fluctuations), and sky clarity should be measured over
several years. The effect of the antarctic environment on astro-
nomical instruments is of some concern. Antarctic logistics
also deserve further consideration.

Our work during the 1980-81 season included testing a
telescope especially designed for the South Pole (Stebbins
1981). The telescope is an ff100 refractor with a 10.64-centimeter
aperture. A stable astrometric image is formed through a
folded light path whose geometry is maintained by athermal
construction. Simplicity is stressed throughout the telescope
and detector package design to achieve high reliability.
Remote operation is effected through a small computer housed
in a building 50 meters away.

The telescope is designed to be portable. The components
can be assembled from packing cases in approximately 1 day
under polar field conditions. Mechanical, optical, and exposed
electrical components can operate in temperatures down to
-60°C. Consideration has been given to thermal contraction
of materials, thermal properties of lubricants, and flexibility
of synthetic materials. Most of the assembly is performed
indoors. Only rudimentary assembly need be performed out-
side in polar clothing.

The field party arrived at South Pole Station on 18 Novem-
ber. Within 8 hours after the last cargo arrived, on 28 Novem-
ber, the telescope was assembled and transported to the site;
it was erected the following morning (see figure). Several
transportation-induced electronics failures were discovered
and corrected. The remainder of December was spent remedy-
ing design errors in commercial CAMAC (Computer Automated
Measurement and Control) electronics. Severe problems
involving radio frequency interference were not remedied.
The telescope motor drives were tested, and they performed
adequately in the cold. The optical image was examined and

Field team with telescope at South Pole site.

was found to have a problem with focal length (since traced to
a lens manufacturer's error). The seeing was measured crudely
by eye and film. Records of astronomical sky quality were kept
throughout.

On 9 January the telescope was disassembled and packed
for shipment back to Sacramento Peak Observatory for correc-
tion of problems. The field team remained at South Pole Station
until 23 January to make sky brightness observations with an
Evans sky photometer.

Because of instrument problems, data on solar oscillations
could not be obtained. While the basic design of the telescope
appears to be successful, the conventional electronics needs
corrective work. We do anticipate that astronomical instru-
mentation of this level of sophistication can be used in the
Antarctic.

The suitability of the South Pole site for astronomy is less
clear. The seeing appears to be 2.5 arc seconds, comparing
favorably with the best conventional sites, but it must be noted
that this is a one-time measurement. Because of a spate of bad
weather, only a single sky brightness measurement could be
made. An unexceptional brightness of 20 millionths was
recorded. While, again, this is a one-time measurement, and
an extensive survey is in order, this measurement does not
appear favorable. Results a factor of two or better would be
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needed for South Pole to be an attractive coronagraphic site.
Finally, the South Pole weather was largely unfavorable for
solar observations during the austral 1980-81 summer. There
were 17 clear days (no visible cirrus in front of the Sun) during
the 52 days the team was at the pole. There was one 11.5-day
period in early December when the sky was broken only by
cirrus for 11 hours. While such weather would more than
suffice for observing solar oscillations, its appropriateness for
other kinds of observations is uncertain. Although this austral
summer may have had unusually poor weather, the multiyear
average weather pattern should be ascertained before a major
commitment to astronomy at the pole is made.

Sacramento Peak Observatory is operated by the Association
of Universities for Research in Astronomy, Inc., under contract
AST 78-17292 with the National Science Foundation. This work
also was supported by National Science Foundation grant DPP
80-01469.
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Services, support, other

Polar Research Board
antarctic-related activities,

June 1980-June 1981

STAFF, POLAR RESEARCH BOARD

Polar Research Board
National Academy of Sciences

National Research Council
Washington, D.C. 20418

The Polar Research Board (PRB)*, was established in 1958 to
serve as a national advisory group on research in the polar
regions. It adheres to the International Council of Scientific
Unions' (icsu) Scientific Committee on Antarctic Research
(SCAR) on behalf of the National Academy of Sciences (NAs).

The Board's regional orientation and multidisciplinary char-
acter involve it in a wide range of studies in the physical and
life sciences, as well as in environmental matters. During the
past year, the Board continued its broad review of current
activities in research, development, education, and personnel
that affect the health of polar sciences in the United States.
During 1980, the Board met twice, its subgroups met 15 times,
and Board members participated in the 16th meeting of SCAR

as well as in meetings of SCAR Working Groups and Groups of
Specialists. The Board issued four reports (one special and
three annual) during 1980; six reports in the Polar Research: A
Strategy series plus three annual reports were planned for 1981.
This article describes the Board's antarctic-related activities.

International activities. On behalf of the NAS, the Board rep-
resented the U.S. scientific community at the 16th meeting of

*Polar Research Board members: A. L. Washburn (chairman), Vera
Alexander, Jerry Brown, Campbell Craddock (International Union of
Geological Sciences delegate to the Scientific Committee on Antarctic
Research), Albert P. Crary, Joseph 0. Fletcher, Hans 0. Jahns, Arthur
H. Lachenbruch, J. Murray Mitchell, Jr., Clayton A. Paulson, Chester
M. Pierce, E. Fred Roots, Juan G. Roederer, Robert H. Rutford, and
Donald B. Siniff. Ex-officio members: James H. Zumberge (U.S. del-
egate to SCAR), Charles R. Bentley (chairman, Committee on Glaciol-
ogy, and alternate delegate to SCAR), Troy L. Pewé (chairman, Com-
mittee on Permafrost), and Laurence M. Gould (past chairman of PRB

and past president of SCAR). PRB staff: Louis DeGoes (executive sec-
retary until 15 January 1981), W. Timothy Hushen (staff officer until
15 January 1981, executive secretary since that date), Ruth F. Barritt
(staff associate), and Muriel A. Dodd (administrative assistant).

SCAR, held in New Zealand 13-24 October 1980. Scientific
problems related to impending exploitation of living resources
and possible exploration of mineral resources of Antarctica
were the central theme of the meeting. The structure, role, and
future of SCAR were reviewed, and the constitution was mod-
ified to allow each member nation a second (nonvoting) rep-
resentative as an alternate delegate. New Groups of Specialists
on the Environmental Implications of Possible Mineral Explo-
ration and Exploitation and on Antarctic Climate Research
were created (the latter to plan the antarctic component of the
World Climate Research Program), and the specialist group on
late Cenozoic studies was disbanded. A symposium on
research in the Ross Sea region, 1957-1980, was held in con-
junction with the meeting; U.S. scientists presented 4 of 13
papers, highlighting achievements and identifying directions
for future research. U.S. scientists head 2 of the 10 SCAR Work-
ing Groups and convene 2 of the 4 SCAR Groups of Specialists.

The international program, Biological Investigations of
Marine Antarctic Systems and Stocks (BIOMASS), endorsed by
the Antarctic Treaty nations and the Intergovernmental Ocean-
ographic Commission (ioc), is the first coordinated interna-
tional research program directed toward providing a basis for
wise management of the living resources of the southern
ocean. S. Z. El-Sayed, a member of the Board's Committee on
International Polar Relations, serves as convenor of the Group
of Specialists on Southern Ocean Ecosystems and Their Living
Resources. This group, which is responsible for advising on
the design, coordination, and implementation of the BIOMASS

program, is jointly sponsored by SCARJSCOR (Scientific Com-
mittee on Oceanic Research), the International Association of
Biological Oceanography (IABO), and the Advisory Committee
on Marine Resources Research (ACMRR) of the Food and Agri-
cultural Organization.

The First International BIOMASS Experiment (FIBEx) was held
in January-February 1981, with participation of 17 ships from
10 countries. The main thrust of FIBEX was a multiship acoustic
survey of krill. At the request of the National Science Foun-
dation, the Board selected and coordinated participation of
U.S. experts in international BIOMASS scientific and planning
meetings.

Over the last several years, the Board (through SCAR) has
provided information to the Antarctic Treaty nations on the
possible impact of mineral resource exploration and exploita-
tion in Antarctica. Two reports, Possible Environmental Effects
of Mineral Exploration and Exploitation in Antarctica and Oil and
Other Minerals in the Antarctic, were the results of PRB-sup-

ported or administered activities.
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A recommendation developed during the 10th Antarctic
Treaty consultative meeting calls for treaty governments,
through their national committees, to encourage SCAR to pro-
vide additional scientific advice on ways to improve predic-
tions of the likely environmental effects of activities, events,
and technologies associated with possible mineral resource
exploration and exploitation in Antarctica, and to assess base-
line levels of hydrocarbon content in the antarctic marine
environment. An international group headed by R. H. Rutford
has prepared an initial response for presentation at the 11th
Antarctic Treaty meeting.

Domestic activities. With a view to supporting long-range
planning in polar research, the Board is organizing a series of
studies—Polar Research: A Strategy —that outline some
important polar-research problems needing attention. These
studies are expected to help guide polar research during the
next decade. Studies in the series include:

1. Antarctic marine ecosystem research. Together with the
Ocean Sciences Board, the Polar Research Board established
an ad hoc committee, chaired by J. H. Steele, to study research
on antarctic marine ecosystem and is supported by the
National Science Foundation, the National Oceanic and
Atmospheric Administration, and the Marine Mammal Com-
mission. The committee issued a report in July 1981. It con-
cluded that (1) the United States should have a strong antarctic
marine program because of both the great intrinsic interest in
this region and concerns with renewable and nonrenewable
resources; (2) the United States should support the general
aims of BIOMASS, contribute to its goals, and support with other
SCAR nations an international BIOMASS secretariat; (3) the U.S.
program in antarctic marine ecosystem research should
include coherent programs, special studies, and individual
projects. Indentified for special consideration were coherent
research programs on the physical, chemical, and behavioral
processes underlying the formation and persistence of krill
aggregations, and processes in and near the ice pack during
seasonal formation and retreat of the ice "edge." The commit-
tee also recommended that the United States construct an ice-
strengthened research vessel; in the interim, the U.S. should
make available an ice-strengthened research vessel in the 150-
to 180-foot range.

2. Polar biomedical research. The Board formed an Ad Hoc
Committee on Polar Biomedical Research, chaired by C. M.
Pierce, to focus on human health and adjustment in the cold
climates, to establish a priority listing of polar biomedical
research requirements, and to present a state-of-the-art con-
spectus of medical problems that affect human adjustment and
adaptation in a polar environment. The committee plans to
issue its report in late 1981.

3. Polar upper atmosphere research. The Board has under-
taken a study of upper-atmosphere and near-earth space in
the polar regions, chaired by J. G. Roederer. The study group

will (1) review relevant polar aspects in recent National Acad-
emy of Sciences studies of upper-atmosphere and near-earth
space, (2) make recommendations concerning upper-atmo-
sphere research in the arctic and antarctic, and (3) provide
information on upper-atmosphere matters for SCAR, MAP (Mid-
dle Atmosphere Program), and other international programs.

4. Snow and ice research. The Committee on Glaciology,
chaired by C. R. Bentley, expects to issue in late 1981 a report
on snow and ice research. The report will provide guidelines
for research in four broad areas: physical properties of ice,
seasonal snow, floating ice, and glaciers and ice sheets. Inter-
disciplinary aspects of the study will include an assessment of
the hazards of snow and ice, the role of snow and ice in climate,
logistics, instrumentation, and techniques needed for snow
and ice research, and international cooperation and education.

5. Role of polar regions in climatic change. The Ad Hoc Com-
mittee on the Role of Polar Regions in Climatic Change, co-
chaired by J. M. Mitchell, Jr., and W. W. Kellogg, continued
work on a report that will consider the influence of polar
regions on climate dynamics, the polar regions as a window
to the past, and the polar regions as a concern for the future,
especially the possible influence of climate warming on the
stability of large ice sheets. This report is expected by the end
of 1981.

6. Permafrost research. The Committee on Permafrost is
making plans for a report covering research in the disciplines
of physics and physical chemistry, mechanics, hydrology,
geology, geophysics, and climatology. Subjects to be included
are subsea, alpine, and planetary permafrost, engineering and
environmental research, research techniques, international
cooperation, and education.

Studies under consideration for activation in 1981 and 1982
include antarctic geosciences research, antarctic long-range
planning, and polar biology.

Committee on International Polar Relations. The Committee
met during 1980 primarily to review the agenda for the emerg-
ing SCAR 16th plenary sessions held in October of that year.
The Committee was disbanded in 1981 and its activities
assumed by the PRB.

GARP Polar Subprogram Panel. The GARP (Global Atmo-
spheric Research Program) Polar Subprogram Panel (joint with
the U.S. Committee for CARP) met to review results of FGGE
(First CARP Global Experiment), the arctic data buoy network,
and international polar climate activities. The panel was dis-
banded upon the completion of FCCE.

The work described in this article was supported largely by
National Science Foundation grants DPP 79-13076 and 79-2065
and a Department of Defense grant. Additional information
on the work of the Board is available in the Polar Research
Board Annual Report 1980 and Future Plans available from the
Polar Research Board.
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Antarctic Marine Geology Research
Facility and Core Library, 1980-1981

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

During the year 1 June 1980 to 31 May 1981, the Florida State
University's (isu) Antarctic Marine Geology Research Facility
and Core Library distributed samples from cored and dredged
sediments collected from the southern oceans, received and
processed new cores, and described cores.

Sample distribution reflected a continuing interest in the
variety of available research materials. Distribution during
this reporting period was as follows.

Eltanin: 1,280 samples were distributed from 89 different
piston cores collected aboard 21 of the 47 coring cruise, 22
samples were removed from 22 trigger cores of 6 cruises, and
3 samples were removed from 2 camera-Phieger cores of 1
cruise. Also distributed were 8 samples from 8 Blake trawl
recovery stations of 2 cruises and 3 samples from 3 Campbell
grab stations of I cruise.

Islas Orcadas: 1,936 samples were taken from 125 individual
piston cores representing each of the 5 coring cruises (Islas
Orcadas 0775, 1277, 1578, 1176, and 1678); 89 samples were
taken from 65 trigger cores of these cruises, and 4 samples
were taken from 3 of the cruise 1578 Phleger cores.

Ross Ice Shelf Project (RISP): 129 samples were removed from
4 of the 47 gravity cores recovered through the 1978-79 RISP

J-9 drill hole; 1 sample was removed from 1 RISP 1977-78 grav-
ity core.

Deep Freeze 1975 (uscGc Burton Island): 1 sample was distrib-
uted from a bottom grab recovered in the eastern Amundsen
Sea.

Deep Freeze 1978 (uscGc Glacier): 3 samples were distributed
from 3 piston cores collected in the Ross Sea.

Deep Freeze 1979 (USCGC Glacier): 188 samples were distrib-
uted from 9 piston cores, and 2 samples were distributed from
1 bottom grab collected off the Ade'lie and George V Coasts.

Deep Freeze 1980 (uscGc Glacier): 1,175 samples were
removed from 111 piston cores retrieved from the antarctic
coastal margin in the northwestern and southwestern Ross
Sea.

Thirty investigators, representing 15 institutions in France,
Great Britain, and the United States, received the 4,844 sam-
ples. Small amounts of core sediment removed to prepare
approximately 1,000 smear slides for core descriptions are not
included in the sample total. Also, only those investigators
charged for the receipt of samples are shown in the investigator
count; co-investigators are not included.

Core receipt for the year includes 21.3 meters of piston core
sediment collected during Deep Freeze 81 by Rice University
staff aboard USCGC Glacier in the eastern Amundsen Sea (8
cores) and in the Bransfield Strait (4 cores). The Bransfield
Strait cores augment the coverage provided by coring in this
area from aboard USNSEltanin cruise 6 in 1962-63. Deep Freeze
81 cores were received, cut open, inspected, and processed

during April 1981. These cores will be described by John B.
Anderson of Rice University.

Approximately 47 meters of frozen AX drill core from two
holes in southern Victoria Land's dry valleys were received in
May 1981. These cores, recovered by Donald P. Elston's field
team, supplement the 1,100 meters of Dry Valley Drilling Proj-
ect (DvDP) sediments stored at isu. Descriptions and photo-
graphs of these materials have been made available by Dr.
Elston.

Core-describing was the dominant activity at the facility
during the past year. The descriptions of more than 330 meters
of sediment recovered by piston, trigger, and Phleger coring
aboard ARA Islas Orcadas cruise 1578 were published and dis-
tributed (Kaharoeddin et al. 1980). The 142 cores (51 piston
cores, 68 trigger cores, and 23 Phleger cores) described in this
volume are the largest total number of cores retrieved aboard
any of the five multidisciplinary cruises of Islas Orcadas
(cruises 0775, 1176, 1277, 1578, and 1678). During cruise 1578,
Phieger and duplicate trigger cores, features not attempted
during the other four cruises, were successfully recovered.
Because of the glaciomarine character of these cores, revisions
of sediment classification methods used in previous volumes
(Cassidy et al. 1977; Kaharoeddin 1978; Kaharoeddin et al.
1979) were necessary and accompany the core descriptions.

Description of more than 515 meters of sediment core col-
lected aboard Islas Orcadas cruise 1678 is in progress. Of the
69 piston cores (501 meters) and 45 trigger cores (14 meters)
retrieved, 56 piston and 35 trigger cores have been described
already, and the remaining descriptions will be completed
during the final quarter of 1981. The volume to be published
on completion of this work (Kaharoeddin et al. in preparation)
will be the fifth and final volume in the series of sediment
descriptions for Islas Orcadas materials.

As of 31 May 1981, a total of 21,136 samples (see table) from
the more than 2,100 meters of marine sediment cores retrieved
during Islas Orcadas cruises had been distributed to 34 inves-
tigators representing 16 institutions of 3 nations. The samples
have been subjected to various studies concerned with micro-
paleontology, biostratigraphy, paleomagnetic stratigraphy,
paleoclimatology, sedimentology, and geochemistry of sedi-
ments in the South Atlantic sector of the southern ocean.
Although much of the laboratory analysis of these samples is
in its early stages, the initial results of Islas Orcadas sediments
have been published in academic theses and dissertations,
symposium proceedings, journal articles, abstracts, and mis-
cellaneous publications such as the core description volumes.

Samples from ARA Islas Orcadas piston, trigger, and
Phieger cores distributed as of May 31, 1981

Cruise	Piston core	Trigger/Phieger	Total number
number	samples	core samples	per cruise

0775	3,804	 72	 3,876
1176	5,540	 32	 5,572
1277	5,312	 88	 5,400
1578	3,046	 37a	 3,083
1678	3,182	 23	 3,205

Total	20,884	252	 21,136

a Four samples included in this total are from Phleger cores
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The curator of the facility maintains a file of these publica-
tions and disseminates information regarding their availabil-
ity to potentially interested users. A preliminary bibliography
of research articles and research-related literature is in prog-
ress. The articles included in the bibliography focus on aspects
of the results of analyses of samples distributed so far from
Islas Orcadas piston, trigger, and Phieger core sediments. This
bibliography, which is the nucleus of a continuing effort to
maintain an up-to-date record of reported research, will be
appended to the fifth volume of Islas Orcadas core descriptions.

At the time of preparation of this report, 101 titles, either
published, in press, or in preparation, are known to the cura-
tor. Included are 11 theses, 5 dissertations, 63 journal and
symposium proceedings articles (of which 38 have appeared
in the Antarctic Journal of the U.S.), 16 abstracts, and 6 miscel-
laneous references such as core description volumes and work-
shop papers. Additionally, about 30 papers from research proj-
ects are in progress, but have not yet been assigned a title by
the investigator.

Funding in support of the FSU curatorial program has been
provided by National Science Foundation Division of Polar
Programs contract c-1059.
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Core descriptions from USCGC
Glacier cruises in 1975-1976 and

1977-1978

ThOMAS B. KELLOGG and DAVIDA E. KELLOGG

Department of Geological Sciences
and Institute for Quaternary Studies

University of Maine at Orono
Orono, Maine 04469

KEvm.J R. MELANSON and KATHERYN C. AusTiN

Department of Geological Sciences
University of Maine at Orono

Orono, Maine 04469

A volume describing sediment from 36 piston cores and 31
trigger cores collected during two cruises of USCGC Glacier to
the Ross Sea during the austral summers of 1975-76 and
1977-78 has been completed in our laboratory (Kellogg et al.
1981). This volume follows the basic format established in
previous volumes of core descriptions published by the Ant-
arctic Core Facility at Florida State University (e.g., Kaharoed-
din et al. 1979) but incorporates a number of additional fea-
tures, including: (1) a modification of the classification for
clastic sediments, deemed necessary because the standard
classification was devised for deep-sea sediments, whereas
almost all the Glacier cores were collected from the antarctic
continental shelf; (2) radiocarbon dates for several of the cores,

provided by M. Stuiver of the University of Washington; and
(3) an improved layout to facilitate cross-reference between
the individual descriptions and the core location map and
table. Also included are short statements of coring objectives
and results for each cruise, which supplement short articles
that appeared in this journal (Kellogg, Melanson, and Kenoyer
1978; Kellogg and Truesdale 1976).

The Glacier core-descriptions volume (Contribution 49 of
the Florida State University Sedimentology Research Labora-
tory) is available from: Curator, Antarctic Marine Geology
Research Facility and Core Library, Florida State University,
Tallahassee, Florida 32306.

Collection of the Glacier cores and preparation of the core
descriptions was supported by National Science Foundation
grants OPP 75-15524, DPP 77-21083, DPP 77-21083-AO1, and DPP
79-20112.
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Antarctic data at the World Data
Center-A for Glaciology

(Snow and Ice)

PETER K. MACKINNON* and ROGER G. BARRY

World Data Center-A for Glaciology (Snow and Ice)
Cooperative Institute for Research in Environmental Sciences

University of Colorado
Boulder, Colorado 80309

The World Data Center-A for Glaciology (Snow and Ice)
(wDc-A) is responsible, under international exchange agree-
ments, for storing and disseminating data and information
relating to all forms of snow and ice. Among the data sets it
currently maintains are several of particular antarctic interest.
One comprises 60- and 300-megahertz analog and digital
radio-echo sounding records from airborne surveys over East
and West Antarctica during the 1977-78 and 1978-79 austral
summers. The data, which cover some 50,000 kilometers of
flight lines, have been made available by the principal inves-
tigators for various projects through the National Science
Foundation, Division of Polar Programs. Another data set is
a large collection of global satellite imagery mosaics acquired

*Present address: Quasar Systems Ltd., Ottawa, Ontario, Canada K1P
5H9.

from the U.S. Air Force Defense Meteorological Satellite Pro-
gram; these are maintained as an adjunct collection to the
WDCA. Visual and infrared images at approximately 3-nautical-
mile resolution for up to four times a day from November 1975
through the present are available. The figure illustrates a visual
scene of ice conditions in the Weddell Sea and along the Ant-
arctic Peninsula on 7 February 1979. Flyers describing these
data sets and procedures for acquiring data are available from
the Center. Other data sets include chemical and physical
analyses from ice cores throughout the antarctic continent and
results from various over-snow traverses. The ice core data are
listed in Glaciological Data Report GD 8. Future accessions will
include the digital data used in compilation of NASA-ESMR
microwave atlas of antarctic sea ice (Zwally et al. 1982).

Periodically, the WDC-A sponsors workshops focusing on a
particular area of glaciology to explore data management issues
as they relate to various scientific and technical problems. A
workshop on radio glaciology was held in September 1981 in
association with the Third International Symposium on Ant-
arctic Glaciology at The Ohio State University. The results of
this workshop will be published in a future issue of
Glaciological Data.

The Center maintains an extensive glaciological library. A
comprehensive cataloging system permits literature searching
by online computer and microfiche. Copies of the citation
index are available from the Center.

Facilities are also available at the Center for a visiting sci-
entist to work "inhouse." This allows Center resources to be
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used in ways not possible by direct data requests or short-term
visits.

Investigators and institutions are encouraged to communi-
cate information on potential new data sets or data needs to
the World Data Center system. Three copies of reprints or
other publications are appreciated so that copies can be for-
warded to WDC-B in Moscow, U.S.S.R., and WDC-C in Cam-
bridge, United Kingdom.

WDC-A for Glaciology (Snow and Ice) is operated under
contract for the National Oceanic and Atmospheric Adminis-

tration, Environmental Data and Information Service, through
the Cooperative Institute for Research in Environmental Sci-
ences (aREs) of the University of Colorado, Boulder.
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Programs for antarctic mapping,
1978-1981

RUPERT B. SOUTHARD

U.S. Geological Survey
National Mapping Division

Reston, Virginia 22092

During the austral summers of 1978-79 and 1979-80, topog-
raphers from the U.S. Geological Survey (usGs) were involved
in efforts to map Byrd Glacier, the Darwin Glacier-Hatherton
Glacier area, areas in and around the Ronne-Filchner Ice Shelf,
and peaks in the Sentinel Range. This article describes their
activities and other USGS activities in Antarctica.

In 1978-79, Thomas T. Smith and LeLand D. Whitmill took
part in two separate usGsIusARP (U.S. Antarctic Research Pro-
gram) expeditions. The objective of one expedition was to
establish a perimeter of geodetic control on and around Byrd
Glacier to support studies of ice dynamics being conducted by
Terry Hughes of the University of Maine. Using satellite Dop-
pler point-positioning receivers, a primary geodetic position
was established to serve as the starting point for a conventional
survey traverse around the glacier. Stations in the traverse
were selected to be visible from the fiord walls as well as from
the glacier. Hughes, Henry Brecher, and their associates from
the University of Maine were transported by helicopter onto
the heavily crevassed Byrd Glacier, where they placed targets.
By repeated referencing of the position of these targets, which
moved as the glacier moved, to fixed stations on the fiord
walls, measurements for computing ice velocities were
obtained.

In all, 12 positions were established around the Byrd Glacier,
6 by satellite Doppler point-positioning and 6 by conventional
traverse. All ground positions were marked with plastic mate-
rial, white plastic for rock stations and black plastic for snow
stations so that they would be visible in aerial photographs to
be acquired later in the season.

During this first expedition, Smith and Whitmill also estab-
lished seven satellite Doppler point-positioned stations in the
Darwin Glacier-Hatherton Glacier area.

The objective of the other expedition was to complete the
mapping control, as planned and started in 1975, for the joint
USGS/BA5 (British Antarctic Survey) Landsat project in and
around the Ronne Ice Shelf and the Filchner Ice Shelf.

In December 1978, Smith and Whitmill worked at Siple Sta-
tion, tracking U.S. Navy navigational satellites to establish a
new position for the USGS geodetic station there. Named
"Janie," the station is a tablet fastened at the top of a 10- by
10-centimeter post which is buried in the snow and must be
raised each year because of snow accumulation. The station,
which is about 31 meters north of the west end of New Siple
Station, was established (and first positioned) during the
1974-75 austral summer.

While at Siple, Smith and Whitmill made a solar observation
for azimuth and laid out a true north-south baseline for use by
various disciplines at the station. Between 20 December and
10 January, the USGS/BAS team established nine satellite Dop-
pler point-positioned stations in and around the Ronne-
Filchner Ice Shelf (including the resurvey of "Janie").

During the 1979-80 season, Donald H. Knutzen, Thomas E.
Henderson, and Richard A. Pearsall worked to establish the
position of peaks in the Ellsworth Mountains. Using satellite
Doppler receivers, they established 17 primary geodetic sta-
tions around the edges of the Sentinel Range. From these
primary stations, they repeatedly intersected prominent
mountain peaks, measuring both horizontal and vertical
angles. As a result, more than 100 additional peaks have been
positioned.

This team also cooperated with the New Zealand Scott Base
surveyor by obtaining three satellite Doppler geodetic obser-
vations in and around McMurdo Sound.

In addition, the team visited South Pole Station and con-
ducted a triangulation survey that relocated the copper tube
marking the true geographic South Pole (TGSP). The reference
point at South Pole Station is the satellite Doppler antenna
located near the geodesic dome. The most recent data (Decem-
ber 1980) show that the reference point is 482 meters from the
TGSP and that the snow surface elevation is 2,835 meters above
sea level.

The USGS operates a fixed satellite Doppler receiving station
year round at Amundsen-Scott South Pole Station. The satellite
tracking observations obtained daily provide orbital configu-
ration data used to establish precise ephemerides of individual
navigational satellites.

In addition, a USGS seismometer is operated and maintained.
With its isolated location, remote from manmade distur-
bances, the seismometer serves as a vital link in the Worldwide
Standardized Seismological Network. Tremors recorded else-
where in the Southern Hemisphere are confirmed or refuted
at South Pole.

USGS personnel who wintered over recently are Thomas C.
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Edmondson and Michael A. Newman (1978-79), Gregory C.
Arnold and Eric A. Kramer (1979-80), and Kenneth W. Mur-
phy, Jr., and Alan W. Tinkham (1980-81).

During 1981, a revised Index to Topographic Maps, Antarctica
was published. In the 10 years since the index was last revised,
26 additional maps have been published.

Work is continuing on the Ronne Ice Shelf, Berkner Island,
and Filchner Ice Shelf satellite image maps (scale 1:1,000,000).
The Shackleton Mountains topographic reconnaissance map
(scale 1:250,000) is being enhanced by shaded relief treatment
and is expected to be published soon. Compilation is pro-
gressing on sheets SR17-18/16 (Alexander Island), ss16-18/12,

and ss19-21/9 for a map of the Antarctic Peninsula (scale
1:250,000). Work is also continuing on the newly named Deep
Freeze Range International Map of the World (1Mw) at
1:1,000,000 scale. This map charts the area immediately north
of the published McMurdo Sound 1Mw.

The USGS maintains the antarctic cartographic and air photo
library and assists antarctic investigators, both foreign and
domestic, who need such materials. All U.S. aerial negatives
of Antarctica and both foreign and U.S. maps are on file and
available to qualified researchers. Access to this facility can be
made by contacting USGS. Copies of control data referred to in
this report may be obtained by contacting the NSF or the USGS.

Antarctic biological collections

B. J . LANDRUM

Smithsonian Oceanographic Sorting Center
Smithsonian Institution
Washington, D.C. 20560

Among the marine biological collections processed at the
Smithsonian Oceanographic Sorting Center (SoSc), those col-
lected under the U.S. Antarctic Research Program (USARP) con-
stitute a significant scientific resource. Marine samples have
been collected by numerous USARP investigators over nearly
two decades, from extensive areas of the southern ocean. The
antarctic collections alone represent approximately 5,700 dis-
crete samples of organisins. A computerized data system is
used for accurate label preparation and for rapid storage and
retrieval of specimen data. Selected data listings and geo-
graphical plots aid in collection management and help inves-
tigators in research design. The database contains more than
114,000 unit records on polar organisms which have been
processed since 1963. More than 20.5 million processed spec-
imens from the southern ocean have been made available to
specialists throughout the world for analyses and study. The
published results of these specialists are now adding substan-
tially to our knowledge of the antarctic fauna and flora—par-
ticularly their systematics and biogeographies.

During the past year, SOSC shipped more than 69,000 benthic
invertebrates to 16 specialists, 100,000 planktonic inverte-
brates to 9 specialists, and fishes to 2 specialists. About 19
shipments of studied and returned collections were sent to the
National Museum of Natural History for permanent deposi-

tion. Photographs of the ocean bottom were supplied to three
requestors, for a total of 62 shipments of polar materials.

Special effort is being made to facilitate analyses of such
diverse and abundant taxa as benthic polychaete worms and
some of the benthic and pelagic crustacea. The polychaete
collection has been sorted to the family level; seven specialists
are receiving specimens belonging to 32 families, roughly
three-fourths of the polychaete families known to exist in the
antarctic region. Similarly, selected samples of copepods from
the midwater collections are being sorted to family or genera;
10 specialists are studying the various groups.

The Sosc also is separating eucaridean crustaceans from
unsorted aliquots of midwater trawl samples. Recently, there
have been inquiries about the availability of euphausiids and
various decapod—groups from the USARP material that have
not yet been studied. Other unstudied groups, in the benthic
invertebrate communities, that are soon to be treated are
opisthobranch mollusks, bryozoans, stylasterines, and cri-
noids.

Development of some of these new studies, and earlier ones,
has been advanced by the support for systematic analyses of
USARP collections given by the National Science Foundation
Division of Polar Programs. In some cases of need to facilitate
study of particular groups, SOSC subcontracts with qualified
specialists to conduct the analyses and prepare reports. This
aid, while relatively modest, often is an impetus for needed
and timely analyses, making available essential scientific
information on the fauna and flora of the antarctic region.

Processing of polar collections and maintenance of a cen-
tralized database are supported by National Science Founda-
tion contract DPP 74-13988. The cooperative systematic studies
are supported under National Science Foundation grant DPP
79-20835.

LC-130 antarctic research flights,
1980-1981

ROGER A. HUTCHINS and JOSEPH G. WALL

Johns Hopkins University
Applied Physics Laboratory

Laurel, Maryland 20810

During the 1980-81 season, the Johns Hopkins Applied
Physics Laboratory participated in research activities aboard
an instrumented LC-130 aircraft. Almost 200 hours were
devoted to science activities during 22 missions. Grantees and
associated scientists studied polar mesoscale meteorology,
stratospheric trace gases, antarctic cloud physics, aerosols and
volcanic plumes, katabatic winds, and sea ice cover. A wing-
mounted particle probe was added this year, but otherwise
the equipment was identical to that used during previous
seasons (Hickerson 1979; Schoenhols 1978).
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All science equipment with the exception of the laser pro-
filimeter for sea ice studies was installed and tested at the
naval air station at Point Mugu, California. A test flight was
conducted on 3 October 1980, and the journey to Antarctica
commenced six days later as the aircraft departed from Barbers
Point, Hawaii. On the first leg of the trip, the converter on the
equipment used in the volcanic plume studies failed, causing
data loss for that experiment. It was replaced with a spare at
Pago Pago, American Samoa, and the aircraft continued to
Christchurch, New Zealand, arriving 11 October.

Several missions were flown out of Christchurch prior to
deployment to Antarctica, two involving penetration of the jet
stream and others to White Island and Mount Ngaurahoe for
volcanic studies. The aircraft departed for McMurdo Station
on 24 October. During the flight another converter unit failed,
this time in the air sampling rack, and data for that experiment
were lost. Shortly after arrival at McMurdo, bad weather closed
down all operations. The weather broke after several days and
the failed unit was repaired. A flight was attempted on 2
November, but weather forced an abort. On 3 November, the
first antarctic mission was completed. Two more successful
flights were completed before problems with the aircraft forced
a return for repairs to Christchurch. Operations resumed for
awhile, but, again, problems returned the craft to Christ-
church. On 15 November, the aircraft returned for the last time
to McMurdo, and five more missions were completed. Eight
days later the aircraft returned to Christchurch for removal of
science equipment; it was released to the VXE-6 squadron on
26 November.

The table summarizes the mission and the science activities
for the 1980 flights. Principal investigators participating were:
S. Ackley, sea ice cover; A. Hogan, polar meteorology; D.
Murcray, stratospheric trace gases; L. Radke, volcanic plume
studies; R. Renard, mesoscale meteorology; E. Robinson, trace
gas studies; C. Shaw, aerosol sources; C. Wendler, katabatic
winds; and V. Saxena, cloud physics. Other science personnel
participating in the flights were C. Ferrell, J . Gosink, F. Men-
zia, M. Frank, J . Govoni, R. A. Schmidt, B. Barker, D. Baker,
and J. Russell.

The Applied Physics Laboratory field personnel for antarctic
operations were R. A. Hutchins and J . W. Eifert; assisting in
the field prior to deployment were R. L. Hickerson and H. P.
Von Gunten. Commander L. Pullen of the National Science

Schedule of events for LC-130 in 1980

	

Date	Flight	 Comments

	

3 Oct	1	Test flight (Los Angeles landing)

	

9 Oct	2	Point Mugu to Hawaii

	

10 Oct	3	Hawaii to Pago Pago
Converter for volcanic plume studies failed

	

11 Oct	4	Pago Pago to Christchurch

	

16 Oct	5	Volcanic studies of White Island
6	First jet stream penetration flight

	

18 Oct	7	Second jet stream penetration flight

	

23 Oct	8	Volcanic studies of Mount Ngaurahoe
New digital recorder board

	

24 Oct	9	First Christchurch to McMurdo flight
Second converter failed

	

2 Nov	10	Flight aborted due to bad weather

	

3 Nov	11	First cloud physics study

	

5 Nov	12	Second cloud physics study

	

6 Nov	13	First flight from McMurdo to Christchurch for
repairs (left ski problem)

	

7 Nov	14	Second Christchurch to McMurdo flight

	

9 Nov	-	Flight aborted due to engine problems

	

13 Nov	15	Second flight from McMurdo to Christchurch
for repairs (right ski problem)

	

15 Nov	16	Third Christchurch to McMurdo flight

	

16 Nov	17	Flight to Skelton Glacier/South Pole (landing
at Pole)

	

17 Nov	18	Flight to Beardmore Glacier

	

18 Nov	19	Flight to Beaufort Island and South Pole;
compass problems

	

19 Nov	20	First katabatic wind study; digital data
problem

	

20 Nov	21	Second katabatic wind study

	

23 Nov	22	Return to Christchurch (last flight of season)

Foundation Polar Programs office coordinated the operation
with the VXE-6 naval squadron.

Personnel at the Laboratory extend their appreciation to the
scientists and aircraft crews for their cooperation and assis-
tance in making the mission successful. In addition, the Lab-
oratory appreciates the opportunity to work with Benson
Fogle, program manager for the National Science Foundation.

LC-130 flights were supported by Interagency Agreement
DPP 78-20114 between the National Science Foundation and
the U.S. Navy.

Recent review papers in antarctic
literature

GEZA T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

The Cold Regions Bibliography Project has been abstracting
and indexing the antarctic literature for a period approaching
20 years. About 25,000 citations have been captured in an
automated database and are available for online access through
the System Development Corporation's ORBIT system. The

database also serves to produce the monthly current-aware-
ness bulletin Current Antarctic Literature (CAL), the hard-
bound indexed volumes of the Antarctic Bibliography (an 18-
month edited cumulation of CAL), and cumulative indexes.

In addition to the strictly bibliographic data, each record
entered into the database contains information of a more
incidental or statistical nature, such as the language, country
of publication, date of input, type of publication, and method
of acquisition. These elements of information are entered into
the record in the form of letter or number codes and are thus
easily retrievable.

The format used for entering citations and abstracts into the
Cold Regions Data Base is a modified MARC format. From the
many codes featured in the MARC system, only a few were
adopted, among them one that indicates that the cited work
contains a bibliography. For the Cold Regions Data Base, this
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code is used whenever a paper contains more than 20 refer-
ences. The following is an example of how this code may aid
certain types of searches.

In response to a recent inquiry, we undertook a search for
books or papers in which the state of the art in various fields
of antarctic research is reviewed. Since such review papers
invariably contain extensive bibliographies, the bibliography
code was queried to reduce the number of items to be scanned.
From this group of publications featuring substantial bibli-
ographies, the ones qualifying as "review papers" were then
selected. The search was limited to the last 3-4 years. As a
matter of general interest, the papers selected are listed in the
table.

The listing seems to indicate that the greatest number'of
comprehensive reviews were written with a practical rather
than a pure research outlook; many scientific disciplines
(oceanography, atmosphere physics, several branches of the
earth sciences, etc.) have been neglected.

Whether or not there is a need for comprehensive review
papers in any field must, of course, ultimately be determined
by the specialists working in that field, or by those willing to
sponsor such studies.

In the meantime, the Cold Regions Bibliography Project,
through timely coverage of the literature, will continue to
provide a current review of progress in antarctic research
throughout the world. The National Science Foundation sup-
ports the project through an interagency agreement CA-30.

Recent books and papers in which the state of the art in various fields of antarctic research is reviewed

General
Washburn, A. L., FOCUS ON POLAR RESEARCH. Science, Aug. 8,

1980 209(4457), p. 643-652. (For abstract see Ant. Bibliog. [12] A-
23763).

Biology
Lindsay, D. C., LICHENS OF COLD DESERTS. Lichen ecology, edited

by M. R. D. Seaward, London, Academic Press, 1977, p. 183-209.
(10B-21177).

Bradford, J . M., SEA ICE ORGANISMS AND THEIR IMPORTANCE
TO THE ANTARCTIC ECOSYSTEM (REVIEW). New Zealand ant-
arctic record, 1978 1(2), p. 43-50. (1B-20878).

Earth Sciences
Kohnen, H., EARTH SCIENCE INVESTIGATIONS ON THE SIXTH

CONTINENT. (Ober die geowissenschaftlichen Forschungen auf
dem sechsten Kontinent). Erde, 1978 109(2), p. 153-187. (10E-20865).

Glaciology
Radok, U., CLIMATIC ROLES OF ICE: A CONTRIBUTION TO THE

INTERNATIONAL HYDROLOGICAL PROGRAMME (IHP). Inter-
national Association of Hydrological Sciences. Bulletin, Sep. 1978
23(3), p. 333-354. (10E-21282).

Drewry, D., ICE-SHEET GLACIOLOGY. Progress in physical geog-
raphy, Sep. 1979 3(3), p. 313-328. (11F-23251).

Klokov, V. D., MELTING AND SURFACE RUNOFF FROM THE ANT-
ARCTIC ICE SHEET. (Taianie i zhidkii stok s poverkhnosti ledni-
kovogo pokrova antarktidy). Leningrad, Gidrometeoizdat, 1979,
128p. (11F-23251).

Medicine
Matusov, A. L., LIVING CONDITIONS AND HEALTH OF POLAR

EXPEDITION MEMBERS. (Usloviia zhizni i sostoianie zdorov'ia
uchastnikov poliarnykh ekspeditsii). Leningrad, Gidrometeoizdat,
1979, 232p. ([121 H-24591).

Meteorology
Shaw, G. E., CONSIDERATIONS ON THE ORIGIN AND PROPER-

TIES OF THE ANTARCTIC AEROSOL. Reviews of geophysics and
space physics, Nov. 1979 17(8), p. 1983-1998. (111-22950).

Voskresenskii, A. I., METEOROLOGICAL PROBLEMS OF THE
SOUTHERN OCEAN. (Meteorologicheskie problemy IUzhnogo
okeana). Sovetskaia antarkticheskaia ekspeditsiia. Informatsionnyi
biulleten', 1978 No. 98, p. 5-15. (101-20718).

Polar Group, Baker, D. J . , Radok, U., Weller, G., POLAR ATMO-
SPHERE-ICE-OCEAN PROCESSES: A REVIEW OF POLAR PROB-
LEMS IN CLIMATE RESEARCH. Reviews of geophysics and space
physics, May 1980 18(2), p. 525-543. (111-23449).

Resources, Exploitation
Lundquist, T. H., ICEBERG COMETH?: INTERNATIONAL LAW

RELATING TO ANTARCTIC ICEBERG EXPLOITATION. Natural
resources journal, Jan. 1977 17(1), p. 1-41. (11M-21971).

Auburn, F. M., OFFSHORE OIL AND GAS IN ANTARCTICA. Ger-
man yearbook of international law, 1977 Vol.20, 173p. (10M-21266).

Mitchell, B., Sandbrook, R., MANAGEMENT OF THE SOUTHERN
OCEAN. Washington, Internatl. Inst. for Environment and Devel-
opment, 1980, 162p. (11J-23750).

McWhinnie, M. A., Denys, C. J . , ANTARCTIC MARINE LIVING
RESOURCES WITH SPECIAL REFERENCE TO KRILL EUPHAUSIA
SUPERBA: ASSESSMENT OF ADEQUACY OF PRESENT KNOWL-
EDGE. Dec. 1978, 209p., Report submitted to the National Science
Foundation. (10B-21492).

National Research Council. Marine Board. Assembly of Engineering,
ENGINEERING AT THE ENDS OF THE EARTH; POLAR OCEAN
TECHNOLOGY FOR THE 1980'S. Washington, D.C., National
Academy of Sciences, 1979, 74p. (11G-22391).

Weeks, W. F., ICEBERG WATER: AN ASSESSMENT. Annals of gla-
ciology, 1980 Vol. 1, p. 5-10. ([12] F-24465).

Citation analysis of antarctic
research

SUSAN E. COZZENS

Institute for Scientific Information
University City Science Center

Philadelphia, Pennsylvania 19104

One indication of the impact of antarctic research is the
extent to which published reports of antarctic data are cited in

the literature of their fields. An analysis of this sort of impact
is currently underway. The project uses two unique, machine-
readable databases, the Antarctic Bibliography and the Science
Citation Index. The overlap between these databases has been
identified as a starting point for the citation analysis: that is,
all articles that were included in the Antarctic Bibliography were
covered in the Source Index of the Science Citation Index, and
were also cited at least once between 1961 and 1978 have been
identified. A total of 2,942 articles fall into this set.

In addition to other forms of analysis, the qualitative impact
of these antarctic publications is being traced. Comparison
with the Institute for Scientific Information's (151's) existing
data on the research fronts of science reveals that antarctic
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research in atmospheric and geological sciences played a cru-
cial role through the 1970's in two exciting lines of inquiry,
plate tectonics and atmospheric processes. ISI's research
department has studied these two areas of rapid scientific
growth through a technique called co-citation clustering (Small
and Griffith 1974). This technique indicates that a number of
antarctic articles were among the core documents defining
intellectual change in those areas.

A co-citation cluster is a group of frequently cited documents
that often appear together in the bibliographies of later doc-
uments. These sets of documents have been found to be
strongly associated with the appearance and development of
scientific problem areas. The cited documents themselves fre-
quently represent concepts that are being used heavily by
scientists at an active research front. The list of papers that cite
the clustered documents includes many articles from that
research front, as well as reviews.

For a number of years, the research department at Isi has
been identifying co-citation clusters from the annual file of the
Science Citation Index (sd ®), using an algorithm developed by
Henry Small. First, a list of all articles cited above a threshold
number of times in the annual Sd ® is prepared. Next, the
number of times these frequently cited articles appear in the
same reference list is calculated. This is the raw co-citation
count; it indicates a subject relationship established by the
citing author between the two cited documents. In ISI's algo-
rithm, the raw co-citation count is normalized. Without this
step, widely cited methodological works would tie together
nearly all of science. After normalization, co-citation ties that
meet a threshold value are used as input to a single-link clus-
tering algorithm. On a typical yearly file, this clustering pro-
duces about 2,000 sets of influential scientific articles, ranging
in size from 2 to 150 documents. (For a review of the technique,
see Garfield 1980a, 1980b.)

Since the clusters consist of older papers, there can be over-
lap between one year and another in the documents included.
The carryover in cited documents has been used as a measure
of continuity in the problem areas the clusters identify (Small

Heppner 72b
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Hones 
ZZ

Akasofu 73

Hones 74
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Figure 1. Magnetospheric Plasma 1976—Cited documents with
co-citation links. (See table for list of documents.) Heppner 72b
(upper left) appeared in the Antarctic Bibliography.
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Figure 2. Magnetospheric Plasma 1976—Keyword analysis of
cited documents. The subregions of the cluster have been iden-
tified by the appearance of keywords in the titles of the cited
documents. Three subregions can be seen: a plasma group (M)
running from lower left to middle right; a substorm group (S),
Including the Heppner paper, on the left; and a polar region group
(P) in the upper right. The position of the Heppner paper appears
anomalous, since it is linked through co-citations to the polar
subregion but through keywords to the substorm group.
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S - plasma
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* - see Caption
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Figure 3. Magnetospheric Plasma 1976—Keyword analysis of cit-
ing documents. The 1976 papers that cited the documents mapped
in figure 1 are arranged in the same space as the papers they
cited. This figure reveals the source of the Heppner anomaly seen
In figure 2. A concentration of researchers interested in polar
problems appears in the upper left-hand corner because these
researchers cited both Heppner papers and none of the others.
One paper (starred, far left) cited both the Heppner piece (1972b)
and the substorm group, and another (starred, central) cited both
Heppner (1972b) and the plasma group. Heppner's work thus rep-
resents an essential link between the polar work and the other
foci of interest represented in the map. Rosenbauer's paper plays
a similar role.
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1977). Using this measure, isi has created cluster time-series
(Coward 1980). Only a small percentage of the series that have
been produced using the last decade's data are more than a
few years long. Both the plate tectonics work and research on
magnetospheric processes are among that small percentage.

Figures 1 through 3 present data for one of the clusters from
the magnetospheric processes series in which antarctic
research was influential (magnetospheric plasma); the citing
documents were published in 1976 (see table). The maps were
created through a technique called centroid scaling (Noma in
preparation), which creates a spatial representation of papers
according to the strength of their citation links.

The citation analysis project will produce a set of special co-
citation clusters focused on antarctic publications, in addition
to citation comparisons at the aggregate level. Researchers
interested in more information on the results of the project
should contact me.

This research was supported in part by National Science
Foundation grant DPP 79-24011. I would like to thank Elliot
Noma of the Institute for Scientific Information for the centroid
maps.
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Antarctic Research Series

JUDY C. H0L0vIAK

American Geophysical Union
Washington, D.C. 20009

The Board of Associate Editors for the Antarctic Research
Series recently drafted the following statement of objectives:

The Antarctic Research Series, an outgrowth of research
done in the Antarctic during the International Geophysical
Year, was begun early in 1963, with a grant from the National
Science Foundation to AGU [American Geophysical Union]. It
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 sci-
ences. It provides a continuing, authoritative medium for the
presentation of extensive and detailed scientific research

results from Antarctica, particularly the results of the United
States Antarctic Research Program.

Most Antarctic research results are and will continue to be,
published in the standard disciplinary journals. However, the
difficulty and expense of conducting experiments in Antarctica
make it prudent to publish as fully as possible the methods,
data, and results of Antarctic research projects so that the
scientific community has maximum opportunity to evaluate
these projects, and so that full information is permanently and
readily available. Thus the coverage of the subjects is expected
to be more extensive than is possible in the journal literature.

The series is designed to complement Antarctic field work,
much of which is in cooperative, interdisciplinary projects.
The Antarctic Research Series encourages the collection of
papers on specific geographic areas (such as the East Antarctic
Plateau or the Weddell Sea). On the other hand, many volumes
focus on particular disciplines, including marine biology,
oceanology, meteorology, upper atmosphere physics, terres-
trial biology, snow and ice, human adaptability, and geology.
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Priorities for publication are set by the Board of Associate
Editors. Preference is given to research projects funded by
U.S. agencies, long manuscripts, and manuscripts which are
not readily publishable elsewhere in journals that reach a suit-
able reading audience. The series serves to emphasize the U.S.
Antarctic Research Program, thus performing much the same
function as the more formal expedition reports of most of the
other countries with national Antarctic research programs.

The standards of scientific excellence expected for the series
are maintained by the review criteria established for the AGU
publications program. The Board of Associate Editors works
with the individual editors of each volume to assure that the
objectives of the series are met and that the best possible
papers are presented, and that publication is achieved in a
timely manner. Each paper is critically reviewed by two or
more expert referees.

The format of the series, which breaks with the traditional
hard-cover book design, provides for rapid publication as the
results become available, while still maintaining identification
with specific topical volumes. Approved manuscripts are
assigned to a volume according to the subject matter covered;
the individual manuscript (or group of short manuscripts) is
produced as a soft cover "minibook" as soon as it is ready.
Each minibook is numbered as part of a specific volume. When

the last paper in a volume is released, the appropriate title
pages, table of contents, and other prefactory matter are
printed and sent to those who have standing orders to the
series. The minibook series is more useful to researchers, and
more satisfying to authors, than a volume that could be delayed
for years waiting for all the papers to be assembled. The Board
of Associate Editors can publish an entire volume at one time
in hard cover when availability of all manuscripts within a
short time can be guaranteed.

The current Board members are Charles R. Bentley (chair-
man), Robert H. Eather, David H. Elliot, Dennis E. Hayes,
Louis S. Kornicker, Hans H. Lettau, and Bruce Parker. The
Board has approved three new volumes—Ross Ice Shelf: Gla-
ciology and Geophysics; Biology of the Antarctic Seas XII; and
Volcanic Atlas of Antarctica. Eight other volumes are currently
in production.

In an effort to lower the costs of publication, future volumes
will be printed from typescript. Authors who have access to
word processing equipment will be able to prepare the final
typescript. Copy-editing support will continue to be provided
for all manuscripts.

Publication of the Antarctic Research Series has been sup-
ported by National Science Foundation grant DPP 77-21859.

Support operations of ITT/Antarctic
Services, Inc.

RODNEY E. GRAY

Antarctic Services, Inc.
Paramus, New Jersey 07652

ITT/Antarctic Services, Inc. (ANs) began providing special-
ized support services for the United States Antarctic Research
Program (usiu) on 1 April 1980. During the 1980-81 season,
ANS arranged for deployment of 234 employees and more than
260 National Science Foundation (NSF) grantees to Antarctica
for 77 science projects. This number includes projects at the
main support base at McMurdo Station and at Siple and South
Pole Stations, numerous field camps, and Palmer Station in
the Antarctic Peninsula; also included are projects conducted
from p.iv Hero and R/v Melville and from icebreakers.

During the winter fly-in period, ANS personnel (appro
mately 65 employees) provided support to five active science
projects, completed preseason conditioning of USARP facilities
at McMurdo Station and Williams Field, and launched a con-
struction program. Approximately 50 percent of the employees
had worked in Antarctica previously.

McMurdo Station. A number of construction projects were
completed at McMurdo Station, including three 50-bed dor-
mitories (figure 1), the first phase of a primary power plant
(figure 2), a three-building scientific observation complex at
White Island, and an addition to the aquarium building. In

addition, the Eklund Biological Center was completely rewired
for electricity, and a "clean room" was constructed at the sat-
ellite tracking facility.

McMurdo was the focal point for direct science support
during the summer season. The Eklund Biological Center sup-
ported 13 biology, microbiology, and biochemistry projects.
The Berg Field Center outfitted 38 field parties. The Thiel Earth
Science Laboratory assisted some 22 geology, glaciology, and
upper atmosphere science teams.

Figure 1. New dormitory at McMurdo Station.
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Figure 2. Primary power plant in construction.

ANS logistics procured and shipped over 300,000 pounds of
air cargo and over 200,000 pounds of ship cargo. Approxi-
mately 18,000 feet of aircraft skiway at Williams Field and more
than 5 miles of compacted snow roads were maintained.

Summer activities at McMurdo ended on 19 February 1981.
Siple Station. Despite severe weather early in the season, a

summer camp living complex and rocket-balloon launch facil-
ities were erected at Siple Station. Approximately 55 ANS and
NSF grantee personnel were supported at the peak of Siple

activity. Upon conclusion of the rocket-balloon project, the
station was shut down (on 29 January 1981).

Amundsen-Scott South Pole Station. At South Pole Station,
ANS constructed and erected prefabricated modules for the new
summer/emergency camp, erected a 52-foot berthing James-
way, constructed and positioned a telescope complex to
include a 30-kilowatt generator and berthing wannagan,
recovered a tiltmeter, and constructed a generator module and
drill platform in support of ongoing science projects. A "clean
room" was constructed on the bottom floor of the Skylab, and
a new snow melter was installed late in the season. In the 98
days that South Pole remained open, all proposed station proj-
ects were completed. Austral summer operations concluded
on 9 February 1981.

Palmer Station. Palmer Station's annual resupply and crew
turnover was effected via USCGC Polar Star and RlvHero rather
than RSS Bransfield as in the past. Cargo was loaded aboard
Polar Star at Port Hueneme, California, and personnel boarded
in Valparaiso, Chile. During the 1980-81 season, the water
desalination plant at Palmer was rebuilt and generator number
2 was completely overhauled.

Ship operations. In June 1980, R/vHero received its first major
overhaul in 7 years. Engines and ancilliary equipment were
completely rebuilt, large sections of the hull were replaced due
to worm infestation, decks were recaulked, and the galley and
living quarters were refurbished and outfitted. Hero departed
Long Beach in November, but due to unanticipated delays the
science cruise schedule was reduced and only two voyages
were completed between Ushuaia and Palmer Station.

These activities were supported by National Science Foun-
dation contract DPP 80-03801.

Detachment Christchurch,
1980-1981 season

DANIEL J . GUZMAN

U.S. Naval Support Force, Antarctica
Detachment Christchurch

Christchurch, New Zealand

U.S. Naval Support Force, Antarctica, Detachment Christ-
church, is a vital link in the logistical chain between the United
States and McMurdo Station in support of the U.S. Antarctic
Research Program. Base facilities are located on 86.3 acres
adjacent to Christchurch International Airport. Approximately
47 U.S. Navy personnel and 25 U.S. and New Zealand civilians
operated the base during the 1980-81 season, under the com-
mand of CDR Ronald L. Chrans. They processed supplies and
passengers bound for Antarctica and maintained the complex
of 81 buildings and structures that house, feed, and otherwise
support "seasonal" personnel on their way to and from Ant-
arctica.

The year-round detachment team comprises the following
departments: Naval Communications, Supply, Air, Transpor-
tation (from the Army's 16th Transportation Detachment), and
the U.S. Air Force's 619 Military Airlift Support Squadron,
Operating Location Delta. The National Science Foundation
also maintains (under contract) a small force of personnel and
a clothing warehouse at the base.

During the summer season, Detachment Christchurch is
augmented by personnel from Commander Naval Support
Force, Antarctica, Antarctic Development Squadron Six, the
Royal New Zealand Air Force, and the New Zealand Army. A
team of food service workers is contracted by the Navy to assist
in the galley.

The size of Detachment Christchurch's operations during
the 1980-81 season is reflected in the following figures: a total
of 176,250 recorded messages were handled, and more than
1,100 high-frequency voice conferences were provided; the
post office handled nearly 200,000 pounds of mail; and approx-
imately 1,300 personnel were issued cold weather gear for use
in Antarctica.
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U.S. Navy Antarctic Development
Squadron Six Activities, 1980-1981

D. R. LARSON

U.S. Navy Antarctic Development Squadron Six
Point Mugu, California 93042

Deep Freeze 81 marked the 26th year of Antarctic Develop-
ment Squadron Six's (VXE-6) airlift support of U.S. scientific
research projects in Antarctica.

Flight operations in support of Deep Freeze 81 commenced
in late August 1980 with the execution of Operation Winter
Fly-In (WINFLY). Three VXE-6 LC-130 Hercules aircraft, along
with a contingent of flight crew and squadron support per-
sonnel, departed Point Mugu, California, on 20 August for
Christchurch, New Zealand. Once there, the squadron began
a series of passenger/cargo shuttles between Christchurch and
McMurdo Station. A total of 239 passengers and 117,527
pounds of cargo were transported in six flights over 5 days.
Three flights were canceled because olf inclement weather at
McMurdo. By 1 September, all three of the LC-130's had
returned to Point Mugu and WINFLY 81 was history.

The Deep Freeze 81 summer support season began for
V)(E-6 on 9 October 1980 with the launching of three squadron
LC-130 aircraft for New Zealand. Following a brief stay in
Christchurch, where the aircraft and personnel were outfitted
for cold weather operations, VXE-6 shifted to McMurdo on 18
October.

Over the next 4 months, VXE-6 LC-130's and UH-1N heli-

copters conducted some 1,116 sorties, logging 4,038.8 flight
hours. During that period, 2,538,311 pounds of cargo (includ-
ing 45 tons of mail and 278,000 gallons of fuel) and 5,487
passengers were transported.

Deep Freeze 81 provided VXE-6 personnel with several
unique challenges and opportunities to contribute firsthand
to the ongoing exploration of Antarctica. The Siple rocket proj-
ect began with the delivery of the rockets to Siple Station on
1 December. A total of 39 flights were made in support of the
station and the rocket program. The project was threatened by
the unexpected deterioration of skiway conditions, which
restricted flight operations, but a planer was airlifted to Siple
and the skiway was smoothed to a usable surface.

At Vostok, a multiyear program of international cooperation
was closed out and the U.S. pavilion terminated operations.
VXE-6 aircraft removed the one remaining American on 18
December 1980.

Aircraft XD-03 was fitted for photographic and air sampling
missions and was used extensively in the aerial mapping of
Cape Royds, Cape Evans, Mount Erebus, and the Hut Point
Peninsula. Photographic mapping of Byrd and Darwin Gla-
ciers and the dry valleys was also carried out by XD-03. In
addition, 14 air sampling missions, consisting of ice sensing,
jet stream sampling, Mount Erebus plume sampling, and
atmospheric testing throughout the continent, were con-
ducted. Using the aircraft as a scientific research platform
proved highly successful.

VXE-6 helicopters logged 1,210.6 flight hours and trans-
ported 144 tons of cargo during the Deep Freeze season. Reg-
ularly scheduled evening operational flights allowed greater
use of assets without an increase in the number of aircraft or
flight crews.

Ship operations, Deep Freeze 81

P. R. TAYLOR

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Two U.S. Coast Guard icebreakers operated in the Antarctic
during Deep Freeze 81. USCGC Polar Star, from Seattle, Wash-
ington, resupplied and refueled Palmer Station, performed
primary channel break-in to McMurdo, and called at Campbell
Island. Polar Star also assisted resupply ships USNS Southern
Cross and USNS Maumee into and out of Winter Quarters Bay,
the former (on its maiden voyage) bringing dry cargo and the
latter, fuel. USCGC Glacier, from Long Beach, California, called
at Campbell Island, supported science projects in the Ross Sea,
called at Palmer Station, and provided science support enroute
and in the Bransfield Straits. Operations went as planned,
with one exception: Midway during Glacier's initial science
period, she was diverted to assist in the channel break-in at
McMurdo because Polar Star's starboard shaft had been dam-
aged. A detachment of helicopters from the Coast Guard Avia-
tion Training Center (Mobile, Alabama) was assigned to each
icebreaker; ADVET 82 operated from Polar Star, and ADVET 83
operated from Glacier.

Ice conditions during the shipping season at McMurdo were
similar to those of last season. Upon arrival of the first ice-
breaker, Glacier, the fast ice edge was 16 nautical miles from
Hut Point (within .5 nautical miles of last year's edge). Pack
ice in the Ross Sea and McMurdo Sound followed the tradi-
tional pattern and cleared to open water or loose pack during
the season. Extremely favorable winds from the southeast dur-
ing channel break-in carried broken floes and brash to sea.
The ice east of the channel along the western shore of Ross
Island broke off in large to vast floes, at times blocking the
channel; however, the channel tending efforts of Polar Star
and the southeast winds caused the ice to break up and drift
out to sea. As happened at the end of last season, all fast ice
up to the Ross Ice Shelf went to sea.

Polar Star arrived at Port Hueneme, California, on 22
November 1980, refueled, and loaded 95 tons of cargo which
consisted of general supplies and repair parts, refrigerated,
frozen food stuffs, and hazardous cargo requiring separation
of non-compatible items. Two CONEX boxes were used on the
port and starboard 01 weather deck to meet the applicable
hazardous cargo regulations. Two drums of gasoline were
stowed in newly installed racks on the fantail. After loading
was completed by local stevedores on 26 November 1980, Polar
Star departed for Palmer Station, making port calls at Acapulco,
Mexico, Callao, Peru, and Valparaiso, Chile. While in Valpa-
raiso, Polar Star refueled, loaded fresh produce and gasoline
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for Palmer, and picked up 23 National Science Foundation
Antarctic Services, Inc., personnel and a Naval Support Force
Antarctica medical corpsman (the Palmer relief crew). The
number of passengers exceeded Polar Star's capacity by six;
these personnel were originally scheduled on RIv Hero, which
was delayed for repairs.

Polar Star changed operational control (chopped) from COM-

PACAREA COGAERD to CNSFA upon crossing 60°S on 26 December
1980 and arrived at Palmer on the 28th, at which time passen-
gers were disembarked and cargo/refueling operations com-
menced. Polar Star transferred 119,517 gallons of diesel fuel to
the station. Offloading went smoothly, with the exception of
two ruptures in the station refueling hose. During the first
refueling attempt, the fuel hose on shore parted. Approxi-
mately 150 gallons of fuel spilled, with an unknown quantity
entering the water and producing a light sheen over an area
45.6 meters by 15.2 meters. The sheet rapidly dissipated in 30-
knot winds. During the second attempt, a hose section on the
ship ruptured; approximately 100 gallons entered the water,
causing a light sheen. The hose section was replaced and the
station was refueled without further incident. The short-term
effects of the spill were considered minor, and no long-term
effects were anticipated. Cargo offloading was completed
smoothly in 20 hours.

After a short delay Polar Star departed Palmer on 31 Decem-
ber 1980 enroute McMurdo. During the transit the starboard
propeller locked in a full-astern mode and was out of commis-
sion for the remainder of the season. On 10 January 1981, Polar
Star arrived at the McMurdo fast ice edge (16 miles from Hut
Point) and immediately commenced breaking the ship chan-
nel, which USCGC Glacier had started on 8 January 1981. Polar
Star continued to clear the channel with exceeding favorable
southeast winds until 15 January, when she moored at the ice
wharf until 17 January. On 16 January Polar Star helicopter
1356 was damaged upon landing at Williams Field but was
repaired on site with parts flown in from CONUS and returned
to Polar Star on 1 February.

On 17 January Polar Star began tending the channel in prep-
aration for USNS Maumee's arrival on 22 January (see figure 1).
During this period, fast ice on the Ross Island side of the

- (14v,

-:
Figure 1. USCGC Polar Star tending the channel to McMurdo. (U.S.
Navy photo)

channel continued to break off, at times blocking passage to
McMurdo. Polar Star escorted Maumee to McMurdo on 22 Jan-
uary and refueled from Maumee on 23 January. From 26 to 31
January, Polar Star supported a marine biology project and
escorted the Maumee out of Winter Quarters Bay and the USNS

Southern Cross to McMurdo Station. The icebreaker also
assisted the RJv Benjamin Bowring (UK), which was beset in ice
12 miles north of Hut Point, and supported science in
McMurdo Sound and the western Ross Sea during this period.
On 1 February, Polar Star escorted Southern Cross out of Winter
Quarters Bay and departed for Campbell Island. At Campbell
Island on 7 February, one ton of cargo was delivered, three
passengers embarked, and the ship departed for Wellington,
New Zealand. The Polar Star arrived in Wellington on 9 Feb-
ruary. Upon its departure from Wellington on 13 February,
Polar Star chopped from CNSFA to COMPACAREA COGARD; the
icebreaker reached Seattle, Washington, on 10 March 1981.

USCGC Glacier departed Long Beach, California, enroute to
Wellington, New Zealand, via Suva, Fiji, on 19 November
1980. Prior to departure, 4,000 pounds of cargo for McMurdo,
13,000 pounds for Palmer, and 3,800 pounds for scheduled
science projects were loaded. Glacier arrived Wellington on 17
December 1980 and chopped from COMPACAREA COGARD to
CNSFA. While in Wellington, U.S. science personnel and three
New Zealand Department of Scientific and Industrial Research
personnel bound for Campbell Island embarked, Campbell
Island cargo was loaded, and ship and local contract personnel
performed voyage repairs. Glacier sailed from Wellington on
26 December enroute Campbell Island, where passengers and
cargo were flown ashore. Glacier supported a geology project
in the vicinity of Cape Adare until 6 January, when the ice-
breaker was directed to commence channel break-in at
McMurdo. On 8 January Glacier arrived at the fast ice edge to
begin channel break-in operations and proceeded to within
10.7 nautical miles of Hut Point on 10 January. By this time
Polar Star had arrived and assumed the primary role of channel
break-in. Glacier resumed her scheduled science support in
McMurdo Sound and the western Ross Sea on 13 January.
Upon return to McMurdo on 21 January, Glacier moored at the
ice wharf to load 14.6 metric tons of cargo for Palmer Station,
received fuel from the Maumee on the 22nd, and departed on
23 January enroute to Palmer Station. While in transit to
Palmer, Glacier supported science projects in marine geology
and biology in the Amundsen and Bellingshausen Seas and
the Bransfield Straits. On 8 February Glacier arrived at Palmer,
discharged cargo, loaded retrograde, and sailed on the 9th.
Glacier chopped to COMPACAREA COGARD upon crossing 60°S
on 10 February. Science parties departed the ship at Punta
Arenas, Chile, between 13 and 15 February. Glacier arrived
Long Beach, California, on 26 March 1981 after making port
calls enroute at Valparaiso, Chile, Callao, Peru, and Mazatlan,
Mexico.

USNS Maumee arrived at McMurdo Station under escort of
Polar Star on 22 January (see figure 2). The channel was essen-
tially ice free. Maumee discharged petroleum products to the
station and refueled Glacier and Polar Star. Maumee completed
refueling operations, ballasted down, and departed McMurdo
with the assistance of Polar Star on the 26th. On 2 February
Maumee arrived in Port Lyttelton, New Zealand, and departed
the following day.

USNS Southern Cross moored at Port Hueneme, California,
on 9 December 1980, and cargo was loaded from 26 December
to 4 January, when the ship departed for Port Lyttelton, New
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Figure 2. USNS Maumee moored at the McMurdo ice wharf dis-
charging fuel. (U.S. Navy photo)

Zealand. Southern Cross arrived at Port Lyttelton on 18 January,
discharged and loaded cargo, and departed on 21 January (see
figure 3). Polar Star escorted Southern Cross into Winter Quar-
ters Bay on 27 January, and offloading and retrograde loading
was accomplished by 1 February. On 7 February Southern Cross
arrived Port Lyttelton, and on 10 February departed for Port
Hueneme, California, where she arrived on 23 February.

Three other ships called at McMurdo Station during the
1980-81 season. RJV Benjamin Bowring (United Kingdom), the
Transglobe Expedition ship under charter to the New Zealand
Department of Science and Industrial Research (osm), operated
in the Ross Sea and McMurdo Sound areas. The Bowring
moored at the ice wharf on 20 January to offload Transglobe
cargo and load scientific equipment and personnel for DSIR

science support. During a transit in and out of the channel,
the Bowring was beset by ice on 27 January and later was freed
by Polar Star. The Bowring departed for DSIR science in the Ross
Sea on 29 January and returned to McMurdo on 12 February,
at which time Transglobe equipment was loaded and person-
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Figure 3. USNS Southern Cross, on her voyage, arriving at the
McMurdo ice wharf. (U.S. Navy photo)

nel embarked. The ship sailed for New Zealand on 16 Febru-
ary. M/V World Discoverer (Singapore) moored at the ice wharf
on 11 February and discharged passengers for tours of
McMurdo and Scott Base. World Discoverer sailed for Capes
Royds and Evans on the 12th to visit the historic huts and
rookeries and returned to McMurdo during the afternoon to
drop off "guides" prior to departing for Port Lyttelton, New
Zealand. M/V Lindblad Explorer (Panama) arrived 18 February
and departed on the 19th. Navy personnel conducted tours of
the local area.

The cargo ship operations were supported by National Sci-
ence Foundation Interagency Agreement CA-165. Icebreaker
operations were supported by a National Science Foundation
agreement with the U.S. Coast Guard. Commander P. R. Tay-
lor, U.S. Coast Guard, is the Coast Guard liaison to Deep
Freeze and the Naval Support Force's ship operations officer.

Operational meteorology program,
Deep Freeze 81

MICHAEL S. FOSTER and ROBERT T. EVANS

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

The primary mission of the operational meteorology pro-
gram is to prevent weather-related mishaps and unproductive
expenditures of time, energy, and resources. Weather fore-
casting services and observation programs in support of Deep
Freeze 81 were provided by the Meteorology Division of the
Naval Support Force (figure), with assistance at Palmer and
South Pole Stations from employees of Antarctic Services, Inc.

McMurdo Station experienced generally good weather. One
major storm period in late October prevented flight operations

:	 I

AG1 Chris Fakes and ACC Bill Hudson plot a weather map.
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for an 11-day period; otherwise, poor weather episodes were
short-lived and had little impact on planning and scheduling.
A new record high temperature (-3.9°C) was recorded for the
month of October, and snow accumulation during November
was approximately 30.5 centimeters, significantly above the
climatological average (approximately 12.7 centimeters) for
that month.

Byrd Surface Camp and Siple Station received their usual
share of blowing snow, ice fog, and low ceilings. South Pole
Station had little problem with ice fog or blowing snow.

Forecasting. The sparsity of observational reports forces
heavy reliance on satellite imagery in analyzing weather pat-
terns in and around Antarctica. Deep Freeze 81 was the first
full season in which high resolution picture transmission
(HRFr) satellite imagery was available on a regular basis at the
McMurdo Station weather facility. Not only is its imagery a
significant improvement over the automatic picture transmis-
sion imagery used previously, but the HRPT system also
enabled the McMurdo Station weather facility to monitor read -
ings from the many automatic weather stations located at
widely dispersed locations on the continent. The system was
so successful that over the season only one aircraft mission
had to abort because poor weather developed during the flight.
The HRPT system also enabled a vast improvement in sea-ice
analysis and forecasting.

A total of 194 flight briefings were given for LC-130 and
C-141 flights between McMurdo Station and Christchurch,
New Zealand, and 214 briefings were given for flights over
Antarctica. Twenty-four hour forecasts, re-issued at 12-hour
intervals, were sent to each Deep Freeze ship; these included
low-level aviation forecasts for the ice-breakers. Plain-
language terminal forecasts were issued at 6-hour intervals for
McMurdo, Byrd, Siple, and South Pole Stations. Forecasts were
provided to scientific field parties daily, with updates on
request or as necessary.

Meteorological observation program. All U.S. stations in the
Antarctic maintained a continuous surface synoptic observa-
tion program. Upper-air observation programs were con-

ducted at McMurdo and South Pole Stations. Aviation hourly
weather observations were made at all stations equipped to
handle aircraft. Deep Freeze 81 ships participated in the obser-
vation program by taking and transmitting ship synoptic
weather observations. Field parties were given equipment for
taking observations, and this information was used in daily
analyses at the McMurdo Station weather facility. Observa-
tional reports were shared with other countries through the
World Meteorological Organization communications network
and other networks dedicated to the Antarctic region. Ice
observations were made during helicopter and LC-130 flights
and by observers aboard the several Deep Freeze support
ships.

Automatic weather stations. Assistance was provided to sci-
entists from Stanford University and the University of Wis-
consin in the maintenance and emplacement of automatic
weather stations at seven sites in Antarctica. A network of
stations in the McMurdo area was established with installation
of three stations on the Ross Ice Shelf. Comprising four stations
lying on a semicircle approximately 50-55 nautical miles from
McMurdo and covering the areas east, south, and west of
McMurdo Station, this network proved to be a great asset to
forecasting in this particularly data-sparse region. Four exist-
ing operational stations on the continent were visited and
serviced. The table summarizes the seven automatic weather
station sites visited.

Automatic Weather Station activity during Deep Freeze 81

Station	 Location	Remarks

Byrd	 80000'S 120000'W	Serviced
Dome C	 73040'S 1230 00'E	Serviced
Manning	78045'S 166051'E	Installed
Marble Point	77026'S 163045'E	Serviced
Ferrell	 78002'S 170048'E	Installed
Asgard	 77036'S 161 004'E 	Serviced
Meeley	 78030'S 170°10'E	Installed

Public works, Deep Freeze 81

J . GRANT FULGHAM

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

During Deep Freeze 81 (austral summer 1980-81), many
procedures related to public works were changed or refined to
optimize operations. Improvements were made in energy con-
servation, environmental protection, industrial safety, water-
front facilities, aviation facilities, and ice roads.

Energy conservation. Several efforts resulted in significant
energy savings:

• Evaporator heat transfer was improved through pH factor
control and water chemistry. At the McMurdo water desali-
nation (wo) plant, refinements in evaporator water chemistry
slowed the formation of hard scale on heat exchange surfaces
(see table 1). In prior seasons, Aqua Chem proprietary buffered

acid chemicals AC-2 and AC-200 were not available and severe
hard scale buildup in evaporator no. 3 was experienced due to
the inability to control pH in the strong acid zone required by
the high temperature vapor compression evaporator. Table 1
shows the correct amounts of the new chemical applied to
evaporator no. 3.

• Infiltration of cold air into buildings was reduced through
application of cold weather sealants.

• Heat transfer and air flow in heating, ventilation, and air
conditioning (HvAc) systems was improved by removal of fine
volcanic scoria dust from the systems.

• Time spent operating heavy equipment at McMurdo was
reduced by approximately 1,000 hours. A direct truck route
and timber bridge was constructed from the Hut Point barrow
area across the petroleum products line to Hut Point Road,
creating a shorter haul route and thus permanently reducing
the number of hours required for barrow operations, with
resulting diesel fuel savings.

• Use of a special system for controlling building tempera-
tures helped reduce the amount of diesel fuel used to heat
McMurdo buildings. During the first 7 weeks of Deep Freeze
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Evaporator
unit

1—Aqua Chem

2—AMF

3—Aqua Chem

Evaporator
type

Flash

Flash

Vapor
compression

Table 1. Evaporator water chemistry

Acid
constant feed

3/4 lb. PD-8c
+ ¼ lb. Sulfamic
3/4 lb. PD-8
+ ¼ lb. Sulfamic
86 oz. AC-200

Acid clean 

20 lb. Sulfamic/3 mm.

20 lb. Sulfamic/3 mm.

20 lb. AC -2e/360 hr.

Acid slug"

N/A

N/A

12 lb. AC-2772 hr.

aAcjd clean = Application of a moderately strong acid solution into an evaporator to remove hard scale from heat exchange surfaces.
bAcid slug = Application of a very strong acid solution into an evaporator for a limited period of time to remove hard scale from heat exchange

surfaces quickly.
cAC2, AC-200, and P0-8 are proprietary commercial chemicals for prevention of hard scale formation on heat exchange surfaces.

80, 204,079 gallons were used to heat buildings, compared
with 129,560 gallons for the same period during Deep Freeze
81. Total diesel fuel consumption over the last 7 years (in
millions of gallons) has been as follows: Deep Freeze (DF) 76,
1.946; DF77, 2.144; DF78, 2.305; DF79, 2.440; DF8O, 2.787; and
DF 81, 2.239.

In summary, Deep Freeze 81 energy conservation efforts
contributed to an overall 20 percent reduction in diesel fuel
consumption over Deep Freeze 80.

Environmental protection. Major efforts were undertaken to
clean up the environment at McMurdo. Water pollution and
ocean dumping related to disposal of McMurdo solid waste
were halted with the closing of the McMurdo dump and con-
struction of the Fortress Rocks sanitary landfill. Most of the
environmental problems related to disposal sites in the United
States (vectors, rodents, groundwater, leachate, and odors)
will not be present at the new facility; surface meltwater enter-
ing the refuse surface margins and creating leachate is con-
trolled by covering the refuse remainder with fill at the end of
the season, to the permafrost depth of 15 to 20 centimeters,
thus locking the refuse into permafrost.

Air pollution in Antarctica was reduced significantly as a
direct result of energy conservation. The savings was such that
approximately 2,000 tons of combustion products that other-
wise would have entered the air were not burned.

Industrial safety. Occupational safety, health awareness, and
safety records in McMurdo were improved markedly over
Deep Freeze 80 (see table 2). Completion of facility improve-
ments related to occupational safety (e.g., major rehabilitation
of the vehicle exhaust ventilation system in the transportation
garage and installation of guardrails to protect those working
on the elevated cold storage plant refrigeration systems) con-
tributed to the improved record. Consistent efforts by the
safety chief and encouragement to follow safety measures

through monthly meetings with organizational safety repre-
sentatives created a general positive attitute toward safety.

Waterfront operational facilities. The use of wooden "dead-
men" as tie-off points for securing the ice wharf to shore
proved unreliable. Although using wood for deadmen would
reduce heat transfer and, accordingly, deter loosening and
melting, wood was found to provide too little resistance to the
shear forces generated at the point where line is secured; the
deadmen sheared under the dynamic loads generated by the
pier motion (figure 1). Next year iron pipe filled with concrete
may be used for deadmen. A stable, high-capacity ice wharf
is critical to successful resupply ship offloading operations
exemplified in figure 2.
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Figure 1. The forces exerted by the shifting ice wharf proved too
much for this wooden "deadman" Installed to help secure the
wharf to the shore. (U.S. Navy photo)

Table 2. Summary of accidents, Deep Freeze 80 and 81
(October-December)

October November December
DF 80 DF 81 DF 80 DF 81 DF 80 DF 81

Total accidents	 50	24	73	36	55	35
Lost-time accidents	2	4	2	1	4	0
Alcohol-related accidents	4	1	7	3	3	6
Nonoccupational accidents 12	5	22	7	19	13

Air operational facilities. Long-term parking of a stranded C-
141 aircraft at the ice runway parking apron at the beginning
of the summer season provided experience with ice load-bear-
ing capacity and "creep" in the ice when subjected to a con-
sistent load. The ice thickness at the parking apron was 178
centimeters and the temperature was –14.3° centigrade. When
the craft was first parked on the runway, ice deflection was
approximately 2.5 centimeters. By the second day, deflection
was 7.62 centimeters, and by the sixth day defelction had
increased to 20.3 centimeters. To avoid flooding in the deflec-
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tion area and the possibility of ice failure, it was decided to
relocate the C-141 when downward deflection passed 10 per-
cent of ice thickness. Due to an ensuing storm, it had been
impossible to take a deflection reading between day two and
day six. The C-141 was relocated immediately on day six.

Ice roads. The survivability of the transition ramp between
land and the annual sea ice was improved with installation of
the ramp at the ice wharf instead of at its usual location at
VXE-6 Hill (see figure 3). It is likely that the proximity of the
large ice mass of the wharf contiguous to the ice road in the
transition area retarded downwarping of the ice surface related
to the heavy dirt load and extended the life of the transition
area.

7

Figure 2. Terminal operations crewmen offload a milvan from the
USNS Southern Cross. (U.S. Navy photo)

Figure 3. A Caterpillar D-8 stockpiles dirt for the ice pier. (U.S.
Navy photo)

U.S. Air Force support of antarctic
research, 1980-1981

ANNE M. BAZZELL

834th Airlift Division Historian
Hickam Air Force Base, Hawaii 96853

Deep Freeze 81 marked the 25th year the U.S. Air Force has
participated in the resupply of the National Science Founda-
tion's research activities in Antarctica.

Deep Freeze 81 will be known on the part of the Military
Airlift Command (MAC) as the year of ingenuity in antarctic
air operations. High winds, sudden storms, and soft ice threat-
ened the project from the first day, but in spite of this, it came
to a close without harm to personnel or aircraft. C-141 Starlift-
ers from Travis Air Force Base, California, completed 34 sorties
and one recovery mission, airlifting 692,169 pounds of sup-
plies and 929 passengers to McMurdo (figure 1). Returned to
Christchurch were 122,661 pounds of equipment and 227 pas-

IL:

Figure 1. Many American personnel and supplies are trans-
ported between New Zealand and McMurdo by C-141 Starlifter
aircraft. (U.S. Air Force photo)
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sengers. In July 1980 an additional Starlifter made a special
airdrop of mail and fresh vegetables for McMurdo.

Significant maintenance difficulties on the very first flight,
6 October, proved the most unusual event of Deep Freeze 81.
An engine on one of the C-141's failed to start and on-the-spot
maintenance proved unsuccessful. The aircraft remained on
the sea-ice parking ramp until 11 October, when severe
weather conditions abated, and a recovery team was able to
return to McMurdo to work on the craft. Just that morning it
had been predicted that the parking ramp would fail if the
aircraft stayed on the ice; moreover, the aircraft was sinking
into the ice, and drifted snow surrounded the wings. Navy
personnel, laboring in fallen and blowing snow, were finally
able to clear the ramp and runway and tow the aircraft to a
firm parking area.

When the MAC recovery team arrived, they found a heated
parachute shelter surrounding the inoperable engine—and,

Figure 2. Parachute shelter surrounding the inoperable engine
on the stranded C-141 Starlifter allowed a shirt-sleeve environ-
ment for work. (U.S. Air Force photo)

working in a shirt-sleeve environment, they repaired the air-
craft and readied it for departure in less than 4 hours (figure
2). Though the entire incident was unfortunate, it did provide
some useful information: Despite having experienced 70-knot
winds and temperatures as low as –50°F, the Starlifter systems
recovered quickly.

The next day a C-141B (a modified Starlifter stretched 23 feet
by addition of body sections forward and aft of the wings)
landed on the ice runway for the first time (figure 3). The
landing was complicated by a whiteout; crew members helped
alleviate the visibility problem by calling out altitudes and
referencing the radar altimeter until a flare sighting allowed
the aircrew to land safely.

The use of aircraft enables scientists to expand horizons and
compress time required to investigate new regions. MAC's
contribution to aviation in Deep Freeze 81 involved the 60th
Military Airlift Wing (Travis AFB, California), the 834th Airlift
Division and the 619th Military Airlift Support Squadron
(MASS) (both from Hickam AFB, Hawaii), and Operating Loca-
tion Delta, 619th MASS (Christchurch, New Zealand).

Figure 3. First-ever landing of a C-141B "stretched" Starlifter at
McMurdo Station, 12 October 1981. (U.S. Air Force photo by R. R.
Russell)
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Antarctic research opportunities

U.S. scientists are invited to propose research projects as a
part of the United States Antarctic Research Program, whose
goal is to foster research on worldwide and regional problems
of current scientific importance and to expand fundamental
knowledge of the region. The National Science Foundation
will provide financing and logistics. Proposals must be
received by 1 June of the year before the research is to begin
(proposals received by 1 June 1982 will be considered for
implementation in the 1983-1984 austral summer). Research
is conducted primarily in glaciology, biological and medical
sciences, earth sciences, atmospheric sciences (upper atmo-
sphere physics, meteorology, and solar astronomy), and ocean
sciences.

Submitting proposals. Investigators wishing to perform ant-
arctic research must obtain a proposal preparation kit. The kit,
available from the Polar Information Program, Division of
Polar Programs, National Science Foundation, Washington,
D.C. 20550, contains the NSF publication Grants for Scientific
and Engineering Research (NSF 81-79), forms for a project sum-
mary and proposal budget, forms and checklists for budget,
logistics and support requirements, and the Antarctic Conser-
vation Act booklet and permit request.

Investigators generally come from universities and, to a
lesser extent, from federal agencies and other organizations
and may propose to perform research and analysis individu-
ally, in small teams, or in large interdisciplinary groups. Those
scientists requiring only operational support, but no direct
funding, still are obliged to submit a formal proposal so that
their needs can be evaluated in competition with the needs of
others.

Proposals are usually submitted by the scientist's employing
organization. Prior discussion with a program manager in the
Division of Polar Programs (202/357-7894) can help define
research objectives that match the logistic and operational
capabilities at any given time. Graduate students are not
encouraged to initiate proposals but may participate as assis-
tants to principal investigators holding research grants. Most
successful proposals are submitted by U.S. universities and
colleges; nonprofit, nonacademic research institutions, and
private profit organizations occasionally receive awards.
Under special circumstances, unaffiliated U.S. scientists or
scientists employed by other Federal agencies may be eligible
for support.

As a signatory to the Antarctic Treaty, the United States
supports international cooperation in Antarctica to more effec-
tively accomplish both science projects and logistics. Some
examples are exchanges of personnel among stations, coop-
erative planning and execution of large-scale science projects
such as deep rock core drilling and glaciological exploration,
and the exchange or shared use of logistics assets such as ships
and aircraft. The United States has pursued cooperative proj-
ects with every Antarctic Treaty nation.

Special considerations. Because antarctic research is expedi-
tionary, operational and logistics planning receives great
emphasis and must be considered from the beginning. During
proposal preparation, contact with the Operations Section of
the Division of Polar Programs (202/357-7808) is essential as,
in the proposal, the logistics and operational requirements of
the proposed research must be addressed fully.

Scientists prepare an ice-core drill at Dome C(74030'S 123010'E)
In East Antarctica. (U.S. Navy photo by T. E. McCabe, Jr.)

Through a Foundation contractor and by arrangement with
the Department of Defense, grantees are provided certain ser-
vices and items of equipment without cost to their grants;
however, in recent years major changes have been made that
affect proposal budgets. Much scientific equipment formerly
provided by the contractor now must be budgeted for and
defended in the proposal.
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Any U.S. investigator contemplating antarctic research
should become familiar with the provisions of the Antarctic
Conservation Act of 1978 (Public Law 95-541). The act pro-
vides for conservation and protection of native mammals,
birds, and some plants and the ecosystems of which they are
a part. Under the provisions of the act it is unlawful, unless
authorized by permit, to take native mammals or birds, to
introduce species, to enter certain special areas, or to discharge
pollutants. Violators of the act are subject to heavy fines (up
to $10,000) and/or 1-year imprisonment.

Antarctic information sources. The National Academy of Sci-
ences published recommended research objectives in 1970
(Polar Research —A Survey; available from National Technical
Information Service, Springfield, Virginia 22161; PB-231-651/
AS/LK $7.25 paper). The Academy's Polar Research Board has
a series of pamphlets giving recommendations for several sci-
entific disciplines. For further information, contact the Polar
Research Board, 2101 Constitution Avenue, N.W., Washing-
ton, D.C. 20418.

An article by A. L. Washburn, former chairman of the Polar
Research Board, National Academy of Sciences, reviews a few
of the scientific challenges of polar research ("Focus on polar
research," Science, 8 August 1980, p. 643-652).

Reviews of scientific activities are presented in Research in
the Antarctic (L. 0. Quam, ed., 1971) and in Polar Research: To
the Present, and the Future (M. A. McWhinnie, ed., 1978), both
published by the American Association for the Advancement
of Science, Washington, D.C. A survey of scientific and polit-

ical concerns appears in Frozen Future: A Prophetic Report from
Antarctica (Richard S. Lewis and Philip M. Smith, eds., 1973;
New York, Quadrangle Books).

A synthesis of physical and biological knowledge is avail-
able as the Antarctic Map Folio Series, published by the Amer-
ican Geographical Society between 1964 and 1975 and available
from the Smithsonian Oceanographic Sorting Center, Wash-
ington, D.C. 20560. A review of some polar research appeared
in the Foundation's magazine Mosaic, September/October 1978
issue.

Maps at 1:250,000, 1:500,000, and other scales are available
from the U.S. Geological Survey. One-sheet maps of the whole
continent are available from the National Geographic Society
(Washington, D.C., 202/296-7500) and the Department of Fish-
eries and Oceans (P. 0. Box 8080, Ottawa, Ontario, Canada,
K1G 3H6).

An ongoing Library of Congress Antarctic Bibliography proj-
ect covers the world antarctic literature since 1951. Twelve
volumes citing 26,494 titles have been published to date by the
Government Printing Office, and a monthly listing of abstracts
(Current Antarctic Literature) is available free to libraries and
working investigators. A Navy Antarctic Bibliography lists
publications that appeared from earliest times to 1951; it is
available as a hardbound reprint from the Greenwood Press,
51 Riverside Avenue, Westport, Connecticut 06880.

For further information on these resources contact the Polar
Information Program, Division of Polar Programs, National
Science Foundation, Washington, D.C. 20550.

A view of the Antarctic Peninsula region from aboard the research ship Hero. (NSF photo by W. Curtslnger.)
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