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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 prepared 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 agencies, and 7 industrial, private or nonprofit organizations conducted 77 research projects on the continent and in the surrounding 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 Foundation'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 Hercules airplanes, each making two trips, transported 162 support personnel and researchers from Christchurch, New Zealand, 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 beginning 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 captured, measured, examined and released 19 seals. Radio transmitters were attached to another 14 leopard seals to track their
movements near Palmer Station; 18 adult females were captured 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 rookeries 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 cryoprotectants directly from their food.
vi

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 collaborated with investigators at Siple Station in a study of verylow-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 various 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 verylow-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 Oceanography with funding by USARP as a part of the UniversityNational Oceanographic Laboratory System, spent 100 days in
antarctic waters between December 1980 and March 1981. During 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 stations. Detailed biological investigations included acoustical
surveys of krill using three frequencies (50, 105, and 120 kilohertz), 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 composition 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 measures 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 minerals, which are carried to the surface as the mats freeze in the
lake ice and removed when the mats are blown away. Investigators 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 environment, and the ecological conditions of the Victoria Land
lakes suggest that they may be analogs of Precambrian ecosystems.
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 aseismic, 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 discrete features, particularly supergranules with estimated lifetimes 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 helicopters. Other Navy logistics included operation of a cargo
ship (USNS Southern Cross) and a tanker (USNS Maumee). The
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U.S. Coast Guard operated the two icebreakers, Glacier and
Polar Star, each with two helicopters. At McMurdo, construction workers finished building three 50-bed dormitories, the
first phase of a new power plant, and a temporary, threebuilding 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 19791980 austral summer. As a part of the shift to contract operation
and management of facilities, the Navy turned over to Antarctic Services, Inc., the upkeep of Williams Field, McMurdo's
ice shelf landing strip. At Siple and South Pole Stations, support included the construction of living quarters for summer
science and support personnel. A major project at Palmer Station was the rebuilding of the water desalinator.
Compilation of the Antarctic Bilbliography continued. Over
the last 20 years the Library of Congress Cold Regions Bibliography 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 Bibliography 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 processes, stratospheric chemistry, paleoclimatology, and enzyme
adaptations to low temperatures—throughout the 1970's.
In 1980 the marine biological curation facility at the Smithsonian 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 distributed 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 prepared 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 support $37,279,619. The scientific work included grants in atmospheric 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
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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 geometrical solution; it is not yet supported by geological, paleontological, 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 suggestions 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, Powell, and Johnson 1975).
Barron, Harrison, and Hay (1978), in a stimulating discussion, rejected all the speculative landmasses between peninsular India and Australia. Instead, they modified the reconstruction 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 Triassic vertebrates.
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Sketch map illustrating various attempts to reconstruct East Gondwanaland. 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).

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 Antarctica 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 Precambrian-early Paleozoic thermal event that clouds the meaning of radiometric ages and paleomagnetic pole determinations (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 Australia. 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 Antarctica 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 depositional 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 extrusion of the Deccan lava (65 million years ago), and the reliability 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. However, 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 continents, 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 processes (Larson and Pitman 1972). Consequently, the early history 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 abundant 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 Gondwanaland. 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-Antarctic 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, Metoposaurus, 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 Antarctica 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 Antarctica, and these faunas may provide significant evidence concerning the exact positions and durations of contacts, if any,
between India and Antarctica.
This research was supported by National Science Foundation grant DPP 80-06953.
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Significant new Gondwana data on
Australian, South African, and South
American conchostracans
PAUL TASCH
Department of Geology
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,
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1927) or restudied firsthand. Both of these shortcomings have
been removed by systematic collections from measured sections 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 descriptions were written.
A major traceable conchostracan-bearing bed in the Croudace Bay Formation has been defined. Other fossil conchostracans 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 conchostracan 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 Newcastle Coal Measure leaiids.
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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 species) 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 Zimbabwe, 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 Colombia 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 continents.

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 granulatefacies rocks and foliated charnockite. The charnockite at
Molodezhnaya is a well-lineated or well-foliated rock containing 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
1981 REVIEW
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that was metamorphosed and deformed under granulite -facies
conditions soon after emplacement. However, Ravich, Solovyev, 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 quartzofeldspathic 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 orthopyroxene, garnet, and biotite. We also report thorium (Th)-UPb 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 crystals of sillimanite up to 6 centimeters long and 2 centimeters
across (Fedorov and Grikurova 1980; Grew 1980). The zirconbearing 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 subhedral 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.

Uranium, thorium, and lead concentrations and isotopic ratios of zircons from Reinbolt Hills and Molodezhnaya Station

Sample
number

U

Th
(parts per million)

Pb

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

5227
4951
4905
5092
4844
4478

557
565A

575
743

80.6
99.2

108C
323

244
136

31.1
16.8

106Z

847

37.8
49.6
43.1
53.9
46.2
55.3

631.4
648.6
620.2
667.1
648.0
577.1

206Pb

207Pb

2O6pb*

189.4
204.1
197.8
181.0
186.3
151.8

1.240
1.344
1.291
1.346
1.374
1.332

0.1309
0.1420
0.1370
0.1419
0.1449
0.1394

7.852
11.372

1.213
1.1908

0.1272
0.1255

3.131
3.062

0.8601
0.8196

0.0999
0.0965

0.9781

1.436

0.1332

206Pb

206pb

204p b
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

208Pb

-

14.430

Charnockite-Reinbolt Hills
1.80x104
2.81x104

14.30
14.43

Charnockite- Molodezhnaya
7.69x103
5.9x103

15.56
15.61

Quartzofeldspathic Gneiss- Molodezhnaya
209

1.25x104

12.79

*Radiogenic component.
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 Reinbolt 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 Reinbolt Hills. There is no isotopic evidence that the zircons lost
lead during a metamorphic event between the time of crystallization 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 896million-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 highgrade 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 984million-year age is consistent with the 987 ± 60 million-yserRb-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 metamorphism 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 Molodezhnaya 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
6

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 quartzofeldspathic gneisses being older than the chamockite at Molodezhnaya.
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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-millionyear chord. The dashed line Is portion of a 550-1800-million-year
chord.
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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 Foundation 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 undiscovered resources is lacking. Given the hostile antarctic environment, only giant fields (approximately 70 million tons, or 0.5
billion barrels), or more probably supergiant fields (approximately 700 million tons, or 5 billion barrels), could reasonably
be considered economical in the next few decades. Considering the locations of known giant oil fields in the world, Antarctica 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).

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 continuation of work in the southernmost part of the Andean
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including ice-shelf areas) bordering the Ross, Amundsen, Bellingshausen, 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 continental shelf have shown the presence of Tertiary marine and
nonmarine sedimentary rocks as old as Oligocene in age overlying early Paleozoic basement. Shows of gas in the DSDP holes,
although provocative, cannot be considered evidence of any
hydrocarbon resources. Technology to exploit possible petroleum resources in Antarctica is developing faster than the
scientific studies directed at resource assessment and environmental 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, scientific studies are needed of hazards associated with geologic,
meteorologic, and oceanographic conditions, as well as ecosystems that might be affected adversely.

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 stud7

ied consist of a north-northwest-trending set of major folds
with subordinate thrusts. The existence of previously unrecognized major folds was determined from detailed study of
minor-fold geometry as well as reinterpretation of some Cretaceous stratigraphic boundaries. The folds involve Upper Jurassic through Upper Cretaceous rocks, while Tertiary sedimentary 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 constructed.
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 Magallanes 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 Ellsworth Mountains and along gravity traverses measured previously by Robert Rutford.

Preliminary bivalve zonation of the
Latady Formation
J. A. CRAME
British Antarctic Survey
Natural Environment Research Council
Madingley Road
Cambridge CB3 OET, England

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 Glacier and gave valuable information on the nature of the subice 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 participated in planning the flight program.
The work in the Scotia Arc region is supported by National
Science Foundation grant DPP 78-20629. The cooperative program 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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Orville Coast may be considerably more than the 830 meters
measured by Thomson and others (1978, p. 9). While the Fossil
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
(Suarez 1976).
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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 deformation 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 Peninsula. 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 Bajocian, Lower Callovian, and Oxfordian ammonites, and Stevens
(1967) and Quilty (1977), Kimmeridgian bivalves and belemnites. No further systematic studies of Latady Formation fossils 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 evidence, and arcaceans, buchiids, oxytomids, entoliids, pectinids, 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 preserved, can be identified as the distinctive Southern Hemisphere bivalve, Malayomaorica malayomaorica (Krumbeck)
(figure 2), and the latter as representatives of the genus Retroceramus (figure 2). Precise species identifications of the moceramids have yet to be completed, but their large size, characteristic 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 association 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), Indonesia (Krumbeck 1923; Wandel 1936), New Guinea (Glaessner
1945; Skwarko 1967) and New Caledonia (Freneix, GrantMackie, 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 Kimmeridgian age for strata exposed in the Hauberg Mountains-Wilkins Mountains region is also compatible with the known
ammonite data: Thomson (1980) concluded that the pensphinctid-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 Zealand. 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-Wilkins 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-

1981 REVIEW

.,.
•-'?
''

J

d

1tj

jr'V4.'Y

a

-.0-

Figure 2. Two common bivalve species from the Latady Formation
FIgure
of the Orville Coast: (a- d) Malayomaorlca malayomaorlca (Krumbeck) (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 Kimmeridgian affinities and R. haasti (Taylor, Thomson, and Willey 1979; Thomson 1979); therefore they are Ohauan in age.
Succeeding beds, however, contain Tithonian ammonites and
buchiid bivalves belonging to the Buchia blanfordiana (Stoliczka) 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 Science 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 peninsula for the Mesozoic and Cenozoic. These data are potentially 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 prototype United Kingdom cryogenic magnetometer. Demagnetization experiments were carried out with a tumbler alternating field device and thermal demagnetization apparatus.
A large body of data is now available as characteristic magnetizations 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 Society 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-

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, Livingston Island (figure), contain stratigraphically useful palynomorph species. The assemblages range in age from possible
uppermost Jurassic (Tithonian) to Lower Cretaceous (Barre1981 REVIEW

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 Tertiary 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 spreading 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, combined with recent results from the Ellsworth Mountains (Watts
and Bramall 1981, in press), will reveal aspects of the movements 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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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 finegrained 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,
11
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C. minor Couper, Stereisporites antiquasporites (Wilson and
Webster) Dettmann, Osmundacidites wellmanii Couper, Baculatisporites comaumensis (Cookson) Potonié, and Gleicheniidites
circinidites (Cookson) Dettmann. Distribution of a few stratigraphically 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 uncommon bisaccate pollen. The assemblages include the spores
Cicatricosisp o rites australiensis (Cookson) Potonié (?OxfordianUpper Cretaceous), C. ludbrookii Dettmann (BerriasianAlbian — 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, abundant spores and dinoflagellates, and uncommon bisaccate pollen. These include Cica tricosispo rites australiensis, Contignisporites cooksonii (Balme) Dettmann (Oxfordian-Aibian), Aequitriradites 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.
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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 JurassicAlbian), and long-ranging Classopollis chateaunovi Reyre, Tsugaepollenites dampen (Balme) Dettmann and T. trilobatus
(Balme) Dettmann were observed, together with dinoflagellates Fusiformacysta salasii Morgan (early-late Neocomian),
Pareodinia ceratophora Deflandre (?Toarcian-Albian), Batioladinium 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).
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 containing Covacevich's (1976) Valanginian fauna, 1 to 0.5 kilometer 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-Cenomanian), and Pareodinia ceratophora. From the assemblage composition 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 dominated by the distinctive spore Cyatheacidites tectifera Archangelsky 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 Foundation 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 intrusive activity in the northern Antarctic Peninsula. The objectives 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 Antarctic Peninsula.

Hernández, P., and Azcárate, V. 1971. Estudio paleobotanico preliminar sobre restos de una tafoflora de la Peninsula Byers (Cerro
Negro), Isla Livingston, Islas Shetland del Sur, Antártica. INACH,
Serie CientIfica, 2(1), 15-50.
Smellie, J . L., Davies, R. E. S., and Thomson, M. R. A. 1980. Geology
of a Mesozoic intra-arc sequence on Byers Peninsula, Livingston
Island, South Shetland Islands. British Antarctic Survey Bulletin, 50,
55-76.
Tavera, J . 1970. Fauna titoniana-neocomiana de Isla Livingston, Islas
Shetland del Sur, Antártica. INACH, Serie CientIfica, 1(2), 175-186.

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-controlled and weak. It consists of pyrite occasionally accompanied by chalcopyrite, galena, and sphalerite. Malachite staining 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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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-section 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 several sulfide phases within veins in the Miers Bluff Formation;
and Cox and others (1980) noted quartz veins bearing sphalerite, 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 mineralization near Johnson's Dock is related to a tonalite intrusion
located in False Bay. In addition, J. E. Curl (personal com1981 REvIEW

King Georgs
Island

km

0'c'

42

çvinQston
Island
Hurd
False
8y

Anvers
Island

Palmer
Station

Location map for the northern Antarctic Peninsula.

13

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 Gerlache Strait. Iron-stained boulders up to 0.5 meters in diameter
contain massive veins of pyrite, galena, sphalerite, and chalcopyrite(?). 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 arsenopyrite, 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.

New antarctic mineral occurrences
WALTER R. VENNUM

Department of Geology
Sonoma State University
Rohnert Park, California 94928
JAMES M. NIsHI

The center of mineralization may lie to the east-northeast,
beneath the ice.
We thank Mort D. Turner, who accompanied us and provided 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 Shetland Islands and in the Gerlache Strait. This work was supported by National Science Foundation grant DPP 79-22830.
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[Cu3(SO4)(OH)4], brochantite [Cu 4(SO4)(OH)6], plancheite
[3CuSiO 5 1H 2 0], natrojarosite [NaFe:C (SO4 ) 2(OH) 6], fibroferrite [Fe(SO 4 )(OH) 5H2 01, 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). Conventional X-ray diffraction techniques (nickel-filtered copper
K and zirconium-filtered molybdenum K cc radiation) supple-

.

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 chemical weathering in the hot, dry climate of that region has produced 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 copper 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) CC1], copiapite
[(Fe, Mg)Fe 4 (SO)(OH) 2 2OH2 O], and carphosiderite [hydronium 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
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mented by atomic absorption spectroscopy and scanning electron 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)(SO 4 ) 2 (OH)6J mixture. All red salts are hematitequartz 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-

Sandstone petrology of the Polarstar
Formation (Permian), Ellsworth
Mountains
CHARLES

L. VAVRA and

erite, chalcanthite, or paratacamite in a list of antarctic minerals, 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 Foundation grant DPP 78-21720 to Gerald Webers of Macalester College.
Logistical support was provided by U.S. Navy squadron VXE6. The senior author was in the field from 20 December 1979
to 17 January 1980.
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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

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 (Collinson, Vavra, and Zawiskie 1980) indicate that the primary
source for Permian sediments in West Antarctica was calcalkaline 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 1,000meter-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 temporally changed from prodeltaic to deltaic and coastal plain
environments. The Polarstar, which conformably overlies the
Whiteout Conglomerate, an Upper Carboniferous to Lower
1981 REvIEw

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 monocrystalline quartz and plagioclase grains, and by silicic to
andesitic volcanic rock fragments. Potassium feldspar, muscovite, biotite, heavy minerals, and mafic volcanic, metamor-

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 austral 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, Liberty 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 Polarstar 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.
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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 fabric and composition of Polarstar sandstone. Mechanical modifications include compaction and deformation of labile rock
fragments, fracturing of stable quartz and plagioclase grains,
and development of schistosity during deep burial and folding. 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 Foundation grant DPP 78-21129.
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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-toclosed 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. Foldings 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 Heritage 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-toupright, gentle-to-open folds, with their axial planes paralleling the roughly spaced cleavages in the southern part of the
Heritage Range, are considered to be of this phase.
ANTARCFic JOURNAL
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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.
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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 crenulation cleavage of the same direction in the central-to-southern 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 stilpnomelane, many of which develop parallel to the main cleavage
structure. Chloritoid is found near the contact of some doler-

ites, and actinolite and green biotite develop in some igneous
basic rocks. In total, the grade of the metamorphism is preliminarily 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 sometimes annealing the main cleavage structures; hence, the metamorphic 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 specimens 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
number

Analyzed
material

Percent
potassium scc Ar40Rad/gm

x 10- 5

% Ar4ORad

isotope
age

Petrography and locality

MY8001 0602

Whole rock

0.43
0.43

0.737
0.742

87.8
84.9

396 ± 20 Weakly altered dolerite about 200
meters thick, Edison Hills

MY80010707

Whole rock

3.31
3.34

3.86
3.92

96.9
96.0

278 ± 14 Chlorite-muscovite phyiiite, Edison
Hills

MY691 23033

Whole rock

0.78
0.79

1.29
1.30

91.3
90.2

381 ± 19 Altered massive dolerite about 120
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 Mountains (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; Bradshaw, 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 portions of the sequence of superposed deformations are comparable 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 Mountains (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 geologic maps of the Ellsworth Mountains are in preparation. A
meeting was held in Madison, Wisconsin, 22-24 April 1981,
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to further coordinate research on Ellsworth Mountains geology. It was attended by 10 investigators, including representatives 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
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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 palagonitetuff-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 reexamination 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 continental 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 (KAr) 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,
20

and evidence of soft sediment flowage is common. Rounded
cobbles and hexagonal joint blocks of the underlying rhyodacite 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 Oligoceneearly 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 scoriaceous clasts that seem to represent shallow-water (or thin-ice)
ANTARcTIc JOURNAL

Whole rock potassium-argon age of the summit section hyaloclastite, Mount Petras, Marie Byrd Land
Sample
number

Location

Percent
potassium

Vol.40Ar rad.
sec/gX 10-

% 40 Ar
Age
rad . b (million years)

PT67E

1 kilometer south of
Petras summit

1.47

0.1457

71.4

25.3 ± 1.0

PT67M

1 kilometer south of
Petras summit

1.33

0.1192

67.8

23.0 ± 1.0

13b

1 kilometer southwest of
Petras summit

22 ± 1

Remarks

LeMasurier and
Rex in press

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

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 faultblock 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 topography 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 tectonic evolution and glacial history in Marie Byrd Land is about
to be published in the proceedings of the August 1977 symposium 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 paleoclimatic models could be consistent with the existence of an early
Tertiary and even Cretaceous ice sheet in Antarctica, depending on the assumptions one chooses to make. Their interpre-
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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 Foundation grants DPP 76-04396 and DPP 77-27546.
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Late Mesozoic-Cenozoic history of
the Ross Sector
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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 physiographic 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 originated 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. Dating techniques as they apply to the Cenozoic are summarized
in figure 3.
Late Cretaceous-Cenozoic basins. The Transantarctic Mountains 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 protoPacific 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 "Transantarctic Strait," with centers of maximum sediment accumulation 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 submarine 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 kilometers thick.
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the Ross Sector Cenozoic. Isotope techniques used In dating are
also plotted.

Cretaceous. Cretaceous rocks are not known to crop out anywhere in the Ross Sector. Cretaceous foraminifera and radiolaria have been redeposited into Miocene-Quaternary sediments. Cretaceous sediments presumably occur ow in successions 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
1981 REVIEW

the early Cenozoic Ross Sea from the Campbell Plateau,
although the northwestern area of the Ross Sea and the southeast 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 "Transantarctic Strait" facilitated biotic movement between the southwestern 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. Sediments include breccia, conglomerate, greensands, shell beds,
oyster beds, carbonaceous sandstones, and calcareous silty
mudstone. Fossils include mollusca, foraminifera, palynomorphs, 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, greensand, and carbonaceous sandstone is preserved above a Paleozoic crystalline basement. This succession was deposited during 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 containing 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. Appreciable 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 glaciomarine sediments occur within the valley basins or paleofjords 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 photoic zone productivity contributed a significant biogenic component 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 gravels 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 glaciomarine 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 iceberg 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 duration 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 environment. The gathering of such sedimentological and paleontologic evidence will require offshore drilling in up to 400 meters
of water.
Geologic and geophysical evidence suggests vertical displacements 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 commenced earlier in other parts of the Ross Sea. Paleontologic
and fission-track dating data suggest an emergence rate for the
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Transantarctic Mountains of at least 60 meters per 1 million
years during the Cenozoic. The rate of uplift during the Pliocene may have been in excess of 100 meters per 1 million
years. This may account for more widespread volcanism during the Pliocene.
A detailed understanding of the tectonic history of the western 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 (approximately 15 million years ago). Was part of the east antarctic ice
sheet able to flow through or around the Transantarctic Mountains 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 Cenozoic 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, measurement 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 effective criterion for distinguishing between subglacial hyaloclastites 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). Antarctic volcaniclastic rocks contain titanomagnetite grains that
are very fine grained (typically <30 micrometers), euhedral,
and commonly skeletal. Petrographic observations, thermomagnetic analyses, and comparison of Curie temperature measurements with microprobe analyses of iron and titanium
(table 1) independently show that (1) high-temperature oxidation 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
Rock type
Hyaloclastite

Subaerial
tuff-breccia

Site

Location

Composition

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

Mount Obiglio, MBL
Turks Head (top), RI

Trachyte
Phonolite"

16
17

Titanomagnetite
Age
(million years)
2.4
2.4
2.4

to 3.2'
to 3.2'
to 3.2'

1.5'
15'
22(±1)

Number of
samples
10
8
10
12
15

0.6(±0.1)f

10
10
9
6
10

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

5
8
12
13
10

0.6'

9
8

1.12'
nd

4.4(±O.2)

nd

Oxidation'

Tc( O C) d

Xe

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

66
70
80
70
105

.65
.65
.65
.75
.75

112
85
455
385
373

nd

HTk
HT

524
580

nd
nd

85
70
100
71
100

.67

nd
nd
.75
.71

nd
.76
.33
.33

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

Number

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

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

Königsberger ratio(!

Basaltic hyaloclastite
clasts
matrix

58
23

7.55 (± 6.3)
.64

.68 (± .65)
.30

27.9
3.4

Intermediate hyalociastite
ciasts
matrix

26
2

9.0 (± 6.5)
.16

1.76(± .90)
.69

13.2
.46

Trachytic hyaloclastite
clasts
matrix

23
8

1.90(±1.5)
.18

1.79(± .76)
.43

2.9
.86

Trachytic tuff-breccia
clasts
matrix

7
2

1.95(±1.4)
.33

2.55(± 1.66)
1.24

1.9
.42

Phonolitic tuff-breccia
clasts
matrix

7
1

6.69 (± 2.4)
.27

2.64 (± .98)
1.48

5.5
.43

Rock type

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-temperature oxidation, as does titanomagnetite in nearly all seafloor 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 watersaturated 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-temperature 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 hyaloclastites. 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 significantly 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 electrolytes 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 titanomagnetite is reduction of permeability associated with palagonitization (alteration) of glassy fragmental matrix material
(Fumes 1974).
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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 distinguishing between subglacial and submarine volcaniclastic
deposits. To test this hypothesis, it will be necessary to examine titanomagnetite grains in submarine hyaloclastites to
determine whether they show the same advanced degree of
low-temperature oxidation as the titanomagnetites in submarine lavas. We are attempting to acquire samples of submarine hyaloclastites for this purpose.
This research has been supported by National Science Foundation grants DPP 76-04396 and DPP 77-27546.
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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 fragmented volcanic rocks, resembling tuffs, which form by subaqueous eruptions. Formation may occur subglacially, therefore 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 southeastern 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.
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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 underlying lava flow, suggesting an origin involving subglacial volcanic eruption. Clastic dikes, 15 centimeters wide and composed 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 hyaloclastite.
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 determine the amount or distribution of hyaloclastite deposits in
this area, but one hyaloclastite unit, 3 meters thick, was sampled at an outcrop approximately 550 meters above sea level
(locality 4, figure).

78°30 S

78°37.5S

166°E

1670E

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 compositions, 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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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 Peninsula. 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 composition from bytownite to oligoclase (table 1). The clinopyroxene occurs as microphenocrysts in the groundmass, and as
xenocrysts. Brown to pink titan-augite is most common; aegirine-augite occurs in the more sodic units. Xenocrysts consist
of diopsidic-augite and are commonly rimmed with titanaugite.
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The amphibole of these rocks is kaersutite, which occurs as
phenocrysts, micro phenocrysts, and as reaction rims on olivine. 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 ordinarily 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 phonolite. 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 basanitoid 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
Flow
unit

Thickness
(meters)

2
2
2
3

2.02
3.93
3.93
3.93
1.98

3
4
4
6
7

Location of
thin section
(meters)

DVDP 1,

Hut Point Peninsula, Ross Island
Mode (percentage)

Plagioclase

Pyroxene

Amphibole

Olivine

Glass

1.00
4.82
5.58
6.78
7.67

28
30
30
24
26

22
25
22
26
21

Trace
2
8
9
4

0
0
0
0
0

40
28
24
29
15

1.98
4.58
4.58
2.31
1.75

8.17
12.21
13.18
15.08
17.10

40
37
38
38
37

25
24
24
25
17

2
2
2
2
5

0
0
0
0
0

6
11
11
12
15

8
9
10
11
11

1.77
1.41
2.36
6.08
6.08

18.43
20.04
22.09
23.91
27.26

35
35
30
32
30

17
18
18
17
20

5
5
6

0
0
0
0
0

17
18
22
22
20

12
13
14
14
15

2.97
3.83
7.24
7.24
6.15

32.33
32.95
39.04
41.01
44.14

38
58
50
47
42

19
24
26
26
11

1
2
2
3
4

0
0
0
0
0

17
0
0
0
21

15
16
17
18
19

6.15
1.91
4.54
2.52
3.78

48.14
50.95
54.51
57.94
59.03

42
43
33
35
36

20
19
19
18
26

3
3
4
3
3

0
0
0
0
0

11
10
19
25
6

19
20
23
23
23

3.78
0.88
6.61
6.61
6.61

62.00
63.00
81.53
81.62
85.35

56
34
43
66
60

12
13
20
16
16

5
8
10
2
6

0
0
0
0
0

11
37
0
0
0

23
24
24
24
25

6.61
4.56
4.56
4.56
0.85

87.18
88.55
91.43
91.45
93.93

64
60
53
53
25

15
18
19
25
29

4
0
2
2
0

0
0
0
0
18

0
0
0
0
18

26
30
31
32
33

2.29
0.99
6.87
0.70
7.05

94.51
104.80
111.37
112.27
121.88

25
24
22
21
22

30
33
29
34
30

0
0
0
0
0

17
16
23
20
17

18
7
6
5
13

36
37
38
38
38

2.52
0.50
0.36
0.55
3.22

131.36
131.84
133.76
134.41
137.11

61
53
60
56
52

18
10
19
22
19

0
0
0
0
0

0
20
0
0
0

38
39
40

3.81
2.31
0.70

138.12
142.51
146.68

50
57
23

22
18
30

0
0
18

0
0
17

8
1
2
0
0

(Text continues on page 31.)
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Table 2. Chemical analyses of flow units of

Si02
Ti02
Al203
Fe204
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20Total

Si02
Ti02
Al20.4
Fe204
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20Total

S102
Ti02
Al20i
Fe 20:4
FeO
MnO
MgO
CaO
Na20
K20
P205
H20+
H20Total

Si02
Ti02
Al204
Fe20,4
FeO
MnO
MgO
CaO
Na20
K20
P203
H20+
H20Total

30

DVDP 1

1

2

3

4

5

6

7

8

9

10

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

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

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

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

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

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

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

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

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

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

11

12

13

14

15

16

17

18

19

20

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

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

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

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

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

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

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

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

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

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

21

22

23

24

25

26

27

28

29

30

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

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

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

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

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

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

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

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

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

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

31

32

33

34

35

36

37

38

39

40

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

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

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

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

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

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

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

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

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

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
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Two conventional potassium-argon (K-Ar) ages were determined 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, indicating 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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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 operations and preliminary interpretations of collected data.
A damped LaCoste-Romberg gravity meter (model G) permitted gravity observations from sea ice with an accuracy of
± 2 milligals. Sea-floor bathymetry was obtained using a Geometrics/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
1981 REVIEw

A: ............................................

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.

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 movement. 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 5kilometer intervals across the Sound. An SIE-RS 4, 12-channel
refraction seismograph was used with 8.25- and 4-hertz geophones connected to a 650-meter cable, with 50-meter separations 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 650meter cable has a white jacket and could be laid out on the ice
for many hours without freezing, saving much time and cablerepair 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 kilometers 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 obtained from the seafloor, due to the high velocities and
31
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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 sediments. 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 overconsolidation. The large range in seafloor velocities, from 1.81 to 3.06
kilometers per second, indicates a variety of sediment characteristics, possibly including differential overconsolidation,
cementation, or perhaps permafrost. The low temperature of
McMurdo Sound ocean water (-1.8'C) would result in permanent 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 sediments. 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 Christoffel (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,
32

first reported in Western McMurdo Sound by McGinnis, Wilson, 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 continuous deepening to the east and also because of the lack of
magnetic anomalies associated with relief on the unit. A geologic cross section based on seismic refractors is shown in
figure 3.
This research was supported by National Science Foundation 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
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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 investigations.
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 intermittent 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 convection 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 drawnout 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 December 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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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, respectively, 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 buried 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 transmitters 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 recognizable 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
35
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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,
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and one was as high as 10.7 seconds. Unfortunately, the velocity structure of Mount Erebus is unknown. Our first impression 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 eastnortheast 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.
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Earth science research in the
McMurdo Sound region, 1980-1981
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Japanese scientists Kei Terai (National Institute of Polar
Research), Tetsuo Takanami (Department of Geophysics, Hokkaido 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 (University of Alaska), and R. Dibble (Victoria University). Location 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-aftershock" or " foreshock- mainshock- aftershock," exists. Further
analyses will focus on the relationship between the waveforms
and the mountain structure, distribution of hypocenters, statistics 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 during 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 logistics support.
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Resource and radioactivity survey in
southern Victoria Land
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The resource and radioactivity survey by airborne gammaray 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 accomplished. 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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McMurdo Sound region.
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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 sedimentary 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 aboveground 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 establishment of a new calibrated flightpath to permit the standardization of the airborne counting apparatus. This flightpath is

approximately 3 kilometers long and is coincident in orientation 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 concentration of potassium-40 and the radioactive equilibrium
concentrations of uranium and thorium.
This project is a continuing joint research effort of the University 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.

Magnetostratigraphy and
sedimentology of late Cenozoic
glaciogenic deposits,
eastern Taylor Valley*

sampling of the core for paleomagnetic and sedimentologic
analysis, and examination and sampling of apparently correlative strata exposed along stream courses near the margins of
the valley (figure). Preliminary results of the field and laboratory 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 (ETV1, 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.

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 glaciogenic 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.
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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 Pleistocene time (Ross Sea I drift of Denton, Armstrong, and Stuiver
1971, reported to be about 15,000 years old). A field reconnaissance 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 during the last incursion of the ice. This ridge thus has been
informally called Coral Ridge.
The youngest deposits in the area are comparatively wellsorted 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 ( 14 C) 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), presumably 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, commonly 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 accumulated as a body across the valley, presumably as a conse40

quence of a single depositional episode. This sand body is
informally called the "Coral Ridge sand."
The Coral Ridge sand is dominantly medium- to coarsegrained 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 presumably very near sea level. The sand body accumulated following 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 occupied 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 possibilities 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
ANmRcric JOURNAL

(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 Jenkins, 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 Foundation grant DPP 79-07253 and in part by the U.S. Geological
Survey.

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 Mountain (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 studying 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 analysis, 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 mineralogical characterization. Four samples of freshly fallen snow
and 10 samples of glacial ice were collected for chemical analysis, melted, and shipped frozen in plastic bottles sealed with
paraffin.
We report the following field observations. Strongly developed 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 Formation in Wright Valley and the Asgard Range (Bockheim
1981 REVIEW
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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 soilforming factor, time, soil chronosquences are useful for relative-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 encrustations (X) and snow and ice (0), and distribution of salts in soils.
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within 50 kilometers of the coast, predominant ions in soilwater 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 kilometers 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 sublimes, 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 marineaerosol origin and partially from polar snow (Sulek et al. 1979).
Concentrations of ions possibly contributed by rock weathering (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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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), yentifacted, 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 morphogenetic 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

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 geochemical (e.g., Angino, Armitage, and Tash 1965; Jones and Faure
42

Bockheim, J . G. 1979. Relative age and origin of soils in eastern Wright
Valley, Antarctica. Soil Science, 128, 142-152.
Bockheim, J . C. 1981. Soil development in cold deserts of Antarctica.
Paper presented at the International Conference on Aridic Soils,
Jerusalem, 29 March-4 April 1981. (Abstract)
Parker, B. C., Zeller, E. J . , Heiskell, L. E., and Thompson, W. J . 1977.
Nitrogenous chemical composition of South Polar ice and snow as
a potential tool for measurement of past solar auroral and cosmic
ray activities. Antarctic Journal of the U.S., 12, 133-134.
Sulek, A. M., Cunningham, W. C., Anderson, D. L., Failey, M. P.,
Zoller, W. H., Mosher, B., Weisel, C., and Duce, R. A. 1979. Atmospheric chemistry at South Pole. Antarctic Journal of the U.S., 14,
194-195.
Vucetich, C. G., and Topping, W. W. 1972. A fiord origin for the
pecten deposits, Wright Valley. New Zealand Journal of Geology and
Geophysics, 15, 660-673.
Wilson, A. T., and House, D. A. 1965. Chemical composition of South
Polar snow. Journal of Geophysical Research, 70, 5515-5518.

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 determine 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 hangANTARCTIC JOURNAL

ing valleys above the floor of Wright Valley (Nichols 1971).
Water depths in the Onyx are typically .5 meter, and the channel 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!
time of day

(1)
Temperaturea

(2)
Oxygonb

(3)
pH

(4)
Flow

(5)
Silicab

12/15/0945
12/16/2200
12/23/1400
12/24/0900
12/25/1300
12/26/2300
12/27/100
12/27/2100

2.0
2.0
3.5
2.8
2.0
5.0
4.5
3.0

13.2
13.4
13.7
12.4
13.2
13.6
13.6
12.5

7.9
7.4
7.5
-

66
77
230
328
440
422
449
750
988
676
661

3.45
3.34
3.04
2.86
3.07
3.09
2.93
2.93
2.68

12128/0900

12/28/2230
1/6/1415
Average world
river water

13

(6)
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'

(7)

(8)

(9)

Calciumb Magnesium b Sodium b Potassiumb

(15)
(14)
(13)
Positive Negative Percentage
Chiorine b Sulfateb Bicarbonateb chargec charge c difference
(10)

(11)

(12)

7.35
6.30
5.25
4.80
4.50
4.70
5.50
4.25
5.20
4.90
4.24e

23.0
23.0
22.5
18.4
15.2
19.8
19.0
17.5
17.5
17.1
16.7

11

58

6.72
6.40
5.39
4.96
4.41
5.01
5.40
4.98
4.96
4.75
4.11

1.99
1.82
1.72
1.61
1.29
1.55
1.71
1.52
1.48
1.44
1.29

7.20
7.07
5.30
4.93
4.47
5.03
5.33
4.98
4.96
4.90
4.20

1.67
1.56
1.39
1.33
1.23
1.36
1.40
1.32
1.32
1.32
1.09

11.95
11.10
8.35
8.01
7.10
7.60
8.16
8.01
7.60
7.76
6.35

15

4.1

6.3

2.3

7.8

0.856
0.818
0.714
0.627
0.551
0.631
0.678
0.621
0.621
0.602
0.522

0.867
0.821
0.712
0.627
0.543
0.636
0.655
0.601
0.609
0.601
0.541

1.3
0.3
0.2
0.0
1.5
0.8
3.5
3.3
2.0
0.2
3.7

'In °c.
b In milligrams per liter.
C In millimoles.
d Dashes indicate no data.
eEstimated
From Livingstone (1963).
g In liters per second.
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incorporation of halite into valley soils by the airborn transport
of ocean salts and subsequent solubilization by the Onyx.

High nitrate nitrogen values were obtained early in the
season, but these fell rapidly with time. Nitrate also was measured 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.

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.

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 phosphorus, 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.

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.

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 concentration 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)

Month/day/time

Total
phosphorus

12/15/0945
12/16/2200
1212311400
12/24/0900
12125/1300
12/26/2300
12/28/0900
1/6/1415
1/6/2200

(3)
Dissolved
orthophosphate
phosphorus

(4)

(5)

Total dissolved
phosphorus

NO-N

_a

94
10.0
'6.8
4.8
6.2
7.3
4.4
5.2

0.8
1.3
0.9
1.8
0.8
-

88.8
50.1
10.1
8.1
6.6
4.8
8.4
3.3
4.5

1.8
2.6
2.8
1.1
1.0

(6)

(7)

NO-N NH,-N
4.8
3.6
N.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.b
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

(8)

(9)

(10)

Total
iron

Dissolved
iron

Total
copper

350
270
320
254
210
237
360
290
340

1.5
8.0
26
13
6.5
12
21

2.5
0.9
N.D.
0.6
0.7
0.6
1.5
0.4
0.6

Note. All values in micrograms per liter.

a Dashes indicate that no analysis was attempted.
b ND = Not detected.

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

Total
Calcium Magnesium Sodium Potassium Chloride Sulfate Bicarbonate Silica phosphorus NO3-N
0.10
2.22

0.37
1.08

0.64
2.88

0.10
0.69

1.35
4.58

N.D.a
4.4

N.D.
8.3

0.1
1.66

3.6

32.7
21.5

3.04
3.38
4.11

1.12
1.16
1.29

3.31
3.63
4.20

0.79
0.93
1.09

5.37
5.76
6.35

5.0
6.1
7.2

11.4
13.0
16.7

1.91
2.21
2.68

6.8
12.9
4.4

18.2
19.4
3.3

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 cadmium 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 preparation.
This research was supported by National Science Foundation 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

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
1981 REvIEw

1980 to 29 January 1981, and Lee and Jones from 8 December
1980 to 21 December 1981.
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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 component 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 125to 500-micrometer fraction coincident with quartz grains in
45
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Figure 1. (A) Grain-size distribution of till from Mount Fleming,
southern Victoria Land. (B) Distribution of quartz determined by Xray diffraction. (C) Distribution of feldspar. (D) Variation of the Kfeldspar-piagloclase ratio with grain size.

the sandstone clasts (figure 1B). Feldspar has a skewed distribution with an abundance peak in the 63- to 125-micrometer
fraction (figure 1C). The ratio of potassium-feldspar to plagioclase of the Mount Fleming till increases with grain size (figure
1D); this pattern also was observed in till of Ohio and Indiana
by Taylor and Faure (1981) and elsewhere in the Transantarctic
Mountains by Faure and Taylor (1981).
Feldspar plus quartz concentrates were separated from four
size-fractions of till: (1) 500 to 1,000 micrometers; (2) 250 to 500
micrometers; (3) 125 to 250 micrometers; and (4) 67 to 125
micrometers. The feldspar grains are deeply weathered and
required ultrasonic cleaning for up to 18 hours prior to analysis
for dating by the Rb-Sr method. Fractions (1) and (2) fit a 50046

•Feldspar, till matrix

0.706

.w

million-years-old reference isochron (figure 2) whereas the
finer fractions (3) and (4) plot significantly above it. Two feldspar concentrates prepared by crushing and sieving sandstone
clasts extracted from the till also plot above the reference isochron. The deviation of these data points from the 500-millionyear 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 pretreatment 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 sandstone 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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Field study of orbicular rocks in
Taylor Valley, southern
Victoria Land*

sequent petrographic and chemical analyses. The primary purposes of our research are (1) to elucidate the mechanism(s) by
which the orbicular rocks formed and (2) to gain new information regarding the processes of chemical diffusion and magmatic 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 xenoliths (i.e., rock fragments) occur in discontinuous bands,
lenses, and irregular pod-shaped zones in the Larsen granodiorite (figure 2), although isolated single orbs are found
occasionally. Xenolith and orbicule zones are parallel to the

PETER S. DAHL and DONALD F. PALMER

Department of Geology
Kent State University
Kent, Ohio 44242

During the 1980-81 austral field season, orbicular granodiorite 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
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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-plagioclase-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 preferred 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 magmatic assimilation may differ from orb to orb.

&•

no-

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

Figure 2. Irregular pod of orbicuies plus matrix embedded in Larsen 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) diopside-biotite intergrowth are superimposed on the overall concentric structure. Orbicular matrix appears to be a hybrid rock
formed by contamination of granodioritic magma by assimilated xenolithic material. Figure 3 illustrates a typical multishelled, diopside-biotite-andesine-cored orbicule in
granodioritic matrix. Orbicules in the Taylor Glacier area are
48

less commonly cored by amphibolite, very coarse-grained clinopyroxene or hornblende, and (rarely) granodiorite or orbicular 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 diopsidebiotite-andesine lithology observed at Taylor Glacier.
Previous work has shown that most orbicules in Taylor Valley 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 metasedimentary 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 resulting 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 orbicule 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 University), JoAnne Danielson (University of Massachusetts), and
Vladimir Samsonov (Research Institute of Arctic Geology, Leningrad) for their able field assistance. All fieldwork was completed during the period 1-19 January 1981.
This research is supported by National Science Foundation
grant DPP 80-01743.

Structural and stratigraphic studies
of the Beacon Supergroup: Interim
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aerial photography, color and black-and-white ground photography, 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

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, geologically, for the first time, the Beacon Supergroup outcrop on
a formation basis in the area of Ferrar, Taylor, and Lashly glaciers; (2) to study the unique large-scale deformation in stratigraphic 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 program 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 Valley 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 necessary to plot geologic boundaries by independent positioning. 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
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Orthoquartzite (Farnell, West Beacon, and Brawhm Sandstones), Arena Sandstone, Altar Mountain Formation (including 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 activity. 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 determined, and crossbedding directions showed substantial variations 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

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. Temperature profiles of dune and slope sand, daily temperature
variations in sand and rocks, and sand moisture and salt concentrations in different depths were measured.
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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 sampling, influence the efficiency and effectiveness of coal collecting. 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 Antarctic Division, Department of National Development, sponsored the project and provided help in many of the preparations. Barrie McKelvey (Australia) and Peter Barrett (New Zealand) gave us guidance on location of outcrops and assisted us
in advance preparation.
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The temperature of dune sand declines within the upper
meter to below –20°C. Surface temperatures above 20 centimeters 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 primarily 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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temperature profiles of dune sand
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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 flowing 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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Figure 1. Temperature profiles of dune sands.

Miotke, F. -D. 1979. Die Formung und Formungsgeschwindigkeit von
Windkantern in Victoria-Land, Antarktis. Polarforschung, 49(1),
30-43. (a)
Miotke, F. -D. 1979. Zur physikalischen Verwitterung im Taylor Valley, Victoria-Land, Antarktis. Polarforschung, 49(2), 117-142. (b)
Miotke, F. -D., and v. Hodenberg, R. 1980. Zur Salzsprengung und
Chemischen Verwitterung in den Darwin Mountains und den Dry
Valleys, Victoria-Land, Antarktis. Polarforschung, 50(1), 45-80.
mg/1 CaCO3
ppin60

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 continued by sampling salts and salt-fretted rocks from different
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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.
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Figure 3. Concentrations of selected ions within the Packard Glacier River.
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Survey of salt minerals collected
Number of
samples

Area
Nussbaum Riegel

14

Darwin Mountains

12

Bull Pass

12

Walcott Glacier

11

Haskell Ridge

7

Roadend Nunatak
Turnstile Ridge

2
2

Olympus Range

5

McMurdo

1

Main salt minerals
Calcite (CaCO3)
Gypsum (CaSO 4 ' 21-120)
Thenardite (Na2SO4)
Gypsum
Mirabilite (Na 2SO4 • 10 H20)
Thenardite
Calcite
Gypsum
Halite (NaC1)
Calcite
Thenardite
Gypsum
Calcite
Calcite
Gypsum
Thenardite
Gypsum
Calcite
Gypsum
Gypsum
Halite
Nitronatrite (NaNO3)
Gypsum
Mirabilite
Thenardite

Other minerals
Bassanite (CaSO4 • 1/21-120)
Na-Jarosite (NaFe3[(OH)6 ( SO4) 21)

Bassan ite

Hexahyd rite (MgSO 4 ' 6H20)
Astrakanite (Na 2Mg(SO4) 2 . 4H20)
Darapskite (Na 3 [SO4NO3]. H2O)

Source. Miotke and Hodenberg (1980).

New skull of Lystrosaurus curvatus
from the Fremouw Formation
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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 represents the most complete cranium of Lystrosaurus curvatus collected 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.
*presen t address: Department of Geology, Augustana College, Rock
Island, IL 61201.
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Figure 1. Lystrosaurus curvatus (wsu0977) skull and lower Jaws,
dorsolateral view.
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a primitive species while L. murrayi and L. maccaigi are
derived.
t.f

p.b
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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 compared 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 documented 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. curvatus, 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
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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 frontonasal 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 further 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 taxonomic 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 Foundation 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 composed 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 University, 1981) show a complete range in compositions, from
basalt [50-58 percent silica (SiO2)] to rhyodacite (69-72 percent 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
54

these rocks do not always coincide with their chemical classifications; however, we are retaining the field terminology
until more extensive chemical data are available. Approximately 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 rhyolite 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

Late cross-cutting dolerite
Fd
DaA Diffusely layered to massive andesite; forms
ridge top of south half
DaB Diffusely layered to massive andesite; forms
ridge top of north half
Well-layered andesite
La
Well-layered andesite with glass layers
Lag
Well-layered rhyolite with glass layers
Rg
1-kilometer-long glass body
Ob
Diffusely layered to massive andesite; forms
Dac
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 proportion 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 northsouth 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 strucANTARcTIc JOURNAL

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.

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.

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-kilometer-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 volcanic 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 textural layering on the scale elsewhere; furthermore, the kilometer-long glass body is possibly larger than any other known

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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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 (figure 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
55
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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 Formation, a sequence of graywacke and shale deposited as turbidites. Our party found numerous criteria to support Mmshew's interpretation of depositional mode. Observed sedimentary structures include graded beds, flute and load casts,
convolute bedding and flame structure, and low-angle crossbedding. Much of the bedding is massive, and fine laminations 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 Formation (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 Ackerman Ridge. These investigators also suggested that the La
Gorce Formation is stratigraphically younger than the volcanics. Stump (1976) visited the contact briefly in 1971 and con56
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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 adjacent 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 conglomerate, 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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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 potassiumfeldspar crystals up to 15 centimeters throughout the pluton.
On the last day in the field we discovered a pegmatite containing 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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Figure 3. Camp 3 with granitic rocks of the Organ Pipe Peaks,
Gothic Mountains, In the background.

the end of Ackerman Ridge. The contact between this rock and
the La Gorce Formation is at the head of the central valley
across 10 kilometers of ice-cored moraine, where the porphyry
intrudes the sedimentary rocks, making it clearly younger. If
the porphyry in the western La Gorce Mountains is of the same
magmatic episode that produced the volcanics on Ackerman
Ridge, then those rocks also must be younger than the La
Gorce Formation. Mount Mooney is composed of similar silicic
porphyry and contains a pluton of an unusual, tourmalinebearing granite at its northern end.

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 concentrated between the tropics, has an amplitude that varies with
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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 observations 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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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.
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U,

a
ILl

_J
0

a.

15 bb b( 88 88 (U

fl (2 0 (4 D (S U (8 (8 80 81 82

The 18.6-year amplitude modulation of the semldlurnal and diurnal
tidal waves M2 , K1 , and O. The solid line is the theoretically predicted effect and the dashed line connects the observed changes
In amplitude. 149al = microgal; I gal = 1 centimeter per second
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

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 polarity 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
58

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 observation 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 Foundation 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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thickness (Behrendt et al. 1980; Ford 1976), the position of the
magnetic blocking temperature isothermal surface likely proceeded 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 consistent 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 nonunique 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 chemistry 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 magnetization, 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 demagnetization. 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 specimen'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 demagnetizing fields, indicating that the cumulate plagioclase
accounts for all of the high coercivity remanence. The magnetizations 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 magnetization. Since exsolution of ilmenite from cumulate mag530
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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 remanence.
To complement the directional data, we determined paleofield 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 progressive alternating field demagnetization, so the contribution of
low-coercivity grains of cumulate magnetite can be disregarded. 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 Hemisphere: 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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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 paleolatitude 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 nonaxisymmetric (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 summer season at the Allan Hills site (76°42'S 159°20'E; 34 specimens) 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 observation 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,
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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 measurements 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
Station
number
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
A
B
C
D

Dec. 1978 Dec. 1979
Surface
to Dec.
to Nov.
2-year
Average character1979
1980
ablation per year
istics
-2.3
-2.3
-1.1
-1.6
-2.5
-3.7
-4.2
-6.5
-5.6
-4.5
-5.6
-7.0
-5.7
-4.2
-5.1
-4.5
-3.1
-1.8
-6.4
-6.2
-6.0
-5.0

+1.8
-0.8
-2.0
-2.2
-2.6
-1.4
-1.9
-3.5
-2.5
-2.8
-5.9
-2.5
-1.9
-2.9
-3.3
-4.1
-0.9
-1.1
-2.5
-1.3
-2.9
-3.4

-0.5
-3.1
-3.1
-3.8
-5.1
-5.1
-6.1
-10.0
-8.1
-7.3
-11.5
-9.5
-7.6
-7.1
-8.4
-8.6
-4.0
-2.9
-8.9
-7.5
-8.9
-8.4

-0.2
-1.6
-1.6
-1.9
-2.6
-2.6
-3.0
-5.0
-4.0
-3.6
-5.8
-4.8
-3.8
-3.6
-4.2
-4.3
-2.0
-3.0
-4.4
-3.8
-4.4
-4.2

firn
fim
firn
firn
firn
firn
ice
ice
ice
ice
ice
ice
ice
ice
ice
ice
firn
firn
ice
ice
ice
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 measurements. 36C1 is a cosmogenic isotope that is assuming importance in determining the terrestrial ages of antarctic meteorites. 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 conducted 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 accumulation rather than ice-ablation zones.
This work was supported by National Science Foundation

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 antarctic meteorites collected in Victoria Land (Allan Hills, Reckling Peak, Elephant Moraine, Darwin Glacier) by W. A. Cassidy (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 microscope, 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) chondritesstony meteorites containing chondrules, which are rounded

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 Japanese since 1969 (Matsumoto 1978; Shiraishi et al. 1976; Yanai
1976, 1978; Yanai et al. 1981; Yoshida et al. 1971). The high rate
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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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aggregates of silicate minerals, usually 0.2-2 millimeters in
diameter; (2) achondrites— stony meteorites without chondrules; (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 characterized 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 number 23 in Smithsonian Contributions to the Earth Sciences. We
have in press Catalog of Meteorites from Victoria Land, Antarctica, 1978-1980, which will be published as number 24 in
Smithsonian Contributions to the Earth Sciences. Copies of these
are available on request.

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 nonantarctic 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-preserved 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 chemical differences from other eucrites; these differences are not
yet understood. Two new specimens of Shergottitelike achondrites (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
ANTARCTIC JOURNAL

A summary of 269 classified antarctic meteorites in the U.S.
collection
Meteorite type
Carbonaceous chond rites
Type H chond rites
H-3
H-4
H-5
H-6
Type L chond rites
L-3
L-4
L-5
L-6
Type LL chond rites (L-3, L-5, and
L-6
Achondrites
Eucrites and howardites
Ureilites
Diogenites
Aubrites
Shergottitelike
Mesosiderites
Irons

Number of specimens
4
4
28
71
33
18
4
58
8
12
3
2
2
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 interacted with these meteorites) and long-term movement of antarctic 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 programs to (1) develop specific collection and preliminary exam1981 REvIEw

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 physical 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 specimens 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 preliminary 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, presenting a series of challenging problems for our sample preparation laboratory. Initially, progress was slow, but the installation 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
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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 distinct 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 Widmanstätten 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

Sample
ALHA77250
A77263
A77289
A77290
ALHA77283
ALHA77255
ALHA78100
ALHA78252
P0PA77006

Nickel
(weight in
percent)
6.8
6.8
6.8
6.8
7.3
12.2
9.3
7.3

Structural
classification

Chemical
group

Og
Og
Og
Og
Og
D
H
Of
Og

IA
IA
IA
IA
IA
Anom
IIA
IVA
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 modifications 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
ANTARCTIC JOURNAL

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 subsequent collision in space. This conclusion is based on metallographic evidence that demonstrates that ALHA77283 entered
the Earth's atmosphere as a small body and landed softly in
Antarctica. Under these circumstances, sufficient shock pressures 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). Mesosiderites are a rare type of stony iron meteorite containing
approximately equal amounts of metal and silicate. Description 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 welldeveloped 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 consideration.

Basaltic achondrite meteorites from
the Antarctic

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 plagioclase laths that have been converted to isotropic maskelynite by shock processes.
Unlike the eucrite meteorites, the shergottites are not alkali
deficient but have compositions much more closely resembling 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 problem 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.

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 comprised 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 terrestrial 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 element, isotopic study of uncontaminated igneous materials.
Preliminary results from these studies indicate that the antarctic 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
1981 REVIEW

References
Agosto, W. N., Hewins, R. H., and Clarke, R. S., Jr. 1980. Allan Hills
A77219, the first Antarctic mesosiderite. Proceedings of the Eleventh
Lunar and Planetary Science Conference, 2, 1027-1045.
Clarke, R. S., Jr., Appleman, D. E., and Ross, D. R. 1981. An antarctic
iron meteorite contains preterrestrial impact-produced diamond
and lonsdaleite. Nature, 291, 396-398.
Clarke, R. S., Jr., Jarosewich, E., Goldstein, J . I., and Baedecker, P. A.
1980. Antarctic iron meteorites from Allan Hills and Purgatory Peak.
Meteoritics, 15(4), 273-274. (Abstract)
Clarke, R. S., Jr., and Scott, E. R. D. 1980. Tetrataenite-ordered FeNi,
a new mineral in meteorites. American Mineralogist, 65(7 and 8),
624-630.

References
King, T. V. V., Score, R., Schwarz, C. M., Reid, A. M., and Mason,
B. H. 1980. Summary statistics of 1977 and 1978 antarctic meteorite
collections and a glimpse of the 1979 collection. Meteoritics, 15, 315.
(Abstract)
Reid, A. M. In press. Antarctic achondrites (Smithsonian Institution
Special Contribution).
Reid, A. M., and Schwarz, C. M. 1980. Antarctic polymict eucrites.
Meteoritics, 15, 353. (Abstract)
Reid, A. M., and Score, R. In press. A preliminary report on the
achondrite meteorites in the 1979 U.S. antarctic meteorite collection.
Proceedings of the Sixth Symposium on Antarctic Meteorites (Tokyo).
Wooden, J., Reid, A. M., Brown, R., Bansal, B., Wiesman, H., and
Nyquist, L. In press. Chemical and isotopic studies of the Allan
Hills polymict eucrites. Lunar Planetary Science, 12.
65

Glacial geology_________________________
Glacial geology of Seymour Island
DAVID

H. ELLIOT

Institute of Polar Studies
and
Department of Geology and Mineralogy
The Ohio State University
Columbus, Ohio 43210

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 lithified 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 similar 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, siltstones, and quartzites that can be matched with the upper
Paleozoic-lower Mesozoic Trinity Peninsula Group (Aitkenhead 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
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Figure 1. Location map for Seymour island, and geological sketch
map of the northern Antarctic Peninsula. The extent of rock outcrop 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

Pebble size

Site 3

Site 2

Site 1

-

2.5_10cma

10-60 cm

2.5-10cm

10-60 cm

2.5-10cm

10-65 cm

56
17
6
0
19
2

33
31
13
9
13
1

53
15
7
2
20
3

17
25
22
7
25
4

51
18
8
6
20
3

36
19
19
5
15
6

Basalt
Metasedimentary rocks
Granitic rocks
Dioritic rocks
Silicic volcanic rocks
Sandstone

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 distributed 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 proposed:
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
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Figure 2. Geological sketch map of Seymour Island.
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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 prominent 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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Glacial geology in the McMurdo
Sound region: 1980-1981
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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 mapping 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 surface 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 catchments; 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 configuration of the antarctic ice sheet during the late WisconsinWeichselian maximum of 17,000-21,000 years ago. Large-scale
expansion of grounded ice onto the Ross and Weddell continental shelves, as well as less-extensive advance of east antarctic ice onto its narrow peripheral continental shelf, was
induced by eustatic sea-level drop caused primarily by expansion 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
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the ice sheet inland of Byrd Glacier thickened, because lateral
moraines dating from the last glaciation merge with the present 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 counterbalanced 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 mountain 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-flowing outlet glaciers.
The younger imprint records two episodes of strong overriding 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 overriding 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 Miocene time, whereas the younger episode is younger than middie-to-late Miocene time.
This research was funded by National Science Foundation
grant DPP 78-23832. Helicopter support was provided by VXE6. 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.
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Maceral and total organic carbon
analyses of RISP site J-9 cores

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 containing pebbles, granules, diatoms, and calcareous microfossils.
The overlying light gray unit (unit 2) is a water-saturated-tosoft clay containing pebbles, granules, and diatoms. Calcareous 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 yellowbrown, iron-rich layer, interpreted as a chemical boundary
(oxidation front). That this contact is a disconformity is discounted 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; midMiocene (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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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 categorized according to type, preservation, and color (as an index
of thermal alteration). The maceral types recognized (figure 2)
include phytoclasts (terrestrial plant fragments, spores, pollen), protistoclasts (acritarchs, dinocysts, foraminifera linings), scleratoclasts (fungal spores, hyphae, and fruiting bodies), 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 protistoclasts, (2) agglutination of dissolved humic and comminuted substances, or (3) fecal pellet degradation. Maceral and
TOC sample preparation and analyses were conducted according to procedures reported by Wrenn and Beckman (in press).
The dominant maceral type in the core is derived from phytoclasts, 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 degradation 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 Geology, 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 sup1981 REVIEW
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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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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 dinocysts, acritarchs, spores, and pollen are present throughout
the cored sequence (table 1). Chlorophycea and microforaminifera, 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 indicate 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 personal 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 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
(8) Heisecke 1970
Fasola 1971
(9) McIntyre and Wilson
(2) Costa and Downie
1966
1979
(10) Playford and
(3) Couper 1960
Dettmann 1978
(4) Fasola 1969
(11) Stover and Evans
(5) Goodman 1975
1973
(6) Hall 1977
(12) Stover and Partridge
(7) Haskell and Wilson
1973
1975
(13) Wilson 1967
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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.

Stratigraphic range

Taxa

Angiosperms
Nothofagidites aspersus
(Cookson) Stover and Evans
N. emarcidus (Cookson)
Harris
N. flemingii (Couper) Potonie
N. heterus (Cookson) Stover
and Evans
N. vansteenisii (Cookson)
Stover and Evans
Proteacidites ivanhoensis
Martin
P. pseudomoides Stover
Gymnosperms
Phyllocladidites mawsonii
Cookson
Microcachryidites antarcticus
Cookson
Spores
Cyathea paleospora Martin
Laevigatosporites ovatus
Wilson and Webster
Stereisporites antiquasporites
(Wilson and Webster)
Dettmann
(1) Cookson 1959
(2) Couper 1960
(3) Freile 1972
(4) Haskell and Wilson
1975
(5) Martin 1973
(6) Martin 1976

?Middle Maestrichtian-Pliocene
(1, 2, 9)
Early Eocene through Miocene
(10)
Late Paleocene through
Oligocene (10)
Early Eocene through Miocene
(1,10)
Eocene through Miocene (1, 10)
Eocene-Oligocene (5)
Early Eocene-early Oligocene
(10)
Turonian-Miocene (8)
Jurassic-Miocene (4, 7)
?Pliocene-Quaternary (5, 6)
Santonian-upper Eocene (3)
Permian-lower Cretaceous (4)

References
(7) McIntyre and Wilson
1966
(8) Playford and
Dettman 1978
(9) Romero 1973
(10) Stover and Partridge
1973

dilution of pollen concentrations during reworking, and
(2) derivation of the RISP J-9 spore-pollen flora from paleoenvironments inimical to Proteacidites and Myrtaceidites pollenproducing 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 Peninsula. 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.
1981 REVIEW

It is most likely the Paleogene (?Eocene) beds that contributed the palynomorph assemblages to the Ross Sector lie under
the west antarctic ice sheet.
The distribution of Paleogene dinocysts extends from Seymour 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 program was to help elucidate the glacial and climatic history of
Transantarctic Mountains ice masses by interpreting the records available from the spectrum true glaciers to rock glaciers.
The northern Victoria Land portion of the study is an offshoot of a reconnaissance glacial geologic investigation conducted 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 glaciogeomorphic 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 "drawdown" 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 collected 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
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Webb, P. N. 1979. Initial report on geological materials collected at
site J9 (1978-79) (RIsP Technical Report 79-1). Lincoln: University of
Nebraska. (b)
Webb, P. N., Ronan, T. E., Lipps, J . E., and Delaca, T. E. 1979. Miocene glaciomarine sediments from beneath the southern Ross Ice
Shelf. Science, 203(4379), 435-437.
Wilson, C. J . 1967. Some new species of lower Tertiary dinoflagellates
from McMurdo Sound, Antarctica. New Zealand Journal of Botany,
5(1), 57-83.
Wilson, G. J. 1968. On the occurrence of fossil microspores, pollen
grains, and microplankton in bottom sediments of the Ross Sea,
Antarctica. New Zealand Journal of Marine and Freshwater Research,
2(3), 381-389.
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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 formation and dynamics of antarctic rock glaciers.
Three groups of features including glacial deposits, contemporaneous 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 morphology. 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 geophysical sounding (Bell 1966).
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Figure 1. Location map of study area with location of mass balance/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 weathering 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 minimum depth of 20 meters, were found to contrast with rock
glaciers in which frozen material was found within 0-60 centimeters of their surfaces. Profiles taken along the valley floor
of North Fork illustrate the importance of collecting both electrical 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.
P- Wave Velocity
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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-dimensional, infinitesimal strain, calculated from the relative movement 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 C130 and helicopter crews of \T)(E-6. This research was supported by National Science Foundation grant DPP 79-20755.
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surficial deposits in North Fork, Wright Valley. km/s = kilometers
per second; m = meters; cll-m = ohm-meters.
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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
Bern, Switzerland

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 enclosure 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 atmospheric air at the time of sampling. More recent results from
gas analysis of ice samples raises some doubt as to how representative these results are. Therefore, it is important to collect and analyze air samples out of firn with improved sampling and analyzing techniques.
One such technique involves collecting air samples in situ
by lowering a teflon tube into a borehole to a certain depth
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and then filling the space between the tube and the borehole
wall with snow. This is done to avoid merely collecting atmospheric air at the bottom of the open borehole and because,
during the time the borehole is open, the air in the surrounding 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 calculated 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 85meter 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 temperature 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 approximately 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
ANTARCTIC JOURNAL
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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 complexity 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 centimeters 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 differences 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 bubbles 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.
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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 millimeter 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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