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pulling away from the bottom, some forming columns up
to 60 centimeters high. For further information see p. 181-183.
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U.S. antarctic research in 1978-1979

The 157 reports in this issue, contributed by participants in the United States Antarctic Research Program,
describe field activities and research that took place throughout 1978 and during the 1978-1979 austral summer
season. In addition, a number of reports describe data analysis and research that have been tinder way at home
institutions over the last year.

While these brief reports are preliminary or summary contributions, they provide substantial and, in many
instances, vivid documentation of research progress. Here are a few examples.

Glacial geology. Near the Orville Coast, at the base of the Antarctic Peninsula, geologists have found glacially
transported rocks and glacially carved grooves and polish on every summit visited. They conclude that ice in the
region was 450 meters thicker than at present. Thinning is assumed to have occurred within the last 18,000 years,
leaving an ice field that flows around instead of over the mountains.

Over 2,000 kilometers from the Orville Coast, in the McMurdo Sound region, evidence accumulated over several
years indicates that large portions of the Transantarctic Mountains were uplifted through an existing ice sheet. Ice
streams carved the deep transverse valleys, eventually channeling most of the east antarctic ice drainage through
geologically weak zones. Three valleys became ice free when diminished ice volume flowing over uplifting valley heads
no longer replaced ice ablated by down-valley katabatic winds. During the last glaciation, east antarctic ice (west of the
Transantarctic Mountains) expanded little if any, but there was extensive ice sheet growth over the Ross Ice Shelf and
in the Ross Sea.

Glaciology. The downstream surfaces of glaciers passing eastward through the Transantarctic Mountains were
found to have dropped from the upper limit attained during the last glaciation. The surface of the large Byrd Glacier,
which drains through the Transantarctic Mountains into the Ross Ice Shelf, once was 1,200 meters above its presen
surfce at the downstream end.

Paleontology. Scaloposaurian reptile fossils from the southern Transantarctic Mountains have been identified that
are identical to fossils from South Africa, adding one more strong link between Antarctica and Africa during early
Triassic time. Near the scaloposaurian find two skulls, one half complete and the other nearly intact, were found;
these Dicynodontia formed the principal group of medium to large herbivores in the Middle Permian and the Upper
Triassic that were distributed widely over the ancient supercontinent Pangea.

Upper atmosphere physics. Detectors at McMurdo and the South Pole have revealed that the intensity of cosmic rays
in the interplanetary plasma varies from one solar cycle to the next. Comparisons with data from Thule, Greenland,
indicate that rapid increases in intensity at one pole may not occur at the other one.

Meteorology. The annual mean concentration of atmospheric carbon dioxide at the South Pole was 1 . 1 parts per
million greater in 1978 than that in 1977—an increase of about a third of a percent. The change is a part of the long
increase observed worldwide.

Airborne sampling has demonstrated that large, apparently detached clouds of ice crystals are constantly adrift
over the surface of Antarctica. Ice crystal precipitation, often from a cloudless sky, provides much of the precipitation
in the interior of Antarctica; atmospheric ice crystals are observed at the South Pole 300 days a year.

Biology. Sampling of water under the Ross Ice Shelf, made possible by a 75-centimeter-diameter access hole bored
using a jet of hot water, confirmed the existence of a diverse yet sparse, possibly indigenous, flora and fauna. The
abundances of bacteria, total microbial biomass, phytoplankton, and zooplankton were measured using samples ob-
tained using bottles, pumping, and net tows.

Oceanography. The last U.S. cruise of the research ship ARA Islas Orcadas, completed in October 1978, collected
data over 4,725 nautical miles in the Drake Passage. Scientists from five institutions investigated the physical and
chemical factors affecting primary productivity at the ice edge and collected krill for study of distribution, abundance,
and biochemistry. The 81-meter-long ice-strengthened ship maintained 2.5 knots through six-eighths coverage of sea
ice 1-2 meters thick.

Operations. The four year-round stations Amundsen-Scott South Pole, McMurdo, Palmer, and Siple were supple-
mented by major summer camps at the Darwin Glacier and on the Ross Ice Shelf. During the summer season, six LC-
130 airplanes logged 4,553 flight-hours carrying 4,537 passengers, 4.1 million pounds of cargo, and 582,300 gallons
of fuel. Seven UH-lN helicopters logged 1,842 hours. USCGC Glacier and Polar Star, USNS Schuyler Otis Bland and
Maumee, WV Hero, and RRS Bransfield effected resupply of the coastal stations.

Fiscal 1979 support of the national program for Antarctica, provided by the National Science Foundation, com-
prised a total of $51,090,853, divided as follows: atmospheric sciences $ 1,960,653, biological and medical sciences
$1,402,677, earth sciences $1,394,214, glaciology $853,657, oceanography $1,019,225, information and advisory serv-
ices $651,383, direct operational support of science $7,573,545, base level support $28,013,006, and major construc-
tion and procurement $8,222,493.
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The Mawson charnockite is a group of hypersthene
granites and granodiorites exposed over an area of at
least 2,000 square kilometers along the coast of Mac.
Robertson Land in East Antarctica (Crohn, 1959; Trail,
1970; Sheraton, in press). P. A. Arriens obtained a ru-
bidium-strontium (Rb-Sr) isochron age of 1,084 ± 37
million years (initial 87Sr/86Sr ratio of 0.729) on the char-
nockite at Mawson Station (67°36'S162°53'E) (Sheraton,
in press; Tingey, in press). Ravich and Krylov (1964)
report a whole-rock potassium-argon (K-Ar) age of 535
million years on porphyroblastic charnockite from Maw-
son.

This paper reports results obtained as part of a geo-
chronologic study of the crystalline rocks of East Ant-
arctica and the Transantarctic Mountains (Grew and
Manton, 1977; Grew, 1978; Grew and Halpern, 1979;
Grew and Manton, 1979). These results were obtained
on samples collected from a pegmatite at Mawson in
February 1978, when F. S. Grew was exchange scientist
with the Australian National Antarctic Research Expe-
dition (ANARE).

Pegmatites in the charnockite at Mawson form isolated
veins and pods that range in width from a few centi-
meters to 45 centimeters and are roughly perpendicular
to the north-northeast trending foliation of the char-
nockite (Crohn, 1959; Grew, unpublished field notes).
The pegmatites are associated with displacements of a
few centimeters and with shearing of the charnockite.

The pegmatite sampled for this study contains quartz,
feldspar, garnet, apatite, hornblende, biotite, zircon, and
perrierite. Zircon forms euhedral crystals a few milli-
meters long. The perrierite is metamict (amorphous to
X-rays), dark brown, and translucent only in thin slivers.

It was identified by the X-ray diffraction pattern ob-
tained after heating fragments in air and a reducing
atmosphere at 700° to 1,000° C (Lima-de-Faria, 1962).
The Mawson perrierite, as well as perrierite from En-
derby Land (see below), melted at 1,000° C.

The perrierite and zircon were picked by hand and
analyzed for uranium and lead isotopes using methods
outlined previously (Grew, 1978). The data are given in
the accompanying table. Lead isotope ratios corrected
for an 850-million-years-old lead are plotted in the fig-
ure. The zircon data are nearly concordant at 850 mil-
lion years. The perrierite data also indicate an age of
850 million years (see figure). However, as the perrierite
contains a large proportion of common lead, the values
for the daughter to parent (Pb/U) ratios are associated
with considerable uncertainty.

We conclude that both minerals and the pegmatite
crystallized 850 million years ago and that the perrierite
lost some lead after that time. Available data are not
sufficient to determine whether the lead loss is related
to the whole-rock K-Ar date of 535 million years re-
ported by Ravich and Krylov (1964).

An age of 850 million years for the pegmatite is con-
sistent with Arriens' Rb-Sr isochron age of 1,084 ± 37
million years on the charnockite. The Pb/U data indicate
that minor plutonic activity and deformation occurred
about 200-250 million years after closure of the Rb-Sr
isotopic system in the charnockite. The pegmatite at
Mawson is nearly coeval with a pegmatite dated by zir-
cons at 895 million years in granulite-facies rocks at
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Reinbolt Hills (70°28'S/72°27'E), 500 kilometers south-
east of Mawson Station (Grew and Manton, 1977). The
Mawson charnockite and metamorphic rocks at Reinbolt
Hills are part of a late Proterozoic high-grade terrain
that extends south from the coast near Mawson Station
and that was affected by metamorphic and plutonic ac-
tivity 800-1,100 million years ago (Tingey, in press).
The pegmatites at Mawson Station and Reinbolt Hills
thus appear to represent a late phase of this Proterozoic
activity.

The results obtained on perrierite from Enderby
Land (Grew and Manton, 1979) and from Mawson Sta-
tion suggest that perrierite may be suitable for age de-
termination with Pb/U isotopes. To our knowledge, per-
rierite has not been used previously for this purpose.
One difficulty that may limit the use of perrierite for
age determination is common lead; two of the three
samples we analyzed had a large proportion of 204Pb.

To our knowledge, Mount Charles and Rippon Gla-
cier in Enderby Land (Grew and Manton, 1979) and
Mawson Station are the first reported occurrences of
perrierite in Antarctica. Chevkinite, a mineral with a
crystal structure closely related to that of perrierite, as
well as to that of allanite, has also been reported from
Enderby Land (Atrashenok et al., 1967). Perrierite and
chevkinite may be more common in high-grade meta-
morphic terrains and in charnockite than is generally
realized. Perrierite and chevkinite may take the place of
allanite, which is a widespread accessory mineral in am-
phibolite-facies terrains and in noncharnockitic granitic
rocks.

We thank the Antarctic Division of the Australian De-
partment of Science and Environment for permitting E.
S. Grew to participate in ANARE in 1977-78. We also
thank Warren Thomas and William Carlson of the
University of California at Los Angeles for performing
the heating experiments on perrierite under a reducing
atmosphere. This research has been supported by Na-
tional Science Foundation grant DPP 76-80957.
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Table 1. Uranium and lead contents and isotopic ratios of two minerals from a pegmatite at Mawson Station, East Antarctica

U	 Pb
Mineral	 ppm	ppm	206Pb/204Pb	206Pb/207Pb	206Pb/208Pb

	206pb*/238U	207Pb*/235U

Perrierite	 962.7	612	114.5	5.208	0.2563	0.1222	1.117
Zircon .........1302	175	2.48 x 10	13.69	16.11	0.1363	1.264

*Radiogenic component
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During November and December 1978, the authors
completed the field portion of a geophysical study of the
Dufek intrusion in the region south and east of the Du-
fek Massif (traverses A and B in accompanying figure).
Geophysical surveys of the Difek intrustion to the west
and north of the Dufek Massif were completed during
November and December of 1976 (England and Nelson,
1977) (traverses 1-4 in accompanying figure).

The objectives of these studies were to locate the ice-
covered southern and western margins of the intrusion
and to provide the basis for developing an improved
estimate of the thickness of the intrusion below the Du-
fek Massif. These investigations complement the geo-
logic studies reported by Ford et al. (1979) and the
aeromagnetic studies reported by Behrendt et al. (1979).

The Dufek intrusion is a lopolith-like body, which is
thought to be nearly the size of the Bushveld Complex
of South Africa (Behrendt et al., 1979). A 1.8-kilometer-
thick lower section of a plagioclase-2 pyroxene cumulate
is exposed in the Dufek Massif (Himmelberg and Ford,
1976) and a nonoverlapping, 1.7-kilometer-thick upper
section of plagioclase-2 pyroxene-opaque oxide cumu-
late is exposed in the Forrestal Range. Ford (1976) be-
lieved that a 2-3-kilometer-thick section between the ex-
posed sections lies beneath the Sallee Snowfield, and that
the 300 meters of granophyre topping the Forrestal
Range section lie within 1 kilometer of the original roof.
Behrendt et al. (1974) estimated the thickness of the

*Formerly with U.S. Geological Survey, Denver, Colorado.
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intrusion hidden below the Dufek Massif to be between
1.8 and 3.5 kilometers.

During early November 1978, a base camp was estab-
lished on the Sallee Snowfield at point 0 (as shown on
the accompanying figure). Stations at 500-meter inter-
vals were placed along lines A and B. Location was es-
tablished by resection from local peaks, and the elevation
of each station relative to base camp was determined by
theodolite. Elevation was tied by vertical angles at the
southern extreme of line A to the Cordiner Peaks. The
doglegs in the traverses were necessary to avoid cre-
vasses. At each of the 114 stations, a LaCoste G-2 meter
was used to measure gravity and a short-pulse radar was
used to determine ice thickness. Gravity at point 0 was
tied to a reference point at McMurdo Station. Traverses
1-4 were also tied to McMurdo Station. The gravimeter
was calibrated on a range near Denver, Colorado, before
and after fieldwork, both in 1976 and in 1978.

A large-loop induction system was employed at point
0 to measure the profile of electrical conductivity versus
depth. This extremely low frequency (ELF) sounding sys-
tem, designed and built for this field study, incorporates
several new features for systems of its type. The prin-
ciple is to transmit a signal from a large loop of wire
lying on ice (or rock), to receive that signal with another
remote loop, and to use the frequency dependence of
the amplitude and phase of the received signal to infer



electrical conductivity of the rock lying below the two
loops. The signal is an alternating current (square wave
with a pattern of + 1, 0, - 1, 0 . . .) at frequencies be-
tween 0.02 hertz and 2 kilohertz, controlled by a precise
clock in the transmitter. The transmitter incorporates
current-switching transistors, instead of mechanical re-
lays as used in earlier systems. The receiver contains an
identical clock that is phase-locked to the transmitter
clock by a radio signal (this is the first time radio phase-
locking has been achieved).

Both transmitter and receiver contain phase-sensitive
detectors of a new design: FET switches are used to
change the feedback resistance in operational amplifiers,
thereby creating a discrete gain-step approximation to
cosine or sine wave multiplication. The signal, multiplied
by a cosine or a sine wave, is integrated over time to give
a measure of in-phase and quadrature signals at both
transmitter and receiver. This detection arrangement
has unprecedented sensitivity (about 1 microvolt at the
receiver) and excellent harmonic rejection.

The penetration depth of any loop-loop induction sys-
tem is roughly proportional to the loop separation. The
advantage of great transmitter power, loop size, and
great receiver sensitivity is that a useful signal can be
detected at greater range, thereby increasing the possi-
ble penetration. Under the electrical conditions at the
Dufek intrusion, a 1-square-kilometer transmitter loop
and an 8-turn 200-square-meter receiver loop permitted
loop separations of up to 15 kilometers. If the 900 me-
ters of ice at point 0 are underlain by 1,000 fl-rn rock,
penetrations of about 5 kilometers are possible at loop
spacings of 10 to 15 kilometers. Layers of sufficient con-
trast (3 to 1 conductivity ratio) would be detectable if
they were several hundred meters thick. There should
be adequate electrical contrast between the Dufek gab-
bro and the surrounding sediments of the Pecora For-
mation to have sensed the bottom of the intrusion if the
intrusion were less than 5 kilometers thick at point 0.

The short-pulse radar data indicate an ice thickness
of 900 meters under point 0 and minimum and maxi-
mum thicknesses of 250 meter and 1.1 kilometers along
traverse A. The ice-rock topography along line A is
more rugged than that of traverse B or those of traverses
1-4 of the 1976 work. Ice thicknesses along traverse B
vary from a minimum of 300 meters to a maximum of
1.2 kilometers.

Data analysis has only just begun. However, the grav-
ity data do indicate that the Dufek intrusion is thicken-
ing to the east along line B. Unlike the results from the
traverse across Jaburg Glacier in 1976 (England et al.,
1977), the margin of the intrusion, which is certainly

crossed by line A, is not obvious in the free air or in the
simple Bougier reductions of the data. The difficulty
probably arises because of the rugged ice-rock topog-
raphy. A more sophisticated reduction based upon a 2-
D correction for ice-rock topography will be attempted.

Difficulty with the generator used to drive the loop-
loop induction system precluded more than a single
electrical sounding at point 0. The corrected amplitude-
frequency curve at point 0 is consistent with an increase
in electrical conductivity at the ice-rock interface and a
decrease in conductivity at 400 meters into the rock. No
deeper contrast is sensed. The change at the ice-rock
interface is expected, but the change at 400 meters is
not easily explained. Although the phase data have not
yet been reduced, they should help establish the signif -
icance of the apparent 400-meter interface. The Dufek
intrusion may be thicker at point 0 than expected, its
electrical conductivity may be higher than expected, or
there may be less electrical contrast than expected be-
tween the rocks of the Dufek intrusion and the country
rock. Any of these explanations would be consistent with
the apparent lack of electrical contrast below 400 meters.
If further analysis fails to reveal a deeper anomaly, total
thickness of the Dufek intrusion will have to be esti-
mated from the shape and amplitude of the topograph-
ically corrected Bougier anomaly and from the aero-
magnetic data (Behrendt et al., 1979).

This research was supported by National Science
Foundation grant number DPP 77-22765.
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The data we collected along a 4,200-kilometer traverse
during December 1978 substantially enlarged the known
area of the Dufek layered mafic intrusion.

An aeromagnetic and gravity survey in 1965 indicated
that the 172±4 million-year-old intrusion covered
34,000 square kilometers, making it the second largest
such structure in the world. Our 1978 data, however,
indicate anomalies that can be traced about 200 kilo-
meters farther north from the Forrestal Range and Du-
fek Massif than previously observed over the Filchner

Ice Shelf near Berkner Island at approximately 80°30'SI
45°W. Radar ice soundings enabled us to calculate Bou-
guer anomalies at locations where free air anomalies had
been previously measured east of the Forrestal Range.
The aeromagnetic and gravity data indicate that the
Dufek intrusion probably extends southeastward to the
vicinity of 83°45'S/43°W.

Together, these results suggest a minimal areal extent
of about 50,000 square kilometers. The Dufek intrusion
is comparable in area to the Bushveld complex in Africa.

As measured a few hundred meters directly over out-
crops of the Dufek intrusion, observed aeromagnetic
anomalies ranged in amplitude from about 50 to about
3,600 nT, thereby reflecting a variation in measured re-
manent magnetization and susceptibility extending over
three orders of magnitude (Beck, 1972). Topography
on the bedrock surface is as much as 4 kilometers based
on depths beneath the Filchner Ice Shelf previously de-
termined from seismic soundings compared with the
highest peaks. The grounded ice is as much as 2.5 kil-
ometers thick over the intrusion. Using surface and sub-
surface topography determined from the radar sound-
ing profiles, we calculated magnetic models to fit the
observed magnetic data compatible with the 5°-10°
southeastward dip of the strata, which require normal
and reversed magnetization ranging from 10_4 to 102
electromotive units per cubic centimeter. The models
suggest initial cooling of the intrusion through the Curie
isotherm through reversals in the Earth's magnetic field
as proposed by Beck (1972) on the basis of paleomag-
netic results.
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Petrologic studies of Dufek	 ARTHUR B. FORD
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This study is part of a continuing, detailed petrologic
investigation of the Dufek intrusion, a stratiform body
of mafic rock that makes up nearly the entire northern
third of the Pensacola Mountains (Ford, 1976).

The structure and rock textures of the intrusion and
the relation of rock and cumulus-mineral chemistry to
magmatic stratigraphy indicate an origin of the rocks by
crystal accumulation on a magma-chamber floor (rocks
of this nature are termed cumulates). One of our objec-
tives, therefore, is a detailed investigation of the min-
erals and their chemical variation so as to develop an
understanding of magma differentiation and cooling.
Previous studies have investigated cumulus pyroxenes
and iron-titanium oxide minerals (Himmelberg and
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Ford, 1976, 1977). This study describes the distribution,
chemistry, and fractionation trend of the cumulus pla-
gioclase in the cumulate sequence and of noncumulus
plagioclase in granophyre above the cumulates.

Plagioclase is the dominant cumulus phase in most
rocks of the intrusion. In the cumulate sequence, it is
generally absent as a cumulus phase only in basal parts
of thin, pyroxene cumulate (pyroxenite) layers. In most
rocks, plagioclase also occurs as a postcumulus phase,
either as small, irregular interstitial fillings or, more
commonly, as rims around cumulus grains.

Plagioclase from 30 samples containing previously
analyzed pyroxene and iron-titanium oxide minerals
were analyzed with an ARL EMX-SM electron microprobe
(Abel, 1978). Natural feldspars of known composition
were used as standards; matrix corrections were made
by the procedures of Bence and Albee (1968) and the
correction factors of Albee and Ray (1970). Anorthite
content for all analyzed plagioclase shows a range of
An79_49 . Most grains are compositionally zoned; cores
are generally 1-2.5 percent more anorthitic than rims,
but some are up to 6.5 percent greater. Some zoning
may be cumulus, but most probably formed by postcu-
mulus growth around original settled primocrysts.

The anorthite content of plagioclase generally de-
creases with stratigraphic height (see figure), a fraction-
ation trend that is characteristic in layered intrusions of
this type (Wager and Brown, 1968). Significant excep-
tions to this overall trend are compositional reversals,
with height, in the Neuburg Pyroxenite and Frost Py-
roxenite members of the Aughenbaugh Gabbro, as well
as between 20 and 100 meters and between 750 and 860
meters above the base of the Saratoga Gabbro.

The fractionation trends of plagioclase and pyroxenes
are significantly different (see figure). Whereas pyrox-
ene trends show slight or no iron enrichment upward
through a 1-kilometer-thick section of the Aughenbaugh
Gabbro above the Neuburg Pyroxenite member, the an-
orthite content of plagioclase decreases steadily except
for the reversals noted above. Reversals in the plagio-
clase trends are not paralleled by reversals in the pyrox-
ene trends, except for the higher one in the Saratoga
Gabbro.

These differences may in large part be related to dif-
ferences in the settling characteristics of the minerals.
Plagioclase is generally less dense than the magma from
which it crystallized (Bottinga and Weill, 1970; Camp-
bell, Roeder, and Dixon, 1978), although it may be car-
ried down along with denser minerals by magmatic cur-
rents (Irvine, 1978) or as part of composite chains that
include denser minerals (Campbell, Roeder, and Dixon,
1978). Field evidence such as cut-and-fill channels shows
that the pyroxenc cumulates of the Aughenbaugh Gab-
bro and plagioclase cumulates of the Saratoga Gabbro
were deposited from currents moving along the floor of
the magma chamber (Ford, 1976).

The experiments of Irvine (1978) suggest that plagio-
clase may be carried upward in suspension currents, ac-
cumulate near the roof, and then be transported down-
ward by density-current flow along chamber walls.
Relations shown in the figure can be interpreted in
terms of Irvine's experiments, assuming that pyroxenes
continuously settle and are not episodically concentrated
near the roof, as are some plagioclases, by local upward
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return flow from density currents on the floor. Plagio-
clases of more anorthitic composition may thus reside
for some time near the roof while later crystallized, less
anorthitic plagioclase accumulates on the chamber floor.
Accordingly, the plagioclase-trend reversals, where not
paralleled by pyroxene-trend reversals, may be inter-
preted in terms of episodic downward transport of more
anorthitic plagioclase by density currents. Once on the
floor, most plagioclase grains are probably prevented
from floating free again by the physical characteristics
of the magma (Irvine, 1978).

The plagioclase-trend reversal in the middle part of
the Saratoga (;abbro appears to have a different origin.
It is the only major reversal paralleled by pyroxene-
trend reversals (see figure) and it occurs near a strati-
graphic level at which field evidence suggests the em-
placement of an additional magma batch at a late stage
of consolidation of the intrusion (Ford et al., 1979). This
finding of possible evidence for multiple emplacement
of magma adds a new complexity to the interpretation
of the record of fractional crystallization of the Dufek
intrusion.

This research represents an outgrowth of 1965-66
fieldwork on the Dufek intrusion that was supported by
National Science Foundation grant GA 222 to the U.S.
Geological Survey. The electron microprobe used in the
study was bought with aid of National Science Founda-
tion grant GA 18445 to the University of Missouri.
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Potassium-argon ages of Dufek
intrusion and other Mesozoic
mafic bodies in the Pensacola

Mountains

R. W. KISTLER and A. B. FORD

U.S. Geological Survey
Menlo Park, Cal!fornia 94025

Conventional potassium-argon (K-Ar) and argon-40/
argon-39 (40Ar/39Ar) age determinations show that the
stratiform gabbroic Dufek intrusion (Ford, 1976) is
about the same age as tholeiitic diabase sills of the Pecora
Escarpment (85°37'S168 040'W) at the south end of the
Pensacola Mountains. The igneous activity corresponds
with the main Early Jurassic activity of the Ferrar Group
of Grindley (1963) elsewhere in the Transantarctic
Mountains.

Samples from the Dufek intrusion dated in our study
include plagioclase of three plagioclase cumulates (an-
orthosites) from widely spaced stratigraphic intervals in
the Dufek Massif and Forrestal Range; pyroxene from
a pyroxene-cumulate (pyroxenite) layer in the Dufek
Massif; and fine-.grained noncumulus whole-rock gab-
bro from an inferred chilled contact zone near Mount
Lechner in the Forrestal Range.

In addition, we also determined ages on plagioclase,
pyroxene, and whole-rock samples from diabase sills of
the Pecora Escarpment and basalt and diabase dikes of
the Cordiner Peaks. The sills intrude the Permian Pe-
cora Formation, and the dikes cut the Devonian Dover
sandstone. and the overlying Gale mudstone (Ford et al.,
1978).

Conventional K-Ar ages on samples from the Dufek
intrustion range from 174.1 ± 4.4, 171.2 ± 4.3, and

169.5 ± 4.2 million years for the plagioclase, through
111.9± 2.8 and 106.3 ± 2.7 million years for the whole-
rock gabbros, to 97.5 ± 2.4 million years for the pyrox-
ene samples.

In thin section, the plagioclase appears little altered,
but the pyroxenes (augite and inverted pigeonite) show
variable and commonly large effects of inversion and
exsolution (Himmelberg and Ford, 1976). Kistler and
Dodge (1966) suggested that the young K-Ar ages for
pyroxene-.-compared to those for coexisting biotite,
hornblende, plagioclase, and orthoclase from Sierra Ne-
vada (California) quartz diorite plutons-may be related
to ubiquitously observed exsolution lamellae, which de-
crease the effective diffusion dimensions and may per-
mit low-temperature argon loss. Similarly, the consid-
erably younger ages of Dufek intrusion samples
containing pyroxene probably reflect low-temperature
argon loss during or after subsolidus phase changes.

To ascertain that these young pyroxene ages are not
the result of inaccuracies in the measurement of low-
K20 concentrations, pyroxene from two localities in the
Dufek intrusion was also dated by the total-fusion 40Ar/
39Ar technique. Results showed that the young conven-
tional K-Ar ages of samples containing pyroxene are
probably not due to such analytical difficulties.

The best present estimate for the age of the intrusion
is therefore considered to be the average of the three
plagioclase determinations: 171.6 ± 4.3 million years.
This age is in close agreement with, and within the range
of analytical uncertainties of, the value of 175 ± 5 million
years reported by Elliot, Fleck, and Sutter (in press) for
basalt flows of the Ferrar Group in the central Transan-
tarctic Mountains.

Samples of whole-rock holocrystalline chilled-contact
basalt and of three plagioclase-pyroxene pairs from two
diabase sills in the Pecora Escarpment yielded conven-
tional K-Ar ages ranging from 223.1 ± 5.6 million years
for the basalt to 177.7 ± 4.5 million years for a plagio-
clase. In contrast with the Dufek intrusion, the apparent
ages of pyroxene in all three pairs are slightly greater
than those of coexisting plagioclase and are probably
affected by small but variable amounts of excess argon.



This interpretation is supported by an argon isochron
plot of 40Ar/36Ar and 40K/36Ar values (R. W. Kistler, un-
published data, 1978). The pyroxene shows much
greater optical homogeneity than in the Dufek intrusion.
The best estimate for the age of the sills is considered
to be the average of the mineral pair showing the most
concordant and, more importantly, the youngest ages of
all analyzed pairs: 178.9 ± 4.5 million years (obtained
from a plagioclase age of 177.7 ± 4.5 million years and
a pyroxene age of 180.0 ± 4.5 million years).

Analysis of a coexisting pyroxene-plagioclase pair
from a dike in the Cordiner Peaks yielded discordant
apparent ages of 307.9 ± 7.7 million years for pyroxene
and 168.8 ± 4.2 million years for plagioclase. The pla-
gioclase age is considered to provide the best estimate
for the dike's age, in that the pyroxene, which is opti-
cally homogeneous, is inferred to contain excess argon.

The above results indicate that the basaltic magmatism
that produced the dikes and sills and the Dufek intru-
sion in the Pensacola Mountains occurred over a narrow
time interval in the Early Jurassic. The bodies are cor-
related with the Ferrar Group in other parts of the
Transantarctic Mountains (Elliot, Fleck, and Sutter, in
press) on the basis of age equivalence and close chemical
comparisons (A. B. Ford, unpublished data, 1978). The
age of the Dufek intrusion reported here also provides
an upper age limit of Early Jurassic for the latest major
orogeny in the Pensacola Mountains, during which rocks
as young as Permian were strongly folded (Ford, 1972).

The fieldwork on which this study is based was sup-

ported by National Science Foundation grants G 2389
(in the Pecora Escarpment, 1962-63), GA 222 (on the
Dufek intrusion, 1965-66), and AG 238 (in the Cordiner
Peaks, 1973-74) to the U.S. Geological Survey.
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Geological field investigation of	 STEPHEN J. BOYER
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Between 4 November and 20 December 1978, the au-
thors carried out geological field studies of the layered
gabbroic Dufek intrusion (Ford, 1976). This work con-
tinued the detailed investigation of the unusually large
igneous complex that was started in the western Dufek
Massif, in the lower part of the body, in the summer of
1976-77 (Ford et al., 1977).

In 1978, the authors focused on the iron-enriched
upper part of the body, in the southern Forrestal Range.
During November, fieldwork was done by snowmobile
and ski traverses from a tent camp in May Valley. Dur-
ing December, work was also continued in the Dufek
Massif from tent camps located on the Sallee Snowfield
and near Aughenbaugh Peak.

The purpose of this fieldwork was to investigate ques-
tions raised by laboratory and office studies following a
1965-66 reconnaissance of the complex (Ford and Boyd,
1968). Although topographic base maps had not been
available at the time of that reconnaissance, the data
obtained were adequate for compilation of two recently
published 1:250,000-scale geologic maps of the body
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(Ford, Schmidt, and Boyd, 1978; Ford et al., 1978).
In the 1978-79 study, most of the larger outcrop

areas in the Forrestal Range were mapped at a scale of
1:25,000. This larger-scale mapping was needed to de-
termine the stratigraphy and distribution of the many
stratiform units of anorthositic, leucogabbroic, and py-
roxenitic cumulates interlayered within the mostly gab-
broic cumulates (figure 1). The term "cumulate" is
used for igneous rocks formed by accumulative pro-
cesses involving currents or settling under gravity. Evi-
dence for current erosion and deposition is strikingly
displayed at a number of places by channellike struc-
tures (figure 2) analogous to cut-and-fill channels in sed-
imentary rock sequences.

Laboratory studies (Himmelberg and Ford, 1976,
1977) show that mineral compositions vary systemati-
cally and gradually upward through the complex to a
level about one kilometer below the top, at which point
the chemical trends show a sharp reversal before again
resuming a differentiation trend similar to that below.
Possible origins of this reversal include contamination;
a major convective disturbance bringing in magma from
another part of the chamber; and the injection of a large
volume of new magma at a late stage of the body's con-
solidation. As the origin of the reversal is of great im-
portance in interpreting the differentiation record, this
was one of the principal issues studied during the 1978-
79 fieldwork.

During the mapping, a major unit of gabbro contain-

ing abundant included blocks of noncumulus anorthos-
ite and leucogabbro was found to occur at about the
level of the chemical reversal. The apparent chaotic na-
ture of the blocks (figure 3) gives the layer the appear-
ance of a megabreccia in sedimentary rocks. A distinct
angular discordance of up to about 10 degrees was
found to exist between this horizon and the more steeply
dipping layered cumulates below. This angular relation
occurs regionally across the body and is most pro-

Figure 2. Anorthosite-filled channel In gabbrolc cumulates
on Mount Stephens, Forrestal Range. The central part of the

channel Is more than 15 meters thick.

Figure 1. Layer of leucogabbrolc cumulate, about 7 meters
thick, in dark gabbrolc cumulate near May Valley, Forrestal

Range. Magnetite is abundant near the base of the layer.
Figure 3. Anorthosite "megabreccia" layer, north rim of Sar-
atoga Table, Forrestal Range. (Note figure In lower center

for scale.)
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nounced in the axial part of the synform of the intru-
sion. It appears to be somewhat analogous to a regional
angular unconformity in sedimentary rock sequences.

The discordance is tentatively interpreted as being the
result of strong axial subsidence or of lopolithic sagging,
perhaps related to magma withdrawal from depth. If so,
the chemical reversal described above may be related to
high-level emplacement of this "new" magma and mix-
ing with residual magma of the chamber. The subsi-
dence was a comparatively sudden, perhaps cata-
strophic, event resulting in the tearing loose from either
the chamber walls or roof of large blocks of anorthosite
and leucogabbro that were then spread as a basal me-
gabreccia deposit many kilometers across the chamber
floor. Several stratigraphic sections of this part of the
body were measured and sampled in detail for addi-
tional laboratory studies on the nature of the chemically
reversed zone and of mineralogic changes during the
final crystallization stages of the body.

Studies of soils developed on a variety of bedrock lith-
ologies and of the glacial geologic history of the region
also were carried out during the summer of 1978-79
(Boyer, 1979).

The authors' work on this project has been supported
by National Science Foundation grant DPP 77-22765 to
the U. S. Geological Survey.
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Geological studies along	 L. MARSHALL

Patagonian coast, RN Hero	 Field Museum of Natural History

cruise	-3, July 1978	 Chicago, Illsnoo 60605

W. M. ROGGENTHEN
WILLIAM J . ZINSMEISTER

South Dakota School of Mines
Rapid City, South Dakota 57701

The a/v Hero sailed from Ushuaia, Argentina, on 8
July 1978, proceeded northward along the coast of Pa-
tagonia conducting field research, and arrived at Puerto
Belgrano, Argentina, on 28 July.

The principal research objective of this voyage was to
investigate the stratigraphic and faunal relationships of
the Tertiary marine and nonmarine sequence exposed
along the coast of Patagonia with sequences of similar
age in Tierra del Fuego and the Antarctic Peninsula. In
addition to the stratigraphic and paleontologic aspects
of the program, samples were to be collected for paleo-
magnetic and radiometric studies.

These objectives, however, could not be fully realized.
Work along the southern coast of Patagonia between Rio
Gallegos and Rio Santa Cruz had to be prematurely ter-
minated because of poor weather and hazardous sea
conditions. Because of the inclement conditions, only a
single landing was attempted at the mouth of the Rio
Santa Cruz, where a small collection was made. The re-
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mainder of the cruise was spent around Peninsula
Valdés in the tranquil waters of Golfo Nuevo and Golfo
San Jose.

The Tertiary rocks are exceptionally well exposed
along the sea cliffs of Peninsula Valdés and along the
bays. The sequence consists of nearly horizontal sand-
stones and siltstone that have been divided into three
lithologic units—the so-called "Patag9nian," Entrer-
riense, and Rionegrense. Overlying the Tertiary se-
quence are the Patagonia gravels. The age of these Ter-
tiary units is uncertain. Strata assigned to the
"Patagonian" are believed to range in age from Eocene
to Lower Miocene. The Entrerriense and Rionegrense
are believed to be of Mio-Pliocene age.

The Peninsula Valdés region has been stable during
most of the Cenozoic, except for minor periods of re-
gional uplift and subsidence. These, in combination with
eustatic sea-level changes, have resulted in a number of
localized transgressions and regressions.

During the &v Hero cruise 78-3, a total of 14 strati-
graphic sections were measured along the coasts of
Golfo Nuevo and Golfo San Jose. At each section, large
collections were made of fossils along with samples for
radiometric dating and paleomagnetic analysis. The
thickness of the Entrerriense and Rionegrense varied
from section to section.

Previous investigators (Frenguelli, 1926; Feruglio,
1949) considered the Entrerriense and Rionegrense to
be two distinct lithologic units. However, the field rela-
tions observed during cruise 78-3 indicate that the up-
per part of the Entrerriense is the temporal equivalent
of the low& part of the Rionegrense. The sedimentary
sequence represents the gradual filling of a shallow
basin, with the Entrerriense representing shallow ma-
rine gradually changing to beach-mudflat facies of the
Rionegrense. The lithology of the upper beds of the
Entrerriense gradually change from fine-grained fossi-
liferous sandstones to flaser bedding, eventually being
replaced by large cross-bedded dunes with occasional
fossiliferous lenses and gypsiferous horizons of the Ri-
onegrense.

Preliminary analysis of thick tuffaceous bed from the
Rionegrense gives a radiometric age of 9 to 9.5 million
years. This would place the age of the Rionegrense-En-
trerriense of the Peninsula Valdés region in the Middle
Miocene rather than the Late Miocene to Pliocene as
originally believed.

This work was supported by National Science Foun -
dation grant DPP 77-21585.
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The coast of Patagonia, Argentina, showing the areas sur-
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Conchostracan genus
Gäbonestheria and the South

American-African ligature

PAUL TASCH

Department of Geology
Wichita State University
Wichita, Kansas, 67208

During August 1978, 1 carried out fieldwork in the
outcrop belt of the Rio do Rasto Formation (Upper
Permian), Brazil, aided by colleagues from the Federal
University of Paraná, Curitiba. Reported here are our
main results obtained at the São Pascoal locality, about
365 kilometers southwest of Curitiba.

A new fossil conchostracan species of the genus Ga-
bonestheria, not previously recorded in South America,
was found in successive vertical collections (figures 1
and 2), from the red shale facies at São Pascoal, along
with Cyzicus sp. The significance of this find resides in
the closeness of the new species to Gabonestheria gabonesis
(Marlière) from Gabon, Equatorial Africa; Marlière's
species occurs in the upper Lower Permian. The data
suggest an Equatorial African origin for the Brazilian
gabonestheriids. This is further supported by the gen-
efal acceptance of a South America—Africa ligature into
the Cretaceous (Emery et al, 1975).

As

*
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, Ij / -
Figure 1. Conchostracan-bearing bed, Rio do Rasto For-
mation at São Pascoal, Brazil. Gabonestheriids occur in
(from older to younger) beds 3 through 7A. Professor Azev-
edo (left) and a graduate student who aided the author in

the field are from the Federal University of Paraná.

Figure 2. ConchostracanGabonestherla n. sp., bed 3. Length:
2.3 millimeters.

It is useful to also consider another aspect of the Rio
do Rasto conchostracan-bearing beds. The São Pascoal
gabonestheriids occur in the lower Rio do Rasto, while
at the Poco Preto locality (north Santa Catarina), the
middle Rio do Rasto is exposed along a railroad. Among
other conchostracans, Leaia pruvosti Reed occurs here
(Mendes, 1954; Reed, 1929). This leaiid was shown to
be a correlate of leaiids in the Mount Glossopteris For-
mation, Mercer Ridge, Ohio Range, Antarctica (Tasch,
1967). Accordingly, for two different subdivisions of the
Rio do Rasto Formation, we now have evidence of con-
chostracan dispersal to and/or between other Gondwana_
continents: Africa—Brazil (lower Rio do Rasto time);
Brazil-Antarctica (middle Rio do Rasto time).

This project has been supported by National Science
Foundation grant DPP 79-09015.
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Geological studies in Cordillera
Darwin, Tierra del Fuego,

southern Chile: R/VHero cruises
77-4 and 78-2

ERIC P. NELSON, I. W. D. DALZIEL, and
W. IAN RIDLEY

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

Cruise 77-4 of &v Hero, in July 1977, marked the be-
ginning of the first detailed geological study of the Cor-
dillera Darwin massif in the Chilean Andes in almost 40
years—that is, since the study undertaken during the
Finnish expedition of 1928-29 (Kranck, 1932).

This new study was continued during iJv Hero cruise
78-2 (May and June 1978). We collected detailed field
data, mainly from excellent coastal exposures along
nearly all the channels surrounding and penetrating
Cordillera Darwin. Given the extent of the massif  ice
cover, these exposures constitute a large proportion of
the exposed rock in the cordillera (see accompanying
map). In addition, we mapped the rocks and structures
of Cordillera Darwin on a scale of 1:100,000, con-
structed numerous cross sections of the massif, and col-
lected material for laboratory analysis.

One of the underlying reasons for our studies was that
this region is of major importance in understanding the
evolution of the southernmost Andes and, in turn, the
Scotia Arc as a whole, in that the region exposes me-
dium-grade (and, locally, high-grade) metamorphic rocks
and extensive areas of pre-Middle or Upper Jurassic
basement. In the southern Andes not only are these fea-
tures unique but so are the intensity and complexity of
the late Mesozoic "early Andean" strains displayed
there. Geotectonically, Cordillera Darwin affords an un-
usual opportunity to study the deformation and meta-
morphism of terrain transitional between a marginal
basin and the adjacent continental margin along a west-
ern Pacific type of convergent plate margin.

Prior to 1k/v Hero cruise 77-4, there were four major
geological questions associated with Cordillera Darwin.
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Geology of Cordillera Darwin.

As a result of our work, we are now in a position to
supply answers. The questions and our answers are sum-
marized below.

I. Do the so-called Central Schists of Cordillera Dar-
win mapped by Kranck (1932) represent deformed and
metamorphosed upper Mesozoic cover rocks or do they
actually represent older pre-Middle or Upper Jurassic
basement?

The basement/cover unconformity previously recog-
nized in Cordillera Darwin and elsewhere in the south-
ern Andes was traced all along the northern margin of
Cordillera Darwin. Lithologic correlation also permits its
recognition in the southern part of the range, although
there the contact is everywhere tectonized and the basal
breccia of the cover sequence was not observed. Our
nearly continuous mapping of the contact around Cor-
dillera Darwin demonstrates that most of the Central
Schists therefore represent reactivated pre-Middle or
pre-Upper Jurassic basement rocks (see map).

2. What is the lithologv of the basement rocks and
what information can this provide concerning the early
history of the southernmost Andes?

The basement complex consists of greenschist to am-
phibolite grade metamorphic rocks of variable litholo-
gies, including pelitic and silicic phyllite and schist, me-
taquartzite and metachert, silicic metatuffs, and
greenstones. Lithologic similarity between the basement
and the metavolcanic and metasedimentary cover indi-
cates comparable paleogeographic settings along the tec-
tonically active Pacific margin of southern South Amer-
ica, both before and after the hiatus represented by the
unconformity.

3. What is the basic geologic structure of Cordillera
Darwin and how did it evolve?

Both basement and cover have been affected by at
least two and possibly three phases of strong "early An-
dean" (i.e., mid-Cretaceous) deformation that gener-
ally obliterates any pre-Andean fabric within the base-
ment. The reactivated basement rocks are exposed in
the core of a horst-like structural culmination between
northward-verging Andean folds in the north and
southward verging Andean folds in the south, indicating
that major crustal shortening has occurred in the area.

4. What are the field relations and significance of the
granitoid rocks so conspicuous in the moraines around
the cordillera and previously referred to in the literature
as the Cordillera Darwin granites?

The granitoid rocks of Cordillera Darwin fall into two
categories. First, there are tonalite and quartz monzonite
plutons cutting the basement rocks that were themselves
cut by a swarm of mafic sheets. These were deformed
and metamorphosed together with the mafic sheets dur-
ing the Andean orogeny to form a granitic gneiss-am-
phibolite complex. Second, there are posttectonic gran-
itic intrusives that are most common in the central and
southern parts of the cordillera and also form the high -
est peaks (see map).

In addition to providing bases for the above answers,
our fieldwork also enabled us to make three other sig-
nificant observations regarding Cordillera Darwin. First,
the volcanic rocks of the cover in the south contain a
significantly higher proportion of intermediate to mafic
material than those in the north. Second, most of the
basement complex and much of the lower cover Se-
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quence have been affected by low-grade (greenschist)
recrystallization associated with the early Andean strains.
The highest grade metamorphic rocks (upper amphib-
olite facies), and local migmatites, are found in close
proximity to the early (pre-Andean) granitic rocks.
Third, local growth of porphyroblastic minerals post-
dates early Andean (D 1 and D2) structures, whereas me-
tamorphism associated with the early granitic rocks must
have predated the D 1 deformation. Thus, either the
high-grade metamorphic history in Cordillera Darwin
was long-lived or else there was a significant break in
the thermal history.

Our work was begun in July 1977 (iJv Hero cruise 77-
4) by R. Forsythe, E. Nelson, and T. Wilson (Lamont-
Doherty Geological Observatory), together with F. Hervé
and E. Valenzuela (University of Chile) and M. Suárez

(Institute of Geological Investigations of Chile) (Nelson
et al., 1977). It was continued during cruise 78-2 by the
authors of this paper in conjunction with A. G. Milnes
(the Swiss Federal Institute, Zurich), C. Mpodozis (Uni-
versity of Chile), R. Guzman (Institute of Geological In-
vestigations of Chile), and L. Oviedo (University of Con-
cepcion).
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Preliminary palynological
investigation of Upper Paleozoic

and Mesozoic rocks in the
Antarctic Peninsula area

ROSEMARY A. ASKIN

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

During the 1979-80 austral summer it is planned to
collect rock samples suitable for palynologic study in the
northern Antarctic Peninsula and South Shetland Is-
lands in an attempt to obtain palynomorph assemblages
for biostrati graphic and paelogeographic interpretation.
Prior to this fieldwork a reconnaissance study has been
made on some samples collected by David H. Elliot and
other members of previous Institute of Polar Studies
expeditions to the region, as well as on samples from
Livingston Island collected by Margaret A. Winslow of
the Lamont-Doherty Geological Observatory, Columbia
University.

The samples processed are generally devoid of paly-
nomorphs, although some contain carbonized woody
fragments and other plant debris. Many of these samples
are from the deformed Trinity Peninsula Formation and
equivalents, and presumably are too highly metamor-
phosed for palynomorph preservation, judging from the
black, opaque nature of the dispersed plant material.

One sample from the Gibbon Bay Shale of Coronation
Island, South Orkney Islands (Daiziel et al., 1977)
yielded common, although poorly preserved, palyno-
morphs. These include trilete spores and bisaccate pol-
len, but unfortunately no age diagnostic species have
been identified.

Four samples from Patella Island, northern Antarctic
Peninsula (Elliot et al., 1978) also contain poorly pre-
served palynomorphs. These are from a shale unit be-
lieved to be equivalent to the plant-bearing Upper Jur-
assic shales that crop out on Mount Flora at Hope Bay
(Elliot, pers. comm.). Most of the palynomorphs are un-
identifiable; those with recognizable morphological fea-
tures include an assortment of trilete spores and bisac-
cate pollen.

Many samples, including those from different strati-
graphic units, have yet to be processed, and it is hoped
that a more systematic collection of suitable material spe-
cifically for palynological study will increase the pros-
pects for recovery of identifiable palynomorphs.

This study has been supported by National Science
Foundation grant DPP 76-83030.
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Coastal erosion on Seymour
Island, Antarctic Peninsula

WILLIAM J . ZINSMEISTER

Instztute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

Geological fieldwork on Seymour Island during the
1974-75 austral summer led to a separate study of
coastal erosion that reveals an unusual pattern of ero-
sion, with implications for the tectonic history of the
James Ross Island area as a whole.

During 1974-75, a combined field party from the In -
stitute of Polar Studies and the Instituto Antartico Ar-
gentino spent five weeks studying the Upper Creta-
ceous—Lower Tertiary sequence on Seymour Island
(Elliot et al., 1975), principally along the coast.

One of the most striking features observed was the
unusually high rate of erosion and cliff regression along
the leeward side of the island (figures 1 and 2). This
phenomenon prompted the author to establish a series
of six stations in 1975 along the edge of the broad bay
between Cape Wiman and Bodman Point, near the
mouth of Cross Valley, to determine the rate of erosion.

Measurements taken at these stations by Hendrik Smit
of the Instituto Antartico Argentino each February from
1976 until 1978 reveal that the average rate of erosion
for all six stations over the three-year period was 0.97
meter per year, with two stations recording an average
rate as high as 1.33 meters per year (figure 3).

Although other stations could not be established else-
where on the island, it was apparent that the highest
rates of erosion of the island's semilithified silty sand-
stone occur on the leeward side rather than on the ex-
posed east coast, which is subjected to storm action from
the Weddell Sea.

Figure 1. Coastal sea cliff 2 kilometers north of the mouth
of Cross Valley, with slump material visible on the pack Ice

along the base of the cliff.

Figure 2. Abrasion at base of sea cliff approximately 5 kil-
ometers south of mouth of Cross Valley. The absence of any
accumulation of slump material at the base of the cliff (ex-
cept for recently slumped material) Indicates the rapid re-
moval of any new slump material by Ice action. It is this
rapid removal of slump material that maintains the steep,

unstable cliff face.

This apparent anomaly can be attributed to several
different processes acting in concert.

The western side of the island is separated from James
Ross and Cockburn islands by narrow channels and (like
the east coast) is not subjected to wave action. Its rapid
erosion appears to be related to greater thawing of the
permafrost layer and the subtle but pervasive action of
brash ice. The western side receives more direct sunlight
than do the shaded cliffs on the east, and melting of the
permafrost layer is greater. Furthermore, because of the
relatively unconsolidated nature of the silty sandstones,
the sea cliffs of the west are more susceptible to erosion.
The primary erosive agent is the tidal movement of the
pack and brash ice. The ice is frequently pushed against
the base of the cliff. The vertical movements of the ice
by tidal action slowly abrade the base of the cliff. When
the cliff is sufficiently undercut by this abrasion, slump-
ing occurs and most of the material comes to rest on the
surface of the ice. As the ice is carried out to sea, this
slumped material is carried away and eventually depos-
ited offshore. Slumps that do not fall on the ice accu-
mulate at the base of the cliff, but this slump material
is quickly spread out or carried away by ice and tidal
movement. As a result, no talus can develop at the base
of the cliff and a steep, unstable cliff face is maintained.

Normally the highest rates of erosion would be ex-
pected on the exposed eastern coast. However, the pres-
ence of nearly continuous sea ice in the Weddell Sea
prevents the development of any significant swell, even
though southerly winds are quite strong and may blow
for extended periods of time. In addition, the ground-
ing of large icebergs a short distance offshore dampens
any swells that may have developed. As a result, little or
no wave action is present along the eastern coast. In
addition, the beaches along this coast are fairly steep and
composed of coarse cobbles. Because of the fairly steep
slope, sea ice is only rarely driven up the beach to the
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0.0

0.0

5	0.0	0.48	1.82 >1.70	>4.00	1.33

6	0.0	0.70 0.90	1.10	2.70	0.9

base of the cliffs. The net result of little wave action and
relatively steep beach profile is that abrasion of the base
of the sea cliffs is greatly reduced.

The rapid rate of erosion of Seymour Island has an
interesting implication for the tectonic history of the
James Ross Island area. Because of the rapid erosion of
its coastline, Seymour Island must be considered an ex-

tremely young tectonic feature that has been uplifted
only recently.
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Figure 3. Study area of coastal erosion on Seymour Island, with annual erosion data for each station.

Scotia Arc Tectonics Project,
1978-79

I. W. D. DALZIEL, R. B. ALLEN, D. L. ELTHON,
R. D. FORSYTHE, E. P. NELSON, T. J . WILSON, and

M. A. WINSLOW

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

From May 1978 to May 1979, geologists from La-
mont-Doherty Geological Observatory continued their
fieldwork on selected regional problems within the Pa-
tagonian and Fuegian cordilleras of the southern Andes.

Working on the Atlantic side of the cordillera, Terry
Wilson, accompanied by a student from the University
of Chile, Santiago, initiated a structural program of in-
vestigation within the Cretaceous-to-Tertiary foreland

fold and thrust belt in the Ultima Esperanza region. In
addition, final reports were being completed on field-
work conducted by Margaret Winslow during the past
four years in the foreland terranes of Peninsula Bruns-
wick and northern Tierra del Fuego.

Within the principal cordillera, field studies were
completed by two working groups and another field
project was under way. On the iIv Hero cruise 78-2, Eric
Nelson, accompanied by Ian Dalziel and Ian Ridley (La-
mont-Doherty Geological Observatory), A. Geoff Milnes
(the Swiss Federal Institute), and Constantino Mpodozis
(University of Chile), Luis Oviedo, (University of Con-
cepcion), and Ricardo Guzman (Chilean Institute of
Geological Investigations) completed the detailed struc-
tural field investigation of Cordillera Darwin started
with the i'/v Hero cruise 77-4 (Nelson et al., 1977; Nel-
son, Dalziel, and Milnes, 1980; Nelson, Daiziel, and Rid-
ley, 1979).

Richardson Allen, working in the canals to the west of
Puerto Natales on the structural evolution of the Cre-
taceous ophiolitic terranes, completed two months of
fieldwork and subsequently continuing this study with
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i/v Hero cruise 79-4. Preliminary results of this work are
being prepared (Forsythe and Allen, 1979).

Also with cruise 79-4, Don Elthon continued petrol-
ogic and geochemical sampling of the ophiolitic com-
plexes to further our understanding of the igneous and
metamorphic evolution of the rocks of the so-called fos-
sil marginal basin.

Within the remote outer Pacific perimeter of the ca-
nals, Randall Forsythe expected to use cruise 79-5 to
investigate the north and south continuations of the pre-
Upper Jurassic basement assemblages that were studied
in previous years within the Madre de Dios Archipelago
(Forsythe and Mpodozis, 1979a; Forsythe and Mpo-
dozis, 1979b; Forsythe, 1978).

Laboratory investigations and analysis of field data
associated with all of the above field projects, as well as
with previous field seasons in both Antarctica and the
Andes, are continuing at Lamont-Doherty Geological
Observatory.

This work has been supported by National Science
Foundation grant DPP 74-21415.
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Rubidium-strontium
geochronology of plutonic

igneous rocks from Hobbs and
Waigreen coasts, Marie Byrd

Land

MARTIN HALPERN

Geosciences Program
The University of Texas at Dallas

Richardson, Texas 75080

F. ALTON WADE*

Antarctic Research Center
The Museum, Texas Tech University

Lubbock, Texas 79409

Rubidium-strontium (Rb-Sr) radiometric age analyses
have been carried out on biotite concentrates and total
rock specimens of plutonic igneous rocks collected by

* Deceased

members of the Texas Tech University Antarctic Re-
search Center. A primary objective of this research cen-
ter, while under the direction of the late F. Alton Wade,
was the preparation of geologic maps of Marie Byrd
Land at a scale of 1:250,000. Radiometric dating of the
ubiquitous igneous rocks was to assist in establishing a
chronology of geologic events within Marie Byrd Land
for comparison with other circum-Pacific areas of con-
tinental lithosphere in Antarctica, South America, and
New Zealand.

Metamorphosed sedimentary and igneous rocks con-
stitute the basement complex of Marie Byrd Land. The
basement rocks are intruded by igneous rocks of pre-
dominantly intermediate composition and these are ov-
erlain by Cenozoic volcanic rocks. The plutonic intrusive
rocks are generally hypidiomorphic-granular. At Billey
Bluff, the plutonic rocks are obicular; at Holmes Bluff,
they intrude metasedimentary and metaigneous rocks.

Calculated ages for Hobbs Coast and Walgreen Coast
igneous rocks are listed in the accompanying table, and
their sample locations are shown in the figure.

The whole-rock isochron age for plutonic rock from
Billey Bluff is the first whole-rock Rb-Sr isochron date
reported from this sector of West Antarctica. Its initial
"Sr/"Sr ratio of 0.7054 ± 0.0013 is similar to that re-
ported for Cretaceous plutons from the Ford Ranges
(Halpern, 1968) and from small islands off the Canisteo
Peninsula near Thurston Island (Munizaga, 1972). The
biotite dates are apparent minimum ages similar to Rb-
Sr and potassium-argon (K-Ar) mineral dates for plu-

18



Table 1. Rubidium-strontium dates of Hobbs Coast and
Waigreen Coast igneous rocks

Material	Calculated age
Location	 Analyzed	(million years)*

Bennett Bluff	biotite	 101 a
Billey Bluff	whole rock	 94±12 b

( 87SrI86Sr initial =
biotite	 0.7054 ± 0.0013)

102 a

Holmes Bluff	biotite	 99 a

biotite	 100 a

biotite	 101 a
Lewis Bluff	biotite	 128 a
Milan Rock	whole rock	 101 a
Mt. Giles	whole rock	 103 a

biotite	 113 a
Mt. Isherwood	biotite	 174 a

Mt. Pearson	biotite	 121 a
Mt. Prince	biotite	 75 a

*x87Rb = 1.42 x 10-11 yr-1
aAge calculated assuming an initial 87Sr/86Sr ratio of 0.705b lshron age (95% confidence level)

30, S	

data

total -1 .0401

total rock 160"WIF"n age

0 113

0720	
77 8

TV 30	 O?

94 -12

tonic and volcanic rocks from the Saunders and Ruppert
coasts of Marie Byrd Land (Wade and Wilbanks, 1972;
Craddock, 1972). It is uncertain, however, whether the
mineral dates represent initial cooling and crystallization
ages or are related to subsequent thermotectonic geo-
logic events.

This work has been supported by National Science
Foundation grants DPP 75-19130 and DPP 77-19566 to
F. Alton Wade, Geosciences Program, The University of
Texas at Dallas, contribution no. 373.
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Structural geology of Orville
Coast and eastern Ellsworth

Land

KARL S. KELLOGG

U.S. Geological Survey
Denver, Colorado 80225

During the past year, my work on the structural ge-
ology of the Orville Coast has consisted principally of
compiling structural data and analyzing the paleo-
magnetism of the igneous rocks.

The Orville Coast, located at the southern end of the
Mesozoic and Tertiary Andean orogen (figure 1), was
mapped by a U.S. Geological Survey field party during
the 1977-78 field season (Rowley, 1978). The area is
underlain by a thick folded sequence of Middle and
Upper Jurassic volcaniclastic sedimentary rocks of the
Latady Formation (Thomson, Laudon, and Boyles,
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The Orville Coast and eastern Ellsworth Land, showing the
trends of major fold axes. Outcrop outlines delineate con-
centrations of nunataks or mountains; continuous expo-
sures are rarely more than several kilometers long. The three
major rock types shown are as follows: Jv=Jurassic vol-
canics; Jl=Jurassic voicanlclastic sedimentary rocks of the
Latady Formation; Kp=Cretaceous plutonic rocks. (Geology
shown on map is simplified from Laudon, et al. 1969; Row-

ley, 1978.)

1978), conformably overlain and in part interbedded
with andesitic and dacitic volcanic rocks. Large volumes
of andesitic-to-dacitic volcanic rocks also were emplaced
to the north of the sedimentary sequence and represent
a marginal part of a late Mesozoic volcanic arc that ex-
isted during southeastward subduction of the now-de-
stroyed Aluk Plate under the Antarctic Peninsula (Her-
ron and Tucholke, 1976; de Witt, 1977).

The Latady Formation represents the erosional debris
of the volcanic arc, deposited in a back-arc basin (Suarez,
1976; Rowley and Williams, in press). The region sub-
sequently was intruded by Andean gabbroic-to-granitic
plutons during intense Late Cretaceous plutonism
(Mehnert, Rowley, and Schmidt, 1975; Farrar, McBride,
and Rowley, in press).

The structural style of the Orville Coast is very similar
to that reported for the Lassiter Coast (Kellogg and
Rowley, 1974) to the northeast. The Latady Formation
is everywhere openly to isoclinally folded, and the rocks
display a well-developed axial-plane cleavage. Many
folds are asymmetric and some are overturned, with ax-
ial planes dipping steeply to the north or northwest. The
folds indicate yielding toward the south.

The fold axes in the Orville Coast are horizontal to
gently plunging and demonstrate an arcuate pattern.
The axes strike about north 50° east in the northeast,
change to approximately east in the central Orville
Coast, and in turn change to about north 75° west in
eastern Ellsworth Land.

A detailed paleomagnetic analysis of Upper Creta-
ceous plutons and dikes along the Orville Coast (Kel-
logg, 1979) indicates that the mean paleomagnetic dec-
lination of these rocks is rotated about 51 degrees

clockwise relative to rocks of similar age from elsewhere
in the Antarctic Peninsula. This is good evidence that
the oroclinal bend at the base of the peninsula formed
after most intrusive activity ceased, and that it may be
related to drag associated with an early Tertiary period
of transform faulting, as suggested by Herron and
Tucholke (1976).

In contrast with the paucity of observed faults in the
Lassiter Coast, numerous faults of high angle and small
displacement (typically several tens of meters of appar-
ent strike-slip movement, predominantly right lateral)
were observed cutting the Latady Formation. Most faults
strike approximately north 60° west. En echelon thrust
faults were locally observed in the Wilkins and Hauberg
mountains. These faults also are of small displacement
(typically no more than several tens of meters) and dip
gently to the north, indicating overthrusting towards the
south in accordance with the orientation of overturned
axial planes.

A predominant joint direction normal to the fold axes
in the sedimentary rocks also reflects the north-south
compression revealed by fold orientations. These joints
are extension joints, formed parallel to the minimum
principal compressive stress, and they are filled in many
places with drusy quartz crystals, epidote, iron oxides,
and chlorite. Jointing in the volcanic rocks is much more
random in orientation than that in the sedimentary
rocks.

The plutons were emplaced posttectonically after the
major north-south compression of the Andean orogeny.
This is reflected in their joint directions, which—aside
from having a slight preference for being vertical—are
randomly oriented. Abundant aplite dikes and subor-
dinate pegmatite dikes were emplaced during late stages
of pluton intrusion. The aplite and pegmatite dikes have
random dips that range from steep to shallow. Rhyolite-
to-andesite dikes cut some plutons and are truncated by
other plutons. Most rhyolite and andesite dikes are ver-
tical, although they strike at nearly random directions,
with a slight tendency to being oriented perpendicular
to the fold axes. This reflects a tendency for the dikes
to intrude along preexisting extensional jointing.

The overall picture of the Orville Coast and eastern
Ellsworth Land structure, therefore, is one of folding
and possibly thrusting perpendicular to the axis of the
peninsula some time between the deposition of the Mid-
dle to Upper Jurassic Latady Formation (pretectonic)
and the emplacement of Upper Cretaceous plutons
(posttectonic). In contrast, in the Lassiter Coast, fold
deformation continued during and after pluton intru-
sion (Kellogg and Rowley, 1974). This may reflect an
earlier termination of subduction as well as accompa-
nying compression in the southernmost part of the pen-
insula. The lesser amount of plutonism to the southwest
also may reflect the earlier terminations of subduction
in the south.

I am now completing a detailed structural analysis of
the Orville Coast region.

My research has been supported by National Science
Foundation grant DPP 76-12557.
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Geologic studies in Orville Coast
and eastern Ellsworth Land

PETER D. ROWLEY

U.S. Geological Survey
Denver, Colorado 80225

Studies of the geology of the Orville Coast and eastern
Ellsworth Land (74°-76030'S/65°-73°W) during 1978-
79 principally involved laboratory work on rock samples
and map compilation of structural data.

The samples and data were collected during the 1977-
78 austral summer field season, when seven geologists
Df the U.S. Geological Survey (usGs) completed recon-
naissance geologic mapping of about 30,000 square kil-
ometers of the southern Antarctic Peninsula. This field-
work showed that the area mapped is underlain by a
thick folded sequence of Middle and Upper Jurassic sed-
imentary rocks (Latady Formation) and interbedded vol-
canic rocks that are intruded by Upper Cretaceous calc-
alkaline plutons (Rowley, 1978). The Jurassic rocks rep-
resent deposition along the axis and margin of a mag-
matic arc that formerly occupied the present interior of
the Antarctic Peninsula (Rowley and Williams, 1979).

During 1978-79, K. S. Kellogg (usGs) compiled struc-
tural data and analyzed the paleomagnetism of the ig-
neous rocks of the Orville Coast. He found that the folds
are much like those in the Lassiter Coast to the northeast
Kellogg and Rowley, 1974), but that, in the Orville
Coast area, the folds are better exposed and thrust faults
and high-angle faults can be observed. The trends of
.he folds, which predate the Late Cretaceous plutonism,
lefine an orocline across the area, and paleomagnetic
;tudies indicate that this oroclinal bend of the fold belt

was formed after emplacement of the Upper Cretaceous
plutons. The final report on the paleomagnetic data has
been completed (Kellogg, 1979b). (For a summary of
these data and conclusions on the structural compilation,
see Kellogg, 1979a).

A study of glacial erratics and striations by P. E. Car-
rara (usGs) disclosed that ice in the Orville Coast area
formerly was more than 450 meters thicker than at pres-
ent. The ice spread from a center near the present top-
ographic divide of the southern Antarctic Peninsula, on
the northern side of the field area. (For a summary of
these data, see Carrara, 1979.)

Samples from numerous evaporitic surface encrusta-
tions on rocks of the field area were studied by W. R.
Vennum (Sonoma State University, California). He dis-
covered an interesting array of minerals, five of which
had not been reported previously from Antarctica (Ven-
num, 1979).

A small stock of granodiorite, probably of Late Cre-
taceous age, which is exposed in the Sky-Hi Nunataks,
was mapped in 1977-78 and was found to contain abun-
dant pyrite, widespread hydrothermally altered rocks,
and altered shear zones. The granodiorite exposures
resemble those of the Upper Cretaceous Lassiter Coast
porphyry-type copper deposit, located about 200 kilo-
meters to the east-northeast (Rowley, Williams, and
Schmidt, 1977).

Preliminary analysis of semiquantitative spectro-
graphic analyses indicates that the pyrite zone in the
stock is low in metal additions (minor iron, copper, man-
ganese, molybdenum, and lead), but that the veins lo-
cally contain high concentrations of copper, zinc, man-
ganese and lead, as well as minor molybdenum, silver,
and other metals. The occurrence seems to represent a
noneconomic porphyry-type copper deposit. The ex-
posures of plutonic rock may occur at the level of the
outer pyrite zone of Rose (1970), inward from which
may be a subsurface ore body of disseminated chalco-
pyrite.
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Small veins containing sulfides occur in older volcanic
rocks elsewhere in the Sky-Hi Nunataks. These veins
seem to represent peripheral veins that have extended
outward from the stock.

Future work on the stock is scheduled to include po-
tassium-argon age dating of this and other plutons in
the field area by Edward Farrar (Queen's University,
Ontario), as well as petrographic work.

Preliminary study of the invertebrate fossils from the
Latady Formation by M. R. A. Thomson (British Ant-
arctic Survey) indicates that Upper Jurassic (Tithonian)
fossils are very abundant. The petrography of the clastic
rocks of the Latady Formation is being done by T. S.
Laudon (University of Wisconsin-Oshkosh). Laudon,
Thomson, and J. M. Boyles (University of Texas at Aus-
tin) will expand on their preliminary field account by
collaborating on research on the stratigraphy of the La-
tady Formation (Thomson, Laudon, and Boyles, 1978).

In addition to the work on the geology of the Orville
Coast and eastern Ellsworth Land, W. R. Vennum has
completed electron-microprobe, petrographic, and
chemical studies of some trachytes from Ross Island.

The research studies described in this article have
been supported by National Science Foundation grant
DPP 76-12557.
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Evaporite encrustations and
yellow and green surficial salts
from Orville Coast and eastern

Ellsworth Land

WALTER R. VENNUM

Department of Geology
Sonoma State University

Rohnert Park, California 94928
and

U.S. Geological Survey
Menlo Park, California 94025

During the past year, I have studied samples of evap-
oritic surface encrustations and surficial salts that were
collected during the 1977-78 field season from numer-
ous inland sites in the Orville Coast area and eastern
Ellsworth Land. As summarized below, my results in-
clude identification of five minerals that previously had
not been reported from Antarctica.

Evaporite salts occurring as efflorescences, crusts, and
thick stratified deposits have been reported from nu-

merous locations along the Antarctic coastline (Gibson
1962; Hirabayashi and Ossaka, 1976; MacNamara anc
Usselman, 1972; Morikawa et al., 1975; Nishiyama anc
Kurasawa, 1975; McLeod, 1964; Toni et al., 1973). Cal
cite, gypsum, thenardite, and mirabilite are the mos
common minerals reported, although numerous mor
complex salts also occur. Evaporation of saline lak
waters and contribution of ions by ocean spray hav
been called upon to explain the more exotic minerals

Reported occurrences of evaporite efflorescences an(
crusts from the antarctic interior, where salt spray oi
saline lake water cannot be a major contributing factor
are scarce and consist of only a few samples (Tasch an(
Angino, 1968; Cameron and Ford; Skidmore an
Clarkson, 1972). The only minerals that have been re
ported are gypsum, calcite, thenardite, mirabilite, an(
hexahydrite.

During the 1977-78 field season, white encrustation
and yellow and green surficial salts were collected fron
72 sites scattered over an area of about 30,000 squan
kilometers of the Orville Coast and eastern Ellswortl
Land (74°-76°30'S164°-74°W). None of these encrusta
tions and surficial salts were collected at sites closer t(
the coast than 70 kilometers in the direction of the pre
vailing northwest wind, and the majority of the sample
were collected from sites lying at much greater distances
As the majority of the sites lie south and east of th4
2,000-meter-high crest of the Antarctic Peninsula, thi
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Figure 1. Popcorn-like mass of calcite from an unnamed
nunatak in the northwestern Merrick Mountains.

contribution of ions directly from ocean spray or indi-
rectly from coastal snow blown far inland is believed to
be negligible.

A total of 104 samples-90 of the white crusts, 6 of
the yellow salts, and 8 of the green salts—was analyzed
using X-ray diffraction techniques (CUM, radiation, Ni
filter).

The white salts occur either as scaly-to-granular crusts
with locally developed bead-like surfaces (figure 1) or as
hollow nodular or bulbous masses (figure 2), with each
mass being as much as 90 millimeters in diameter. They
are predominately gypsum, calcite, or gypsum-calcite
mixtures, but also contain lesser ammounts of aragonite
and thenardite. They occur exclusively on nunatak sum-
mits, exposed windswept slopes, windward sides of ridge
crests, or windswept notches in ridge crests. In addition,
they are much more extensively developed on strongly
fractured or frost-shattered rocks.

These facts suggest that their formation is associated
with the melting of snow driven into cracks by ground
blizzards; the water later returns to the rock surface by
capillary action, eventually depositing dissolved ions as
crusts during periods of high evaporation. Conse-
quently, the presence of these salts constitutes evidence
for slow chemical weathering under present meteoro-
logical conditions and indicates that transportation of
salt-bearing solutions can take place in frigid climates
under arid conditions.

No correlation exists between source rock and type of
salt present in the crust, or between type of salt devel-
oped and either elevation of the collecting site or dis-
tance of the collecting site from the coast. Natrojarosite
ENaFe3(SO4 ) 2 (OH)61 is present as yellow surface stains on
about 30 percent of the encrustations examined.

The yellow surficial salts found include alunite
[KA I 3 (SO4 )2 (OH)6}, fibroferrite [Fe(SO4 )(OH . 51-1201,
and natrojarosite. All three of these minerals have
formed through the oxidation in place of pyrite dissem-
inated in black shale and slate and/or granodiorite.

Green surficial salts were observed in numerous places
by U.S. Geological Survey field parties while they mapped
the Lassiter Coast and Black Coast to the north of the

Figure 2. Hollow nodular masses of gypsum from the Haub-
erg Mountains.

study area in 1969-70, 1970-71, and 1972-73 (Rowley,
Williams, and Schmidt, 1977). These salts also occur at
scattered locations throughout the Orville Coast and
eastern Ellsworth Land (Rowley, 1978). The green salts
are composed of atacamite [Cu 2 (OH)3C1], atacamite
with traces of brochanite [Cu 4 (SO4)(OH)6], and mixtures
of atacamite and plancheite [3CuSiO 3 H201, brochan-
tite-antlerite [Cu3 (SO4)(OH)4], and also brochantite-
plancheite.

Stewart (1964) does not mention alunite, brochantite,
fibroferrite, natrojarosite, or plancheite in a list of ant-
arctic minerals. In addition, further literature search has
shown that these five minerals have not previously been
reported from Antarctica.

My work has been supported by National Science
Foundation grant DPP 76-12557.
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Investigation of an anomalous
date for Lonely Ridge

granodiorite, Nilsen Plateau,
Transantarctic Mountains

ROBERT P. FELDER and GUNTER FAURE

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

The Lonely Ridge granodiorite is part of the basement
complex of the Nilsen Plateau, which is located between
the Amundsen Glacier and Scott Glacier. Mirsky (1969)
and Craddock (1970) published potassium-argon (K-Ar)
and rubidium-strontium (Rb-Sr) dates obtained by
McLelland (in press) on biotite separated from an un-
altered specimen of the Lonely Ridge granodiorite. The
K-Ar date is 472 .t 10 million years (compatible with
magmatic activity of the Ross orogeny), whereas the Rb-
Sr date is 846± 35 million years.

This is anomalous because dates obtained by these
methods on biotite are commonly in close agreement
owing to similar retentivity of biotite for radiogenic
40Ar and 87 Sr (Hart, 1964). A whole-rock Rb-Sr isochron
date of 620± 13 million years, reported by Faure et al.
(in press), presumably indicates the time of crystalliza-
tion of the Lonely Ridge granodiorite.

We have obtained a Rb-Sr date of biotite from a spec-
imen of the Lonely Ridge granodiorite collected by
McLelland. The specimen (O.S.U. 480, McLelland 208)
was chosen because it fits the whole-rock Rb-Sr isochron
and displays less cataclastic deformation than any of the
other available specimens (Felder, 1979).

Our results indicate a Rb-Sr date of 470 ± 17 million
years, based on a value of 1.42 x 1 0- 11y' for the decay
constant of 87 R and a value of 0.704 for the initial 87Sr/
86 Sr ratio. Using these constants, we obtained a date of
848 ± 35 million years from the analytical data of

McLelland's biotite. Our Rb-Sr date is in agreement
with the K-Ar date reported by McLelland, but does not
confirm his Rb-Sr date.

The available age determinations, therefore, indicate
that the Lonely Ridge granodiorite crystallized 620 ± 13
million years ago and that biotite in this rock has re-
tained radiogenic 40Ar and 87 Sr for the past 470 million
years. The mineral dates coincide with the waning stage
of the Ross orogeny, which included widespread mag-
matic activity from about 540 to 510 million years ago
(Faure et al., in press). The associated thermal and dy-
namic metamorphism could have caused loss of radi-
ogenic daughters that had accumulated in the biotite
between the time of initial crystallization and the end of
the Ross orogeny.

This research has been supported by the Division of
Polar Programs of the National Science Foundation
through grant DPP 77-21505.
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Geochemical studies of Ferrar
Group rocks from southern

Victoria Land

PHILIP R. KYLE

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

Jurassic tholeiitic Kirkpatrick Basalts and Ferrar Do-
lerites are geochemically unique in comparison to other
tholeiitic basalts. Notably, they have extremely high 87SrI
"Sr ratios and high levels of uranium, thorium, potas-
sium, and light rare earth elements. Several models
(Kyle, in press) have been proposed to account for their
chemistry and include selective contamination of normal
tholeiitic basalt by crustal derived components, hetero-
geneities in the subcontinental lithosphere due to me-
tasomatism from the lower mantle or contamination of
the lithosphere by sediment introduced into the mantle
along a subduction zone.
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Figure 1. Traverse route and distribution of Kirkpatrick Bas-
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Figure 2. Stratlgraphic sections and variation of selected
major elements of Kirkpatrick Basalts from the area between

the Mawson and David Glaciers.

The purpose of our fieldwork during the 1978-79
season was to collect fresh Ferrar Group material for
detailed geochemical studies to evaluate these models.
We visited the area between the Mackay and David gla-
ciers (figure 1), the Darwin Glacier area, and also Wright
Valley (to sample a Ferrar Dolerite sill).

We made a 33-day-long traverse using three snow-
mobiles from the Coombs Hills to the area between the
David and Mawson glaciers, and we returned to Cara-
pace Nunatak along much the same route (figure 1).
Sections of Kirkpatrick Basalt (figure 2) were sampled
at Carapace Nunatak (8 lava flows with a total thickness
of 130 meters), Gorgon Peak (18 lava flows, 220 meters
thick), and Brimstone Peak (20 flows, about 380 meters
thick). Chilled margins, representative of the initial bulk
composition of doleritic intrusives, were sampled in nu-
merous locations. One important aspect of determining
the petrogenesis of the Ferrar Group is to examine basic
high-magnesium oxide basalt and dolerite. We were able
to locate and sample the previously undiscovered lower
chilled margin of a dolerite sill at the butte known as
The Mitten that contains olivine (Skinner and Ricker,
1968; Gunn, 1966).

During our traverse, we found over 200 meters of
massive diamictite, probably correlative with the Maw-
son Formation, at the south end of Griffin Nunatak.
This unit, interbedded within Kirkpatrick Basalt lava
flows, is overlain by diamictite that is probably correla-
tive with the Sirius Formation. We also determined that
Twin Nunataks, Crash Nunatak, the summit of Ford
Peak, and the southern end of the Ricker Hills, all pre-
viously mapped as Kirkpatrick Basalt, actually consist of
intrusive dolerite.

Similarly, in the Darwin Glacier area, we found that
the previously reported Kirkpatrick Basalt at Westhaven
Nunatak and also at Turnstile Ridge consists of doleritic
intrusives.

We also made a new and important discovery at
Butcher Ridge, where we traced strongly deformed
glassy acidic rocks for a distance of more than 4 kilo-
meters. This is the first extensive area of "dacitic" or
"rhyolitic" rocks known in the Ferrar Group. The exact
means of emplacement of many of the rocks is still un-
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Figure 3. Silica variation diagrams of selected oxides for
Jurassic tholeiltic rocks from the Transantarctic Mountains.

determined, but an intrusive origin appears to be the
most likely method.

Over 150 new major element analyses (figure 3) of
Jurassic tholeiites from Antarctica will provide a data

base for more specialized geochemical studies.
In the course of our 1978-79 fieldwork, we also dis-

covered that Elephant Nunatak (unofficial name), a fea-
ture east of Reckling Peak previously discovered using
satellite imagery, is composed entirely of moraine. In
addition, we found five chondrite meteorites in the vi-
cinity of the moraine.

I was supported in the field by Kathy Cashman and
Harry Keys (both from Victoria University of Welling-
ton) and Bill McIntosh (University of Colorado). This
work has been supported by National Science Founda-
tion grant DPP 77-21590.
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Artesian well at Don Juan Pond

LYLE D. MCGINNIS

Department of Geology
Northern Illinois University

De Kalb, Illinois 60115

Don Juan Pond, located in the suth fork of Wright
Valley, was revisited on 9-12 December 1978 to observe
the status of Dry Valley Drilling Project (DVDP) hole 13.
Since its drilling on 8-13 January 1975, the borehole
and pond have remained under intermittent observation
(Harris and Cartwright, in press; Harris, Cartwright,
and Toni, 1979).

The borehole is unusual in that it contains unfrozen,
concentrated brines near 200 parts per thousand. Water
level in the borehole is responding to episodic, impulsive
pressure changes of unproven origin (Harris and Cart-
wright, in press). Plans are under way to install auto-
matically recording instrumentation at the borehole to
determine the cause of the transient pressure variations
and the source of the brines.

After ice was cleared from the upper 10 meters of the
hole at 1700 hours on 9 December, water at a temper-
ature of - 15.50 C began flowing from the hole at a

steady rate of 4 liters per minute and continued to flow
for three days before being shut off. Casing set through
the sand overburden (see figure) stands 0.70 meter
above ground surface and about 1 meter above Don
Juan Pond. It is believed that water is flowing from the
fractured and highly mineralized Ferrar dolerite, which
acts as a confined aquifer in the dry valleys but may
receive its water from subglacial lakes at the base of the
Antarctic Ice Sheet.

Geophysical logs of the borehole are also shown in the
accompanying figure. A discussion of the logs is pro-
vided in McGinnis et al. (in press).

This study has been supported by the Division of Polar
Programs of the National Science Foundation, grant
number DPP 7821112-01.
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Hyaloclastite of Dry Valley
Drilling Project hole 3, Hut Point

Peninsula

SAMUEL B. TREVES

Department of Geology
University of Nebraska—Lincoln

Lincoln, Nebraska 68508

Dry Valley Drilling Project hole number 3 (DVDP 3)
was drilled 3 meters north of DVDP 2, at the base of
Observation Hill on Hut Point Peninsula, Ross Island,
during the winter fly-in (wINFLY) of the 1973-74 field
season (Kyle and Treves, 1974).

The rocks penetrated consist of ten flows and five
fragmental units. The oldest unit is a 214-meter-thick
hyaloclastite. The hyaloclastite is the oldest and thickest
unit of DVDP 3. From top to bottom, it consists of about
21 meters of mixed volcanic breccia that is primarily a
palagonitic lapilli tuff.

Some basaltic units also occur in this interval; although
most of them are thin, one is about 6 meters thick. The
basal portions of these basaltic units are shattered, and
many fragments show chilled margins. It is not possible
to determine whether these units are flows, pillows, or
blocks.

The rest of the hyaloclastite consists of lapilli tuff and
blocky lapilli tuff with minor amounts of mixed tuff and
black, vitric tuff.

Petrographic examination of 120 thin sections of the
hyaloclastite shows that the lapilli are glassy olivine bas-
alt. Chemically, they are probably all basanite or nephe-
line basanites.

A petrographic anomaly occurs at 218 meters. Here,
a lapilli tuff shows a variety of rounded lapilli (trachyte,
kaersutite trachyte, and hawaiite) that do not occur in
the hyaloclastite below this depth. Rocks of this type oc-
cur to the north, south, east and southwest of DVDP 3.
In addition, rhönite, a rare titanosilicate, occurs as mi-
crophenocrysts in the basalt of the hyaloclastite above
218 meters, but not in the basalts below (Kyle and
Treves, 1974).

Further, diatoms (Morelli, 1974) that have been iden-
tified as freshwater forms (Brady, pers. comm.) occur in
the upper reaches of the hyaloclastite.

The isotope studies of Nakai (1973) and Lyons (1974)
may be interpreted to indicate that the lower portion of
the hyaloclastite pile, that portion below 200 meters, ac-
cumulated in seawater and that the upper part erupted
into a mixed environment that ranged from freshwater
to seawater.

Accordingly, it is suggested that the hyaloclastite of
DVDP 3 records a period of submarine volcanism in
McMurdo Sound that produced a volcanic pedestal
upon which the flows now exposed at the surface ac-
cumulated.

The data also suggest that a break in volcanism oc-
curred. During this break, lapilli from another or other
volcanic centers were transported to the site of DVDP 3,
perhaps by an expansion or contraction of the ice shelf
or glaciers. The portion of the hyaloclastite pile above
the break accumulated in a fresh-to-brackish environ-
ment, perhaps under and at times in contact with ice.

Finally, a radiometric date of about 1 million years
ago (Kyle, Sutter, and Treves, 1978) was obtained for
a basaltic clast from a depth of 174 meters, the upper
part of the hyaloclastite. This date is very little different
from the dates obtained from the surface rocks of Hut
Point Peninsula (Kyle and Treves, 1973) and, thus, in-
dicates a very rapid accumulation of the shallower flows
and pyroclastic units of DVDP 3.

This work has been supported in part by National
Science Foundation grant Opp 72-05800.
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Sedimentary petrology of the
Triassic Fremouw Formation,

central Transantarctic Mountains

CHARLES L. VAVRA, K. D. STANLEY, and
JAMES W. COLLINSON

Institute of Polar Studies and Department of Geology and
Mineralogy

The Ohio State University
Columbus, Ohio 43210

Sandstone and mudrock samples from the Fremouw
Formation that were collected during the 1977-78 field
season in the Cumulus Hills have been analyzed to de-
termine detrital modes, diagenetic components and fea-
tures, and provenance. These samples have been com-
pared with those collected during 1966-71 from the
Fremouw Formation throughout the central Transan-
tarctic Mountains by Institute of Polar Studies field par-
ties. Petrographic analyses of 500 samples have been
supplemented by x-ray diffraction, scanning electron
microscopy, or cathodoluminescence of 100 samples.

Sandstones of the Fremouw Formation range in com-
position from quartz arenite to volcanic lithic arenit
(classification of Gilbert, 1953) and display temporal and

28



area! changes in composition that reflect input of de-
tritus into a complex river system that probably drained
Paleozoic rocks on the western margin of the Antarctic
craton and the Gondwanian orogenic belt.

Detrital grains, including lithic fragments, quartz,
feldspar, and heavy minerals, indicate a complex source
terrain consisting of three rock types—sedimentary,
crystalline, and volcanic.

Sedimentary source terrains supplied very-well-
rounded quartz grains, some of which exhibit multiple,
syntaxial overgrowths, and sedimentary phosphate peb-
bles. Sedimentary rock fragments of sandstone, siltstone,
and mudstone are primarily intraformational.

Crystalline source terrains supplied angular-to-sub-
rounded quartz, granitic-to-granodioritic rock frag-
ments, low-grade metamorphic rock fragments, sodic
plagioclase, and potassium feldspar.

The volcanic source terrain supplied silicic-to-inter-
mediate volcanic rock fragments, sodic plagioclase, and
resorbed quartz grains. It also supplied pseudohexag-
onal biotite, which is locally abundant in the sandstone
of the upper member. The composition and texture of
volcanic rock fragments (figure 1) suggest a pyroclastic
or flow origin. An active volcanic source is indicated by

r^ ^

Figure 1. Photomicrograph of intermediate volcanic rock
fragment with plagioclase microlites and phenocrysts. The
rock fragment is 2.5 millimeters long. (Crossed Polarizers.)
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Figure 2. Paleocurrent map and triangular diagrams of sandstone composition of the lower and upper Fremouw Formation
showing the changes in sandstone composition. 0 = quartz; F = feldspar; I = lithic fragments, mica, and chert. Composition
letermined by modal analysis of 300 points per thin section. Sandstone composition of the lower member becomes more
luartzose down-paleosiope owing to the addition of quartz derived from Paleozoic sources. Sandstone of the upper member

In all areas is dominated by volcanic lithic detritus.
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a vitric tuff (Barrett, 1969) and by tuffaceous claystone,
which is common in the middle and upper , members of
the formation.

The composition of the Fremouw sandstone varies
both vertically and laterally, reflecting changes in the
source terrains that supplied detritus to the depositional
basin. The sandstone of the lower member in the Beard-
more Glacier area is dominated by quartzose detritus
derived from sedimentary sources. Paleocurrent data
from these sandstones indicate transport from the
southeast (figure 2; Barrett, 1970). The sandstone of the
lower member in the Cumulus Hills is dominated by
lithic detritus derived from volcanic sources. Paleocur-
rent data from the volcanic sandstone indicate transport
from the northeast, suggesting a volcanic source in the
direction of the Gondwanian orogenic belt and present-
day West Antarctica.

The volcanic sandstone of the upper member indi-
cates a regional increase in the supply of volcanic de-
tritus. This increase in sediment is accompanied by a
change in the depositional system, from the variable dis-
charge sand-bed stream system characteristic of the
lower and middle members to the braided stream system
characteristic of the upper member (Collinson, Stanley,
and Vavra, 1978).

The sandstone of the Fremouw Formation has under-
gone a complex history of post-depositional modifica-
tions, including the following: (1) formation of phyllo-
silicate pore fillin gs and pore linings. and the formation

of silica cement during early diagenesis at near surface
temperature and pressure; (2) formation of quartz and
laumontite cement, alteration of labile lithic fragments,
and formation of prehnite concretions due to higher-
than-normal geothermal gradients or regionally ele-
vated temperatures associated with the emplacement of
the Jurassic Ferrar Group; (3) albitization of calcic pla-
gioclase, formation of laumontite and prehnite pore fill-
ings and grain replacements, and formation of calcite,
sphene, and epidote grain replacements attributable to
contact metamorphism resulting from the intrusion of
Ferrar Dolerite; and (4) fracture filling by laumontite
and heulandite that postdates the thermal effects of the
igneous activity.

This research has been supported by National Science
Foundation grant DPP 76-23431.
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New species of Dicynodontia
from the Fremouw Formation

JOHN W. COSGRIFF and WILLIAM R. HAMMER

Department of Biology
Wayne State University

Detroit, Michigan 48202

The most recent paleontological program in the
Lower Triassic Fremouw Formation of the Transan-
tarctic Mountains was conducted during the 1977-78
season by a joint Wayne State University—Ohio State
University field party and centered exclusively in the
richly fossiliferous exposures of the Cumulus Hills (Cos-
griff et al, 1978, and Collinson, Stanley, and Vavra,
1978). A large amount of vertebrate material was col-
lected and subsequent investigation thereof has identi-
fied examples of most of the previously reported taxa
(Kitching et al, 1972), plus a number of new forms.

Priority has been given to these new forms in the
preparation program, and among the specimens now
completely freed of rock are two skulls, one of them half
complete and the other nearly intact, pertaining to the
Dicynodontia.

Several species of the Dicynodontia are prominent in
the assemblages of fossil reptiles recovered from various
sites in the Fremouw Formation. The Dicynodontia con-
stitute a large and varied group that forms an infraorder
of the order Therapsida (Cluver, 1974), which ranged
from Middle Permian through Upper Triassic. They
formed the principal group of medium-to-large sized
herbivores throughout much of this interval and, as is
the case in other contemporary terrestrial groups, were
widely distributed over Pangaea.

The evolution of the group (extremely specialized for
a herbivorous diet) is marked by a tendency to lose al-
most all of the teeth and to replace them with keratin
edges along the gum line. All of the Triassic species were
entirely edentulous except for the retention in some of
enlarged upper canine tusks. Two of the Triassic fami-
lies of the Dicynodontia are the Endothiodontidae, char-
acterized by the possession of a normal (for dicynodonts)
snout that projects straight forward from the orbits, and
the Lystrosauridae, characterized by a very short snout
that drops off sharply below the orbits. The latter family
contains only a single genus, Lystrosaurwc.

To date, the only named taxa of the infraorder from
the Fremouw Formation are the following species of
Lystrosaurus: L. murrayi, L. curvatus, and L. sp. 8. These
species are known from a large amount of material from
the Coalsack Bluff and Graphite Peak localities and from
the several localities of the Cumulus Hills near the junc-
tion of the Shackleton and McGregor glaciers (Colbert,
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Figure 2. ? Myosaurus sp., skull, dorsal view.
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Figure I. Lystrosaurus cf. mccaigi, skull, lateral view.

UK

Figure 3. ? Myosaurus sp., skull, ventral view.

1974). Both L. murrayz and L. curvatus were originally
described from material collected in the Lystrosaurwc
zone of South Africa. Colbert (1974) includes additional
specimens from India and China in these species.

Of the two skull specimens recently discovered in the
Fremouw Formation, one is from a giant lystrosaurid,
Lystrosaurus cf. mcCazg, and the other from a small en-
dothiodontid, ? Myosaurus sp.

The L. cf. mcCaigi specimen (figure 1) preserves the
entire facial region. It was collected at the Shenk Peak
section in the lower Fremouw. The original material of
L. mcCaigi Seeley (1898) derives from the Lystrosauru.s
zone and has been reviewed recently by Cluver (1971).
The species is also present, apparently, in the Panchet
Formation of India (Tripathi and Satsangi, 1963)..

Size is the main feature distinguishing L. mcCaigi from
such smaller species as L. murrayi and L. curvatus, and it
forms a principal basis for assigning the new antarctic
specimen to this species. The vertical distance from the
gum line anterior to the broken tusks to the approxi-
mated dorsal edge of the orbital rim measures about 260
millimeters, indicating a skull roughly equivalent in bulk
to some of the large L. mcCaigi skulls from South Africa,
but three-to-four times the bulk of a typical example
from the smaller species. Other characteristics tend to
support this allocation, but a conclusion will be deferred
until detailed comparisons are completed.

The nearly complete ? Myosaurus sp. skull (figures 2
and 3) was collected in the lower Fremouw Formation
at Collinson Ridge. Material representing the South Af-
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rican Myosaurus gracilis currently consists of ten skulls,
all found at the Harrismith Commonage locality in the
Lystrosaurus zone. In contrast with the large size of L.
mcCaigi, this dicynodont was very small; the South Af-
rican Myosaurus skulls average 40 millimeters in length
(Cluver, 1974), whereas the antarctic specimen measures
approximately 55 millimeters in length. Distinctive fea-
tures of Myosaurns are relatively large orbits and a very
wide intertemporal region of the skull. All known spec-
imens lack tusks, and the snout was weakly developed
(Cluver, 1974). Cluver (1974) states that Myosauroides
and Gistecephalus, both from the Permian Gistecephalus
zone of South Africa, share a number of features with
Myosaurus and that these three genera may form part of
a natural group.

L. cf. McCaigi and ? Myosaurus sp. further expand the
already marked taxonomic correspondence between the
fauna from the Fremouw Formation and fauna from
the Lystrosaurus zone.

This research has been supported by National Science
Foundation grant DPP 76-23435.
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Triassic scaloposaurian reptiles

EDWIN H. COLBERT

Museum of Northern Arizona
Flagstaff, Arizona 86001

Among the Triassic vertebrate fossils collected from
the Fremouw Formation of the Transantarctic Moun-
tains are several specimens representing the reptilian
infraorder Scaloposauria.

The scaloposaurians—small, advanced, mammal-like
or therapsid reptiles—are closely related to the cynodont
therapsids. Both groups are found in the Lower Triassic
Lystrosaurus zone of the Karroo sequence in South Af-
rica, and it is now established that both groups are pres-
ent in the Fremouw Formation of Antarctica. Thrinaxo-
don liorhinus, a cynodont characteristic of the African
Lystrosaurus zone, was found in the Fremouw Formation
some years ago and described by Colbert and Kitching
in 1977.

Among the several scaloposaurians now known from
the Fremouw Formation is Ericiolacerta parva, which is
specifically identical with fossils from South Africa. It is
a very small, lightly built, mammal-like reptile, with slen-
der jaws that carry a series of rather simple, usually
pointed teeth.

Although there is no enlarged canine tooth in this

form, as is generally the case among the advanced mam-
mal-like reptiles, one of the anterior teeth, an incisor, is
enlarged and somewhat procumbent. It would appear
that this little reptile was perhaps insectivorous, thereby
filling an ecological niche in the early Triassic faunas of
Gondwanaland that was denied to the larger and more
robust mammal-like reptiles. It is significant that En ci o-
lacerta parva should be found in the Fremouw Forma-
tion, for it adds one more strong paleontological link
between Antarctica and Africa during early Triassic
time.

Several new genera of scaloposaurian reptiles, the
names of which have not as yet been published, also
occur in the Fremouw Formation. Although these rep-
tiles are distinct from related counterparts in the Lystro-
saurus fauna of South Africa, they are sufficiently close
to strengthen the paleontological evidence for a ligation
between Antarctica and Africa at the beginning of Mes-
ozoic time.

The Fremouw fauna is in essence a Lystrosaurus assem-
blage identical in many respects with the South African
fauna. There are certain differences as well, as is to be
expected in two tetrapod faunas that were separated
from each other by a distance of perhaps 3,000 kilo-
meters, even when Gondwanaland was a single land
mass.

The new Fremouw scaloposaurian reptiles were found
near the confluence of the Shackleton and McGregor
glaciers, at approximately 85°13'S/174°30'E. They are
being studied in detail by E. H. Colbert and James W.
Kitching (associated with the University of the Witwa-
tersrand, South Africa).
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Research on the scaloposaurian reptiles has been sup-
ported in part by the National Science Foundation
grants GV 24531 and DPP 75-23126.
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New silicoflagellate
ultrastructures: Nanocones and

solution cavities

YORK T. MANDRA

San Francisco State University and California Academy of Sciences
San Francisco, California 94132

A. L. BRIGGER

California Academy of Sciences
San Francisco, California 94118

HIGHO0HI MANDRA

8 Bucareli Drive
San Francisco, California 94132

In the course of our studies on the microorganisms
known as silicoflagellates, we have recorded two new
silicoflagellate ultrastructures that have not yet been re-
ported in the literature. These ultrastructures are known
as nanocones and solution cavities.

Silicoflagellates can be useful in the determination of
Cenozoic antarctic climates (Mandra, 1969). For exam-
ple, a study of these microorganisms (Mandra and Man-
dra, 1970) indicated that some coastal areas of Antarc-
tica were warm temperate during the Late Eocene.
Subsequently, this study was extended to the Oamaru
district of the South Island of New Zealand (Mandra,
1973) to provide a better understanding of the northern
limits of the suggested pattern of antarctic climate. As
our studies continued, it became apparent that more
precision was needed in regard to the taxonomy and
morphologic descriptions of these Protistids, so a study
of silicoflagellate ultrastructure morphology was started
using the scanning electron microscope. Our recent pa-
pers (Mandra, Brigger, and Mandra, 1975; Mandra et
al., 1976) on Hannaites have introduced new nomencla-
ture for such ultrastructures as nanopeaks, nanodividès,

and nanovalleys. We have also determined that some
Distephanus (0876) do not have ultrastructures.

Our most recent work has revealed that some radial
spines of Cannopilus (0859) have small cone-like struc-
tures protruding from a smooth surface. These struc-
tures are called nanocones. A nanocone differs from a
nanopeak in that the latter is formed by the intersection
of two or more nanodivides, whereas the nanocone is on
a surface that does not have nanodivides. The surface
from which the nanocone protrudes is usually smooth,
fine grained, and featureless. Commonly, nanocones are
present in clusters on the distal half of a radial spine
and also on the apical bridge system—both on the apical
rings and on the lateral rods.

The nanocone is not thorn-shaped (a term much used
in silicoflagellate literature). Rather, it has a shape such
that the diameter of its base is frequently equal to the
height of the cone. Its size is commonly about 0. 1 mi-
crometer.

In addition, some nanocones (0855, 0858) are on sur-
faces that are not smooth. These surfaces are usually
featureless, except that they appear to be slightly pitted.
Such a pit is approximately 0.05 micrometer wide.

The other new ultrastructures we have recorded occur
only rarely. Some si lico flagellates have what appear to
be solution cavities. As observed, the size of such a cavity
is about 1 or 2 micrometers in diameter and about 0.5
micrometer in depth.

These new structures are found on the protuberances
of Hannaites and on the basal ring and apical bridge
system of Hannaites and other genera. We know that
these solution cavities are not caused by our chemical
preparation techniques, because no other specimen in
our same sample has solution cavities. Also, more fragile
specimens, including some very thin and delicate diatom
structures, in the same sample show no evidence of
chemical decomposition.

Our studies do indicate why the patterns on the pro-
tuberances of Hannaites and some radial spines of Dic-
tyocha and Distephanus differ so markedly from the pat-
terns on the basal rings of these specimens. This
difference is caused by the multiple intersections of the
two sets of nanodivides from each of the two intersecting
basal ring rods. For example, if each basal ring rod has
eight longitudinal nanodivides, then at least 64 intersec-
tions or nanopeaks will be formed at each protuberance
or radial spine; however, given that there are also trans-
verse nanodivides, there will actually be more than 64
nanopeaks.

Some nanopeaks may seem to have no intersecting
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nanodivides. Nevertheless, close examination will reveal
either residual or immaturely formed nanodivides. Fur-
thermore, in all cases observed, the nanopeaks are ar-
ranged linearly.

The ultrastructures of the abapical spines are such
that the spines either may be completely smooth or may
have any of the combinations mentioned above. Some
of these spines have miniature spherical protuberances
at their ends. The diameter of such a protuberance is
slightly larger than the external diameter of the spine
immediately under the protuberance.
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Seismic refraction measurements
from sea ice in western McMurdo

Sound
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Three reversed seismic refraction profiles were shot
in western McMurdo Sound in late November-early
December 1978 (figure 1). The profiles, shot out to six
kilometers, were part of the McMurdo Sound Sediment
and Tectonic Study (MssTs) sponsored by the Antarctic
Division of the New Zealand Department of Scientific
and Industrial Research (DsIR).

Data were recorded with a portable SIE RS-4, 12-chan-
nel seismograph. Shots ranged in size from one to fif-
teen kilograms. Sea ice thickness ranged from 3 to 4
meters over water depths from 90 to 240 meters.

1

:

Map showing the location of three reversed seismic refraction profiles in western McMurdo Sound. Profiles are numbered
78-79-1, etc. Numbered arrows indicate locations of Dry Valley Drilling Project borehoies. Fresh pore ice was found In sediment

cored from hole 15. Mean ocean bottom temperature in McMurdo Sound is _1.80 C.
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Preliminary conclusions are as follows:
1. Abnormally high bottom velocities averaging 3 kil-

ometers per second are interpreted to indicate subma-
rine permafrost (McGinnis, 1979).

2. "Normal" velocities at the water/sediment inter-
face of glaciated continental shelves average about 1,660
meters per second (McGinnis and Otis, 1979).

3. The crystalline basement floor of McMurdo Sound
appears to be relatively flat at a depth of 1.5 kilometers;
thus a major vertical fault may separate the Transan-
tarctic Mountains from McMurdo Sound. (McGinnis, in
press).

4. Crystalline basement velocities at two locations in
McMurdo Sound average about 5 kilometers per second,
whereas basement velocity averages in New Harbor 5.6
kilometers per second.

This study has been supported in part by the Division
of Polar Programs of the National Science Foundation
grant DPP 7821112-01 and in part by the Antarctic Di-
vision of the DSIR.
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Volcanic activity at Mount
Erebus, 1978-79
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Surveillance of the activity associated with the anorth-
oclase phonolite lava lake at Mount Erebus continued
during the 1978-79 austral field season. On 26 October
1978, the U. S. Antarctic Research Program (USARP)
team made a five-hour visit to the summit crater and
found that the lava lake was still present. Two new,
small, congealed lava flows were visible on the south side
of the Inner Crater. One flow originated from a small
vent in the southwest quadrant of the Inner Crater (see
Kyle and McIntosh, 1978, figure 2) and the other ap-
parently came from the lava lake.

The general appearance of the lava lake was one of
increased heat flow. The consolidated crust on the lake.
appeared to be less continuous and was broken by nu-
merous east-west cracks. Compared with observations
made in January 1978, larger areas of incandescent lava
were now visible. Small, bubble-lake degassing eruptions
were common over most of the lake, with a greater con-
centration toward the west. The level of the lava lake
appeared similar to that observed in January, although
the surface area may have been reduced owing to col-
lapse of the north crater wall.

Only a few small anorthoclase phonolite bombs were
found on the crater rim and none were observed on the
Main Crater floor. This suggested there had been a de-
crease in strombolian eruptions since, January 1978,
when up to six eruptions per day had occurred.

On 19 and 20 December, the USARP team climbed
from an acclimatization camp on Fang Glacier to the
new Mount Erebus Observatory (see figure) to join a
New Zealand Antarctic Research Program (NZARP) party

that had been at the summit since 13 December.
On 23 December, an attempt was made by a combined

USARP (Cashman, Keys, Kyle, and McIntosh) and NZARP
(Giggenbach, Monteath, and Thompson) team to get a
member into the Inner Crater to obtain high-tempera-
ture gas samples. Monteath abseiled about 70 meters
below the Inner Crater rim to examine the route. Later,
Giggenbach descended to about 25 meters above the
Inner Crater floor. While he was untangling the ropes,
an eruption occurred from the so-called Active Vent, a
small vent adjacent to the lava lake. The eruption ejected
bombs about 200 meters above the Main Crater rim and
many of them landed on the Main Crater floor. One
small bomb hit Giggenbach above his knee, burning his
woolen pants but causing him no injury. The attempt to
sample gases was called off so that the ropes could be
examined for burn damage. Poor weather conditions
prevented any further attempts to descend into the In-
ner Crater.

,
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Mount Erebus Observatory, constructed in December 1978
by Holmes and Narver, Inc. for the National Science Foun-
dation. Now the highest building In Antarctica, the hut Is
situated about 100 meters below the crater rim at an altitude

of 3,607 meters.
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Just before the eruption, lava was observed to rise
rapidly in the Active Vent and, as it reached the rim,
the explosion occurred. After the eruption, there was a
drop in the general level of the lava lake, which returned
to its original level in about 15 minutes. It is believed
that a subterranean connection exists between the Active
Vent and the lava lake.

An average of 1.6 eruptions per day occurred during
December 1978, compared with 3.6 eruptions per day
in January 1978 and an average of about 2.5 eruptions
daily for the period between December 1972 and Jan-
uary 1976.

The overall pattern of activity at Mount Erebus is un-
changed. The small strombolian eruptions are likely to
continue as long as the Active Vent is open and con-
nected to the main magma column. Since 1976, there
has been no increase in the size of the lava lake; in fact,

the collapse of the north crater wall has probably re-
duced its overall size. It is apparent from observations
made inside the Inner Crater that the lava is perched
above the floor of the Inner Crater. A ridge and small
levee limit the lava to the northern half of the Inner
Crater.

Special thanks to to Holmes and Narver, Inc. for de-
signing and constructing the new hut near the summit
of Mount Erebus. The building contributed greatly to
an improvement in our living standards and our ability
to work efficiently under difficult conditions. Support
in the field was provided by Kathy Cashman and Harry
Keys (both from Victoria University of Wellington), Bill
McIntosh (University of Colorado), and Paddington
Bear (a constant companion).

This work has been supported by National Science
Foundation grant DPP 77-21590.

Investigation of Late Quaternary
sediments from Cape Royds-
Cape Barne area, Ross Island

BARBARA L. WARD and PETER N. WEBB

Department of Geology
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Using samples from three separate deposits on Ross
Island, we have completed an investigation of Late Qua-
ternary sediments in the Cape Royds–Cape Barne area.
The results of our study, including assessment of the
much-debated emplacement of these deposits, are pre-
sented in this paper.

Late Quaternary sediments crop out at elevations up
to 60 meters in many localities around the McMurdo
Sound coastline. These sediments include unconsoli-
dated, but sometimes ice-cored, fossiliferous gravels,
sands, and silts. Carbon dating of carbonate and algal
material from deposits close to present sea level provide
a range of Holocene ages (Stuiver et al., 1978), while
the much less common high-level deposits (28.5 to 63
meters in elevation) contain shell material with ages in
excess of 47,000 years before the present (BP) (Denton,
Armstrong, and Stuiver, 1970). Some of these sediments
are in place and were deposited beneath a marine—
often a shallow littoral marine—water column. Others
were emplaced after glacial transport from deeper water
marine sites. Speden (1962) placed this diverse and
widely scattered assemblage of sediments in his Taylor
Formation.

The three outcrops in the Cape Royds–Cape Barne
area that we investigated were first described and dis-
cussed by David and Priestly (1914) and Debenham
(1920), who noted that they occur at higher elevations

than the other elevated fossiliferous marine muds in the
McMurdo Sound area. Basement in this area consists of
flows of McMurdo Volcanic Group rocks. The volcanic
rocks of the Cape Royds area were extruded at about
0.68 million years BP (Treves, 1968) and those of the
Cape Barrie area at about 0.96 to 0.80 million years BP
(Armstrong, 1978).

Two of the outcrops lie on volcanic rocks at 59 to 63
meters above sea level near Backdoor Bay, between
Cape Royds and Cape Barrie. The sites were identified
as sample collection points VNA-1 1 and VNA-13 by
Briggs (1978). These sediments contain gastropods and
lamellibranchs (Hedley, 1916; Speden, 1962), foramin-
ifera (Chapman, 1916; Ward, 1979), ostracodes (Chap-
man, 1916; Briggs, 1978), and a variety of macrofossil
debris (David and Priestley, 1914; Debenham, 1920;
Speden, 1962). Carbon-14 dating of shell material pro-
vided an age of more than 47,000 years BP (sample
Y2643; Denton, Armstrong, and Stuiver, 1970, p. 17).

The third (and southernmost) of the three outcrops
(VNA-8; Briggs, 1978, fig. 1) lies at 28.5 to 31 meters
above sea level and is located close to Deep Lake and
north of Cape Barrie (Debenham, 1920). The fossil
fauna includes macrofossils (Hendy, Neall, and Wilson,
1969), foraminifera (Ward, 1979), diatoms (Brady, in
press), and ostracodes (Briggs, 1978). Carbon-14 dating
of shell material provided an age of more than 49,000
years BP (sample Y2642; Denton, Armstrong, and Stuiver,
1970, p. 17). Sponge spicules are very common at all
three localities.

Although a relatively minor component in these sed-
iments, foraminifera are abundant and display consid-
erable diversity (Ward, 1979). A total of 26 genera and
86 species of foraminifera were determined. This in-
cludes 3 agglutinated, 3 planktonic, and 80 calcareous
benthic species. A random census count of VNA-8
(=PNW-3) provided the following dominance figures:
Ehrenbergina glabra, 51.33 percent, Gibicides lobatulus, 14
percent; Islandiella islandica, 11.67 percent; Cassiduli-
noides porrectus, 4.67 percent; Rosalina globularis, 3.67
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percent; Epistominella vitrea, 3.3 percent; Globocassidulina
crassa, 2.33 percent; Planispirinoides bucculentus, 1.67 per-
cent; Globigerina megastoma, 1.33 percent; and Pseudo-
bulimina chapmani, 1 percent. Each of the other 76 spe-
cies is present in a quantity of less than 1 percent.

Preservation of the entire fauna is excellent and there
is no evidence of abrasion. Size analyses of at least one
hundred tests of the four most dominant taxa and Ep-
istominella vitrea show a wide range of test sizes in each
instance. All growth stages are present. These results
and the excellent preservation suggest that the popula -
tion from VNA-8 (=PNW-3) is a near life assemblage.
Furthermore, it is interpreted that this ice-cored sedi-
ment has not been subjected to resedimentation in either
marine or freshwater environments. Consideration of
the total foraminiferal fauna and comparison with post-
glacial faunas from the Ross Sea suggest an original
bathymetry in excess of 100 meters and possibly as deep
as 400 meters.

The emplacement of these three outcrops has been
much debated in the literature. Were these sediments
deposited by marine processes at these sites or were they
transported by glacial processes to the western shores of
Ross Island? All investigators, including us, agree that
the various faunal groups point to an original water
depth greater than 100 meters. Hendy, Neall, and Wil-
son (1969) suggest deposition of sediments and the ac-
companying fauna at these depths during a late Pleis-
tocene interstadial, after which the basement volcanic
rocks and their veneer of marine sediments were lifted
by isostatic processes to their present elevation. How-
ever, there is no supporting evidence for such uplift.
From a consideration of the gross structure of the east-
ern McMurdo Sound area, depression of basement rocks
seems more likely (McGinnis, 1973).

Denton, Armstrong, and Stuiver (1970) do not ad-
dress the questions of either major tectonic uplift or
bathymetry. They state, "the marine beds are assigned
to the interval between Ross Sea Glaciations I and II,
when McMurdo Sound was free of grounded glacier
ice." If we accept their suggestion that these deposits
originated between major glaciations, that the sediments
are in place and are of deep-water bathymetry (more
than 100 meters), and that this part of Ross Island has
remained stationary in a vertical sense, we would be
forced to propose positive eustatic movements of more
than 160 meters in the late Pleistocene.

We do not believe the evidence warrants our making
such a proposal. Rather, we favor Debenham's model
(1920) whereby deep-water (interglacial) sediments were
entrapped in grounded shelf ice and transported to the
present site during expansion phases (or marine glacia-
tions) of the McMurdo or Ross ice shelves.

The following history for the Deep Lake sediments
(samples VNA-8 and PNW-3) is advanced. The domin-
antly volcaniclastic sediment, together with its benthic
fauna and photic zone planktonic components, is a deep-
water marine sediment that was deposited somewhere
to the south of Cape Barne during a major interglacial
period. The sediment is certainly much older than the
minimum age suggested by carbon dating of the biota.
It could be as old as 130,000 years BP, but sound evi-
dence is lacking at this time.

During a major phase of marine glaciation (?Ross Sea

Glaciation II of Denton, Armstrong, and Stuiver (1970),
the ice shelves grounded to bathyal depths, incorporated
marine sediment, lifted it to the surface, transported it
northward, and deposited it in the northern Ross Sea.
Material carried along the margins of this ice shelf was
deposited above sea level, either during this glaciation
or, more likely, during the recessional stages of this gla-
ciation. The sediments were stranded in large remnants
of former shelf ice. It is also possible that transportation
occurred during the more recent Ross Sea Glaciation I
of Denton, Arsmstrong, and Stuiver (1970). However,
the fact that significantly different sediment overlies the
marine sediments and is correlated with Ross Sea Gla-
ciation I (Denton, Armstrong, and Stuiver, 1970) in -
clines us toward accepting earlier glacial emplacement.
In this connection, it should be noted that while Denton,
Armstrong, and Stuiver (1970) place the marine sedi-
ments between Ross Sea Glaciations I and 11, they do
not cite occurrences of deposits from the latter glaciation
along the western coast of Ross Island. If these ice-cored
marine sediments are indeed related to Ross Sea Glacia-
tion II, they may have been partly eroded or moved
during overriding movements of Ross Sea Glaciation I.

From investigation of the foraminiferal fauna, we do
not envisage melting, resedimentation, and subsequent
refreezing of this particular deposit. Brady (in press) has
recorded a deep-water marine diatom flora from VNA-
8 (PNW-3). He also recognized a small nonmarine dia-
tom element. He proposed two alternative explanations
for the presence of these nonmarine taxa. First, that
they developed in coastal freshwater moats during ice
shelf recession, a process that also entailed redeposition
of the marine sediment. Second, that they were added
to the marine sediments during the formation of melt-
pools and streams on the ablating surface of the original
ice shelf. This latter process must also involve some de-
gree of recycling of marine sediments.

Brady favored the freshwater moat hypothesis and
pointed to analogs on the present ice shelf east of Black
Island. Both of Brady's arguments are attractive. How-
ever, after a detailed survey of sediments and foramin-
ifera in the Deep Lake outcrop, we do not favor the
major recycling of this particular succession of sedi-
ments.

The samples used in our investigation were collected
by V. E. Neall (VNA-8, VNA-1 1, VNA-l3) in 1969 and
by P. N. Webb in 1971-72 (PNW-3). Population studies
of the foraminifera and the revision of Chapman's for-
aminiferal systematics (1916) were investigated by Bar-
bara Ward as part of her work on a master's degree.
The project has been supported by National Scientific
Foundation grant opp 76-20657 supervised by Peter-
Noel Webb.
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The 1978-79 season proved to be particularly suc-
cessful for the Antarctic International Radiometric Sur-
vey (AIRS Project), which was based at the Darwin Glacier
Camp. The radiation detection equipment used in the
previous two years had been upgraded substantially and
functioned without interruption throughout the entire
season. Unusually good weather and excellent helicopter
support allowed us to survey a much larger area than
had been possible in any prior year.

On the first day of operations from the Darwin Glacier
Camp, we were surprised to detect a significant radiation
anomaly near Touchdown Glacier. The source of radio-

Figure 1. AIRS project crew with gamma-ray spectrometer
prepare to begin operations at the Darwin Glacier Camp.

activity was found to be thorium-bearing minerals in a
placer-type deposit in the Brown Hills conglomerate
member of the Windy Gully sandstone. These rocks con-
stitute the lowermost beds of the Beacon Supergroup
and are thought to be Devonian in age. Although the
deposits are of no commercial interest, they contain con-
centrations of thorium as high as 0.3 percent in associ-
ation with rare earths and tin. The thorium-bearing
minerals apparently accumulated in depressions on the
Kukri Erosion Surface. We found them at two localities
six kilometers apart.

Airborne radiometric survey activities continued from
16 November to 22 December 1978, during which time
we made several other discoveries. Extensive outcrops
of the basement rocks that underlie the Beacon Super-
group were found at the base of Tentacle Ridge. These
rocks are mineralized around a number of narrow veins
and they are intensely weathered below the contact with
the overlying Beacon Supergroup. Here too, the Windy
Gully sandstone shows anomalous radioactivity, but at
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much lower levels than the outcrops along Touchdown
Glacier.

As the survey was extended south of the head of Byrd
Glacier into the area of the Sefton and Zeller glaciers,
a complex series of low-grade metamorphic rocks was
encountered overlain by Beacon Supergroup sediments.
Contorted white dolomitic marbles interbedded with
high-purity talc occur above steeply dipping dark shales.
The entire sequence is probably Cambrian in age. Relief
.on the Kukri Erosion Surface exceeds 100 meters, and
the Brown Hills conglomerate is more than 30 meters
thick and made up of coarse cobbles of dolomite. Some
of the beds in the Windy Gully sandstone are anomal-
ously radioactive, but here the radioactivity results from
uranium rather than thorium. The uranium is dissem-
inated, however, and no localized concentrations could
be found during a brief ground survey.

Near the conclusion of airborne survey operations, a
flight was made to Butcher Ridge in the northwestern
corner of the survey area. A layered intrusive body was
discovered that outcrops for nearly 10 kilometers along
the east face of the ridge. This body differs from the
larger layered intrusion of the Dufek Massif in several
ways. Although the layering is very well developed, it
varies from essentially horizontal to nearly vertical. Un-
conformable contacts between steeply dipping and hor-
izontal layered sequences are well exposed at several lo-
calities. It appears that the body may represent a portion
of a magma chamber that served as an intrusive center
for some of the Ferrar Group dolorites. The contorted
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Figure 2. Contorted bed of dolomitic marble and talc in the
metamorphic sequence that underlies the Kukri Erosion
Surface. Fiat lying Beacon Supergroup elements are clearly
visible in the upper right. The outcrop is located at the fork

in Zeller Glacier.

layering may have developed as a result of turbulence
in the magma chamber.

The AIRS Project is a joint research effort of the Uni-
versity of Kansas and the Federal Institute for Geosci-
ences and Resources (Bundesanstalt für Geowis-
senschaften und Rohstoffe) of the Federal Republic of
Germany. It is supported in part by National Science
Foundation grant DPP 77-21504.
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Our 1978-79 field season was divided into two prin-
cipal efforts, one in the Scott Glacier area and the other
in the Byrd Glacier area (with some additional work in
the McMurdo Sound area).

From 19 November until 8 December 1978, we were
involved in geological mapping and collection activities
on the west side of the upper Scott Glacier. We occupied
two base camps and used snowmobiles for transporta-
tion to the surrounding areas.

The primary objective of this effort was to examine

the late Precambrian Wyatt Formation and to determine
its mode of emplacement. Previous mapping had been
conducted by Minshew (1967), who had suggested that
the Wyatt Formation was composed of volcanic rocks of
pyroclastic origin.

We have confirmed this interpretation in part, but also
have noted important differences. For instance, the
rocks at Mount Wyatt (the type locality of the Wyatt
Formation) appear to be intrusive rather than extrusive.
Also, a new locality of Beacon rocks was found at the
summit of Mount Farley and at the unnamed peak to
the northwest. In addition, we determined that a fairly
large area in the vicinity of Lee Peak and Mount De-
nauro, previously mapped as Wyatt Formation (Mm-
shew, 1967), is, in fact, underlain by metasedimentary
rocks of the LaGorce Formation. This is in fault contact
with Wyatt Formation west of Lee Peak. Furthermore,
we found that granitic rocks occur at several localities
previously mapped as Wyatt Formation. Petrographic
and chemical analysis of all the igneous rocks encoun-
tered in the Scott Glacier area is now in progress.

We also examined the Tertiary volcanic rocks crop-
ping out at Mount Early and "Sheridan Bluff"* (Dou-
mani and Minshew, 1965; Treves, 1967), and discovered

*Unofficial name pending approval by the Advisory Committee
on Antarctic Names of the U.S. Board on Geographic Names.
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Figure 1. Survey area on west side of upper Scott Glacier.

that they were erupted subglacially. Isotopic dating of
these rocks is now in progress.

Following our return from Scott Glacier, we investi-
gated volcanic rocks in the McMurdo Sound area at
Minna Bluff, Castle Rock, Turks Head, Cape Barne, and
the summit of Mount Erebus, putting emphasis on the
hyaloclastite deposits at several of these localities.

During the second half of the season, from 19 Decem-
ber 1978 to 14 January 1979, we worked as a satellite
party of the helicopter-supported Darwin Glacier camp
investigating Cambrian sequences south of Byrd Glacier.
We occupied tent camps at Mounts Madison, Tuatara,
Hamilton, Durnford, and Ubique, with three additional
days of close support by helicopter.

Highlights of this phase of our work included mea-
surement of a 1,940-meter-long section of Shackleton
Limestone at Mount Tuatara, recognition of two gen-
erations of folding at Mount Madison, and examination
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Figure 2. Survey area south of Byrd Glacier.

of the type localities of Douglas Conglomerate and Dick
Formation at Nunatak 841 and of Starshot Formation
at Mount Ubique (Skinner, 1965; Laird, 1963). Silicic
volcanic rocks collected from the Starshot Formation at
Mount Ubique will be chemically analyzed for compar-
ison with volcanic rocks in the Taylor and Fairweather
formations farther to the south (Stump, 1976).

This work has been supported by National Science
Foundation grant DPP 76-82040 AOl.
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Our recoveries during the recent field season are
listed in table 1.Antarctic search for meteorites

(ANSMET 1978-79) Table 1. Preliminary tabulation of specimens collected
during ANSMET 1978-79 field season

WILLIAM A. CASSIDY

Department of Geology and Planetaiy Science
University of Pittsburgh,

Pittsburgh, Pennsylvania 15260

This was the third year of the U.S. -Japan cooperative
program for collecting meteorites in operations based at
McMurdo Station. U.S. participants were W. A. Cassidy,
University of Pittsburgh; John Annexstad, NASA/John-
son Space Center; Ursula Marvin, Smithsonian Astro-
physical Observatory; and Dean Clauter, University of
Pittsburgh. Japanese participants were Fumihiko Nishio,
Kazuyuki Shiraishi, and Minoru Funaki, all of the Na-
tional Institute for Polar Research, Tokyo.

The three objectives were: (1) to visit and collect spec-
imens at localities accessible by helicopter from the Dar-
win Glacier base camp where meteorite concentrations
might occur; (2) to set up a triangulation net at the Allan
Hills meteorite concentration site that would eventually
yield information on ice movement and ablation rates at
that site (see Annexstad, this issue); and (3) to continue
systematic meteorite collections at the Allan Hills site.

In the area around Darwin Glacier camp (79°50'SI
158°00'E) we visited the Warren and Boomerang
Ranges; Butcher, Finger, and Turnstile Ridges; Haven
Mountain; Westhaven, Bates, and Lonewoif Nunataks,
and the area of the Darwin Glacier convergence. Six
specimens found at Bates Nunatak may be fragments of
a single meteorite; 23 specimens found at the head of
the Darwin Glacier near the west end of Darwin Moun-
tains likewise may be members of a shower. Four spec-
imens found near a moraine between the Upper Hath-
erton and Upper Darwin Glaciers, however, may be
different individuals, as may be one found above Hath-
erton Glacier.

A group from the University of Waikato, led by Mi-
chael Selby, discovered six meteoritic irons scattered on
the slopes of Derrick Peak, within sight of Darwin Camp.
They notified us of the find by radio and we joined them
the following day. With their help we recovered six more
and found three additional specimens on a succeeding
day. Peter King later donated a specimen he had found
at Derrick Peak. This occurrence also appears to be a
single fall. Thus, while the number of our recoveries was
satisfyingly high in this area, we feel they may represent
only eight different meteorites.

Further collections at Allan Hills (76'30'S/ 159'30'E)
yielded 265 specimens, all but five from the same area
that had been searched in the two preceding field sea-
sons (Cassidy, 1977; Nagata, 1977; Cassidy et al., 1977;
Yanai, 1978; Cassidy, 1978; Yanai, et al., 1978).

A group under Philip Kyle, Ohio State University,
traversed a patch of ice west of Reckling Peak and found
three meteorites; on the return trip they found two
more after a 45-minute search. These do not appear to
be members of a single fall.

Darwin	Allan Hills
Meteorite Type	Glacier Area	Area*	Total*

Iron	 10
	1	11

Achondrite
	 4to6	4to6

Chondrite	 34
	255 or 254 289 or 288

Carbonaceous
chondrite
	 2	2

Possibles
	 3or2	3or2

Totals	 44
	

265	309
*One of the "achondrites" may be a chondrite, and another may
be a piece of dolerite.

During field season 1977-78 we began a simple abla-
tion-rate experiment near our field camp no. 2. Within
a 76-cm-deep drill hole we placed wooden discs at
depths of 10, 17, 28, 36, 43, 52, 61, 68, and 76 cm.
Intervening spaces were filled with ice slush, which
quickly froze. As the ice surrounding this column
eroded, we expected the wooden discs to be successively
exposed and blown away by the wind. Returning to the
spot this year, we found the 10 cm disc still 10 cm deep.
No detectable ablation had occurred in the intervening
time.

In the Darwin Glacier area we did not find any zones
of high meteorite concentration similar to the Yamato
and Allan Hills sites. Reckling Peak, on the other hand,
could be such a site; we plan to visit the Reckling Peak
ice patches during the 1979-80 field season.

Individual specimens collected at Allan Hills during
the 1978-79 season were significantly smaller in size, on
the average, than those of earlier years. This suggests
the site is approaching depletion. The area also had been
swept free of snow patches much more efficiently since
austral summer 1977-78; this probably accounts for re-
covery of as many specimens as we found.

During helicopter reconnaissance west of the main
Allan Hills meteorite concentration we recovered five
specimens from an ice patch about 20 km upstream, in
the sense of ice flow. In the previous year we had re-
covered 25 specimens, all probably parts of the same
meteorite, from an ice patch midway between these two
sites. There is extensive snow cover between the ice
patches. The implication seems fairly clear that meteor-
ites occur sporadically beneath the snow cover in a large
area upstream from the Allan Hills concentration site.

This work was supported by NSF grant DPP 77-21742.
For part of our success this year, we are indebted to

a number of associates who were not part of the project.
We benefited greatly from the skill and enthusiasm of
the personnel of vxE-6 who were an integral part of our
helicopter meteorite searches. Michael Selby, Waikato
University, invited us to participate in his group's dis-
covery of an iron meteorite shower at Derrick Peak.
Philip Kyle, Ohio State University, contributed to our
collections the meteorites he had found near Reckling
Peak, and Peter King (NZARP) contributed to our collec-
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tions an iron he had found at Derrick Peak. We also owe
thanks to Austin Kovacs and Tom Fenwick for an effort
to measure ice thickness at the Allan Hills site.
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Uncontaminated carbonaceous
chondrites from the Antarctic

CYRIL PONNAMPERUMA

Laboratory of Chemical Evolution
University of Maryland

College Park, Maryland 20742

Recent antarctic expeditions have discovered large
concentrations of meteorites (Cassidy et a!, 1977; Yanai,
1978) that are unique in that they appear to have been
protected from terrestrial contamination. Several of
these meteorites are carbonaceous chondrites that pro-

vide the only known source of extraterrestrial organic
compounds available for analysis on Earth. Such analysis
can provide us with a fuller understanding of the abiotic
synthesis of primordial organic compounds in the early
solar nebula and also of the origins of prebiotic organic
compounds on the primitive Earth that lead to the ap-
pearance of life.

Two such meteorites, Yamato 74662 and Allan Hills
A.77306, have been examined for amino acids. Both ex-
terior and interior fractions have been analyzed for
abundance by an amino acid analyzer using a fluores-
cence detector. They have also been analyzed for optical
activity by derivatizing to N-TFA-isopropyl esters of
amino acids and have been analyzed by a gas chromat-
ograph equipped with a Chirasil Val glass capillary col-
umn and a nitrogen detector. All work was carried out
in a Class 100 clean room. Solvents were tested for pur-
ity, and a sand blank and Murchison meteorite were
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Figure 1. Gas chromatograms of P1-TFA-Isopropyl esters of amino acids. Chromatogram inset at top left represents interior
fraction; chromatogram below that represents exterior fraction. The peaks as identified on each chromatogram are as follows:
1. sarcosine; 2. D-alanine; 3. L-aianine, 4. D-a-aminobutyric acid, 5. D-vaiine, 6. L-a-aminobutyric acid + L-vallne; 7.
glycine; 8. /3-alanine; 9. D-/3-aminobutyrlc acid; 10. L-f3-aminobutyric acid; 11. y-aminobutyric acid; 12. D-aspartic acid; 13.

L-aspartic acid; 14. D-giutamic acid; 15. L-giutamic acid; 16. D-lysine; and 17. lysine. (Source: Kotra 1979).
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processed in parallel to provide for monitoring of pro-
cedure efficiency.

The accompanying table shows the abundances found
in the meteorites' hydrolyzed fraction by the amino acid
analyzer. Additional amino acids have been identified
by gas chromatography. Both meteorites contain non-
biological amino acids, which indicate that the organic

compounds are not of terrestrial origin; this is verified
by gas chromatography, which shows that the amino
acids are racemic.

Figures 1 and 2 depict gas chromatograms of N-TFA-
isopropyl esters of amino acids of the interior and ex-
terior fractions of the two meteorites.

The interior and exterior portions of both meteorites

Table 1. Amino acids In Allan Hills and Yamato meteorites (nm/g meteorite)

Allan Hills	Allan Hills	Yamato	Yamato
Amino Acid	 Exterior	Interior	Exterior	Interior

Aspartic acid ....................................0.5	 0.3	 1.1	 1.2
Serine..........................................-	 -	 -	 0.2
Glutamic acid ...................................0.2	 0.5	 4.9	 4.0
Glycine .........................................4.4	 4.0	 34.0	 34.0
Alanine .........................................0.7	 0.8	 13.0	 13.0
Threonine	 0.1	 0.2
Sarcosine	 4.6	 5.4
a-aminoisobutyric acid ..........................0.1	 0.4	 3.9	 3.7
a-aminobutyric acid .............................0.1	 0.1	 6.7	 6.7
Valine	 4.3	 3.4
Alloisoleucine	 2.7	 2.7
Isoleucine	 2.4	 2.2
Leucine	 1.6	 1.3
f3-alanine	 16.0	 14.0
/3-aminobutyric acid + y-aminobutyric acid	 18.0	 17.0
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Figure 2. Gas chromatograms of N-TFA-isopropyl esters of amino acids of the interior specimen. The peaks as identified on
the chromatogram are as follows: 1. sarcosine; 2. D-alanine; 3. L-alanlne; 4. D-a-amino-n-butyric acid; 5. 0-valine; 6. L-a-
amlno-n-butyric acid + L-valine; 7. glycine; 8. D-norvaline; 9. /3-alanlne; 10. L-norvallne; 11. D-leuclne; 12. L-Ieucine; 13.
y-aminobutyric acid; 14. D-aspartic acid: 15. L-aspartic acid, 16. D-Glutamlc acid; and 17. L-glutamlc acid. (Source: Shi-

moyama, Ponnamperuma, and Yanai, in press).
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contain approximately the same amount of amino acids.
This is in contrast with the Murchison and other car-
bonaceous chondrites, in which the exterior fraction
usually has a greater abundance owing to contamination.
It is clear not only that does the antarctic ice flow and
topology provide unique fields where meteorites accu-
mulate but also that the ice sheet preserves them from
terrestrial organics, thereby making them the least con-
taminated meteorites known.

Dr. Takesi Nagata, director of the National Institute
of Polar Research (Japan) kindly provided a portion of
the Yamato meteorite. The Allan Hills meteorite was
distributed by the Meteorite Working Group.

This work has been supported in part by National
Aeronautics and Space Administration grant NGR 21-
00-317.
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Japanese scientific activities in
Victoria Land, 1978-79

TAKESI NAGATA

National Institute of Polar Research
Tokyo, Japan

Three Japanese scientists visited McMurdo Station
and Victoria Land during the austral summer season of
1978-79. Glaciologist F. Nishio, geologist K. Shiraishi,
and geophysicist M. Funaki, all from the National Insti-
tute of Polar Research, conducted their research while
staying at McMurdo Station from 27 October 1978 to
19 January 1979.

The four visiting scientists participated in the follow-
ing four research programs:

1. Glaciological survey of Allan Hills bare icefield (F. Ni-
shio). The purpose of this survey was to investigate the
mechanism whereby a large number of meteorites have
accumulated within a limited area of bare ice surface
near Allan Nunatak. A trangulation chain stretching for
a distance of about 15 kilometers was installed in the
bare icefield on the plateau side of Allan Nunatak dur-
ing the period from 7 December to 2 January. Ice sam-
ples for the dating of ice and crystallographic study were
also collected in the bare icefield. The U.S. participant
in this survey was John 0. Annexstad.

2. Geological survey and sampling of typical rock specimens
in dry valleys area (K. Shiraishi). As a part of a compar-
ative study of the geological structure of East Antarctica,
a geological survey of dike rocks was conducted in the
dry valleys area. Many dikes were identified and their
relationships determined in the field in Wright Valley,
near Vanda Station. The chronological succession of in-
trusion is as follows: black-colored lamprophyre A and
B; gray-colored lamprophyre; prophyry A, B, and C;
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granitic porphyry A and B; felsitic dike, basalt (Ferrar
dolerite); and acidic dike in dolerite. In contrast, only a
few dikes were recognized in Taylor Valley.

3. Sampling of typical rock specimens for paleomagnetic
study (M. Funaki). About 420 rock specimens were col-
lected for paleomagnetic study in the Wright Valley,
Taylor Valley, Allan Hills, Carapace Nunatak, and Ross
Island areas. These specimens consist of various gneisses,
marble, and granitic varieties of basement; sandstone,
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shale, coal, and petrified wood of Beacon Formation;
many dike rocks in Beacon Formation; and Ferrar do-
lerite and McMurdo volcanic rocks.

4. Search for Antarctic meteorites. A joint U.S.—Japan
search for meteorites was continued in this season on
the basis of the past experience in collecting meteorites
in Victoria Land. Four U.S. and three Japanese partic-
ipants revisited the bare icefield of the Allan Hills, 230
kilometers north of McMurdo Station. This time, new
search sites were established on the bare icefield in Dar-
win Glacier area in the following localities: Boomerang
Range, Warren Range, Finger Ridges, Butcher Ridge,
Upper Darwin Glacier, Darwin Mountains, Turnstile
Ridge, Westhaven Nunatak, Lonewolf Nunataks, and
Bates Nunataks. During this field season, a total of 310
individual specimens were collected, as shown in the ac-
companying table.

The above four research programs have been sup-
ported by the National Science Foundation (United

States), the Antarctic Division of the Department of Sci-
entific and Industrial Research (New Zealand), and the
National Institute of Polar Research (Japan).

Table 1. Preliminary tabulation of meteorite specimens
found during 1978-79 field season

Darwin
Glacier Allan Hills
Area	area	Total

Iron meteorites ............	10	1	11
Achondntes ...............	4	4
Chondntes (other than car-

bonaceous chrondntes)
	

34	256	290
Carbonaceous chondntes	 2	2
Possible meteorites........	 3	3

44	266	310

Glacial geology

Former extent of glacial ice in
Orville Coast region, Antarctic

Peninsula

PAUL CARRARA

U.S. Geological Survey
Denver, Colorado 80225

Field observations indicate that ice in the Orville Coast
region of the Antarctic Peninsula was formerly at least
450 meters thicker than at present.

Data collected by a field party during the austral sum-
mer of 1977-78 from the Behrendt, Hauberg, Merrick,
Sweeney, and Wilkins mountains and the Sky-Hi Nun-
ataks (see accompanying map) indicate the former pres-
ence of a large ice sheet that covered all mountain ranges
and nunataks and flowed directly into the area of the
present-day Ronne Ice Shelf. At present, the Orville
Coast region is occupied by a large icefield in which ice
flow is diverted around the various nunataks and ranges
into large valleys that serve as outlets for ice from the
interior. These few isolated nunataks and mountain
ranges represent less than 5 percent of the study area
and project less than 500 meters above the present ice
surface.

Evidence of a former large ice sheet consists of errat-
ics, polish, and striations found on every summit that
was visited by the field party. Most erratics are of pebble
or cobble size; few are of boulder size. The small size
may be attributable to the close spacing of joints and
intense frost shattering on the outcrops prior to incor-
poration into the glacier and transport. Polish and stria-
tions were noted by the field party on fine-grained rock
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types—slate, siltstone, sandstone, and dacite—but not on
the coarse-grained intrusive rocks abundant in this area.
These intrusive rocks appear to be so readily grussified
that polish or striations, if originally present, were
quickly destroyed.

Striation directions indicate that the Orville Coast re-
gion was formerly overridden by a broad regional ice
sheet that flowed southward over the Sweeney and
Hauberg mountains into the present-day Ronne Ice
Shelf region. To the east, in the vicinity of the Wilkins
Mountains, the regional flow was to the southeast
(S50°E) as the ice overtopped this range and flowed into
the present-day Ronne Ice Shelf region. Regional flow
in the Behrendt and Merrick mountains was to the
southwest (S35°W). Projecting back from these regional
flow directions indicates an ice sheet center approxi-
mately 75 kilometers north of the Sweeney Mountains,
near the present divide of the Antarctic Peninsula.

Elevation differences between bedrock sites contain-
ing evidence of former glaciation and the present ice
surface ranged up to 450 meters. Elevation differences
on approximately 100 nunataks were measured with a
pocket altimeter. As no unglaciated summit could be
found, these measurements represent only the height of
the investigated nunatak above the surrounding ice sur-
face. Furthermore, the maximum difference (450 me-
ters) that was observed (on Mount Neuner, elevation
1,421 meters, in the southern Behrendt Mountains) was
based on the presence of striations on the summit area,
hence, ice must have been much thicker over this region.
The observed elevation difference clearly represents a
minimum value of the former ice thickness.

The Orville Coast and adjoining Ronne Ice Shelf re-
gions may be similar in glacial history to the Ross Sea
region (Thomas and Bentley, 1978). Evidence from the
McMurdo Sound region indicates that the Ross Sea was

occupied on several occasions by a large ice sheet more
than 1,000 meters thick. The last recessional phase of
this ice sheet correlated closely with the rapid rise of sea
level at the end of the late Wisconsin (Denton, Arm-
strong, and Stuiver, 1971). This ice sheet is thought to
represent an expansion of the West Antarctic Ice Sheet
(Denton et al., 1975).

Observations on the Orville Coast indicate that the ice
was much thicker in the past, suggesting that, at a min-
imum, areas of the present-day Ronne Ice Shelf may
have been occupied by a large ice sheet similar to that
in the Ross Sea area. It is assumed that the collapse of
this postulated ice sheet in the Ronne Ice Shelf region
also may have taken place within the last 18,000 years.

The field party was placed in the field by LC-130 air-
craft by VXE-6 on 3 November 1977 and was evacuated
on 2 February 1978. The party consisted of seven ge-
ologists (leader P. D. Rowley, J . M. Boyles, P. Carrara,
K. S. Kellogg, T. S. Laudon, M. R. A. Thomson, and W.
R. Vennum) and four topographic engineers (topogra-
pher in charge E. G. Schirmacher, D. E. Reed, R. A.
Schumtzler, and H. L. Zohn).

This work has been supported by National Science
Foundation grant DPP 76-12557.
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Glacial geologic observations in
the Dufek Massif and Forrestal

Range, 1978-79

STEPHEN J . BOYER

U.S. Geological Survey
Denver, Colorado 80225

Reconnaissance studies were made of the glacial geo-
logic record in the northern Pensacola Mountains as part
of the 1978-79 U.S. Geological Survey work on the Du-
fek intrusion (Ford et al., 1979) (figure 1). Almost no
published information exists on the glacial history of this
part of Antarctica. A lengthy glacial record is particu-
larly well displayed in Davis Valley, an unusually large
ice-free valley at the east end of Dufek Massif. Evidence

was found in this study for (1) very old subpolar- or
temperate-type valley glaciation; (2) a former ice sheet
level as much as 400 in than today; (3) multiple
advance and retreat of local alpine ice since the last ma-
jor ice sheet advance; and (4) a complex glacial, glacio-
fluvial, and lacustrine history in Davis Valley. This rec-
ord is tentavely correlated with that of the much better
know McMurdo area (Denton et al., 1971) as shown in
table 1.

Former ice-marginal channels. Spur ridges at many lo-
calities (figure 2) descend steeply from summit plateaus
before leveling out in well-developed saddles and rising
again, about 200 in less, to form distinct knobs. Den-
ton et at. (1971) suggest that the East Antarctic Ice Sheet
must have been wet based in carving the present Wright
and Taylor Valleys during its initial advance more than
4 m.y. ago. The spur saddles may similarly be related to
earlier wet-based glaciation, and they accordingly are
tentatively inferred to be the remains of an ice-marginal
drainage system formed during an early stage of the
East Antarctic Ice Sheet.
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Erratics and former ice levels. Glacial erratics were found
as high as 1925 in Saratoga Table, an elevation ap-
proximately 400 m higher than the present ice sheet
level. The highest erratic, of hornfels, was not strongly
weathered. A well-developed soil exists on granophyre
just above this erratic, which suggests that the area above
the erratic was not overrun by the ice sheet and there-
fore that the erratic approximately marks the former ice
limit. Well-developed soils exist at a number of summit
areas in the Forrestal Range. Four hundred meters rep-
resents a maximum estimate for the greater thickness of
the ice sheet because of more effective channeling of the
ice and because of isostatic adjustment at the periphery
of the East Antarctic Ice Sheet as it thins (Grindley,
1967). Evidence has been found for former ice sheet
levels 240 in 500 in than at present, respec-
tively, in the Dufek Massif (Aughenbaugh, 1961) and
Thiel Mountains (Andersen, 1963). The maximum ice
sheet stage here must have predated the Taylor II stage
of McMurdo Sound, as only the older advances were of
much greater magnitude than the present ice sheet
(Denton et al., 1970).
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Figure 1. Dufek Massif and Forrestal Range.

Figure 2. West spur of Mount Stephens, looking south-
westward from Saratoga Table. (Photo by A. B. Ford.)

Sorna Bluff moraines. A series of moraines lying on ice
at the base of Sorna Bluff were formed by local ice after
the ice sheet ceased to dominate ice flow in May Valley.
The oldest and most prominent moraine formed by ice
flowing off Saratoga Table and eastward, up May Valley.
Five younger moraines formed from ice flowing down
from "incipient cirques" on Sorna Bluff. The moraines
are doubtless younger than the last ice sheet advance
(Taylor II?). If alpine events were synchronous across
the continent, the oldest moraine may be equivalent to
the Alpine I stage in McMurdo Sound (table 1).

Davis Valley glaciation. Overlapping valley-glacier mor-
aines, ice sheet moraines, lake shorelines, and lateral
glacial channels show a lengthy and complex glacial and
glaciofluvial record involving at least 3 major glacial and
2 major "interglacial" events.

The oldest ice sheet glaciation is marked by erratics
of Dover Sandstone lying at elevations above 1,000 m.
(The floor of Davis Valley is about 500 in elevation.)
The erratics were removed from steeper slopes and re-
worked during the following interglacial stage, in which
poorly rounded gravel of the Dover was deposited on
the valley floor. A major readvance of valley glaciers
carried this gravel locally to an elevation of 750 m, where
it is found in the col at the south base of Forlidas Ridge.
This stage of glacial readvance is marked elsewhere by
5 gravelly moraines and 5 ice-marginal channels cut in
bedrock below 600 in the valley. A minimum of 6
advances of wet-based valley glaciers is recorded from
this stage. During the following interglacial stage, lake
shorelines were developed at five levels near the snout
of the modern Edge Glacier. One is a wave-cut terrace
in bedrock and the others are depositional shorelines.
The youngest major glacial event is marked by a series
of at least 4 moraines of an ice sheet moving up the
valley. These moraines ovelie older features in the valley
without disrupting them.
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Table 1. Tentative correlation of glacial events in Pensacola Mountains with those of McMurdo Sound

McMurdo Sound	 Pensacola Mts.	 Absolute Time
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The glacial record in Davis Valley is worthy of a much
more detailed investigation than was possible during this
brief study of only a few days. The lake and glaciofluvial
features are particularly noteworthy, as evidence for
such processes in this part of the continent has not pre-
viously been reported. One of the greatest problems will
be in establishing the absolute age of these features and
of the moraines with which they are associated. Corre-
lations as shown in table 1 can at present only be con-
sidered as highly speculative.

This report is a product of grant DPP 77-22765 made
to the U.S. Geological Survey.

References
Andersen, B. G. 1963. Preliminary report on glaciology and

glacial geology of the Thiel Mountains, Antarctica. In U.S.
Geological Survey Professional Paper 475-B, 37: B140-43.

Aughenbaugh, N. B. 1961. Preliminary report on the geology
of the Dufek Massif. In IGY World Data Center A, Glaciology,
Glaciology Report, 4: 155-93.

Denton, G. H., R. L. Armstrong, and M. Stuiver. 1970. Late
Cenozoic glaciation in Antarctica: The record in the Mc-
Murdo Sound region. Antarctic Journal of the United States, 5:
15-21.

Denton, G. H., R. L. Armstrong, and M. Stuiver. 1971. Late
Cenozoic glacial history of Antarctica. In Late Cenozoic Gla-
cialAges, ed. K. K. Turekian, pp. 276-306. New Haven: Yale
University Press.

Ford, A. B., R. L. Reynolds, Carl Huie, and S. J . Boyer. 1979.
Geological investigation of the Dufek intrusion, Pensacola
Mountains, 1978-79. Antarctic Journal of the United States
(this issue).

Grindley, G. W. 1967. The geomorphology of the Miller Range,
Transantarctic mountains: with note on the glacial history
and neotectonics of East Antarctica. New Zealand Journal of
Geology and Geophysics, 10: 557-98.

Tillite, glacial striae, and
hyaloclastite associations on

Hobbs Coast, Marie Byrd Land
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During the 1977-78 field season, we discovered an
excellent exposure of tillite interbedded with hyaloclas-
tite at Shibuya Peak (75°9'S/133°39'W) and fresh glacial
striae on granitic bedrock directly beneath hyaloclastite
at Bowyer Butte (74°57'S/134°45'W). The relationships
we observed are similar to those described from the
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Jones Mountains, 1,150 kilometers to the east along the
same coastline (Rutford et at., 1972). These discoveries
provide direct evidence for a subglacial (as opposed to
submarine) environment of formation for the basaltic
hyaloclastites at these localities, and they also provide a
basis for distinguishing between glacial erratics and xen-
oliths in other hyaloclastite localities. Those discoveries,
first announced in this journal last year (LeMasurier,
McIntosh, and Tewksbury, 1978; Karlén and Melander,
1978) are described in more detail in this article.

Shibuya Peak and Bowyer Butte are isolated nunataks
located about 40 kilometers apart along the Hobbs
Coast. They lie within a group of north-south-trending
fault block nunataks that are composed of pre-Cenozoic
granitic and metamorphic rocks and overlain by Upper
Tertiary basaltic hyaloclastites and lava flows. The un-
conformity is an erosion surface of generally low relief
that is exposed at different levels in different nunataks.

At Bowyer Butte, the unconformity lies approximately
800 meters above sea level and 400 meters above the
level of the ice sheet. The basement rock here is Un-
weathered granodiorite porphyry. Very fresh glacial
striations on the granodiorite pass beneath the hyalo-
clastite (Karlén and Melander, 1978); at one spot, hy-
aloclastite slabs can be peeled off the unconformity to
expose the underlying striations.

The unconformity is overlain by approximately 5 me-
ters of hyaloclastite, which in turn is overlain by basalt
flow rock of a thickness that is undetermined but known
to be less than 100 meters. We searched, unsuccessfully,
for tillite and glacial erratics at this locality. Basalt col-
lected in 1967 from a nearby locality on Bowyer Butte
yielded an apparent potassium-argon age of 13± 2 mil-
lion years (LeMasurier and Rex, in press). The potas-
sium-argon age of basalt from the striation site is now
being determined.

At Shibuya Peak, basement rock lies below ice level,
and the entire nunatak is composed of subhorizontally

:._

exposure of tillite-rich hyaloclastite on the north-facing
slope of Shibuya Peak, looking east. Light-colored clasts are

granitic basement rock.

stratified basaltic hyaloclastite, with an exposed thickness
of roughly 240 meters. Tillite-rich hyaloclastite occurs
within roughly the lower one-third of this section.

The tillite-rich hyaloclastite is distinguished by an
abundance of rounded boulders of plutonic and meta-
morphic basement rock imbedded in a matrix of un-
sorted and very poorly stratified hyaloclastite (see fig-
ure). The largest boulders are roughly 40-50 centimeters
in diameter, and they range downward in size to rock
fragments and crystal clasts that are visible in thin sec-
tions of the matrix. A rough visual estimate indicated
that these clasts make up 10-30 percent of the deposit.

The matrix hyaloclastite is composed predominantly
of fragments of basaltic glass less than 0.5 centimeter in
diameter. However, larger clasts are common, and they
almost invariably are more crystalline than the smaller
clasts and are essentially holocrystalline if larger than
about 5 centimeters in diameter. It is quite possible that
some of these clasts were transported by ice from other
localities and deposited with the granitic boulders. This
caused us concern in selecting samples to date the de-
posit. Only the freshest, most common, and least rounded
clasts were selected for dating. A sample collected uphill
from the tillite in 1967 yielded a potassium-argon age
of 4.4± 0.2 million years (LeMasurier and Rex, in press).
Multiple samples are now being dated from the tillite
locality.

A very few of the granitic boulders are sheathed in a
thin layer of lava, which raises the question of how to
distinguish between glacial till and xenoliths. Our con-
clusion that very few of the non-volcanic clasts are likely
to be xenoliths will be documented in a future report.

The relationships in this deposit suggest that the erup-
tion of basalt took place beneath an ice sheet that was
carrying a substantial amount of moraine. The eruption
evidently melted the glacier and incorporated its load
into hyaloclastite that was forming as lava came in con-
tact with the ice and glacial meltwater. The lower one-
third of the deposit (roughly 80 meters of thickness)
appears to represent this interaction. In the upper part
of the deposit, the hyaloclastite becomes finer grained
and better stratified, and plutonic cobbles become smaller
and more widely scattered. Although the total thickness
of tillite-rich hyaloclastite may seem large, the total
thickness of tillite without the hyaloclastite matrix would
probably be on the order of 20 meters. This still suggests
a rather large glacier, particularly in view of the fact that
it probably represents almost instantaneous deposition
of moraine, rather than accumulation around a station-
ary or slowly retreating ice margin.

In summary, the Bowyer Butte and Shibuya Peak dis-
coveries add further documentation to earlier interpre-
tations that hyaloclastites in Marie Byrd Land and Ell-
sworth Land are a kind of glacial deposit—the product
of subglacial volcanic eruptions like those in Iceland
(Rutford et al., 1972; LeMasurier, 1972; LeMasurier
and Rex, in press). The Shibuya Peak discovery suggests
the possibility that the rounded, fresh granitic boulders
occasionally observed in other hyaloclastite deposits in
this region may be glacial erratics rather than xenoliths.

Our field work in Marie Byrd Land has been sup-
ported by National Science Foundation grants DPP 76-
04396 to the University of Colorado and DPP 76-24209
to the University of Maine. G. W. Grindley participated
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in our fieldwork as a visiting scientist representing the
New Zealand Geological Survey.
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Cape Spirit mirabilite beds
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In January 1979, further mapping was carried out on
a large system of mirabilite beds on the Ross Ice Shelf

Figure 1. Location map of major mirablilte beds, McMurdo Sound region.
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800 meters north of Cape Spirit, Black Island (figure
1). The mirabilite beds, which are up to 1 meter thick,
lie in an area that is 1,250 meters long and 250 meters
wide. Tidal cracks parallel to the coastline of Black Is-

land have split the original bed laterally and new channel
systems formed along these tidal cracks have caused
large blocks of mirabilite to drift away from one another
(figure 2).
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Figure 2. Distribution of mirabilite beds near Cape Spirit, Black Island.
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Figure 3. Stratigraphy in the Cape Spirit mirabilite beds at sites 1-3 (figure 2).
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Site stratigraphy indicates that the mirabilite was de-
posited on a slightly irregular but horizontal ice surface
and that marine mud carried with the injection of these
sub-ice shelf brines to the shelf surface settled under the
mirabilite (figure 3). Up to 8 centimeters thick, this thin
band of basal mud, which contains marine diatom frag-
ments, contours the irregularities in the underlying ice
but is conformable with the salt beds themselves. The
salt beds are overlain by a mixture of boulder lag and
nonmarine algal mat. Nonmarine diatoms occur in both
the salt beds and the overlying algal mat, thereby sug-
gesting that the salt was precipitated from a surface ice
shelf lake after brines were injected from beneath the
ice shelf through crevasse systems (Brady, 1979).

The discovery of these large mirabilite beds on the
Ross Ice Shelf suggest that mirabilite beds at Cape Barne
(31 meters above sea level) and near the Hobbs Glacier
(up to 200 meters above sea level) were deposited by a
stagnant Ross Ice Shelf as it retreated from McMurdo
Sound after the last Wisconsin glaciation. These mira-
bilite deposits reflect ice shelf thicknesses, rather than
sea level heights as suggested by Dort and Dort (1972).

These beds also suggest that Ross Ice Shelf intrusions
into the dry valleys of southern Victoria Land (Denton

et al., 1968; Denton, Armstrong, and Stuiver, 1970;
Denton and Borns, 1974) may have carried such salt
beds and that these beds may have resulted in the spas-
modic injection of salts into those valleys as the Ross
glaciations retreated.

This research has been supported by National Science
Foundation grant DPP 74-2289A supervised by Peter
Noel Webb.
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Ross Sea glaciations: Events in
the Lower Victoria Valley

HAROLD W. BORNS, JR.

Department of Geological Sciences
and Institute for Quaternary Studies

University of Maine
Orono, Maine 04469

The 1978-79 field season was used to continue the
1977-78 reexamination of the dry valleys areas re-
searched by Calkin (1971). The purpose of this reex-
amination was to determine the extent to which the
Lower Victoria Valley had been invaded from the sea-
ward side by ice of the Ross Sea glaciations (Denton,
1971) and, if it had been so invaded, to examine the
details of these events.

Harold W. Borns, Jr., Stephen A. Norton, Keith A.
Laskowski, and Michael L. Prentice, from the University
of Maine at Orono, concentrated their efforts in the
western section of the Lower Victoria Valley, including
the area around Lake Vida (the 1977-78 season had
been focused on the eastern end of the valley). They
spent 30 days primarily in the valley and, briefly, in ad-
jacent sections of the Olympus Range and Saint Johns
Range and in the Wilson Piedmont area.

Initial fieldwork generally supported the suggestion
by Calkin (1971) that, at its maximum, the Victoria
Lower Glacier had advanced westward about 8 kilo-
meters from its present terminus to the vicinity of Lake
Vida and, at a later time, had terminated approximately

6 kilometers west of its present terminus. However, re-
connaissance by the 1978-79 field party along the valley
primarily south and west of Lake Vida suggests that the
glacier had extended westward at least 15 kilometers
from its present terminus, where its deposits are overlain
by till deposited by a glacier advancing eastward (prob-
ably from the plateau at the western end of the valley).

In contrast, old drifts containing clasts (notably those
of Beacon sandstone) derived from the west are present
in several areas near the eastern end of Lake Vida. The
fact that they are overlain by drift derived from the east
indicates an out-of-phase relationship between glaciers
moving westward and those moving eastward in Victoria
Valley.

Crosscutting end and lateral moraines record several
glacial episodes for both the main Victoria Lower Glacier
and adjacent alpine glaciers. In addition, these deposits
indicate that there have been complex out-of-phase re-
lationships between the Victoria Lower Glacier and
many of the alpine cirque glaciers draining into the
Lower Victoria Valley, as exemplified by the drift rela-
tionships between the Victoria Lower Glacier and the
Packard Glacier. Assuming that the Ross Sea glaciations
were out of phase with the alpine glaciations in the
nearby Taylor Valley (Denton, 1971), similar relation-
ships are likely to have occurred in adjacent valleys if
they were invaded by Ross Sea glaciers.

Most of the clasts in the Lower Victoria Valley drift
appear to be locally derived (Calkin, 1971). However,
approximately 1 percçnt of this drift is composed of
scoreaceous olivine basalt clasts that are distributed
rather uniformly across and along the valley at least as
far as the western end of Lake Vida, according to the
field party's survey.
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The source of these clasts has not yet been deter-
mined. However, given the broad distribution of vol-
canic clasts and the apparent lack of volcanic vents (as
determined by the field party's reconnaissance of ex-
posed bedrock areas, especially those adjacent to and
east of the Victoria Lower Glacier), the clasts were most
probably derived from the Ross Sea floor to the east and
then transported into the valley by glacier ice moving
inland from the sea.

Looking for evidence of early glaciation, the field
party also examined high bedrock surfaces on Hansen
Ridge, the unnamed ridge south of Greenwood Valley,
the Purgatory Peak area, and the unnamed ridge south
of Clark Glacier and overlooking Wright Valley. Prelim-
inary analysis suggests that ice flowing westward from
the Ross Sea reached present elevations of at least 975
meters.

In addition, the field party collected algae and calcar-
eous concretions from several depressions on an ice-con-

tact delta at the eastern end of Lake Vida, as well as
algae from within the delta. When subjected to radio-
carbon analysis, these samples should indicate the age
of one of the several terminal positions of the Victoria
Lower Glacier, assuming that the age of the samples lies
within the range of the dating method.

This research was supported by National Science
Foundation grant DPP 76-23460.
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Glaciology and glacio-
geomorphology in Victoria Land

and Queen Maud Mountains
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During the past year, data analysis has been under-
taken on the recent and past dynamics of several north-
ern Victoria Land glaciers, notably Rennick Glacier; the
dynamics of selected rock glaciers in Wright Valley; and
on the weathering characteristics of dolorites in the
Queen Maud Mountains.

The primary conclusions drawn from the 1974-75
Rennick Glacier study (Mayewski, 1975; Mayewski and
Attig, 1979; and Mayewski, Attig, and Drewry, 1979)
include the characterization of former ice surface levels
in this portion of northern Victoria Land and the dy-
namics of the recent changes in snowpatch cover on sev-
eral massifs adjacent to Rennick Glacier.

The results of a pilot study of the dynamics of two
rock glaciers in Wright Valley are being analyzed. This
work draws together the results of short-term observa -
tions collected during the 1968-69, 1970-71, 1971-72,
and 1974-75 seasons dealing with the dynamics of these
features.

Results of a weathering study conducted on a suite of
dolerites collected at Halfmoon Bluff, adjacent to the
Shackleton Glacier, Queen Maud Mountains, appear in
Talkington, Gaudette, and Mayewski (1976) and in a
paper soon to be submitted for publication. Conclusions
drawn in these papers deal with the style of chemical
and physical weathering affecting this lithology, use of
this lithology as a relative dating tool, and estimates of
mass wasting-rates employing relative dating.

This work has been supported in part by National
Science Foundation grants GA 4029, GV 26652, and DPP
74-15210.
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Our fieldwork in southern McMurdo Sound during
the 1978-79 austral summer, together with fieldwork
in 1977-78, has revealed several distinctive lithofacies
of Scallop Hill Formation sediments. These and other
findings are incorporated into the following account of
the Scallop Hill Formation.

This formation is a fossiliferous, marine, volcaniclastic
conglomerate and tuff occurring in southern McMurdo
Sound. The type locality lies atop Scallop Hill (223 me-
ters) on the eastern edge of Black Island, where it was
considered to be in place (Speden, 1962). Blocks of the
formation are present in latest Tertiary and Quaternary
glacial deposits around the McMurdo Sound area (fig-
ure 1), but the thickness and areal extent of the Scallop
Hill Formation is unknown.

The Scallop Hill Formation is characterized by the
presence of an extinct, thick-shelled pelecypod, Chiamys
(Zygochiamys) andersonni Henning. Other associated fos-
sils include serpulid worm tubes, encrusting bryozoans,
echinoderm fragments, diatoms, sponge spicules, and
benthic Foraminifera. It is possible that the Scallop Hill
Formation is the same age as the Pecten gravels of
Wright Valley. Webb (1974) suggested a Pliocene age
for both the Pecten gravels and the Scallop Hill For-
mation. The Pecten gravels were interpreted as having
been deposited under interglacial conditions in a marine
environment (Webb, 1972, 1974).

Reconstruction of the blocks at the type locality of the
Scallop Hill Formation (figure 2) revealed a stratigraphic
thickness of about 85-90 centimeters. This measure-
ment is based on a fossiliferous layer containing pectens
(oriented predominantly convex side up) and an over-
lying coarse, tuffaceous conglomerate, which is possibly
reverse graded. One or both of these marker beds are
found in all of the larger blocks of consolidated sedi-
ments. Upon digging under the blocks, we discovered
that they rest on the moraine that veneers the trachyte
flow at Scallop Hill. There was no indication that the
blocks are in place as suggested by Speden (1962). Many
human visits to this locality in recent years no doubt
have resulted in modification of its original nature.

Speden (1962) proposed that the blocks on Scallop
Hill are the remnants of a more extensive deposit that
has been scattered around the McMurdo Sound area in
the course of subsequent glaciations. In a study of top-
ographic benches, Vella (1969) interpreted the occur-
rence of the Scallop Hill Formation sediments on one
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Figure 1. Map of the McMurdo Sound area. The numbers
refer to lithofacies of Scallop Hill Formation sediments dis-
cussed herein: 1 = tuffaceous fades; 2= volcaniclastic con-
glomerate fades; 3 = concrete fades; 4 = Brown Peninsula
fades; and 5 = Minna Bluff fades. Letters refer to other
Scallop Hill Formation localities discussed in previous stud-
ies: A,B,C,D = Speden (1962); E = Vella (1969). Pg refers to
the Pecten gravels of central Wright Valley (Webb, 1972 &
1974). Map redrawn from Foster and Bruchhausen (1977).

particular topographic surface to be indicative of a sec-
ond of four climatic cycles he recognized on Black Island
and Brown Peninsula. In addition, he stated that the
Scallop Hill Formation could be mapped for "consid-
erable distances" on both Black Island and Brown Pen-
insula and concluded that this was "almost certainly an
in situ water-laid layer buried by the moraine." He
omitted to discuss and describe the nature of the occur-
rences of the Scallop Hill Formation.

Our experience has shown that Scallop Hill Formation
sediments occur in glacial dumps, ice-cored moraines,
loose boulders on morainal pavement, and also in a few
localities suggestive of an in situ nature with subsequent
modifications by frost action.

A preferred explanation for the mode of occurrence
of the consolidated sediments on Scallop Hill involves
glacial transport during a Ross Sea Glaciation and dep-
osition as erratics. The distance of transport may actually
be very short. Glacial striations on the trachyte at the
summit of Scallop Hill range in orientation between
north 8° east and north 20° east. A glacial advance of
the Ross Ice Shelf moved northward along the eastern
coast of Black Island, scoured the surface of the trach-
yte, and sculptured the rounded profile of Scallop Hill
and the adjacent saddle (figure 3). This is in agreement
with ice movement directions postulated by Denton
based on Ross Sea Glaciation moraines on Black Island
(pers. comm.). A potassium-argon age of 4.4 ± 0_06
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Figure 2. The type locality of the Scallop Hill Formation atop
Scallop Hill. The present disposition of the blocks is caused
from repeated sampling in recent years (A). View looking
south over the eastern coast of Black Island. Many glacial
dumps of tuffaceous material are found along this shoulder.
A north-south trending moraine of similar tuffaceous mate-
rial can be seen farther south. B is Minna Bluff in back-
ground. C refers to the approximate positions of the Minna

Bluff fades.

million years was obtained from the trachyte (Sutter,
pers. comm.), implying that what may be termed a Scal-
lop Hill Glaciation postdates the early Pliocene.

Neither Speden (1962) nor Vella (1969) differentiated
the Scallop Hill Formation sediments into various lith-
ofacies, although Speden did note that there was a wide
range of grain size and color. Our fieldwork during the
1976-77 and 1978-79 seasons revealed several distinc-
tive lithofacies.

The type locality of the Scallop Hill Formation rep-
resents a tuffaceous facies. It is characterized by a dusky
yellow tuffaceous matrix, but it may also contain a high
percentage of volcanic clasts ranging in size from coarse
sand through cobbles. This facies also is found in scat-
tered glacial dumps and drumlins (figure 4) and in loose
boulders and ice-cored moraines along the eastern edge
of Black Island.

Many glacial dumps of tuffaceous material occur
along the shoulder of Black Island south of Scallop Hill.
A north-south moraine of similar tuffaceous material
extends farther south from the shoulder and out onto
the Ross Ice Shelf. This deposit appears to have been
lifted or pushed up from the adjacent sea floor by
grounded shelf ice. Although this deposit is barren of'
macrofossils, examination for microfossils may allow
correlation with the Scallop Hill Formation and possibly

pS*	::'.I'
Figure 3. Sculptured profile of Scallop Hill and the adjacent
saddle on the eastern coast of Black Island. View looking
north with a cloud-covered McMurdo Station in the right
background. A is the type locality of the Scallop Hill For-
mation. B is the approximate position of glacially scoured

trachyte.

Figure 4. Typical glacial dump of pecten-bearing tuffaceous
fades. View looking southeast with Scallop Hill in the back-
ground. This particular deposit is in the form of a drumlin
trending northeast. Arrow designates the approximate po-

sition of the type locality of the Scallop Hill Formation.

a better understanding of the mode or modes of em-
placement of these volcaniclastic sediments.

The volcaniclastic conglomerate facies also is found
on the summit of Scallop Hill, but it is concentrated 2.5
kilometers to the north on a slope along the coast of
Black Island (lithofacies 2 in figure 1). This facies is
characterized by a black color, which is produced by
clasts of basalt and a low proportion of fine matrix ma-
terial. The conglomerate is very hard and contains
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abraded pecten valves. The exposure on the north side
of Scallop Hill occurs within the moraine, so that its
thickness and extent are uncertain. It is possible that
these exposures are in place or have been transported
only a short distance within ice-cored moraine.

The concrete facies (figure 1) is indurated and has a
characteristic gray color owing to its high content of fine
material. The clasts are predominantly rounded volcan-
ics with subordinate plutonics. This facies was found al-
most exclusively within the saddle west of Scallop Hill
and is either concentrated in glacial dumps or is asso-
ciated with glacial deposits of the tuffaceous facies. Sev-
eral boulders of consolidated conglomerates also showed
a contact between the concrete and volcaniclastic con-
glomerate facies, suggesting an interbedded nature in
the original sedimentary deposit. The tuffaceous facies
also is found in scattered moraines on the east side of
Brown Peninsula (figure 1).

In addition, the authors noted another distinctive fos-
siliferous volcaniclastic congomerate here termed the
Brown Peninsula facies, which is probably the same as
Vella's MS 135 locality. It is characterized by a high per-
centage of felted aragonite cement and abraided pec-
tinid valves. The clasts are predominantly basaltic with
subordinate trachyte. This nearly horizontally distrib-
uted deposit is exposed over an area roughly 50 X 30
meters. Its thickness and relationship to the surrounding
moraine are uncertain, although it may be close to its
point of origin.

The northeastern corner of Minna Bluff has its own
distinctive fossiliferous, volcaniclastic conglomerate,
known as the Minna Bluff facies. This closely resembles
the Brown Peninsula facies, but the carbonate cement
and pectinid valves are iron-stained, giving the rock a
characteristic black and orange color. Fragments of this
facies were found scattered widely in moraine from near
ice shelf level (about 175 meters) up to the top of a
volcanic ridge (about 400 meters). No glacial deposits
containing a concentration of this variety were found.

It appears that the type locality of the Scallop Hill
Formation actually represents only a small part of a fos-
siliferous marine sedimentary deposit. Scallop Hill For-
mation sediments probably were deposited on the ma-
rine flanks of the volcanic islands and peninsulas of
southern McMurdo Sound. Fossiliferous beds are in-
terbedded with volcaniclastic and tuffaceous units and
possibly hyaloclastite deposits. The five pecten-bearing
facies are possibly contemporaneous, but local variations
in sediment source have resulted in distinctive lithologic
characteristics.

The presence of pelagic diatoms indicates that there
were ice-free conditions at least part of the year in south-
ern McMurdo Sound. This assumes that the diatom
flora has not been recycled. Faunal evidence suggests
deposition of the volcaniclastics during mid-Pliocene in-
terglacial conditions. Deteriorating climatic conditions

and expansion of the Ross Ice Shelf between the middle
and late Pliocene would have then covered southern
McMurdo Sound with perennial ice; this would have
inhibited marine productivity. A major glacial advance
(noted from several localities around Antarctica) has
been postulated to be coincident with the onset of the
Matuyama epoch 2.4 million years ago (Anderson, 1972;
Fillon, 1975; Hayes and Opdyke, 1967).

Subsequent grounding of the Ross Ice Shelf could
have incorporated indurated blocks of volcaniclastic sed-
iments and transported them intact to their present sub-
areal positions. This is evidenced by glacial deposits and
loose boulders found in the moraine. Some of the vol-
caniclastics that are contained within ice-cored moraine
may actually be close to their original site of deposition,
but subsequently they have been fragmented by frost
action. Other volcaniclastics may represent marginal
marine deposits that have been heaved up above sea
level along the ice shelf contacts with the volcanic islands.

We are presently undertaking detailed faunal studies
and expect that the results will allow us to develop a
better resolution of age, correlation, and relationship
among the various facies.

We would like to acknowledge invaluable conversa -
tions with Howard Brady and George Denton. We also
thank John F. Sutter of The Ohio State University for
dating the trachyte and Richard White of Northern Il-
linois University for assisting in the field. This study has
been supported by National Science Foundation grant
DPP 76-20657 supervised by Peter-Noel Webb.
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Glacial history of the Byrd-
Darwin Glacier area,

Transantarctic Mountains

GEORGE H. DENTON

Department of Geological Sciences
and Institute for Quaternary Studies

University o/ Maine
Orono, Maine 04469

As part of the helicopter-supported Byrd-Darwin Gla-
cier project, we investigated the history of the Darwin,
Hatherton, and Byrd Glaciers, which pass through the
Transantarctic Mountains from the East Antarctic Ice
Sheet to the Ross Ice Shelf between latitudes 79°30'S
and 81°S. The purposes were to examine the early his-
tory of the ice sheet and to test hypotheses developed
elsewhere in Antarctica about the late Quaternary his-
tory of the West Antarctic Ice Sheet, particularly during
the last glacial/interglacial cycle.

Most exposed morphologic features of the Transan-
tarctic Mountains in the Byrd-Darwin Glacier area, as
well as in the ice-free valleys of the McMurdo Sound
area, can be explained by uplift of the mountains
through a preexisting ice sheet. In the Byrd-Darwin
Glacier area these features include: (1) deep transverse
valleys now occupied by the locally fed and slow-moving
Darwin and Hatherton Glaciers or by the massive and
fast-moving Byrd ice stream that drains the interior ice
sheet; (2) short, cirque-like valleys with theater-shaped
heads that now fringe isolated plateaus but that closely
resemble troughs forming today where the ice sheet
spills over dolerite sills on the western edge of the moun-
tains, particularly between ice streams; and (3) high-level
horn-like peaks that resemble present-day nunataks.

In the McMurdo Sound region, transverse ice-free
valleys and intervening mountain ranges dominate the
morphology of the Transantarctic Mountains. Victoria,
Wright, and Taylor Valleys, all glacially carved, are now
kept largely ice free by bedrock thresholds at their heads
and by ablating katabatic winds that sweep through the
valleys from the polar plateau; uplifted valley-floor sed-
iments rich in marine fossils occur in several localities.
Morphologic features of inter-valley ranges suggest ice-
sheet overriding. For example, high-level, remnant, scal-
loped plateaus near the ice sheet exhibit surface tillites
that commonly mantle striated bedrock surfaces. Short,
high-level hanging valleys in the Asgard and Quater-
main Ranges either head at such plateau edges or are
breached to form high-level through valleys that are
separated by nunatak-like buttes and horns. Many
breached valley heads in both ranges show a smooth
stoss side, a plucked lee side, and deep potholes precisely
at the break between stoss and lee sides. Elsewhere in
these ranges, high-level meltwater channels and well-de-
veloped potholes are common. In addition, labyrinthine
complexes of valley-floor meltwater channels, probably
subglacial in origin, occur in upper Wright and Taylor
Valleys. The Olympus Range shows the following ice-

sheet erosion sequence, from west to east: a high plateau
with surface tillite; a plateau remnant fringed with deep
theater-shaped valleys, some with partly breached head-
walls; breached through valleys separated by elongated
buttes; isolated horn-shaped peaks; and finally a planed-
off lower plateau surface.

Morphologic features in both the Byrd-Darwin and
McMurdo Sound areas can be explained if large por-
tions of the Transantarctic Mountains were uplifted
through a preexisting ice sheet. In such a case, head-
ward-cutting ice streams would carve the deep trans-
verse valleys; ice spilling over intervening plateaus
would carve fringing valleys, finally breaching their
headwalls, allowing ice to flow between ice streams, and
isolating nunataks that either were than eroded or were
preserved with further uplift on inter-valley ranges.
Eventually, a few deepening ice streams in geologically
weak zones would capture most East Antarctic drainage,
leaving relatively slow-moving and locally fed glaciers in
many transverse valleys. Three such valleys in the
McMurdo Sound area became ice free when diminished
ice volume flowing over uplifting valley-head thresholds
no longer replaced ice ablated by down-valley katabatic
winds.

In the Byrd-Darwin Glacier area the exposed ero-
sional terrain of the Transantarctic Mountains exhibits
moraines, erratics, and striations that attest to former
fluctuations of outlet glaciers and ice streams. Evidence
for older fluctuations is largely confined to ice-free areas
adjacent to the upper Hatherton Glacier, and therefore
cannot be used to reconstruct complete longitudinal gla-
cier profiles. However, deposits of the last major glacia-
tion—correlated on the basis of moraine morphology,
preservation of surface clasts, and lack of soil develop-
ment with deposits of the major advance that culminated
17,000-21,200 years ago in the McMurdo Sound area
(Stuiver, Denton, and Hughes, 1979)—are widespread.
The resulting longitudinal profiles show that lower
reaches of the Byrd, Hatherton, and Darwin Glaciers
thickened considerably, with former ice-surface eleva-
tions exceeding 1000 meters at their mouths. But this
thickening decreased gradually upglacier, with the up-
permost reaches adjacent to the polar plateau showing
little, if any, expansion. The most recent event has been
an ice-level drop from the upper ice limits attained dur-
ing the last glaciation.

These data suggest that during the last glaciation
there was little, if any, expansion of local East Antarctic
ice, coupled with extensive ice-shelf grounding near the
mouths of the outlet glaciers. This is consistent with the
contention of Stuiver, Denton, and Hughes (1979) that
extensive ice-sheet grounding over the Ross Ice Shelf
and in the Ross Sea, accompanied by little change in the
surface elevation of adjacent portions of the East Ant-
arctic Ice Sheet west of the Transantarctic Mountains,
characterized the last glaciation. Further conclusions will
be possible when soil sample and radiocarbon samples
are processed.

This work was supported by the National Science
Foundation. I am most grateful to the officers and crew-
men of vxE-6 for the extensive helicopter and Hercules
support provided the Byrd-Darwin Glacier project and
to Holmes and Narver, Inc. for operating the base camp
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on Darwin Glacier. R. Ackert, B. G. Andersen, G. H.
Denton, T. Lowell, S. Wilson, and P. Wolcott were in
Antarctica from 18 October 1978 to 20 January 1979.
J . Bockheim was in Antarctica from 18 October 1978
to 15 December 1978.
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Pedology of the Darwin Glacier
area

J . G. BOCKHEIM and S. C. WILSON

Department of Soil Science
University of Wisconsin

Madison, Wisconsin 53706

From late October 1978 until mid-January 1979, we
worked with glacial geologists George H. Denton and
Bjorn Andersen in continuing to investigate the history
of the marine-based West Antarctic Ice Sheet. Our ob-
jectives were to use soils as a relative-age indicator and
as a stratigraphic marker in separating glacial advances
in the Darwin Glacier area and in correlating the glacial
sequence developed there with the sequence examined
previously in the McMurdo Sound area.

Our efforts were concentrated in the Darwin Moun-
tains, Britannia Range, and Brown Hills (figure 1), but
also included selected ice-free areas adjacent to the Byrd
Glacier and several nunataks in the Darwin and Byrd
névés. We described 65 soil profiles and collected 272
samples for chemical, physical, and mineralogical anal-
ysis. Surface weathering characteristics were recorded
on line transects along moraine crests. Desert varnish,
cavernous weathering, ventifaction, planing, pitting,
spalling, and fracturing were tallied by rock type. At
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Figure 1. Location of soil sampling sites In Darwin Glacier
area.
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least 100 boulders were counted.
We examined chronosequences of soils on lateral mor-

aines deposited by the Hatherton Glacier, the level of
which appears to have been controlled by periodic
grounding of the Ross Ice Shelf. Tentatively, soil-stra-
tigraphic units have been named post-Britannia (ad-
vance I, II), post-Danum (III), and post-Isca (IV, V).
The post-Britannia and post-Isca soils each may be di-
vided into at least two subunits, possibly representing
minor glacial advances. We also examined soils on
ground moraine deposited by advances of ice from the
polar plateau at elevations above 1,800 meters (Plateau
soils).

Depths of oxidation, ghosts, coherence, and visible
salts increase progressively with relative soil age (see ta-
ble). Similarly, desert varnish, pitting, spalling, and frac-
turing of surface boulders increase with relative soil age.
In addition, with relative soil age, surface boulder fre-
quency declines and the ratio of diorite to sandstone
boulders increases. Using the paired t-test and proper-
ties listed in the accompanying table, we found highly
significant differences (P < 0.01) between the post-Bri-
tannia and post-Danum soils and between the post-
Danum and post-Isca soils.

Coefficients of variation are greatest for depth of vis-
ible salts and diorite/sandstone. Desert varnish, pitting,

HATHERTON GLACIAL ADVANCES
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Figure 2. Comparison of soils on moraines deposited by the
Hatherton Glacier (Darwin Glacier area) with soils on mor-
aines deposited by the Wright Lower Glacier (McMurdo

Sound area).



Table 1. Morphology of soil stratigraphic units and surface weathering characteristics of moraines in the Darwin Glacier
area*

Soil Stratigraphic Unit

post-Britannia	post-Danum	post- Isca
	

Plateau

Property	 x %CV
	

x %CV	n	x %CV
	

x %CV

Depth of oxidation, cm .....................15	4	62	8	10	34	18	20	80	6	51	62
Depth of ghosts, cm........................15	4	110	8	10	50	18	25	64	6	13	72
Depth of coherence, cm ....................15	5	100	8	22 130	18	40	62	6	50	58
Depth of visible salts, cm ...................15	0	0	8	8	100	18	15	71	6	34	69
Depth to ice cement, cm ....................15	80	nd	8	nd	nd	18	nd	nd	6	nd	nd
Desert varnish, % ..........................11	75	20	10	82	20	16	92	5	3	84	23
Pitting,% .................................11	19	51	10	30	44	16	39	28	3	53	69
Spalling,% ................................ 11	18	69	10	18	47	16	32	38	3	6	83
Fracturing,% ..............................11	6	140	10	12	61	16	16	46	3	29	32
Surface boulder frequency ..................7 1100	63	7	875	29	15 840	44	3	nd	nd
Diorite/sandstone ..........................10	4.2	84	9	8.7 100	16	12	93	2	100	0

* n = number of observations: x = mean value; CV = percent coefficient of variation, i.e., ratio of standard deviation to the mean;
nd = not determined.

spalling, and depth of oxidation are least variable. Many
of the surface weathering characteristics become more
uniform with time. The high variability in post-Britannia
and post-Isca soils may be attributable to the fact that
each may represent more than one glacial advance.

The post-Britannia soils are similar to those described
on the Trilogy end moraine in the eastern Wright Valley
(Bockheim, 1978, 1979) (figure 2). Stuiver, Denton, and
Hughes (1979) have correlated the Trilogy glacial epi-
sode with the Ross Sea glaciation in Taylor Valley. The
maximum extent of the Ross Sea glaciation is dated at
about 18,000 radiocarbon years before the present (BP).
The post-Danum soil resembles the soil on the Loop end
moraine and the post-Isca soils are similar to those on
C and D moraines in Wright Valley. The D moraine soil
was dated by rate of accumulation of soluble salts at
about 800,000 to 900,000 years BP (Bockheim, 1979).
Plateau soils are similar to those occurring in Taylor
Valley on Taylor IV drift (Bockheim, 1977), which is 2.7
to 3.5 million years in age (Denton, Armstrong, and
Stuiver, 1971).

These data suggest that the Ross Ice Shelf became
grounded in the Darwin Glacier area around I million
years BP and was last grounded about 18,000 years BP.
Like the Wright Valley, but unlike the Taylor Valley,
the Darwin Glacier area has ice-free valleys that have

not been glaciated as a result of thickening of the East
Antarctic Ice Sheet in the past 3 million years.

This work has been supported by National Science
Foundation grant DPP 74-20991 to George H. Denton.
We appreciate his assistance, as well as that of B. An-
dersen and the Darwin Camp personnel, plus the field
assistance of R. Ackert, M. Leinmiller, T. Lowell, and P.
Wolcott, and the logistic support supplied by vxE-6.
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Ross Ice Shelf Project 1978-79

JOHN W. CLOUGH

Ross Ice Shelf Project
University of Nebraska

Lincoln, Nebraska 68588

The final field season of the Ross Ice Shelf Project
(RIsP) was highlighted by the completion of several im-
portant experiments at the drill camp at J-9.

One major achievement was the acquisition of ice core
through the lower portion of the ice shelf. The core
drilling was accomplished by Dr. Igor A. Zotikov of the
Institute of Geography in Moscow, U.S.S.R.

A hot-water drilling system designed and operated by
the Browning Engineering Corporation provided access
through the ice shelf. A great improvement over the
previous season's flame-jet drilling system, the hot-
water drill produced clean holes of large diameter.

A total of three holes were drilled through the ice
shelf in this final season. The first two holes, completed
on 1 December and 3 December 1978 were assigned to

the Norwegian and Soviet "freeze-in" projects. The
third hole, drilled and reamed on 6-7 December, was
used to provide access through the shelf for all of the
other projects. This third hole was used for a 26-day
period, with use being interrupted twice when the hole,
reduced in diameter by freezing, had to be reamed.

Descriptions of the drilling and scientific investiga-
tions conducted at J-9 are reported elsewhere in this
issue of the Antarctic Journal of the United States.

One major task during this final field season was to
transport equipment and material back to McMurdo
Station. In the month beginning 26 December, a total
of 13 flights were made from J-9 to McMurdo Station
carrying approximately 300,000 pounds of equipment
and material. We closed J-9 on 25 January 1979.

Our plans for the 1979-80 season are that J-9 will be
visited briefly to collect data being automatically re-
corded throughout the year and to obtain new mea-
surements from sensors within and beneath the ice.

The University of Nebraska's support of RISP field
activities was provided by J. Ardai, U. Auders, C. Brett-
mann, T. Clark, J . Clough, T. Converse, M. Green, B.
Koci, J . Lemon, J . Litwak, G. Loeber, P. Marshall, C.
Mumford, E. Parrish, W. Rierden, R. Tilison, S. Tre-
dennick, I. Virsnieks, and M. Wolfe.

This work has been supported by National Science
Foundation contracts C-726 and C-861.

Hot-water drilling and coring at
site J-9, Ross Ice Shelf

JAMES A. BROWNING, ROBERT A. BIGL, and
DAVID A. SOMERVILLE

Browning Engineering Corporation
Hanover, New Hampshire 03755

In our second year at site J-9 with the Ross Ice Shelf
Project (RIsP) we drilled many holes that had a total foot-
age of nearly 9,000 feet. Three of the holes penetrated
through the nearly 1,400 feet of ice shelf to give access
to the sea below. Average hole diameter was 3 feet. We
obtained several ice cores 1 foot in diameter and up to
6 feet in length.

Both drilling and coring operations used the full out-

put of a 250-horsepower boiler, which consumed 75 gal-
lons per hour of fuel oil to heat 70 gallons of water pei
minute from 2° C to 98° C. A 10-horsepower submers-
ible pump suspended in a Rodrigues well 170 feet below
the surface of the firn pumped water to the boiler. The
main hole passed through this well, allowing water tc
circulate from the drill to the pump.

In initial drilling tests, small-nozzle diameters yielding
high water jet velocities were used. However, the result5
were disappointing. On the recommendation of both L
Zotikov and H. Ruffli, we switched to a much lower jel
velocity. This proved to be the key to successful drilling
The average drilling speed for the 3-foot diameter hole5
was 2 feet per minute. The 3-inch diameter, 10-foot-
long head was attached to 1,500 feet of reel-mounted 2-
inch hose. A cable winch carried the load. The hose wa
clamped to the cable every 100 feet.

A thermistor in the drill head measured the drop in
hot-water temperature with increasing depth and found
a temperature gradient of - 1° C. Heat passing through
the walls of the hose to the cold water filling the hole
should not be considered a loss, as it was required tc
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Figure 1. Drill hose passing over wheels on a crane skid.
The boiler is in the Langdon shelter, and the hose reel and
cable winch are to the left of the Jamesway. (Photograph

courtesy U.S. Navy.)

prevent freeze-in. However, we were pleased to learn
that such a low gradient existed. All in all, it appears
that sufficient heat is available to pierce through maxi-
mum thicknesses of the antarctic icecap.

Holes with large diameters could be drilled in the less-
consolidated firn only by using a showerhead nozzle of
15-inch diameter. A single axial water jet can make no
more than a ragged, small-diameter hole in the firn. The
showerhead nozzle was used for the first 100 feet of
each hole.

After completing the three required access holes, we
turned to other drilling tests, including the use of a 30-
inch diameter showerhead nozzle to drill a uniform 4-
foot hole to a depth of 100 feet in the firn.

Two different techniques for coring with hot water
were investigated. The simpler technique, which we
found unsatisfactory, used an annular "cookie cutter"
drill to free a cylinder of ice at the hole bottom; this
cylinder should float to the surface for retrieval.

However, we easily obtained several ice cores with an
18-inch diameter annular drill attached to the bottom
of an 8-foot-long cylindrical container. Each core had

Figure 2. View looking down the Rodriguez well hole. The
main hole lies parallel to it, with much of the web broken

out. (Photograph courtesy U.S. Navy.)

to be raised with the container to the surface, so that,
for deep holes, this was a time-consuming task. Conse-
quently, first attempts to drill through the icecap with
hot water could sample the formation with cores being
taken, say, every 300 feet.

In addition to hot-water drilling, we used a very sim-
ple compressed air burner to drill to a depth of 1,300
feet. (Drilling through to the sea might have had an
adverse effect on experiments in progress at the access
holes already in place.) The 13-inch diameter hole was
drilled at a rate of 4 feet per minute using somewhat
less than 600 standard cubic feet per minute of com-
pressed air with 15 gallons per minute of fuel oil. The
available heat of the flame drill was only one-fourth that
of the hot-water system, yet it was capable of drilling at
double the speed. Our drastic reduction in water-jet ve-
locity may have been carried too far; for the purposes
desired, however, the 3-foot diameters of the access
holes were suitable.

This work has been supported by National Science
Foundation grants DPP 72-02685, C 726-12, and 0861
C861—ll.

Studies of under-ice conditions	 OLAv ORHEIM

at J-9, Ross Ice Shelf, during the	Norwegian Polar Research Institute1979 winter	 Oslo Lufthovn, Norway

THOR KVINGE

Geophysical Intztute/The Chr. Michelsen Institute
University of Bergen

5000 Bergen, Norway

The Norwegian participation in the Ross Ice Shelf
Project (RIsP) was designed to measure, at half-hour in-
tervals, for one year, the current and temperature con-
ditions in the water column below site J-9, and the tem-
perature gradient across the ice/water interface, and
record the data in a unit on the surface.
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The instrumentation (the concept of which is shown
in Fig. 1) serves two programs: one glaciological pro-
gram (S-158A) and one oceanographical program (S-
158B).

The objectives of the glaciological program (S-158)
were to study: (1) the rate of freezing/ melting at the
underside of the shelf, and (2) the temperature gra-
dient and heat flow across the ice/water interface.

The observations were based on a set of thermistors
extending across the ice water interface. Four thermis-
tors were thus melted into the ice, and two in the water
immediately below the ice surface.

The objectives of the oceanographic program (S-
158B) were to study: (1) the short- and long-term vari-
ability in temperature and currents over a period of
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Instrumentation used to study under-Ice conditions at site
J-9 on the Ross ice Shelf.

about one year; (2) horizontal advection of mass and
heat; (3) local thermohaline convection processes; and
(4) the influence of large-scale perturbations outside the
ice shelf on the water masses under the Ross Ice Shelf.

The location of the two current meters and the ther-
mistors are shown in Fig. 1.

Thor Kvinge and Arne Revheim travelled to Mc-
Murdo Sound on 6 November 1978. The equipment
was deployed through the access hole on 2 December,
with the assistance of J-9 personnel. A test prior to the
deployment of the equipment indicated that the data
recorder was not functioning properly, but a new data
recorder unit was provided and installed on 3 Decem-
ber. Some obvious errors remained in the recordings so
several tests were made during the next few days, and
the recorder was then taken to Norway for repair.
Kvinge and Revheim returned to Norway in December,
and a new recorder box was installed at J-9 at 1347
hours local time on 2 January 1979 by Jay Arday, who
had been thoroughly instructed in how to connect the
recorder unit to the cables.

The success or failure of this project will be deter-
mined when the recorder unit is recovered in the 1979/
80 season. It seemed that the underwater instrument
no. 1 (figure 1) was providing scrambled data, but the
recordings from December 1978 were too short to assess
whether the scrambling is systematic and whether it can
be unravelled.

The instrument concept was developed in 1973 and
most of the equipment was built in 1974 with expecta-
tion of deployment shortly thereafter. Part of the equip-
ment was shipped from Norway in 1975 and in 1976.

Table 1. Level of sensors with reference to the underside
of the Ice= 0

Distance
Sensor	 (in meters)

Iceprobe thermistor ...........................	-0.37
Iceprobe thermistor ...........................- 0.20
iceprobe thermistor ...........................	-0.07
Iceprobe thermistor ........................... 0.00
Iceprobe thermistor ........................... 0.07
Iceprobe thermistor ........................... 0.30
Current meter No. 1 ........................... 7.5
Sea thermistor ................................ 8.0
Sea thermistor ................................ 18.0
Sea thermistor ................................ 28
Sea thermistor ................................ 43
Sea thermistor ................................ 58
Sea thermistor ................................ 78
Sea thermistor ................................ 115
Sea thermistor ................................ 130
Sea thermistor ................................ 145
Sea thermistor ................................ 160
Sea thermistor ................................ 175
Sea thermistor ................................ 190
Sea thermistor ................................ 200
Sea thermistor ................................ 210
Sea thermistor ................................ 220
Current meter No. 2 ........................... 223
Bottom thermistor ............................. 238
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The technical problems encountered during the 1978-
79 season may be due to the long delay from the time
the equipment was built until the time it was finally de-
ployed, the delay having been caused by various post-
ponements in the drilling of the RISP access hole.

This project has mostly been funded from Norwegian
sources through The Norwegian Polar Research Insti-
tute and the Geophysical Institute, University of Bergen,
with additional funds in 1974 from National Science
Foundation research grant C-726-5 of 1974.

Core drilling through Ross
Ice Shelf

I. A. ZoTIKov,* V. S. ZAGORODNOV, and

J . V. RAIKOVSKY

Institute of Geography
U.S.S.R. Academy of Sciences

Moscow, U.S.S.R.

During the 1978-79 field season, we performed core
drilling through the Ross Ice Shelf at site J-9 as part of
the Ross Ice Shelf Project (RIsP) and recovered a contin-
uous core with a diameter of eight centimeters through
the 416-meter-thick ice shelf.

We used a lightweight drill designed by V. A. Morev
of the Arctic and Antarctic Research Institute in Len-
ingrad. As conceived by V. A. Morev and I. A. Zotikov,
this drill is based on the principle of adding antifreeze
to the melt water generated by the electrothermal drill
rather than removing the melt water from the hole. The
freezing point of this mixture must be near the temper-
ature of the ice at each depth in order to maintain equi-
librium without freezing the fluid in the hole. This
method has been used for many years in drilling holes
in both temperate and polar glaciers, including holes at
Novolazarevskaia Station (to a depth of 800 meters) and
at Lazarev and Shackleton ice shelves.

The drill consists of cylindrical, stainless steel pipe,
and an electrically heated toroid ring to melt an annulus
through the ice column. The drill cylinder contains a
piston that can move freely up and down. When the
piston is in its lower position, the internal space of the
pipe above the piston functions as an alcohol container.
When the drill is lowered to the bottom of the hole, the
electrically heated toroid melts into the ice, thereby pro-
ducing a core. The ice core passes into the pipe and
pushes the piston up. Through the action of this piston,
the alcohol mixture in the upper chamber is delivered
to the bottom of the hole. When the piston reaches its
upper position, the drill containing the ice core is lifted
to the surface, the core is removed, and a new charge
of the alcohol-water solution is pumped into the upper
chamber, which pushes the piston into its lower position
again.

* Visiting scientist at the U.S. Army Cold Regions Research
and Engineering Laboratory, Hanover, New Hampshire.

Drilling began on 1 December 1978 and was com-
pleted on 13 December. Prior to 8 December, we halted
drilling each night for a rest period. Thereafter, how-
ever, to avoid difficulties resulting from the formation
of slush during the rest periods, we began continuous
drilling, which lasted until we reached the bottom of the
shelf.

Figure 2 shows that the freezing point of the fluid in
the hole was always kept higher than calculated temper-
atures. A total of 500 gallons of ethyl alcohol was used
to drill through the ice shelf. Figure 3 provides data on
speed of drilling, amount of electrical power supplied,
and depth of penetration through the ice shelf.

The resultant ice core showed all the characteristic
features of glacier ice to a depth of 410 meters. At this
depth, an electrical short circuit occurred in the drill and
the level of fluid in the hole rose 23 meters; both events
indicated hydraulic coupling to the sea below the shelf.
Below this depth, the ice was of a completely different
structure (Zotikov, Zagorodnov, and Raikovsky, 1979);
it tasted salty and possessed structural features typical
of old sea ice. The remaining 6 meters of the ice core
had a similar appearance. At a depth of 416 meters, the
bottom of the ice shelf was penetrated. The bottom has
distinct features of sea ice formed by slow freezing of
sea water.

Figure 1. Electrothermal drilling rig bringing the bottom
piece of ice shelf to the surface. 1 = drilling column; 2 =

mast; 3 = winch.
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Figure 2. Alcohol-water solution In the hole. 1 = tempera-
ture of the ice (dough and Hansen, 1979); 2 = freezing tem-
perature of melt water-alcohol solution within the hole (cal-
culated from data on alcohol supply to the bottom of drilled
Ice hole); 3 = specific gravity of the solution within the hole

(averaged along the hole).

Most of the ice core collected is now stored at the
National Science Foundation Ice Core Storage Facility
at the State University of New York at Buffalo, where
it is available for study.

The following RISP personnel assisted us with the drill-
ing and core logging: William Rierden, Imants Virs-
nicks, Margaret Wolfe, and Uldis Auders. We appreciate
the help and assistance of all colleagues at the J-9 camp.

This research work has been supported in part by the
National Science Foundation and also by the U.S.S.R.
Academy of Sciences.
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Figure 3. Main characteristics of the drilling process through
the Ross Ice Shelf. 1 = speed of thermal drilling; 2= elec-
trical power supplied to the drilling rig; 3 = depth of hole

versus time in days from commencement of drilling.
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Sea ice on bottom of Ross Ice
Shelf

I. A. ZoTIKov,* V. S. ZAGORODNOV, and
J . V. RAIKOVSKY

Institute of Geography
U.S.S.R. Academy of Sciences

Moscow, U.S.S.R.

During the 1978-1979 field season, we obtained an
ice core through the entire thickness of the Ross Ice
Shelf at the site known as J-9 (Zotikov, Zagorodnov, and
Raikovsky, 1979).

Throughout the shelf, to a depth of 410 meters, the
core consists of bubbly glacial ice. At this depth, there
is an abrupt change in the appearance and properties
of the ice. In the layer below, which is six meters thick
and extends to the bottom of the ice shelf, the salinity
ranges from approximately 2 percent in the upper por-
tion to approximately 4 percent near the bottom (figure
1). These characteristics are typical of ice formed by sea
water freezing onto the bottom of the shelf.

Large vertical crystals are observed throughout the
six-meter layer. At the bottom of the shelf, the lower
ends of these crystals protrude downward into the sea,
giving rise to a waffle-like bottom surface (figure 2).
Throughout the six meters of bottom ice, these vertical
crystals are aligned in parallel rows, a pattern typical of
landfast sea ice formed by freezing under the influence
of longterm currents (Cherepanov, 1964; Cherepanov,
1971; Weeks and Gow, 1978). The existence of six me-
ters of sea ice obviously indicates freezing at the bottom
upstream from J-9. The characteristic appearance of the
very bottom layer indicates active freezing at J-9 at the
present time.

* Visiting scientist at the U.S. Army Cold Regions Research
and Engineering Laboratory, Hanover, New Hampshire.
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Figure 2. Alignment of vertical crystals discovered at the
bottom of the Ross Ice Shelf.

As evident in figure 3, the bottom two-centimeter
portion of sea ice is quite different from the remainder
of the layer. The horizontal boundary separating the
bottom two centimeters from the remainder of the sea
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Figure 3. Cross section of the very bottom part of the core.
Bottom vertical crystals are distinguished from previous ac-

	

Figure 1. Salinity within the bottom layer of sea ice.	 cumulations by a horizontal boundary.
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ice is the only horizontal boundary observed in the six
meters of sea ice. This dramatic change must be related
to a sudden and significant change in growth conditions
at the base of the shelf. The most probable cause was
the penetration of the ice shelf in December 1977 by a
flame-jet drill approximately 200 meters from the lo-
cation of the core hole (Browning and Somerville,
1978). If the boundary did result from the previous
season's drilling, the present growth rate of the ice
would be two centimeters per year.

The average growth rate over a longer period of time
can be estimated from the overall thickness of the sea
ice layer and the dynamics of the Ross Ice Shelf. The
site J-9 is approximately 200 kilometers from the
grounding line. As the ice is moving at an average speed
of 300 meters per year (Thomas and Bentley, 1978), the
six meters of ice had approximately 600 years to form
at an average growth rate of approximately one centi-
meter per year.

The upper boundary of the sea ice layer is separated
from the glacial ice above by a few centimeters of vuggy
ice. When our drill reached this layer 410 meters down,
the fluid level in the drill hole rapidly rose 23 meters
indicating good hydraulic connection with the sea below.
Because the sea ice layer is generally impermeable, ver-
tical crevasses must connect the sea to the vuggy ice
layer.

We appreciate the assistance of William Rierden, Im-
ants Virsnieks, Margaret Wolfe, and Uldis Auders, who
took part in the drilling, and all our colleagues at J-9.

This research work has been supported in part by the
National Science Foundation and also by the U.S.S.R.
Academy of Sciences.
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Ross Ice Shelf glaciology

ROBERT H. THOMAS and DOUGLAS R. MACAYEAL

Quaternary Institute
The University of Maine at Orono

Orono, Maine 04469

Results from measurements at almost 200 stations on
the Ross Ice Shelf during the period from 1973 to 1978
(Thomas and MacAyeal, 1978) have been prepared for
publication. They will be expressed as strain-rate ten-
sors, ice velocities, snow-accumulation rates and 10-me-
ter temperatures.

Work continues on the calculation of derived char-
acteristics of the ice shelf. These include profiles of tem-
perature, creep properties, and age versus depth at each
of the stations; stress distribution across the ice shelf;
particle paths along selected flow lines; and equilibrium
analysis to give the ice-shelf thickening rate in terms of
basal melting/freezing rates.

The equilibrium analysis for the southeastern portion
of the ice shelf indicates that either there is rapid basal
melting or the ice shelf is thickening at about 30 centi-
meters per year (Thomas and Bentley, 1978). In an at-
tempt to calculate the basal mass balance for the region,

MacAyeal (1979) has completed a detailed analysis of
temperatures from the Ross Ice Shelf Project (RIsP) drill
hole (Rand, 1975; dough and Hansen, 1979). The tem-
perature-depth profile is influenced by basal melting
rates encountered in the past. By simulating the effects
on heat flow of conditions encountered by the drill-site
ice upstream of its present position, we conclude that
the observed temperatures are indicative of low basal
mass flux with a bias toward freezing. Together with
results from the surface measurements, this suggests
that the southeastern Ross Ice Shelf is growing thicker
with time and has probably been doing so for hundreds
of years (MacAyeal and Thomas, 1979).

Near the seaward ice front, basal melting removes ap-
proximately one meter of ice per year, and it appears
likely that there is significant melting within at least 100
kilometers of the ice front. This means that perhaps 25
percent or more of the discharge from the ice shelf is
by basal melting. The distribution of melt zones beneath
the ice shelf is determined by oceanographic parame-
ters, which, in turn, are governed by prevailing climate;
comparatively small changes in climate may result in
major alterations in the pattern and intensity of basal
melting. Associated changes in the configuration and
thickness of the ice shelf could have important conse-
quences for the stability of the West Antarctic Ice Sheet.

In light of the current inadequate understanding of
the interaction between climate and ocean, an attempt
has been made to relate prescribed changes in basal
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The Ross Ice Shelf, with the flow line from ice stream "B"
to the bore hole at J9.

melting rate to ice shelf configuration and, after that, to
ice sheet discharge rates. The results suggest that, al-
though rapid basal melting would lead to a collapse of
the West Antarctic Ice Sheet, this would not be a cata-
strophic event even if melt rates were to increase to 10
meters of ice per year (Thomas, Sanderson, and Rose,
1979).

Two large ice rises in the Ross Ice Shelf—(Roosevelt
Island and Crary Ice Rise)—provide major pinning
points that strongly influence the configuration and
thickness distribution of the ice shelf. Analysis of velocity
measurements on Roosevelt Island indicates that the
creep properties of the ice near the summit region are
similar to those of the ice shelf, but nearer the edges
there may be a softening effect attributable to the de-
velopment of a preferred crystal fabric associated with
prolonged shear (Thomas et al., in press). Also, there
appears to be a gradient in geothermal heat flow across

the ice rise from about 1.2 heat-flow units on the north-
east side to 1.7 heat-flow units in the southwest. Confir-
mation of these calculations must await acquisition of ice
cores from the ice rise.

The ice flow properties derived from the velocity mea-
surements on Roosevelt Island have been reconciled
with measured accumulation rates to reconstruct a
"steady-state" thickness profile for the ice rise. The re-
constructed profile is similar to the measured profile,
but it has a slightly lower summit elevation. Although
the difference between the two profiles is small, it ap-
pears to be significant. Velocity measurements confirm
that drainage exceeds snow accumulation, so that the ice
rise is thinning by a few centimeters each year towards
its steady-state profile. This trend probably represents
the final stages of Holocene shrinkage of the ice rise.

Few data are available from Crary Ice Rise, but an
approximate thickness profile across the short axis of
the ice rise has a summit elevation some 30 meters lower
than the calculated steady-state profile. This difference,
which is considerably greater than measurement error,
may indicate that the ice rise was formed comparatively
recently. In that case, either the ice rise is growing
thicker or it has achieved a quasi-steady-state profile,
with its basal ice retaining a thermal memory of when
it was afloat and so making it warmer (and therefore
softer) than assumed for our calculated steady-state pro-
file (MacAyeal and Thomas, in press.).

This work has been supported by National Science
Foundation grant DPP 78-03045.
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Surface accumulation on Ross
Ice Shelf

H. B. CLAUSEN, W. DANSGAARD, and
J . 0. NIELSEN

Geophysical Isotope Laboratory
University of Copenhagen

Copenhagen 2200, Denmark

J . W. CLOUGH

Polar Ice Coring Office
University of Nebraska

Lincoln, Nebraska 68588

Accumulation patterns on the Ross Ice Shelf have
been further defined through continuing analysis of
beta activity and heavy water profiles found in ice cores.
This work on surface accumulation has been carried out
as part of the Ross Ice Shelf Project (RIsP).

In our first report (Clausen and Dansgaard, 1977),
the technique was described whereby total beta (13) ac-
tivity profiles were measured along 36 hand-augured,
10-meter firn cores recovered in the southeastern part
of the ice shelf in the 1973-74 field season. Three ref-
erence horizons were identified as resulting from radio-
active fallout from atmospheric nuclear bomb tests. Ref-
erence horizon I (the summer of 1954-55) is char-
acterized by a shift from 50-100 disintegrations per
hour (dph) per kilogram (kg) of firn to 200-400 dphlkg
attributable to the Castle tests in early 1954 (cf. Picciotto,
Crozaz, and de Breuck, 1971). Reference horizon II (the
summer of 1964-65) is represented by a broad 600-1200
dphlkg specific 13-activity peak, mainly from Soviet tests
in 1961-62. Reference horizon III (the summer of
1970-71) is shown in less-well-defined elevated 13 activ-
ities attributable to the French bomb tests in 1968-70.
These high 0 values are rapidly decreasing because of
decay of the short-lived components and are no longer
clearly indicative of reference horizon III.

Mean annual accumulation rates in millimeters of
water equivalent per year were calculated from density
profiles along the cores since the summer of 1954-55.
We arrived at the conclusion that the accumulation rate
is generally between 74 and 140 millimeters per year.
This is only half the value suggested by the stratigraphic
data of Crary et al. (1962). However, this discrepancy
disappeared in measurements of the northern part of
the ice shelf, where the data also were supported by
stake measurements (Heap and Rundle, 1964). Rela-
tively high accumulation rates of up to 218 millimeters
per year were found close to the Transantarctic Moun-
tains, the result of snow drifts created by strong katabatic
winds from East Antarctica.

Our current analyses include 19 cores recovered in
the northeastern areas of the ice shelf in the 1974-75
(RIsP) field season and 13 of 40 cores from the 1976-77

season. They are providing a more complete accumu-
lation pattern, although data are still sparse from the
western and northern portions of the ice shelf.

As expected, the highest accumulation rates are found
close to the ice front barrier and close to the Transan-
tarctic Mountains (figure 1). In between these two areas,
there is a long tongue of accumulation stretching north-
westwards from the minimum accumulation of 58 mil-
limeters per year at site G-4. Minimum values east of
the mouth of Shackleton Glacier are unclear. The low
value at site F-9 is supported only by a relatively low
value at site G-10.

Hammer et al. (1978) have described other dating
methods in Greenland, where the firn and ice are strat-
ified by seasonally varying concentrations of micropar-
tides and the heavy isotopic water component H 20'8 (6).
The bulk of microparticles deposited in the Greenland
ice sheet is continental surface dust carried from dry
areas in North America by high tropospheric winds, par-
ticularly in spring. The conditions for seasonally varying
deposition of continental dust on the Ross Ice Shelf are
less favorable, the more so as fallout from nearby active
volcanoes may mask a possible seasonal pattern in the
sparse deposition of surface dust. As to the isotopic com-
position of Greenland firn, seasonal 6 variations are
gradually obliterated by diffusive mass exchange be-
tween the layers, if the accumulation rate is lower than
250 millimeters per year. This seems to disqualify the 6
method as a means for establishing a record of annual
layer thicknesses to considerable depths on the Ross Ice
Shelf (cf. the vain efforts on the ice core from Little
America; Dansgaard et al., 1977) but not necessarily in
shallow depths south of the low-accumulation tongue,
where disturbances by drift snow from the Transan-
tarctic Mountains are negligible (cf. the seasonal 6 vari-
ations near surface at Vostok Station; Dansgaard, Bar-
kov, and Splettstoesser, 1977).

Figure 2 shows 13 and 6 profiles at the three highest
accumulation stations in this area: Q-6 (244 millimeters
per year), P-6 (210 millimeters per year), and the sum-
mit of Roosevelt Island (200 millimeters per year). The
reference horizon II is easily detectable in all of the 13
profiles and horizon I in the latter two (at Q-6, the core
was apparently a bit too short to reach the 1954-55
level). Most of the annual 6 cycles are still preserved, but
the amplitudes are clearly reducing with increasing
depth, and the faster the decrease, the lower the accu-
mulation rate.

The 1964-73 decade, represented by the 5-6 meters
of firn above reference horizon II, contains more than
10 6 cycles (at Q-6 at least 13). Hence, some annual top
layers contain double 6 peaks, a phenomenon that is well
known in Greenland firn (cf. Hammer et al., 1978). The
double peaks eventually merge by diffusion. In addition,
some of the summer 6 peaks in annual layers of less-
than-normal thickness obviously merge with summer 6
peaks in adjacent annual layers, because the decade
1954-63 between reference horizons I and II contain
less than 10 6 cycles. Consequently, year-by-year dating
by seasonal 6 cycles is not straightforward, and the inter-
pretation presented in figure 2 is tentative. It is merely
a coincidence that the 6 profiles at P-6 and Roosevelt
Island summit contain a total of 20 distinct 6 cycles in
the 1954-73 interval. Note the 6 profile at station K- li
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Figure 1. Surface accumulation rate (in millimeters of water equivalent per year) distribution on Ross Ice Shelf, as measured
by total /3 activity analyses of 10 meter fir cores augered during four Ross Ice Shelf Project (RIsP) field seasons. Key:. =

1973-74 season; A = 1974-75 season; o = 1976-77 season; o = 1977-78 season.

(100 millimeters per year), which contains no more than
13 8 peaks in the same time interval.

The mean of the ten average 6 values of the annual
layers from the 1964-73 period is approximately 0.67
percent higher than that of the preceding decade. The
difference may be up to 0.15 percent higher or lower,
when using annual layer interpretations other than as
shown in figure 2; such others include the case of no
interpretation at all; that is, comparing the simple av-
erage of all analyses from the first 8 peak below the

surface and down to reference horizon II with that of
all analyses from horizon II to horizon I.

If one accounts for the fact that the isotopically light
winter layers, and particularly those close to the surface,
should be given less weight owing to their relatively low
densities, the real increase in 8 may be even higher than
the 0.67 ± 0.15 percent (up to 0.3 percent higher, ac-
cording to experiences in Greenland). This corresponds
to a climatic warming over the ice shelf, in agreement
with direct observations at McMurdo Station and with
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an observed increase in 10-meter temperatures (about
10 C) from 1958 to 1974 (Thomas, 1976).

Figure 3 shows the mean 6 values along the cores. In
the Roosevelt Island part of the shelf, the 6 values de-
crease inland in parallel with the mean surface temper-
ature, which has a minimum in the shaded area (less

than -28° C). However, south of this area, toward the
Transantarctic Mountains, the 8 values continue to de-
crease but the temperatures increase. This pattern may
be explained by the occasional precipitating air masses
being continuously cooled isobarically during their travel
inland over the cold surface, whereas the mean surface
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temperatures close to the mountains are influenced by
the relatively warm katabatic winds that prevail most of
the time.

In view of the considerable amounts of drift snow
from the mountains indicated in figure 1, the moderate
decrease in 8 toward the mountains shows that the drift
snow essentially has the same isotopic composition as the
snow deposited directly on the surface in front of the
mountains. Considering the extremely low 8 values on
the eastern part of the polar plateau, the drift snow
therefore hardly originates from the plateau, but rather

from the slopes of the mountains. It is well known that
the first 1,000 meters of lifting of moist air causes no
significant heavy isotope depletion in the precipitation.
(Lorius, Merlivat, and Hageman, 1969; Dansgaard et al.,
1973; Kato, Wanatabe, and Satow, 1978).

Another interesting feature of figure 3 is the fact that,
at the same distance from the sea, the 8 values are con-
siderably lower (corresponding to a later stage of the
condensation column) in the western than in the eastern
part of the shelf. A possible explanation is that moist air
masses preferentially cross the eastern part of the bar-
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rier and then move in directions between south and
west.

This research has been supported by National Science
Foundation grant DPP 76-16743.
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Temporal variations and
correlations in chemistry of snow

on Ross Ice Shelf

J . V. MOLENAR and J . A. WARBURTON

Desert Research Institute
University of Nevada System

Reno, Nevada 89506

Our investigations during the 1974-75 and 1976-77
Ross Ice Shelf Project (RIsP) field seasons included the
excavation of seven 2-meter-deep pits on the Ross Ice
Shelf and the chemical analysis of samples from various
depths. The pits were dug at Roosevelt Island (RI) and
Roosevelt Island Camp (Ric) and at sites C-7, RISP-BC,
J-9, Q-13, and F-9.

The accompanying figure provides an example of the
variations with depth observed in the chemistry of these
pits. It shows the concentrations of sodium (Na), calcium
(Ca), magnesium (Mg), and potassium (K) with depth at
site F-9. Concentrations are expressed in parts per bil-
lion (ppb) and varying scales are shown on the ordinate
axis for the different elements.

It can be seen that the concentrations of these ele-
ments vary quite markedly with depth. Distinct maxima

and minima occur for all four elements at each site. In
any one particular profile, the peaks and minima of the
elemental concentrations occur at nearly the same depth
and thereby are well correlated. This wide variation in
chemistry is generally supported by documentation in
the literature that the chemical composition of precipi-
tation can vary by orders of magnitude between storms
and even during single precipitation events (Junge,
1963).

These variations probably are related to temporal
changes in the cloud microphysics producing the pre-
cipitation and the cloud dynamics of the maritime
storms crossing the ice shelf. Stronger, more vigorous
storms over the Ross Sea increase the proportion of the
ocean surface occupied by breaking waves, thereby lead-
ing to a higher production of sea-salt nuclei. The tur-
bulent ocean mixes the chemically enriched surface layer
of the sea with deeper water. Thus marine aerosols gen-
erated during these storms are expected to have sea-salt
concentration ratios similar to those of bulk seawater.

The precipitation from such strong storms thus con-
tains an abundance of marine trace metals imposed on
the background aerosol. The stronger the storm, the
higher the concentrations of these metals and the closer
their ratio to those found in seawater. In a weaker storm,
global background aerosol and any chemical fractiona-
tion during the production of the marine aerosols con-
stitute greater factors in precipitation chemistry.

Evidence of this effect is seen in the calculated en-
richments of the elemental profiles. Sodium is used as
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Table 1. Average enrichments of peaks and minima for
magnesium, calcium, and potassium at each sampling site

Sampling	E (Mg)	E (Ca)	E (K)
Site	Peaks Minima Peaks Minima Peaks Minima

C-7 -0.04 -0.16	0.17	0.98 -0.07	0.41
0-13	0.11	0.26	0.48	0.95	0.22	0.46

RI	0.32	0.52	0.19	0.29 -0.03	0.06
RIC	0.27	0.74	0.41	0.79	0.47	1.19

	

RISP-BC 0.16	0.33	1.10	1.57	0.15	0.18
J-9	0.18	0.33	2.04	2.63 -0.42	0.27
F-9	0.28	1.38	3.11	4.09	0.30	2.10

the seawater reference because it is assumed that the
overwhelming majority of the sodium present in the at-
mosphere comes from marine sources.

Table 1 lists the average enrichments of the peaks and
minima in the profiles at each sampling site. The peaks
have enrichments lower than those in the minima. Thus,
there is a higher proportion of marine aerosol in the
precipitation associated with the peaks in the chemical
profiles.

In comparing profiles from the different sites, it is
essential to recognize that two separate field seasons
were involved and that questions still exist regarding the
accuracy of Crary's accumulation data, (Clausen and
Dansgaard, 1977). Nevertheless, the data appear to in-
dicate valid correlations among some of the sampling
sites.

Warburton and Linkletter (1977) have reported on
tentative correlations found in the profiles taken during
the 1974-75 field season. Table 2 represents an expan-
sion of their work. The minimum and maximum in the
RISP-BC and RIC profiles at depths of 30 and 38 centi-
meters appear to have been smeared out in the C-7
profile. No samples were taken at C-7 below 120 cen-
timeters, nor at RLSP-BC between 65 and 90 centimeters.
The RIG samples 11 and 12 seem to have overlapped
and covered the minimum seen at 105 centimeters in
the RISP-BC profile.

The depth ratios are the ratios of the average depths

of the peaks and minima in the samples. These ratios
indicate that the peaks and minima at RISP-BG and RIC
correlate. According to Crary et al. (1962), the average
accumulation rate at RISP-BC is 13.4 grams per square
centimeter per year (g/cm2/yr). The accumulation iso-
pleths in his data predict that the accumulation rate at
RIG JS similar to that at RISP-BC. The depth ratios near
unity of the features in the two profiles agree with equal
accumulation rates at the two sites. This suggests that
the same storm systems are producing the chemical vari-
ations at both sites.

Crary's accumulation rate at C-7 is 18.7 g/cm2/yr.
Assuming similar snow densities at the three sites, the
accumulation ratio between C-7 and RISP-BC or RIG 1S
1.4. Although the depth ratios between C-7 and RISP-
BG and RIG (table 2) are not as uniform as those between
RIG and RISP-BC, correlation between the inland sites and
C-7 may exist. Since C-7 is closer to the Ross Sea, it is
affected by highly localized meteorological conditions
that need not extend inland. Thus the degree of cor-
relation between G-7 and the inland sites should not
necessarily be as strong.

More extensive sampling was done during the 1976-
77 field season. Two pits were dug at both J-9 and F-9.
Profiles A and B at each site came from one pit, the two
profiles being about 3 meters apart horizontally. Profile
C at each site came from pits about 3 or 4 kilometers
away from the A and B pits. Table 3 provides a listing
of the features of the profiles from the two sites. The
depths of the peaks and minima represent a best esti-
mate of the depth of the layer of interest using all the
profiles at one site and the stratigraphy of the pits. The
depth ratios of the features seem to indicate another
high degree of correlation.

New measurements of the average accumulation and
snow density at J-9 and F-9 by C. Cornish (pers. comm.)
agree quite strongly with this correlation. Working at
the Laboratory of Glaciology at Grenoble, France, he
used beta counting and dating techniques on 5-meter
profiles at both sites. He found an average accumulation
of 9.7 g/cm2/yr at J-9 and 8.9 g/cm 2/yr at F-9, with an
average snow density at both sites of 0.38 grams per
cubic centimeter. The accumulation ratio J-9/F-9 is then
1: 1, which corresponds very well with the depth ratios

Table 2. Profile features and depth ratios for sampling sites RISP-BC, RIC, and C-7

RISP-BC	 RIC
	 C-7

	
DEPTH RATIO

SAMPLE DEPTH SAMPLE DEPTH SAMPLE DEPTH
EXTREME	ID	(cm)

	
ID	(cm)
	

ID	(cm)
	

RICIBC	C-7/13c	C-7/RIC

	

MAX	BC-02	18	RIC-01	15	C7-03	25	0.8	1.4	1.7

	

MIN	BC-03	30	RIC-03	30	-	-	1.0	-	-

	

MAX	BC-04	38	RIG-1 7	38	-	-	1.0	-	-

	

IN	BC-05	45	RIC-04	40	C7-07	70	0.9	1.6	1.7

	

MAX	-	-	RIC-06
	

65	C7-09
	

90	-	-	1.4

	

MIN	-	-	R1C-19
	

80	C7-10
	

100	-	-	1.3

	

MAX	BC-09
	

100	RIG-11i
	

105	C7-13
	

130	1.1
	

1.3	1.2

	

MIN	BC-1
	

105	-	-	C7-14
	

140	-	1.3	-

	

MAX	BC-li
	

115	RIC-12
	

115	C7-15
	

150	1.0
	

1.3	1.3

	

MIN	BC-13
	

135	RIC-21
	

135	-	-	1.0

	

MAX	BC-14
	

145	RIC-15
	

150	-	-	1.0
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Table 3. Profile features and depth ratios for sampling sites J-9 and F-9

J-.9	 F-9
SAMPLE	 DEPTH	 SAMPLE	 DEPTH	DEPTH RATIOEXTREME	 ID	 (cm)	 ID	 (cm)	 J-9/F-9

MAX	 J9A-01
J913-01	 10	 -	 -	 -
J9C-01

MIN	 J9A-03	 F9A-03
J913-02	 25	 F913-02	 22	 1.1
J9C-02	 F9C-03

MAX	 J9A-05	 F9A-04
J913-05	 50	 F913-04	 38	 1.3
J9C-04	 F9C-04

MIN	 J9A-08	 F9A-08
J913-06	 80	 F913-08	 75	 1.1
J9C-07	 F9C-08

MAX	 J9A-09	 F9A-10
J913-08	 95	 F913-09	 90	 1.1MIN	 J9A-10	 F9A-11
J96-09	 110	 F913-10	 105	 1.1MAX	 J9A-12	 F9A-12
J9A-13	 F913-11
J913-11	 130	 F913-12	 115	 1.1
J96-12	 F9C-12
J913-12	 F9C-13

MIN	 J9A-15	 F9A-13
J913-15	 165	 F913-13	 135	 1.2
J9C-15	 F9C-14

MAX	 J9A-17	 F9A-16
J913-16	 185	 F913-14	 150	 1.2

MIN	 J9A-18

	

J9B-18	 195

MAX	 J9A-20

	

J9B-19	 215
J9C-18

in table 3. Similar comparisons have been made among
all of the sites and are reported on elsewhere.

In general, then, it appears that the correlation of
precipitation chemistry and accumulation at sites near
the ice front,C-7 and Q-13, is strong. The sites on the
southeastern portion of the ice shelf, J-9, F-9, RISP-BC,
and RIC, also show a strong correlation of precipitation
chemistry and accumulation. The fact that Roosevelt Is-
land (RI) stands alone may indicate the affect of the is-
land on local meteorology. Correlations between the
sites inland and those along the Ross Ice Shelf are weak,
but they do indicate the possibility of effects extending
across the entire ice shelf.

This work has been supported by National Science
Foundation grant DPP 77-22817.

F9C-16
F9A-18

	

F913-17	 170	 1.1
F9C-18
F9A-19

	

F98-20	 190	 1.1
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Enhanced enrichment of metals
in fresh precipitation on Ross Ice

Shelf

J . A. WARBURTON, A. V. ANDERSON, and
M. S. OWENS

Desert Research Institute
University of Nevada System

Reno, Nevada 89506

During the austral summers of 1974-75 and 1976-77,
we collected snow and firn samples at several locations
on the Ross Ice Shelf (see figure 1 in Warburton, Mo-
lenar, and Anderson, 1979) and fresh precipitation sam-
ples at some of the same sites (C-7, RISP-BC, and J-9).
Using flameless atomic absorption spectrophotometry
techniques, we determined the concentrations of sodium
(Na), manganese (Mn), and silver (Ag) in the snow and
fresh precipitation.

Sheets of nylon net were used to collect the samples
of fresh falling snow during storms and of rime and
hoar during periods of supercooled fog. Before leaving
the United States, we cleaned the nylon nets by a series
of leachings in analytical grade solutions of nitric acid.
This treatment was followed by several rinses and leach-
ings in doubly distilled, de-ionized water. All the equip-
ment was then sealed in polyethylene bags for transport
to the Antarctic.

Once a sufficient quantity of ice had accumulated, a
sample was taken from the nets with a special scoop
fitted with a new, clean, plastic sample bag. The samples
were then stored in tightly sealed polyethylene bags and
kept frozen until they could be analyzed. Figure 1 shows

S
Fog deposition ice on nylon net collector at RISP-BC site,

Ross Ice Shelf.

ice accumulation on the net and the method of removing
it for analysis.

The results, shown in the accompanying table, dem-
onstrate that enhanced enrichment occurs on the Ross
Ice Shelf in two specific precipitation types: (1) diffu-

Table 1. Enhanced heavy metal enrichment in fresh precipitation-Ross Ice Shelf

OBSERVED CONCENTRATIONS OBSERVED RATIOS *CALCUTED
Location and Distance from Ice Front and	 ENRICHMENTS

Collection Time	 Na ppb	Mn ppb	Ag ppb	Mn/Na	Ag/Na	E(Mn)	E(Ag)

Seawater	 107	10	2x10-1	10_6	2x 10_8	-	-
Ice Shelf C-7
70 km (Fog Dep.)	 237	 5.2x103	 2.2x105	 10
Ice Shelf BC
450 km (Fog Dep.)	 47	 9.5x103	 2.0x104	 lOx 10
Ice Shelf J-9: 11/14/76

Sample No.	Collection Time
10	 1000 hrs.	 50	71x102 8.3x10 3 142x10 4 170x10 6 1.4x104	8.5x103
11	 1815 hrs.	 55	55	5.4	100	100	1.0x104	5.0x103
12	 1845 hrs.	 42	39	5.0	93	119	0.9x104	5.9X103
13	 1915hrs.	 32	36	4.4	113	138	1.1x104	6.9x103
14	 1945 hrs.	 18	13	6.0	72	334	0.7x104 16.7X103
15	 2015 hrs.	 10	19	4.0	190	400	1.9X104 20.0X103
16	 2045 hrs.	 8	9	5.0	113	625	1.1X104 31.2X103
17	 2115 hrs.	 6	10	4.5	167	750	1.7X104 37.5X103
18	 2145 hrs.	 12	5	12.5	42	1040	0.4x104 52.0X103
19	 2215 hrs.	 11	25	2.2	227	200	2.3x104 10.0x103
20	 2250 hrs.	 11	12	3.0	109	273	1.1x104 13.6x103
21	 2310 hrs.	 21	12	4.2	57	200	0.6X 104 bOx 10
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sional deposition from supercooled fogs (Linkletter and
Warburton, 1976), and (2) fresh snowfall in light wind
conditions.

These enhanced factors are greater than those seen
in samples of snow and firn collected from shallow pits
(not more than two meters deep) at the same locations
(compare with tables 1 and 2 of Warburton, Molenar,
and Anderson, 1979). The general accumulation in-
cludes dry fallout, as well as rime and hoar deposition
from fogs and precipitation from large snow storms.

For fog deposition and precipitation, the manganese
enrichment factors are 15 to 100 times greater than fIrn
values and the silver enrichment factors are 5 to 50 times
greater than firn values at the same locations. The iron
values for these samples have not yet been determined.
The fog deposition and precipitation samples were col-
lected at about 30-minute intervals in low shear stress
conditions and therefore probably occurred under con-
ditions when the sea surface close to the ice front was
calm.

Not only are the enrichment factors enhanced but
quite marked variations occur as a function of time
throughout the precipitation period. As shown in fig-
ures 2, 3, and 4, the sodium and manganese concentra-
tions follow the same general trend as a function of time,
whereas the silver concentrations behave quite differ-

ently, suggesting that the latter may have different
origins.

Thus, our investigations are showing that more en-
hanced enrichment occurs in fresh precipitation, by
quite large factors, than in samples of general accumu-
lation for the same locations. Because the occurrences
of these precipitation types vary temporally and geo-
graphically, it has become apparent that the shear stress
conditions in the near-surface boundary layer need to
be considered in studies of snow and ice chemistry, par-
ticularly in polar regions where the chemical composi-
tion of permanent snow and ice fields are being inves-
tigated for evidence of climatic change and of
glaciological behavior and origins of chemical constitu-
ents.

This research has been supported by the Division of
Polar Programs of the National Science Foundation un-
der grant DPP 77-22817.
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Heavy metal enrichment in
antarctic snow and tim
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University of Nevada System

Reno, Nevada 89506

During the austral summers of 1971-72, 1974-75 and
1976-77, snow and urn samples were collected at
Amundsen-Scott (South Pole) Station, Byrd Station, and
several locations on the Ross Ice Shelf (see figure 1).
Flameless atomic absorption s pectro photometry tech-
niques were employed to determine the concentrations
of sodium (Na), manganese (Mn), iron (Fe), and silver
(Ag), in the snow and firn.

The Ross Ice Shelf in particular has proved to be an
excellent region for the study of atmospheric chemical
processes. Cyclonic storm systems originating in the
Southern Ocean often move in across the shelf, pene-
trating to the mountains and beyond. These storms and
other large-scale air mass motions carry aerosols, partic-
ulates, and hydrometeors inland, enabling them to be
precipitated onto the shelf. The ice shelf also is a region
much affected by katabatic winds flowing from the Ant-

arctic plateau. These winds could be responsible for
bringing aerosol material onto the shelf from nonmarine
sources, particularly from the Transantarctic Mountains
and from high-pressure subsidence air masses contain-
ing both stratospheric and tropospheric components.

Samples of the snowpack on the ice shelf were taken
from 2-meter pits dug at the sites shown on the accom-
panying map. The samples of snow and firn from Byrd
Station and South Pole Station were collected by auger-
ing horizontally into the walls of existing and new snow
pits, using a SIPRE auger with either a specially cleaned
stainless steel core barrel or, in cases where the snow was
not compacted, a polyethylene plastic scoop. In all cases,
sampling equipment and the individuals doing the sam-
pling were covered with polyethylene sheeting. Cores
were allowed to slide from the auger into polyethylene
containers, which were then sealed immediately. All
chemical analyses were conducted in the clean room fa-
cilities of the Desert Research Institute (Reno, Nevada).

Table 1 shows the results obtained for silver, man -
ganese, and iron for four sites on the Ross Ice Shelf
varying in distance from 70 to 600 kilometers from the
ice front. Elemental concentrations in snow samples
taken from near-surface snow pits are compared with
the sodium concentrations for the same samples. The
enrichment factors E(Ag), E(Mn) and E(Fe) have been
determined using the standard equation.

The enrichment factors are numerically large and in-
crease with distance from the ice front. The ratio of Mn!
Fe is fairly constant at all sites and approximates the
crustal ratio of 0.02 (see table 2). On the other hand, the
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Table 1. Silver, manganese and Iron enrichments - Ross Ice Shelf

OBSERVED CONCENTRATIONS	OBSERVED RATIOS	CALCULATED ENRICHMENTS

Na ppb	Ag ppb	Mn ppb	Fe ppb
	

Ag/Na	Mn/Na	Fe/Na	E(Ag)	E(Mn)
	

E(Fe)

107	2x101	2	10
	

2x10 8	2x107
	10_6	-	-

2.6x107	80	106	5.3x107
	

3x10-6	4x 10-2
	

2	-	-
162	8x104 2.8x10 3 1.1x10'

	
5x 10-6 1.7x105 6.2x10 4	250	85

	
620

117	1.5x103 3.2x10 3 1.2x10
	

1.3x10 5 2.8x105 10.3x10 4	650	140
	

1030
78	1.5x103 4.1x10 3 1.7x10

	
1.9x10-5 5.3x105 21.8x10 4	950	265

	
2180

32	8x 10-3 6.1 x 10-3 2.3x 10_1 25x10 5 19x105 71.9x10 4 1.2x104	950
	

7190

Location and
Distance from
Open Sea

Sea Water
Mean Crustal
C-7 (70 Km)
RIC (220 Km)
BC (450 Km)
F-9 (600 Km)

Table 2. Ratios of silver/manganese/Iron - Ross Ice Shelf

(Mn/Fe)sea water = 0.2	 (Mn/Fe)crustal = 0.02	 (Mn/Fe)mean Ice Shelf = 0.026
(Ag/Fe)sea water = 1.5x 102	 (Ag/Fe)crustal = 1.5x10-6 	(Ag/Fe)mean Ice Shelf = 1.6x 102
(Ag/Mn)sea water = 1.5x10	 (Ag/Mn)crustal = 8x10 5	(Ag/Mn)mean Ice Shelf = 3.2x10-1

Ag/Fe and Ag/Mn ratios are not like the crustal values,
but do resemble those observed in seawater. Neverthe-
less, such large enrichment (E) factors are difficult to
explain physically on the assumption of an oceanic ori-
gin. Although crustal origin may explain the increase in
E factors approaching the Transantarctic Mountains,
the possibility that smaller, more highly enriched aerosol
particles are being transported farther inland from the
ocean (Barker and Zeldin, 1972) should not be ignored;
nor should the suggestion of a volcanic origin (Boutron
and Lorius, 1979).

Table 3 shows the results obtained for sodium and
silver at Byrd Station and South Pole Station. These in-
land sites are at elevations of 1,500 and 3,000 meters
above sea level, respectively. The values presented for
the silver contents are those described by Warburton et
al. (1975) and represent the mean values from pit sam-
ples of snow and firn taken at various depths. The time
span covered by the Byrd Station samples is from 1894
to 1969 and that for the South Pole Station samples is
1947 to 1969.

Using the mean silver concentrations, it is found that
the corresponding E(Ag) factors are approximately 1.5
X 10 at both inland sites.

The interpretation of these results depends on an un-
derstanding of shear stress in the boundary layer over
the antarctic regions and anticipated effects of this stress
on the chemical composition of the particulate matter
contained within the layer.

If the meteorological conditions are relatively stable,
the lower layers of the atmosphere tend to be more strat-
ified, the winds are generally light, and the sea surface
is less disturbed. These conditions are conducive to a
lower input of aerosol material from the sea surface, to
a consolidation of atmospheric aerosol material of crus-
tal or anthropogenic origins attributable to high-pres-
sure subsidence and a lower incidence of rain or snow-
fall, and to an increasing establishment of the enriched
ocean surface microlayer. It is evident that these factors
generally favor higher enrichment of heavy elements in
the particulates in, or falling from, the near-surface
boundary layer in Antarctica.

On the other hand, if there is high shearing stress, the
sea surface state is more disturbed, with whitecaps and
large breaking waves contributing more oceanic aerosols
to the lower layers. The horizontal pressure gradient is
higher, the winds are stronger, and the vertical mixing
in the boundary layer is more pronounced. If the global
background aerosol component in the air remains fairly
steady and the surface microlayer is less evident, then
the oceanic aerosol chemistry will be more indicative of
bulk seawater and its component will dominate. These
factors will favor a shift in particulate chemistry away
from the enriched state, and the precipitation should
reflect this condition.

Thus the chemical composition of precipitation in re-
mote coastal regions of Antarctica will depend, to a con-
siderable extent, on the sea state and the surface shear-

Table 3. Silver Enrichment

Location & Distance
from Ice Front	 Observed

	
Observed

(Open Sea)	 Na ppb
	

Ag ppb

Sea Water	 107	 2x10-1
In Snow and Firn at Byrd Station (mean values for 42 samples)
Byrd Station
Pits, 600 Km	 30	 9x 10
In Snow and Firn at South Pole Station (mean values for 12 samples)
South Pole Station
Pits 1340 Km	 12	 4x104

Observed Ratio	Enrichment Factor
Ag/Na	 E(Ag)

2x 10_8

	

3x105
	

1.5x 10

	

3.3x105
	

1.6x 10
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ing stress. Crustal components certainly appear to be
present in the antarctic precipitation chemistry. The MnJ
Fe ratio in snow and firn on the Ross Ice Shelf is close
to the crustal value. (The silver data is not so readily
explained. Boutron and Lorius [1979] also have found
their silver data somewhat anomalous and have sug-
gested a different origin.)

We conclude that the increase in heavy metal enrich-
ment with distance from the ocean on the Ross Ice Shelf
and at Byrd Station and South Pole Station can be ac-
counted for by overall meteorological conditions in the
near-surface boundary layer, particularly near sea level.

This work has been supported by the Division of Polar

Programs of the National Science Foundation under
grant DPP 77-22817.
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Concentration and isotopic
composition of CO2 occluded in

polar ice

W. G. DEUSER

Woods Hole Oceanographic Institution
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Climatic changes during the Late Pleistocene caused
the transfer of large amounts of carbon among changing
vegetation belts on land and between land and the sea.
These transfers occurred via the atmosphere in the form
of carbon dioxide and therefore may have caused fluc-
tuations in the carbon dioxide level of that intermediate
carbon reservoir. Furthermore, since there are large dif-
ferences between the carbon isotope ratios of the bios-
phere, the atmosphere, and the ocean, the transfer of
carbon among these reservoirs must have affected the
carbon isotope ratio of the atmosphere, which is the
smallest of the three reservoirs. A land-to-sea transfer
would have the opposite effect on the atmosphere as a
sea-to-land transfer. The extent of natural changes in
the past may have rivaled the present-day changes in
atmospheric CO2 induced by man. Therefore, the study
of past changes in atmospheric CO 2 and associated ef-
fects should aid in anticipating the effects of the present
CO2 increase.

We are presently making a pilot study aimed at de-
termining variations in the concentration and isotopic
composition of CO2 in air occluded in polar ice. The
assumption is that the occluded air can still be related
to the composition of the atmosphere at the time of oc-
clusion. In the case of CO2 the relationship is not a sim-
ple one and requires careful study. Since polar ice can
provide a continuous record as far back as 105 years
(Dansgaard et al., 1969; Epstein et al., 1970) and large
climatic variations took place during that time, signifi-
cant variations in the level and isotopic composition of
ancient atmospheric carbon might be found.

Thus far we have been concerned with developing
precise procedures for extracting the minute amounts
Of CO2 from ice samples and with minimizing our sam-
ple needs so as to obtain the greatest possible time res-
olution in sampling ice cores. This becomes especially
important with older ice samples because of the increas-
ing thinning of annual layers. Our minimum sample
need for isotopic analysis is now 0.2 micromole of CO2.
We are making preliminary analyses on test samples
from a 1971 thermally drilled core from Byrd Station,
Antarctica.

This work is supported by National Science Founda-
tion grant DPP 78-09014.
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Subsurface measurements of
McMurdo Ice Shelf

ANTHONY J . Gow and AUSTIN KOVACS

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

The 1978-79 season's program included further ra-
dar profiling of the brine layer structure within the
McMurdo Ice Shelf and the glacial ice/sea ice transition
in the Koettlitz Glacier ice tongue. The profiler was sim-
ilar to the instrument used in January 1974 (Kovacs and
Gow, 1975) and in January 1977 (Kovacs and Gow,
1977).

We were especially interested in reexamining the
prominent 4-meter step in the brine layer that we iden-
tified in the 1977 survey and in measuring changes in
the position of the inland boundary of brine percolation.

We discovered that the brine step had migrated about
800 meters since January 1977, equivalent to an average
advance of 1.1 meters per day. This showed that the
brine step is a dynamic feature, most probably the lead-
ing edge of a brine wave that originated at the ice front
during the most recent major breakout of the ice shelf
in McMurdo Sound. A resurvey of the markers deline-
ating the inland boundary of brine percolation indicated
little if any significant change in the position of the
boundary since it had been surveyed in 1977.

A major focus of the 1978-79 season's work was the
drilling of core holes at selected locations on the Mc-
Murdo Ice Shelf. Such drilling would enable us to obtain
core samples for examining the mechanisms of brine
infiltration and for determining the extent to which sea-
water is freeze-fractionated during infiltration through
permeable firn. Drilling was also required so that we
could determine why brine infiltration terminates where
it does, evaluate the effect of brine percolation on firn
structure, and measure ice shelf temperatures.

The first drill hole was located 9.5 kilometers from
the ice front at a point approximately 100 meters from
the inland boundary of the brine layer. This hole pen-
etrated the top of the brine layer at 50.35 meters and
cores were obtained down to a depth of 52.5 meters.
The bottom of the brine layer was not penetrated.

A second hole, located about 1.6 kilometers in front
of the first hole (7.9 kilometers from the ice front) pen-
etrated brine-soaked firn at 33.7 meters. Cores were ob-
tained down to a depth of 37.7 meters, but the bottom
of the brine layer was not penetrated.

The third hole was drilled close to the leading edge
of the brine step, located about 3.7 kilometers from the
ice front. Brine was encountered at 19.5 meters depth
and drilling was continued to 21 meters, but without
penetrating the bottom of the brine layer.

Two additional cores were obtained by hand drilling
near the ice front. Brine-soaked firn was encountered
at a depth of 8.2 meters in the first hole, located about
1,100 meters from the ice front. The second hole, situ-
ated within a few meters of the ice front, penetrated

brine-soaked firn at 1.5 meters. A core from the bottom
of this hole contained freshly accreted crystals of sea ice.

Studies performed on these cores at McMurdo Sound
included preliminary measurements of density profiles,
salinity measurements on brine-soaked samples, and
thin-section studies of snow/ice structure on samples
from directly above and within the brine-soaked layer.

Much interesting information was obtained, including
the discovery that the top of the brine layer at the hole
located within 100 meters of the inland boundary of
brine penetration was situated 4-5 meters below the firnl
ice transition (about 45 meters). It would appear, there-
fore, that the location of the inland boundary of brine
infiltration is controlled by the depth at which brine en-
counters the firn/ice transition, which by definition cor-
responds to the depth of zero permeability. Ice contain-
ing liquid brine in sealed pores and in localized permeable
layers is now being carried downward and densified by
continued accumulation of snow on the ice shelf surface.
However, at all other drill sites, the top of the brine layer
was located entirely in permeable firn.

The structure of the brine layer near its inland bound-
ary is characterized by a series of descending steps.
These steps are believed to represent terminal positions
of several separate "waves" of brine infiltration similar
in origin to the one that our radar profiler has detected
advancing through the ice shelf at an average rate of 1.1
meter per day. Taking the observations together, it
would appear that brine infiltration within the Mc
Murdo Ice Shelf is dominated by episodic, wave-like in-
trusions of seawater triggered by periodic breakouts of
the ice front in McMurdo Sound.

Thin-section studies of cores revealed no significant
difference in structure between brine-free ice and ice
containing brine-filled pores. Unfortunately, a fuller in-
vestigation of the brine pore/crystal structure relation-
ships was abruptly terminated when all our thin sections
and a large number of selected samples set aside for
additional structure studies were lost during an acciden-
tal defrosting of the cold storage room at McMurdo
Sound. Some of this loss was offset by drilling an addi-
tional core hole 60 meters deep near the inland bound-
ary of the brine layer. These new cores and all remaining
cores were returned to our laboratory for additional
studies.

Analysis of brine composition, currently in progress,
indicates that freeze-fractionation of seawater as it infil-
trates the fIrn preferentially precipitates sodium sul-
phate. The concomitant removal of water by freezing
within the pore space between the firn grains leads ul-
timately to the formation of brine that is six to seven
times more concentrated than the original seawater.

Our studies of the Koettlitz Glacier ice tongue were
concerned principally with radar profiling of the glacial
ice/sea ice transition for several kilometers up-glacier
from a point where the contact between the two ice types
is clearly exposed at the surface. The radar survey
showed that this contact surface, formed by the accretion
of sea ice to the underside of the glacial ice tongue,
possesses highly irregular form. It also appears that the
enhanced valley-and-ridge topography so characteristic
of the region where the contact is broadly exposed is
itself controlled in part by preferential ablation of the
sea ice component along the exposed contact.
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Radar profiling of the ice tongue was supplemented
by core drilling in the immediate vicinity of the glacial
ice/sea ice contact. Onsite investigations of these cores,
together with preliminary studies of crystal structure at
McMurdo Station, indicate that the bulk of the ice ac-
creting to the bottom of the ice tongue is derived from
the freezing of normal seawater. However, structural
features of some cores suggest that brackish water
formed from the mixing of glacial melt and seawater
also may be contributing to bottom ice accretion. Studies
of the crystalline structure, chemistry, and stable isotope
contents of selected ice tongue cores are continuing at
our laboratory.

This research has been supported by National Science
Foundation grant DPP 77-19565. We are indebted to the

Polar Ice Core Office (University of Nebraska) drilling
team for drilling our core holes in the McMurdo Ice
Shelf. Our thanks also go to Thomas L. Fenwick, who
assisted us with field measurements, and James Cragin
of the U. S. Army Cold Regions Research and Engi-
neering Laboratory for performing chemical analyses on
core samples.
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Nitrogenous chemical
composition of antarctic ice and

snow
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The objectives of our research include an understand-
ing of (1) the nitrogenous chemical content of snow and
ice of different age and from different geographic lo-
cations, (2) their concentration ranges, periodic, and
nonperiodic fluctuations, and (3) the sources and mech-
anisms which bring about these striking differences.
Much data have been discussed since our initial discov-
ery of fluctuations in the concentration of NO 3- (nitrate)
and NH4 + (ammonium) ions in a South Pole firn core
(Parker et al., 1977, 1978a, 1978b, 1978c; Zeller and
Parker 1979).

Our progress to date is summarized in table 1, which
also shows ice and snow recently transferred to the new
snow and ice storage facility at Virginia Polytechnic and
State University. Our research is still predominantly in
the analysis and data-collecting phase and must remain
so for at least another year. When sufficient data have
been obtained, more sophisticated computer programs
will be developed at the University of Kansas for a more
thorough interpretation and testing of potential sources
and/or mechanisms for generating the nitrogenous con-
tent of ice and snow.

Table 2 lists possible origins for the observed NO3-
and NH4 + ion concentrations we find in Antarctic snow,
firn, and ice. Some of these are speculative, but we have
begun to design our research program to test these ideas
so that eventually one or more possible origins can be
ruled out.

In conclusion, short-term and long-term fluctuations
in NO3- and NH4 are apparent not only in South Pole
snow and firn, but in snow and pits from several loca-
tions in Antarctica and in dome C firn core material.
Mean values and ranges differ from one location to the
next. Furthermore, winter and summer snows show
variations in NO3-, suggesting a seasonal fallout or con-
centration of NO3-. When more thoroughly investigated
and interpreted, we hope these new data will generate
a better assessment of certain mechanisms or sources.

In January 1978, 11 pieces of an ice core from a deep
drilling at Vostok Station were supplied to us by A. T.
Wilson and D. M. Andersen. They obtained them from
Soviet scientists on visits to Vostok Station during the
1977-78 field season. Preliminary analyses for NO3
and NH4 were performed at McMurdo Station by K.
L. Harrower in January, 1978. The exceptionally high
values of 528 j.i.g/liter of NO 3 -N was mentioned in our
1978 progress report (Parker et al., 1978). Subse-
quently, Wilson et al. (1978) reported all of the analyt-
ical data for NO3 -N and NH4 -N from 10 of the 11
core sections. They call special attention to the high
value of 528 pg/liter of NO3- - N at a depth of 170 me-
ters which they dated at 4,600 years before the present
(BP) by their newly developed "chemical method of ac-
curately dating polar ice cores."

We have reexamined the remaining portions of the
10 core sections and the one additional section from a
depth of 543.3 m. In all cases, the core sections were
sawed into 3 cm thick segments which were in turn
trimmed by a hot wire saw to remove the outer approx-
imately 1.5 cm of ice. A total of 37 individual segments
were analyzed from the original 10 core sections. The
eleventh section was cut with a hot wire saw to provide
two concentric annuli and a central cylinder in order to
determine the extent to which any surface contamina -
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Table 1. Condensed progress summary showing Ice, snow, etc. received, analyzed, concentration means and ranges

Analysis	 Concentration Ag N/liter

Approx. Date Approx.	 Completion NO3 -N	NO3-N	NH4-N	NH4-N

	

Item	 Received	Amount Sample No.	Data	Mean	Range	Mean	Range

South pole ¼ Core	Spr 77	100 m	800	Dec. 77	20	0-69	13	0-260
Greenland "Camp	Mar 78	7 ft3	32	Feb. 79	41	20-115	71	34-167

Century"
Dome C Pit	 Jan 79	2 x 25

(VPI May 79) 4 cm thick	25	Jan. 79	6	2.5-23	14	9-31
J-9 Drill Camp Pit	Dec 78	2 x 30

(VPI May 79) 5 c thick	30	Jan. 79	7	3-13	11	7-28
Windless Bight	Nov 78	26-2" sample	26	Nov. 78	9	3-20	8	0-14
Dailey Islands	 Dec 78	5-1" thick	5	Jan. 79	53	19-83	59	41-82
Darwin Glacier	Dec 78	47-1" thick	47	Dec. 78	34	7-96	8	1-18
Darwin Glacier	Jan 79	7-2" chip of	7	Jan. 79	33	11-46	59	15-156

core
Dome C Melted Core	Jan 79	43-1 m	43	Jan. 79	5	2-16	26	3-151
Vostoc	 10	 121	10-528	20	8-35
South Pole Pit	Dec 78	52-1" thick	52	Dec. 78	24	9-62	6	3-21
Vxe-6 Ice Falls	Dec 78	 1	Dec. 78	-	28	-	9
Mt. Fleming (Blue Ice)	Dec 78	 1	Dec. 78	-	6	-	12
Mt. Erebus (Cave, Ice	Dec 78	 2	Dec. 78	95	22-168	37	35-39
Tongue)
Meserve Glacier	Dec 78	 2	Dec. 78	16	13-19	14	9-18
Wilson Piedmont	Dec 78	 7	Dec. 78	30	4-112	16	9-39
McMurdo Snow	Jan 79	 1	1	Jan. 79	 33	 519
McMurdo Sound Icebergs Jan 79	 3	3	Jan. 79	142	94-212	27	21-36
McMurdo Seawater	Jan 79	161/2 gal	16	Jan. 79	116	77-252	28	19-53
South Pole Pit	Dec 77
6 Large Blocks of	Dec 77	6 cu ft	 6
South Pole Snow	VPI?
Greenland Iceberg	Summer 78	one
New Zealand

	

Franz Joseph	Feb 79	 2

	

Fox Glaciers	Feb 79	 2
United States Snow	Winter 78	3
New England Snow	Mar 78	6-1 liter
South Pole Core	VPI	108 m + 8 m

May 79
South Pole Pit	VPI	2 x 225

May 79	2.5 cm thick

Table 2. Possible origins of fixed nitrogen and present estimate of probability of its being a (the) source

1. In Situ Nitrate and Ammonium Production in Snow
2. Contamination of the Core
3. Dentnflcation of Soils and Atmospheric Transport to South Pole

4. Global Anthrophogenic and Pollutional Sources with Atmospheric Transport

5. Marine Aerosols and Atmospheric Transport to South Pole

6. Nitrogen Fixation by Lightning (NO3 only)

7. Volcanic Origin and Atmospheric Transport (NH 4 only)
8. Photochemical Nitrogen Fixation (NO3 only)

9. Galactic Cosmic Ray Nitrogen Fixation (NO 3 only)

10. Solar Activity Induced Fixation by Aurorae (NO 3 only)
11. Nitrogen Fixation by Meteoroids (NO3 only)
12. Supernova Gamma or X-Ray Nitrogen Fixation (NO3 only)

Ruled Out
Ruled Out
Unlikely

(Difficult to Test Directly)
Unlikely

(Difficult to Test Directly)
Probable

(Currently Under Test)
Ruled Out

(Considered Trivial)
Unlikely
Unlikely

(Considered Trivial)
Considered Major

Source (by others);
Unlikely (by us)

Probable
Possible
Possible

for Major NO3 Peaks
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tion might have penetrated into the interior of the ice
core. The outer annulus had a thickness of approxi-
mately 1 cm and the second annulus had a thickness of
about 1.5 cm. The innermost cylinder had a diameter
of roughly 5 cm. The individual annuli and the central
portion of the core were separately melted and analyzed
for NO3- using the cadmium reduction method (Strick -
land and Parsons, 1968). The outermost annulus showed
a concentration of 17 gN/liter, the second annulus 9

gN/liter, and the interior cylinder 8 gN/liter.
Our results are summarized and compared with the

data from analyses performed by Harrower and pub-
lished by Wilson et al. (1978) in table 3. Note that our
trimmed core values range from 7 to 32 pg/liter NO3-N
and that the exterior trimmings always exceed the in-
terior values. None of the extremely high values ob-
tained in the preliminary core analysis could be dupli-
cated. It is probable that the high values obtained from
the outer core trimmings have been caused by contam -
ination from drilling fluids. Our concentric study indi-
cates that there was little penetration of the contami-
nants into the interior of the core, at least in the case of
the section from 543.3 m.

The data suggest that the exterior 1 cm of the Vos-
tok ice core has been contaminated with NO3- despite

Table 3. Nitrate (NO3-N) and ammonium (NHs-N) values
for Vostok core segments (see text for detaIls)

NO3-	NH4	NO3g/liter
Depth in Meters	Wilson et al.	Ranges in This Study

(1978)	Interior	Exterior

47	11	36	15-23.5	25-29.5
119.5	11	6	9-11	13-13.5
170.6	528	26	730*	50-80
304.3	24	31	6-6.5	-
408.5	192	17	24-30	32-44
525	133	16	14-21	23-23.5
665	53	16	10-14	83-88
796	48	16	14-17.5	28.5-33.5
884	14	8.5	11-14	28.5-29
949	184	 13.532*

* Indicates segments were cut from end pieces of core sections
that showed evidence of core rotation and/or fracturing.

the lack of apparent contamination from the low NH4-N
values reported by Wilson et al. (1978). Segments cut
from core ends which showed evidence of core rotation
also showed elevated NO3- values. Our data suggest that
the very high values reported by Wilson et al. most prob-
ably resulted from surface contamination of the core
and that any trimming which they may have done was
inadequate to remove it. Their suggestion that the very
high NO3- values are indicative of a period of high solar
activity approximately 4,600 years BP thus cannot be
confirmed at this time.

We are grateful for support of this research by Na-
tional Science Foundation grant DPP 78-21417. We also
thank Karen Harrower, William Thompson, Calvin
Glattfelder, and several part-time students at Virginia
Polytechnic Institute and State University and the Uni-
versity of Kansas for assistance. Our chemical analyses
on the Vostok core were performed by Janet Woerner.
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Saline discharge at the terminus
of Taylor Glacier

J . R. KEYS

Antarctic Research Centre
Department of Chemistry

Victoria University
Wellington, New Zealand

At intervals of one to a few years, during the "non-
summer" months, some thousands of cubic meters of
saline water flow out from either a crevasse at the
northern corner of the terminus of Taylor Glacier or a
source beside the glacier near this crevasse. This fluid
freezes to form a saline icing (frozen outwash fan, cone,
or ice platform), which extends over an ice-marginal
stream delta and onto the moat ice of western Lake Bon-
ney. When the discharge issues from the crevasse (the
glacier discharge site), an ice-marginal debris-covered
mound is also partially covered. The icing is colored
various shades of orange due to small amounts of hy-
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drated iron oxides and silt. When the icing is fresh this
coloration is not apparent, but develops as surface abla-
tion and oxidation proceed. During the summers and
years between such discharge events, the icing ablates
completely. However, salty orange subglacial layers and
crevasse infillings persist around the glacier discharge
site.

The subglacial layers of orange ice are exposed as lat-
erally persistent bands several meters long in the ice-
marginal debris-covered mound. These layers form part
of a thick sequence of stagnant ice and basal debris that
dips upglacier beneath the discharge site, and probably
developed by regelation in a basal position. From this it
is inferred there has been a long record of activity in-
volving saline material under Taylor Glacier.

The crevasse infillings occasionally contain iron-stained
euhedral gypsum crystals 2-4 mm long that crystallized
in place (Stephens and Siegel, 1969). Median septa of
bubbles are evident in some infillings. These indicate
freezing of saline water in crevasses during or after past
discharge events. Leaching and freezing-out have re-
moved some soluble salts, such as halite, thenardite, and
gypsum from the infillings.

Early photographs of the glacier terminous (Taylor,
1922) show that there has been activity similar to that of
the present day since at least 1911. There have been at
least eight and probably ten separate, major discharge
events since 1956 (table 1). (Major events are defined as
those which produce a frozen saline icing whose volume
is greater than about 10 m 3). The chemistry of each of
these events is very similar to each other as determined
from published (Hamilton et al., 1962; Black et al., 1965)
and present analyses of samples of saline ice, fluid, and
salts from the 1958, 1962, 1972, 1975, 1976, and 1978
events (see also table 2). On the basis of the record in
table 1, a discharge of some (6 ± 1) x 10 m 3 of saline

water is predicted in the austral winter or spring of 1979.
Minor events involving a few tens of cubic meters may

occur during some intervening years and ablate before
being observed. One such event of about 100 m 3 may
have occurred in 1977 from the glacier discharge site.

In November 1976 a saline spring (0 to 1 liters per
second) was operating lateral to the glacier discharge site
in a small area adjacent to the stream delta. The dis-
charge events of 1975 and 1976 also came from this
area, defined as the lateral discharge site. Table 2 com-
pares three analyses of the spring waters with a partial
analysis of the 1978 discharge fluid and seawater. The
eutectic temperature for the original salt system involved
is colder than —21'C. Bicarbonate concentrations and
pH were affected by loss of carbon dioxide during (1)
degassing of the upwelling spring water as it reached
the surface, and (2) loss from the sample bottles after
warming during transhipment. The loss of CO2 resulted
in the precipitation of calcium carbonate, as calcite and
aragonite.

Ionic ratios and enrichments indicate that the salt in
the discharge waters is similar to seawater that has been
concentrated 2.4 to 3.1 times. Depletion of potassium
and sulphate has occurred; the former possibly by ion
exchange and the latter by gypsum precipitation. Also,
the marked enrichment of calcium and carbonate may
have occurred by aqueous basal or subglacial chemical
weathering. An iron-stained, marble-rich metasediment
belt is exposed on either side of the glacier 3 km up
from the terminus.

Isotope 5D and 180 values (G. L. Lyon, N. Z. Institute
of Nuclear Sciences) were corrected for Mg, Ca2+, and
K by the method of Sofer and Gat (1972). These values
are indicative of ice formed from high altitude polar
precipitation (Epstein et al., 1963; Picciotto, 1967; Lor-
ius et al., 1969). Thus the waters of the discharge events

Table 1. Known record of discharge events'

Age Relative	Volume of
to Recurring	Saline

Years Since	 Cracks in	Icing4
Year	 Type 	Previous Event

	
Source of Information	Moat ice 	 (m3)

1911
	

Taylor, 1922	 nk

1957
	

L?5
	 9	Black, 19695; USN aerial photo	nk

	 9
1958
	

L
	

1?
	

Hamilton et a!, 1958	 nk	 ca. 5000?
1961
	

G and/or L
	

3
	

Black et a!, 1965	 nk
	 9

1962
	

G
	

Black et a!, 1965	 nk
	

3000-6000
1967
	

G and/or L
	

5?
	

R. L. Armstrong, photograph	 nk	 ca. 3000?
1968
	

G
	

Black, 1969	 nk	 ca. 5000?
1971
	

G (and L?)
	

3
	

Y. Yusa, photographs	 nk
	

3000±1000
1972
	

G	 younger	5000±1000
1975
	

L
	

P. H. Robinson, photographs	younger?
	

3000±1000
1976
	

L (and G)	 older	6000± 1000
1978
	

G
	

(1)	 young	3500± 500
1 Any further information for the years preceding 1967 would be gratefully received. However, the record is believed to be complete

since 1958.
2 Discharge from crevasse on glacier, G; from lateral source, L: see text.

See text. Not known- = nk.	 -
Average volume from 1969 to 1976 is 2000 ± 500 m3.y.
"Brownish to yellowish discoloration seen from the air on the north side of the glacier near the terminus."
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Table 2. Analysis of saline spring and glacier discharge waters; concentration expressed as ppm; cations determined by
atomic absorption; chloride by Mohr titration; sulphate gravlmetrlcaliy; bicarbonate from carbonate precipitate and sample

7-01 B3

-5.5
nd
nd
nd
nd
45100

4440
nd

99

-5.5

0.098

Temperature, °C, ±0.3
Na
K
Mg
Ca
Cl
so4
[HCO3 (minimum)]
Electric conductivity at 25°C

[m.mhs.cm-1]
Freezing point depression

(±0.2°C): ( ) denotes
precipitation had occurred

Total dissolved salts (%)
(calculated)

Density (caicuiated)[Mg.m-3]
(25°C)

6Dcorrected ±2%
6 80corrected ±0.2%
Ca/Na
Mg/Na
K/Na
Mg/Ca
So4/Ci
HCO3/Cl

5-53A1

-7.5
32100

730
4200
2400

59200
nd

1500

127

(-7.9)

8.8

1.10
-311
-39.2
0.074
0.13
0.023
1.8

>0.026

Samples
5-5313 1	5722

-5.3	-	-5.1
28000	 27500

605	 595
3500	 3800
2100	 2200

51500	 49800
nd	 4980

1300	 1500

115	 112

(-5.6)	 nd

8.0	 8.2

1.09
	

1.09
-308
-38.7
0.075
	

0.078
0.12
	

0.14
0.022
	

0.022
1.7
	

1.8
0.100

>0.026	>0.030

Seawater4

10561
380

1272
400

18980
2648

140

53

-1.9

3.5

1.02
0
0
0.038
0.12
0.036
3.18
0.140
0.0075

Isotope analyses by G. L. Lyon and corrected for Mg 2 , Ca 2+ and K content.
1 Nitrate in stream from spring, determined by specific ion electrode.
2 Molar balance with 4%: Ications 1.42; lanions 1.47.

pH 6.2 ± 0.2 measured 24 hours after sampling.
Sverdrup et al., 1942.

are considered to be melted Taylor Glacier ice. This is
confirmed by the lack of 180 enrichment, a condition
expected in connate or other ground waters.

A basal ice source for the discharge waters may result
in direct discharge of saline waters into Lake Bonney by
subterranean flow. Such flow can only occur where there
is permeable material or gaps in the confining perma-
frost. Electrical resistivity measurements (McGinnis and
Jensen, 1974) suggest such a gap adjacent to the glacier
discharge site and also the presence of a wedge of
permeable aquafrost that thins upglacier from the ter-
minus of the glacier.

Preliminary calculations using geothermal gradients
(Decker and Bucher, 1977), the subglacial profile and
ice thickness (Stern, 1978), englacial and basal temper-
atures, and ice velocity suggest that the glacier is over-
riding a saline depression of about 5 x 10 m 2 , located
1 to 2 km up from the terminus. It is known that Taylor
Valley has been inundated with seawater at least as far
west as Lake Bonney. The salts in the lake have been
derived from seawater (Angino et al., 1964; Nakai et al.,
1978). Presumably this marine incursion(s) occurred
during a period when Taylor Glacier had retreated so
that the subglacial depression near the present terminus
was also filled with seawater. Evaporation to dryness
preceded readvance of the glacier, the base of which is
now melting on contact with the salt.

Water depths were measured in January 1979 beneath
a recurring crack system in the moat ice of Lake Bonney
in the bay adjacent to the discharge sites. A break in
slope of the lake bed was found to occur beneath these
cracks at a depth of 2-4 m.

Freezing rates from the moat ice at Lake Vanda (Cut-
field, 1974) indicate that the moat. ice at Lake Bonney
will thicken to 2 to 4 meters between June and October.
It is believed that the recurring cracks occur when ac-
cumulated tensile and compressive forces exceed the
strength of the ice after this has thickened and frozen
to the lake bed.

Observations over a number of years of the relation-
ship between the crack system and the development of
the saline icing (table 1) suggest that the discharge events
occur consistently around August, (i.e., June to October)
as well. This is in good agreement with the observations
of October 1978, when an event was still in progress,
but drawing to an end.

That the discharges always occur at one or both of the
same two sites indicates that a bedrock col or permanent
subglacial channel(s) exist between the saline water
source and the discharge sites. Autumn and winter
freezing of infiltrated freshwater in the surface sedi-
ments around the northwestern shore of Lake Bonney
could prevent a normal subterranean flow. This would
result in damming saline water before eventual bursting
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in the late winter or early spring. However, the actual
mechanisms of storage and release of saline water are
likely to be affected by glaciological and climatic varia-
tions which are poorly known.

Special thanks are due to R. L. Armstrong, R. F. Black,
G. L. Lyon, W. C. McIntosh, J . M. Nankervis, P. H.
Robinson, T. Toni, and Y. Yusa for their assistance in
the field or in the compilation of tables 1 and 2. Logistic
support was provided by the NZ Antarctic Research Pro-
gramme and the U.S. Antarctic Research Program. This
research was supported by the NZ University Grants
Committee and by National Science Foundation grant
DPP 77-21590.
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Gas studies: Ice from Allan Hills
meteorite site and Byrd Station

E. L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

We are in the process of analyzing ice samples taken
near Allan Hills (figure 1), one of two blue ice regions
in Antarctica where meteorites lie exposed on the sur-
face. This site was discovered in 1976 (Cassidy, 1977;
Nagata, 1977) The other site-located near the Queen
Fabiola (or Yamato) Mountains-was found in 1969 by
a Japanese glaciological party (Nagata, 1975).

During the past three field seasons, W. A. Cassidy and
his associates (Cassidy, 1978) have recovered more than
600 meteorites from the approximately 100-square-kil-
ometer Allan Hills blue ice area. The rare-gas isotopic
contents of ten Allan Hills meteorites have been meas-
ured (H. W. Weber and L. Schultz, 1978) and no paired
falls have been found. This indicates that a large fraction
of the meteorites are from different falls. The terrestrial
ages of about 20 specimens have been measured as being

Figure 1. Locations of meteorite finds at the Allan Hills site.
Rock outcrops are shaded and bare ice patches are outlined.
Monocline in ice surface runs from southwest of Allan Hills
toward Battlements Nunatak but flattens out before reaching
nunatak. (Surrounding features can be located on USGS Con-

voy Range map ST 57-60/li.)
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between 30,000 and 300,000 years (Fireman, Rancitelli,
and Kirsten, 1979; Evans and Rancitelli, 1979). How-
ever, there are three individual specimens that have ages
of 700,000, 800,000, and probably 1.5 million years.

These terrestrial ages are interesting time markers
and indicate that the meteorite collection process has
been going on for a long time. The ages of the ice un-
derneath the specimens and near Allan Hills are not
known. But some of this ice may also be 1 million years
old. The ice contains bubbles of gas under pressure and
also dissolved gas. The gas in the ice may constitute
unique samples of the atmosphere during an important
period of time-the million year epoch that contains the
evolution of man.

During the past field season, John 0. Annexstad, a
member of Cassidy's field party, axed ice samples, each
of approximately 25 kilograms in weight, from three
Allan Hills locations for our study (locations are identi-
fied in figure 2 as #1, #2, and #3).

Ice sample #1 was taken from directly underneath
meteorite 291 (Annexstad's meteorite number desig-
nation; it will eventually receive a permanent ALHA78-
-- number). It was in the region with the highest meteo-
rite concentration; the ice had the appearance of being
stagnant. Ice sample #2 was taken from the top of the
prominent monocline, which dominates the meteorite
collection site. This ice was very difficult to chop out;
Annexstad said it was the hardest ice he had encoun-
tered. At the place where ice sample #3 was removed,
the ice had the appearance of being fast-moving because
it was heavily crevassed with many pressure ridges.

The remainder of this article describes our apparatus,
experimental procedures, and analysis of a Byrd Station
test sample. Measurements on the Allen Hills ice are
currently in progress. C. C. Langway at the State Uni-
versity of New York-Buffalo is supplying us with well-
studied ice from Byrd Station for interlaboratory com-
parisons. Measurements of the N 2 , 02, Ar, G02 , and
carbon-14 abundances in an li-kilogram core of ice
from a depth of 362 meters at Byrd Station are under
way. According to studies by Oeschger et al. (1977), this
ice is 2,500 years old.

We are employing the following procedures with the
Byrd test ice. The ice is put into the 6-inch-diameter
glass pipe. A glass cap is bolted to the glass pipe and
joined to the rest of the extraction unit. The entire sys-
tem, including the glass pipe containing the ice, is evac-
uated to a pressure of 25 u. The glass pipe is then
purged of the air remnant with helium. The glass pipe
unit is filled to a pressure of 1.2 atmospheres and closed
off; the ice is then allowed to melt at room temperature.

The air that was trapped in the ice is now either with
the helium or dissolved in the melt water. The chro-
matographic column is cooled to -196° C and the glass
pipe is opened to the rest of the extraction system. A
helium flow of about 100 cubic centimeters per minute
is started through the melt water and the chromato-
graphic column. The helium exits into the room. After
a helium sweep of about 1 hr, the exit flow is closed;
then the helium is made to exit through a mechanical
pump. This helium evacuation is continued until there
is a pressure of less than 1 torr in the system. The chro-
matographic column and the charcoal trap are then
closed off and contain the gas from the ice. The air

159000'E
#3	 #2	#1

WEST	..s-2.	
EAST

KM

ALLAN %
HILLS '

I

MONOCL I NE

Figure 2. Locations of Ice samples #1, #2, and #3 taken
during 1978-79 field season, as viewed in sketch of plane
perpendicular to the ice, 3.5 kilometers north of latitude

76°45'S.

minus its carbon dioxide content is removed from the
chromatographic column by raising its temperature to
25° C. The amount of air is measured and stored for
later analyses. The carbon dioxide is removed from the
chromatographic column by raising its temperature to
250° C.

The accompanying table gives results for three suc-
cessive extractions that were done in order to test the
completeness of our extraction method.

This work has been supported by National Science
Foundation grant DPP 78-0573.

Table 1. Gas from 5.5 kg of 1187-ft depth Byrd core

Melt-water
temperature	Air	CO2

Extraction	(°C)	(cm3 SIP)	(cm3 SIP)

1st	 24	475.0	0.27
2nd	 24	24.6	0.03
3rd	 55	 2.5	0.01

Total	 -	502.1	0.31
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Glaciological studies in Allan
Hills, 1978-79

JOHN 0. ANNEXSTAD

Lyndon B. Johnson Space Center
National Aeronautics and Space Administration

Houston, Texas 77058

FuMIHIK0 NisHlo

National Institute of Polar Research
Tokyo, Japan

The Allan Hills (76°45'S/159°40'E) blue icefield, lo-
cated about 230 kilometers northwest of McMurdo sta-
tion, has been the site of extensive meteorite searches
during the past three austral summers. Joint Japanese
and United States field parties, led by W. A. Cassidy
(University of Pittsburgh) found 9 specimens in the re-
gion during the 1976-77 season, 303 during 1977-78,
and 262 during 1978-79.

The Japanese, at a blue ice field in the Queen Fabiola
(or Yamato) Mountains (71°30'S/35°40'E), have found
nearly 1,000 specimens in four summer season searches
since 1969. The mechanism of concentration of meteo-
rites in the Queen Fabiola Mountains has been related
by Nagata (1978) to the movement of the ice sheet, al-
though the mechanism is not well understood. It does
appear, however, that the Antarctic Ice Sheet tends to
collect, transport, and concentrate meteorites in the
stagnant blue ice areas.

The Allan Hills, as shown in the accompanying figure,
are abutted to the west by the East Antarctic Ice Sheet.
The bare icefield where the meteorite concentrations are
found appears at the edge of the firn about 2.5 kilo-
meters west of the base of the hills and measures about
10 kilometers across. The main portion of this field is
about 100 square kilometers with a northward projec-
tion of about 20 square kilometers and a small unat-
tached western section approximately 10 kilometers
square. The elevation of the firn from the west edge of
the Allan Hills remains fairly constant at 1,900 meters
until the edge of the blue icefield. The ice surface then
dips slightly west for about 1 kilometer, at which point
it rises abruptly to over 200 meters in 0.5 kilometer. A
gradual increase of another 40 meters of elevation is
noted over the next 8 kilometers westward.

The sharp increase in elevation of the bare icefield
has been described by Cassidy (1978) as a monocline
that may reflect the existence of a near surface ridge
across which the ice is flowing. An attempt by A. Kovacs
and T. Fenwick of the U. S. Army Cold Regions Re-
search and Engineering Laboratory (Hanover, New
Hampshire) to measure the depth of the ice at this spot
with an impulse radar profiler was only partially suc-
cessful during the 1978-79 season.

ANTARCTIC METECA9YTE DISCOVERY AREA

Allan Hills triangulation chain extending west across the
meteorite discovery area.

During December 1978, we established a triangula-
tion chain to measure the movement and the rate of
ablation of the blue ice in the Allan Hills area in suc-
ceeding seasons. The network consists of a 20-station,
13-kilometer-long line of bamboo poles (see figure). The
baseline, consisting of stations 1 and 2, was established
on an outcrop of the Mawson Formation, a prominent
volcanic unit in the Allan Hills area. Station 1 was placed
on the crest of a hill and station 2 was located in a small
rubble field about 200 meters below and 1,090 meters
to the north of station 1. Both stations consist of holes
drilled into outcrop, then filled with lead with a small
brass screw as the plumb bob marker. Yellow paint,
striped range poles, and red trail flags are suitably
placed for ease of recovery in subsequent seasons.

From these points, the survey line was extended west-
ward across the bare icefield where the meteorite finds
were concentrated to the upstream side of the mono-
dine. Stations 3 through 9 were established on firn, and
stations 10 through 20 were set up on blue ice. As illus-
trated in figure 1, the snow-covered area is subject to
change periodically, depending upon the severity of the
katabatic winds. At the time the survey line was estab-
lished, stations 17-20 were in a relatively snow-free area.

Most meteorites have been found in the vicinity of
stations 8, 9, 10, and 11, where the ice appears to be
stagnant. The ice is almost completely snow-free in the
vicinity of stations 10 and 11, with extensive wind cups
over the surface.

Stations 12 and 13 are located at the crest of the mon-
ocline where the ice appears to be fairly smooth and
dense. Wind cupping is more pronounced just below the
crest of the monocline than at the crest.

Stations 17-20 are all located in an area of extensive
crevassing, stress cracks, pressure ridges, and 1-2-meter-
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high ice hummocks. Although the ice appears to be mov-
ing rapidly in this region, the crevassing does not indi-
cate a preferential direction of movement.

Bulk ice samples were collected by chipping at loca-
tions near stations 10, 12, and 17. The samples will be
melted and the dissolved gases (N2 , 02, Ar, G02) and
carbon-14 abundances will be measured for dating by E.
L. Fireman (Smithsonian Astrophysical Observatory)
(Fireman, 1979).

The Allan Hills will be revisited by the authors during
the 1979-80 season for a resurvey of the line and to
extend the triangulation chain farther west. Ice samples
for gas analysis will be obtained from selected stations.

The discovery of large numbers of meteorites presents
a unique opportunity for glaciological studies relating to
their transport and concentration. If the mechanism can
be deduced, it may be possible, with accurate measure-
ments of meteorite terrestrial ages, to predict where the
specimens originally fell. Until that time, we can only
speculate that the meteorites recovered have been trans-

ported by the Antarctic Ice Sheet over some undeter-
mined distance.

This work has been supported by the National Aer-
onautics and Space Administration, which supplied the
services of the senior author, and the National Science
Foundation, which funded the fieldwork through grant
DPP 77-21742.
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Byrd Glacier

T. HUGHES

Department of Geological Sciences and Institute for Quaternary
Studies

University of Maine
Orono, Maine 04469

Our study of Byrd Glacier investigates the ice-stream
dynamics that link the ice-sheet dynamics studied for the
International Antarctic Glaciological Project and ice-
shelf dynamics studied for the Ross Ice Shelf Project, so
that the dynamics of this major ice sheet, ice stream, ice
shelf system can be addressed. It was done in conjunc-
tion with a separate glacial-geological investigation of the
Byrd Glacier-Darwin Glacier region of Antarctica di-
rected by G. H. Denton. The combined study is the first
attempt to relate the present glaciology of a major ant-
arctic ice stream to its glacial history, with the larger aim
of understanding antarctic glacial history in terms of
present glaciological processes.

Glacial geological evidence throughout the Byrd Gla-
cier-Darwin Glacier region indicates that the Byrd Gla-
cier surface was about 1200 m above its present surface
at the downstream end of Byrd Glacier fiord, and this
additional ice elevation tapered off in the Byrd névé
area on the East Antarctic polar plateau immediately
inland of the upstream end of the fiord. Fresh striations
in the unweathered sandstone crowns of nunataks in the
Byrd névé and polished bedrock in Byrd fiord are in-
dications that the thicker ice existed during the last ice
age maximum. The thicker ice at the mouth of Byrd

Glacier fiord, with decreasing additional thickness up
the fiord and onto the East Antarctic polar plateau, is
consistent with the contention by Mercer (1968, 1972),
Denton and Borns (1974), Denton et al. (1975), and
Stuiver, Denton, and Hughes (in press) that the West
Antarctic Ice Sheet expanded during the last ice age and
that the present Ross Ice Shelf was created during its
subsequent collapse in the Ross Sea sector. Some of the
glacial geology points toward substantial and recent
downdraw of Byrd Glacier. A discussion of all the glacial
geological evidence studied by George Denton and his
colleagues appears elsewhere in this issue of the Antarctic
Journal of the United States.

From the viewpoint of ice dynamics, Byrd Glacier be-
gins as a zone of converging flow in the Byrd névé, be-
comes an ice stream as it passes through a fiord in the
Transantarctic Mountains, and ends as a floating tongue
imbedded in the Ross Ice Shelf. Ice dynamics of the
sheet-flow to stream-flow transition in the Byrd névé is
dominated by longitudinal acceleration and transverse
convergence. Ice dynamics in the stream-flow regime of
Byrd Glacier fiord is dominated by lateral shear along
the fiord walls where thermal and strain softening
largely uncouple the glacier along its sides, and by basal
ungrounding about midway in the fiord where ice buoy-
ancy completely uncouples the glacier from its bed. Ice
dynamics in the stream-flow to shelf-flow transition in
the floating glacier tongue is dominated by longitudinal
deceleration and transverse divergence of the tongue,
and rifting in the lateral shear zones between the tongue
and the Ross Ice Shelf. Tilted ice blocks and a flat floor
of brash ice at sea-level elevation in the rifts are evidence
that rifting is through the entire ice thickness.

Field studies on Byrd Glacier were completed during
the 1978-1979 antarctic summer. The work consisted
of aerial photography and radio-echo sounding from an
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LC-130 airplane, a ground survey from fixed stations
close to Byrd Glacier and moving stations on the glacier
itself, and ice sampling and ablation measurements on
the glacier. In addition, ice velocities and ice samples
were obtained for Darwin and Hatherton Glaciers where
they merge at Junction Spur, at The Nozzle of Darwin
Glacier where it merges with the Ross Ice Shelf.

Aerial photography was undertaken to provide a
block of photographs having forward and side overlap
so that a photogrammetric study of the surface elevation
and velocity of Byrd Glacier could be made. Surface
velocity determinations required a minimum of two
photographic missions, ideally at the beginning and end
of the antarctic summer so that maximum ice motion
was recorded during the antarctic field season. The U.
S. Navy flew photographic flights on 10 December 1978
and 6 February 1979. The stream flow to shelf-flow
transition zone was obscured by clouds during the De-
cember flight but the remainder of Byrd Glacier was
clear. By using aerial photogrammetry, Henry Brecher
hopes to determine the positions of natural features on
Byrd Glacier (crevasses and seracs) by relating them to
known positions of artificial markers we placed on the
glacier and, more importantly, on bedrock around the
glacier in an array that gives perimeter control to the
block of aerial photographs. Since the surface of Byrd
Glacier is an endless mass of crevasses and seracs, we
should be able to study the surface deformation of Byrd
Glacier on almost any scale using photogrammetric tech-
niques; provided that the photographic flights are far
enough apart, the solar angle is the same in successive
flights, and clouds or shadows from the fiord walls do
not obscure parts of the glacier. We know that crevasses
and seracs remain identifiable in aerial photographs
taken one year apart on Byrd Glacier (Swithinbank,
1963), and twenty-five years apart on Thwaites Glacier
(R. J . Allen, us(;s, personal communication), and can be
used to study flow.

A ground survey was undertaken to determine the
positions of fixed and moving artificial markers used as
control points in the aerial photogrammetric survey, and
to determine the elevation and velocity of artificial
markers placed on the parts of Byrd Glacier most crucial
to a study of ice dynamics. This includes converging flow
in the sheet-flow to stream-flow transition in the Byrd
névé; longitudinal flow, lateral shear, and basal un-
grounding in Byrd Glacier fiord; and diverging flow and
lateral rifting in the stream-flow to shelf-flow transition
on the Ross Ice Shelf. We placed four artificial markers
in the Byrd névé to investigate converging flow; fifty in
Byrd Glacier fiord to investigate longitudinal shear, lat-
eral shear, and basal ungrounding; ten on the Ross Ice
Shelf to investigate diverging flow and lateral rifting,
and one each in the mouths of Merrick Glacier and
Peckham Glacier, which enter Byrd Glacier fiord and
drain ice in the Brittania Range. In addition, at Junction
Spur we placed five markers across Hatherton Glacier
and one in the center of Darwin Glacier, and at The
Nozzle we placed six markers across Darwin Glacier.
Nineteen survey camps were established for measuring
the elevation and motion of artificial markers on Byrd,
Merrick, and Peckham Glaciers, sixteen around Byrd
Glacier and three on the glacier. Two survey camps were
established across Hatherton Glacier at Junction Spur,

and two survey camps were established in the Nozzle of
Darwin Glacier. These camps, the artificial markers on
the various glaciers, and the artificial markers on Byrd
Glacier and on bedrock used as photogrammetric con-
trol points, are all located in figure 1.

We hoped to locate the grounding zone of Byrd Gla-
cier using four independent methods. First, we looked
for an abrupt increase in slope along the centerline pro-
file. This seems to occur at marker B in figures 1 and
3. Second, we looked for a damping out of the tidal rise
and fall of the floating part of Byrd Glacier. This was
done by measuring simultaneous vertical angles every
hour for at least 24 hours between a survey camp on the
glacier and a survey camp on the fiord wall. Three ex-
periments of this kind were conducted; one between
glacier camp one (GC1 near marker C7) and second
center camp (2CC), one between glacier camp two (GC2)
and John Wayne Camp (JWC), and one between glacier
camp three (GC3) and Tuatara Camp (TC). Third, we
measured gravity at the three glacier camps every time
we measured simultaneous vertical angles. We had two
Worden gravity meters for this purpose. A one-meter
tidal amplitude is just measurable on these instruments.
Unfortunately, one instrument was inoperable in the
field and the drift curve for the other instrument dis-
played a daily change from air temperature that greatly
exceeded any change due to tide, even when the instru-
ment was kept in the shade. Fourth, we hoped that a
radio-echo grid flown over Byrd Glacier would locate
the grounding zone by an abrupt fading of the bottom
radar reflection from the floating part of the glacier.
The radio-echo grid was not included in the NSF-SPRI-
TUD (National Science Foundation—Scott Polar Research
Institute—Technical University of Denmark) Radio-Echo
Sounding Program for the 1978-1979 antarctic sum-
mer. Fortunately, David Drewry of SPRI flew one radio-
echo flightline down the center of Byrd Glacier. The
tape showed that a strong bottom echo began to fade
near the 200-meter ice elevation contour and was vir-
tually gone by the 400-meter ice elevation contour (see
figure 1). These results were consistent with a marked
increase in surface slope and vanishing tidal oscillations
between these contour lines, providing us with three in-
dependent determinations of the grounding zone. Our
survey showed that the 200-meter and 400-meter ele-
vation contours across Byrd Glacier (shown on figure 1)
on the USGS topographic map of Cape Selborne quad-
rangle are too high.

Simultaneous vertical angles measured between three
pairs of survey camps on Byrd Glacier and the fiord wall
over a 24 hour period, and simultaneous vertical angles
measured at various times between other stations al-
lowed us to make a refraction correction appropriate for
the local conditions. This was important, because re-
fraction was large on Byrd Glacier. Some of our survey
shots were up to 50 km long so large corrections for
both refraction and earth curvature were necessary.

We measured ice ablation rates and took one-meter
ice cores at most of the markers on Byrd, Darwin, and
Hatherton Glaciers. Ice samples from these cores were
given to Edward Zeller (University of Kansas) for mea-
suring nitrate levels and to David Drewry (Scott Polar
Research Institute) for measuring oxygen isotope ratios
and the abundance and mineralogy of particulate mat-
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ter. We kept core sections to measure ice fabrics and to	will allow us to adjust the ice hardness parameter in the
have Minze Stuiver (University of Washington) measure	flow law of ice so it reflects changing stress fields in our
oxygen-isotope ratios. Ice fabrics will be correlated with	numerical modelling experiments being conducted by
strain rates measured in portions of these glaciers which	Dr. James Fastook and Prof. William Schmidt.
should have unique strain regimes (single-maximum	I would like to express our gratitude to the Navy hel-
fabrics in zones of simple shear, multiple-maximum fab-	icopter pilots and crew of vxE-6, to the Holmes and
rics in zones of high axial strain, etc.). This correlation	Narver support personnel at Darwin Camp and, in par-
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ticular, to John Splettstoesser of the Minnesota Geolog-
ical Survey. We also thank Charles Swithinbank, David
Drewry, and William Kosco and his colleagues in the
United States Geological Survey, and the Naval aerial
photographic team.

Our field party consisted of Charles Swithinbank
(through the courtesy of the British Antarctic Survey),
Henry Brecher, James Fastook, William Pfeffer, Mark
Hyland, Geoffrey Lingham, and Terence Hughes. Our
work was supported by NSF grant DPP 77-22204.
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Microparticle deposition at South
Pole

E. MOSLEY-THOMPSON and L. G. THOMPSON

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

The primary goal of this investigation was the detailed
tnalysis of the particles within a 101-meter firn core
Irilled in 1974 at the Amundsen Scott (South Pole) Sta-
;ion (90°S).

The antarctic ice sheet is an ideal site for investigating
emporal variations in the global background particulate
iiass (Hogan, 1975) in that there are few local sources.
In addition, because atmospheric motion over East Ant-
srctica is predominantly a matter of subsidence (Van
Loon and Williams, 1977) and surface outflow, the up-
er tropospheric and stratospheric masses are probably

:he primary sources of near surface material. Therefore,
my substantial increase in the concentration of particles
vithin the global atmosphere should be recorded in the
Intarctic ice sheet.

A total of 6,218 samples representing 65 meters of
water were analyzed for particle concentration and size
listribution. Individual particles within selected sections
were examined for morphology and elemental constit-
ients using a scanning electron microscope and an x-ray
mergy dispersive system. The detailed sampling made
t possible to detect annual variations in particle concen-
ration (figure 1), and these were used to construct a
)1 1-year time scale for the core. The time scale consti-
.utes the longest record of its type from Antarctica. Net
Lccumulation does not exhibit a general trend over the
ntire 911-year interval, although the 90 years from A.D.

590 to 1680, a period characterized by the lowest global
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Figure 1. Concentration of particles with diameters v 0.63
micrometer per 500 ji 1 sample in a 2-meter section of the
South Pole core for period including 18709 and 1880s. Key:
C = average concentration over depth interval encom-
passed by arrows;? = peak for which interpretation is un-

certain.

temperatures during the last millenium, exhibits con-
sistently low rates.

The concentration of nonsoluble particles with di-
ameters ' 0.63 micrometer per 500 j. 1 sample (figure
2) increases substantially between A.D. 1450 and 1850,
the years of the Little Ice Age. This period of reduced
mean global temperatures also is marked by frequent
and explosive volcanic activity (figure 2). The remark-
able similarity between the profiles of nonsoluble par-
ticle concentration and global volcanic activity suggests
that the additional material is of volcanic origin. The
slopes of the particle size distribution (figure 2) espe-
cially support this suggestion.

The average slope of the size distribution for the
1950-56 strata is -3.2, very similar to the -3.2 (±0.3)
measured for the total atmospheric aerosol at the South
Pole (Shaw, 1975). Gras and Laby (1979) report a re-
duction in the size distribution slope of the total aerosol
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Figure 2. Concentration of particles with diameters 0.63 per 500 1 sample for period spanning A.D. 1056 to 1956. Column
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the southern hemisphere; the global Dvi; the annual average of the characteristic slope of the size distribution for each fir
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of Krakatau (Krakatoa). (The letters suggest correlative peaks between the concentration of particles and the DVI profiles.)
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from -4 to -3 for their photoelectric data measured in
the stratosphere between 16 and 22 kilometers at lati-
tude 34°S after the eruption of Fuego (14°13'N/91°W)
in October 1974. Note that the slopes are lowest when
the concentrations are highest in the South Pole core
(figure 2).

On the basis of all the data (Mosley-Thompson and
Thompson, 1979), it appears that the South Pole snow
strata are recording the fluctuations in the concentration
of nonsoluble particles in the atmosphere, not only over
the southern hemisphere but over the entire globe.
Thus, microparticle data from deep ice cores will pro-
vide valuable information about the global particulate
mass over many millennia.

This work has been supported by National Science
Foundation grant DPP 76-07745.
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Stable isotope and radio echo
sounding investigations of Taylor

Glacier, Victoria Land

D. J . DREWRY

Scott Polar Research Institute
Cambridge University
Cambridge, England

During January 1978 and January 1979, samples of
ice and snow for stable isotope analyses were collected
from Taylor and neighboring glaciers in southern Vic-
toria Land in order to evaluate and test ideas concerning
ice provenance and glacial geologic history of the
McMurdo Sound region.

As a result of detailed radio echo sounding (REs) in
Victoria Land during 1974-75 (part of the International
Antarctic Glaciological Project [IAGPI study of past and
present dynamics of the East Antarctic Ice Sheet), an ice
dome and ridge system was identified inland of Taylor
Glacier (Drewry, in press). This ice divide separates the
main drainage of the ice sheet into Mulock Glacier to
the south and Mawson Glacier to the north. Smaller,
intervening glaciers (Skelton, Ferrar, Taylor, Wright
Upper, Victoria Upper, Mackay, etc.) are supplied only
by local ice originating within a few tens of kilometers
of the Transantarctic Mountains.

This conclusion has important implications for glacial
chronology of Victoria Land. Although advances and
retreats of these minor glaciers have been considered to
reflect fluctuations of the East Antarctic Ice Sheet (Den-
ton, Armstrong, and Stuiver, 1971; Hendy et al. 1979),
it would now appear that only very large-scale ice sheet
events (that is, several hundred meters of thickening)
would be of sufficient magnitude to reverse or modify

local slopes and allow penetration of additional ice into
the mountains, and thus be mimicked by movement of
terminus of Taylor and other glaciers. The RES data,
therefore, suggest that the minor glaciers are nourished
principally by local ice, have glaciological regimes con-
trolled by nearby mountain climatic effects, and thus are
insensitive gages of small- to medium-scale fluctuations
of the East Antarctic Ice Sheet.

The objectives of our 1978-79 project were to deter-
mine the contemporary isotopic composition of snow in
the catchment area of Taylor Glacier; the isotopic values
for old ice at the Taylor Glacier snout; and the regional
relationship between mean b values and elevation and
mean annual surface temperature. (Sample locations are
shown in figure 1.)

Our samples in 1978 consisted of six 1-meter-long ice
cores (obtained using a Sipre corer) taken horizontally
from the lowermost 1.5 meters of the Taylor Glacier
snout at a 25-centimeter vertical spacing. Three other
ice cores were taken in a similar manner from Wright
Lower Glacier. All of these samples were analysed by L.
Merlivat of the Centre d'Etudes Nucléaires de Saclay
(Gi f-su r- Yvette, France) by arrangement with C. Lorius
of the Laboratoire de Glaciologie (Grenoble, France).

In 1979, we undertook a more ambitious program,
including a radio echo sounding profile flown down the
centerline of Taylor Glacier from the ice dome to Lake
Bonney and further collection of samples for stable iso-
tope analysis.

A 4-meter vertical snow core was obtained close to the
summit of the dome inland of Taylor Glacier. The mean
annual accumulation in this vicinity is about 140 kilo-
grams meter-' (Crary, 1963), so that the core should
average about 12 years' precipitation = 437 kil-
ograms meter-'). A pit 1.5 meters deep was excavated
on Wilson Piedmont Glacier near the source of ice sam-
pled in 1978. Estimating eight annual layers gave an
approximate accumulation rate for this locality of 70
kilograms meter -2 year'. However, it is possible that,
judging from Chin's results (unpublished), which were
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Location of samples for stable isotope analysis, southern
Victoria Land. Surface contours of the ice sheet (in hundreds
of meters) Inland of the exposed mountains (shaded) are
from radio echo sounding (Drewry, in press). Key: E = sam-
ples obtained January 1978; 0 = samples obtained January
1979; A = samples donated by E. Zeller; C> = Victoria Land

traverse stations 71 and 72.

obtained 5-10 kilometers farther south, some years may
be absent.

Additional samples were collected from Taylor Gla-
cier. Basal ice exposed in the ice cliffs of Pearse Valley
was cored and a 0.6-meter vertical core was taken from
blue ice on the glacier surface opposite Solitary Rocks.
Other material was gathered on adjacent glaciers (Hobbs
and Blue glaciers), and several ice samples were donated
by E. Zeller and T. J. Hughes. The 1979 material is

being analysed by L. Merlivat and A. Bath (Institute of
Hydrology, Wallingford, England).

The 1978 6D values from Taylor Glacier Snout range
between —327 parts per thousand and —341 parts per
thousand, with a mean value of —332 parts per thou-
sand. The corresponding mean 6180 value is —41.9 parts
per thousand. These values are isotopically much heav-
ier than those for ice from central East Antarctica (say,
—45 to —55 parts per thousand) and suggest an origin
at lower elevations and higher temperatures. They are
quite comparable with independent oxygen isotopic de-
terminations (-41 to —44 parts per thousand) on water
issuing from the Taylor Glacier snout by I. Hendy (pers.
comm.), and both sets of measurements corroborate the
concept of a local ice source within about 125 kilometers
of the coast.

If Taylor Glacier is in approximate steady state and
climatic perturbation has been small during the cycle
time of the glacier (about 3-4 thousand years), the above
determinations should correspond to those obtained on
surface snow in the dome accumulation area. This has
been confirmed by results of the 1979 season with values
of —43 parts per thousand (6180) and —346 parts pet
thousand (6D). It will also be possible to check the actual
measurements against minimum 6-values predicted from
the elevation and temperature considerations of Dans-
gaard, Johnsen, Clausen, and Gunderstrup (1973).

The fieldwork for the Taylor Glacier studies was ac-
complished by two separate field parties. The 197
party consisted of D. J . Drewry, E. Jankowski, and
R. H. N. Steed, and the 1979 party consisted of D.J
Drewry, D. T. Meldrum, and D. J. Perkins.

The author thanks the National Science Foundatior
for logistic support of this work, the helicopter and Her-
cules crews of vxE-6 for assistance in the field program
Larry Hulberg (Eklund Biolab manager DF-79) for pro.
vision of facilities and assistance, and L. Merlivat, C. Lor.
ius, and A. Bath for undertaking the isotope analyses
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Airborne geophysical
investigations of ice sheet and

bedrock, 1978-79

D. J . DREWRY, D. T. MELDRUM, E. JANKOWSKI,
and C. S. NEAL
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During December 1978 and January 1979, the Scott
Polar Research Institute undertook a sixth season of ra-
dio echo sounding (REs) in Antarctica to acquire data on
the physical characteristics and dynamic/thermodynamic
processes of the ice sheet and a second season of simul-
taneous magnetometry for sub-ice geological studies.

Our principal objective for the 1978-79 season was
to consolidate and extend a grid network in West Ant-
arctica for geophysical investigation of the junction be-
tween the East Antarctic shield and West Antarctic ac-
cretionary plates (see figure 1). We have identified
several units, including a complex core area lying be-
tween the Ellsworth, Pensacola, and Horlick mountains.
Figure 2 shows a typical RES and magnetic anomaly pro-
file from this area. To the south, the transition into East
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Figure 1. Airborne radio echo sounding and magnetic flights
In West Antarctica, 1978-79. (Also shows missions accom-
plished during 1977-78 and 1974-75 (latter without mag-
netics). Shading in vicinity of Dufek Massif shows detailed
survey area. Heavy line (x - y) locates profiles in figure 2.
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Figure 2. Total magnetic intensity (A) and bedrock elevation
from radio echo sounding (B) profiles along line x - y, in
figure 1. Magnetic measurements have been adjusted to

compensate for aircraft influences and regional field.

Antarctica is characterized by a distinctive increase in
bedrock elevation and roughness and a magnetic anom-
aly of several hundred nT. North of this zone, in West
Antarctica, terrain becomes smoother and substantially
lower in elevation (> 2 kilometers below sea level) before
rising to the Cenozoic volcanic province of northern
Marie Byrd Land. Several sub-ice volcanoes, associated
with magnetic anomalies in excess of 1,000 nT, have
been detected in this region.

As a result of this season's investigations and those in
1974-75 and 1977-78, a 50-k1lometer square grid net-
work now exists for about 1.4 million square kilometers
of West Antarctica between grounding lines of the Ross
Ice Shelf and those of the Filchner and Ronne ice
shelves. The data on ice surface, thickness, and basal
conditions are being used to investigate the dynamics
and stability of the West Antarctic Ice Sheet, the disin -
tegration of which is considered a distinct possibility as
a result of man's activities (Mercer, 1978; Thomas,
Sanderson, and Rose, 1979). An ice surface map, which
defines the drainage pattern into both flanking ice
shelves, has been compiled from the investigations made
during the three seasons.

A specially configured U.S. Navy LC-130R Hercules
aircraft was used to fly 11 missions totaling 130 flight
hours between 14 December and 29 December 1979. A
total of 61 hours were flown on station, equivalent to
26,000 kilometers of track (see figure 1). The radar (60-
and 300-megahertz units) and recording equipment
used were identical with those used in 1977-78 (Drewry
and Meldrum, 1978). A newly installed vertical survey
camera (9 x 9-inch format) was used to obtain naviga-
tional fixes. The addition of a chart recorder for inflight
display of magnetic data was extremely valuable.

Several aircraft maintenance problems—including a
cracked tire and damage to the port pylon fuel tank—
reduced takeoff weight and fuel capacity and, in turn,
diminished the aircraft's range and necessitated the re-
planning of some missions.

Among the missions flown during 1978-79 were
three flights (totaling 4,200 kilometers of on-station
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track) completed over Dufek Massif as part of a coop-
erative program with the U.S. Geological Survey to in-
vestigate the regional extent and detailed magnetic and
sub-ice structure of this large, layered igneous intrusion
(Behrendt et al., 1979).

In addition, there was a flight that extended the grid
network by two grid lines (100 kilometers apart) to the
north and east of Byrd Station and gathered data in the
vicinity of Thwaites Glacier. The value of this mission
was in providing data on thickness and bedrock eleva-
tion of Thwaites Glacier, which is one of the principal
outlet glaciers of the West Antarctic Ice Sheet that is not
protected by fringing ice shelves. Thomas, Sanderson,
and Rose (1979) believe that, unless they flow over high
bedrock sills, such glaciers (Thwaites Glacier and Pine
Island Glacier, especially) may be in a precarious state
of equilibrium and even be collapsing.

Although more data will be required for this area, and
for Pine Island Glacier, a first examination of 1978-79
measurements suggests that there is a bedrock trough
associated with Thwaites Glacier, that the observed
threshold (700 m bsl) may not represent a stable ground-
ing line position, and that the glacier may thus be a
critical element in the stability of West Antarctica.

Flights in East Antarctica included one flight made
over dome C during which a 50-kilometer box pattern
was flown at a 10-kilometer line spacing in each direc-
tion. This mission was in support of surface glaciological
activities of the International Antarctic Glaciological
Project (IAGP). In addition, the Victoria Land traverse I
route of 1958-59 was overflown to collect ice thickness
and magnetic data to supplement ground-based gravity
data. These new data will assist the investigation of the
structure of the Wilkes subglacial basin, where a thick
sequence of sediments has been inferred. Furthermore,
several short legs were flown over glaciers in the Tran-
santarctic Mountains (cross profiles of Liv and Scott gla-
ciers and long profiles of Byrd and Taylor glaciers), as
well as over the Ross Ice Shelf and of the Erebus Glacier
Tongue.

The Scott Polar Research Institute's RES program has
been undertaken in cooperation with the National Sci-
ence Foundation's Division of Polar Programs and the
Technical University of Denmark.

The RES team in 1978-79 consisted of D. J . Drewry
and D. T. Meidrum (leaders), C. S. Neal, E. Jankowski,
D. H. Millar, D. J . Perkins and C. Hereward (all of the
Scott Polar Research Institute); F. Ss!ndergaard (Tech-
nical University of Denmark); and L. Irons (University
of Nebraska). During collaborative work on Dufek Mas-
sif, the team was joined by J . C. Behrendt (U.S. Geolog-
ical Survey), who served as a principal investigator. The
airborne data logging system and magnetometer were
operated under National Science Foundation contract
by R. Hickerson, R. Hutchins, and P. VonGunten (Ap-
plied Physics Laboratory, The Johns Hopkins Univer-
sity).

The National Science Foundation provided us with
logistical support, and we acknowledge the assistance of
U.S. Antarctic Research Program representatives in
Antarctica and New Zealand. We also thank the com-.
mander, executive and operations officers, pilots, and
both the air and the maintenance crews of vxE-6 for
their support.

The Scott Polar Research Institute radio echo sound-
ing program is funded by the U. K. Natural Environ-
ment Research Council.
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Reflections of pulses from polar
ice sheets

K. SIVAPRASAD

Department of Electrical and Computer Engineering
University of New Hampshire

Durham, New Hampshire 03824

The radar echo sounding of polar ice indicates partial
reflections within the ice sheet itself. The origin and
nature of these radar reflections are the subject of much
debate. Density variations of ice seem to be the most
likely cause of the internal layering observed within the

top 1,000 meters of the ice sheets. To simulate the vari-
ations, some simple models have been considered and
results from these models are presented here. The re-
sults are an extension of the earlier work of Sivaprasad,
Stotz, and Susungi, (1976).

In the models considered, the variation of the dielec-
tric constant owing to density variation is taken into ac-
count. Because the density variation is caused by the
conversion of snow into ice over many thousands of
years, the density changes can be assumed to be either
deterministic or random.

The time reflection coefficient R(t) in air was calcu-
lated using the following equation:

R,(t) =	= JR(w)p(co)exp(jwt)dw

where R(w) is the spectrum of the raised cosine input
pulse of 0.1 microsecond duration and p(w) is the re-
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flection coefficient at Z = 0. The Singleton version of
the FFT was used to perform the inversion in equation
(1).

The results of these simulations are presented here.
The computer program is capable of modeling up to
100 layers within the ice. Eight different types of typical
input pulses can be considered in the program with any
carrier frequency. The dielectric constant, conductivity,
and layer thickness for each layer can be made random
around a mean value. The reflection coefficient from

• the ice layer is plotted by blanking out the input pulse
and also subtracting the output pulse from the first air-
snow, or air-ice, interface.

In the first simulation, the top and bottom layers are
assumed to be ice while a center ice section is assumed
to consist of 20 layers, each 10 meters long. The dielec-
tric constant of odd layers is (€ + AE, o + r) and the
dielectric constant of even layers is (€ - €, u -
where € = 3.2, z€ = 0.064, if 0.6 X 10-, and o =
0.012 X 10-i . The reflection coefficient is presented in
figure 1.

In the second simulation, the top and bottom layers
are assumed to be ice while again a center ice section is
assumed to consist of 20 layers, each 10 meters long.
The dielectric constant of each layer is assumed to vary
randomly around a mean value of € (<€> = 0.02€).
The reflection coefficient for this simulation is shown in
figure 2.

The third simulation involves a more general model.
It is assumed to consist of air (where the receiver is lo-
cated); a 5-meter layer of snow; a 100-meter layer of ice
of constant permitivity followed by 45 layers of ice vary-
ing randomly in thickness, permitivity, and conductivity;
a 0.1-meter layer of water; and, finally, a semi-infinite
rock layer. The water layer simulates the melting that
may take place between ice and basement rock. The sim -
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Figure 2. Second theoretical model of reflections of pulses
from polar Ice sheets.
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Figure 3. Third theoretical model of reflections of pulses
from polar Ice sheets.

ulated time reflection coefficient is shown in figure 3.
One reflection of the water layer is clearly evident in the
last pulse in the figure.

The third simulation agrees qualitatively with the ob-
served time reflection coefficient from the antarctic ice
sheets. Work is in progress to construct a more compre-
hensive theoretical model that will allow more relevant
computer simulations to be made.

This work has been performed with support from the
National Science Foundation under grant DPP 77-18000.
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Research workshop on radio
echo sounding of Ice

K. SIVAPRASAD

Department of Electrical and Computer Engineering
University of New Hampshire

Durham, New Hampshire 03824

A workshop entitled, "Radio Echo Sounding of Ice,"
was held on 23-25 April 1978 at the New England Cen-
ter for Continuing Education in Durham, New Hamp-
shire. Organized by Dr. K. Sivaprasad, the meeting was
attended by 40 scientists, from universities, government
agencies, and research laboratories. It consisted of three
principal sessions, each consisting of several informal
presentations and open discussions.

The first session covered radio echo sounding equip-
ment and data acquisition and was focused on the need
to understand the limitations of available equipment. It
included a brief presentation by Dr. Clough of the
University of Nebraska on the history of radio echo
sounding systems and a paper by Dr. Vickers on the
basics of radar and recording methods, as well as a sur-
vey of available radar echo sounding systems for both
polar and temperate regions.

A detailed discussion followed concerning the radar
developed by the Technical University of Denmark and
currently used in Antarctica. The participants stressed
that this system's frequency of operation placed limits
on its resolution length and that the data being in analog
form hindered sophisticated data analysis. From this
came general agreement that digital recording methods
should be incorporated in future systems.

The participants also favored the development of an
indigenous antenna system to replace the present Dan-
ish system. In light of the different constraints of dif-
ferent radar systems (e.g., land-based systems versus air-
based systems), it was noted that one system will not
satisfy all antenna and recording system requirements
in the future.

The second session was devoted to modeling and

interpretation. To enable those who measure ice thick-
ness to understand the glaciological aspects of the stud-
ies, Dr. Meier of the U. S. Geological Survey (usGs) pre-
sented a primer on glacial flow and Dr. Hodge, also of
the USGS, discussed the difference between temperate
and polar glaciers. Dr. K. Sivaprasad reviewed the state
of electromagnetic modeling in radar echo interpreta-
tion and urged further study of the phenomenon of
internal layers and the observed anisotropic effects. Dr.
Whillans of Ohio State University presented an account
of radio echo sounding records applied to the ice flow
dynamics of large polar masses. He stressed the need
for better data in the form of continuous observations
of layering of ice over large areas.

Discussions covered other possible applications of ra-
dar echo sounding for observations of glacial geology,
such as bottom topography and lakes in ice masses.

The third session consisted of an examination of the
future of U.S. radio echo sounding programs. Dr. Cam-
eron of the National Science Foundation commented on
the importance of radio echo sounding in the study of
ice sheet dynamics and glacial geologies. He noted that
the glaciologist, the equipment designer, and those who
model the phenomena in ice need to exchange views,
and he urged the development of a list of user needs to
allow valid recommendations to be made.

The workshop concluded with the formulation of the
following general directions for further research:

1. Theoretical and experimental studies (modeling,
surface) for understanding the mechanisms of internal
reflections (including multifrequency systems with vari-
able pulse lengths to observe deep layers and layers close
to surface).

2. Development of techniques for deriving bottom
characteristics from characteristics of bottom-reflected
pulses.

3. Development of improved recording, processing,
and analysis of aircraft data (using digital systems).

4. The study of Doppler filtering and other tech-
niques for improving horizontal resolution.

5. Development of a satellite altimeter system for ac-
curate determinations of surface elevation.

This workshop was organized and conducted with
support from the National Science Foundation under
grant DPP 77-18000.

Geophysical investigation of the
dome C area

CHARLES R. BENTLEY, KENNETH C. JEZEK,
DONALD D. BLANKENSHIP, J . S. LOVELL, and

DONALD G. ALBERT

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

During the 1978-1979 field season, we initiated a
program of geophysical measurements at dome C that
involved conducting a gravity and magnetic survey on
a so-called double cross, consisting of two 10-kilometer
lines running north-south (grid) and spaced 1 kilometer
apart, and two similar lines running east-west (grid). Our
program also included seismic shooting along portions
of a 30-kilometer line, extensive radar profiling along
gravity and seismic lines, testing of a new digital record-
ing system, a detailed direct current resistivity survey
out to a half-spacing of 1 kilometer, and many hours of
magnetotelluric recording.
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The 20-year series of gravity ties between McMurdo
and Amundsen-Scott (South Pole) stations also was con-
tinued, and gravity readings were made around the
South Pole in connection with topographical and strain-
rate surveys.

Our ultimate intention is to complete a survey on a
grid 10 kilometers square with survey points at 1-kilo-
meter intervals. During the past field season, despite
difficulties related to the low ambient temperatures at
dome C, we completed measurements over the central
double cross within the grid. These showed a simple
monotonic gravity gradient, but a more complex mag-
netic field variation, including a possible maximum. Fur-
ther analysis will be required to determine if the mag-
netic anomaly can confidently be associated with the
subglacial rock.

Our seismic activities were hampered by a complete
lack of suitable drill holes in which to shoot. Surpris-
ingly, we were able to obtain successful results using 10-
meter-deep, hand-augered holes. The following four
studies were undertaken along an east-west (grid) line
approximately 0.5 kilometer north (grid) of the dome
C camp. First, vertical and wide-angle reflections from
the ice-rock interface were obtained intermittently along
a 10-kilometer section of the line. Second, short refrac-
tion experiments to determine the velocity of compres-
sional (P) waves and shear (5) waves of both polarizations
were conducted. P-waves were recorded from shots up
to 8 kilometers away; S-waves generated by hammer
blows were recorded over distances that were as great
as 700 meters.

The third seismic study involved a long-refraction ex-
periment using a 300-kilogram charge and two record-
ing stations at distances of 27 and 30 kilometers from
the shot point yielded a preliminary determination of a
velocity of 5.9 kilometers per second in rock lying just
below the ice. In the fourth study, we recorded several
shots at distances of up to 8 kilometers on digital tape
for analysis of surface-wave propagation.

Careful measurements of ice thickness were made
along the two pairs of 10-kilometer lines connecting the
gravity and magnetic stations and also along the 30-kil-
ometer seismic long-refraction line. Ice thicknesses of
over 4 kilometers were measured, but detailed coverage
was limited by the very poor reflection characteristics of
the glacial bed. In several locations, however, we re-
corded two bottom echoes separated by about 1 micro-
second. Preliminary comparison with seismic reflections
suggests that the earlier radar echo corresponds with the
acoustic interface. Profiles of internal layering were
made along the 10-kilometer lines. We also emphasized
detailed studies of the layers, because there is evidence
that, on a small scale (i.e., tens of meters), the layers are
discontinuous. A wide-angle reflection experiment to
study the wave speed in the ice was carried out to a
maximum antenna separation of 2.5 kilometers. Other
radar experiments included investigation of the local
bottom roughness, comparisons of ice thickness with
those determined by seismic techniques, and a depolar-
ization experiment.

A new digital recording system was tested for the first
time (see accompanying block diagram). Reflections
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from depths up to about 2 kilometers were successfully
recorded, but noise generated by the computer and by
the power supplies drowned out the deeper signals. It
is possible, however, that we can recover deeper echoes
from the data through processing the signals in the lab-
oratory. Improved shielding should eliminate most of
the noise-related problems in future field seasons.

A detailed direct current electrical resistivity profile
using a Schiumberger array with half-spacings extend-
ing to 1 kilometer yielded a very well determined ap-
parent resistivity curve. A well-defined maximum at a
half-spacing of about 8 meters could be clearly corre-
lated with the depth of the seasonal temperature mini-
mum in the firn. Measurements at short distances were
carried out twice during the season to search for changes
in the position of the maximum associated with the pen-
etration of the temperature wave.

We initiated an experimental program of magneto-
telluric measurements. The feasibility of such measure-
ments was pointed out by Hessler after experiments at
Vostok nearly 15 years ago (Hessler, 1966), but the topic
had not been pursued. In this technique, magnetic mi-
cropulsations and the electrical potential thereby in-
duced in the ice are recorded simultaneously. The ratio

of the two is a measure of the electrical impedance in
the earth. Interest in this system stems largely from the
fact that the ice sheet is almost transparent to low-fre-
quency electromagnetic waves, so that its presence does
not interfere with the investigation of subglacial crust
and upper mantle structure. In fact, the presence of the
ice is an advantage because the removal of the measur-
ing point to 3 kilometers above the rock surface greatly
reduces the sensitivity of the magnetotelluric measure-
ments to local inhomogeneities in surficial rocks. Mea-
surements were made at frequencies ranging from 3
hertz to 0.001 hertz. Despite a series of instrumental
difficulties, we recovered a number of good data sets.
We expect that the instrument problems will be solved
by the 1979-80 field season and that good recordings
on digital tape will be produced for standard computer
analysis at the research center.

This work has been supported by National Science
Foundation grant DPP 77-22318.
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Glaciology of dome C area

JOHN F. BOLZAN, JULIE M. PALAIS, and
IAN M. WHILLANS

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

With a view toward starting a field study of the mass
balance and dynamics of the dome C area in a later year,
preliminary investigations were made during the 1978-
79 field season of the surface glaciology near the dome
C camp. Our field party arrived at dome C (74°30'S/
123°10'E) late in November 1978 and stayed seven
weeks.

Pit studies close to the camp were used to assess the
horizontal variation in certain stratigraphic quantities.
Samples were collected from five vertical 3-meter pro-
files and six vertical 1-meter profiles. These samples are
being analyzed for oxygen isotopic ratio, gross beta ac-
tivity, and microparticle content. The results of these
measurements will be correlated with other stratigraphic
studies in hopes of obtaining not only average accu-
mulation values in the dome C area but also a more
complete understanding of the diagenetic processes oc-
curring in the upper 3 meters.

Our preliminary results confirm the value of 3.7 g/
cm2/a obtained by Lorius (1975) for the accumulation

rate in the immediate vicinity of the dome C camp. Re-
sults from a 3-meter pit located about 100 kilometers
grid east of the dome C camp give an average accu-
mulation rate of 4.8 g/cm2/a.

Temperature measurements were made in a 100-me-
ter hole drilled by a team from the Polar Ice Core Office
(Pico) during the 1978-79 field season. The thermom-
eter consisted of a thermistor hanging freely in the bore
hole, whose resistance was measured by a Data Precision
model 3500 digital multimeter. Measurements were
taken every meter at depths of 1 to 10 meters, every 2
meters at 10 to 30 meters, and every 5 meters at 30 to
100 meters.

Preliminary analysis of the profiles obtained indicates
a warming over the last several decades of about 0.3°C.
The temperature profile measured in the 50-to- 100-me-
ter depth interval is not consistent with simple, steady-
state ice sheet behavior (Robin, 1955) based on current
values of average surface temperature, ice sheet thick-
ness, and accumulation rate. Explanations for this deeper
anomaly include the possibility that the accumulation
rate in the dome C area was significantly less in the past
or that a sizable climatic cooling occurred sometime after
the onset of the Holocene. Further measurements will
be made at dome C and at the South Pole during the
next field season.

An apparatus to measure thermal conductivity was
used successfully at dome C. Core samples to be tested
were inserted between two lucite disks and heat was ap-
plied to the top disk. The temperature at the top and
bottom of each lucite disk was then monitored contin-
uously over a 24- to 36-hour period using thermistors
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embedded in thin copper plates. Analysis of the data
obtained is in progress.

A strain figure was established at the dome C camp
and at the site 100 kilometers grid east from the camp
using surveying instruments on loan from the U.S. Geo-
logical Survey. An accumulation pole network and an
experiment to measure firn densification also were es-
tablished. A core 53 meters long was obtained by the
iico drilling team and has been returned to the Institute
of Polar Studies for structural analysis.

Earlier in the season, studies were conducted at the
South Pole. The Doppler satellite station was tied by
surveying to some deep firn markers, a simple horizon-
tal strain figure was set up, and snow samples were col-
lected for comparison with samples taken in the dome
C area.

Our field party consisted of Ian M. Whillans (principal
investigator), John F. Bolzan, Julie M. Palais, and Robert
Reynolds. We received excellent support from antarctic
personnel, making it a smoothly running field season.
We thank the Laboratoire de Glaciologie for processing
our samples for gross beta activity.

This study is supported by National Science Founda-
tion grant DPP 76-23428.
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A 180-meter core drilling at dome
C and measurements in the 905-

meter drill hole

F. GILLET and C. RADO

Laboratoire de Glaciologie
Centre National de la Recherche Scien4fujue

Grenoble, France

With the 905-meter core drilling performed last year
at dome C (Lorius and Donnou, 1978), the aims of the
1978-79 field season's work were to perform in situ
measurements of temperature and closure rate in the
hole, to drill a shallow hole beyond the closeoff depth
for gas analysis, and also to take complementary surface
samples to better determine the accumulation rate in the
dome C area.

Taking advantage of the camp facilities this year at
dome C, a team composed of F. Gillet, C. Marinier (Ex-
peditions Polaires Francaises), and C. Rado carried out
this program between 7 December 1978 and 10 January
1979.

Temperatures in the 905-meter drill hole were meas-
ured every 10 meters down to 540 meters, then every
20 meters down to 640 meters, and then every 50 meters
down to 800 meters. The bottom of the hole was filled
with kerosene so that it was not possible to get measure-
ments for the rest of the hole.

A minimum temperature of -54.3° C was observed
near the 40-meter level. Below that level, temperature
increased regularly up to -47.95° C at a depth of 800
meters. (The corresponding values obtained last season,
just after the drilling, were -53.6° C and -47.85° C,
respectively.) The overall accuracy of the measurements
is estimated at being to the nearest 0.03° C.

The diameter of the hole was continuously recorded.
Comparison with last season's measurements indicates
a diameter variation of 2 millimeters near the 250-meter
level, 6 millimeters near the 470-meter level, 24 milli-
meters near the 700-meter level, and 44 millimeters at
the 835-meter level. The initial diameter was about 135
millimeters.

After finishing these measurements, we filled the hole
with DFA to a depth of 140 meters. This will keep it open
to allow future work in sonic logging by the University
of Wisconsin at Madison.

In addition to work on the 905-meter hole, we drilled
a 180-meter hole with the electromechanical drill that
was used last year down to a depth of 138 meters. This
year, beyond 150 meters it was difficult to recover good
cores; they were often broken into disks 1 or 2 centi-
meters thick. At this depth also, the helix had difficulties
lifting the chips. The length of the runs could rarely be
more than 0.5 meter. Nevertheless, the quality of cores
was sometimes good enough to allow gas measurements.
It took about 100 hours to reach 180 meters with a two-
man drilling team working with only one core barrel and
also packing the samples.

As for surface sampling, at six places a few kilometers
apart, we did sample to a depth of 2.6 meters to deter-
mine the accumulation rate by ,0 measurements. We also
took direct measurements on 77 stakes set up in Camp
Français four years ago.

The National Science Foundation provided logistic
support. In particular, the assistence of U. S. Antarctic
Research Program (USARP) representatives in New Zea-
land and Antarctica is gratefully acknowledged.

The field project was also supported by the Expedi-
tions Polaires Françaises (through a grant from Terres
Australes et Antarctiques Francaises). Laboratory and
technical studies have been supported in France by
Centre National de la Recherche Scientifique and Insti-
tut National d'Astronomie et de Géophysique.
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Sea ice

Seasonal variation of total
antarctic sea ice area, 1973-75

H. J . ZWALLY, C. L. PARKINSON, F. D. CARSEY,
and P. GLOERSEN

Laboratory for Atmospheric Sciences
Goddard Space Flight Center

National Aeronautics and Space Administration
Greenbelt, Maryland 20771

W. J . CAMPBELL

U.S. Geological Survey
Tacoma, Washington 98416

R. 0. RAMSEIER

Department of Environment
Ottawa, Canada KIA 0H3

Sea ice concentrations can be derived from 1.55-cen-
timeter microwave brightness temperatures measured
by the electrically scanning microwave radiometer (E5MR)
on the satellite NIMBUS V (e.g., Zwally and Gloersen,
1977). Using such measurements to calculate sea ice con-
centrations for most of the three-day periods in the years
1973 through 1975 and averaging the values for each
month, we have determined the total areal extent of
antarctic sea ice of various concentrations as it varies
seasonally and annually.

Most previous analyses of the seasonal and interan-
nual variations of the sea ice cover have been limited to
studying the maximum extent of ice as determined by
the position of the boundary between open ocean and
the ice pack. Our analysis also takes into account open
water within the ice pack so as to be able to measure the
actual area of ocean covered by ice. This additional in-
formation is more directly related to oceanic and at-
mospheric processes and the climatic effects of the sea
ice cover.

The sea ice concentration (C) is determined by taking
the measured brightness temperature (T B) to be a linear
combination of the sea ice TB and open ocean T8 (plus
background) in proportion to the area covered by each
as described in the following equation (Zwally and
Gloersen, 1977):

- T3 - 135K
- €1T0 - 135K

where T. is the physical temperature of the ice surface
temperature, 135K is the average measured brightness
temperature over seawater, and € is the ice emissivity,
which has a value of 0.92 for first-year sea ice at 1.55-
centimeter wavelength. Because only a small portion of
antarctic sea ice exhibits a multiyear microwave signa-
ture, 0.92 is used as an overall value for the Southern
Ocean. The major unknown variable in the equation is
the ice surface temperature T 0. This is approximated by
weighting climatological air temperatures from Taljaard
et al. (1969) with the sea surface freezing point, using
an empirical weighting factor of 0.75 (e.g., T 0 = 250K
for an air temperature of 243K).

The above equation is used to determine sea ice con-
centration in each of the resolution cells, which are ap-
proximately 30 kilometers square. The area of "ice-
laden" ocean is then calculated by summing the areas
of all resolution cells having at least 15-percent ice cov-
erage. Similarly, the area of ocean covered by "highly
concentrated" ice is determined by summing the areas
of all cells having at least 85-percent coverage. The
yearly sequences of the values obtained are plotted in
the accompanying figure.

MONTH

Areal extent (millions of square kilometers) of antarctic
ocean waters with sea Ice concentration of at least 15 per-
cent and with sea ice concentration at least 85 percent. (Data
missing for March—May and August of 1973 and for June—

August of 1975.)
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This figure indicates that, in accordance with earlier
estimates, the ocean area of the southern hemisphere
affected by ice cover (15-100-percent concentration)
decreases to a minimum of about 4 million square kil-
ometers in February and increases to a maximum of
about 20 million square kilometers in September. Well
over half the reduction of ice extent occurs within the
2-month period from mid-November to mid-January,
and in general this ice decay proceeds more rapidly than
the ice growth from February to September.

The data show a mild trend between 1973 and 1975
toward a smaller extent of sea ice, particularly during
the growth season. However, no similar trend appears
for the area of waters with highly concentrated ice. A
major polynya in the Weddell Sea in 1974, 1975, and
1976 accounts for much of the interannual difference
in total ice extent. It is interesting to note that Kukla
(1978) found a general decrease in arctic ice from 1973
to 1975, following an increase from 1967 to 1973.

In 1973, the maximum antarctic ice extent occurred
in late September or early October, but it was 2 to 4
weeks earlier in 1974 and 1975. The largest decrease in
the area of highly concentrated ice occurred with a dra-
matic 1-month decrease of 6 million square kilometers
from October to November of 1973 and with a slower
2-month decrease of slightly less total magnitude in Oc-
tober-December of 1974 and September-November of
1975. The largest decrease in the area of highly concen-
trated ice precedes by about a month the largest de-
crease in total ice area noted above. This reduction of
highly concentrated ice could be attributable to an in-
crease in ice divergence or more likely to a decrease in
new ice production in newly formed leads.

With data assembled for only a 3-year time period, it
is not possible to draw firm conclusions on the nature

of interannual variability of antarctic ice. There is some
interannual variation in the phase and amplitude of
maxima and minima in the curves and also a slight trend
toward reduced total ice extent from 1973 to 1975.

The southern ocean has been divided into five sec-
tors—the Weddell Sea, Indian Ocean, Pacific Ocean,
Ross Sea, and Bellingshausen-Amundsen Sea sectors—
and similar analysis has been performed on each of these
(Zwally et al., 1979). The individual sectors show much
more variability than the sum. The tendency for an in-
crease of ice in one sector to compensate for a decrease
in another suggests a large-scale interaction among the
sectors requiring further investigation. The different
sectors show varying proportions of highly concentrated
ice, indicating regionally different meteorological and
oceanographic processes.
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A simple parameterization for salt
flux to upper ocean owing to
freezing and melting at the

surface

CLAIRE L. PARKINSON

Laboratory for Atmospheric Sciences
Goddard Space Flight Center

Najional Aeronautics and Space Administration
Greenbelt, Maryland 20771

As ocean water freezes to ice, its salt content partly
settles to the water underneath and partly becomes en-
trapped in pockets of brine within the ice. The amount
of salt settling to the water below depends on the rate
of freezing, the temperature, and the initial salinity of
the upper ocean. Because the salt collected in brine

pockets slowly diffuses downward as the ice ages, the
salinity of an individual ice floe typically decreases with
time, eventually exhibiting a gradient from very low sal-
inity at the top of the floe to somewhat higher salinity
at the bottom. This yields a salinity structure of sea ice
that is both complicated and variable, as is evident from
actual salinity profiles.

Current limitations in computer time and core space
realistically prevent insertion of elaborate salinity pro-
files into large-scale numerical models. However, the im-
portance to the ocean of the salt fluxes resulting from
the formation and melting of sea ice suggests that an
attempt should be made to parameterize these fluxes,
even if the detailed salt structure of the ice cannot be
included.

To simplify the complicated salinity distribution in sea
ice consistent with the degree of simplification common
in large-scale sea ice and ocean models, a uniform ice
salinity S can be assumed. A reasonable value for S1
would be four parts per thousand, a number suggested
by Weber (1977) as one appropriate for the bulk of sea
ice. The assumption of constant S allows immediate cal-
culation of the average salinity change in the upper layer
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of the ocean attributable exclusively to ice ablation and
accretion. The accompanying figure presents the rele-
vant variables,

where Az = depth of ocean's upper mixed layer,
S1 salinity of mixed layer at timestep t,
h1 = ice thickness at timestep t,
pi = density of sea ice,

Pw = density of sea water, and
C1 = fractional ice coverage at timestep t.

Conservation of salt from one timestep to the next
timestep requires:

Sz(1 -CO + St Az -- h1 )C1	 C1+ S.

= St+1 z ( 1 -C1+1) + 1+1	- 
Pw

-h1+1 )C1+1

+ S1al.h1+1C1+1
Pw

Equation (1) is readily solved for S11 as follows:

St z- St -LL ht Q + S, ±L 	S-h+1C+1
st+l Pw	Pw	Pw

Az
=

- - h+C1

PW(St -S1)(hC1+1 - ht C)
\	I

	

=st+	 Pw

Az - - h1+1C1+1
Pw

The resulting formulation—equation (2)—for S+1 is eas-
ily inserted into the computer code for any large-scale
model including both ice and water.

When such a model does not allow for leads within
the ice pack, the ice concentration in any ice-covered
grid square is 100 percent. Accordingly, equation (2)
reduces to:

(S1-S1) (.
P

-(h1+1_ht)
wist+1 = S1 +

Az P1
- - h+

Pw

Equivalently, this can be written in differential notation
as:

(S-S1)
(PW /	

(4)
z ---(h+h)

Pw

Schematic of variables involved in calculating salinity change
In upper ocean owing to sea ice formation and melt (vari-

ables identified in accompanying text).

where it is understood that S and h in the right-hand
expression denote the respective quantities at the start
of the timestep. Typically, the ratio Pi'Pw is approxi-
mately 0.88.

Plans are under way to include this salt flux formu-
lation, equation (2), upon coupling a large-scale sea ice
model of Parkinson and Washington (1979) with an
ocean model of Schopf (1977). This coupling is sched-
uled for 1980.

Including a calculation for the ice-to-water salt flux
will provide an opportunity to examine numerically the
importance of this flux to such processes as the forma -
tion of antarctic bottom water. As is well known, the salt
influx to the upper ocean during ice formation increases
the density of this upper water, thereby encouraging
convection. As ice melts, the upper ocean receives an
influx of cold, low-salinity melt water; upon diffusing
into the ocean mixed layer, this melt water tends to re-
duce the average salinity of the layer. Although the as-
sumption of uniform ice salinity is a severe constraint,
it will nevertheless allow modeling, in an approximate
fashion, of these important consequences of ice forma-
tion and melt.
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Relative diatom abundance as
tool for monitoring winter sea ice
fluctuations in southeast Atlantic

DAVID R. DEFELICE

Mobi'101 l Corporation
9 Greenway Plaza, Suite 2700

Houston, Texas 77035

Although it has been shown that many species of dia-
toms are capable of living heterotrophically under or
within sea ice (Bunt, 1968; Homes, 1977; Hoshiagi,
1977), the bulk of sediment-forming species are not
epontic and require unobstructed solar radiation to
maintain metabolic processes. Their sensitivity to light
quality makes relative diatom abundance a useful tool
in monitoring fluctuations of the northern winter
boundary between sea and ice and so of temperatures
responsible for these fluctuations.

Analysis of surface sediment lithologies in the south-
east Atlantic reveals that diatom ooze predominates
south of the antarctic polar front to about latitude 60°S.
South of 60°S, the most prominent surface sediment
types are pelagic clay and diatomaceous mud (except on
the Maud Rise, where the anomalous occurrence of dia-
tom ooze possibly reflects polynya development and un-
inhibited photosynthetic activity [DeFelice, 1979] ). The
boundary between diatom ooze and pelagic clay in sur-
face sediments corresponds roughly to the northern
limit of winter sea ice. North of the ice front, diatoms
are capable of uninhibited, yearround photosynthetic
activity and thereby make up the major constituent in
sediments. South of the ice front, diatoms are less abun-
dant on account of the sea ice that covers the area for
as much as eight months of the year.

The front fluctuates greatly between the summer and
winter (Mackintosh, 1972). Any area covered by ice has
to be recolonized by plankton during the months when
the ice has receded. However, because many species are
incapable of living in such an unpredictable and variable
environment, diversity in the pelagic clay belt is signifi-
cantly less than in the ooze belt (DeFelice, 1979).

Using present-day lithofacies patterns as a model, we
examined Islas Orcadas core 1176-64, located on the
ooze-clay boundary, for changes down-core in diatom
abundance. Lithofacies variations down-core show evi-
dence for numerous fluctuations of the winter ice front
within the last 300,000 years. The accompanying figure
illustrates down-core variation in relative diatom abun-
dance that reflects the presence or absence of sea ice
over the area at a particular time in the past.

Assuming that northward shifts of winter sea ice
(characterized by pelagic clay) are a consequence of cool-
ing and that southward shifts of the ice front (charac-
terized by diatom ooze) are a consequence of warming,
it is possible to use relative diatom abundance to recon-
struct paleotemperature changes. Comparison of the
curve in the figure with paleotemperature curves con-
structed using oxygen isotopes (Burckle, Clarke, and
Shackleton, 1978), foraminifera (Williams, 1976), and
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radiolarians (Hays, Lozano, Shackleton, and Irvine,
1976), shows reasonably good correlation.

This research has been supported by National Science
Foundation grant DPP 78-07183 to Florida State Uni-
versity (S. W. Wise).
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Drifting buoy measurements on
Weddell Sea pack ice

STEPHEN F. ACKLEY

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

Recent observations show that the Weddell Sea pack
ice is sustained during the summer over an area of ap-
proximately 2 million square kilometers. It advances
from the Weddell region (longitude 60°W to 300E) to
make a major contribution to the total pack ice that ex-
tends around Antarctica and covers about 7.5 million
square kilometers of ocean at the winter maximum. The
pack ice reaches to lower than latitude 55°S in the region
of the 00 meridian (Ackley and Keliher, 1976; Ackley,
1979).

In our study, we deployed an array of air-dropped
buoys with sensors to obtain information on the drift of
the ice cover and its deformation by the driving forces
of wind and ocean current. The buoys, designated AD-
RAMS (air-droppable random access measurement sys-
tem), transmitted data on location, pressure, and tem-
perature to the NIMBUS VI satellite that currently is in
a near-polar orbit. The air drop from one of the Na-
tional Science Foundation's LC-130 aircraft based at
McMurdo Station was accomplished on 18-19 Decem-
ber 1978.

Initial locations of the six buoys are shown in table 1.
As indicated in the table, two buoys ceased transmitting
after two weeks, presumably because they were crushed
or overridden by moving ice. The other four continued
transmitting for approximately four months (in fact, two
of them were still providing information in September
1979).

The drift record of the southernmost buoy (buoy
1433) that remained active for the four-month period
is shown in figure 1. The drift is dominated by a rela-
tively steady northward component throughout the pe-
riod, with some cyclical movements probably associated
with wind shifts from the movements of occasional low-
pressure systems across the region. To validate this as-
sumption, geostrophic wind data will be computed from
the pressure field available from the records of all the
buoys.

The mean drift speed of this buoy for four months
was 3.85 kilometers per day, which is in close agreement
with the mean drift speeds of Endurance and Deutschland
during their ice entrapment (4.1 kilometers per day and

69° 00

7 0° 00'

7 I°00

72°00

73°00

52"00	48000'	44°00'
Longitude (west)

Figure 1. Drift track of buoy 1433 from late December 1978
through April 1979.

4.3 kilometers per day, respectively) (Ackley, 1979). The
mean ten-day drift speeds for the buoy are shown in
table 2. They indicate a tendency for several periods of
fast drift (>7.5 kilometers per day) in the fall preceded
by a longer period with speeds less than 3 kilometers
per day. The periods of fast drift account for nearly 70
percent of the northward movement during only 25 per-
cent of the time. The fastest drift period, averaging 10.5
kilometers per day from days 76 to 85, would require
wind speeds averaging over 21 kilometers per hour (5.8
meters per second) for the ten-day period under free
ice drift conditions (ice speed = 2 percent of wind speed
[Zubov, 1945]).

The temperature record for the same buoy is shown
in figure 2. The temperature sensor is located inside the
hemispherical shell of the buoy, which is painted white
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Figure 2. Temperature record of buoy 1433 from late De-
cember 1978 through April 1979.

to compare favorably with the high-albedo snow condi-
tions present on the pack ice. Some differences between
the measured temperatures and actual surface air tem-
peratures owing to thermal lag and radiational heating
of the buoy may be expected, but the measurements
seem consistent with our limited knowledge of the re-
gion. Temperatures above 0° C were measured for ap-
proximately 30 days from late December to late January.

We had previously inferred (Ackley, 1979; Ackley,
Buck, and Taguchi, 1979) that subfreezing tempera-
tures could be continuously present during the summer
period, based on the low observed surface ablation of
the ice. The buoy data, however, indicate that temper-
atures are above freezing during summer, but only for
a limited duration that would probably effectively con-
fine surface melt ablation to the snow cover on top of

the ice. Because the temperature is internal to the buoy,
it may be expected that the buoy-sensed temperature,
if in error, would tend to be higher than its surround-
ings, because the high incident radiation at this time of
year may cause some heating in the buoy.

Following a relatively constant period of subfreezing
temperatures during mid-February, the temperature
record shows large temperature swings over two- to
three-day periods (10 to 150 C) superimposed on a mean
temperature decline of 0.1 to 0.2° C per day. The period
of most rapid temperature fluctuations also generally
corresponds with the period of the highest drift rates,
perhaps indicating a series of cold air masses moved by
strong southerly winds from the Antarctic continent.
The deformational features of the buoy array indicate
that the ice is undergoing almost continuous conver-
gence during the summer-fall period, which is in agree-
ment with high ice ridging observed during the buoy
deployment. While this converging behavior is opposite
to the diverging sea ice behavior generally assumed
around Antarctica (Ackley and Keliher, 1976; Gordon
and Taylor, 1975), it may account substantially for the
sustaining of the Weddell Sea pack through the summer
period. Continuous ice convergence would limit the
heating available through radiation absorption in open
water and thin ice areas and, therefore, delay the dis-
integration of the pack by lateral melting processes.

The support of U.S. Navy Antarctic Development
Squadron (vxE-6) in the carrying out of the buoy de-
ployment is gratefully acknowledged. Preflight weather
data and inflight ice observations by the McMurdo Sta-
tion forecasters and FleWeaFac ice observers are also
highly appreciated. This work has been supported by
National Science Foundation DPP 77-24528.

Table 1. initial buoy locations and lifetimes

Period of Operation (1978-79)
Buoy ID Drop Location Dec Jan Feb Mar Apr May Jun

0305 75031 'S/52°56'W
0333 71044'S/51040'W
0511 72057'S/58026'W
0527 69046'S/50006'W
1121 70018'S/50014'W
1433 73030'S/48034'W

Table 2. Ten-day mean drift speeds of buoy 1433

Julian Days	 Drift Speed (Km/day)

356(78)-005(79)	 2.07

	

006-015	 2.40

	

016-025	 3.70

	

026-035	 5.01

	

036-045	 2.94

	

046-055	 5.77

	

056-065	 7.52

	

066-075	 1.85

	

076-085	 10.57

	

086-095	 8.72

	

096-105	 4.79

	

106-115	 3.92
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Discharge of Weddell Sea ice into
the belt of mid-latitude westerlies

WERNER SCHWERDTFEGER

Table 1. Winds at Matlenzo Station: Annual total and
relative frequency of four wind classes, for three speed

thresholds, March 1968 to February 1969 (total number of
all 3-hour observations: 2,920; number of calms: 992)

Wind speed:	 >5 >10 >15m/sec

Total number of observations	1450 827	488
Department of Meteorology	 S-W, cold, barrier winds (%)	78	79	77

University of Wisconsin	 W-NNW, warm, foehn-affected (%)	14	20	22
Madison, Wisconsin 53706	 N-ENE (%)	 6.5	1	1

E-SSE (%)	 1.5	0.1	0

It is well known that the surface air and water tem-
peratures of the southern South Atlantic and south-
western Indian Oceans, between longitude 50°W and
100°E, are several degrees lower than those at the same
latitudes of the remainder of the Southern Ocean (see
figure 1). This anomaly had no satisfactory explanation
so long as meteorological information for the main
source region of cold water and air did not exist and
satellites had not yet mapped the varying extent of the
antarctic ice cover.

Decisive meteorological evidence became available in
the years after 1962, when the Argentine station Ma-
tienzo (longitude 60°W) was installed in the northern
part of the Larsen Ice Shelf, east of the Antarctic Pen-
insula. This station provided monthly surface tempera-
ture and wind data consistent with results of Norden-
skjöld's antarctic expedition of 1902-03. Statistical
analysis improved the understanding of the strong, cold
barrier winds from the south and southwest along the
west coast of the Weddell Sea. These winds occur when
stable air over the central and southern Weddell Sea
moves westward and finds its progress blocked by the
Antarctic Peninsula's mountain wall. The theory of this
phenomenon has been developed by Schwerdtfeger
(1975). G. C. Simpson (1919) had described earlier an
analogous effect of the mountains west of the Ross Ice
Shelf.

New support for this theory has now been provided
by detailed analyses of 3-hour synoptic observations
from five Argentine stations, including the key station
Matienzo, and five British stations, for the twelve months
from March 1968 to February 1969. Also used in these
analyses have been copies of the unpublished daily ob-
servations of the Ronne antarctic expedition which, dur-
ing October and November of 1947, maintained three
stations between latitude 68° and 69°S: Cape Keeler Sta-
tion on the east side of the Antarctic Peninsula, Plateau
Station near its crest at 1,768 meters above sea level,
and Stonington Island Station on the west side.

These analyses, described in a recent research report
(Schwerdtfeger and Amaturo, 1979), led to three main
conclusions. First, along the east side of the Antarctic
Peninsula and the adjacent part of the Weddell Sea, 99
percent of all winds above 10 meters per second are of
only two types—cold, barrier winds from the southwest
sector (79 percent), and warm, foehn-affected winds
from the west sector (20 percent) (see table). The im-
portance of these winds for the drift of sea ice and sur-
face waters is evident. The interaction of these two wind
types (see figure 2) also helps to loosen the ice cover
adjacent to the coast or ice shelves.

Second, these prevailing wind and resulting current
conditions over the westernmost part of the Weddell Sea
create a kind of conveyor belt for the transport of ice
and cold water northward between latitude 75° and 67°S
and then northeastward. Significantly, this transport is
forced along the Antarctic Peninsula to the relatively low
latitude of 63.3°S and so must extend into the circum-
polar eastward flow of air and waters.

The third conclusion is that such a guided discharge
of ice into the belt of the mid-latitude westerlies cannot

-5ISO	90'W	0	WE
ROSS SEA	 I50L SEA I

Figure 1. Zonal profile of the mean annual air temperature
near sea level, along the parallels 50 0S and 600S. (Data from

Taljaard at al, 1969.)
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Figure 2. A typical sequence of wind and temperature conditions in the area of the Antarctic Peninsula near latitude 65 0S, 18-
22 July 1968. Key: Heavy line = temperature at Matlenzo Station, east of the mountains; thin solid line = temperature at
Argentine Island Station, west of the mountains; thin dotted line = sea level pressure difference between the two stations; on
center line = wind and temperature about 1,300 meters above Argentine Island Station (surface winds light and variable); in
lower section = surface winds and cloudiness at Matienzo Station (each full barb of wind arrows = 10 knots; double circle =

calm); cloud symbols = altostratus at beginning and end of period, with altocumulus during the foehn storm.

be found in any other sector of Antarctica. In particular,
it is useful to emphasize the contrast with the other great
embayment of the antarctic periphery. In the north-
western Ross Sea, the spurs of the Transantarctic Moun-
tains that block a westward flow extend only to Cape
Adare at 71.3'S—that is, south of the circumpolar low-
pressure trough and thus in the regime of the prevailing
easterly winds. Thus, the chances for ice to drift into the
Southern Ocean are strikingly better in the Weddell Sea
than in the Ross Sea area. The neat line of giant icebergs
traveling eastnortheastward from the northwest corner
of the Weddell Sea to and beyond South Georgia Island,
which can often be seen in satellite pictures and the
weekly ice maps of recent years, has no counterpart
north of the Ross Sea.

This work has been supported by National Science
Foundation grant DPP 77-04506.
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Physical oceanography

Sediment mass transport on the
antarctic continental margin
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A major objective of our sediment transport research
is to develop criteria for identifying mass flow deposits,
particularly debris flow deposits, in glacial-marine se-
quences on the continental margin of Antarctica. We are
seeking an understanding of how the type of mass flow
is related to glacial and oceanographic conditions and
margin physiography. The study also is intended to pro-
vide field data for documenting sediment gravity flows
transitional between debris flows and turbidity currents,
such as grain flow or fluidized flow mechanisms.

The Antarctic is especially suited for such a study be-
cause the glacial environment strictly controls the type
of source material available to the various marine agents.
A knowledge of source sediment characteristics makes
it possible to more clearly define the textural changes
that occur during transport and therefore aids in deter-
mining the hydrodynamic character of the mass flow.

Antarctica is one of very few environments, if not the
only one, in the world in which such good source sedi-
ment control is coupled with a natural contrast in several
of the parameters critical to mass transport and depo-
sition. Variations in the physical oceanographic, bathy-
metric, and glacial conditions provide an excellent test-
ing ground for mass transport models. Much of antarctic
glacial marine research to date has been conducted in
the Ross and Weddell seas, both of which exhibit the
physical contrasts needed for the study of sediment mass
transport (Anderson, Kurtz, and Weaver, 1979; Kurtz
and Anderson, 1979).

The Ross Sea is divided into two strikingly different
physiographies by the Pennell-Iselin Banks (figure 1),
which also coincide approximately with the ice drainage
divide between East and West Antarctica. The continen -
tal slope of the West Antarctic sector is relatively straight
and smooth, in contrast to the irregular, canyon-dis-
sected slope of the East Antarctic sector. The Ross Ice
Shelf is the major glacial feature in the West Antarctic
sector of the Ross Sea (Hughes, 1973), while the East
Antarctic sector is characterized by direct valley-glacial
input from the Transantarctic Mountains.

Piston cores studied from the West Antarctic sector
differ considerably from those of the East Antarctic sec-
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Figure 1. Bathym.try of Ross and Weddell seas showing
piston core locations

tor (Anderson, Kurtz, and Weaver, 1979). The former
commonly consist of a vertically homogenous unit con-
taining gravel dispersed in a poorly sorted sand-silt-clay
matrix (Eltanin cores 52-1, 32-10, 32-33, 27-16, and 32-
40, in figure 1). This unit is overlain by nonpebbly lam-
inated muds. The textural homogeneity, sharp bound-
ing contacts, and displaced foraminifers in this lower
pebbly mud is indicative of transport and deposition by
debris flows. These cores were collected well beyond the
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2.2. Typical graded gravel and sand units from Weddell
Sea. ARA Islas Orcadas cores:

maximum ice grounding line, below the continental
shelf break. Cores sampled from the East Antarctic sec-
tor of the Ross Sea (Eltanin cores 32-5, 32-43, and 27-
19) consist of graded calcarenites, calcareous hash, and
well-sorted clean quartz arenites, which represent prox-
imal turbidites.

The Weddell Sea also exhibits marked contrasts in
physiography and sea ice conditions, which again are
reflected in the sediment sequences. The western Wed-
deli Sea (figure 1) is characterized by a broad continental
shelf and a fairly smooth, gently sloping continental
slope. This configuration differs from the narrow shelf
and steep, canyon-dissected slope of the far eastern
Weddell Sea. Because of the presence of a grounded ice
sheet and an associated proglacial isostatic depression,
the shelf in the eastern Weddell Sea slopes toward the
continent; the continental shelf in the western Weddell
Sea is overridden by a vast floating ice shelf and slopes
toward the ocean basin.

The western continental shelf is covered by perennial
sea ice, as is the continental shelf in the northeastern
Weddell Sea. The south-central Weddell Sea is free of
ice much of the year. The presence or absence of per-
ennial ice affects sedimentation through direct control
over the effectiveness of wind- and wave-generated shelf
circulation.

Circulation also differs between those sectors because
of the presence of antarctic bottom water. In the eastern
Weddell Sea, where no significant bottom water is pro-
duced, the contour flow of warm deep water intersects
the upper slope and shelf and reworks sediment. In the
western sector of the Weddell Sea, newly formed bottom
water displaces warm deep water to a position north of
the shelf break, causing more sluggish bottom circula-
tion. Sediments are more fine-grained here than in the
east.

Recent sampling work during cruise 1578 of ARA Islas
Orcadas and analyses of cores collected during several
Operation Deep Freeze expeditions have verified the
existence of both debris flow and turbidity current de-
posits in the Weddell Sea (Anderson, Kurtz, and Weaver,
1979). Debris flow deposits are concentrated most in the
western Weddell Sea (Deep Freeze cores G -19, G -20,
G -21), where the source material is very poorly sorted
glacial debris. Any marine reworking is precluded by the
ice cover and resulting lack of strong current activity. As
in the western Weddell Sea, much of the source sedi-
ment in the eastern Weddell Sea is nonsorted glacial-
marine till; however, current activity has produced sub-
stantial reworking and winnowing. While debris flow
deposits are found here, there is strong evidence that
turbidity flow is a dominant process.

Graded gravel and sand units (Islas Orcadas cruise 10-
1578 cores 32-1 and 27-4 and Deep Freeze cores G-11,
G-13, and 3-11-3), several of which display increasing
mineralogic and textural maturity upcore, have been
cored on the continental slope in the Weddell Sea (figure
2). These deposits are easily explained by turbidity cur-
rent deposition. It is very likely that these and other
turbidity flows were initiated first by slump and/or. de-
bris flow activity (Hampton, 1972; Middleton and
Hampton, 1973; and Lowe, 1976), which in theory can
be transitional into other types of flow mechanisms. At
least one core (Islas Orcadas- 1578-3 1 - 1) penetrated mass

io-1578-18-1: Well-washed ungraded gravels from base to
40 centimeters (see arrow) overlain by graded coarse sand
to fine muddy sand at top of unit

10-1578-27-4: Gravels grading through coarse sand to muddy
sand in sharp contact at 787 centimeters (see arrow) with
silt unit

10-i 578-32-1: Coarse sand from base grading to medium
sand at 60 centimeters (see arrow) overlain by a second
graded coarse to medium sand unit at top of core

uo-1277-42-3,1: Coarse sand from base grading into medium
sand at 310 centimeters (see arrow) where graded gravel
through sandy-silt unit continues to 257 centimeters (see
arrow)

io-1277-43-1: Medium quartz sand grades from base to fine
quartz sand at top of core

flow deposits that appear to represent a complete mass
flow transitional sequence as proposed by mass flow
theoreticians. Muddy, sandy gravels show no grading
near the base of the core, but the coarse gravel fraction
appears to fine upward through the muddy interval
within the middle of this core.

Such a texture implies that the support mechanism
was still matrix suspension, which is definitive of a debris
flow (Middleton and Hampton, 1973). Grading of the
gravels, however, suggests that the flow regime at some
point had become turbulent and that the mechanism,
therefore, is something between the pure end-member
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definitions of debris flow and turbulent flow (Hampton,
1972; Middleton and Hampton, 1973; Enos, 1977).

It appears now that sediments such as these may in-
dicate the existence of those transitional mechanisms of
sediment mass transport for which little field evidence
has been obtained. Further study to determine the hy-
drodynamic nature of such transitional deposits will en-
able a clearer application of mass movement models in
both the modern and ancient environments. It is also
important to learn to recognize mass flow deposits as
such. Otherwise paleo-oceanographic and paleoglacial
reconstructions from continental margin deposits, where
the most dramatic changes have occurred, cannot be
made with confidence.

Financial support for this project has come from Na-
tional Science Foundation grants DPP 77-26407 and DPP
79-08242 and from the American Chemical Society Pe-
troleum Research Fund (PRF-1 1 101-AC2). We thank Su-
san Davis for assistance in the processing of samples and
Dennis Cassidy of the Antarctic Marine Geology Re-
search Facility (Florida State University) for his assis-
tance.
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Circulation of Weddell Gyre and
Antarctic Circumpolar Current in

South Atlantic

A. L. GORDON

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

Hydrographic data from ARA Islas Orcadas cruises are
being used, in conjunction with the historical data set,
to study water mass spreading and mixing in the South
Atlantic Ocean. Specific issues being studied include the
attentuation. of the water masses of the Pacific and the

North Atlantic in the South Atlantic, the source of Wed-
dell Gyre deep water, and the spatial pattern and water
mass alteration in the Weddell Sea.

It has been found that the wind-driven Sverdrup
transport in the Weddell Gyre region is quite different
from the baroclinic flow of the upper kilometers (figure
1, derived from Gordon, Molinelli, and Baker [1978]
and Gordon and Martinson [in preparation]). The sur-
face flow, relative to 1,000 db, may not reflect the large-
scale wind-driven flow, but rather the circulation in-
duced by pycnocline warping from thermohaline pro-
cesses. If so, there is an important difference between
the subpolar Weddell Gyre and subtropical gyres, where
dynamic topography matches the baroclinic flow of the
upper kilometer quite well (Stommel, Niiler, and Anati,
1978; Leetmaa and Bunker, 1978).

It is known that Pacific waters enter the Atlantic
Ocean by passing over the ridge system forming the

Figure 1. Streamlines of Sverdrup transport in Weddell Gyre (from Gordon and Martinson, 1979). Streamlines are given in 106
cubic meters per second. Light dashed line = 0-1,000 db dynamic topography; heavy dashed line = 1,000-2,500 db dynamic

topography (from Gordon, Molinelli and Baker, 1978); shaded area = site of the 1976 Weddell poiynya.
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Figure 2. The shallowest route from South America to the
Antarctic Peninsula. Pacific Ocean water has to cross this

ridge on entering the open Atlantic Ocean.

Atlantic boundaries of the Scotia Sea, principally over
the North Scotia Ridge in the region between Burdwood
Bank and South Georgia Island. Evidence of geos-
trophic determination in the deep gap near longitude
48°-49°W suggests high velocities for this process. It ap-
pears that Pacific waters mix by a nearly isopycnal pro-
cess with the relatively warm, saline North Atlantic deep
water to the north and the relatively cold, fresher Wed-
dell Gyre waters to the south. Fine structure and large-
scale gradients indicate that the mixing is quite vigorous
at most levels, although waters of Pacific origin clearly
dominate some levels of the water column and survive
to enter the Weddell Gyre. The main Pacific input into
the Weddell Gyre, however, may exit the Scotia Sea to
the east of South Georgia Island.
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ARAIsIas Orcadas cruise 17 in
northern Weddell and Scotia seas

ROBERT J . OLSON

Scripps Institute of Oceanography
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La Jolla, California 92093

PAUL DUDLEY-HART

Woodward-Clyde Consultants
5120 Butler Pike

Plymouth Meeting, Pennsylvania 19462

ALDO ToMo

Argentine Antarctic Institute
Buenos Aires, Argentina

Between 2 September and 14 October 1978, ARA Islas
Orcadas collected scientific data over 4,725 miles of track.

The scientific program of Islas Orcadas cruise 1778,
which consisted of nine projects carried out by investi-
gators from five institutions, stressed two objectives:
first, the investigation of the physical and chemical fac-
tors affecting primary productivity in the late winter and
early spring in the vicinity of the ice edge, and second,
the collection of krill for distribution, abundance, and
biochemical studies.

The majority of the track from the southern portion
of the Drake Passage to the South Sandwich Islands was
made through ice. Ice conditions ranged in ice coverage
from two- to eight-eighths and in ice quality from pan-
cake ice to two meters or more of rotten sea ice. The
vessel could maintain a 2.5-knot average speed through
a six-eighths coverage of sea ice from one to two meters
in thickness. Weather was excellent during most of the
cruise, although gale force headwinds slowed the ship
considerably between the South Sandwich Islands and
South Georgia.

The nine basic sets of measurements made at a typical
station were as follows:

1. An in situ fluorometer/salinity-temperature-depth
(STD) cast for chlorophyll-a fluorescence and tempera-
ture/salinity profiles in the upper 300 meters, using a
rosette sampler to obtain discrete water samples for
comparison with the instruments (responsibility of
Scripps Institution of Oceanography [SIO] team).

2. A deep STD cast in order to be able to obtain phys-
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ical oceanographic data (Jim Haustein and Masamichi
Inoue, Texas A&M University).

3. Water sampling: (a) a 5-liter Niskin cast of 7 to 18
bottles from the surface down to the 0.01 percent light
penetration level for chlorophyll-a, particulate ATP,
particulate carbon and nitrogen, nutrients, phytoplank-
ton, and measurement of primary productivity by 14

bicarbonate uptake (Texas A&M University and SlO);
(b) a 30-liter Niskin cast for samples to measure NHt
and NO 

3
uptake and NOj production by ' 5N tracers

(Rob Olson, 810) and for samples to study the rates of
incorporation of '4C–bicarbonate into various chemical
components of the phytoplankton (Andy Smith, Bigelow
Laboratory).

All of these samples were preserved for later analysis;
however, ammonia determinations were done immedi-
ately (Bob Bidigare, Texas A&M University).

4. A buoy launch for the incubation of the 14 C and
'5N experiments. After the first four stations, the buoy
system was lost and the remaining incubations were car-
ried out on deck in surface seawater-temperature incu-
bators, with-either neutral density or blue-colored filters
to adjust light intensity. In situ incubations were done
at seven light levels and on-deck incubations at four light
levels.

5. Krill sampling: (a) 77 net tows at various times and
depth regimes to correlate krill distribution with light
intensity and time of day, using a 1-meter Isaacs-Kidd
midwater trawl. Catch volumes were small, with eu-
phausid volume less than 100 milliliters per sample.
Most of these were larval or in early adolescent stages.
The samples were preserved in formalin for further
study; one sample was frozen at 75° C for biochemical
studies (Robert Picken and Rufus Zogbaum, DePaul
University); (b) tows consisting of 11 tows for juvenile
krill, eggs, and other zooplankton using a Hensen net
from various depth intervals down to 400 meters, 6
oblique tows for juvenile krill using a 1-meter Isaacs-
Kidd net, 3 oblique tows for adult and juvenile krill us-
ing a 4-meter Isaacs-Kidd net, and benthic trawling with
a Blake trawl near the South Sandwich Islands and also
near South Georgia (Aldo Tomo, Argentine Antarctic
Institute).

6. A vertical net tow for phytoplankton for micro-
scopic enumeration, including a transect of the polar
front to compare subantarctic, polar front, and antarctic
water masses for diversity and composition of phyto-
plankton species (Mike Hoban, Texas A&M University).

7. A vertical net tow for zooplankton for ammonia-
excretion/oxygen-consumption experiments using se-
lected zooplankters and an oxygen electrode (Bob Bi-
digare, Texas A&M University).

8. A spectroradiometer cast to measure visible light
at eleven wavelengths, from the surface down to about
50 meters (Phil Dustan, Sb).

9. A quantum meter cast to measure total light quanta
between 400 and 700 nanometers wavelength, in a con-
tinuous profile down to about 50 meters. This measure-
ment, compared with the simultaneous reading of a
deck-mounted reference, was the basis for the choice of
depths sampled for productivity experiments.

In addition to the above-described measurements
taken at a typical station, the cruise of ARA Islas Orcadas
also involved special projects, performed as opportuni-

ties arose. These included the measurement of en-
hanced light levels as the ship approached an ice edge
as part of the program of continuous solar radiation
measurements (Nick Horvath, Texas A&M University);
sampling of ice algae from the interior of sea ice; an XBT
survey of the polar front region to measure temperature
and salinity gradients for studies of winter-time dynam-
ics, geostrophic velocities, and transport; and sampling
to determine bacterial abundance by direct-count scan-
ning electron microscopy at ten stations and activity by
uptake of radio-labeled organic substrates at four sta-
tions (Robert Warner, Texas A&M University).

Other special projects were the filtering of large-vol-
ume samples of surface seawater to measure particulate
lipids, organic carbon, ATP, and carbon, hydrogen, and
nitrogen at eight stations (Chuck Kennicutt, Texas A&M
University); and the drilling of two cores on the Bur-
wood Bank for the Naval Hydrographic Service of Ar-
gentina—one at 54°13'5160°04'W and the other at
54°45'S159°58'W (from which cutter samples were taken
for the Antarctic Marine Geology Research Facility and
Core Storage Library, at Florida State University).

Throughout the cruise, bathymetric data were col-
lected on both 12 kilohertz and 3.5 kilohertz. A mag-
netometer was streamed as ice conditions permitted.

Operations performed during the cruise are summa-
rized in the accompanying table. On account of bad
weather and the failure of the radio direction finder
(because of icing), the primary productivity buoy was
lost. Safe recovery of the buoy can probably be facilitated
in the future by using a radar transponder and by avoid-
ing underway net operations while the buoy is in the
water.

The major reason for the cruise's success was the very
real cooperation that existed both among the scientists
and between them and the ship's crew. Captain Lucio
Sanguinetti's extensive experience in the ice and his
patience, good humor, and high standard of seamanship
were particularly appreciated by those of us in the sci-
entific party. We would also like to express appreciation
for the help of the executive officer, Captain Albertani,
the oceanographic officer, Lieutenant Losadas, and the
oceanographic petty officers.

Table 1. Summary of operations psrformsd during cruise
1778 of ARA sin Orcadu

Phleger Cores ....................................... 1
Piston Cores ............................. ............

	
2

Butterfly Casts ...........................
................	

6
STD Casts .......................... ......... 19
STD/Fluormeter Casts .......................16
Rosette only Casts .................................... 2
Multi-level Hensen Net Casts ......................... .

	
..20

. . .5 liter Niskin Casts ................................15
30 liter Niskin Casts ................................. . .14
Spectroradiometer Casts .............................6
1-meter Isaac Kidd Mid-Water Trawls ................... 79
4-meter Isaac Kidd Mid-Water Trawls 	 ...................4
Vertical Plankton Nets ...............................

........
	57

1010 ft. Blake Trawis ...........................9
Primary Productivity in situ buoys ...................... 4
Solar radiation ice edge studies	 . . . . . . . . . .	2..............
Bongo nets .........................................

......
. .1

Computer card drift studies ............................
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Tritium concentrations in Ross
Sea and Antarctic Circumpolar

Current

ROBERT L. MICHEL

Department of Chemistry
University of California, San Diego

La Jolla, California 92093

During the austral summer of 1977-78, seawater sam-
ples were collected from the Ross Sea and the Antarctic
Circumpolar Current for analysis by the Mount Soledad
Tritium Laboratory. This program complemented work
we were carrying out at the Ross Ice Shelf Project (RIsP)
access hole (Michel, Linick, and Williams, 1979).

All samples were drawn from 5-liter Niskin bottles
into 1-gallon glass bottles that had been flushed with
argon. The samples were then sealed and returned to
the laboratory for analysis. The results are given in the
accompanying table. Blank values and icr error bars for
these samples are 0.15 TU (1 TU = 1 tritium atom per!
1018 hydrogen atoms).

Stations 4 through 6 lie along the Ross Ice Shelf and
show a uniform tritium distribution throughout the
water column. All samples but one had tritium concen-
trations in the range from 0.59 TU to 0.80 TU. The con-
stant tritium concentrations in all layers point to the
rapid renewal of deeper water masses in the Ross Sea.
Tritium data obtained by Jacobs (1977) during the aus-
tral summer of 1976-77 also showed high tritium con-
centrations in some deeper layers.

The rate of renewal of these layers is difficult to as-
certain because of the nature of bomb tritium deposi-
tion. Tritium concentrations in Ross Sea surface waters
have been decreasing for several years. As noted by
Weiss, Ostlund, and Craig in their Weddell Sea work
(preprint) a decrease in surface concentrations at a rate
similar to tritium's decay rate will increase the range of
possible renewal rates for subsurface water. The tritium
in subsurface water can be (1) recently added from the
surface with concentrations close to surface values; (2)
older surface waters with higher initial tritium concen-
trations that have since decayed away; or (3) a combi-
nation of these. Thus, at present, we can state only that
the deeper water masses have been renewed since the
beginning of the bomb tritium transient.

The uniform tritium concentrations found along the
shelf front present a strong contrast to the distribution
found under the Ross Ice Shelf (Michel, Linick, and
Williams, 1979). Under the shelf, tritium concentrations
are lower in deeper layers; one sample even approached
the blank level. These differences show that the ex-
change of water under the shelf with that in the open
Ross Sea is dependent on depth.

Station 3 was at the continental shelf break. A small
minimum appears to be present at the middle depths.
Temperature and salinity sections (Jacob, Amos, and
Bruchhausen, 1970) show that warm deep water (wDw)

Table 1

	

Depth	 TU	 Sal.
Station 1 (57037.0'S/175001.0'E)

	

0	 0.89	 34.16

	

100	 0.91	 34.32

	

200	 0.89	 34.33

	

350	 0.75	 34.21

	

800	 0.43	 34.29
Station 2 (67030'S1179024'E)

	

0	 0.58	 33.843

	

100	 0.44	 34.298

	

200	 0.22	 34.671

	

350	 0.15	 34.725

	

800	 0.15	 34.73

	

2000	 0.81	 34.726
Station 3 (74031'S/174028'E)

	

0	 0.60	 34.28

	

100	 0.39	 34.6

	

300	 0.44	 34.74

	

490	 0.68	 34.83
Station 4 (77031'S/175000'E)

	

0	 0.62	 34.50

	

100	 0.67	 34.580

	

200	 0.74	 34.637

	

350	 0.71	 34.714

	

630	 0.66	 34.840
Station 5 (77031'S/180000)

	

0	 0.60	 34.42

	

50	 0.70	 34.43

	

100	 0.70	 34.44

	

140	 1.13	 34.512

	

200	 0.80	 34.55

	

300	 0.72	 34.69

	

400	 0.68	 34.689

	

700	 0.72	 34.87
Station 6 (78026.5'S/164018'W)

	

0	 0.70	 34.212

	

100	 0.59	 34.233

	

250	 0.60	 34.397

	

520	 0.65	 34.52
Station 7 (7600.5'S/169015'W)

	

150	 0.52	 34.39

	

250	 0.79	 34.500

	

460	 0.49	 34.607

could influence water at these depths. As WDW contains
negligible amounts of tritium (Jacobs, 1977), its influ-
ence would be capable of producing a tritium minimum.

Stations 1 and 2 are in the Antarctic Circumpolar Cur-
rent. At station 1, located north of the Antarctic polar
front, tritium concentrations are still half of surface val-
ues at 800 meters. Sinking of surface waters occurs in
these areas, so this result is not surprising. At station 2,
tritium concentrations decline rapidly with depth, drop-
ping to blank values at slightly below 200 meters. How-
ever, a high tritium value is found at 2,000 meters.

This work has been funded by National Science Foun-
dation grants DPP 76-22134 and DPP 78-20894 and
predecessor grants.
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Oceanographic observations near
the antarctic continental margin

and Ross Ice Shelf

STANLEY S. JACOBS, JAN J . SZELAG, SUSAN M.
PATLA, and PETER M. BRUCHHAUSEN

Lamont-Doherty Geological Observatory of Columbia University
Palisades, N.Y. 10964

During the austral summer of 1978-79, Lamont-Doh-
erty Geological Observatory continued its field program
designed to study the formation and modification of
water masses near Antarctica's continental margin and
ice shelves.

Between 17 December 1978 and 1 January 1979, we
took measurements beneath the Ross Ice Shelf through
the J-9 access hole (near 82°22'S/ 168°40'W). We pump-
sampled the 237-meter water column beneath the ice at
20 depths for salinity, dissolved oxygen, nutrients, and
oxygen-18. We also took additional bottle samples and
measured temperatures by reversing thermometer.

Significant salinity changes, relative to our 1977 data,
were observed at some depths in the water column. We
found that nutrient and dissolved oxygen levels beneath
the ice are similar to values at equivalent depths in the
open Ross Sea, supporting the concept of an active ex-
change of water between the sub-ice shelf region and
the Ross Sea (Jacobs, Gordon, and Ardai, 1979).

We made simultaneous current measurements at two
depths beneath the ice for periods of 36 and 48 hours.
The results differed significantly from our 1977 obser-
vations (Jacobs, Bruchhausen, and Ardai, 1978) and re-
vealed distinct current shear between the upper and
lower layers in the water column. We took photographs
of the sea floor and of the ice hole interior with a re-
configured camera system. The cleaner access hole pro-
vided by the Browning hot-water drill permitted better
resolution of small-scale bottom features. Vertebrates
observed the previous year (Bruchhausen et al., 1979)
were not photographed again.

We had planned work north of the ice shelf, including
transects through the western and central Ross Sea,
along the Ross Ice Shelf, and across the continental mar-
gin between longitude 150°E and 150°W. However, most
of this work had to be canceled because of logistical
problems and heavy pack ice.

Nevertheless, we did complete forty stations from

USCGC Glacier between 26 December 1978 and 4 January
1979 on and near the continental shelf between longi-
tude 140° and 150°E (figure 1). Between 10 February
and 18 February 1979, we occupied eleven more sta-
tions in McMurdo Sound and three in the Ross Sea. In
addition, we recovered a current meter mooring set the
previous year in the ice shelf water core near the Ross
Ice Shelf (Jacobs, Gordon and Amos, 1979). Another
mooring near the continental shelf break may have been
released, but rapid weather deterioration and lack of
ship time precluded its retrieval.

Using NBIS/Niskifl systems, we focused our station
work on continuous surface-to-bottom measurements of
conductivity (salinity), temperature, and oxygen, with
water samples for in situ calibration, nutrients, and ox-
ygen-18. We recorded CTD-0 data on audio cassettes
and subsequently converted them to digital information.
We made 200 expendable bath ythermograph (xwr) casts
along Glacier's track, and recorded continuous surface
data for portions of the cruise. Furthermore, we took
400 surface samples for salinity, nutrients, particulate-
protein nitrogen, and chlorophyll-a (Amos, Woodroffe,
and Woodroffe, 1979).

We found that the antarctic shelf/slope frontal system
is accompanied by circumpolar deep water intrusion
onto the continental shelf off the Adelie and George V
coasts. Cold and fresh bottom water was found near bot-
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Physical oceanography stations conducted by USCGC
Glacier, 26 December 1978 through 4 January 1979.
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torn on the continental slope and rise, with a range of
salinities from less than 34.65 to less than 34.70 parts
per thousand. This is a good indication that bottom
water forms from both low-salinity and high-salinity
shelf waters along this coastline. Variability in the for-
mation process is suggested by deep temperatures sig-
nificantly colder than we had observed ten years earlier
in the same region.

At stations 190 and 197 (see accompanying figure),
located in the intra-shelf trench, we found that salinities
exceeded 34.70 parts per thousand and temperatures
were below - 1.8° C. This water is sufficiently dense to
flow off the continental shelf if not topographically or
dynamically constrained, but is less dense than high-sal-
inity shelf water in the western Ross Sea. We found min-
imum temperatures below - 1.9° C at mid-depth near
the Mertz and Ninnis glacier tongues. This appears to
show melting of these features, analogous to the pro-
duction of ice shelf water beneath the Ross Ice Shelf
U acobs, Amos, and Bruchhausen, 1970).

Fieldwork on USCGC Glacier was carried out by A. F.
Amos, J . J . Szelag, P. Woodroffe, S. M. Patla, and D.
Woodroffe. On the ice shelf, observations were made by
P. M. Bruchhausen and S. M. Patla. We gratefully ac-
knowledge support of the Ross Ice Shelf Project (RIsP)

personnel and of Glacier's marine science technicians
and electronics chief Stillman. XBT probes were provided
by the Naval Fleet Numerical Weather Central.

This work has been funded by grant DPP 77-22209 to
Columbia University.
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Studies of eddies and
interleaving water masses east

and south of New Zealand

As part of International Southern Ocean Studies
(isos) in the region east and south of New Zealand, a
cruise aboard Wv Knorr was carried out from 12 Novem-
ber to 9 December 1978 (figure 1) to study the dynamics
of eddies and of interleaving water masses and to assess
their effects on the circulation and water mass structure
in the circumpolar region. Eighteen scientists from
seven oceanographic institutions in the United States,
the U.S.S.R., New Zealand, and Australia participated.

During the first part of the cruise, we recovered six
moorings deployed in April 1978 from n/v Tangaroa
(Heath, Bryden, and Hayes, 1978), deployed one site
mooring (to be recovered early in 1980), and took a grid
of conductivity-temperature-depth (cTD) stations about
the moorings. A cluster of five moorings near 49°30'S/
170'W (figure 2) had been designed to study the dynam-
ics of eddies and their effects on the Antarctic Circum-

160' E	 170'	 180'	 170' W

Figure 1. Cruise track of RIv Knorr from 12 November to 9
December 1978. Key: A = site of cluster array of moorings
and accompanying grid of CTD stations; B = site of single
mooring with thermistor chains; C = site of polar front

study.

polar Current downstream of a region where the cur-
rent is strongly influenced by topography. All five
moorings were recovered, although the mooring lines
on moorings N and M were cut at a depth of about 1,500
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Figure 3. Temperature at 1,000 decibars from grid of CTD
stations around the cluster array. Heavy triangles denote
moorings. Temperature values are given at each CTD station
position (located by decimal point in value). Temperature is

contoured every 0.25°C.

meters and so the top two current meters on each moor-
ing were lost. All other current meters appear to have
functioned normally.

The CTD survey about the cluster (figure 3) indicated
that an eddy, albeit a weak one, was present. The CTD
stations in this survey show both subtropical and suban-
tarctic waters in vertical profile. This suggests that the
region is one of active mixing of water masses.

A sixth mooring, near 51°S1175°E, had been designed
to study the seasonal evolution of surface mixed layers
on Campbell Plateau, identified by McCartney (1977) as
being associated with the production of subantarctic
mode water. This mooring was recovered intact, al-
though the uppermost thermistor chain recorder was
flooded (possibly because of a leak in the pressure sen-
sor) and the middle thermistor chain had developed an
oil leak. The remaining three thermistor chains and two
current meters appear to have functioned normally. It
is interesting that the CTD station near this mooring
showed the water column to be well mixed in tempera-
ture but stratified in salinity.

After taking an expendable bathythermograph (xBT)
section while steaming toward 60°S/160°E, we began a
study of the dynamics of interleaving water masses in
the polar front zone and their effects on water mass
structure. First, we located the polar front, determined
its orientation from four crossings, and took a CTD sec-
tion principally across the axis of the front. Then, in
order to follow a water parcel for several days, we de-
ployed two neutrally buoyant floats (vcM's) at depths of
215 and 630 meters on the warmer side of the front.
(A third float was lost during a recovery attempt as a
result of difficulty in maneuvering the ship near the
float in rough seas.) As the floats were tracked, CTD work
consisted of stations over the floats, tow-yo profiles
around the shallower float (VCM 5), and stations pole-
ward and equatorward of the float track to bracket the
water masses in the front (figure 4).

We found that the water mass structure of the area is
typified by a minimum temperature region near a depth
of 200 meters and by interleaving structures that are
more prominent on the front's warmer side (figure 5).

During a four-day period, VCM 5, which was within
the minimum temperature layer, moved southward and
then eastward at a speed of 50 to 70 centimeters per

I65	 166E
58t

56,30

*	 59*

I63L	 I64	 €5	 66

Figure 4. CTD stations and float tracks during polar front
study. Each CTD station is denoted by a dot. A dot with
dashed line denotes a tow-yo station. Float tracks are shown

by solid lines.
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Figure 5. Water mass structure typical of the polar front
zone at CTD stations 157 and 158. Shown are diagrams of
potential temperature versus oxygen and salinity for each
station. Note the interleaving structures near the minimum
temperature layer, which are more prominent on the warmer

side of the front.

second. Four tow-yo profiles of approximately four
hours duration were made near the float. In this oper-
ation, the CTD was lowered and raised successively be-
tween depths of 50 and 500 meters as the ship steamed
at 2 knots. These stations were designed to examine dif-
ferences in variability of interleaving water masses in
along-front and cross-front directions. After two days,
the deeper float was substantially behind the shallower
float, so we recovered it and redeployed it near the shal-
lower float at a depth of 430 meters to provide an esti-
mate of velocity shear. This study indicated that inter-
leaving layers can be followed over horizontal scales of
5 kilometers. It is planned to quantify the differences
between the scales of along-frontal and cross-frontal in-

terleaving layers and compare these figures with results
in Drake Passage described by Joyce, Zenk, and Toole
(1978).

After the polar front study, a CTD section was taken
from 60°S/160°E onto the Campbell Plateau, across the
plateau and Snares Gap, and onto the continental shelf
just south of the southern coast of New Zealand. This
section should provide a description of the nature of
water that flows onto Campbell Plateau from the west
and that must evolve into subantarctic mode water on
the plateau. This section should complement Mc-
Cartney's survey of waters on the plateau performed
during the two months prior to this cruise.

In all, 79 CTD stations and numerous XBT profiles were
taken. Water sample analysis for salinity using a Guide-
line salinometer and for dissolved oxygen using Winkler
titrations will enable at-sea calibrations for the CTD data
of 0.003 parts per thousand and 0.1 milliliter per liter
to be improved ashore.

This work has been supported by the Office for the
International Decade of Ocean Exploration of the Na-
tional Science Foundation under grants OCE 77-22887
and OCE 77-28355 to Woods Hole Oceanographic In -
stitution. Our accomplishments would have been much
fewer without the cooperation and enthusiasm of the
officers and crew of iJv Knorr. In particular, Bosun Cot-
ter constructed a winch that greatly aided mooring re-
covery operations and CTD winch opetators Brennan,
Brodrick, Daly, O'Neil, Tibbetts, and Wessling did con-
sistently good work in cold and windy weather.
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DRAKE 79 operations aboard AGS
Yelcho
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Department of Oceanography
Texas A&M University

College Station, Texas 77843

R. E. STILL

School of Oceanography
Oregon State University

Corvallis, Oregon 97331

HELLMUTH A. SIEVERS

Chilean Naval Hydrographic Institute
Valparaiso, Chile

The second phase of the Dynamic Response and Kin-
ematics Experiment, 1979 (DRAKE 79) was carried out
aboard the Chilean naval vessel AGS Yelcho. This phase
had two objectives. The first was to define the thermal
and density fields during the austral fall surrounding an
array of current meters, temperature/pressure re-
corders, thermistor chains, and bottom pressure re-
corders moored in the Drake Passage. The second ob-
jective was to add through-passage pressure-measuring
capability to the array by deploying a shallow-water pres-
sure gauge to the west of existing recorders at Isla Diego
Ramirez.
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February 1979).

A multiphase field experiment of the International
Southern Ocean Studies (isos), DRAKE 79 coincided with
the World Weather Experiment (FGGE). iJv Melville per-
formed the first phase of this year's operations (Nowlin
and Pillsbury, 1979), during which it deployed the moo-
red instrument array. The remaining DRAKE 79 field op-
erations were set for September and October 1979 and
January and February 1980 aboard &v Atlantis II.

Operations aboard AGS Yelcho were carried out in two

legs. The first, beginning 9 April at Punta Arenas, Chile,
consisted of conducting two expendable bathythermo-
graph (xwr) sections and nineteen hydrographic stations
between Cape Horn and the South Shetland Islands,
along the main line of moored instruments (see figure).
The current ring observed during the iJv Melville cruise
(Nowlin and Pillsbury, 1979) did not appear in either of
the XBT sections. During the second leg, a shallow-water
pressure gauge was deployed and nineteen hydro-
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graphic stations accompanied by XBT sections were con-
ducted in the form of a grid encompassing the moorings
to the west of the main line.

This work has been supported by grants from the
National Science Foundation and by the Chilean Ship
Yelcho.
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DRAKE 79 operations aboard R/v
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The initial phase of the Dynamic Response and Kin -
ematics Experiment 1979 (DRAKE 79) consisted of a 27-
day cruise in the Drake Passage of Wv Melville, beginning
11 January 1979 from Punta Arenas, Chile. The objec-
tives of the cruise were to recover instrument moorings
deployed in December 1977 from AGS Yelcho, to deploy
the 1979 instrument array, and to conduct a series of
expendable bathythermograph (xBT) sections and hy-
drographic stations to describe the thermal and density
fields surrounding the moored array.

A field experiment of the International Southern
Ocean Studies (Isos), DRAKE 79 has four general scien-
tific objectives. The first objective is to interrelate changes
in thermal structure and currents within the Antarctic
Circumpolar Current (AAc), its transport fluctuations,
cross-stream pressure fluctuations, and large-scale at-
mospheric forcing in the southern hemisphere. The sec-
ond objective is to monitor the transport of the AAC
through the Drake Passage, including measuring cur-
rents and estimating the density field to give both bar-
oclinic and barotropic components of the flow. The
third objective is to better describe meso-scale features
of the ACC; this includes monitoring the thermal and
kinematic banding of the ACC and obtaining descriptions
of meso-scale features in the temperature and velocity
fields near the polar frontal zone, as well as obtaining
additional information on energetic time and space
scales. The fourth objective is to refine estimates of tur-
bulent fluxes of heat and salt across the ACC.

Participants aboard the cruise of Wv Melville, under
the direction of W. D. Nowlin, Jr., included scientists

from the Chilean Naval Hydrographic Institute, the Ar-
gentine Antarctic Institute, the Naval Hydrographic
Service of Argentina, Texas A&M University, Oregon
State University, and the University of Washington.

During December 1977, five moorings were set from
AGS Yelcho as a part of First DRAKE (Nowlin, Pillsbury,
and Sievers, 1978). Four of these moorings were re-
covered during the 1979 Melville cruise; the fifth, one
of the northern pressure gauge moorings, failed to sur-
face after the release was interrogated and triggered.
Data recovery was excellent, yielding pressure records
from both sides of the Drake Passage at a depth of 500
meters and extending for a fourth year the current me-
ter records from several levels near the main axis of the
ACC in the central passage. The isos mooring operations
are carried out by the Oregon State University buoy
group, directed by R. Dale Pillsbury.

The 1979 array deployed by Wv Melville had been
designed to provide data that, in combination with hy-
drographic observations, would meet the scientific ob-
jectives of DRAKE 79. As seen i,D figure 1, the array con-
sists of a main line of moorings extending across the
passage from Cape Horn to Hero Bay in the South Shet-
land Islands and a set of moorings to the west of this
main line. The western set was placed near the central
axis of the ACC to provide data for statistical and de-
scriptive studies of meso-scale features associated with
the current. The array contains current meters, tem-
perature/pressure recorders, thermistor chains, and bot-
tom pressure recorders. The distribution of these in-
struments along the main line (with the exception of the
bottom pressure gauges at 100, 500, and 2,500 meters
on both sides of the passage) is shown in figure 2. Cur-
rent meters on both sides of the polar frontal zone were
equipped with a recently redesigned conductivity cell
proven to be more reliable than previous models. By
combining these conductivity data with the temperature
data, we will be able to estimate turbulent meridional
fluxes of heat and salt.

The xn-s- observations made along the cruise track re-
vealed the existence and northward migration of a clock-
wise rotating current ring. This ring, which contained
a core of antarctic surface water, had separated from
the main axis of the ACC and was located in the polar
frontal zone. The upper thermal structure observed on
the first southward crossing of the passage is shown in
figure 3. Indicated are the locations of the distinct sur-
face water masses, which are separated by bands of high
eastward speed (Nowlin, Whitworth, and Pillsbury, 1977).

The Melville cruise was the first of four scheduled dur-
ing DRAKE 79. The second cruise, during the austral fall
aboard the Chilean naval vessel AGS Yelcho obtained hy-
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Figure 1. Locations of hydrographic stations and year-long moorings deployed during DRAKE 79 operations aboard R/V MeIvIII
from 11 January to 6 February 1979.

drographic data during April and May of 1979. As dur-
ing the Melville cruise, the station pattern consisted of
• north-south transect along the main mooring line and
• grid encompassing the moorings to the west of the
main line. Similar hydrographic surveys were planned

for September and October 1979 and January and Feb-
ruary 1980, using the iIv Atlantis II. The moored array
was to be recovered during the last cruise.

This work has been supported by grants from the
National Science Foundation.
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Marine geology and geophysics

Dating of detrital feldspar in
sediment from RISP site J-9

GUNTER FAURE and KAREN S. TAYLOR

Department of Geology and Mineralogy and Institute of Polar
Studies

The Ohio State University
Columbus, Ohio 43210

Detrital feldspar in the glacial-marine sediment at
Ross Ice Shelf Project (RIsP) site J-9 originated from
West Antarctica and provides information about the age
of the bedrock under the ice sheet. This study is based
on analyses of bulk sample PNw-23 recovered during
the 1977-78 field season at site J-9 (dough and Han-
sen, 1979; Webb, 1978, 1979; Brady and Martin, 1979).

A sample weighing 64.43 grams (dry) was sieved into
eight specific size fractions (figure 1). The presence of
feldspar was confirmed by X-ray diffraction, and con-
centrates of this mineral were obtained by use of a mag-
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Figure 1. Grain-size distribution and abundances of minerals in sample ppiw-23, RISP site J-9 (1977-78). Key: A and B =
feldspar fractions dated by rubidium-strontium method.
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netic separator. After leaching with dilute hydrochloric
acid to dissolve calcium carbonate, and after removal of
residual clay coatings by ultrasonic treatment, the con-
centrates were combined into two samples labeled A
(-18+ 120 mesh) and B (-120+230 mesh). These were
ground to -200 mesh and homogenized for dating by
the rubidium-strontium method.

Feldspar is known to have excellent retentivity for ra-
diogenic strontium-87 and is therefore well suited for
dating by the rubidium-strontium method (Faure, 1977).
Concentrations of rubidium and strontium were deter-
mined by X-ray fluorescence. The isotopic composition
of strontium was measured by mass spectrometry.

The results can be interpreted in terms of dates that
have magnitudes dependent on the assumed value of
the initial strontium-87/strontium-86 ("'Sr/"'Sr) ratio.
A series of discordant dates was calculated for each sam-
ple for initial 87 Sr/ 86Sr ratios, ranging from 0.704 to
0.716 (figure 2). A concordant date of 174 million years
for both samples was obtained with an initial 87SrI86Sr
ratio of 0.71552. This calculation is based on the rea-
sonable assumption that the feldspar grains in different
size fractions originated from the same bedrock sources
in West Antarctica and therefore should yield the same
date.

The date of 174 million years may be a result of the
mixing of feldspar of different ages. In this case, addi-
tional assumptions about the ages of contributing bed-
rock sources are necessary before this date can be eval -
uated. If the feldspar originated primarily from rocks
having the same age, then the date obtained for the
feldspar is a valid estimate of the age of the bedrock.
This interpretation is supported by the fact that the date
and initial 87SrI86Sr ratio of the feldspar are similar to
those of granites at Mount Chapman, Whitmore Moun-
tains, for which Kovach and Faure (1978) reported a
rubidium-strontium isochron date of 173 million years
and an initial 87Sr/86Sr ratio of 0.7148. This date con-
Firmed a potassium-argon date of 176±5 million years
For biotite from the Linck Nunataks granite of the Whit-
more Mountains published earlier by Craddock (1970)
md by Webers et al. (1979).

The above comparisons lead to two tentative conclu-
;ions. First, feldspar in sediment sample PNw-23 prob-
mbly originated from igneous and/or metamorphic rocks
f Early Jurassic age that crystallized about 174 million

years ago. Second, no feldspar derived from older rocks,
such as those of the Transantarctic Mountains, has been
detected.

The sediment sample from RISP site J-9 (1977-78)
was made available by Dennis S. Cassidy, Antarctic Ma-

Date in Millions of Years

Figure 2. Variation of rubidium-strontium dates with as-
sumed values of the initial strontium-87/strontium-86 ratio.

rifle Geology Research Facility, Florida State University.
This research has been supported by the Division of
Polar Programs of the National Science Foundation
through grant DPP 77-21505.
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Silicoflagellate Mesocena pappil
identified in RISP site J-9 core

sediments

HsIN Yi LING and RICHARD J . WHITE

Department of Geology
Northern Illinois University

De Kalb, Illinois 60115

Specimens of a silicoflagellate species, Mesocena pappii,
have been recovered from Ross Ice Shelf Project (RIsP)
site J-9 core sediments obtained during the 1977-78
and 1978-79 field seasons (Webb et al., 1979; Webb,
1979). This recovery represents the southernmost oc-
currence of this species recorded to date.

M. pappii was originally described by Bachmann (1962)
from the Eocene Kreyenhagen shale of Los Banos, Cal-
ifornia. It is distinguished from all other known related
species of genus Mesocena by possessing two distally di-
vergent radial spines at each of generally three but
rarely four apices of the triangular basal body ring. Sub-
sequently, Bachmann (1970) reported this species from
the Oligocene samples of Egerien, Austria.

The species was next reported by Ling (1973), who
encountered specimens from Middle Miocene sediments
of Deep Sea Drilling Project (D5DP) site 186 from the
high-latitude North Pacific near the Aleutian Trench.
Later, Ciesielski (1975) observed its occurrence from
submarine deposits of Early Miocene of site 266 and
Middle Miocene of site 272 in the Pacific Ocean sector
of the Antarctic region, both collected during DSDP leg
28. Ling (1977) also recorded this species from re-
worked Miocene sediments of site 179 of leg 18. All
these later occurrences of Early to Middle Miocene age
from either the northern or southern high latitudes (see
figure) are younger than that of Bachmann's original
record. It is useful to note that the senior author's anal-
ysis of a suite of representative samples from the Eocene
Kreyenhagen shale from Laguna Seca Hills of Merced
Counts', California (north of the Los Banos area) failed
to recover specimens of M. pappii.

In addition, Bukry (1976) reported this species from
hole 328B (a sample 3-1, 109-110 centimeters) and as-
signed the entire cores 3 and 4 to the Upper Oligocene
Naviculopsis biapiculata zone. In contrast, Combos (1976)
assigned sections 1 and 2 of core 3 to the Early Miocene
Bogorovia veniamini zone (diatom). An independent ex-
amination of silico flagellates from the same holes by
Busen and Wise (1976) supported Bukry's age deter-
mination but failed to produce evidence of M. pappii.

Co-occurring with M. pappii in the 1977-78 and
1978-79 field seasons' J-9 core sediments were Diste-

phanus speculum, D. quinquangellus, Cannopilus sphaericus,
C. jouseae, and an ebridian species, Pseudammodochium sp.
cf. P. dictyoides. An age assignment of Miocene for the
cored sediments agrees well with the determination of
diatoms and pollen (Brady and Martin, 1979), and
benthic foraminifera (Webb et al., 1979). The recovery

Reported occurrences of Mesocena pappil (solid circles) and
the position of RISP J-9 site (solid square).

of these taxa (like that of M. pappii) constitutes their
southernmost known occurrence.

The RISP operation has been carried out with the fi-
nancial support of National Science Foundation ( NSF).
This work has been supported in part by NSF grants OPP
73-05834 to A. Lincoln Washburn, University of Wash-
ington (HYL) and opp 76-20657 to Peter N. Webb (RJw).
The authors acknowledge Peter N. Webb's role in pro-
viding the samples during the initial phase of the study,
guidance throughout the coring operation during the
1978-79 austral summer field season (RJw), and under-
taking a critical review of this paper.
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Morphological comparison of
Coscinodiscus lentiginosus
Janisch and Coscinodiscus

obovatus Castracane

DAVID R. DEFELICE

Mobil Oil Corporation
9 Greenway Plaza, Suite 2700

Houston, Texas 77046

Morphological comparison of the diatom species Cos-
cinodiscus lentiginosus Janisch and Coscinodiscu.s obovatus
Castracane reveals that the two forms may actually be
conspecific. The most common centric diatom species in

the Southern Ocean today, C. lentiginosus is reported as
first occuring in the mid-Pliocene (McCollum, 1975;
Gombos, 1976), along with C. obovatus. C. obovatus ap-
pears to have been restricted to the Pliocene.

C. lentiginosus is quite variable both in size (from 40 to
120 micrometers) and in aereolation pattern (from es-
sentially radial to essentially oncentric). Most specimens
display an irregular combination of the two extreme
types (figures 2, 6, 7). C. obovatus displays an aereolation
type identical to that found in many specimens of C.
lentiginosus (compare figures 1, 3, 4, and 5 with figures
2 and 6). Both species are similar in size, spacing, and
arrangement of aereolae, and both have a single prom-
inent apiculus (figures 1, 2, 5, 8) that Fenner, Schrader,
and Wienigh (1976) state is characteristic of C. lentigi-
nosus. It appears that the two species differ only in out-
line. Length/width ratios in C. obovatus range from 2 to
a little over 1 (figures 1, 4). Ratios approaching 1 make
differentiation between the two in Pliocene samples ar-
bitrary.

Figure 1. Coscinodiscus obovatus Castracane, 1176-76, 178-180 cm, 60g.

Figure 2. Coscinodiscus lentiginosus Janisch, 1176-81, 0-1 cm, 60.
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Figure 3. Cosclnodlscus obovatus Castracane, 1176-76,178-180 cm, 65g.
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Figure 4. Cosclnodlscus obovatus Castracane, 1176-76,178-180 cm, 57g.

Figure 5. Cosclnodlscus obovatus Castracane, 1176-76,178-180 cm, 77.

Figure 6. Cosclnodlscus Ientlglnosus Janlsch, 1176-76,178-180 cm, 60.

On account of these similarities in morphology, gra-
dational outline, and overlapping ranges, it appears that
C. obovatus is probably an extinct form of C. lentiginosus.
The gradation in outlines between the two forms sug-
gests that some sort of genetic communication existed
in the Pliocene and allowed for intraspecific variation.

C. obovatus should most likely be included within C. len-
tiginosu.s as Coscinodiscus lentiginosus var. obovatus.

At this time it is impossible to state with any assurance
what possible advantage or disadvantage would have ac-
crued from a round outline as opposed to an ovate out-
line and whether frustule form was linked to any other

128



Ar

7
Figure 7. Cosclnodlscus lentiginosus Janlsch, 1176-81, 0-1 cm, 67g.
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Figure 8. Cosclnodlscus obovatus Castracane, 1176-76, 178-180 cm.

characteristics that might have a bearing on adaptability.
This research has been supported by National Science

Foundation grant DPP 78-07183 to Florida State Uni-
versity (S. W. Wise).
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Table 1. Diatom populations, by depth, in sediment from
site J-9Diatom biostratigraphy in

sediment cores from RISP site J-9

HOWARD THOMAS BRADY

School of Biological Sciences
Macquarie University

North Ryde, New South Wales, Australia

In December 1978, 48 gravity cores were obtained in
sea floor sediments at the Ross Ice Shelf Project (R!SP)
site J-9. Further diatom analysis confirms this author's
earlier opinion that the sediment cores recovered are
Middle Miocene in age (Brady and Martin, 1979). Sta-
tistical population studies have been completed on core
9 (1978), which suggest that there is no floral difference
between the upper light olive-gray diatomaceous sandy
mud (up to 20 centimeters thick) and the lower gray
diatomaceous sandy mud (at least 105 centimeters thick)
(Webb, Ronan, and Lipps, 1979). Diatom populations
do not alter significantly across this boundary (see table).
The only change occurs in the upper 5 centimeters,
where the diatom fossils are extremely fragmented. In
this zone, a fauna of Pleistocene benthic foraminifera
has been living on the fossil sediment (Lipps, Ronan,
and Delaca, 1979). The high fragmentation in this upper
layer may be due to biogenic factors, but this problem
has not been resolved.

It was clear that, during coring operations, mud fell
off the gravity corer and remained in suspension in the
ocean. At least one of the diatoms reported from the
water column by Azam et al. (1979) is a common fossil
in the sediment (Trinacria sp.). However, it should not
be assumed that all diatoms recovered from the water
column have originated from the coring operation; a!-
though no Amphipora, Pinnularia, or Navicula species
were recovered from the bottom sediments, they have
been reported from the water column.

Given that water pumped from the freshwater column
in the ice access hole and from the water column beneath

Depth:	 0 5 10 15 20 25 50 60 125
(in centimeters)

Chaetoceros spores	1 8 5 6 4 5 3 2 7
Denticula hustedtii	19 1	1	1	6

Denticuia lauta	 .3	.3
Nitzschia grossepunctata	.3 .3	.3	 1
Nitzschia truncata	 5 4 3 5	7 2
Paralia sulcata	8 28 31 23 30 32 28 28 30

Rhaphoneis spp.	 1 2 2	1	1
Rhizosolenia hebetata	8 7 12 11 7 10 5 8 7

Stephanopyxisspp.	1 8 6 2 9 5 11 6 13
Synedra spp.	 4 3 4 6 3 4 2 4 4

Thaiassiosira fraga	8 4 3 4 7 3 8 7
Thalassiosira aft. gravida	5 10 4 2 4 6 5 8

T. spinosa var. aspinosa	1	 3 1 1 5
Trinacria spp.	 2 3 1 3 4 3 1 2 4

the shelf in December 1978 yielded many of the diatom
fossils present in the sediments, some water sampling
should be performed in future RISP access holes prior
to any bottom grab or gravity sampling.

This research has been supported by the National Sci-
ence Foundation grant DPP 74-22894 supervised by Pe-
ter Noel Webb.
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Sediment coring at RISP site J-9

P. N. WEBB

Department of Geology
Northern Illinois University

De Kalb, Illinois 60115

Forty-seven cores of bottom sediment were collected
at RISP site J-9 during the period between 8 December

and 28 December 1978. These cores provide bottom
material in addition to that collected about 350 meters
farther south during the 1977-78 season (Webb, 1978;
Webb et al., 1979). During the 1977-78 season, we re-
sieved eleven cores with a diameter of 4 or 5 centime-
ters. The longest individual core was 102 centimeters,
and the aggregate length for all eleven cores amounted
to about 6 meters. In our 1978-79 operations, in an
effort to increase bottom penetration, we used new
winch and coring equipment, including a Gearhart-
Owen SUA 800 winch, a Benthos model 2171 corer (3-
meter barrel length), and an Ocean Seismic survey cores
(5-meter barrel length). The forty-seven cores obtained
have an aggregate length of 31.05 meters (101.87 feet)
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The longest core was 125 centimeters and the shortest
was 16 centimeters. Most of the cores were taken with
the heavier Ocean Seismic corer, and this device pro-
vided cores with a diameter of 8 centimeters. The Ben-
thos corer provided cores of about 6.7 centimeters.

Bottom penetration was disappointing. Despite ex-
perimentation in dropping procedures, the very firm
sediments just below the mudline could not be pene-
trated to any significant depth. Onsite inspection of core
material suggests that coring-related deformation of
these firm sediments is minor. However, investigators
interested in core tops may find the companion sphinc-
ter samples less disturbed. Gravity core tops have defi-
nitely been subject to washout and other disturbances.

Detailed core logs and preliminary results are pre-
sented in RIS? Technical Report no. 79-1 (Webb, 1979).
The stratigraphy, sediments, and micropaleontology are
identical to those observed in cores retrieved during the
1977-78 season. Brady (in press) reports mid-Miocene
diatom floras throughout the 1978-79 cores.

All 1978-79 cores are deposited at the Antarctic Ma-
rine Geology Research Facility and Core Library (Flor-
ida State University).

The principal investigator was assisted in the field by
Howard Brady (Macquarie University, Australia) and by
Mark Leckie and Richard White (both from Northern
Illinois University). This research effort has been sup-
ported by National Science Foundation grant opp 76-
20657.
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Paleoclimatic analysis of Ross
Sea and dry valleys area

sediments

THOMAS B. KELLOGG and DAVIDA E. KELLOGG

Institute for Quaternary Studies and Department of Geological
Sciences

University of Maine at Orono
Orono, Maine 04469

As part of our continuing study of Ross Sea sediments
and their climatic history, we spent the period from 6
November to 12 December 1978 collecting samples in
the dry valleys area and on the McMurdo Ice Shelf.

We collected samples of macrofossils, microfossils,
sediment, and ice from 67 sites on the McMurdo Ice
Shelf (southern McMurdo Sound) to supplement a sim-
ilar collection we obtained during the 1976-77 field sea-
son. Minze Stuiver (University of Washington) is deter-
mining radiocarbon dates for the macrofossils and
making oxygen isotope analyses of the ice samples. We
are making sedimentologic and microfossil analyses.
This work will yield information on the paleo-oceano-
graphic and climatic history of this portion of the Ross
Ice Shelf (Kellogg et al., 1977).

Ice samples analyzed to date show that most of the
McMurdo Ice Shelf consists of frozen sea water (Stuiver
et al., in prep.). The radiocarbon analyses show pro-
gressively older ages toward the north from the north
end of Black Island. Thus, the prominent dirt band that
extends northward from Black Island to the ice shelf

margin is expected to provide a continuous record of
oceanographic changes in McMurdo Sound since Un-
grounding of this portion of the late Wisconsin Ross Sea
ice sheet.

An extensive suite of samples was collected from
perched deltas in Salmon Valley, near Cape Chocolate.
We had studied similar perched deltas in Taylor Valley
(D. Kellogg et al., in press) and concluded that the dia-
toms present were nonmarine. This supported the hy-
pothesis that a late Wisconsin lobe of grounded ice had
blocked the mouth of Taylor Valley.

Upon studying samples from Salmon Valley, Miagkov
et al. (1976) concluded that the Salmon Valley deltas
contain marine diatoms thereby indicating a history of
extensive eustatic sea level change in the McMurdo
Sound region. However, we suspect that Miagkov et al.
incorrectly identified the diatoms, because Taylor and
Salmon valleys should have similar histories. Our sam -
pling is designed to provide data that will either support
or refute their contention. Samples of algae from the
Salmon Valley deltas will be radiocarbon dated, and we
will continue our study of diatoms in these samples.

While we were in the field, we also collected samples
of uplifted marine material from separate locations in
the McMurdo Sound region and dry valleys area. The
locations included the PectenlProspect Formation of
central Wright Valley, Cape Bird, White Island, the
Stranded Moraines, and Minna Bluff.

These samples will be studied to aid in our interpre-
tation of the late Quaternary history of the region and
to assist in our efforts to correlate the marine paleocli-
matic record with the glacial stratigraphy of the dry val-
leys area.

Laboratory work this past year was concentrated on
studies of diatoms in the Ross Ice Shelf Project (RIsP)
cores from site J-9, diatoms in perched deltas in Taylor
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Valley, the sedimentology of Unit B in Ross Sea cores,
benthic foraminifera from dirt bands on the McMurdo
Ice Shelf, and diatoms in Ross Sea cores.

Five new publications appeared during this period:
Kellogg, Osterman, and Stuiver, 1979; Kellogg and
Truesdale, 1979; Kellogg, Truesdale, and Osterman,
1979; Osterman and Kellogg, 1979; and Truesdale and
Kellogg, 1979.

We were assisted in the field by Carolyn Lepage. We
thank the officers and men of U.S. Navy Antarctic De-
velopment Squadron (vxE-6) for their assistance in mak-
ing our field project successful. This work has been sup-
ported by National Science Foundation grant DPP 77-
21083-AO1.
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Response of deep-sea benthonic
foraminifera to development of

psychrosphere near Eocene/
Oligocene boundary

BRUCE H. CoRLIss

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

It has been suggested that the initiation of vigorous
antarctic bottom water and the development of the psy-
chrosphere (lower cold layer of a two-layer ocean with
temperatures of less than 100 C) occurred near the
Eocene/Oligocene boundary. The oxygen isotope curve
from Deep Sea Drilling Project (DSDP) site 277 for the
Late Eocene-Early Oligocene (see figure) shows a sharp
temperature drop (4° C) in the earliest Oligocene, which
Kennett and Shackleton inferred to be associated with
the development of the psychrosphere (1976). Previous
studies suggested that the temperature drop associated
with the development of the psychrosphere caused a
crisis for deep-sea ostrocodes (Benson, 1975) and ben-
thonic foraminifera (Douglas, 1973).

To study the benthonic foraminiferal response to the
development of the psychrosphere, I examined ben-
thonic foraminifera in 15 closely spaced sediment sam-
ples, cores 16 to 24, from site 277 (52°13.43'S/166°

11.48'E, at 1,222 meters in the Southern Ocean. Ap-
proximately 300 benthonic foraminifera (greater than
125 micrometers in size) were picked from each sample
and identified. The accompanying figure shows biostrat-
igraphic ranges of 41 taxa. Numerically important spe-
cies include Alabamina wilcoxensis Toulmin, Anomalinoides
alazanensis (Nuttall), Astrononion pusillum Hornibrook,
Cibicidoides dutemplei (d'Orbigny), Epistominella umboni-
fera (Cushman), Globocassidulina subglobosa (Brady), Gy-
roidinoides complanatus (Cushman and Stainforth), Gyro-
idinoides peramplus (Cushman and Stainforth), Oridorsalis
umbonatus (Reuss), Pullenia eocenica (Cushman and Sieg-
fus), and Pullenia quinqueloba (Reuss).

A majority of the species show no response to the
inferred temperature change (column a in figure). First
or last occurrences of 19 other taxa are shown in column
b of figure. Twelve first appearances and four last oc-
currences are recorded before the isotopic drop, one
first appearance and one last occurrence during the
event, and one first appearance and five last occurrences
are recorded after the isotopic drop. Species that exhibit
faunal changes are all of minor importance (equal to or
less than 6 percent of the assemblage).

Species frequencies of 4 dominant taxa, C. dutemplei,
E. umbonfera, G. subglobosa, and 0. umbonatus, are shown
in column c of figure. The inferred temperature drop
did not affect the relative abundance of three of these
species, but had a pronounced effect on the relative
abundance of E. umbonfera and changed the composi-
tion of the assemblage.

The faunal patterns indicate that only two fauna]
changes coincided with the development of the psy.
chrosphere. Faunal changes coming before and after the
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Korrer,eI/o olticomero
Lot,cor/n,no pouperoto
Nonion.//ino sp
Osongel/oria sp
P/eurostome//o sp.
PU//snio r,yero/
Pu//eno sp
Rectuvigerino sp
S/gmon,orph,no sp
Sphoroidino ba/to/des
Turn/mo robrts/
Uvignino sp.
Uvig.nino splAicostoto
Uc/gen/no spinuloso
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isotopic change appear to have occurred gradually.
These data and other faunal data from the Pacific
(Douglas, 1973) and Atlantic (Boersma, 1977; Proto De-
cima and Bolli, 1977) suggest that the faunal turnover
documented in Eocene-Oligocene time occurred in a
gradual manner and that the immediate response of the
benthonic foraminifera to the inferred temperature
change was limited to a few taxa. The lack of faunal
change occurring immediately after the bottom-water
temperature drop suggests that the species must have
had fairly wide environmental tolerances and that sten-
otopic species, such as those found presently in the deep
sea, evolved sometime after the development of the psy-
chrosphere.

The isotopic data at site 277 show a pronounced cool-
ing in bottom waters occurring in the Mid-Early Eocene
followed generally by a steady decrease in bottom tem-
peratures to the Eocene/Oligocene boundary where the
sharp temperature drop is observed (Shackleton and
Kennett, 1975). The decrease in bottom temperatures
during the Middle-Late Eocene may reflect the initial
and gradual development of the psychrosphere, with the
isotopic change near the Eocene/Oligocene boundary
representing part of this development and caused by
some event that marks a threshold in Southern Ocean
paleocirculation. If the psychrosphere did develop grad-
ually, this would account for the gradual changes in ben-
thonic foraminifera observed during the Late Eocene
previous to the isotopic drop near the Eocene/Oligocene
boundary.

This research has been supported by National Science
Foundation grants DPP 78-21105 and DPP 77-06687.
Discussions with J . P. Kennett are acknowledged.
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Amino acid stereochemistry in
siliceous oozes: Indications of

bacterial activity
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We are continuing our studies of enantiomeric (D-L)
ratios of amino acids in Southern Ocean sediments, par-
ticularly with respect to the possibility of using such ra-
tios as age indicators (Warnke, Blunt, and Pollock, in

press). We have investigated D-L ratios in both calcareous
sediments (Blunt, Warnke, and DeFelice, 1978; Blunt
and Warnke, in press) and siliceous sediments (Blunt,
Warnke, and Pollock, 1977; Warnke, Blunt, and Pollock,
in press).

These studies have confirmed that D-L ratios of amino
acids increase with time because of the diagenesis of pro-
teinaceous skeletal debris. Our initial observations of
amino acid D-L ratios in siliceous materials from the
Weddell Sea showed only slight increases for proline and
aspartic acid (of seven amino acids investigated). How-
ever, early results from cores collected during two ARA
Islas Orcadas cruises (July 1975 and December 1977)
showed such increases much more clearly.

We have now analyzed (near-) surface sediments from
cores raised east of the Scotia Arc. The experimental
cores consist essentially of diatomaceous ooze, with some
volcaniclastic and other admixtures (taken from Cassidy
et al., 1977). We washed samples from these cores with
distilled water and hydrolyzed them. The hydrolysate
was removed, desalted, and the amino acid extracts were
derivatized as N-pentafluoroprOprionyl-(+)-(2)-butyl es-
ters. These derivatives were resolved by gas chromatog-
raphy on stationary phases of Carbowax 20M and UCON
75H-90,000 in a stainless steel column measuring 200
feet by 0.02 inch. Details of the procedures are provided
in Warnke, Blunt, and Pollock (in press). The resulting
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chromatograms show good separation of the D and L
enantiomers (figure 1).

The D-L ratios of alanine, aspartic acid, and glutamic
acid in young Southern Ocean sediments are reported
as being greater than zero (Blunt, Warnke, and Pollock,
1977). A comparison of the (near-) surface values for
Islas Orcadas cores io-07-75-25, 27, and 29 affirms these
findings (figure 2). Erosion of surface material (non-
deposition, reworking?) may also have occurred (partic-
ularly in core to-07-75-29), which could increase the ap-
parent extent of racemization. Even so, the overall
pattern remains of higher D-L ratios for alanine, aspartic
acid, and glutamic acid with respect to others. This pat-
tern implies that a contributing source of D enantiomers
for these three amino acids is inherent in the sediments.
The occurrence of u-amino acids in near-zero-age sed-
iments from Lake Ontario is reported by Schroeder and
Bada (1978); in addition, Dungworth et al. (1977) report
u-alanine, r-aspartic acid, and r-glutamic acid from
young sediments from the same lake. These results are
comparable to data obtained for contemporary soils by
Pollock, Cheng, and Cronin (1977), who reported sig-
nificant amounts of r-glutamic acid.

Dungworth et al. (1977) explained their results in
terms of microbial degradation, and Pollock, Cheng, and
Cronin (1977) also suspected a microbial source, indi-
cating further that modern surficial marine sediments
may be analogous to soils and thus contain significant
amounts of u--amino acids.

Lee and Bada (1977) studied dissolved amino acids in
the water column and determined that alanine, glutamic
acid, and aspartic acid did not consist of optically pure
I. enantiomers but instead contained relatively high
amounts of D enantiomers. These authors also attributed
the presence of u-amino acids to microorganisms (bac-
teria). Our data show the sequence of D to L amino acid
abundance to be as follows: alanine > aspartic acid >
glutamic acid. That is precisely the sequence recently
described for two samples from the Southern California
Borderland (Pollock and Kvenvolden, 1978). Pollock
and Kvenvolden (1978) also favor bacterial sources to
explain their results.

While information on bacterial populations in the
Southern Ocean is not abundantly available, it has been
shown that such populations exist (e.g., Olson et al.,

(Near-) Surface Samples of
CORES 10 07-75-25/27/29.

_J _J
&&
+ I

C-j

Surface
x - ALANINE
D-ASPARTIC ACID
•-GLUTAMIC ACID
A- LEUCINE
+ - PROLINE

Figure 2. D/L ratios of 5 amino acids in (near-) surface sam-
ples from piston cores 10-07-75-25, 27, 29. Amino acid D/L
ratios calculated by peak height, corrected for hydrolysis-
induced racemization after Pollock, Cheng, and Cronin
(1977), and plotted In form developed by Bada and Schroe-
der (1977). Sample labeled "TC" is from 18-centimeter level
of trigger core of core 25. Core locations are:
10-07-75-25 (56°34.7S'.20°17.2' W), corrected water depth

5,014 meters;
10-07-75-27 57002.7'.23034.3'W), corrected water depth 5,020

meters;
10-07-75-29 57011.6'.250 29.6W), corrected water depth 3,504

meters.

1978; Warnke et al., 1978). Therefore, the explanation
of our results in terms of bacterial contributions is com-
patible with the explanation offered by earlier writers.
It follows that these possible bacterial contributions must
be given due consideration in attempts to use the amino
acid racemization reaction as an age-dating device.

This work has been supported in part by National
Science Foundation grant DPP 76-01005 AOl and NASA-
Ames joint research interchanges NCA2-oR290-601 and
NCA2-0R290-704.
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The southern ocean presents special problems in de-
termining the record of Pleistocene dissolution cycles
and the relationship of these cycles to climatic change
and dissolution cycles in the Atlantic and Pacific oceans.
In an attempt to develop a parameter sensitive to dis-
solution and immune to surface water productivity, we
examined over 100 Eltanin trigger core-top samples
from the southeast Indian Ocean (usNs Eltanin cruises
39, 44, 45, 47, 48, 49, 50, and 54).

Considerable effort has already been directed toward
understanding the Pleistocene dissolution cycles re-
corded in Pacific and Atlantic sediments. Intensified car-
bonate dissolution in Pacific sediments is an interglacial
phenomenon (e.g., Arrhenius, 1952; Hays et al., 1969;
Berger, 1973). In sediments of the Atlantic Ocean and
the Gulf of Mexico, carbonate dissolution is most intense
during glacial episodes (Gardner, 1975; Damuth, 1975;
Thunell, 1976). However, important questions concern-
ing the relationships between productivity, dissolution,
dilution, and climatic cycles remain to be answered (Ber-
ger, 1976), and little is yet known about dissolution
cycles in the subantarctic and antarctic regions of the
Southern Ocean.

In the subantarctic region of the southeast Indian
Ocean, Williams and Keany (1977) found at least 10 in -
tense carbonate dissolution periods during the last 1

million years in Eltanin core E-45-74 (47°33'S/l 14°26'E
at 3,744 meters). They used seven parameters—fora-
miniferal test fragmentation; benthic to planktonic ratio;
percentage of radiolaria; percentage of carbonate; coarse
fraction weight percentage greater than 62 microns;
percentage of Globorotalia inflata, a dissolution resistant
species; and manganese micronodule accumulation. They
used these parameters in an attempt to quantify disso-
lution in E-45-74, which is significantly above the pres-
ent level of the carbonate compensation depth (CCD) at
4,500 meters.

Although the dissolution periods were associated pri-
marily with glacial episodes, it was extremely difficult to
differentiate carbonate changes induced by surface
water productivity and by bottom water dissolution
(Williams and Keany, 1978). Miyajima (1976) also found
that dissolution effects override the productivity consid-
erations in this region of the Subantarctic.

Our samples covered the southern subtropical to
northern antarctic water masses and ranged in depth
from 800 to 4,800 meters. From this sample set, 75
samples contained sufficient planktonic foraminifera for
us to perform a total faunal analysis. A number of other
parameters also were determined; namely, foraminiferal
fragmentation, coarse fraction weight percentage, benthic
and planktonic foraminiferal numbers, and the ratio of
foraminifera to radiolaria.

Using Berger's (1968) solution susceptibility ranking,
we calculated a solution index from the total faunal
counts of the 75 Eltanin trigger core tops distributed
between latitude 30°S and 54°S. Values of the solution
index should increase with increasing dissolution and
selective fractionation removal of foraminiferal assem-
blages. A plot of the solution index (5) versus water
depth in figure 1 shows very little systematic increase in
S over the depth range of 2,500 to 4,500 meters. Al-
though dissolution selectively removes susceptible spe-
cies, several species resistant to solution are also indig-
enous to subantarctic waters. In particular, N. pachyderma,
which ranks very high in solution resistance, systemati-
cally increases in abundance with latitude and thereby
overrides any change in S attributable to dissolution.
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Figure 1. Plot of Berger's solution index (Berger, 1968;
1976) for foraminiferal faunas of the southeast Indian Ocean
between latitude 300S and 540S. Notice no systematic In-
crease in values of S with increasing water depth In this

region.
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Figure 2. Plot of Berger's solution index for foraminiferal
faunas of the southeast Indian Ocean between latitude 30°S
and 400S. Relatively good correlation exists between in-
creasing water depth and Increasing values of S in this re-

gion (Williams, Corliss, and Healy-Williams, in prep.).

Figure 2 shows that a fairly good correlation exists be-
tween S and water depth for samples between latitude
30°S and 40°S, where the foraminiferal fauna are more
comparable to the data base of Berger (1968). Natural
changes in the subantarctic fauna prevent the straight-
forward use of the solution index, S, to determine the
effects of dissolution intensity.

Regional contour maps of other dissolution parame-
ters reveal a relationship with water depth in the south-
east Indian Ridge and South Australian Basin. The
highest percentages of foraminiferal test fragmentation
are distributed below the 4,000-meter bathymetric con-
tour in a pattern similar to the flow path of antarctic
bottom water in this region (Kennett and Watkins, 1976;
Corliss, 1979). The same general relationship can be
seen in plots of the coarse fraction (weight percentage
greater than 62 microns), the log benthic foraminiferal
number, and the foraminiferal number. As dissolution
increases, the coarse fraction decreases, the number of
benthic foraminifera increases, and the number of
planktonic foraminifera decreases. Again the 4,000-me-
ter bathymetric contour marks the boundary of signifi-
cant increase in carbonate dissolution.

From these preliminary data, a multivariate approach
appears to offer the best possibility of determining an
acceptable dissolution index for subantarctic sediments.
Once a modern index is defined, it may be possible to
differentiate between productivity-induced carbonate
changes and the carbonate dissolution cycles in high-lat-
itude southern ocean sediments.

This research has been supported by National Science
Foundation grant DPP 77-21929 through the Division of
Polar Programs. We also thank Dennis Cassidy for his
excellent operation of the Antarctic Core Storage Facil-
ity at Florida State University.
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The Maurice Ewing Bank is located at the eastern end
of the Falkland Plateau, in the southwestern Atlantic
Ocean (figure 1). The bank has been subjected to inten -
sive deep-sea drilling during recent years, as reflected
in Deep Sea Drilling Project (DSDP) leg 36 and ARA Islas
Orcadas cruises 7 and 11, because it is the only part of
the Atlantic sector of the Southern Ocean that has been
sufficiently shallow to receive calcium carbonate sedi-
mentation during most of its history (Ciesielski and
Wise, 1977).

The youngest sediments of the Maurice Ewing Bank
consist of a 1-2-meter thick layer of Plio-Pleistocene gla-
cial-marine silts, sands, gravels, and oozes blanketing a
much thicker sequence of older (Jurassic through Mio-
cene) deposits (Ciesielski and Wise, 1977). A zone rep-
resenting the polar front (antarctic convergence) ex-
tends across the bank. The northern (subantarctic)

boundary of this zone extends across the northern parts
of the bank; the southern boundary (antarctic) extends
across the southern part (Gordon and others, 1977).
Thus the sediment samples examined provide good cov-
erage across the polar front zone.

The lithologic composition of core-top sediments has
been determined by counts of more than 500 grains in
each of 25 core-top samples (topmost 1-2 centimeters)
from Eltanin cruises 9 and 22, and Islas Orcada$ cruises
7 and 11 (figure 1). Water depths ranged between 1,300
and 3,600 meters. Counts were made of particles from
the larger-than-90-micrometer size fraction. Median
grain sizes were determined by standard sieming meth-
ods and calcium carbonate contents by the Hülsemann
(1966) gasometric method.

The following categories of particles were distin-
guished: Whole (= identifiable) planktonic foramini-
fera, fragments of planktonic foraminifera, benthonic
foraminifera, radiolarians, diatoms, quartz (and feldspar
in subordinate frequencies), and "other particles." The
"other particles" group is dominated by glauconite
grains, but also contains manganese micronodules and
volcanic rock fragments. The glauconite grains are of
two types—one a yellowish light green with a rough sur-
face, the other a dark-green type with a smooth surface.
The light-green variety appears to be mainly formed
within the tests of the radiolarian suborder S/umellaria.

A latest Quaternary age of core tops containing plank-
tonic foraminifera was confirmed by the presence of the
Globorotalia truncatulinoides zone (less than about 200,000

480 W	 460	 41+0	 L7°	 ,r0

Figure 1. Locations of Was Orcadas and Eltanln core tops from Maurice Ewing Bank (modified after Ciesleiski and Wise, 1977).
The position of the polar front is after Gordon, Georgi, and Taylor (1977).
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years in subantarctic waters; Kennett, 1970). The occur-
rence of typical cool subantarctic planktonic foramini-
feral faunas in the core tops to the north of the polar
front indicates deposition under a subantarctic regime;
this confirms a Holocene age for these samples. Absence
of the radiolarian Stylatractus universus supports a latest
Quaternary age of core tops lacking calcium carbonate
(less than about 410,000 years; Hays and Shackleton,
1976).

In the southern ocean, the sediment type on the ocean
floor is largely controlled by the position of the polar
front (Goodell, 1973). Generally, calcareous oozes—
oozes having a calcium carbonate (CaCO3) content
greater than 30 percent—predominate to the north of
the polar front at depths shallower than about 4,500
meters. Siliceous oozes (mainly diatoms and radiolari-
ans) predominate to the south of this boundary.

Q-mode factor analysis (with varimax rotation) ena-
bles three different types of sediments to be distin-
guished on the Maurice Ewing Bank: (1) calcium car-
bonate-rich sediments (20-65-percent CaCO3) as shown
by high loadings for the calcium carbonate content and
by the frequencies of planktonic foraminifera and frag-
ments of planktonic foraminifera; (2) sediments com-
posed of quartz grains (40-75 percent) and "other par-
ticles" (20-40 percent); and (3) siliceous oozes (about
50 percent radiolarians and 0-30 percent diatoms).

The distribution of calcium carbonate-rich sediments
generally reflects the position of the polar front (figure
2), but there are some local deviations attributable
mainly to topography. Thus, at the apex of the bank,
the calcium carbonate-rich sediments are distributed to
the south of the northern boundary of the polar front,
whereas, at the western flank, the boundary of carbonate
sedimentation is located to the north of the polar front.
The frequencies of quartz and "other particles" are
between 15 and 65 percent, and the frequencies of ra-
diolarians and diatoms are between 2 and 40 percent in
the zone of carbonate sedimentation.

Quartz and "other particles" are deposited to the
south of the area dominated by carbonate sedimenta-
tion. Radiolarians are relatively rare within this zone
(less than 20 percent) compared with frequencies of
more than 50 percent within the zone of siliceous ooze
(figure 2). If a substantial fraction of quartz grains on
the Maurice Ewing Bank were ice-rafted (Plafker and
others, 1977), this indicates extensive deposition of gla-
cial marine sediments in the area immediately to the
north of the polar front on the western flank and within
the polar front zone in other parts of the bank. This
distribution, therefore, would suggest relatively rapid
melting of sediment-bearing ice bergs close to the polar
front but rapidly tapering to the north in warmer su-
bantarctic waters.
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500

510

520

53°
Figure 2. Distribution of surface sediments on Maurice Ewing Bank. Sediments are calcium carbonate-rich sediments (20-65
percent calcium carbonate); glacial marine sediments, mainly quartz (40-75 percent) and glauconite (20-40 percent); siliceous
oozes (more than 50 percent radlolarians and diatoms). Distribution determined by 0- mode factor analysis of relative fre-
quencies of different sediment particles in the greater-than-90-micrometers size fraction. Figures at sample points indicate

factor loadings.
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Grain size distributions do not show any clear relation
to sediment type. Mean grain sizes are relatively large
in areas where quartz and "other particles" dominate
(2-2.5 4)) but vary more (2-4.5 4)) in the calcium car-
bonate-rich sediments. Small mean sizes in the siliceous
oozes (about 4.5 4)) reflect the abundance of radiolarians
and diatoms.

I thank Dennis Cassidy (Florida State University), who
generously helped in sampling; Hans G. Cronbiad
(Stockholm University), who analyzed calcium carbonate
contents; James P. Kennett (University of Rhode Island),
who offered comments on the manuscript; and Anders
Granlund (Stockholm University), who performed ra-
diolarian identifications.
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Deep-sea drilling with the Glomar Challenger and the
extensive coring program aboard USNS Eltanin and ARA

Islas Orcadas in the Southern Ocean showed the existence
of extensive regions of bottom scour and erosional dis-
conformities in the deep basins surrounding Antarctica
(Kennett et al., 1972; Watkins and Kennett, 1972; Ken-
nett and Watkins, 1976; Kennett, 1977; Kennett et al.,
1974). In the region between Australia and Antarctica,
antarctic bottom water from the South Indian Basin
traverses the Southeast Indian Ridge and enters the
South Australian Basin (Kennett and Watkins, 1976).
The bottom water flow then separates into major east-
ward and northward directions, which supply waters to
the South Tasman and Wharton basins, respectively.

To better understand the effect of this bottom water
flow on the sedimentological conditions along the south-
ern continental rise and Naturaliste Plateau of Australia,
we carried out paleomagnetic and biostratigraphic stud-

ies on 27 piston cores taken during cruise 55 of the USNS

Eltanin (figure 1). Of these cores, 15 have been included
in a lithologic and biostratigraphic study of Mallet and
Heezen (1977).

We used the foraminiferal zonations of Kennett (1973)
and Kennett and Vella (1975) to correlate the magnetic
polarity records with the established geomagnetic polar-
ity scale (Cox, 1969). We took the lowest occurrence of
Globorotalia truncatulinoides to delineate the Plio-Pleisto-
cene boundary and the base of the Gilsa event in the
Matuyama reversed epoch, and used the presence of
Globorotalia puncticulata and the absence of C. truncatu-
linoides to date Pliocene sediments. The Globorotalia con-
omiozea-miozea conoidea bioseries differentiated Early Gil-
bert and Late Miocene deposits.

Of the 14 cores with sufficient biogenic material for
a biostrati graphic survey, 10 cores have evidence of dis-
conformities. The tops of 6 of the cores (E-55-01, 55-17,
55-19, 55-32, and 55-35) have Late Brunhes sections

AUSTRALIA

	

X,34	35.37,39033	-:--	-_------ --- -

	

30+ 32-.	•'26	 22
j\24S \	 - S

CRUISE 55	 /2 \\	/
CORE LOCATIONS

• PISTON CORE 8TRIGGER CORE	-
0 PISTONCORE ONLY

Figure 1. Locations of EItanIn 55 piston cores used in pa-
leomagnetic and biostratigraphic study of sedimentary hia-
tuses along continental rise of southern Australia and Nat-

uraliste Plateau.
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Figure 2. Age distribution of Eltenln 55 cores based on
planktonic foraminiferal biostratigraphy and magnetic po-
larity logs. In absence of sufficient foraminifera, time as-
signments made on basis of magnetic polarity data and lith-

ologic relationships (Williams and Ledbetter, in prep.).

separated from Late Gauss-Early Matuyama sediments
(figure 2). A total of 4 cores are lacking Brunhes age
sediments entirely (E-55-01, 55-10, 55-36, and 55-39).

Distinct lithological and preservational trends in cores
with Late Gauss-Early Matuyaffa sections can be used
to delineate the depth of the carbonate compensation
depth. Late Gauss foraminiferal faunas are well pre-
served in core E-55-29 from a water depth of 3,880
meters, whereas Late Gauss sediments from core E-55-
32 at 4,011 meters contain very few specimens of G.
puncticukaa and abundant fish teeth. Similarly, the Early
Matuyama section in E-55-19 from 4,311 meters con
tains very little carbonate but many benthic foraminifera
and manganese micronodules.

Two cores from the flank of the Naturaliste Plateau
(E-55-35 and E-55-41) have Late Miocene and Middle
to Late Miocene sections with little or no overlying Plio-
Pleistocene sediments (figure 2). The planktonic fora-
miniferal faunas show evidence of moderate to severe
dissolution at water depths as shallow as 2,800 meters.
The faunas in E-55-35 in the reversed polarity section
are composed of Globorotalia miozea conoidea, Globigerina
nepenthes, Globigerina woodi, and a few specimens of
Sphaeroidinellopsis seminulina.

In the normal polarity section of E-55-4 1, Globorotalia
dehiscen.s, Globorotalia siakeiztis, Catapsydrax dusimilts, Or-
bulina universa, and S. seminulina were present. The
lower 410 centimeters of E-55-41 are sucked, and this
may explain why Late Eocene calcareous nannofossils
were observed (Miyajima, 1976). Our preliminary work
agrees with Mallet and Heezen (1977) that the carbonate

compensation depth (CCD) during the Pliocene was ap-
proximately 800 meters above the present CCD at 4,800
meters. However, we were able to recognize several da-
tums other than the initial appearance of G. truncatuli-
noides and, by combining paleomagnetic and biostrati-
graphic work, to significantly refine the age relationships
in many of the cores. We are continuing our work with
studies of 10 more Eltanin 55 cores and the Eltanin 53
cores from the southeastern continental rise of Aus-
tralia.

This research has been supported by National Science
Foundation grants DPP 77-21929 to D. F. Williams and
DPP 78-08511 to M. T. Ledbetter through the Division
of Polar Programs. We also thank Dennis Cassidy for his
excellent operation of the Antarctic Core Storage Facil-
ity at Florida State University.
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During the 1978-79 field season, we conducted a sci-
entific investigation of Antarctica's continental margin
between longitude 140°E and 150°E from aboard USCGC
Glacier. This area is typically ice-free during the austral
summer and so is one of the most accessible areas of the
East Antarctic continental margin. Our objective was to
obtain geologic and physical oceanographic data from
closely spaced stations on the margin.

We left Wellington, New Zealand, on 19 December
1978 and reached the first oceanographic station on 27
December. For the next seven days, we made 56 stations
along five transects extending from the continental slope
to within a few thousand meters of the ice front (figure
1 and table). We took stations at intervals of 7.5 and 15
miles and along the 14l°E, 143°E, 147°E, and 149°E
meridians. In addition, we obtained continuous bathy-
metric profiles along the transects, conducted a detailed
iceberg count, and mapped the ice front using the ship's
radar.

This cruise marks the first comprehensive geologic
survey of any part of the East Antarctic continental mar-
gin. In all, 54 geologic stations, 32 piston coring stations,
and 22 bottom grab stations were manned (table 1).

The bathymetry of the area is characterized by a rel-
atively narrow continental shelf and steep continental
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Figure 2. One of nine sediment-laden icebergs observed
and sampled.

slope. A major depression, with depths exceeding 1,200
meters, extends along the inner shelf, west of approxi-
mately 145°E. At depths greater than 250 meters, ice-
berg gouging of the sea floor is evident and large tabular
icebergs appear to be grounded along shallower ridges
in the area today. In general, the bottom profile steepens
from west to east. The coastline consists mostly of rocky
cliffs, except at Ninnis and Mertz glaciers. Along our
147°E tract we came to within 600 meters of the rocky
cliffs of Cape Webb and were still in more than 600
meters of water.

Having X-radiographed piston cores and sampled
them onboard, we are able to make some preliminary
observations. Surface sediments in the area reflect con-
siderable bottom current influence, particularly at the
shelf break (upper slope), where sandy and gravelly lag
deposits blanket the sea floor, and also reflect strong

Figure 1. Stations manned aboard uscoc Glacier during	Figure 3. Past and present positions of the Ice fronts of the
Operation Deep Freeze 79.	 Mertz and Ninnis glaciers.
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Table 1. Geologic samples-1978-79 (antarctic continental margin)
GLACIER cruise (1400E to 1500E)

Station No.	Latitude°	Longitude°	Water Depth (F)	Bottom Grab	Trigger Core	Piston Core

1	 6529'S	141 30'E	1105	 -	 -
2	 65 34'S	141 34'E	600	 -
3	 65 45'S	141 43'E	405	 -	 -
4	 65 47'S	141 29'E	258	 -	 -
5	 65 59'S	141 32'E	128	 -
6	 66 15'S	141 36'E	153	 -	 -
7	 6632S	141 32'E	125	 -	 -
8	 6644'S	141 42'E	 68	 -
9	 66 44'S	141 42'E	 52	 -

10	 66 47'S	142 34'E	340	 -
11	 66 45'S	143 20'E	271	 -
12	 6634'S	14321'E	441	 -	 -
13	 66 19'S	143 19'E	373	 -	 -
14	 6605'S	143 13'E	275	 -	 -
15	 65 52'S	143 20'E	225	 -	 -
16	 65 48'S	143 22'E	525	 -
17	 65 45'S	143 24'E	1023	 -	 -
18	 6537'S	14318'E	1270	 -
19	 6547'S	145 12'E	1420
20	 65 52'S	145 03'E	1025	 -
21	 65 58'S	144 52'E	665
22	 65 59'S	144 53'E	505	 -	 -
23	 66 00'S	144 58'E	170
24	 6608'S	14513'E	110	 -	N	I	d25	 6616'S	145 11'E	231	 -	osampeacquire	-

26	 66 23'S	145 12'E	390	 -
27	 66 32'S	145 07'E	215	 -
28	 66 38'S	145 06'E	243	 -
29	 6641'S	145 12'E	305	 -	 -
30	 66 60'S	145 13'E	590	 -	 -
31	 6653'S	14622'E	218	 -	 -
32	 66 33'S	147 00'E	292	 -	 -	 -
33	 6643'S	146 59'E	333	 -
34	 66 SO'S	146 59'E	595	 -	 -
35	 67 03'S	146 60'E	295	 -	 -	 -
36	 67 17'S	147 00'E	275	 -	 -	 -
37	 67 33'S	147 00'E	318	 -	 -
38	 67 44'S	146 51'E
39	 67 36'S	148 15'E	276	 -	 -
40	 67 36'S	148 26'E	133	 -
41	 67 23'S	149 01'E	325	 -
42	 67 17'S	148 14'E	222	 -
43	 67 10'S	148 14'E	237	 -
44	 No sample
45	 6654S	148 19'E	298	 -
46	 66 49'S	148 31'E	202	 -
47	 66 40'S	148 44'E	260	 -	 -
48	 66 33'S	148 42'E	250	 -
49	 6624'S	14847'E	195	 -	 -
50	 6616'S	14835E	184	 -
51	 66 09'S	148 35'E	188	 -
52	 6604'S	148 34'E	210	 -	 -
53	 66 08'S	147 06'E	243	 -	 -
54	 65 53'S	146 51'E	390	 -
55	 65 50'S	146 47'E	675	 -	 -
56	 65 42'S	146 31'E	1290	 -

bottom current flow parallel to the slope. The continen-
tal shelf is, for the most part, floored by poorly sorted
glacial deposits. At shallower depths, these glacial sedi-
ments are presently being reworked by bottom currents.
The lack of stratification, sorting, and pebble fabric in
these sediments suggests that they were deposited by a

grounded ice shelf that apparently extended to the edge
of the continental shelf.

The deep depression in the southeastern portion of
the study area is floored with fetid, laminated, diato-
maceous muds that contain almost no ice-rafted debris.
These sediments were evidently deposited quite rapidly
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and reflect high surface productivity in the area and
limited ice-rafting.

The iceberg count was conducted to determine what
percentage of icebergs contain sediment. In all, we ob-
served and sampled nine sediment-laden icebergs. We
observed basal debris zones, debris slumped onto gla-
ciers and floating ice, and englacial debris incorporated
along shear zones in glaciers (figure 2) (Anderson, Do-
mack, and Kurtz, in press).

Using ship's radar, we mapped the present ice front
between 140°E and 150°E (figure 1). We compared the
present ice front to the ice front in 1911 (as mapped
during the 1911-14 Australasian Survey) and in 1958
(as mapped during the Soviet Antarctic Expedition).
The results are shown in figure 3. Following a major
recession of both the Mertz and Ninnis glacier tongues
between 1911 and 1958, the former has advanced some
20 kilometers since 1958 and the latter approximately

24 kilometers since 1958. These changes indicate min-
imal advance rates of 1 kilometer per year and 1.2
kilometers per year, respectively, for the Mertz and
Ninnis glacial tongues since 1958 and a total volume
increase of 408 square kilometers.

The largest iceberg observed during the expedition
was sighted between the Mertz and Ninnis glacier ton-
gues (figure 3). This iceberg was some 230 square kilo-
meters in area. Hundreds of large tabular icebergs were
concentrated along a shallow (depths less than 250 me-
ters, north-south ridge situated between 140°E and
l42°E.

Reference
Anderson, J . B., E. W. Domack, and D. D. Kurtz. In press.

Observations of sediment laden icebergs in Antarctic waters:
Implications to glacial erosion and transport. Journal of Gla-
ciology.

Summary of sediment
descriptions of ARA Islas Orcadas

cruise 12 piston cores

F. AMRISAR KAHAROEDDIN, STEVEN C. JONES,
ELAINE H. GOLDSTEIN, R. SHELTON GRAVES, and

MARGARET R. EGGERS

Antarctic Marine Geology Research Facility
Department of Geology

Florida State University
Tallahassee, Florida 32306

During cruise 1277 of ARA Islas Orcada.s, we recovered
46 piston cores (figure 1). A summary of sediment de-
scriptions for 40 of these is presented in the form of
graphic lithologic logs along 5 traverses in figures 2 and
3. The six piston cores omitted from these logs are short
and highly disturbed (cores 3 and 15), limited to bagged
recovery (cores 38 and 45), or lost their top sections
while being transported to the Antarctic Marine Geology
Research Facility (cores 40 and 44).

Although the graphic logs in figures 2 and 3 are self-
explanatory, the areal distribution of the sediments is
given below to further aid interested investigators. De-
tailed descriptions are given in Kaharoeddin et al. (in
press). Sediment names are based on the sediment clas-
sification system explained in Kaharoeddin (1978) and
the basal ages are those given by DeFelice (1978).

Cores 1 and 2, taken from the western part of the
Agulhas Basin, are composed primarily of pelagic clay

and have a basal age of Late Pliocene. The top 4 centi-
meters of core 1 are glauconitic sand, whereas the top
56 centimeters of core 2 are diatomaceous, calcareous
ooze, primarily nannofossil. The manganese nodules in
core 2 are exposed on the sea bottom farther south.
Core 3, not shown in figures 1 or 2, apparently hit man-
ganese pavement.

South of the Agulhas Basin and across the Atlantic-
Indian Ridge, the sediments in cores 4 through 12 are
Quaternary diatomaceous ooze, rich in volcanic ash and
lapilli. This sediment contains up to 8 percent radiolar-
ians; core 7, however, has three units containing 20-40
percent radiolarians. Only core 10, from a relatively
shallow depth, contains about 5 percent foraminifera.

Sediments in the Weddell Basin, near the Atlantic-In-
dian Ridge, are composed of diatomaceous ooze (core
13, traverse A—A'), whereas in the basin proper, the pre-
dominant sediment is pelagic clay, as found in cores 16,
17, 18 on traverse B—B', in cores 27, 28, 29 on traverse
c—c', and in core 30 on traverse D—D'. Farther south, we
found the turbidite sequence in core 19 on traverse B-
B'. To the southwest, the primary sediments are mud
and diatomaceous mud, which we found in cores 31 and
32 on traverse D--D'. Except for cores 28 and 29, the
cores from the Weddell Basin mentioned above have a
basal age of Early Pliocene. The sediment in core 28,
taken from a deeper part of the basin, is a Quaternary
pelagic clay. Core 29 is barren of identifiable microfos-
sils. The most significant core from the Weddell Basin
is core 14 (traverse B—B'), in which 122 centimeters of
pelagic clay, rich in zeolites, are underlain by 862 cen-
timeters of nannofossil ooze of Paleocene age.

We took several cores from the Maud Rise along trav-
erse D--D'. At the northern flank of the rise, the sediment
is a pelagic clay (core 33), with a Late Miocene basal age.
At the top of the rise, the sediment is composed of dia-
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Figure 1. Core locations of piston cores summarized In figures 2 and 3. Coordinates of cores in Kaharoeddin at al. (in press).

tomaceous ooze (cores 34 and 35) with Early Pliocene
basal age, overlain by a thin veneer of foraminiferal ooze
or diatomaceous, foraminiferal ooze. Near the bottom
of the southwest flank of the rise, the sediment consists

of muddy diatomaceous ooze (core 36) with a Middle
Miocene basal age.

The sediments from the Antarctic Continental Rise
are primarily clastic sediments, except at the northern
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part of the rise. Here the sediments are mainly pelagic
clay with Middle to Late Miocene basal ages, overlain by
marly foraminiferal ooze, as found in cores 20 and 21
on traverse B—B' and in core 26 on traverse c—c'. Except
for core 25, the rest of the cores on the continental rise
are Early Pliocene to Quaternary in basal ages and con-
sist of mud and sand. We can conclude from their dis-
tribution that these clastics are probably distributed by
the bottom current from the Weddell Sea. Only cores
25 and 37 contain a significant amount of diatoms. Core
37 contains abundant manganese-coated pebbles of gla-
cial origin. The lithology of core 25 is unusual for a core
so close to the continent. Although it is close to core 24,
the only resemblance is in the top part, which consists
of many foraminiferal ooze. Underlying this ooze is a
sequence of oozes rich in diatoms and nannofossils. The
basal age of this core is Middle Miocene.

We thank Dennis Cassidy for his enthusiastic help in
many phases of this work, including the photography.
We also extend thanks to Thomas J . Fellers, Rosemarie
Raymond, and LaVerne Lamb for their assistance in the
preparation of this article. This work has been sup-
ported by National Science Foundation grant c-1059.
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ARA Islas Orcadas cruise 15 was the fourth of five mul-
tidisciplinary (marine geology, geophysics, and physical
oceanography) cruises made by this vessel to the South
Atlantic sector of the Southern Ocean. We present here
the results of our attempts to obtain the basal sediment
ages of the 58 piston cores recovered on this cruise (see
accompanying figure).

Islas Orcadas coring activities were concentrated in the
region of the Weddell Sea and Scotia Sea. One of the
primary coring objectives on this cruise was to obtain a
broad distribution of cores in the region for paleoocean-
ographic studies. It was hoped that studies of these cores
would provide valuable information on the history of
sea ice fluctuations and antarctic bottom water forma-
tion in the Weddell Sea area.

Another major coring objective was to recover a large
number of cores in close proximity to the Antarctic con-

Present address: Department of Geology, University of
Georgia, Athens, Georgia 30602

tinental margin (inset of figure). Dr. Anderson (Rice
University), chief geologist on this cruise, and others are
also interested in studying the sedimentology of these
cores to further elucidate the nature of glacial marine
sedimentary processes and their relationship to the cli-
matic and glacial conditions of Antarctica. An additional
objective was to obtain early to mid-Tertiary cores from
this high-latitude region that may yield data on the Ter-
tiary growth of the Antarctic Ice Sheet.

Of the 58 successful piston coring attempts, 51 re-
covered sediment that at least partially filled the core
liner with undisturbed sediment. Initially, samples for
micropaleontological analyses, were taken within 10 cen-
timeters of most cores. Piston cores with disturbed basal
sedimentary sequences were sampled not at the base of
the core but immediately above (within a few centimeters
of) the disturbed sequence.

Micro paleontological analyses of the initial samples
from these 51 cores revealed that 32 were either barren
of microfossils or contained a microfossil assemblage in-
sufficient for reliable age determination. An average of
4 additional samples were taken from these 32 cores for
micro paleontological study. Because of the largely non-
biogenic nature of most core sediments, the additional
samples were not taken from fixed intervals in the cores
but were instead taken from positions in the cores where
the sediment lithology appeared most favorable for the
preservation of microfossils. Unfortunately, analyses of
the additional 110 samples taken from these 32 cores
yielded reliable age information on only 8 additional
cores.

Sediment recovery in 6 piston cores was limited to
either a few centimeters of disturbed sediment in the
bottom of the core liner or to the piston core cutter and/
or catcher (or both). Cores io-1578-21, 54, and 54A
recovered sediments in the core liner and core cutter
and/or catcher. These samples are stored in bags, with
the liner sediments being stored separately from the
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Locations of ARA Islas Orcadas cruise 1578 piston and trigger cores. Samples examined from piston cores in shaded area all
barren or contained insufficient microfossils for age determination. Bathymetry after American Geographical Society Antarctic

Map Folio Series, folio 16, plate 1, and Pergamon Press World Map Series, sheets 222 and 230 (inset).

core cutter and catcher samples. Only the core cutter
and/or catcher sediments of these three cores were sam-
pled for age-dating purposes. Bag sample sediments
from the core liners of cores io-1578-51 and 53A and
from the core catcher of core jo- 1578-53 were also sam-
pled for study. These samples represent the only sedi-
ment recovered from these cores. Core io-1578-17 re-
covered 185 centimeters of sediment that is stored in
bags; however, only the core cutter and catcher of this
core was sampled for analysis.

The primary purpose of presenting these sediment
ages is to aid other investigators in selecting piston cores
suitable for their own particular research interests. All
piston core ages are based on the microfossil assemblage
present in only one or two samples. Piston core age de-
terminations usually were based upon the presence of
just a few age-diagnostic microfossil species. In addition,
microfossils were generally rare and very poorly pre-
served. A considerable number of allochthonous micro-
fossils also were present and made accurate age deter-
minations difficult. For these reasons, individuals whose
research requires precise age determinations may wish
to obtain additional confirmation of the age dates pro-
vided here. Investigators seeking basal sediment ages for
piston cores from Islas Orcadas cruises 7, 11, and 12 are
referred to Ciesielski and Wise (1977), Ciesielski, Ka-
haroeddin, and Cassidy (1978), and DeFelice (1978),
respectively.

In the laboratory, two smear slide preparations were
examined from each sample for their calcareous nan-
nofossil, diatom, and silicoflagellate content. Two cores,

io-1578-24 and 59, contained only calcareous nanno-
fossils and were age-dated utilizing the calcareous nan-
nofossil zonation of Wise and Wind (1977). All other
cores were age-dated using the high-latitude silicofla-
gellate zonation of Ciesielski (1975) and the diatom zon-
ation of McCollum (1975). Weaver's (1976) modifica-
tions of the Early Pliocene portion of McCollum's
(1975) zonation were employed.

The results of the micropaleontological analysis of Is-
las Orcadas cruise 15 piston core sediments are presented
in the table. Sediment ages are given for 27 of 58 piston
cores recovered on cruise 15, and basal sediment ages
are assigned to 21 of these 27 cores. Six other cores
(marked in the table by a single asterisk) had barren
basal sediments but contained sufficient microfossils in
other samples taken up-core to make an age assignment.

Samples examined from more than half of the cruise
15 cores (31 of 58 cores) were either barren or contained
insufficient microfossils to make an age determination.
Of these samples, 15 contained some microfossils but
could not be reliably age-dated for one or more of the
following reasons: (a) microfossils were not age diag-
nostic, (b) diagnostic microfossils were too rare to assure
that they were autochthonous and not allochthonous,
and (c) guide fossils from a number of biostratigraphic
zones were present in nearly equal numbers, thereby
making it difficult to identify the autochthonous micro-
fossil component from the allochthonous component.
These piston cores are identified in the age column of
the table by the abbreviation NADP ("no age date possi-
ble"). The only sample intervals listed in the table for
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Core Latitude

 

Number (S)

 

18* 49 43.4'

 

19* 50 11.1,

 

20* 50 17.0

 

21 50 21.2

 

22* 50 31.1

 

23* 50 42.0

 

24* 50 45.1

 

25 50 52.6

 

26 51 18.6

 

27* 51 22.4

 

28* 51 14.2'

 

29* 51 00.3

 

30* 50 56.6

 

31* 49 53.7'

 

32* 50 08.4'

 

33* 50 13.9

 

34* 50 09.9

 

35* 50 15.0

 

36* 50 13.4

 

37* 50 21.8

 

38* 50 18.1

 

39* 50 10.6'
40*** 50 12.8'

 

41* 50 14.6'

42*** 50 00.2'

 

43* 49 57.3'

 

44* 49 58.7'

 

45* 50 02.5'

 

46* 50 00.2'

 

47* 49 59,4'

 

48* 49 58.3'

 

49* 49 47.5'

 

50* 49 43.2'

 

51* 49 43.0'

 

52 50 37.4'

 

55* 51 45.4'

 

56* 51 50.2'

 

57* 51 53.2'

 

63 54 52.4'

 

64 54• 00.5'

 

65 53 05.1'

 

66 51 59.6'

 

67 51 26.4'

 

68 51 04.3'

 

70 49 59.8'

 

72 49 01.5'

 

73 48 24.6'

 

76 47 10.1'

 

80 47 57.0'

 

81 48 59.9'

 

83 50 56.8'

 

84 51 57.5'

 

87 55 11.9'

 

89 57 03.6'

 

90 57 30.8'

 

91 58 09.9'

95*** 60 53.8'

 

96 60 27.9'

 

98 59 50.3'

 

103* 51 30.5'

 

104* 51 29.5'

 

105* 51 31.2'

 

106* 51 31.3'

 

107* 51 31.3'

 

108* 51 31.6'

 

109* 50 46.3'

 

111 48 59.9'

 

112 48 09.3'

 

114 46 40.9'

 

115 46 00.6'

 

116 44 59.9'

 

117 44 01.2'

 

120** 38 10.0'

Longitude
(W)

47 17.3'

46 53.0'
46 40.1'
46 31.9'

46 43.6'
47 03.3'

47 14.2'

47 26.5'
46 59.2'

45 43.8'

45 43.4'

45 41.9'

45 41.6'

46 00.6'

46 00.1'
45 59.9'

45 54.0'

45 22.5'

45 25.8'
44 32.6'
44 18.3'

43 44.8'
43 44.0'
43 35.8'

43 00.9'
42 43.6'

42 38,4'

42 38.3'

42 10.7'

41 47.0'

41 44.8'

41 41.4'
41 43.0'

41 36.2'
39 43.0'
34 01.5'
33 54.4'
33 48.4'
25 00.3'
24 11.7'

22 57.3'
21 42.1'
22 53.4'
20 38.8'
19 25.5'
18 23.1'
17 55.1'
16 17.6'
13 01.4'
13 20.2'
14 03.4'
14 25.2'
15 50.6'
18 32.4'
17 22.7'

17 48.5'

21 04.4'
21 37.1'
23 25.9'
25 11.9'
25 27.7'
25 30.4'
25 28.0'

25 25.9'
25 43.5'
26 04.1'

26 57.6'

27 58.7'

30 07.4'
31 05.8'
32 06.5'
33 05.3'
46 03.6'

Core Length
(cm)

174

447
143
533

563
89

20

535
284

378

205

50

373

570

106
519

280

315

491
415
309

500
MR
213

MR
188

257

74

27

270

532

99
26

27
1779
280
778
285
837
684

1103
1091
155

1746
1113
BAG

1032
1150
1168
1021
1721
1053
1761
1715
1735

1747

MR
854
1159
1036
663
220
47

401
442
1083

1797

1779

1790
1815
1807
1797
144

 

Water Sample

 

Depth (n) Interval (cm)

 

2345 166-174 (Bag
Sample)

 

2725 316-317;C/C

 

2498 142-143

 

2262 C/C

 

2420 446-447;C/C

 

2520 88-89

 

2505 19-20

 

2573 C/C

 

2703 C/C

 

2264 377-378 (Bag
Sample)

 

2557 196-205 (Bag
Sample)

 

2182 49-50 (Bag
Sample)

 

2012 372-373 (Bag
Sample)

 

3091 460-461 ;C/C

 

2771 84-85;C/C

 

2465 306-307; C/C

 

2769 C/C

 

2429 C/C

 

2622 C/C

 

1580 51-52;C/C

 

1595 228-229;C/C

 

1840 210-211 ;C/C
1820

 

1655 33-34;C/C

1847

 

1706 C/C

 

1677 46-47;C/C

 

1624 73-74

 

1693 26-27 (Bag
Sample)

 

1529 72-73;C/C

 

1598 51-52;C/C

 

1708 36-37;C/C

 

1726 C/C

 

1792 C/C

 

3936 C/C

 

2533 C/C

 

2374 C/C

 

2185 C/C

 

4389 C/C

 

4515 668-684 (Bag
Sample)

 

4331 C/C

 

4422 C/C

 

4508 C/C

 

4422 . C/C

 

4214 C/C

 

4042 C/C

 

3877 C/C

 

3312 C/C

 

3102 C/C

 

3464 C/C

 

3742 C/C

 

3952 C/C

 

3738 C/C

 

4285 C/C

 

4545 C/C

 

3954 1746-1747

4005

 

4177 C/C

 

4631 C/C

 

3028 486-487;C/C

 

2999 79-80;C/C

 

3122 219-220;C/C

 

3091 46-47

 

2986 C/C

 

2772 C/C

 

2999 265-26'6;C/C

 

4331 C/C

 

4374 C/C

 

4717 1789-1790

 

5047 C/C

 

5044 C/C

 

5201 C/C

 

5024 143-144 (Bag
Sample)

Sediment
Lithology

diatomaceous mud

diatomaceous ooze
siliceous mud
diatomaceous-nanno
ooze
diatomaceous ooze
sand; highly
disturbed

muddy, foraininiferal
ooze
diatomaceous ooze
muddy, diatomaceous
ooze
zeolitic clay

glauconitic sand

zeolitic clay

di atoimaceous-aanno
ooze

muddy, diatomaceous
ooze
nanno ooze
diatomaceous, namno
ooze

diatomaceous-namno
ooze
radiolarian,
calcareous ooze
zeolitic clay
nanno ooze
foraniniferal
namnu ooze

namno ooze
no recovery
foraminiferal
nannoooze

no recovery
diatomaceous, manno
ooze
diatomaceous-manno
ooze

diatomaceous, nanny
ooze

nanno ooze

mamno-diatomaceous
ooze

d iatomaceuus-namno
ooze

manna ooze
muddy, diatomaceous
ooze
sandy gravel
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze

diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
Mn crust
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
diatomaceous ooze
muddy, diatomaceous
ooze

muddy, diatomaceous
ooze
no recovery
volcanic ash
diatomaceous ooze
diatomaceous ooze
nanno ooze
diatomaceous ooze
sandy, siliceous
ooze

diatomaceous ooze
diatomaceous ooze
namno, diatomaceous
ooze

muddy, diatomaceous
ooze

muddy, diatomaceous
ooze
diatomaceous mud
diatomaceous mud
diatomaceous mud
diatomaceous mad
pelagic clay

Early Pliocene

Late Oligocene
Eocene to Early Oligocene
Middle to Late Miocene

Early Pliocene
Quaternary

Quaternary

Middle to Late Miocene
Late Miocene

No Determination

Late Oligocene

No Determination

Middle to Late Miocene

Late Pliocene

Oligocene
Middle to Late Miocene

Middle to Late Miocene

Late Paleocene

No Determination
Late Paleocene
Late Paleocene

Late Paleocene
No Recovery
Late Paleocene

No Recovery
Late Eocene

Middle to Late Eocene

Late Eocene

Middle Eocene

Late Oligocene

Late Oligocene

Late Paleocene
Middle to late Miocene

Quaternary
Quaternary
Early Pliocene
Early Pliocene
Quaternary
Quaternary
Quaternary

Quaternary
Quaternary
Early Pliocene
Quaternary
Quaternary
No Determination
Quaternary
Quaternary
Quaternary
Quaternary
Quaternary
Quaternary
Quaternary
Quaternary
Early Pliocene

Quaternary

No Recovery
Quaternary
Quaternary
Early Pliocene
Early Oligocene
Early Pliocene
Quaternary

Early Pliocene
Early Pliocene
Middle to Late Miocene

Quaternary

Quaternary

Quaternary
Quaternary
Quaternary
Quaternary
Quaternary

*Cores open at the time of this report.

**Returned to Argentina.
"Not shown on core location nap.

Islas Orcadas cruise 16 piston and trigger core locations.
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these cores are those that did contain microfossils.
Smear slides examined from 16 other cores were

found to be completely barren of microfossils. The two
sample intervals given in the table for those found to be
barren represent the lower and uppermost sample in-
tervals examined for microfossils. Only one smear slide
sample was examined from those barren cores with only
one listed sample interval.

The ages of the cruise 15 cores range from Late
Eocene to Quaternary; sediments from 14 cores are Pli-
ocene or older. The age distribution of these cores (by
epoch) is as follows: 13 Quaternary, 3 Pliocene, 9 Mio-
cene, I Oligocene, and 1 Eocene-Oligocene.

All 32 piston cores described as barren or as contain-
ing too few microfossils for a reliable age designation
are located on the Weddell Sea abyssal plain or are on
or near the Antarctic continental rise or slope (figure).
Twenty-one of the piston cores that could not be age-
dated are located on the Weddell Sea abyssal plain
(shaded area of figure). The poor preservation of mi-
crofossils or the barren nature of the samples examined
from this area is partially attributed to the mechanical
breakage and chemical dissolution of microfossils by
high-velocity antarctic bottom water. The presence of
ephemeral pack ice throughout this region has also in-
hibited primary productivity and resulted in a much-
reduced supply of skeletal debris to the sea floor. Sedi-
ments in this region are primarily pelagic clays and
muds.

The largest occurrence of cruise 15 pre-Pliocene cores
is located on the continental slope or on or near the
continental rise of the Princess Martha Coast (inset of
figure). These cores represent nine of the eleven pre-
Pliocene cores recovered on this cruise. Strong contour
currents along the continental rise and lower continental
slope may be responsible for the apparent low rates of
sediment deposition and/or the erosion of Quaternary
to Miocene sediments in this region.

Most of the sediments examined in this study were
pelagic clays, muds, gravels, and sands. Detailed lithol-
ogic descriptions of all cruise 15 piston cores are in prep-
aration (staff of Antarctic Marine Geology Research Fa-
cility).

This work has been supported by the Institute of Polar
Studies at The Ohio State University. We thank Dennis
Cassidy (Florida State University) for useful advice and
preparation of the core location map.
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Water
	

Undescr ibed

Core	Latitude	Longitude
	

Depth
	

Core Length
Number	(S)	(W)	.J.L	Sample Interval (cm)

	
(cm)
	

Age

2
	

58°16.2'
	

28°38.9'
4
	

59° 13.8'
	

19°43.6'
5
	

59°48.0'
	

13°28. 7'
6
	

59°29.2'
	

9°51.2'
7
	

60°00.4'
	

6°45 .5'
8
	

60°33.3'
	

3°38.5'
9
	

61°57.3'
	30345

10
	

63°32.1'
	

6°26.7
11
	

64°58.7'
	

7°27. 1'
12
	

66°58.9'
	

7°45.2'
14
	

68°4l.8'
	

10° 13. 5'
16
	

70°36.7'
	

10°03.8'
17
	

70°34.1'
	

l0°04.5'
18
	

70°33.6'
	

10° 10.91
19
	

70°32.4'
	

10° 16.4'
20
	

70°28.3'
	

10°23.0'

21
	

70° 15.8'
	

10°39. 1'
22
	

69°55.1'
	

10°57.8'
24
	

69°58.2'
	

12°17.0'
25
	

71°01.3'
	

18° 16. 0
26
	

71°54.1'
	

17°15.6'
27
	

72°24.5'
	

19°25. 1'
28
	

72°11.4'
	

15° 18.3'
29
	

72°09.1'
	

15°31.8'
30
	

71°58.9'
	

16° 12.6'
31
	

71°58.6'
	

16° 18.6'
32
	71058.1	16°29.6'

33
	

71°55.6'
	

16°43.1'
34
	

71°54.0'
	

16°55.9'
35
	

71°51.5'
	

17°10.2'
36
	

71°46.6'
	

17°31.1'
37
	

71°3l.6'
	

18°07.5'
38
	11014.21	19°08.8'

39
	

70°39.4'
	

2l°34.6'

40
	

69°58.9'
	

26°02.2'
41
	

69°00.5'
	

24°46.6'
42
	

67°59.3'
	

23°26. 1'
43
	

67°00.3'
	

22°07.1'
44
	

66°00.9'
	

20°53.4'
45
	

64°54.5'
	

19°58.3'
47
	

63°09.2'
	

20°08.9'
47A
	

62°59.5'
	

19°46.8'
48
	

61°59.7'
	

20°00.3'
49
	

61°05.6'
	

19°51.9'
50
	

64°57.5'
	

24°21.0'
51
	

68°00.8'
	

29°51.4'
52
	

66° 16. 0
	

33°04.1'
53
	

64°58.0'
	

350 16.6'

53A	64°57.7'	35°19.9'
54	64°48.1'	

350439

54A	64°42.5'	36°06.3'

55	64°02.8'	36°58.O'
56	63°05.8'	38°27.6'
59	60°33.6'	40°13.2'
61	58°00.1'	41°00.2'
62	57°00.1'	41001.11
63	56°01.7'	41°09.7'
64	55°39.5'	41°10.0'

3246	357-358
4217	949-950
3968	555-556
4283	639-640
5214	787-788
5130	279_280*
5201	99-100; 358-359
5128	40_41*
4987	220-221; 231-232
4806	120-121; 379-380
4256	354-355
366	120-121; 137-138
700	core catcher

1039	120-121
1339	498-499
1734	16-17; mixed basal

10 cm (bag)
2222	core catcher
2820	386-387; 509-510
4078	1050-1051
4440	1010-1011
2242	900-901; 950-951
3274	181-182; 929-930
530	20-21*
380	240-241
530	144-145
810	10-11; 240-241
1061	79_80*
1536	518-519
1865	766-767
2350	1131-1132
2751	800-801
3681	900_901*
4301	157-158**
4334	606l*

4481	5-6; 1097-1098
4631	1-2; 470-471
4746	20-21; 849-850
4812	87-88
4857	1_2**
4898	l_2**
4890	l-2**
4855	20_21**
4890	l_2**
4718	951-952
4852	803-804
4563	Bag (entire core)
4649	46-47
4733	core catcher (entire

core)
4731	Bag (entire core)
4729	core catcher and

cutter
4724	core catcher and

cutter
4353	1-2; 514-515
4512	813-814
2707	80-81; 125-126
3438	170-171
3420	565-566
3091	496-497
3420	457-458

362
	

Quaternary
955
	

Quaternary
558
	

Early Pliocene
642
	

Early Pliocene
894
	

Late Miocene
895
	

Quaternary?
364
	

NADP
60
	

Quaternary?
237
	

NADP
383
	

Barren
360
	

Late Miocene
140
	

NADP
Bag
	

NADP
130
	

NADP
507
	

NADP
20
	

Quaternary

Bag
	

Quaternary
510
	

Barren
1051
	

Mid-Late Oligocene
1016
	

Late Miocene
1135
	

NADP
930
	

Barren
251
	

Quaternary?
247
	

Barren
145
	

Quaternary?
242
	

Barren
87
	

Quaternary
526
	

Late Miocene
1049
	

Late Miocene
1146
	

Late Miocene?
805
	

Late Miocene
1141
	

Late Miocene?
483
	

NADP
796
	

Late Miocene?
10'R
	

Barren
478
	

NADP
857
	

Barren
88
	

Barren
297
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*Core age assignment based on sediment from this interval. Samples examined below this interval are barren
or do not contain age diagnostic microfossils.
**This sample interval contains microfossils that are not age diagnostic. All samples examined below this
interval are barren.

NADP = No age date possible but microfossils present (see text for discussion).

Sediment ages of Isles Orcadas cruise 15 piston cores.
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the Southern Ocean. The following is the final install-
ment in a series of reports (Ciesielski and Wise, 1977;
Ciesielski et al., 1978; DeFelice, 1978; and Ciesielski and
Jones, 1979) which give the preliminary ages of the low-
est undisturbed lithologic unit dateable by the use of
microfossils. In all, the cruises recovered 263 piston co-
res, including the 70 recovered on cruise 16. The pre-
liminary piston core basal sediment ages, along with the
corresponding piston core number, latitude, longitude,
core length, water depth, interval sampled, and sedi-
ment lithology are listed in the table. The purpose of
these preliminary reports is to provide the scientific
community with timely information helpful in the selec-
tion of core materials pertinent to their research.

The objectives of the cruise 16 coring program, as
mentioned in Wise et al. (1978), included a survey of
pre-Pliocene sediments along the eastern Falkland (Mal-
vinas) Plateau, Northeastern Georgia Rise, and the Islas
Orcadas Rise in order to elucidate the pre-Pliocene geo-
logic history of the region (figure). Additional cores
were taken east and northeast of the Scotia Arc in order
to study the extent and effect on sediments of antarctic
deep water. To recover pre-Pliocene sediments, coring
sites were placed in areas where the overlying blanket
of oozes and glacial marine clastics were thin. Core sites
were determined by age-dating the cores immediately
after recovery and then using this information to select
subsequent sites. We feel the success of this procedure
partially accounts for the large number of pre-Pliocene
cores recovered on the eastern Falkland Plateau. In this
area, 23 of the 34 cores attempted penetrated pre-Pli-
ocene sediments, consisting predominantly of siliceous
and calcareous oozes.

Sampling: Of the 70 cores recovered on cruise 16, only
39 had been opened at the time of this writing. There-
fore, only the core catcher and/or cutter (C/C) samples,
or bag samples from the base of the cores were available
for age determinations for the remaining 31 cores. If an
age-date sample was obtained from a bag sample the
approximate interval occupied by the bag sample (and
thus the age-date sample) is listed in the table (this in-
terval may be revised after the core has been opened
and measured). For most cores only a single age-date
sample was collected within 5 cm of the core base. Cores
with disturbed basal sediments also were sampled a few
centimeters above the disturbance.

Laboratory: Smear slides were prepared from all age-
date samples at the stated intervals in the table and then
examined for their diatom, silicoflagellate, and calcar-
eous nannofossil content. The intervals were then age-
dated utilizing the biostratigraphic zonations defined by
McCollum (1975) as modified by Weaver (1976) for dia-
toms, Ciesielski (1975) as modified by Busen and Wise
(1977) for silicoflagellates, and Wind and Wise (1977)
for calcareous nannofossils. The geologic time scale as
presented by Berggren (1974) was utilized. It should be
noted that this scale recognizes only an early and late
Pliocene, thus no "middle" Pliocene ages appear in the
table. The same is true for the Oligocene. Lithologic
names were derived following the criteria outlined in
Kaharoeddin (1978). All core lengths are undescribed
lengths and are subject to change.

No age determinations were given for three attempted
cores for which there was no recovery (cores 40, 42 and
95) and for four cores for which the basal sediments
were nonfossiliferous zeolitic clays (cores 27, 29, and 36)
or a manganese crust (core 72). One core (core 120) was
returned unopened to the Argentine Naval Hydro-
graphic Office, Buenos Aires, Argentina.

Since none of the cores have been described or sub-
jected to a detailed biostratigraphic examination, these
basal age-dates must be considered preliminary. A thor-
ough examination of each core is needed in order to
determine the extent of reworking and contamination
which could lead to an improper age assignment.

We appreciate the assistance of Dennis Cassidy, Tom
Fellers, LaVerne Lamb, and Rosemarie Raymond in the
preparation of this article. The research was carried out
under National Science Foundation grants DPP 77-19360
and DPP 78-07183.
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Biogenic regeneration of ammonium by zooplankton
excretion and its uptake as a preferred nutrient by ma-
rine phytoplankton is thought to play an important role
in structuring marine food webs (Walsh and Dugdale,
1971; Eppley, Venrick, and Mullen, 1973; McCarthy,
Taylor, and Taft, 1977; Eppley et al., 1979). To inves-
tigate the turnover rate of NH in surface waters of the
Southern Ocean and its role in promoting the very high
biological productivity evident there, we surveyed the
regional distribution of NW while aboard ARA Islas Or-
ca4as on two biological oceanographic cruises to the Sco-
tia Sea. Austral late winter/early spring cruise 17 (2 Sep-
tember through 14 October 1978) and austral summer
cruise 19 (22 February through 9 April 1979) followed
cruise tracks with similar station coverage (figure 1 in
El-Sayed et al., 1979). Profiling efforts were coordinated
with shipboard experiments to measure planktonic up-
take and excretion of NH.

We constructed vertical profiles of NH from Niskin
casts from the surface to 400 meters in depth at 13 sta-
tions on cruise 17 and at 27 stations on cruise 19. To
provide vertical detail in near-surface waters, bottles
were tripped at depths corresponding to 100, 50, 25, 12,
6, 1, 0. 1, and 0.01 percent of surface irradiance. At four
stations on cruise 19, where hydrocasts were run every
4 to 6 hours, we found that measurable diel reductions
in NH concentration occurred within the photic zone
during daylight hours.

The highest NH concentrations were consistently en-
countered at depths of less than 150 meters. In austral
spring, oceanic surface waters south of the polar front
ranged in concentration from about 0.1 to 0.6 micro-
gram-atom of NH per liter. Ammonium concentra-
tions were uniformly higher at stations sampled five

months later. In fact, NH values in excess of 1.4 mi-
crogram-atoms per liter and as high as 2.4 microgram-
atoms per liter were measured in the surface outflow
from the Weddell Sea (stations 17 to 20) in austral sum-
mer.

The Scotia Sea NH profiles contrast rather sharply
with those measured during summer 1977-78 in the
Ross Sea. In the Ross Sea, NH concentrations in the
upper 100 meters were rarely greater than 0.2 micro-
gram-atoms per liter, although concentrations reached
0.8-1 microgram-atom per liter at depths between 100
and 300 meters (El-Sayed et al., 1978).

While ammonium profiles in regions of the Scotia Sea
overlain by drifting pack ice were not greatly different
from those in open water, atypical NW profiles were
recorded in the vicinity of a 20-square-kilometer tabular
iceberg encountered at 59°35'S/28°10'W during cruise
19. Rather than being enriched in the vicinity of the
iceberg, however, as may have been predicted from
studies of Parker et al. (1978) or Jacobs, Gordon, and
AmOs (1979), ammonium was markedly depleted from
surface waters. Concentrations were reduced sixfold to
tenfold in the upper 80 meters in hydrocasts taken 0.5
kilometer and 10 kilometers from the iceberg, relative
to concentrations measured at stations about 50 kilo-
meters on either side of the iceberg (figure A). By com-
parison, vertical profiles of nitrate, silicate, phosphate,
dissolved oxygen, and salinity differed by less than 10
percent from the respective distributions at one or both
of the adjacent stations (figures B through F).

The lack of a low-salinity surface zone, combined with
the cold surface temperature near the iceberg, suggests
that in situ melting was minimal at this location. Biolog-
ical activity (enhanced NH uptake or reduced NW ex-
cretion) may have created the unusually low surface am-
monium concentrations in the vicinity of the iceberg.
Alternatively, wind-induced upwelling generated by the
berg itself (see Buckley et al., 1979) may have occurred,
which would effectively dilute the surface water with
deep water poor in NW. Some upwelling of deep water
is supported by the silicate data; silicate showed a greater
increase between surface and deep water than did sa-
linity or the other measured nutrients, and silicate con-
centrations were measurably and consistently higher at
all depths between the surface and 150 meters near the
iceberg than at adjacent stations (figure Q.

To estimate the nitrogenous needs of the phytoplank-
ton and to investigate whether biogenic NH uptake
may cause the diel reductions in NW concentrations
observed within the euphotic zone or the marked de-
pletion in NW in the vicinity of the iceberg, comparative
measurements of 15NI-U and 15 NO uptake were made
at most of the biological stations occupied on cruise 19.
Four-liter water samples taken from Niskin casts to
depths of 100, 50, 6, and 0.1 percent of surface irradi-
ance were spiked with 15N and incubated for 4 hours
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and 24 hours in a waterbath on deck. Ambient light
levels were simulated by neutral density screening. De-
tails of a similar '5N incubation procedure and analysis
have been given in McCarthy, Taylor, and Taft (1977).

Experiments to characterize the uptake kinetics of
NW also were performed. At five stations, samples in-
cubated at surface light intensity were enriched with a
series of four greater-than-ambient concentrations of
ammonium to study the relationship between NH up-
take and concentration. In two other experiments, the
time course of ' 5NH uptake over a 24-hour period was
investigated by terminating experiments after 4, 8, 12,
and 24 hours.

Measurements of NHt excretion by zooplankton, be-
gun in 1977-78 in the Ross Sea, were continued for
comparison in the Scotia Sea. As was the case in the Ross
Sea, weight-specific excretion rates were uniformly higher
it stations north of the polar front than at stations south
)f this marked gradient in surface temperature, both

for unsorted zooplankton and for specific groups of an-
imals. The polar front represents a discontinuity of 6 to
110 C in surface temperature in the Scotia Sea, and Qio
values (2.6 ± 0.7) calculated for each of the major tax-
onomic groups of zooplankton reflected this.

This research has been supported by National Science
Foundation grants DPP 76-80738 and DPP 78-21121.
The analyses reported here for nitrate, silicate, phos-
phate, dissolved oxygen, temperature, and salinity were
carried out by personnel of the Argentine Antarctic In -
stitute.
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In a joint cooperative program between U.S. and Ar-
gentine scientists and with support from the Argentine
Navy, Texas A&M personnel participated in both the
austral late winter/early spring cruise 17 and the austral
summer cruise 19 of the ARA Islas Orcada.c to the Scotia
Sea and the northern Weddell Sea. Presented here are
the preliminary findings on surface lipids, heterotrophic
'4C uptake, and chemical fractionation of autotrophic
14C uptake taken from the two multidisciplinary cruises.

The chloroform-extractable lipid fraction of near-sur-
face particulate matter in the Scotia Sea was studied with
large volume samples (70-90 liters) collected at stations
3, 5, 6, 18, 24, 28, and 30 (El-Sayed et al., 1979). Gra-
vimetric analysis of lipids (Jeffrey, 1979) showed that
lipid material ranged from 10 to 35 percent of the par-
ticulate organic carbon. Lipid concentrations varied
from 3.5 to 30.9 micrograms per liter and are compar-
atively lower than previous reports of particulate lipids
of 90 to 200 micrograms per liter in the Scotia Sea (Jef-
frey and Bottino, 1966; Jeffrey and Bottino, 1967). This
discrepancy may be related to differences in the time of
year and the sample sites. The concentration of lipids
collected in the ice pack appeared to be lower than the
concentration in open water. Lipid content did not cor-
relate with the content of ATP, total organic carbon, chlo-
rophyll, or nutrients, but correlation was demonstrated
between particulate organic carbon concentration and
lipid concentration (correlation coefficient = 0.7).

The lipid samples were further characterized by gas
chromatography and gas chromatography/mass spectro-
metry, and a series of n-alkanes from C 16 to C32 were
detected. Total alkane concentration varied from 18 to
79 nanograms per liter (ng/l). Alkane concentration in
surface particulates of the Gulf of Mexico, reported by
Jeffrey in 1979 (20 to 90 ng/l in fall; 90 to 250 ng/1 in
winter) and by Calder in 1976 (55 ng/l in fall; 49 ng/l in
winter) are very similar to those for the Scotia Sea. A
series of olefins and the branched chained hydrocarbons
(pristane and phytane) were observed in the lipid sam-
ples, along with free fatty acids and fatty acid esters,
Numerous unidentifiable peaks were present in the
chromatograms of the lipid samples. Further studies arc
in process to identify more compounds in the lipid sam-
ples, to define seasonal variations, and to determine an
differences between lipids in temperate climates and
those in polar climates.

On ARA Islas Orcadas cruise 19, six stations were oc
cupied in which triplicate four-liter surface samples wer
inoculated with 200 iACi of NaH'4CO3 ; after 12 hours ol
incubation, these were fractionated into proteins, poly.
saccharides, and lipids (Bligh and Dyer, 1959; Morris
Glover, and Yentsch, 1974). Samples laced with HgCl
were used as controls. From each sample, primary pro
ductivity and chlorophyll measurements were made. In
corporation predominately occurred in the protein frac
tions—in polysaccharides from 10 to 30 percent and ir
lipids less than 1 percent. All these fractions, as well a:
primary productivity, were highest off of Zavadoski Is
land (station 21) and lowest at the polar front (statior
32).

Glucose and glycolic acid labeled with ' 4 C were inocu
lated into triplicate 250-milliliter subsamples while du
plicate subsamples laced with HgC1 2 were run as control:
(Smith, 1967, modified). Sterile butterfly Niskin bag:
were used to sample from 5 meters and all material:
were autoclaved and prechilled. During cruise 17, th
glycolic acid was preferred over the glucose by an orde:
of magnitude; the reverse occurred, but to a lesser de
gree, during cruise 19. Overall uptake values for cruis
17 were lower than for cruise 19 (figures 1 and 2) ant
these values will be compared to microbial biomass t
determine if population changes account for the differ
ences in uptake. Direct microbial counts using scanninl
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Figure 1. Isles Orcadas cruise 17 means and ranges for in-
corporated 'C glucose and glycolic acid.

electron microscopy, viable bacterial counts, and auto-
radiography, as well as other parameters (El-Sayed et al.,
1979), were measured on both cruises. Correlation coef-
ficients will be determined to produce a more complete
:haracterization of the chemical and microbial particu-
[ates.

These research efforts have been supported by Na-
:ional Science Foundation grant DPP 76-80738-Aol.
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During ARA Islas Orcadas cruise 17/78 (September and
October 1978), we investigated various aspects of phy-
toplankton distribution and metabolism. Data were ob-
tained at 27 of the 39 stations occupied and covered
areas both north and south of the antarctic convergence
(figure 1). In contrast with most of the previous biolog-
ical studies in the Southern Ocean, which have been per-
formed in austral summer or fall, our sampling period
was late winter and early spring. Our data are thus of
particular interest in regard to seasonal aspects of phy-
toplankton distribution and its relationship to water col-
umn density. Investigators from Texas A&M University
studied other aspects of phytoplankton that, when con-
sidered with our data, will furnish a broader perspective
of antarctic phytoplankton ecology.

For the first time in antarctic research, we had the
opportunity to record simultaneously the distribution of
phytoplankton, temperature, and salinity in the upper
200 meters of the water column. We obtained phyto-
plankton distribution by measuring chlorophyll a fluo-
rescence with a submersible fluorometer (SeaMarTec)
placed adjacent to a salinity-temperature-depth (STD)

unit on the conducting cable (see figure 2). We obtained
water samples at desired depths by electrically controlled
closing of Niskin bottles mounted on a rosette unit (fig-
ure 2). These samples were used to measure chlorophyll
a after filtration and extraction into methanol as well as
the in vivo fluorescence in a laboratory fluorometer. Our
results indicate that the submersible fluorometer pro-
vides a reliable semi-quantitative measure of phyto-
plankton biomass. Additional water samples were ob-
tained with 5-liter Niskin bottle casts for measurement
of adenosine triphosphate, nutrients, and particulate
organic carbon and nitrogen.

Profiles of potential density obtained from STD data
indicated that, in most cases, there was a surface layer
of low stability (varying from 50 to 200 meters in thick-
ness), below which the potential density gradually in-
creased. Chlorophyll a fluorescence was generally uni-
form within the upper mixed layer and decreased
sharply with increasing depth (figure 3), suggesting an
important role for physical mixing processes in control-
ling the distribution of phytoplankton and thus rates of
primary production.

Measurements of underwater spectral irradiance and
quantum scalar irradiance (400-700 nanometers) were
taken along the cruise track using prototype submersible
instruments developed at the Scripps Institution of
Oceanography. These data describe the photic environ
ment in the upper 100 meters of the water column. At
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Figure 1. Track of ARA Islas Orcadas cruise 17/78, showing
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Figure 2. Instrumentation used for in situ measurement a
chlorophyll and Its relationship to the physical characteris
tics of the water column. Submersible fluorometer mountec
on conducting wire about 1 meter above rosette containinç

Niskin bottles and sm unit.
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most stations, the waters were extremely clear, with light
at the 10-percent level between 20 and 40 meters and
at the 1-percent level between 40 and 90 meters. Maxi-
mum transmission typically occurred at 480 nanome-
ters, which is characteristic of clear blue oceanic water.
At station 24, which had a bloom of diatoms (1-percent
light level was at 35 meters), maximum transmission
shifted into the green (513 nanometers), thereby indi-
cating an increase in scattering and absorption of light
by phytoplankton.

The potential of an ecosystem for harvestable pro-
duction depends not only on the rate of primary pro-
duction but also on the extent of new as opposed to
regenerated production. Uptake of NO (new produc-
tion derived from upwelling or mixing from deeper
waters) represents exportable production, while uptake
of NHt (regenerated nitrogen) represents turnover of
nitrogen within the euphotic zone. The ratio of new/
total production thus gives an index of the proportion
of production that is exportable (Dugdale and Goering,
1967; Eppley and Peterson, in press). Results of nitro-
gen-15 tracer experiments using NO and NH indi-
cated that the total productivity was rather low; the
mean was 50 milligrams of nitrogen per square meter
per day, which is equal to approximately 330 milligrams
of carbon per square meter per day. The proportion of
new/total production was high at all stations (about 0.5)
and thus was within the range reported for upwelling
ecosystems.

In contrast with expectations from previous cruises
(e.g., Holm-Hansen et al., 1977), nutrient measurements
(NO and NH) across the antarctic convergence showed
no striking differences. Nitrate was present in surface
waters in high concentrations (about 20 p.M) well to the
north as well as within and south of the convergence.
Chlorophyll a concentrations also showed no dramatic
and consistent difference north or south of the front.
These findings may reflect the fact that this cruise took
place in late winter and early spring rather than in sum-
mer, when most previous measurements have been
made. Although nutrients remained abundant along the
cruise track south of the convergence, chlorophyll a con-
centrations varied over two orders of magnitude, sug-
gesting considerable patchiness of phytoplankton in ant-
arctic waters.

We thank the officers and crew of ARA Isla.s Orcada.s
for their excellent support at all times. We are also grate-
ful to C. R. Booth for his electronic expertise, Jason
Middleton for help with water density calculations, and
especially to Paul Dudley-Hart for help in logistics and
many shipboard operations. This work has been sup-
ported by National Science Foundation grant C816302
as a subcontract to DePaul University.
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Biological studies of the water
column and sediments under the

Ross Ice Shelf

OSMUND HOLM-HANSEN, ANGELO F. CARLUCCI,
and FAROOQ AZAM

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, California 92093

Our objectives during this final year of the Ross Ice
Shelf Project (RIsP) continued to be estimation of the
biomass and metabolic activity of bacterioplankton, phy-
toplankton, and zooplankton in the water column be-
neath the Ross Ice Shelf at site J-9 (82°22'S/ 168°37'W).
Preliminary results from last year's work have been re-
ported by Holm-Hansen et al. (1978) and Azam et al.
(1979). The biological work this year was greatly facili-
tated by the large diameter (-75 cm), relatively clean
access hole that did not have the diesel fuel contami-
nation that interfered with our work the previous year.
The fresh water used in melting the access hole was not
completely pumped out of the hole as planned, however,
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Concentration of adenosine triphosphate In the water col-
umn below the Ross Ice Shelf at Station J-9. Bars Indicate
range of ATP values obtained at each depth from water bot-
tle samples; circles show the ATP values obtained on

pumped water samples.

so the water in the hole was mostly fresh and had a layer
of mushy ice at the surface which interfered with our
nets and some of the sampling bottles. The water within
the access hole was found to contain relatively large
amounts of grayish-brown material which did not con-
tain measurable chlorophyll; the microbial biomass within
the hole was very low, as the adenosine triphosphate
(ATP) concentrations were less than 0.1 ng ATP/liter. The
ice thickness at site J-9 was 412 meters, and the water
column was about 234 meters deep.

Water samples were obtained either by bottles (9.0
liter Pvc Van Dorn or 5.0 liter Niskin) or by pumping
(submersible pump and hose) during the period Decem-
ber 8-21, 1978. Net tows were made between December
13-21 with a modified English-style net with an um-
brella-like opening and closing action. Vertical hawls
were made from various depths in the water column (1.0
in net-mouth) to within a few meters of the bottom of
the ice shelf, where the messenger-activated closure of
the net occurred. The mesh size of the net was either 35
or 200 Am. All samples were processed shortly after re-
trieval in the laboratory at J-9. In general, the results
from this year's work substantiate those from the last,
but are broader in scope and significance due to the
number and uncontaminated nature of the samples, and
because it was possible to make net tows this year.

Bacterioplankton. The abundance of bacteria in the
water column was determined by epifluorescent micros-
copy of acridine-orange stained cells, and found to
range between 3 and 5 x 106 cells 1 1 . Autoradiographic
studies, which indicate the numbers of metabolically ac-
tive cells, are in progress. The mean numbers of bacteria
in the sediment samples were 1.5 x 108 cells g dry wt'
in the upper 2 cm and 3 x 10 cells g dry wt` at 9 cm.

Macromolecular synthesis by heterotrophic bacteria
was determined by measuring the incorporation of tn-
tiated thymidine and 1-leucine, into DNA and protein,
respectively. Leucine incorporation was found to occur
at a low, yet measurable, rate. The results confirm those
of the previous year (Azam et al., 1979); there is slow
turnover of dissolved organic matter beneath the ice
(turnover time of 1-10 years).

Soluble reactive phosphorus content at 200 in
the ice shelf was 2.27 AM with a turnover rate of 0.04%
day-' (turnover time of nearly seven years), from one
set of experiments. Ammonia levels ranged from 3.92
AM at 2 m below the ice to 0.27 AM at 236 in the
ice, showing a consistent decrease with depth. Nitrite
levels (-0.02 M) were low and constant throughout the
water column. Nitrate concentrations showed a mini-
mum of 28.7 AM at 125 m, increasing to 30.1 AM at 2
in 	30.6 AM at 236 m.

Total Microbial Biomass. The concentration of ATP at
various depths are shown in Fig. 1. It is seen that the
pumped samples gave lower numbers than bottle sam-
ples; it should be noted that the ATP data obtained the
previous year were all from pumped samples, as the
diesel fuel in the access hole that year prevented reliable
bottle samples. There does appear to be more microbial
biomass in the upper portion of the water column, which
could be the result either of growth and predation ef-
fects, or caused by the dynamics of the physical mixing
regime. The sediment contains much higher density of
live microbial cells than the water-column; ATP concen-
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trations were about 2.5 and 1.0 ng ATP per gram dry
weight sediment in the upper 2 cm and at 9 cm depth,
respectively. This amounts to approximately 1 mg bac-
terial carbon per m2 in the upper sediment.

Phytoplankion. Chlorophyll concentrations in the water
column were not measurable by our usual methods (less
than 0.005 g/liter). The sediment was essentially devoid
of chlorophyll, or its degradation products. Extraction
of 12 grams of sediment followed by thin-layer chro-
matography did not reveal any of the usual pigments
found in sediments. The water samples a9d net samples
(preserved either in buffered foramlin or Lugol's iodine
solution) are currently being examined by microscopy;
preliminary inspection shows significant numbers of
Peridinium sp. (Dinoflagellate) and Fragilariopsis sp. (Dia-
tom). These cells appeared to have cell integrity when
examined at J-9 and did not stain with Evans Blue, sug-
gesting that the cells were alive.

Zooplankton. All net tows contained between 5-20 am-
phipods (identical in appearance to those described by
Lipps et al., 1979) in addition to an assortment of smaller
zooplankton. Preliminary examination of the preserved
samples has shown copepod nauplii and adults, radi-
olarians, and a few polychaete larvae. We do not know
if the amphipods are normally found throughout the

water column or if they represent individuals which es-
caped from traps deployed by other investigators.

Results from 1978 field work confirm the existence
of a diverse yet sparse, possibly indigenous, flora and
fauna under the Ross Ice Shelf. Sample and data anal-
yses, when completed, promise to provide some insights
into the mechanism of energy supply to the biota in this
remote ecosystem.

The field party consisted of J . Ammerman, L. Camp-
bell, A. F. Carlucci, J . Fuhrman, 0. Holm-Hansen, S.
Horrigan, and M. Wolfe. We acknowledge the help of
the RISP staff and wish to thank S. Jeffrey for help with
pigment analyses. This work has been supported by Na-
tional Science Foundation grant DPP 76-22134.
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Seasonal variability in biological
productivity of Scotia Sea and

southwest Atlantic

S. Z. EL-SAYED, C. C. TREES, R. A. WARNER, L.
H. WEBER, and M. A. MEYER

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Texas A&M personnel had a valuable opportunity
during the 1978-79 austral research season to partici-
pate in two cruises of ARA Islas Orcadas in the Scotia Sea
and the northern Weddell Sea. Our main objective was
to study the seasonal variability of phytoplanktonlzoo-
planktonlnutrient chemistry by exploiting a unique
chance to compare the similar cruise tracks and station
positions of the austral late winter/early spring cruise
(cruise 17, from 2 September to 14 October 1978) with
the subsequent austral summer cruise (cruise 19, from
22 February to 9 April 1979). Figure 1 shows the cruise
tracks, with the 17 biological stations occupied during
the winter/spring cruise and the 26 occupied during the
summer cruise.

During these two cruises, we adopted a multi-discipli-
nary approach to the investigation of hydrography, nu-
trient chemistry, ATP, CHN, particulate organic carbon,
suspended solids, microbial studies, standing crop, pri-
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Figure 1. Islas Orcadas cruises 17 and 19 In the Scotia Sea
and northern Weddell Sea.

mary productivity, vertical distribution and composition
of phytoplankton, ice algae, chemical fractionation of
carbon-l4-labeled phytoplankton, particulate lipid and
amino acid analysis, and downwelling irradiance.

During both cruises there were extensive sampling
programs on transects across the polar front in the
Drake Passage and northwest of South Georgia Island.
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During the interim between the two cruises, the polar
front shifted toward the south, as did the pack ice edge,
which receded approximately 5 degrees of latitude.

During cruise 17, we measured the effects of pack ice
at four stations (stations 13, 15, 18, and 19) and exten-
sively sampled the windward side of a large tabular ice-
berg (32 kilometers long and 40 meters high) near sta-
tion 22. During cruise 19, we occupied four pack ice
stations (stations 9, 10, 11, and 12) for 12 to 18 hours
to assess short-term variability.

Chlorophyll and phaeopigment concentrations were
determined from discrete water samples taken at depths
corresponding to the various light levels (100, 50, 25,
12, 6, 1.0, 0.1, and 0.01 percent) used for primary pro-
ductivity studies. Eighteen vertical chlorophyll profiles
were taken during cruise 17 and thirty-four during
cruise 19.

These profiles seem to indicate that there was a de-
crease in the mean standing crop of phytoplankton from
55.0 ± 62.4 milligrams per square meter during cruise
17, with 31.6 ±  23.8 milligrams per square meter during
cruise 19. This seasonal comparison (which excludes
data from station 34 of cruise 17) is based on chlorophyll
concentrations integrated from the surface to depths
corresponding to 1.0 or 0.1 percent light levels. Higher
integrated chlorophyll values were found south of the
polar front during both cruises. With the use of an in
situ submarine fluoromeier attached to the salinity-tem-
perature-depth STD cable, simultaneous data on salinity,
temperature, nutrients, and chlorophyll concentrations
were obtained. The profiles of the vertical distribution
of chlorophyll later were used in determining correct
placement of the Niskin bottles to insure sampling of
the chlorophyll maximum.

A continuous-flow fluorometer (Turner model 10)
was used to monitor surface chlorophyll concentrations
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Figure 2. Surface distribution of chlorophyll a (In Mg-M3) as
measured by continuous In vivo fluorescence and calibrated
against In vitro verification values during Islas Orcadas

cruise 19.

during cruise 19. The contour surface of chlorophyll
concentrations was calibrated with discrete samples taken
throughout the cruise (figure 2). Continuous and dis-
crete estimates of standing crop exhibited a significant
island-mass effect (Doty and Oguri, 1956; El-Sayed et
al., 1979). This aspect of the cruise was performed in
cooperation with NASA'S program for the development
of an algorithm to calculate chlorophyll concentration
from reflected irradiance (ocean color) as remotely
sensed by the coastal zone color scanner (czcs) on the
NIMBUS-7 satellite (Hovis and Leung, 1977; El-Sayed
and Green, 1974; Arvesen, Millard, and Weaver, 1971).

We determined primary production by using the car-
bon-14 uptake method of Steemann Nielsen (1952).
Three in situ and eleven simulated in situ experiments
completed during cruise 17 will be compared to eight in
situ and twelve simulated in situ experiments completed
during cruise 19. The integrated primary production
during cruise 17 averaged 258.9 ± 295.7 milligrams of
carbon per square meter. Samples from cruise 19 are
still being analyzed.

During cruise 17, a pronounced phytoplankton in-
crease was encountered at stations 33 and 34, north of
South Georgia Island. At station 34, surface values of
11.6 milligrams per cubic meter of chlorophyll and 183
milligrams of carbon per cubic meter per day photo-
trophic production were determined. The phytoplank-
ton was dominated by a new Thalassiosira sp. (Fryxell,
Villareal, and Hoban, 1979).

Chemical identification and characterization of partic-
ulate organic matter was investigated during cruises 17
and 19 by Kennicutt, Warner, and El-Sayed (1979).

This study has been supported by grant DPP 76-
80738-AOl from the National Science Foundation.
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Biological investigation of
Euphausia superba (krill)

M. A. MCWHINNIE, C. J . DENYS, R. PARKIN, and
K. PARKIN

Department of Biological Sciences
DePaul University

Chicago, Illinois 60614

During the austral summer season of 1978-79, we
performed studies on two collections of Euphausia su-
perba (krill). We obtained one collection in this research
season while aboard Jv Hero; we had collected the other
the season before and had kept it over the winter in
aquaria at Palmer Station.

The fresh krill were collected by two members of our
team during 27 days aboard Hero. A total of 137 samples
were gathered. We also collected krill en route to Palmer
Station on 6 and 7 December 1978. These collections
were made near Smith Island (at 62°51'S162°23'W, near
or within the circumpolar west wind drift) and in Croker
Passage (at 63°59'S/61°41'W, possibly a ring system of
the west wind drift as it passes east of the South Shetland
Islands to become the major current of Bransfield
Strait).

These krill provided the initial population for studies
of female reproduction, the influence of feeding level
on individual growth rates, visual pigments and their
physical characteristics, adaptation and survival at ele-
vated temperatures, and genetic tracing of polymorphic
enzymes. The genetic tracing study was conducted on
krill collected in Croker Passage, the eastern Belling-
shausen Sea (63°23'S164032'W), the western Weddell
Sea (63°51'5144°58'W), and near the South Orkney Is-
lands (60051'S/44°57'W). At Palmer Station, the samples
were kept in flow-through seawater aquaria (figure 1).

The krill maintained during the winter had been col-
lected in Croker Passage on 25 and 26 March 1978 and

had been kept in aquaria having a flow-rate of 150 to
200 liters of seawater per hour (McWhinnie and Denys,
1978); water temperature ranged from 00 C to —1.8° C
(figure 2). Approximately one-half of the winterover
population was preserved on 9 December 1978 for anal-
ysis of growth and maturity during the winter; the re-
maining animals were preserved on 27 March 1979,
after summer feeding and one year in the laboratory.

During the fall and early winter of 1978, the krill were
fed phytoplankton (Chaetoceros sp. and Navicula sp., es-
tablished in monoculture by M. Meyer through a co-
operative arrangement with S. Z. El-Sayed of Texas
A&M University), but during the austral winter and
spring, they were given scrapings of frozen lobster meat.
Analyses of bottom sediments in each aquarium by R.
Zogbaum showed almost no microplankton in Novem-
ber 1978. In contrast, a control aquarium, with the same
seawater flow but no krill through the same period,
showed a naturally rich accumulation of small copepods,
amphipods, isopods, foraminifera, and achiorotic dia-
toms in the sediment. Filter-feeding by krill continued
throughout the winter, and a minimum food source of
microplankton probably represents the food-limiting
conditions that prevailed. Cannibalism was observed
among the krill throughout the winter.

The krill populations maintained under these condi-
tions did not show growth over the eight months; in fact,
they decreased in size. The range in body length of the
initial subsample was 18 to 43 millimeters on 26 March
1978; the mode was 30 millimeters, and all maturity
stages (Bargmann, 1945) were represented in both
sexes. The modal stages were as follows: Males, C; fe-
males, B and D (A to D; adolescent and submature). As
measured on 9 December 1978, individual animal
length ranged from 15 to 33 millimeters, taking into
account those krill that died during the winter; the
modal length was 23 millimeters, a 23-percent decrease
in range from the initial subsample. The dominant ma-
turity stages were as follows: Male, B; female, C. Few
males were in stage G (fully adult; breeding). By 15 De-
cember 1978, it was evident that mating had occurred
among the winterover krill and the females spawned.

Figure 1. Interior of krill aquarium research laboratory at
Palmer Station (Photograph courtesy A. J. Wolak).

Figure 2. Euphausla superba in aquarium in Wet Laboratory
of Biology Building at Palmer Station, March 1979, one year

after collection in Croker Passage.
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Like other pelagic Crustacea, the krill continued to
molt, even though body length tended to decrease. Re-
gardless of negative growth, reproductive differentia-
tion advanced and the smaller post-winter population
became reproductively mature. These data and other
evidence (Mackintosh, 1967), establish the fact that
length is not a measure of maturity or age for this Cu-
phausiid species.

By 27 March 1979, having fed through the austral
summer, the krill population maintained at Palmer Sta-
tion increased to within 6 percent of the range of a sub-
sample of this population collected one year earlier.
Body length increased from the range in early summer
to 19 to 36 millimeters; the mode was 27 millimeters (10
percent less than that of the initial subsample). The
dominant male stage was C, as it was the previous
March; females showed two dominant stages, B-like and
I. All females were in the post-spawned condition. Stage
I has been established to identify the reproductive con-
dition and point up the discrepancy between the stage
of maturity and body length.

The above information could not have been estab-
lished with certitude by studying only preserved speci-
mens. In 1974 evaluation of earlier data, inconsistencies
between size and maturity of E. superba were evident
(McWhinnie, 1978a, 1978b). Moreover, by deduction
from a study of summer, winter, and spring samples of
E. superba collected in 1965, 1967, and 1969, Makarov
(1976) considered that a high incidence of sexually im-
mature specimens in August could result from regres-
sion of secondary sex characteristics. Our extensive
study of living animals confirms and strongly establishes
this phenomenon.

For continuing study of biological phenomena under
conditions of assured winter feeding, we are maintaining
at Palmer Station a population of krill collected in
Croker Passage on 24 and 25 March 1979 and also ma-

ture breeding and spawning krill collected early in De-
cember 1978.

We are especially grateful to J . Konecki, who is main-
taining these animals. P. Harding, G. Fitzsimmons, J.
Parr, and R. Winnery contributed greatly to this study
by maintaining the krill through the winter of 1978. R.
Zogbaum readied the aquaria upon preseason arrival at
Palmer Station and conducted temperature adaptation
and metabolic studies during the 1978-79 austral sum-
mer; his collection of phytoplankton and its preparation
as natural food for the winter was a very demanding
and important task.

This research has been supported by National Science
Foundation grant DPP 76-21747 to DePaul University.
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Buoyancy and morphological
studies of antarctic fishes

JOSEPH T. EASTMAN

Department of Zoology and College of Medicine
Ohio University

Athens, Ohio 45701

We are studying the anatomy, histology, and ultra-
structure of a unique group of about 75 species of teleost
fishes that is confined almost exclusively to the cold
waters of the Southern Ocean. We are especially inter-
ested in structure as related to the physiology, biochem-
istry, ecology, and evolution of the fishes in this group
(suborder Notothenioidei). Our ultimate goal is a better
understanding of the role of notothenioids in the south-
ern ocean ecosystem.

Our field party, comprised of J . T. Eastman, R. B.
Boyd, F. Whoriskey, and J . Schragg, was based at
McMurdo Station from mid-October until mid-Decem-
ber 1978. We collected several hundred fishes repre-
senting 13 species. For these collecting activities, we used
three fish houses located on the sea ice of McMurdo
Sound within 8 kilometers of the station. Arthur L.
DeVries of the University of Illinois, my collaborator in
the buoyancy studies, supervised the fishing operation.
His knowledge and experience in this area were in large
part responsible for our successful field season.

Anatomical material was processed in the Eklund Bi-
ological Center. We took 180 histological and 75 ultra-
structural organ samples, (these samples are now being
evaluated).

We were also able to perform buoyancy determina-
tions on all 13 species. Notothenioid fishes evolved from
a bottom-dwelling perciform stock at least 40 million
years ago (Regan, 1914; Norman, 1938; DeWitt, 1971),
and as true bottom fishes, they lack swim bladders, are
denser than seawater, and spend considerable time rest-
ing on the bottom. A few species, however, are pelagic,
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Figure 1. Ventral body wail of Dlssostichus mawsoni stained
with Sudan Black B for lipids. This cross section shows:
dermis (D), subcutaneous lipid (SCL), white muscle (M) rid-
dled with lipid (arrows), subperltoneal lipid (SPL), and par-
letal peritoneum (PP). (Photograph courtesy PH2 Ed Whit-

ton, U.S. Navy)

and it is these that we are especially interested in study-
ing in terms of their buoyancy.

The mid-waters south of the Antarctic Convergence
are highly productive and support an enormous biomass
of krill, but subzero water temperatures generally pro-
hibit temperate and subantarctic fishes from feeding
south of the convergence. However, a few notothenioids
have evolved the body specializations necessary to ex-
ploit this rich mid-water habitat.

In -I' C seawater, we found two McMurdo Sound
species that weighed less than one percent of their
weight in air (see table), indicating that they were close
to neutral buoyancy. DeVries and Eastman (1978) de-
scribed buoyancy adaptations in Pleuragramma antarcti-
cum. We were surprised to find that the largest (up to
70 kilograms) notothenioid, Dissostichus mawsoni, was
neutrally buoyant. The densities of the other species
generally reflected their activity and habitat (see table).
In the genus Trematomus, we found it possible to distin-
guish among cryopelagic, benthopelagic, and benthic
species.

Neutral buoyancy conserves muscular energy. A neu-
trally buoyant fish has no weight to support and no com-
ponent of forward locomotion must be diverted to pro-
vide hydrodynamic lift. In a fish without a swim bladder,
the attainment of neutral buoyancy is associated with
profound modifications of the skeletal, muscular, diges-
tive, and integumentary systems. Especially important
are those adaptations that reduce density. In Dissostichvs
mawsoni, for example, we found that large areas of the
skull are cartilagenous, the exposed portions of the
scales are not ossified, and the skeleton as a whole is
weakly mineralized (0.6 percent ash compared with 1.5-
2.0 percent ash in other fishes) (Vinogradov, 1953; Chil-
dress and Nygaard, 1973).

Figure 2. Electron micrograph of Dlssostichus mawsoni liver
showing a stellate cell (SC) and several hepatocytes (H).
Note the abundant lipid droplets (LD). Other labeled organ-
elles: mitrochondrion (M), nucleus (N), and nucleolus (NL).

Dissostichus obtains static lift from extensive lipid de-
posits. A 2-to-8 millimeter thick subcutaneous lipid leyer
(figure 1) occupies as much as 5-6 percent of the body
volume. There is also considerable lipid in the white
muscle (figure 1). Lin, Dobbs, and DeVries (1974) re-
ported the lipid content of this muscle as 25.6 percent
on a dry weight basis. Our histological preparations re-
vealed lipid around and within all muscle fasciculi. Fur-
thermore, every muscle fiber was bordered by lipid on
at least one side. Unlike the condition in Pleuragramma
(DeVries and Eastman, 1978), all lipid in Dissostichwc is
contained in lipocytes.

The liver of Dissostichus constitutes a fraction of the
body weight, similar to that of other teleosts (1 to 5 per-
cent) (Aleyev, 1977). Ultrastructural examination showed
that the liver is very active in the mobilization, transport,
and storage of lipid.

Dissostichus has a very large population of stellate (fat-
storing) cells in the liver (figure 2)—cells that have not
been studied in fishes. In mammals, their role is poorly
understood, although Wake (1971, 1974) demonstrated
that they store vitamin A. Dissostichus stellate cells are
extremely numerous and contain more and larger di-
ameter lipid droplets than their mammalian equivalents.
The stellate cells display two features indicative of active
protein synthesis; these are a prominent nucleolus and
an extensive rough-surfaced endoplasmic reticulum
(figure 2). Our preliminary results for the family No-
totheniidae indicate that the number of stellate cells in
the various species correlates positively with the body
lipid content. Stellate cells may represent an important
cytological component of the buoyancy mechanism in
these fishes.
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Table 1. Density, selected organ weights, and mode of life In some fishes from McMurdo Sound, Antarctica

Wt. in sea water x 100	
Liver wt.	 Ashed skel. wt. x 100	Habitat & depthX 100

Species	 No.	Wt. in air	 Total body wt.	Total body wt.	 range (m)

NOTOTHENIIDAE	 Benthopelagic;
Dissostichus mawsoni	18	 0.00-0.04	 1.60	 0.59	 300-500 m
Pleuragramma

anlarcticum	 11	 0.57	 0.92	 0.34	Pelagic; 0-500 m?
Aethotaxis mitopteryx	0	 ?	 ?	 ?	 Pelagic; 0-500 m?

Deep water
Trematomus	 benthopelagic;

loennbergii	 11	 2.28	 1.41	 0.81	 350-550m
Partially pelagic or

cryopelagic; 0-
Trematomus newnesi	1	 2.62	 3.20	 -	 150 in
Pagothenia	 Cryopelagic in and

(=Trematomus)	 near platelet
borchgrevinki	30	 2.75	 2.40	 0.69	 ice; 0-6 m

Shallow and deep
water benthic;

Trematomus han.soni	26	 2.91	 2.12	 0.95	 20-550 m
Trematomus	 Shallow water

centronotus	 24	 3.04	 1.99	 1.28	 benthic; 20-
gravid females	6	 2.99	 3.59	 -	 200 m

Shallow water
benthic near
anchor ice; 20-

Trematomus nicolai	16	 3.13	 1.48	 1.85	 50 m
Trematomus	 Shallow and deep

bernacchii	 26	 3.37	 2.36	 1.08	 water benthic;
gravid females	5	 3.62	 4.03	 -	 20-550 m

BATHYDRACONIDAE
Gymnodraco

acuticeps	 25	 3.41

HARPAGIFERIDAE
Histiodraco velfer	1	 3.70

LIPARIDAE
Paraliparis devriesi	12	 0.18

ZOARCIDAE
Rhigophila dearborni	2	 2.71

Shallow water
benthic; 20-50

2.75	 1.27	 m

Shallow water
benthic; 20-

-	 -	 150m?

Deep water benthic
or
benthopelagic;

1.46	 0.25	 500-600m
Deep water

benthic; 500-
2.02	 0.59	 600 in

In addition to the above-described research, A. L.
DeVries (University of Illinois) and I are also working
on kidney structure and function in the pauciglomerular
zoarcid Rhigophila dearborni, and R. B. Boyd (University
of Pennsylvania) and I are studying notothenioid gill
ultrastructure.

Our buoyancy and morphological studies have been
supported by National Science Foundation grant DPP
77-15612.
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Molecular biological studies in
fishes of McMurdo Sound

AUDREY E. V. HASCHEMEYER, ALAN P. HUDSON,
RITA W. MATHEWS, and MICHAEL A. K. SMITH

Hunter College
The City University of New York

New York, New York 10021

This project addresses two of the most interesting
problems for molecular biologists in Antarctica: (1) the
regulation of metabolism for adaptation to the cold, and
(2) the biosynthesis of antifreeze glycoproteins (AFGP) for
freezing resistance. Cold adaptation in polar fishes has
been described in the classic studies of Wohlschlag
(1964) and Scholander et al. (1953). Studies of AFGP were
pioneered by DeVries (1974) and Feeney (1974) and
their colleagues.

Our approach is based on the use of kinetic methods
originally developed for temperate fish in vivo. These
include measurement of amino acid transport (Persell
and Haschemeyer, 1976), protein synthesis by rapid
pulse methods (Haschemeyer, 1969; Mathews and Has-
chemeyer, 1978) and by constant infusion (Hasche-
meyer and Smith, 1979), and protein secretion (Hasche-
meyer, 1973).

Table 1 summarizes transport and protein synthetic
data for the liver of Trematomus hansoni in vivo. Levels
of amino acid (A) in the liver and plasma following the
injection into the hepatic portal vein are compared to
inulin (B) used as a marker for extracellular space. At
tracer concentrations (0.05-0.1 mM), all three amino
acids show uptake, as evidenced in column 3 by the re-
duction of the ratio of amino acid to inulin in plasma
compared to the value (1.0) of the injection solution.
Accumulation of alanine and leucine in the liver is
shown in column 4 by elevated amino acid/inulin ratios
there; tyrosine shows little or no accumulation. As con-
centrations of injected leucine increase, uptake reaches
saturation, as expected for carrier-mediated transport.
Preliminary kinetic analysis of these and other data sug-
gests that this transport system at 0° C functions as well
as that studied in temperate fish at 20° C. Protein syn-

thetic data, including the fractional incorporation rate
(column 5) and polypeptide chain assembly time (col-
umn 6) also are consistent with a cold-adapted state.

Quantitative synthetic rates determined by the con-
stant infusion method are presented in table 2. With the
exception of muscle, high rates of synthesis are found
in all tissues, indicating continuous replacement of pro-
teins or turnover. White muscle is the only tissue show-
ing a significant response to food deprivation; the dif-
ference in rates for fed and starved fish represents the
probable daily growth increment for the species at this
season (0.11 percent per day).

Comparison of the data of table 2 with results of sim-
ilar studies in temperate and tropical fish indicates sig-
nificantly higher synthetic rates than expected at these
low temperatures. Thus, protein metabolism may play
an important role in cold adaptation.

The known relationship of thyroid hormones to pro-
tein metabolism and basal metabolic rate in mammals
prompted an examination of circulating triiodotyronine
(T3) in these species by radioimmunoassay. Preliminary
results showed high levels, averaging 4.7 ± 0.8 (3), 5.7
± 1.3 (6), 6.0± 0.9 (3), and 7.8± 0.8 (4) nanograms per
milliliter in T. hansom, D. mawsoni, T. bernacchii, and T.
borchgrevinki. These results are presented ± standard
deviation (number of animals).

DAYS

Time course of appearance of AFGP and other plasma pro-
teins in blood of T. hansoni at -1.5°C following 6-hour con-
stant Infusion of 14C-alanlne (circles) or 14C-tyrosine (trian-
gles). Lower curve (open circles) = AFGP. Results expressed
as fractions of total polypeptlde synthesis of intrahepatic

protein, acid-Insoluble plasma proteins, and AFGP.

Table 1. Amino acid transport and protein synthetic parameters in T. hansonl in vivo measured 5 minutes after pulse
Injection of 14C-amlno acid and 3H-lnulin in 0.1 milliliter saline into hepatic portal vein (temperature = 0° C) *

Injection	 Aver. polypeptide
concentration	 % Aprotein /Ai	chain assembly time

Amino acid	 mm	 (AJB)piasma	 (A1B)iiver	per minute	in minutes

Aianine
Tyrosine
Leucine
Leucine
Leucine
Leucine

0.1	 0.40 ± 0.17 (5)	1.50 ± 0.40
0.05	0.50 ± 0.13 (5)	0.93 ± 0.06
0.1	0.31 ± 0.08 (13)	1.67 ± 0.27
5	 0.38 ± 0.07 (3)	1.34 ± 0.20

15	 0.43 ± 0.10 (9)	1.13 ± 0.20
50	 0.50 ± 0.05 (7)	0.98 ± 0.07

	

0.4±0.2	 22±6

	

4.4±1.8	21±4

	

1.6±0.6	20±5

	

0.5±0.1	 -

	

0.4±0.2	 -

	

0.2±0.1	 -
* Results presented ± standard deviation (number of animals).
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The biosynthesis of AFGP and other plasma proteins
was examined in T. han,oni at various times after infu-
sion of radioactive amino acids (see accompanying fig-
ure). The plasma proteins account for 32 percent and
AFGP for about 4 percent of total liver polypeptide syn-
thesis. AFGP in plasma was identified by DEAE-cellulose
chromatography and sDs-gel electrophoresis. These
methods, however, revealed no significant pool of intra-
cellular AFGP in any of the tissues listed in table 2. Ex-
periments are in progress to identify possible precursor
forms in liver and other tissues that may synthesize AFGP.

As a first step toward isolation of the antifreeze gene,
deoxyribonucleic acid (DNA) was purified from several
species by hydroxyapatite chromatography. In view of
the repeating alanine-alanine-threonine sequence of
AFGP, a repetitive DNA may be involved. Depending on
the choice of third base in the codon, such a DNA could
have a guanine-cytosine (GC) content as high as 90 per-
cent. This would lead to banding in CsC1 gradients at a
density well above that of the main-band DNA of other

Table 2. Protein synthetic rates In tissues of antarctic fishes
determined following infusion of 14C-tyrosine into caudal
vein for 16 hours at -1.5° C; results for Trematomus ber-
nacchll, T. hansoni, T. newnesi, and Gymnodraco acuticeps
averaged with standard deviation of the groups and number

of individuals (all fish collected October-December 1978)

(Percent of tissue protein synthesized per
day [k5])

Freshly caught	Food withheld
Tissue	 fish (fed)	(1-2 weeks)

Liver	 6.4 ± 2.2 (10)	7.5 ± 2.1 (11)
Gill	 2.7 ± 1.6 (10)	3.3 ± 1.1 (11)
Spleen	 1.7 ± 1.4 (8)	1.4 ± 0.7 (5)
Head kidney*	2.2 ± 0.2 (5)	3.9(l)
Posterior kidney*	0.7 ± 0.2 (5)	0.5(l)
Red muscle*	0.31 ± 0.02 (5)	0.22(l)
White muscle	0.17 ± 0.05 (10)	0.06 ± 0.02 (11)

* Determined in T. newnesi and G. acuticeps only.

fishes (Thiery, Macaya, and Bernardi, 1976). Analysis of
the antarctic fish DNA is being carried out in collabora-
tion with G. Bernardi, University of Paris.

This work has been supported by National Science
Foundation grant DPP 77-20461. A. P. Hudson was sup-
ported by a NATO postdoctoral fellowship. We thank A.
L. DeVries and W. Van Voorhies for their invaluable
assistance in collecting fish, and we gratefully acknowl-
edge the cooperation of the U.S. Naval Support Force,
Antarctica, in many aspects of this program.
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Fowl cholera outbreak among
brown skuas at Palmer Station

DAVID F. PARMELEE, STEPHEN J . MAXSON, and
NEIL P. BERNSTEIN

Field Biology Program
University of Minnesota

Minneapolis, Minnesota 55455

During a five-day period (4-8 February 1979), we
were astonished by the sudden deaths of four pairs of
our banded and color-coded adult brown skuas (Cathar-
acta lonnbergi) on their nesting sites at a time when their

large chicks were nearly fledged. Surprisingly, the chicks
outlived their parents but presumably were lost when
left unattended.

The deaths occurred on Litchfield Island in the Pal-
mer Station area. As many as eight pairs of our marked
brown skuas have bred on the island since 1974. In the
1978-79 season, however, we were able to locate only
five pairs, including the four that died.

Four of the carcasses were frozen and shipped to the
diagnostic laboratory at the University of Minnesota.
There it was determined that the brown skuas had died
of fowl cholera (Pasteurella multocida), strain 1-X73,
which is the most virulent strain known of the disease.
Fowl cholera is a bacterial syndrome characterized by
inverted age resistance, hence its confinement to the
adult birds.

Brown skua carcasses subsequently were found on
Torgersen Island (five birds), where the one nesting
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failed; on Norsel Point (eight birds), where the birds
often loaf near old Palmer Station but do not breed; and
on Hermit Island (one bird), where the species breeds
occasionally. Carcasses of three giant fulmars (also called
giant petrels) (Macronectes giganteus) and one south polar
skua (C. maccorinicki) also were found on Litchfield Is-
land. Additional dead south polar skuas were discovered
at Norsel Point (eleven birds), Christine Island (one
bird), and Bonaparte Point (one bird). Whether or not
they died from cholera or other causes is not known. No
dead penguins, gulls, or other bird species were ob-
served.

Whether virulent fowl cholera has been previously re-
ported from antarctic regions is not known to us at pres-
ent. It does strike species that are not far removed. Carl-
son and Pennifold (1961) reported that their diagnostic
tests indicated that four captive South American pen-
guins (Spheniscus humboldti) died of fowl cholera in Al-
berta shortly after their arrival from Florida.

We are puzzled why the brown skua (less than 10 per-
cent of the total skua population in the study area) suf-
fered higher mortality than the much more abundant
south polar skuas breeding close by (Parmelee, Fraser,
and Neilson, 1977; Parmelee et al., 1978). The latter
feed on fish and krill and their breeding success fluc-
tuates drastically when ice conditions and other factors
prevent efficient foraging at sea. Brown skuas partition
the penguin rookeries, and their numbers and breeding
success depend on penguins. As unfavorable ice condi-
tions do not inhibit penguin feeding, the brown skuas
dependent upon them have not shown the dramatic
fluctuations in breeding success experienced by their.
close relatives.

It is possible the south polar skuas have developed a
greater immunity to the disease through more frequent

contacts with the bacteria during the birds' long migra -
tions into temperate and arctic regions of the northern
hemisphere. Migrations of brown skuas are not nearly
so well known; presumably those birds of the Antarctic
Peninsula area do not fly beyond South America. Gulls
are known to be important reservoirs of Pasteurella in
other parts of the world. We do not know, however,
whether gulls, skuas, or other species transmitted the
disease to the Palmer Station study area.

This unexpected loss of marked brown skuas in the
study area presents a rare opportunity to investigate
other questions under unique environmental conditions.
For example, will the empty territories adjacent to the
penguin colonies be filled by brown skuas or south polar
skuas? Will surviving brown skuas that were previously
banded abandon their present territories for the newly
empty and conceivably better territories? Will the reduc-
tion in brown skuas, as well as the readjustments within
the study area, result in stepped-up cross-matings be-
tween the two species?

High priority will be given to these and other issues
during the remaining two years of research.

This work has been supported by a National Science
Foundation grant.
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Cutaneous blood flow in the
giant petrel

PAUL C. TIRRELL and DAVID E. MURRISH

Department of Biological Sciences
State University of New York

Binghamton, New York 13901

Birds living at high latitudes must maintain their body
temperatures at levels well above the ambient tempera-
ture. Excellent insulation over most of their body helps
maintain this gradient. In addition, heat loss through
the uninsulated areas of the periphery, such as the feet,
legs, and beak, also must be controlled. This control is
mediated by the vascular system, primarily by reducing
cutaneous blood flow (Scholander et al., 1950; Guard
and Murrish, 1974).

The brood patch is an area of skin on the abdomen
of adult birds that becomes defeathered, edematous,

and highly vascularized prior to egg laying (Bailey,
1952). It must supply large quantities of heat to the egg
during incubation and to the chick after hatching. Al-
though development of such an area is of prime impor-
tance for incubation purposes, it is potentially an area
of substantial heat loss from the parent. Reducing blood
flow to the brood patch to minimize heat loss, although
favorable for the parent, would not be beneficial to the
egg or to the chick.

We undertook a study of the control of blood flow to
the brood patch. Field and laboratory experiments with
the giafit petrel, Macronectes giganteus, showed that
brooding adults are able to adjust blood flow to this area
in response to different core body and egg tempera-
tures. This suggests a system of neurological controls
based on an interaction between central nervous system
thermoregulatory centers.

Seven giant petrels were collected from islands near
Palmer Station, Palmer Peninsula. The birds were adults,
each weighing between 3.3 and 5.2 kilograms, and were
kept no more than three days before use. They were
held in outdoor cages with snow provided ad libitum.

Surgical anesthesia was induced with pentobarbital so-
dium (25 milligrams per kilogram of body weight) given
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intramuscularly. Sedation was maintained with diaze-
pam (0.2 milligram per kilogram of body weight) given
intravenously through either a tibiotarsal or brachial
vein cannula.

Temperatures of the brood patch and web were meas-
ured with 36-gauge thermocouples placed subcutane-
ously. Deep body temperature was measured with a
thermocouple inserted 10 to 15 centimeters into the
esophagus. Heat flow from the brood patch was meas-
ured by placement of a heat flow transducer (Thermo-
netics Corporation) directly onto the brood patch. Heat
flow transducers with a thermistor bead were also
imbedded against the inside surface of eggs filled with
water.

Eggs of three temperature ranges-13.6-16.9°, 24.1-
28°, and 35-38.8° C, designated as cold, cool, and
warm, respectively—were introduced into the brood
patch of lightly sedated subjects. Heat flow into the eggs
was determined by two methods. First, the area of the
shell overlying the heat flow transducer was placed di-
rectly against the brood patch and heat flow into this
area of the egg surface was determined. Second, total
heat flow through the egg was determined by direct ca-
lorimetry. Knowing the change in temperature, the vol-
ume of water in the egg, and the water's heat capacity
allowed us to calculate total heat flow.

Blood pressures were monitored using a heparin- and
saline-filled cannula inserted into the carotid artery and
connected to a pressure transducer. Relative blood flow
to the brood patch was measured with a transcutaneous,
doppler-ultrasound flow probe placed over one of the
major arteries supplying the area. Temperatures, heat
flow, blood pressure, and blood flow were recorded on
synchronized oscillographic recorders.

Field measurements of egg temperatures were deter-
mined using radio-temperature transmitters inserted
into water-filled eggs. Eggs left overnight with an adult
on the nest registered incubation temperatures ranging
from 29.7° to 31.6' C the following day. These temper-
atures are lower than those reported for most birds but
are similar to the reported incubation temperature of
the fork-tailed storm petrel, an Alaskan species (Wheel-
wright, 1979), and of other high-latitude birds (Eklund
and Charlton, 1959; Drent, 1975). Ambient tempera-
tures at the time of our measurements ranged from 3.5°
to 8.7° C at nest height.

Field measurements of heat flow to cool eggs were
also determined by direct calorimetry and by using heat
flow transducers. Values for heat flows measured by
direct calorimetry ranged from 1.40 to 2.21 kilogram
calories per hour. Laboratory measurements of heat
flow by the same method gave a mean value of 2.48
kilogram calories per hour for eight cool eggs. One field
measurement of heat flow determined with the heat flow
transducer gave a value of 2.20 kilogram calories per
hour for a cool egg. These field and laboratory values
for rewarming a cool egg represent a heat loss equal to
15-25 percent of the simultaneous standard metabolic
rate of the giant petrel as calculated by the equation of
King and Farner (1961).

Control of blood flow to the brood patch was evalu-
ated with cold, cool, and warm eggs introduced into the
brood patch. Autonomic nervous system control was
evaluated with phenoxybenzamine, an alpha-adrenergic

blocker administered intravenously. Blood flow varied
with the deep body temperature of the bird at the time
the egg was introduced and with the temperature of the
egg itself (figure 1). In almost all procedures, there was
an initial sharp drop in blood flow. This decrease is be-
lieved to be attributable to disturbance of the brood
patch area during the introduction of the experimental
egg, since manipulation of the feathers in the absence
of an egg had the same effect.

The vascular response of a hyperthermic bird—body
temperature (Tb) more than (40° C)—to a cold egg pre-
sented to the brood patch was a marked and sustained
vasodilation (figure la). The relative blood flow in-
creased by almost 100 percent within two minutes and
remained at that level until the egg was removed. In
contrast, cool eggs had little effect on the amount of
blood flowing into the patch, and warm eggs caused a
decrease in patch flow of up to 50 percent.

Blood flow into the brood patch in normothermic
birds (TB = 38.8° to 39.4° C) quickly returned to base-
line levels after the initial drop, regardless of the tem-
perature of the egg in the patch (figure lb).

Hypothermic birds (TB < 38.5° C) generally de-
creased flow to the brood patch, especially when it was
presented with a cold egg (figure ic). This procedure
caused as much as a 75 percent reduction in flow to the
patch or a hypothermic adult.

TB =39.00

-501	
lb

TIME (MIN.)
Figure 1. Changes In relative blood flow in the brood patch
of hyper-, normo-, and hypothermic adult giant petrels alter
Introduction of eggs and various temperatures. Key: Zero
time = flow under control conditions; A = cold egg (13.6°-
16.9°C); • = cool egg (24.1 0-28°C); • = warm egg (35°-

38.8°C).
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of central nervous system centers. One center monitors
thermal stimuli from the brood patch. This center reg-
ulates blood flow to the patch by variation in the degree
of alpha constrictor tone. This control, however, can be
modified when another center adjusts cutaneous flow to
aid in maintaining optimal core body temperatures. For
example, when the body temperature of the brooding
adult is above normal and a cold egg is introduced into
the patch, both systems cooperate to greatly increase
blood flow.

In a hypothermic bird, the center monitoring core
temperature takes priority over that for the brood patch,
and there is a sharp reduction in blood flow to the patch
containing a cold egg. This occurs despite the fact that
the egg temperature may already be low enough to be
harmful for the embryo.

The authors were in the field in January and February
1979. This work has been supported by National Science
Foundation grant DPP 77-21861.
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Figure 2. Effect of phenoxybenzamlne on relative blood flow
In the brood patch of an adult giant petrel. Zero time = flow
under control conditions. Alpha blocker infusion initiated at

1½ minutes.

Pharmacological studies gave preliminary evidence fa-
voring the existence of a sympathetic regulatory mech-
anism of blood flow based on active alpha constrictor
control. This control is similar to that found in the skin
of the human forearm (Roddie, Shepherd, and Whelan,
1957). Injection of phenoxybenzamine caused an im-
mediate increase in blood flow to the patch, indicating
release of alpha constrictor tone (figure 2). Twelve min-
utes after the alpha antagonist was administered, as the
alpha receptors became progressively blocked, brood
patch flow increased almost 300 percent over control
levels.

Our work with the giant petrel suggests the existence
of a control of brood patch flow based on a hierarchy
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Vascular anatomy of the brood
patch of the giant petrel

PAUL C. TIRRELL and DAVID E. MURRISH

Department of Biological Sciences
State University of New York at Binghamton

Binghamton, New York 13901

Proper development of avian embryos requires that
they be maintained at a relatively constant, warm tem-

perature. In the Antarctic, the thermal gradient between
the egg and the environment is often very large. The
heat to maintain this gradient must come almost exclu-
sively from the adult, and it is provided by the bird's
brood patch, an area of skin on the abdomen between
the xiphisternum and the pelvic girdle. Prolactin and
estrogen act synergistically to cause defeathering, edema,
and increased vascularity of the patch, all of which are
conditions that aid in the transfer of heat by conduction
to the egg and young (Bailey, 1952).

During the 1979 austral summer, we studied the vas-
cular anatomy of the brood patch of the giant petrel,
Macronectes giganteus, at Palmer Station. The birds were
captured on nearby islands. Only adults without eggs or
with non-viable eggs were used for anatomical purposes;
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these were injected with an overdose of pentobarbital
sodium given intravenously. The vessels of the brood
patch were injected with a silicone rubber compound
through a cannula inserted into the carotid artery. The
injections were performed under physiological pres-
sures.

The brood patch of the giant petrel is roughly egg
shaped, being 6.3.t 0.9 centimeters wide and 11.5 ± 2.4
centimeters long (N = 7). It covers an area of 65.2 ±
20.6 square centimeters, which is equivalent to about 35
percent of the surface area of the bird's egg. The outer
layer of the brood patch consists of cornified epidermis
containing numerous feather follicles (figure 1). Inter-
nal to this is a well-vascularized area interspersed with
bands of smooth muscle. The next layer is an extensive
region of adipose tissue. The interior of the patch is
bounded by two layers of smooth muscle oriented trans-
versely to each other, a layer of abdominal skeletal mus-
cle, and the parietal peritoneum.

The brood patch receives blood from four major ar-
teries. The anterior end of the patch is supplied by the
right and left external thoracic arteries. The external
thoracic arteries arise from the pectorals distal to the
bifurcation of the brachial arteries. They approach the
brood patch laterally and dorsal to the rib cage, and
proceed ventrocaudally along the ribs until they enter
the patch. Six smaller arteries arise from each of these
vessels and branch medially on the surface of the brood
patch.

The two arteries supplying the pelvic region of the
brood patch (the prepubic arteries) branch off from the
iliac arteries; they are lateral, dorsal, and craniad to the
pubic tip and run ventrocaudally along the pubis. As the
arteries approach the skin, branches are given off to the
superficial and deep muscles of the body wall. Where

Figure 1. Skin of the brood patch of the giant petrel (x 27.20).
(A = cornifield layer; B = feather follicle; C = smooth mus-

cle; D = adipose layer; E = vascular area.)
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Figure 2. Brood patch arteriovenous anastomosis in the
giant	petrel	(x 432).	(A = artery;	V = vein;

AVA = arteriovenous anastomosis.)

the arteries are just dorsal to the brood patch, they turn
and proceed directly to the surface. The vessels then
branch once, giving rise to a pair of smaller arteries that
branch over the lower surface of the patch.

The microvasculature of the giant petrel brood patch
is characterized by numerous arteriovenous (AV) anas-
tomoses (figure 2). There are 13.9± 1.4 AV anastomoses
per square centimeter of patch. They are-very convo-
luted and range in outer diameter from 50 to 70 mi-
crometers and in length from 200 to 450 micrometers.
With large diameters and low resistance, these vessels
connecting small arteries and veins allow a large volume
of blood to flow through the patch. This large flow car-
ries a substantial amount of heat from the core of the
adult to the skin, where it is used to warm the egg and
the newly hatched young. Arteriovenous anastomoses
for heat dissipation have also been described in the feet
of the giant petrel (Murrish and Guard, 1977).

The external thoracic veins collect blood from a num-
ber of smaller vessels that drain the anterior three-quar-
ters of the patch. They parallel the external thoracic
arteries and empty directly into the pectoral veins. The
veins from the pelvic region of the brood patch proceed
dorsocranially down the ventral ridge of the pubis and
join the iliacs at the level of the femoral veins.

The authors were in the field in January and February
1979. This work has been supported by National Science.
Foundation)i1 giant DPP 77-21861.
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Observations of south polar
skuas at dome C

BEATRICE AXELROD

do Field Biology Program
Bell Museum of Natural History

University of Minnesota
Minneapolis, Minnesota 55455

While working at the dome C camp in December
1978, I was surprised to observe as many as five south
polar skuas at that location, which is 1,000 kilometers
beyond the species' customary range.

Abundant on the Antarctic Peninsula, as well as else-
where along the continent's coastline, the south polar
skua (Catharacta maccorinicki) breeds in colonies dispersed
along the mountainous portions of the coast. Ranging
northward as far as the Arctic during much of the year
(Parmalee, Fraser, and Neilson, 1977), south polar skuas
spend the austral summer in the general vicinity of their
breeding colonies.

Although they do move extensively along the coast
(Eklund, 1961), individual vagrants occasionally venture
far inland (Watson, 1975). For example, Rugh (1974)
reported seeing the tracks of a single skua on 28 Dc-
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One of five south polar skuas observed at dome C in 1978.
The French cold lab trailer appears In the background at far

left.

cember 1973 at a location 10 kilometers from a campsite
in Marie Byrd Land, about 340 kilometers from the
nearest mountains and 740 kilometers from the nearest
coast. During the summer of 1977-78, according to R.
L. Cameron (pers. comm.), a single south polar skua
appeared at Amundsen-Scott South Pole Station, where
it was observed for a few hours. Other sightings at inland
locations have also been reported, but nevertheless they
are rare and not often mentioned in the literature.

The dome C camp, at 74°30'S/123°10'E, lies on the
polar plateau at an elevation of over 3,300 meters and
is used primarily for glaciological and geophysical re-
search. At least one skua had been seen at dome C dur-
ing a summer prior to 1977-78, but no record had been
kept of the sighting (F. Gillet and C. Rado, pers. comm.).

On 14 December 1978, a single, seemingly tired south
polar skua appeared at the camp. On 18 December, two
more, less skittish than the first, arrived. By 21 Decem-
ber, five south polar skuas were frequenting the garbage
piles near the camp. They roosted singly or in pairs near
either the taxiway or the dump. As many as four of them
were seen at one time feeding on food scraps tossed out
near the galley Jamesway. Occasionally two skuas showed
aggressive behavior over the food. As the birds would
not let themselves be fed by hand, it seemed likely that
they were unaccustomed to human beings. All five birds
were unbanded.

The five skuas left on 26 December within a few hours
of the first C-130 flight since their arrival. It is conceiv-
able that skuas follow airplane contrails. The first skua
arrived four days after the arrival of a plane and there
were no flights until the day the skuas left, although no
contrails could be seen at that time.

The author made the above south polar skua obser-
vations at dome C while employed as a cook by Holmes
and Narver, Inc., and would like to thank David F. Par-
melee, Diane Berube, and Rose Mary Schaefer, all of
the University of Minnesota, for their assistance in the
preparation of this manuscript.

References
Eklund, C. R. 1961. Distribution and life history studies of the

south polar skua. Bird Banding, 32: 187-223.
Parmelee, D. F., W. R. Fraser, and D. R. Neilson. 1977. Birds

of the Palmer Station area. Antarctic Journal of the United
States, 12: 14-21.

Rugh, D. J . 1974. Bird sightings in Marie Byrd Land. Antarctic
Journal of the United States, 9: 103-04.

Watson, G. E. 1975. Birds of the Antarctic and Sub-Antarctic.
Washington, D. C.: American Geophysical Union.

173



- "	I
-
.;_•-\.. S.

I

How antarctic penguins
communicate their readiness for

nest relief

DIETLAND MULLER-SCHWARZE and CHRISTINE
MULLER-SCHWARZE

Department of Environmental and Forest Biology
College of Environmental Science and Forestry

State University of New York
Syracuse, New York 13210

During the past year, we analyzed data on commu-
nication between pygoscelid penguins during nest relief
that had been collected on two earlier research stays in
Antarctica. Breeding penguins of the genus Pygoscelis
exchange complex sequences of a number of ritualized
displays when one mate returns to the nest and takes
over egg incubation or guarding the young while the
partner leaves the nest. The goal of our study is to elu-
cidate the kind of information transmitted during the
elaborate series of mutual displays.

The genus Pygoscelis consists of the Adélie penguin
(P. adeliae), the chinstrap penguin (P. antarctica), and the
gentoo penguin (P. papua). During nest relief, the more
closely related Adélie and chinstrap penguins show the
same displays in slightly different forms. These are
known as the loud mutual display, with both birds wav-
ing their heads back and forth while uttering a loud
cackling with open bill; the quiet mutual display, in
which both birds also wave their heads, but utter a soft
humming sound with closed bill; and circling, in which
one bird walks part or all of the way around the rim of
the nest while nodding his head.

The displays of the gentoo penguin deviate from
those of the other two species. Its loud mutual display
lacks the lateral neck movements. In addition, it has a
bow-gape-hiss display, in which it bends down to the
nest, opens its bill so that the bright red lining shows,
and hisses. This display is derived from nest-building,
in that pebbles may be deposited in the same way with
subsequent hissing.

Functions ascribed to nest relief displays in birds in-
clude appeasement (Lorenz, 1938), mate and nest-site
recognition, and stimulating the mate into leaving the
nest (Armstrong, 1947). The loud mutual display in the
Adélie penguin can serve in personal recognition (Pen-
ney, 1968), and it is assumed to effect sexual appease-
ment and reducing aggression (Sladen, 1958; Spurr,
1975), to express hesitancy to locomote (Ainley, 1975),
and to be a "greeting ceremony" (Sladen, 1958). Rob-
erts (1940) postulated an appeasement function for the
gentoo's bow-gape-hiss display.

Our hypothesis stated that one bird communicates to
its mate how ready he is for changing over at the nest
by varying the rate of one or several displays. We re-
corded 100 nest reliefs of Adélie penguins tending
chicks at Cape Crozier (77°31'S/169°23'E) and 31 nest
reliefs of Adélies incubating eggs on Torgersen Island

(64°46'S164°05'W). In addition, we recorded 50 nest re-
liefs for the chinstrap penguin on Nelson Island (62°18'S/
59°03'W) and 50 for the gentoo penguin at the same
site, both counts being made during the stage of guard-
ing chicks.

All behaviors of both mates were recorded for 5 min-
utes beginning at the time each bird returned from the
ocean and approached the nest. After the observations,
both birds were sexed with a cloacoscope.

It was found that the more displays uttered per time
unit, the sooner the birds relieve each other. For in-
stance, if Adélie penguins perform five loud mutual dis-
plays per minute, nest relief will take place 1 to 3 min-
utes after the arrival of the second bird; in contrast, if
they perform only one display per minute, nest relief
will occur 5 or more minutes later.

The chinstrap penguin uses circling to indicate its ea-
gerness to relieve its partner. The more often the arriv-
ing bird circles around the nest, the sooner nest relief
occurs.

Among gentoo penguins, a high rate of bow-gape-hiss
display by the arriving bird is predictive of a quick
changeover at the nest. After four or five displays per
minute, the birds change roles within 1 minute or less,
whereas 0.5 display per minute is correlated with a relief
time of between 2 and over 5 minutes.

These observations constitute the first demonstration
of a correlation between the rate of avian display and
the time of nest relief. Both birds indicate their readiness
to change roles, and possibly stimulate each other, lead-
ing to a fine synchronization of the events at the nest.
Precisely synchronized nest relief minimizes the time of

Gentoo penguin pair performing the loud mutual display Im-
mediately prior to changing roles at the nest. The chick

(right) also participates in the display.
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exposure of eggs or chicks, which is particularly impor-
tant in Antarctic penguins for two reasons. First, ex-
posed eggs or chicks may be chilled, and second, they
may be preyed upon by south polar skuas (Catharacta
maccormicki) within a few seconds.

Our work has been supported by National Science
Foundation grants GA 23494 and GV 33215. We thank
the crew of the si/v Hero and the personnel of Holmes
and Narver, Inc. for support in the field.
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Status of high antarctic penguin
colony in San Diego, California

FRANK S. TODD

Hubbs/Sea World Research Institute
San Diego, California 92109

I have described previously the establishment and his-
tory of the colony of Adélie penguins (Pygoscelis adeliae)
and emperor penguins (Aptenodytesforsteri) in San Diego,
California (Todd, 1977; Todd, 1978). This year we did
not alter the maintenance and husbandry techniques
used previously. Very few of the adult penguins died
(less than 1 percent) and no problems with aspergillosis
or "bumblefoot" were encountered. This is considered
significant because both of these maladies have been
major problems in the past for penguins within a con-
trolled environment.

We again achieved breeding success with the Adélie
penguins. In early October, we covered one-third of the
freezer facility with nesting rocks. Courtship activity
commenced on schedule late in October; 54 pairs of
penguins established and defended territories and 49
ultimately produced eggs. To facilitate behavioral re-
search, we installed a television camera with pan, tilt,
and zoom capabilities, and we videotaped activities of
interest. All penguins were banded with color-coded
bands with numbers large enough to be read on the
remote television monitor.

Infertility appears to have been the main reason that
only 21 of the 96 eggs hatched. The amount of research
and other activity carried out in proximity to the pen-
guins may have been a major disturbing factor. By con-
trast, a small experimental unit in the Orlando (Florida)
facility, which is relatively free from disturbance, was
successful in fledging 5 young from 6 pairs of adults.

Adélle penguins at Hubbs/Sea World Research Institute, San
Diego, California.

175



Of the 21 hatched chicks at San Diego, 15 ultimately
fledged. We hand-raised 12 of these chicks, which grew
at a more rapid rate and were larger at fledging than
the parent-raised chicks. Given our success with hand-
rearing, it is anticipated that we will modify our man-
agement techniques during the next breeding season.

The young of the previous season (1977-78) were
observed closely throughout the year. The darkening of
their white throats, which had proceeded considerably
by July, suggested a gradual molt in that region. This
does not conform with the normal penguin molting pat-
tern of simultaneous molting of all feathers. The im-
matures did commence their major molt late in Novem-
ber, approximately a month before the breeding adults.
Following the molt, they resembled adults, but averaged
several pounds lighter in weight.

Thus far, no success has been achieved in breeding
the emperor penguins. Hormone analysis suggests that

the population is still subadult, although some courtship
behavior has been noted and nearly all the birds respond
immediately by calling when played recordings of the
wild emperors at Cape Crozier with their chicks. As was
noted the previous season, the emperors were very in -
terested in the Adélie chicks and would attempt to brood
them if a chick left the security of the rock pallets.

This project has been supported in part by National
Science Foundation grant DPP 76-20746 to the Hubbs/
Sea World Research Institute.
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Diving characteristics of free-
ranging Weddell seals
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J . 0. BILLUPS, and S. J . PIPER

Physiological Research Laboratory
Scripps Institution of Oceanography
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During the 1978-79 field season, we investigated the
diving characteristics of 25 adult Weddell seals in areas
several kilometers off Cape Evans and near White Is-
land. This investigation, which began in September soon
after the winter fly-in and ended in mid-January, rep-
resents a continuation of the previous season's investi-
gation of the blood chemistry of voluntary diving seals.

White Island, about 25 kilometers south of the north-
ern edge of the McMurdo Ice Shelf, was of special in-
terest because the seals there seem to be a permanent
colony. At this site, the ice is very thick other than in the
immediate vicinity of the island's shoreline.

Our basic method was to attach time-depth recorders
to seals found hauled out near their breathing holes.
Then, several days later, the seals would be recaptured
and the recorders removed. In total, we obtained about
138 days of recordings from the time-depth recorders
and logged about 4,100 dives. We are now formatting
data for detailed computer analysis (figure 1).

WEOCELL I

Computer plot of 4 days diving activity of an adult Weddell
seal. Total length of the record Is about 10 days. The times-
of-day baseline Is divided Into 1-hour Intervals and 12-hour

cycles (0 = midnight; 12 = noon).

In general, it can be said that the seals' rigid diurnal
pattern breaks down as the austral summer progresses.
It also appears that the depth of dives made by the seals
differs according to season. In September, many deep
dives in excess of 300 meters are made, whereas, in Jan-
uary, there is a preponderance of shallow dives. Finally,
although Weddell seals are capable of remaining sub-
merged for more than one hour (Kooyman et al., 1971),
they do not use this capacity under free-ranging con-
ditions.

This work has been supported by National Science
Foundation grant DPP 78-21862.
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Colonial behavior of Weddell
seals in eastern McMurdo Sound
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Studies were conducted on the Weddell seal popula-
tion of McMurdo Sound from 7 October through 14
December 1978. Our objectives were to continue pop-
ulation estimates using mark-recapture techniques, to
obtain growth curves on a representative sample of pups
from birth to six weeks of age, to examine relationships
between mother-pup behavior and variations in pup
weight, and to obtain samples of underwater vocaliza-
tions prior to the pupping season.

Although this seal population appeared to be stable
in the period from 1966 to 1968 (Stirling, 1971), it ap-
parently has been declining slowly in the past four years
as evidenced by the decline in the production of pups
(figure 1). Other data on this decline are currently being
evaluated.

Seber-Jolly population estimates (Seber, 1974) and
basic counts from this season's census work are sum-
marized in the accompanying table. During this season,
a total of 322 seals were tagged (34 adult males, 44 adult
females, 5 subadults, 2 yearlings, and 239 pups) and 23
individuals with lost tags were retagged. The estimates
presented in the table are preliminary, in that they were
made prior to final check procedures on the data. They
are being further refined and compared with previous
data to calculate estimates of survival and fecundity that
will be considered in later publications.

Traditionally, Weddell seals congregate in pupping
colonies north and south of the Erebus Glacier Tongue
(Siniff et al. 1977). We wondered if the apparent decline
could be attributed to establishment of new pupping col-
onies in other parts of the sound, or if nonreproductive
adults were congregating elsewhere. We conducted hel-
icopter surveys (see figure 2) along the west coast of the
sound, from the stranded moraines to New Harbor (A,

in figure 2), along the coast from Cape Evans to Cape
Bird (B), along the coast of Lewis Bay (C), and in the
middle of the sound from north of Cape Evans to
McMurdo (D). Seals in groups of three or more were
checked for tags. Area (E) in figure 2 gives the results
of a ground census conducted at about the same time in
the study area.

Significant pupping colonies were found along the
coast of Lewis Bay. In this area, 6.5 percent of the fe-
males with pups and 14 percent of the nonparous fe-
males carried tags attached in eastern McMurdo Sound
during previous years. These observations contrast with
previous observations where no females tagged in the
study area were found pupping outside the area (Stir-
ling, 1969). However, the proportion of tagged to un-
tagged adult females (about 8 percent) compared to the
proportion for the study area (47 percent) indicates that
the population decline cannot be attributed to a large
emigration from the study area. Also, the relative pro-
portion of tags we found outside the area is similar to
that found by Stirling (1969), even though we probably
have a larger proportion of the adult females marked.
In addition, there does not appear to be any significant
change in the distribution of pupping areas in McMurdo
Sound.

As postulated by Siniff et al. (1977), juvenile survival
may be important in regulation of this population of
Weddell seals. Postweaning dispersal of pups was in-
vestigated in the previous year (Thomas et al., 1978).
During the 1978 season, we focused on preweaning be-
havior and weight gain of pups. Twenty-one pups from
the Hutton Cliffs and Turtle Rock colonies were weighed
at weekly intervals from birth to the age of seven weeks.
In general, individual differences at birth were magni-
fied during growth. These data are currently being ana-
lyzed to determine factors possibly contributing to the
variations in weight gain.

It was postulated that differences in pup weights may
be attributed to maternal behavior. To investigate this
possibility, behavioral observations were made on seven
mother-pup pairs at the Hutton Cliffs colony. Total ob-
servation time for individual pups ranged from 15.5 to
28 hours over a period of 25 days. All interactions

YEAR

Figure 1. Annual Weddell seal (Leptonychotes weddelll) pup
production, 1963 to 1978, showing general decline in num-

bers.

1964	1966	1966	1970	1972	1974	1976	1978
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Table 1. Summaries of Weddell seal census data for eastern McMurdo Sound, 13 November to 10 December 1978

(a) Number of Weddell Seals Counted at Each Census
Category	 13 Nov	17 Nov	22 Nov	25 Nov	30 Nov	5 Dec	10 Dec

Females/pup	 202	190	134	155	197	160	90
Nonparous females	 93	83	93	147	172	203	198
Males	 63	43	41	42	58	71	80
Pups	 229	216	179	205	226	202	168

Totals	 587	532	447	549	653	636	536

(b) Number of Weddell Seals Estimated using Saber-Jolly Mark-Recapture Procedures
Category	 13 Nov*	17 Nov	22 Nov	25 Nov	30 Nov	5 Dec	10 Dec*

Females/pup	 239	252	237	261	216
Nonparous females	 200	241	234	229	261
Males	 70	94	86	78	92
Pups	 276	257	276	263	253

Totals	 785	844	833	831	822

* Saber-Jolly estimates not available for first and last census periods.
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Figure 2. Censuses of Weddell seals In the McMurdo Sound
area.

within an observation period (usually one hour) between
mother and pup were recorded; activity levels and type
of body contact were recorded at five-minute intervals.

Preliminary analysis suggests that individual variation
in behavior of pups is greater than variation in behavior
of mothers. If mothering behavior influences pup
growth, it is more likely to be attributable to patterns of
haulout than to behavior during haulout. Variations in

the weight and behavior of pups suggests a complex
interaction among such factors as nutritional status and
haulout pattern of the mother, the birth weight, suckling
behavior, and haulout and activity level of the pup.

Samples of underwater vocalizations were obtained
prior to the pupping season to supplement studies done
during the pupping season in the previous year. This
information is included in an extensive study of Weddell
seal vocalizations (Thomas, 1979).

This work has been supported by National Science
Foundation grant DPP 77-21591.
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Biological studies of seals in
pack ice habitat

D. DEMASTER, J . THOMAS, and S. STONE

Department of Ecology and Behavioral Biology
University of Minnesota

Minneapolis, Minnesota 55455

D. ANDRIASHEK

Canadian Wildlife Service
Edmonton, Alberta, Canada

From 25 October through 22 November 1978, leop-
ard seals (Hydrurga leptonyx), crabeater seals (Lobodon car-
cinophagu.c), Weddell seals (Leptonychotes weddelli), and
Ross seals (Ommatophoca rossi) were studied from abroad
the iJv Hero. We conducted these studies in pack ice
areas from King George Island south to Anvers Island,
including Bransfield and Gerlache Straits and Bismarck,
Dallmann, and Flandres bays, between latitude 61°-65°S
and longitude 58°-65°W.

Our primary objectives were to estimate the number
of each species, based on daily counts of all seals seen
on ice floes; to locate female leopard seals with pups for
behavioral observations and documentation of the ap-
proximate time of parturition; to collecTTiIleopard
and crabeater seals for preservation of reproductive
tracts, stomach contents, toenails, and skeletal material;
to document the underwater vocal repertoire of these
pack ice seals; and to determine the patterns of leopard
seal activity using radio telemetry.

Nineteen days of census in good pack ice habitat were
conducted during this field period. Tallies were made
from the ice house of the nlv Hero from approximately
0400 through 2200 hours each day. For each seal, we
noted the species, sex, age, behavior, location, and size
of floe on which it was located.

A total of four leopard seal pups were observed on ice
floes between 7 and 13 November. Two near-term fe-
tuses were collected, on 4 and 14 November. We were
able to take weights and body measurements on three
leopard seal pups and a second series of weights and
measurements on two of the three pups. In addition, we
collected a newborn Ross seal pup on 14 November. The
unfrozen afterbirth indicated recent parturition. The
only other documented observation of a Ross seal pup
was made by Soviet scientists (Tikhomirov, 1975). In
contrast, most crabeater pups observed during this pe-
riod were newly weaned juveniles.

To investigate reproductive parameters, food habits,
and age structure, our collection efforts were concen-
trated on female leopard and crabeater seals (See table
1). The entire reproductive tract (ovary, uterus, cervix,
and part of the vagina) was collected to document re-
productive histories. By correlating this information
with age determinations based on toenails and teeth, it

will be possible to estimate age-specific reproductive suc-
cess. In addition, we will determine the stage of estrus
during this time of year. Stomach contents from cap-
tured leopard seals indicated that crabeater seal, pen-
guin, fish, squid, and krill were all part of the leopard
seal diet. In contrast, crabeater stomachs contained al-
most exclusively krill.

Underwater recordings of vocalizations were made to
document the vocal repertoire of pack ice seals and in -
vestigate vocalization rates as a measure of diurnal ac-
tivity patterns. Recordings of seal vocalizations were
made with sonobuoys (model AN/SSQ-41B), which
transmitted information to an onboard receiver, and
with crystalline-timer controlled cassette recorders hou-
sed in Coleman coolers with R-130 hydrophones, which
were left on ice floes overnight. Both recording systems
performed well in the pack ice habitat.

We marked and recaptured leopard seals with two
types of tags, plastic cattle ear tags and radio transmitters
(table 1). Two sets of plastic tags were attached to the
rear flippers of all seals handled and released. Adult
female leopard seals with pups were restrained with a
bag (Stirling, 1969), as were all the Weddell, Ross, and
crabeater seals that were tagged and released. All other
leopard seals were immobilized with Sernylan and Val-
ium (Hofman, 1975). Initially, Sernylan dosages of 0.3
milligram per kilogram were used, with variable and
unpredictable results. We found that lower dosages of
Sernylan (0.1-0.15 milligram per kilogram) with 5 mil-
ligrams of Valium immobilized the seal sufficiently for
a bag to provide satisfactory restraint for attaching ra-
dios. Four radio tags were successfully attached to leop-
ard seals, and three of the four radio-tagged animals
were relocated. These relocated animals seem to have
been passively moving with the drift of the pack ice. We
also tested various stomach-pumping techniques on both
crabeater and leopard seals. The best results were ob-
tained with a standard veterinary stomach pump, an
evacuation bottle, and lubricated 1/2-inch surgical tub-
ing. Stomach specimens of krill from crabeater seal
stomachs were particularly easy to sample in this way.

Table 1. List of seals taken during Antarctic Peninsula
study, 1978

Species
Category	 Leopard Crabeater Weddell Ross

Tagged & Released
Adult males	4	8	1
Adult females	4*	2	18
Pup males	3	0	0
Pup females	1	0	0

Total	 12	10	19

Collected
Adult males	2	2	0
Adult females	16	5	0
Pup males	 1**	0	0
Pup females	 0	0

Total	 20	7	0
Grand Total	32	17	19

* = radio transmitters attached**	collected in utero
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Future investigations will concentrate on other seg-
ments of the reproductive cycle and behavior of leopard
seals in order to improve our understanding of popu-
lation dynamics.

The energetic and responsive support of our efforts
by the captain and crew of it/v Hero was a decisive con-
tribution to our program and integral to our findings.
This research has been supported by National Science
Foundation grant DPP 77-21946.
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Observations of two genera of
small odontocete cetaceans

(Orcinus and Globicephala) in
antarctic and adjacent waters
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J . WHITE, JR., and JAMES R. HOLBROOK

HubbslSea World Research Institute
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During the cruise of i'/v Hero from 25 February to 5
April 1979, we made observations, as opportunities
arose, on killer whales (Orcinu.s orca) and pilot whales
(Globicephala sp.). Although similar in size, and overlap-
ping in range, these small cetaceans exhibit marked dif-
ferences in abundance (the pilot whale is much less com-
mon), biology, social behavior, and vocalizations. Further,
although both are top predators feeding on fish and
squid, Orcinus also preys on warm-blooded vertebrates.

Our observations form part of a larger study of the
biology of these and other small odontocetes in the Ross
Sea and Palmer Peninsula areas and in the coastal waters
of southern South America. We seek to understand the
ecological role of these whales in antarctic and subant-
arctic ecosystems.

Our research plans call for comparative studies of
density and distributional patterns to assist in determin-
ing the size of current stocks and ecological factors that
may affect distribution. In addition, we are documenting
variations in color pattern. Recent studies of large
whales (Physeter, Megaptera) and some deiphinids have
indicated that such variation can be used to distinguish

regional stocks, family groups, and even individuals.
Variations in Globicephala color pattern may also clarify
species limits. Further, we are comparing color patterns
in killer whales and pilot whales to determine if they
migrate seasonally from the Antarctic to southern South
America. We are also recording vocalizations to inves-
tigate possible regional and/or pod differences in dia-
lects, and we are measuring physical characteristics of
ambient noise in areas of apparent high productivity.

We made our initial observations during Wv Hero's
cruise that began in Ushuaia, Argentina, and followed
a route that took us to Palmer Station, the Weddell Sea,
the South Orkney Islands, and the Shetland Islands.

We sighted five pods of Orcinus during the cruise, but
no Globicephala. Color-pattern variations were docu-
mented photographically and vocalizations were re-
corded using U.S. Navy-type AN/SSQ-41B sonobuoys,
a DEl broadband receiver, and a Nagra SJS portable au-
dio recorder. To gather additional data on whale sight-
ings, we distributed color-pattern observation forms to
scientists working at research bases on the Palmer Pen-
insula and to the Wv Hero crew.

Analysis of cruise data is in progress, including com-
parison with information already compiled for northern
hemisphere populations of Orcinus and Globicephala. The
duration and structure of Orcinus vocalizations recorded
during the Hero cruise are being compared with others
recorded in British Columbia, Newfoundland, and ant-
arctic locations.

Although Wv Hero was well equipped for acoustic rec-
ording, weather conditions and the animals' swimming
behavior often prevented effective field observations.

In future studies, we plan to use smaller, high-speed
boats (Zodiac or Avon inflatables) and increase the area
that can be surveyed by flying transects with an airplane
or helicopter.

This work has been supported by National Science
Foundation grant DPP 77-21646 to the Hubbs/Sea World
Research Institute.
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Terrestrial biology

Ecosystem comparisons of oasis
lakes and soils
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During the 1978-79 field season, the ecosystem com-
parisons of oasis lakes and soils (EcoLs) project followed
up on last season's preliminary studies of ten lakes
among the unusual and highly diverse lake ecosystems
located within a relatively small area of about 3,000 km2
in southern Victoria Land. Focusing on Lakes Fryxell
and Hoare, we used the wide variety of limnological
methods described earlier (Parker and Simmons, 1978)
and also used a team of research divers to make the first
direct underwater observations and sampling of benthic
algal mats.

The general objectives of the ECOLS project are to un-
derstand the interactions between dry valley (or oasis)
lakes and their associated soil and glacial meltstream in -
puts and to assess the mechanisms by which the biotic
communities have evolved in these arheic (i.e., nonout-
flowing) antarctic lakes.

The first ECOLS season indicated that the plankton
community of Lake Fryxell was the most productive and
that of Lake Vanda the least productive in terms of car-
bon-14 measured photosynthesis, extractable chloro-
phyll a, adenosine triphosphate, and community diver-
sity. Lakes Bonney, Joyce, Miers, and Hoare, in that
order, fell between Lakes Fryxell and Vanda. The sec-
ond field season has confirmed that, while seasonal and
depth variability in numerous measurements occurs,
Lake Fryxell consistently remains more productive than
Lake Hoare. The list of selected measurements from
these two lakes in the accompanying table documents
this point. Much more data are now being interpreted.

The maximum depth of attached blue-green algal mat
communities in highly oxygenated Lake Hoare remains
obscure, but we do know that the anaerobic, sulfide-rich
layer below 10-11 meters is the limit for blue-green algal
mats in Lake Fryxell. Of considerable interest is the ob-
servation that well-developed mat communities in Lake
Hoare occur at the peizometric depth of about 8 meters,
where the light intensity is equal to or less than 1 percent
of the photosynthetically available surface radiation.

This presence of well-developed algal mats at low light
levels is even more unusual when one recognizes that
this lake receives no light for at least 4 months during
the antarctic winter and very little or no light during
most of the remaining months of the year. Thus, the
chromatic adaptive capability of these deep benthic at-
tached algae may reach a maximum in this type of lake.

Two years of data on orthophosphate concentration
levels and phosphorus-33 uptake experiments have
demonstrated that phosphorus is a major limiting nu-
trient to the plankton of these southern Victoria Land
lakes. This degree of limitation appears to follow the
order:

Lake Vanda = Joyce > Hoare > Bonney (west lobe)
> Fryxell > Miers.

Only in the monimolimnia of Lakes Fryxell and Bon-
ney were phosphorus levels detectable by direct wet
chemical analysis. In every lake studied, the Km + P0
data greatly exceeded the ambient concentrations of dis-
solved phosphorus, which means that phosphorus would
be taken up at greater velocities whenever it became
available. The mathematical model for Lake Bonney also
predicted that phosphorus was limiting.

Acetylene reduction was significant in shallow and
moat water blue-green algal mats of Lakes Chad and
Fryxell and the blue-green algal communities in periph-
eral waters of Lakes Hoare and Fryxell. The dominant
blue-green algae in those shallow and peripheral water
mats are heterocystous species (figure 1). In contrast, no
conclusive acetylene reduction was detected in mats
taken from deeper waters beneath the ice of these lakes.
The deeper water mats also lacked heterocystous blue-
green algae, consisting primarily of Oscillatoria, Phormi-
dium, and/or Schizothrix spp.

Although there is limited ammonium and nitrate ion
concentration data, it is clear that nitrogen fixation and

-	 $V
9
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Figure 1. Anabaena sp. with heterocysts and developing ak-
metes, while actively fixing nitrogen In Lake Hoare, southern

Victoria Land (approximately 188 x).
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Table 1. Data for select measurements during 1978-79 austral summer for Lakes Fryxell and Hoare *

Measurement	 Lake Fryxell	Lake Hoare

Water Column Adenosine Tnphosphate (Extractable, ng 11)

Overall Range Detected	 3 -435	 1 -69
Season's Range for Means of All Water Samples for Given Sample Dates	 29 -123	 3 -49

Chlorophyll a
(Extractable, 1Lg 11)
Overall Range Detected	 0.3 -18	 0.02-5
Season's Range for Means of All Water Samples for Given Sample Dates	 4 -7	 0.2 -4

Ammonium Nitrogen
(AM, as NH4-N)
Range with Depth and from Habitat-to-Habitat	 0.26-0.51	 0.31-6.1

Nitrate Nitrogen
(SM, as NO3-N)
Range with Depth and from Habitat-to-Habitat	 0 -0.32	0.34-2.5

Detectable Significant Nitrogen
(C21-12)-flxing Activity
Shallow Moat or Peripheral Water Mats (Anabaena in Hoare; Nostoc	 +	 +
Deep Water Mats Beneath Permanent Ice (No Heterocystous Blue-green Algae; only

Oscillatonaceae)	 ±	 -
Dissolved Silicate Range

(SM, as Si(OH)4)	 11 -69	 10 -130
0	 0

Orthophosphate-P	 (except 1-2
(LM, as PO4-P)	 in monimolimnion)
* Lake Chad, which has extensively developed, attached heterocystous blue-green algal mats, also showed significant acetylene

reduction.

the presence of heterocystous species occurred in every
case where there was little available fixed nitrogen (<0.6
SM-N). We hypothesize that light and temperature may
be important variables for nitrogen-fixing blue-green
algal communities. That is, the shallow pool and moat
waters would receive significantly more light and per-
haps enable slightly higher temperatures to develop in
the mats. It has been suggested that these features are
important for nitrogen fixation on Signy Island (Fogg
and Home, 1970). We shall test this hypothesis next
season.

Considering the ecological roles of the attached deep
water benthic blue-green algal mats, Wilson (1965)
pointed out that attached mats become filled with gas,

tear away from their substrate, rise through the water
to the ice water interface, and then gradually melt or
through ablation reach the upper ice surface. They then
dry up and blow away. Holm-Hansen (1963) found that
many of these antarctic algae were viable after lyophi-
lization or desiccation. Since plankton productivity is low
and the water is supersaturated with oxygen, it may be
that the gas in these mats is oxygen. This unique eco-
logical phenomenon will be studied more intensively
next season.

Besides being a mechanism for distribution of the al-
gae, loss of mats from lakes is a major mechanism by
which nutrients and organic matter are removed.
Through the first scuba diving reconnaissance of Lakes

Figure 2. Floating blue-green algal mat In Lake Bonney,
southern Victoria Land (approximately 49x).

Figure 3. First underwater photographs of attached blue-
green algal mat communities, Lake Hoare, southern Victoria

Land (approximately 0.5x).
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Fryxell and Hoare during the early season, extensive
blue-green algal mat community appeared relatively flat.
By January, mats were lifting off in large pieces (figures
2 and 3). This biological phenomenon is significant not
only to the present geochemistry of the dry valley lakes
but also because the accumulation of mat pieces frozen
in the ice may reduce light penetration in the water col-
umn and thus phytoplankton production. This signifi-
cance has not been previously recognized.

An artificial substrate system (Cairns et al., 1969) was
used to study colonization rates and composition of
planktonic and benthic microfaunal communities. The
length of times required to reach 99-percent species
equilibrium in both lakes was considerably shorter in the
benthic mats than in the limnetic zone. In addition, Lake
Hoare had fewer species at equilibrium than did Lake
Fryxell and took longer to reach equilibrium than Lake
Fryxell. In comparable temperate studies (Cairns, Kuhn,
and Plaflin, 1979), colonization was found to take
longer in oligotrophic systems than in eutrophic lakes.
This also emphasizes the greater productivity of Lake
Fryxell. The protozoan colonization rate of the artificial
substrates fits the hypothetical model for island coloni-
zation proposed by McArthur and Wilson (1963). Small
particle feeders dominated the microfaunal communi-
ties indicating an organically rich substrate. Studies of
chlorophyll a levels from the artificial substrates also
showed increases during the season as a result of an

increase in phytoflagellate density. The increase in these
densities may have been related to increased solar ra-
diation and nutrient inputs from surrounding melt-
streams.

We are grateful for support of this research through
National Science Foundation grant DPP 76-23996. Also,
we would like to acknowledge the other members of our
field research team: Dale Andersen, John Baggerly,
Debbie Biesemeyer, Jim Gilicrist, Lita Proctor, Mike Van
Brunt, and Martha Wolfe.
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Sex ratio in Belgica antarctica
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During the austral summer of 1978-79, we continued
our 1977-78 studies on sex ratio in populations of the
wingless chironomid fly Belgica antarctica in the vicinity
of Palmer Station, Anvers Island, in conjunction with

studies of low-temperature tolerance (Baust, Edwards,.
and Brown, 1979; Baust and Edwards, 1979).

It is a basic tenet of population genetics that, as shown
by Fisher (1930), the sex ratio of bisexually reproducing
animals should approximate 1:1. Departures from
equality, as in facultatively parthenogenetic insects (e.g.,
Chironomidae, Lindberg, 1971), favor females. There-
fore, reports of male predominance in populations of B.
antarctica (Strong, 1967; Peckham, 1971) are of excep-
tional evolutionary interest.

In our fieldwork, to eliminate the possibility that pre-
vious reports of male-biased sex ratio reflected merely
temporary deviations, we made collections of adult ag-
gregations on moss rock and water surfaces throughout
the emergence seasons. The sex ratio in samples taken
during the 1977-78 season are shown in the accompa-
nying chart. Similar results were obtained during 1978-
79. The overall ratio of about 6 males (d) to 1 female
('i ) confirms earlier reports and further shows that the
bias persists throughout the emergence season. The ac-
centuated male bias early in the season may be an ex-
ample of the protandry known in other chironomids
(Danks and Oliver, 1972).

To eliminate possible sampling artefacts, a measure of
sex ratio at adult emergence is essential. We obtained
such a measure during the 1978-79 season by sampling
cast pupal cuticles (exuviae). The pronounced sexual
dimorphism of the exuviae allows unequivocal deter-
mination of sex. During warm periods groups of adults,
which probably were cohorts derived from single egg
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Sex ratio (male : female) in field samples of Belglca Antarc-
tica taken on Bonaparte Point, Anvers Island, Antarctic Pen-

insula throughout emergence season 1978.

batches, emerged nearly simultaneously, and we col-
lected 16 separate population samples. Of 1,586 exu-
viae, 47 percent were males, giving a sex ratio of 0.89
c: 1 Y. Thus, the sex ratio at emergence approximates
unity.

The male predominance in surface samples of adult
aggregates may have two causes—microhabitat choice
and differences in longevity. We checked the first of
these probable causes by collecting adults from subsur-

face spaces using a suction device that could be inserted
into small cavities opened by dissection of the substra-
tum. The sex ratio of the combined samples so obtained
(168d :129? or 1.3:1) more closely approximates sex
ratio at emergence. In addition, preliminary data indi-
cate that males may live twice as long as females, which
expire shortly after the single bout of oviposition. Thus
longevity also may contribute to the bias of surface sam-
ples.

It would appear then that the surface aggregations of
Belgica do not signify an aberrant sex ratio but are the
equivalent, for a flightless species, of the mating swarms
of winged chironomids in which males predominate and
from which females depart after insemination.

This work has been supported by National Science
Foundation grant opp 76-24205 to John G. Baust.
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Insect landings on RIv Hero at
sea off Argentina

JOHN S. EDWARDS
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On 8 January 1979, numerous insects were collected
as they landed on it/v Hero, which was en route from
Montevideo to Palmer Station, Antarctica.

These landings occurred between 42°15'S/55°40'W
and 44°40'S/56°12'W as the ship was proceeding south-
ward at 9.5 knots. A steady wind of 12 to 14 knots was
blowing from the north-northwest.

During the daylight hours, the insects landed at a rate
of about six per hour; the highest rate was reached

around 11:30 a.m. when there was one landing every 3
to 5 minutes. At sunset, 28 moths were present on the
mainsail and 13 more on the foresail.

Through extrapolation of wind directions, it is esti-
mated that the insects had been carried by the wind from
a region of Argentina lying between Mar del Plata and
Cabo Corrientes (38°S/57°30'W). Assuming constant
wind conditions and airspeeds of up to 6 kilometers per
hour, the insects would have been aloft for between 12
and 20 hours and would have traveled approximately
450 kilometers.

The collected material consists of numerous moths
(family Noctuidae, 4 spp.; 1 unidentified family), two
beetles (Coccinellidae, Carabidae), and one water bug
(Notonectidae). The material has been submitted for
identification.

My thanks to the captain and crew of n/v Hero and
scientists on board for their enthusiastic assistance dur-
ing the insect landings.

This work has been supported by National Science
Foundation grant opp 76-24205 to Dr. John G. Baust.
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Respiratory virus shedding
throughout isolation at South
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During the austral winter of 1978, cultures of several
continuous lines of mammalian tissue cells were estab-
lished for the first time at the medical research labora-
tory at Amundsen-Scott (South Pole) Station to isolate
the virus or viruses responsible for the mild respiratory
illnesses observed by the station physician during each
of the four previous winters (Muchmore et al., 1978).

These continuous cell lines, which included HeLa, fe-
tal tonsil, and Vero cells, were maintained throughout
the year by the winterover scientist, Joe E. Humphries.
Periodically as needed, monolayers were grown on the
inner surface of 2-milliliter vials. Nourished with mini-
mum essential medium containing fetal calf serum, these
monolayers were changed every two-to-four days.

In March, July, and September (1978), routine throat
swabs, obtained from the 20 winterover personnel, were
swirled in virus transport medium containing penicillin
and streptomycin. The swab suspension was inoculated
into the monolayer vials and incubated at 350 C on a
roller drum apparatus.

Acute upper respiratory infections were noted in a
very few personnel in two episodes, one beginning on

22 April and the other on 2 August. Additional mono-
layers were then inoculated from throat swabs that were
obtained from all personnel at those times. The inocu-
lated monolayers were incubated and processed for the
presence of virus using standard virological methods
(Parkinson et al., 1976). All original specimens (throat
swabs in virus transport medium) were frozen immedi-
ately after culturing and retained at –70° C. Care was
taken to avoid any possible cross-contamination. When
re-cultured again for virus content after station opening
on 1 November, the frozen, stored specimens again
yielded virus.

A remarkable number of viruses were isolated by
these efforts. From the 20 winterover volunteers, an he-
madsorbing virus was recovered from 48 of 105 throat
swab specimens, representing a 46-percent recovery
rate. The viruses were identified as parainfluenza virus
types 1 and 3 by hemadsorption-inhibition using known
virus-specific antiserum obtained from the National
Center for Disease Control (Atlanta, Georgia). We ex-
amined these typing serums for type specificity prior to
antarctic deployment. However, the unexpectedly large
number of virus recoveries quickly exhausted the supply
of typing serums, so we could not type all of the isolates.

Virus recoveries from each volunteer subject and the
distribution throughout the isolation period are shown
in the accompanying table. It is evident that some sub-
jects (numbers 5, 7, 9, 15, and 17 through 20) shed virus
only once during isolation and most subjects shed virus
two or more times. One subject (number 3) shed virus
into each specimen collected throughout the winter pe-
riod. The table also indicates those subjects exhibiting
symptoms resembling upper respiratory infections
(colds). However, most of the virus shedders were
asymptomatic throughout the winter.

The unexpected and remarkable high rate of virus
recovery indicated viral persistence and shedding
throughout the isolation period in this small group of
South Pole winterover subjects. Such viral persistence
and shedding is contrary to present concepts that virus
shedding for most viral illnesses ends early in conva-
lescence. Similarly, the upper respiratory infections ob-
served during this and previous winter seasons at the
South Pole (Muchmore et al., 1978; Parkinson, Much-
more, and Scott, 1979) implies the viral persistence and
shedding that we have now documented.

This unexpected frequency of virus recovery, which
is both surprising and significant, is likely—if it can be
repeated—to confirm the persistent shedding of para-
influenza virus in man and to thereby modify and ex-
tend current concepts of respiratory virus epidemiology.

This research has been supported by National Science
Foundation grant DPP 76-23789 and by the Research
Service of the Veterans Administration Medical Center,
Oklahoma City, Oklahoma.
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Table 1. Virus Isolation and upper respiratory Infections at Amundsen-Scott (South Pole) Station during wlnterover 1978

Subject	 Isolation Period
FEB	MAR	APR	JUL	AUG	SEP	NOV

1	 +	+ URI	+	+(1)URI	 0
2	 +	+(3)	 +	-	 +	 -
3	 +	+	 +(1)	-	 +	 +
4	 +	0	 0	+	 0	 0
5	 +	0	 0	-	 0	 +
6	 +(1)	+ URI	0	0	 +(1)	0
7	 +(1)	0	 0	-	 0	 0
8	 +	+	 0	0	 0	 0
9	 +	-	 0	-	 0	 +

10	 +	0	 +(1)	+	 0	 0
11	 0	+UR1	+(1)	-	 0	 0
12	 0	+(1)URI	+(1)	0	 0	 0
13	 0	+	 +	0	 +	 +
14	 0	+(1)URI	0	+	 +(1)	0
15	 -	+(1)URI	-	0	 -	 -
16	 0	0	 +	0	 +(1)	0
17	 0	0	 0	-	 +	 0
18	 0	0	 0	-	 +	 0
19	 0	OURI	0	-	 +	 +
20	 0	OURI	0	0	 +	 0

+ = hemadsorbing agent recovered
(1) = parainfluenza virus type 1 identified
(3) = parainfluenza virus type 3 identified
0 = no virus recovered
- = no specimen collected
URI = upper respiratory infection
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respiratory tract infections at	 Department of Microbiology

McMurdo Station during austral University of Otago
Dunedin, New Zealand

summer 1975-76
Summer epidemics of upper respiratory tract infec-

tions (RTI's) of unknown viral etiology have frequently
been reported in personnel working at McMurdo Sta-
tion (Muchmore and Shurley, 1974). Tabulation of sick
call records from the McMurdo Station dispensary cov-
ering October 1974 to December 1975 indicates that few
RTI's were reported during the winter of 1975, but that
there was an explosive outbreak of infections coincident
with the arrival of station relief and support personnel
(see figure).

ALAN J . PARKINSON, H. G. MUCHMORE, AND L. V.
Scorr

The Health Sciences Center
Department of Microbiology and Immunology

College of Medicine
University of Oklahoma

Oklahoma City, Oklahoma 73190
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Tabulation of sick call records for respiratory tract infections
(RTI's) among personnel visiting dispensary at McMurdo Sta-
tion between October 1974 and December 1975. Incidence
of disease expressed as percent of total station population.

Early attempts to identify the viral agent or agents
responsible for these epidemics had been hindered by
the distance from adequate laboratory facilities for cul-
tivation of viral agents. During the 1975 austral summer,
cell culture facilities were established at the Eklund Bi-
ological Center, McMurdo Station (Parkinson et al.,
1976), which allowed the direct inoculation of specimens
collected from subjects with RTI's into cell culture and
the recovery of probable viral pathogens. As reported
earlier (Parkinson et al., 1976), parainfluenza virus type
I (five isolates), parainfluenza virus type 3 (three iso-
lates), and two rhinovirus isolates were recovered from
subjects with acute RTI's at McMurdo Station between
15 October and 15 November 1975. The rhinovirus iso-
lates were made from specimens collected within the
week following the winter fly-in (wINFLY). The presence
of rhinovirus at McMurdo Station during WINFLY (Sep-
tember-early October) has since been reported by Dick
et al. (1977).

Using parainfluenza virus types 1 and 3 as antigens,
we tested 32 paired acute and convalescent sera speci-
mens collected from McMurdo Station subjects for an-
tiviral antibody content by hemagglutination inhibition
techniques. Rhinovirus was not used in this study be-
cause type-specific antisera were not available as control
material. The serological responses of these 32 subjects
are shown in the accompanying table. Serologic re-
sponses against parainfluenza virus type 1 accounted for
50 percent of the subjects tested. Fewer specific re-
sponses (25 percent) were detected using parainfluenza
virus type 3 as the antigen. Because 37.5 percent-12

Table 1. Viral isolates and serological responses of subjects
with acute Rn's at McMurdo Station in period from 15 October
to 15 November 1975(32 paired acute and convalescent sera
were tested for viral antibody by hemmagglutination inhibi-
tion; fourfold differences In titer between the acute and con-

valescent serum specimen were considered significant)

Viral Isolates	Serologic Response (%)
Virus type	Number

Parainfluenza type 1	5	50.0 (16/32)
Parainfluenza type 3	3	25.0( 8/32)
Rhinovirus (untyped)	2	 not tested

out of the 32—of the subjects with symptoms showed no
serological response with either parainfluenza virus type
I or 3, we cannot exclude the possibility that rhinovirus
or some other viral agent may have played a role in this
outbreak.

It should be noted that rhinoviruses are the predom-
inant causes of RTI's in U.S. communities during Sep-
tember each year. These infections are frequently fol-
lowed, in October and November, by parainfluenza
virus-related RTI's (Cooney, Fox, and Hall, 1975; Monto,
1973). Since these fall months in the United States occur
at the same time as the antarctic spring, transportation
of these infections by personnel traveling from the
United States to McMurdo Station seems likely. The
crowded conditions of long air travel experienced by
personnel enroute to New Zealand and McMurdo Sta-
tion would appear ideal for the initial spread and trans-
mission of these viruses. Once established, infections
would be maintained by the continuous flow of suscep-
tible subjects to the station throughout the summer.

This research has been supported by National Science
Foundation grant DPP 72-05787 and funds from the
United States Veterans Administration.
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Persistence of parainfluenza
virus upper respiratory tract

infections at South Pole Station
during winter 1976

ALAN J . PARKINSON, H. G. MUCHMORE, and L. V.
Scorr

Health Sciences Center
Department of Microbiology and Immunology

College of Medicine
University of Oklahoma

Oklahoma City, Oklahoma 73190

Two distinct midwinter outbreaks of upper respira-
tory tract infections (RTI's) occurred at Amundsen-Scott
(South Pole) Station during the 1976 winterover period.
We have investigated these outbreaks in light of the
common observation that upper respiratory tract infec-
tions (common colds) are less frequent or absent during
the winter than during the summer at many antarctic
stations (Cameron and Moore, 1968; Hedblom 1961;
Holmes et al., 1971; Muchmore et al., 1970).

These observations are consistent with current theo-
ries of virus infection and immunity within a small closed
population. Human subjects usually become immune to
infecting viruses, making survival transmission of these
agents less likely. In Antarctica, infections with common
cold viruses quickly subside after the onset of winter
isolation and remain quiescent until isolation is broken
with the arrival of relief personnel during the following
summer and the subsequent introduction of infectious
virus. With the increased station population, explosive
common cold epidemics usually follow. The susceptibil-
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Figure 1. Outbreaks of upper respiratory tract infections
during winter isolation, 1976, at South Pole Station. Results
are expressed as percent of total wintering population with

colds.

ity of both departing winterover personnel and newcom-
ers is known to play a major role in the development of
the epidemic.

Midwinter outbreaks of common colds have been re-
ported. Allen et al. (1973), reported common colds oc-
curring after 17 weeks of unbroken isolation. No caus-
ative viral agent could be identified by either virus
cultivation of stored throat swabs or serological testing
of sera collected during the outbreak. Flynn, Fusch, and
Dick (1977), monitored the incidence of RTI'S at Mc-
Murdo Station during the 1976 winterover. Colds were
present throughout much of the winter, with peak in-
cidence occuring during June 1976. However, no virus
isolations or serological results were reported.

At South Pole Station, one outbreak occurred after 8
May and the other in August (after 20 weeks of total
isolation) (figure 1). We collected sequential sera from
18 subjects and tested them by hemagglutination inhi-
bition procedure against parainfluenza virus types 1 and
3, these being two viral agents recovered from McMurdo
Station the preceding summer (Parkinson et al., 1979).
Serological responses were detected with parainfluenza
types 1 and 3 in May and with parainfluenza type 1 in
August (figure 2). Heterotypic responses were evident
in some subjects, indicating either exposure to both vi-
ruses or the production of cross-reacting antibody. Ser-
ologic responses were chronologically compatible with
the observed RTI's and were present in both sympto-
matic and asymptomatic subjects. Throat swabs and na-
sal washings collected during the outbreaks were stored

a,
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U.	 -	•( 00 0

Months(1976)

Figure 2. Percent of 1976 South Pole winterover population
with serological responses to parainfluenza virus type 1 (A),
and type 3 (B), as determined by hemagglutination Inhibi-

tion.
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at _70o C (Revco) and transported to home laboratories
in liquid nitrogen (_2000 C) the following summer. No
viruses were isolated from these specimens.

Parainfluenza virus types 1 and 3 have been impli-
cated as agents causing RTI'S at McMurdo Station dur-
ing the 1975-76 austral summer (Parkinson et al., 1979).
Spread of these viral agents to South Pole Station during
November 1975 was demonstrated by the recovery of
two parainfluenza type 1 viruses (figure 1) from summer
support personnel working at South Pole Station. The
serological responses of 1976 winterover subjects during
this period suggests the presence of both parainfluenza
virus types 1 and 3 before station closing (unpublished
data).

Midwinter infections and serological responses ob-
served in apparently healthy adult humans wintering at
South Pole Station suggests the persistence of parainflu-
enza virus types 1 and 3 in humans. The presence or
absence of carrier subjects wintering at an antarctic sta-
tion may account for the sporadic occurrence of mid-
winter RTI that may or may not appear at a particular
station during a particular year.

This research has been supported by National Science
Foundation grant DPP 72-05787 and funds from the
United States Veterans Administration.
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A virucidal handkerchief for
helping prevent transmission of
respiratory infection at McMurdo

Station and Scott Base during
the winter fly-in period

ELLIOT C. DICK and SANDRA S. GAVINSKI

Department of Preventive Medicine
University of Wisconsin—Madison

Madison, Wisconsin 53706

MEARL C. MAHL and GEORGE R. WALTER

S. C. Johnson Company
Racine, Wisconsin 53403

One of us, Elliot C. Dick, briefly visited McMurdo Sta-
tion and Scott Base in January 1979 (our only field op-
eration in Antarctica during the 1978-79 season) to in-
form the winterover groups of the respiratory virus
transmission interruption experiment planned for the
next winter fly-in period (WINFLY, August 1979).

Being able to break the chains of respiratory virus
transmission among the personnel of these two bases
seems feasible for two reasons.

First, various studies in Antarctica and elsewhere have
suggested that respiratory virus infections may be rela-
tively difficult to transmit. The evidence suggesting that
respiratory illness may be more difficult to disseminate
than popularly surmised has been reported previously
by us (D'Alessio et al., 1976; Dick, 1976; Dick et al.,
1977), as well as by others (Cate, 1978; Gwaltney, Mos-
kalski, and Hendley, 1978; Reed, 1975).

Second, a virucidal paper handkerchief has been de-
veloped that should be able to rapidly inactivate viruses
in nasal secretions. Suitable for experimental use, the
handkerchief is a 3-ply absorbent paper tissue approx-
imately 144 square inches in area and treated with iodine
complexed to a nonionic polymer. It is highly virucidal
(see accompanying table).

The table demonstrates the ability of one square inch
of this handkerchief to render noninfectious 0.1 milli-
liter of virus mixed with an equal volume of saliva. The
viruses used represent the two general morphologic
types involved in respiratory illness—a naked icosahe-
dral virus (rhinovirus 16), which is very resistant to most
disinfectants, and an enveloped helical virus (parainflu-
enza 3), which is easily inactivated.

At the end of the timed period, the iodine is inacti-
vated with sodium thiosulfate. As indicated 106. 5TCID
of rhinovirus 16 and I W-'TCID50 of parainfluenza 3 can
be inactivated below the level of detection (less than
102TCID) within five minutes and one minute, respec-
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This 100,000-fold reduction in infectivity in one to
five minutes should stop or greatly diminish the possi-
bility of fomite or hand-to-hand virus transmission. It
will be tested at McMurdo Sound and Scott Base during
WINFLY 1980.

Table 1. Virucidal activity of lodinated paper handkerchiefs
against two common respiratory viruses

Amount of virus remaining (TCID 50) in one in 
sample of handkerchief

control	12 wipes	12 wipes	12 wipes
wipes after after 1	after 5	after 10

Virus tested 10 minutes minute	minutes	minutes

Rhinovirus
Type 16	106.5	10	<102	<102

Parainflu-
enza3	10	<102	<102	<102

tively. Since nasal effluents seldom contain more than
105TC1D50 per milliliter, the approximately 144-square-
inch handkerchief should inactivate completely the virus
in any nasal effluent discharge therein.

Contamination of hands with nasal effluent may also
disseminate virus (Gwaltney, Moskalski, and Hendley,
1978; D'Alessio et al., 1976). The ability of one square
inch of the virucidal handkerchief to inactivate 10
TCID50 of rhinovirus 16 (in saliva) on the skin was
tested. The titer was reduced to 10 3 TCID50 after one
minute of contact time and to 1025 TCID50 after five
minutes.
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Medical summary for a remote
antarctic field party, 1978-79

STEPHEN J . BOYER, MD

U.S. Geological Survey
Denver, Colorado 80225

A 10-man party carried out geological and geophysical
investigations for about 7 weeks in the 1978-79 summer
in the areas of Dufek Massif and the Forrestal Range in
the northern Pensacola Mountains, at latitude 83°S
(Ford et al., 1979). Work was based from three tent
camps, using snowmobiles for transport. Camp eleva-
tions ranged from 800 to 1,500 meters and work ele-
vations reached 2,100 meters. Temperatures ranged
from -21° F to +18* F, with wind chills to -60° F.
Activities ranged from sedentary (tent confinement dur-
ing bad weather) to strenuous (climbing with packs over
steep terrain).

Anticipated medical problems in such conditions are
systemic dehydration, sunburn, and physical injury.
Mild constipation was the only sign of systemic dehy-
dration. This responded to purposeful increase in fluid
intake and, in one case, to Surfak. There were no prob-
lems with sunburn except minor conjunctivitis. Sun-

screens with PABA and benzophenones, in addition to
zinc oxide and Labiosan, were adequate skin protectors.
For some individuals, the dark glasses made specifically
for antarctic use did not provide enough lateral protec-
tion from reflected and direct sunlight, and the plastic
sideshields provided by the National Science Foundation
do not filter ultraviolet light. The only physical injury
was a possible cracked rib from a fall onto an ice axe.

A few problems of interest were encountered: (1) car-
pal-tunnel syndrome (inflammation of the tendons and
nerves in the wrist), probably cold-induced, and suc-
cessfully treated with topical methyl salicylate; (2) sleep
disturbance in one person, which came on during a sev-
eral-day storm and disrupted his work routine, was un-
usual in that he reverted to his normal Pacific Coast
sleep schedule despite having adapted well to McMurdo
Station and other sleep schedules in between; (3) open-
ing up of a 25-year-old scar on one person's thumb
after 3 weeks in the field, despite a high vitamin C diet
(one wonders if similar reports by Dr. Wilson on R. F.
Scott's polar expedition were not due as much to de-
hydration of the skin as to scurvy); and (4) an unusual
pattern of numbness of the large toes experienced by 6
party members. The numbness set in gradually over sev-
eral weeks. None of the six had chilled their feet to the
point of numbness. Two, working on flat terrain, wore
only mukluks; the others wore double leather climbing
boots, two using Galibier boots on flattish terrain and
two using Asolo boots on mostly steep terrain. None had
previously frostbitten their large toes, although one had
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experienced similar numbness earlier the same year at
high altitude before coming to Antarctica. Then, as in
the current cases, numbness disappeared at about the
same rate as onset, once returning to normal living con-
ditions. This may be a form of trenchfoot, brought on
by cold (but not freezing) conditions and dampness in-
side boots.

Other complaints were cold exacerbation of a Mor-
ton's neuroma (nerve irritation in the foot), consider-
able backpain from hunching over in tents, and flu,
which struck nearly everyone in McMurdo prior to leav-
ing for the field.

A suggested list of medical supplies appropriate for
a small antarctic field party is available from the author
on request. This report is a product of National Science
Foundation grant 77-22765 made to the U.S. Geological
Survey.
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Lower atmosphere

Meteorological research flights
over Antarctica and southern

Pacific
A. W. HOGAN

Atmospheric Science Research Center
State University of New York

Albany, New York 12222

Between 17 November and 6 December 1978, the
Hercules aircraft LC-130R-159131 flew meteorological
research missions over the southern Pacific and Antarc-
tica.

The objectives of these missions were to study the jet
stream over the Pacific between New Zealand and Ant;
arctica; to investigate the transition between maritime
and continental air over the Ross Sea and Ross Ice Shelf;
to obtain vertical profiles of meteorological and chemical
parameters in the cold core antarctic air near Plateau
Station; to investigate the transport of aerosols, gases,
and water vapor from the Weddell Sea to the polar pla-
teau; and to observe the development of deepening
troughs over the Ross Sea. In addition, a joint photo
reconnaissance/meteorological mission was flown in the
vicinity of the Ellsworth Mountains on 4 December and
an ice reconnaissance/ Mount Erebus volcanic plume sur-
vey was completed on 6 December.

Some preliminary results, reported informally by the
investigators, include the following:

• Large, apparently detached clouds of ice crystals
drift over the surface of Antarctica. These are quite thin
and appear to be caused by cooling of residual water
vapor to a temperature below the dew point over the
icecap. A few of these diffuse cloud patches are always
present over the polar plateau.

• The tops of the cirrus and alto stratus reported at
South Pole Station are generally within 1 kilometer of
the ice surface.

• Nitric acid vapor is present in the upper atmosphere
over Antarctica.

• When Mount Erebus is quiescent, what appears to
be a volcanic plume is often only a stream cloud that
results when water vapor evaporated from snow in the
crater mixes into cooler air at summit altitude. When
the volcano is actively venting, strong sulfur vapors are
detected and halocarbons are also present.

• Thin ice crystal layers are often found above the
500-millibar level over the polar plateau, although no
real clouds are present.

• Carbon monoxide is well mixed in the troposphere
of the southern hemisphere.

• Mixing waves are present in apparently clear air
over the Ellsworth Mountains. This may be a mechanism
that promotes mixing of upper tropospheric air to near
the surface in normally stable antarctic air.

The Hercules research aircraft initially undertook a
test flight from China Lake Naval Air Station, Califor-
nia, on 7 November. This was followed by a combined
research and ferry flight to McMurdo Station. The
transpacific weather was quite unusual during the ferry
flight, with a deep and persistent storm in the vicinity
of American Samoa and strong easterly airflow over the
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eastern Pacific. A strong, extra tropical front was en-
countered over the north island of New Zealand, but the
jetstream marking the southern polar front was weaker
than usual for austral spring.

Extremely fine weather was encountered over most of
Antarctica during the experiment period. This greatly
aided the completion of the experiments of F. Murcray,
who required a nearly cloudless sky to determine the
trace chemical constituents of the upper atmosphere by
infrared techniques, and those of W. Zoller, who needed
to collect particles in dry air. However, it also reduced
the number of cirrus observations by T. Ohtake and also
made it more difficult to detect air mass boundaries.

Participants in the program included R. Renard (with
Lt. M. Salinas, on mesoscale meteorology); E. Robinson
(with D. Harsch, on air chemistry of carbon monoxide
and halocarbons); R. Rasmussen (with R. DeLugga, on
air chemistry of halocarbons); W. Zoller (with C. Weisel,
on air chemistry of trace metals and sulfur); A. Mason
(on tritium analysis and antarctic circulation); T. Ohtake
(on polar meteorology and cloud physics); F. Murcray
(with J . Kosters and J . Williams, on atmospheric chem-

istry and aeronomy); and A. Hogan (on polar meteor-
ology and atmospheric transport processes).

W. Kosco joined the program at McMurdo Station to
use the aircraft for photomapping during crew rest pe-
riods of the meteorological party. Gesella Dreschoff of
the National Science Foundation coordinated the pro-
gram. The Johns Hopkins Applied Physics Laboratory
group of B. Hickerson, P. VonGunten, and R. Hutchins
completed the flight crew.

The success of this program owes much to the great
efforts extended by all hands of the U.S. Naval Support
Force, Antarctica. The investigators are especially in-
debted to the meterological detachment that spent many
extra hours of work preparing our briefings; to the ter-
minal operations personnel, who managed to expedite
some very complicated scientific logistics; and to the
flight crews, maintenance, and operations division of the
Naval Antarctic Support Squadron (vxE-6) who were
able to put our Hercules aircraft into the air for a long
flight whenever the interesting conditions were present.

The author has been supported in this work by Na-
tional Science Foundation grant DPP 76-23110.

Meteorological transport of
particulate material to south

polar plateau

A. W. HOGAN, S. C. BARNARD, AND J . A. SAMSON

Atmospheric Science Research Center
State University of New York

Albany, New York 12222

With the end of the 1978-79 austral summer field
season, we completed a five-year chronology of surface
aerosol observations begun at Old Pole in conjunction
with the National Oceanic and Atmospheric Adminis-
tration (N0AA) and the geophysical monitoring for cli-
matic change (GMcc) program. Our program during the
last year also has involved a full year of surface and
balloon-borne aerosol observations at the South Pole,
performed by Steve Barnard.

The surface aerosol data, when analyzed in conjunc-
tion with water vapor, ozone, and radiosonde meteoro-
logical data from the South Pole Station, and compared
with vertical profiles and horizontal transects obtained
with the instrumented research aircraft (LC- 1 30R-
159131), yields an understanding of transport of partic-
ulate material to the polar surface.

The aerosol concentration observed at the surface at
South Pole Station exhibits a strong seasonal tendency,
with the mean value for daylight months exceeding the
mean value for winter months by a factor of five. The
highest mean concentrations repeatedly occur during

the month of November, but the months of June, July,
August, and September have consistently low mean and
extreme values for aerosol concentration. The antarctic
winter is thus Kernlöse with respect to aerosol concentra-
tion as well as temperature.

We detected this seasonal variation in our first exper-
iments (Hogan and Nelson 1976) and have conducted
several experiments since that time to determine whether
solar radiation converts certain vapors to particles, re-
sulting in a rapid spring increase in aerosol concentra-
tions. To date, we have not been able to produce par-
ticles in either winter or summer antarctic air with either
ultraviolet light or strong oxidant (iodine vapor). Ter-
pene vapors instantly polymerize to particles in summer
antarctic air.

Initial meteorological analyses indicated that an in-
crease in aerosol concentrations occurred when in-
creased meteorological mixing in the lower layers was
also occurring. We hypothesized that the surface of the
polar plateau was a sink for particles and acted to de-
plete the lower layers of the atmosphere of particles,
while the layers above the inversion retained relatively
high particle loadings. Several vertical profiles of aerosol
concentration obtained during the first meteorological
research flight mission detected a particle-enriched layer
coinciding with the moist layer just above the low inver-
sion that is almost always present, according to radio-
sonde meterological data. The results of these flight
missions, in conjunction with initial surface observations,
lead us to conclude that, on most days, aerosol is trans-
ported over Antarctica in the lower and mid-tropo-
sphere (i.e., 500 millibars or below), and especially in the
moist layer just above the surface. Surface meteorolog-
ical conditions that promote mixing, such as strong
winds, cause this aerosol to be mixed downward to the
surface.

We added water vapor instrumentation to the primary

192



aerosol detector at the South Pole in 1976 to provide an
independent, conservative tracer of air mass mixing.
The water vapor data shows that, on cooling days, the
air is slightly supersaturated with respect to ice, while it
is often less than ice-saturated on warming days. Ice su-
persaturation over an ice surface is indicative of the air
giving up heat to the ice surface more rapidly than water
vapor.

When the five years of aerosol concentration, water
vapor, wind, and temperature observations made at
South Pole are stratified with respect to wind direction,
an interesting pattern emerges. Using the Greenwich
meridian as north, the warmest, wettest, most aerosol
laden air arrives with winds from the northwest quad-
rant in both summer and winter. During both seasons,
the coldest, driest, and least-aerosol-laden air arrives
with winds from the quadrant 045° to 135°. All variables
tend to steadily decrease as the vector rotates clockwise.
(Note that winds from 150° to 270° which blow from the
direction of camp are infrequent and are not considered

in this analysis).
Comparing these tendencies with antarctic meteoro-

logical charts supplied by the meterological detachment
of Naval Support Force Antarctica suggests a relatively
simple explanation. When a strong high-pressure center
is present over East Antarctica, flow from whe Weddell
Sea to the polar plateau is blocked and air arrives at the
South Pole after a long travel over ice, during which it
loses heat, water vapor, and aerosol to the surface. When
this high weakens or moves toward the coast, winds shift
to the northwest and air arrives from the Weddell Sea
on a short trajectory, without losing as much heat, water
vapor, or aerosol. During winter months, the strong
high dominates.

The authors express their thanks to the nine GMCC
observers who compiled most of this data and to NOAA's
National Weather Service and the New Zealand Mete-
orological Service for sounding data. This research has
been supported in large part by National Science Foun -
dation grants DPP 76-23110 and ATM 71-00621.

Atmospheric processes and
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We are completing the reduction, internal consistency
evaluation, and analysis of a nearly continuous data set
regarding atmospheric processes and energy transfers
at the South Pole obtained between April 1975 and De-
cember 1977. In a manner similar to that reported pre-
viously (Carroll et al., 1977), we are evaluating these data
to determine the components of the surface thermal en-
ergy balance and related parameters over time scales
ranging from hourly to seasonal. We also are investi-
gating the dependence of these components on the local
synoptic conditions.

We are particularly interested in the apparent dis-
crepancy between long-term and short-term events.
Analysis of winter period data indicates that, averaged
for the season, the net radiative losses (R) at the snow
surface are nearly balanced by a downward sensible heat
flux (H) from the air, the upward flux of heat from the
snow being less than or about 10 percent of these losses.
However, this does not hold true over short time pe-
riods. It appears that the effects of periodic cloudiness
and of strong wind events near the surface cause large
fluxes of heat into the upper snow layers (depth less
than or about 0.5 meter) for short periods of time, fol-

lowed by slower radiative cooling of the upper region of
the snow during cloudless and lighter wind conditions.

To study the sensitivity of the energy balance com-
ponents to transient events, we have developed an at-
mospheric boundary layer model. This is a time-de-
pendent, one-dimension (vertical) model with bottom
slope, driven by a parameterized radiation budget, sub-
surface thermal conduction, a pressure gradient (con-
stant with height) defined by the geostrophic wind above
the boundary layer, and a gravitational acceleration
along the slope proportional to the vertical temperature
gradient. The radiation budget is defined by the solar
zenith angle, cloud height and amount, surface albedo,
and the temperatures of the surface and the atmos-
phere. The model excludes longwave radiative flux di-
vergence within the atmosphere. Turbulent heat and
momentum fluxes within the layer are calculated using
a simplified second-order closure scheme similar to that
of Brost and Wyngaard (1978). The model predicts the
surface energy balance components, boundary layer
depth, and related variables given steady or unsteady
radiation and pressure gradient.

Model experiments for polar night conditions show
that, for steady forcing (no cloud and constant geo-
strophic wind) and a reasonable but arbitrary initial
state, the layer structure and thermal fluxes become
nearly steady within 4 to 5 days. The layer time constant
(63 percent change) is less than or about 1 day. The
steady state is one in which the radiative losses are nearly
balanced by upward conduction from the deep snow
with H (downward sensible heat flux) small. The mag-
nitude of H depends on the speed of the geostrophic
wind and the angle between its direction and the fall
line.

The only unsteady cases examined to date involve the
turning of the pressure gradient—at fixed magnitude—
a finite amount over a finite period (e.g., 180 degrees
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in 12 hours) from an initially steady condition. These
experiments indicate that H increases in magnitude dur-
ing anticyclonic turning, reaching a maximum and then
decaying to a new steady state value consistent with the
new wind direction. With cyclonic turning, H is reduced
slightly. The period of altered H is the order of the
duration of turning plus one day. The magnitude of the
enhancement depends on the turning rate; for example,
with a turn of 180 degrees in 48 hours, it is twice the
steady value. The faster the turning, the greater the
magnitude of enhancement.

While these results are still preliminary, they appear
to be independent of the modeling assumptions. Further
work is required to study responses to other forms of
variability and to compare these simulations with obser-
vations. However, our work to date indicates that the
simulations are qualitatively realistic. We therefore con-
clude that the observed long-term near balance between

R (net radiative losses) and H requires that the boundary
layer forcing be unsteady and that the upper snow layer
must act as a short-term heat storage medium. For such
a layer, the diffusive time scale is about 3.5 days. There-
fore, if cloudiness and pressure field vary on time scales
of less than 3 days (which observation shows), most of
the heat gained at the snow surface is available to be
radiated away rather than to be conducted below the
first few tens of centimeters.

This research work has been supported in part by
National Science Foundation grant DPP 77-19362.
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During the austral summer season of 1978-79, we
completed field work on our study of atmospheric
chemistry at the South Pole. Over the past several years,
we have been collecting atmospheric particulate material
at the South Pole for chemical analysis (Duce, Zoller,
and Moyers, 1973; Zoller, Gladney, and Duce, 1974;
Maenhut and Zoller, 1977; Maenhut, Zoller, and Duce,
1979; Maenhut, Zoller, and Coles, 1979). During this
season, our major activities were aircraft sampling, sum-
mer sampling at the South Pole, and sampling on Mount
Erebus.

We performed the aircraft sampling aboard the LC-
130 Hercules. Clifford Weisel had installed our sam-
pling equipment on the plane at the beginning of the
season. We also collected samples on the flight across

the Pacific to New Zealand and on the trips between
New Zealand and Antarctica.

We spent several days collecting samples of volcanic
deposits from the summit of Mount Erebus volcano on
Ross Island. These yellow-white deposits contain some
sulfur (approximately 1 percent), but most of the salt
appears to consist of complex metal halides condensed
either from the volcanic plume or from gases seeping
through porous materials on the upper slope of the cra-
ter. Some of the deposits obviously have been formed
through interactions of acidic volcanic gases with the
rocks. Preliminary data from plume samples collected
by the LC-130 aircraft and on the rim indicate that
Mount Erebus is potentially an important source for vol-
atile species in the pristine antarctic atmosphere.

We also did some sampling at a remote site 5 kilo-
meters from main Amundsen-Scott (South Pole) Station
during the last portion of December and January. At
the end of the austral summer season, we moved the
remote site to the station for storage. To keep the clean
air quadrant intact, this station will not be used upwind
of the South Pole clean air facility (CAF) in the future.
Because of the problems of contamination, the clean air
quadrant must be off limits to all personnel. The oper-
ation of the CAF equipment was then turned over to Na-
tional Oceanic and Atmospheric Administration (N0AA)
personnel currently collecting air filters for our group.
This program will continue as a routine part of the NOAA
global monitoring program. Additional ice samples were
collected from the shallow ice pit for chemical analysis.

Byard Mosher managed our operations at the South
Pole during the austral summer season, after the de-
parture of Gary McGregor, the winterover scientist.

Our studies have indicated that there are four groups
of elements found in antarctic aerosols. These groups
have been found to relate to sea salt, crustal dust, strat-
ospheric sulfate, and the volatile elements. The volatile
elements are found far in excess of what we would ex-
pect from either crustal weathering or sea salt and may
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Table 1. Chemical composition of snow layers: South Pole (ng/g)

Winter	 Boutron,Element	 Biocka	 Coresb	 Summer	 Delmasc	Vostersc
Soluble Species-
S

O
4

Na

Particulate Speciese
Na
Fe
Mn (x103)
Th (x103)

102 ± 33	 132 ± 2472 ± 18	 138 ± 1593 ± 18
13.0 ± 5.3	 7.5 ± 0.96.9 ± 1.4	 23.0 ± 2.313.0 ± 3.6

0.59 ± 0.17	0.40 ± 0.21	1.5 ± 0.11.9 ± 0.4	2.2 ± 1.7	10.8 ± 0.131±8	 32±14	 150±340.59±0.11	04±flnQ

50-100	 -

	

7.7 ± 0.14	 12

	

0.76 ± 0.09	 4.1
18±5	 84

One sample collected from each layer in large block sample representing three winter and two summer seasons.
b Samples taken from 12 core samples representing winter seasons.

Levels represent total elemental concentration.
d From 310 12 samples collected from each layer and analyzed independently. Error shown is standard deviation of results of chemicalanalysis.
• Results are averages of 2 to 12 samples analyzed. Error shown is standard deviation of results of chemical analysis.

be either from natural or anthropogenic sources (Duce
et al., 1975).

Our chemical analyses suggest that there is a differ-
ence in the chemical composition of the summer and
winter snow layers. In the accompanying table, we have
given the averages for sodium, sulfate, and some partic-
ulate elements in the snow layers from different seasons.
It is evident that, in the summer snow layers, there is a
significant increase in the quantity of the particulate spe-
cies and a slight, but significant, increase in the sulfate.
The soluble sodium is more erratic in its behavior, and
this may reflect real variability between different seasons
or contamination of the samples.

From previous studies of the chemistry of atmospheric
aerosols at the South Pole (Zoller, Gladney, and Duce,
1974; Maenhaut, Zoller and Duce, 1979; Maenhaut,
Zoller, and Coles, 1979) we believe that the sodium
comes predominantly from sea salt and that most of the
sulfate is apparently transported through the lower
stratosphere to the interior of Antarctica. Most of the
insoluble particulate species listed come from crustal
weathering and have an abundance identical to that of
average crustal material.

The higher summer values may be attributable to the
greater abundance of aerosols during the summer sea -
son (Hogan, 1975), to more effective aerosol removal
mechanisms, or to a mechanism of concentrating the
impurities by sublimation of the surface snow. The sub-
limation of surface snow resulting from intense sunlight
and low relative humidity is easily observable during the
warmest portion of the summer seasons; in fact, these
summer layers can be used to visually locate yearly dep-
osition layers in the snow near the surface. In collecting
snow samples, therefore, it is very important to be sure
to know the areas where a sample is taken. For example,
the bulk concentration observed will appear consider-
ably higher for some of the elements, especially those of
crustal origin, if the sample contains two summer layers
and one winter layer than if it contains only winter snow.

Some of the scatter in the measured concentrations as
reported by Boutron and Lorius (1979), Delmas and
Boutron (1978), and Vosters (1971) may indeed be re-
lated to the collection of several summer layers with the
clean winter snow.

This work has been supported by National Science
Foundation grant DPP 76-23423.
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Antarctic aerosols
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During the austral summer season of 1978-79, as pan
of a study of the sources and transport mechanisms of
submicron particles over Antarctica, I did further work
to varify a model of particle transport and removal. 01
particular interest was the determination and compari-
son of particle loading and water vapor in the vertical
air column above the central polar plateau and above an
equivalent altitude at a coastal location. For the latter
purpose, I conducted multiwavelength precision sun
photometry measurements from the summit of Mount
Erebus. I also took data on the aerosols at intermediate
altitude locations on Ross Island and from the dry val-
leys in the Victoria Mountain Range.

In addition to the optical studies, I also collected aer-
osols for inspection with x-ray spectrometry. The pre-
liminary results are that the dominant aerosol contains
sulfur, but that nickel-enriched particles (presumably of
extraterrestrial origin) and aluminum silicates (presum-
ably crustal particles) are also present.

Experimental data on the aerosols are being inter-
preted with a model that accounts for sources, sinks,
conversion, and removal processes at the polar latitudes.
My previous work showed that particle size distribution
is bimodal (Shaw, 1979). The smaller, Aitken particle
mode is likely to consist of converted products from nu-
cleation of trace gases, especially sulfur-bearing gases.
The Aitken particles are less than 2 or 3 days old. They
are produced locally over the ice cap at a rate of 4 X
10-21 grams per cubic centimeter per second (g/cm3/
sec'), and they are found all through the troposphere in
concentrations of between 10 and 103 centimeters3.
These circumstances suggest that there may be signifi-
cant excess marine sources of sulfur.

Particles in the larger size mode, several tenths of a
micrometer in diameter, are found in extremely low
concentrations (i.e., about 0.5 centimeter 3) above the
polar plateau, but they may constitute the dominant
mass of total particulate material in antarctic air. These
larger particles come from (in their order of importance)
unidentified sulfate sources, oceanic sources surround-
ing the continent, and regions in the southern hemi-
sphere, extraterrestrial sources, and oases on the Ant-
arctic continent itself. Though there is evidence that
mean flow plays some role in carrying particles to the
continent, meridional transport by eddy diffusion seems
to be the major transport mechanism. Preliminary anal-
ysis of the 1978-79 season's profile of water vapor and
submicron particles confirms this model.

The main mechanisms of particle removal for the par-
ticles that diffuse to the continent are the clouds asso-
ciated with the storm belts in the latitude range of 55°
to 65°S. Those particles that diffuse over the cloud tops

Atmospheric particles collected at South Pole onto collo-
dlan-coated electron microscope grids and analyzed with x-
ray spectrometry. Electron beam creates bum marks, such

as shown at B. Particles 1 and 2 give sulfur signatures.

reach the southern polar regions and are removed rel-
atively inefficiently by processes occurring in the tur-
bulent boundary layer over the ice sheet. My analysis
shows that the most important of the removal mecha-
nisms are impaction on the ice sheet (2.0 x 1014 glcm2/
sec); impaction onto snowflakes (1.6 x 1014 g/cm2/sec);
impaction onto ice crystals (0.2 x 10' g1cm2/sec) and
nucleation of ice crystals (0.6 x 10- ' g/cm2/sec). The
Aitken particles are removed preferentially by diffusion
processes. These are diffusion to ice crystals (0.006 X
10- 14 g/cm2/sec) and diffusion across the 1-millimeter-
thick laminar layer at the surface (0.015 x 10' g/
cm2sec), the latter accounting for the greatest Aitken
particle loss. The near-surface removal mechanisms are
predicted to deplete aerosol mass loading in the bound-
ary layer by a factor of 2 to 10.

One of the objectives of this work is to interpret the
time series record of mineral particles preserved in an-
cient polar ice. Analysis indicates that there must be a
background of particles in ice cores that emanated from
southern hemisphere deserts and that were carried by
turbulent mixing and deposited on the continent.

Superimposed on this background are contaminating
bursts of particles from global stratosphere-penetrating
volcanic eruptions. The volcanic eruptions are expected
to introduce high-frequency variations in the time series
of particle concentration with depth in the ice sheet, with
spatial wavelengths corresponding to events lasting one-
half to three years. On the other hand, longer spatial
wavelength fluctuations in the background particle con-
centration record with depth in the ice may be attrib-
utable to changes in southern hemisphere desertification
or, more likely, to changes in the strength of atmos-
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pheric circulation or cloud patterns.
This work is being supported by National Science

Foundation grant DPP 76-20629. My thanks to Virginia
Ferrell for her superb experimental work at Antarctica.
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University of Denver researchers carried out two ex-
perimental programs during the 1978-79 austral sum-
mer. Both programs, which involved using quantitative
measurements of the infrared properties of the antarctic
atmosphere (Murcray, 1978; Williams et al., 1976), were
primarily concerned with assessing man's impact on the
Earth's atmosphere.

One experiment involved obtaining very high reso-
lution atmospheric transmission spectra from Amund-
sen-Scott (South Pole) Station. The experiment's objec-
tives were to obtain background data (that is, data
representing, as nearly as is still possible, a natural at-
mosphere); to obtain data on the concentrations of both
natural and pollutant-related atmospheric trace constit-
uents; and to search for spectral features of previously
undetected chemical species in wavelength regions nor-
mally masked by the HO absorptions in spectra taken
from other ground sites.

The atmospheric transmission data were obtained at
the South Pole on 30 November and on 1, 2, and 3
December 1978. Infrared solar spectra in the 750_1 cen-
timeter to 1,350' centimeter (7.4 to 13.3 micrometers)
region were recorded using a Fourier transform spec-
trometer of the moving-mirror Michelson type. The in-
strument was capable of a resolution of 0.01 centi-
meter (unapodized)—sufficient to distinguish lines of
stratospheric species, such as ozone, from those arising
in the troposphere by their smaller width. The spectra
show several thousand absorption lines, which are cur-
rently being analyzed. A distinctive feature of these
spectra is the remarkable transmission in spectral re-
gions normally obscured by water vapor absorptions,
because of the dry conditions and high altitude of the
South Pole.

Figure 1 shows a small portion of one of the spectra.
The majority of the strong spectral features in this sec-
tion of the spectrum are due to NO, O CH ,, and HO.
A number of weaker absorption features are also related
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Figure 1. Selected portion of solar absorption spectrum
taken 1 December 1978 from South Pole Station. Seventy-
nine absorption lines have been marked in this frame (com-
plete spectrum obtained with interferometer system con
sists of forty-five frames). Identifications of some of the lines

are listed in the table.

WAVELENGTH (MICRONS)

Figure 2. Atmospheric emission spectrum observed from
altitude of 5.5 kilometers from LC-130R-131 over South
Pole Station on 24 November 1978. Some prominent features

In spectrum are identified by atmospheric constituent.

to these molecules and to such other known atmospheric
species as CO and CFC1. There remain a number of
absorption lines that have not yet been identified with
known atmospheric molecules. When they are identi-
fied, these absorptions will enable the authors to deter-
mine the concentration of the absorbing molecules at
the time the spectrum was recorded. Identification of
these features is part of the ongoing analysis of the data.

The second experiment involved aircraft measure-
ments of the spectral emission from the atmosphere in
order to obtain the column density for several species as
a function of latitude from 34°N to the South Pole. The
data also will be evaluated for other possible effects—
geographic, meteorological, or temporal.

Atmospheric emission data were obtained with a liq-
uid helium-cooled grating spectrometer on board LC-
1 30R- 131. Successful measurements were made be-
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Table 1. Preliminary line identifications for solar absorption spectrum shown In figure 1

Line Number	identification	Line Number

	

1	N20	 28

	

2	03?+N20	 29

	

3	N20+03	 30

	

4	?	 31

	

5	03?	 32

	

6	03?	 33

	

7	N,0	 34

	

8	O?	 35

	

9	?	 36

	

10	CH4	 37

	

11	03?	 38

	

12	03	 39

	

13	N,0	 40

	

14	03+N,0	 41

	

15	N20	 42

	

16	03	 43

	

17	03+CH4	 44

	

18	03+N20	 45

	

19	0,+N,0	 46

	

20	N,0	 47

	

21	?	 48

	

22	03	 49

	

23	CH4+N20	 50

	

24	0,+N20	 51

	

25	N,0+?	 52

	

26	03	 53

	

27	03+CH4	 54

tween 9 and 27 November 1978 on ten flights, including
the transport to McMurdo Station and flight over the
polar plateau. These provide a data base of the column
density of a number of atmospheric constituents over a
wide range of latitudes. Figure 2 shows a sample of part
of one spectral scan observed near South Pole Station
on 24 November. Several features have been identified
in the figure. Over 2,000 spectral scans were recorded
on this series of flights. Selected scans are being reduced
to absolute spectral radiance and will then be converted
to column densities for the respective chemical species.
In addition to constituents shown in figure 2, column
densities will be calculated for HO, CH and possibly
NO.

Identification	Line Number	identification

N20
N,0	 55
N20	 56	03?
03	57	03+N,0
N20+03	58	N20
03 +N,0	 59
N,0	 60	03
03	61	03
03 +CH4	62

63	N,0
03 +N20	 64	CH4+03
03	65	03
N20	 66	03+N,0
03	67
H20	 68	N,0

69
H20	 70
03	71	03
N20+03	72	03+N20

73	N,O
H20	 74	N20 + CH4
?	 75	?
N,0	 76	03
03 +?	 77	 03?
03	 78	0,

79	0,+CH4
N,0

The authors thank the National Science Foundation
(NSF) and Holmes & Narver support personnel for their
help with liquid helium logistics problems. This research
has been supported in part by the NSF through grant
DPP 77-24304.
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Antarctic and Pacific atmospheric
tritium
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Our study of antarctic tritium continued this year with
both land-based and airborne sampling (Mason and Ost-
lund, 1978).

The land-based sampler at South Pole Station, which
has been taking biweekly samples since late December
1977, separates tntiated water vapor (wro), tritium gas
(HT), and tntiated hydrocarbons (figure 1). Samples are
returned to the Universijy of Miami Tritium Laboratory
for analysis. At the time this report was prepared, we
had completed analytical work on only the first 14 sets
of samples, too few to interpret. The remainder of the
1978 samples arrived in Miami in April 1979 and are
being processed.

For the second austral summer season, we carried out
an airborne sampling program with a series of flights in
November 1978. We took samples on the transpacific
ferry flight between Point Mugu, California, and Christ-
church, New Zealand, as well as on flights in the Ant-
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arctic region. In all, 73 HTO and 49 HT samples were
taken on eight flights.

During the Pacific ferry flight we were able to deter-	5
mine the interhemispheric HT gradient, previously stud-
ied in 1971-72. Figure 2 shows HT mixing ratios found	. 4
between latitude 35°N and 35°S. Using the two-box	'
model of the troposphere reported by Mason (1977), the
source and loss terms for HT in the southern hemisphere
are equated as follows:	 -

LINEAR LEAST	 S
SQUARE FIT

I	 • S__.a---I1'	••
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XeMCn + is = (Xe + Ar + X)MC5 22	(1)

where
n,s = hemispheric mean values,
C = HT mixing ratio, T atoms per milligram air,
i = production of HT, T atoms per year,

Ar = radioactive decay constant for tritium,
X C = chemical decay constant for hydrogen,
Xe = air exchange coefficient between the northern

and southern hemispheres, and
M = hemispheric atmospheric mass, in milligrams.
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Figure 1. Atmospheric tritiated water vapor (Hro), tritium
gas (HT), and trltlated hydrocarbons sampled at South Pole

Station.
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Figure 2. Tropospheric HT mixing ratios between California
and New Zealand.

The southern hemisphere production term i can be
neglected, because no significant anthropogenic sources
Of HT are known there, and equation (1) can be arranged
for the chemical decay constant:

	

Xc {(C - Cr) Xe/CS] - Ar 22	(2)

Using a value of Xe based on the horizontal wind field
data of Newell, Boer, and Kidson (1974) of 1.67 yr'f Ar
of 0.0565 yr', and the values of C, and C found on
this series of flights of 33.76 ± 0.89 and 30.33 ± 0.40
T-atoms per milligram of air respectively, X is found to
be 0.132 ± 0 . 073_ 1 . The uncertainty arises from the
stated errors of C and C 5 . The corresponding residence
time is 7.6 years, with lower and upper limits of 4.9 and
16.8 years, respectively. The asymmetry results from the
form of equation (2).

Airborne sampling in the Antarctic region revealed
essentially the same distributions of HTO and HT as were
found in 1977. Correlation of the HTO data with the
results of the other atmospheric chemistry projects
aboard the aircraft will be useful.

Allen S. Mason performed the airborne sampling. Lt.
John Bortniak of the National Oceanic and Atmospheric
Administration is operating the sampler at South Pole
Station during the 1979 austral winter.

This research has been supported by National Science
Foundation grant DPP 76-23433.
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Stratospheric trace gas and
aerosol profiles at McMurdo and

South Pole stations

D. J . HOFMANN, J . M. ROSEN, N. T. KJOME, and
G. L. OLSON

Department of Physics and Astronomy
University of Wyoming

Laramie, Wyoming 82071

A. L. SCHMELTEKOPF, P. D. GOLDAN, and R. H.
Wi NKLER

Aeronomy Laboratory
National Oceanic and Atmospheric Administration

Boulder, Colorado 80302

During January 1979, we again conducted balloon
soundings in Antarctica to measure stratospheric trace
gas and aerosol profiles. For the first time, we took trace
gas samples at Amundsen-Scott (South Pole) Station. We
accomplished this by waiting for sufficiently light upper
winds such that, following balloon ascent and parachute
descent from 22 kilometers, the sampler was within sev-
eral miles of the station and could be recovered with a
tracked vehicle. We obtained these samples on 25 Jan-
uary 1979. Four days earlier a similar experiment had
been conducted at McMurdo Station. In that sounding,
samples were obtained up to an altitude of 29 kilometers
using helicopters for sampler recovery.

The samples, obtained by automatically opening evac-
uated stainless steel spheres at several altitudes, were
returned to the United States and analyzed by gas chro-
matography at the Aeronomy Laboratory of the Na-
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Figure 1. Nitrous oxide (N20) and methane (CH4) mixing ra-
tio profiles measured four days apart at McMurdo and South

Pole Stations. Key: ppbv = parts per billion by volume.

tional Oceanic and Atmospheric Administration in
Boulder, Colorado. Figure 1 shows the results for ni-
trous oxide (NO) and methane (CH). These gases are
somewhat inert in the troposphere but somewhat reac-
tive in the stratosphere. They are useful constituents in
the determination of vertical eddy diffusion coefficients
and as tracers of stratospheric air. The excellent agree-
ment between McMurdo and South Pole data up to 20
kilometers in figure 1 suggests that trace gas concentra-
tions in the polar regions are very uniform over a time
period of at least four days and that measurements at
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Figure 2. Fluorocarbon mixing ratio profiles measured four
days apart at McMurdo and South Pole Stations. Key: pptv

= parts per trillion by volume.
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either station are probably representative of the general
antarctic profile.

The same conclusion may be drawn from data on the
fluorocarbons CF202 and CFC13 shown in figure 2.
These constituents also are very inert in the tropo-
sphere, but they undergo photodissociation in the strat-
osphere. As a result, their concentration drops off rap-
idly with altitude in the stratosphere.

In addition to measuring trace gases, we again meas-
ured the stratospheric sulfate aerosol (radius 0.15
micrometers) profile at McMurdo Station. Figure 3
shows a comparison between this sounding and one con-
ducted a year earlier. With the decrease in the peak
mixing ratio from about 9 to 6 particles per milogram
of air, the 20-kilometer "layer" is almost undiscernible.
This low value is now typical of our measurements made
at other stations in the north and south hemispheres and
may be indicative of the natural background of sulfate
aerosol in the stratosphere.

Finally, we conducted a number of condensation nu-
clei (radius 0.01 micrometers) soundings from the
clean air facility at South Pole Station. While the data
have not been completely analyzed, a short sounding
conducted in 1978, provides data typical of lower alti-
tudes at South Pole (figure 4). The condensation nuclei
(cN) layers are associated with both the inversion at 3.1
kilometers, and with the isothermal layer between 3.8
and 4.2 kilometers. The non-layer concentrations of 200
to 300 CM-3 are typical and generally higher than those
measured at the surface ( 100 CM-3). Such observations

SOUTH POLE
25 JANUARY, 1978
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Figure 4. Results of short condensation nuclei (CN) sound-
ing at South Pole Station.

will be important in understanding the clear-sky ice crys-
tal precipitation phenomenon.

This work has been supported in part by National
Science Foundation grant DPP 77-21202 and by De-
partment of Commerce grant 04-6-002-44019. Messrs
Hofmann, Kjome, Olson, and Winkler performed the
fieldwork at McMurdo and South Pole stations between
8 January and 2 February 1979.

Winter ice crystals at South Pole

TAKESHI OHTAKE

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

TADASHI YOGI

Low Temperature Physics Laboratory
California Institute of Technology

Pasadena, California 91125

We are studying the formation mechanism of atmos-
pheric ice crystals at the South Pole, the origins of mois-
ture and condensation—freezing nuclei, and their con-
tribution to the mass balance of the antarctic ice cover.

On about 300 days of each year, atmospheric ice crys-
tals can be observed at the South Pole. Previous studies

have discussed ice crystals during the austral summer
(Kuhn, 1968; Hogan, 1975; Ohtake, 1976; Ohtake,
1978; Kikuchi and Hogan, 1976). Our work here con-
cerns crystals during the austral winter. We collected ice
crystals on 59 days between 11 June and 23 August 1977
at air temperatures between —39.4° and —71.4* C.

We sampled precipitating ice crystals on slide glass
plates coated with silicone oil, kerosene, or formvar so-
lution and photographed them at low temperatures.

The ice crystals we collected were quite different from
the typical snow crystals classified by Magono and Lee
(1966). We have classified them into six categories ac-
cording to shape:

1. Assembled bullet ice crystals. This type of ice crystal is
the most common and also the largest (about 1 milli-
meter or larger) of all observed at the South Pole in
winter and summer. Consequently, these crystals are the
major contributor to snow accumulation throughout the
year. (A photograph of these crystals appears in Ohtake,
1978.)

The assembled bullet crystals were associated with in-
cursions of moist upper air (about the 500-millibar level)
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at temperatures between —40° and —55° C and often
coincided with cirrus or cirrostratus cloud layers at cloud
heights of 1,000 to 3,000 meters.

2. Combined ice crystals in the form of side planes, bullets,
and columns (Ohtake, 1978). These crystals were ob-
served with moist upper air (about the 670-millibar level)
at temperatures between —35° and —45° C and were
found in association with altostratus or altocumulus
cloud layers at 300 to 1,000 meters in a broken or over-
cast sky. They were about 1 millimeter in size but play
a smaller part in the antarctic mass balance because of
their infrequent occurrence.

The conditions under which both this type and the
preceding type of crystals precipitate appear to be the
same at the South Pole in both winter and summer.
When both high and low cloud layers were found to
have a high moisture content, both types occurred si-
multaneously.

3. Thin hexagonal plate crystals and columns smaller than
0.2 millimeter. These crystals were mostly observed under
clear skies with a slight wind of 2 to 5 meters per second
from the grid north (Ohtake, 1978). In summer, such
crystals were observed in either stratus fractus clouds or

0.1mm

Figure 1. Triangle Ice crystal that fell at 2325 Greenwich
mean time, 21 July 1977, at a temperature of —64.3° C.

clear skies, but in winter they seemed to fall only from
clear skies (although the darkness made such observa-
tions difficult).

4, 5. Pencil and triangular-shaped crystals. Both these
types of ice crystal formed near the surface under clear
skies, with northeasterly winds of 1 to 6 meters per sec-
ond and temperatures of - 50° C or below (figures 1 and
2). Both probably are formed by homogeneous nuclea-
tion at temperatures below —40° C.

The pencil crystals had well-defined basal planes (c)
and very long prismatic faces (a): the maximum ratio of
c/a axes was 200. Simizu (1963) found similar crystals at
Byrd Station in 1961, but the ratios were smaller.

6. Block and polyhedral ice crystals. These crystals (about
20 micrometers in size) were observed under clear skies
with northerly winds of 5 meters per second and tem-
peratures of approximately —58° C (figure 3). The pol-
yhedrons were mostly 20-faceted, occuring with many
thin plates at sizes of about 20 micrometers. Their
shapes and formation conditions are similar to those of
Fairbanks' ice fog crystals (Ohtake, 1971) and, accord-
ingly, the crystals must have formed in humidities above
water saturation (Gonda and Yamazaki, 1978) under
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Figure 3. Block and polyhedral ice crystals observed at 0750
Greenwich mean time, 28 July 1977, at a temperature of

—57.8° C.

O.1mm
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Figure 4. Columnar Ice crystals with complex inner struc-
FIgure 2. Pencil ice crystal sampled at 0910 Greenwich mean	tures, sampled at 0805 Greenwich mean time, 12 July 1977,

time, 20 July 1977, at a temperature of —67.2° C.	 at a temperature of —53.9° C.
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clear skies and at low surface temperatures. Many col-
umnar crystals had complex inner structures that often
were asymmetric (figure 4). Nonuniform growth con-
ditions under the extremely low temperatures probably
account for the complex shapes.

Electron microscopic examinations of pencil and tri-
angle-shaped ice crystals revealed no detectable nucleus,
which confirms that these crystals were formed by ho-
mogeneous nucleation. On the other hand, the bullet
crystals, presumably formed in high clouds, had several
nuclei.

An upslope wind from the grid north was again con-
firmed as the favored wind for the formation of ice crys-
tals at South Pole Station.

This research has been supported by National Science
Foundation grant DPP 76-23114.
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Geophysical monitoring for
climatic change (GMcc)

LT. JOHN C. OSBORN JR., NOAA

Air Resources Laboratory
National Oceanic and Atmospheric Administration

Boulder, Colorado 80303

From November 1977 to November 1978, theGeo-
physical Monitoring for Climatic Change (GMcc) pro-
gram continued operations at Amundsen-Scott (South
Pole) Station, one of the program's four baseline sta-
tions. The purpose of the program is to measure trace
constituents of the atmosphere relevant to the study of
climatic change and the anthropogenic impact on such
change. South Pole operations in 1977-78 consisted of
taking continuous measurements of such parameters as
carbon dioxide, surface ozone, meteorology, solar radia-
tion, and aerosols, as well as maintaining other discrete
programs and cooperating in other research efforts.

Continuous measurement activities included the fol-
lowing:

1. Carbon dioxide. An infrared analyzer was used to
continuously measure the atmospheric concentration of
carbon dioxide (CO2). Twice monthly flask air samples
were taken through theanalyzer sampling line for com-
parison. Statistical analysis of the continuous data showed
that a weekly sampling could give representative data on
the CO2 trend at the South Pole. Consequently, in No-
vember 1978, the continuous CO 2 analyzer was shut

down and a weekly hand-aspirated flask sampling rou-
tine commenced. Continuous measurement of CO 2 is
anticipated to resume in 1979 ' when the conversion of
standard gases from CO2-in-N 2 to CO2-in-air is com-
pleted.

During 1978, the annual mean South Pole CO2 con-
centration was approximately 1.1 parts per million
(ppm) greater than the annual mean for 1977. At
GMCC's Mauna Loa baseline station, the annual mean
increase detected was about 1.5 ppm. These changes are
part of the long-term increase observed worldwide. The
seasonal variation in concentration, marked by an early
winter minimum and early summer maximum (Keeling
et al., 1976), is very evident in figure 1.
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Figure 1. GMCC South Pole provisional monthly mean car-
bon dioxide (CO2) concentrations. Data either analyzed on,
or corrected to, Boulder/GMcc lira 202 continuous analyser,
and expressed in Scripps 1959 adjusted manometric index

scale.
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2. Surface ozone. Two instruments were used to
measure ozone concentration. One is a photometer that
uses ultraviolet absorption by ozone. The other uses an
electrochemical concentration cell, with ozone as the ox-
idant. The expected annual variation in concentration,
with a summer minimum and winter maximum (Olt-
mans and Komhyr, 1976), was observed during 1978.

3. Meteorology. Continuous measurements of winds,
pressure, air and snow temperature, and atmospheric
moisture were made throughout the year. The wind and
air temperature sensors were located on a tower 30 me-
ters grid north of the clean air facility (CAF). The snow
temperature sensor was positioned between the tower
and CAF. The pressure sensor was mounted inside the
building and the moisture monitor was attached to the
gas-sampling stack.

The mean temperature for the period from Novem-
ber 1977 to November 1978 was -49.4° C. This is 0.1°
C less than the mean for the previous 20-year period of
South Pole Station existence. A 56-degree temperature
range was observed during this year, with a maximum
of -21° C on 3 January 1978 and a minimum of 770
C on 17 September 1978. In five periods during the
winter, temperatures sank below -73.3° C (-100° F) for
more than 12 hours at a time. Two of these, 19-20 June
and 16-18 August, were also accompanied for a time by
winds of from 11 to 13 knots, creating wind chills down
to -113° C.

4. Solar radiation. Austral summer continuous mea-
surements were of direct and global irradiance. Direct
irradiance was obtained with a normal incidence pyr-
heliometer mounted on a solar tracker. Global irradi-
ance was measured with four pyranometers with quartz,
GG-22, OG-1, and RG-8 hemispheric filters, and one
ultraviolet pyranometer. In addition, discrete direct ir-
radiance measurements were taken three times every 24
hours on an unobscured sun using another pyrhelio-
meter with a rotating filter wheel (quartz, OG-1, RG-2,
RG-8). Figure 2 shows representative values.

5. Aerosols. Measurement activities consisted of mea-
suring Aitken nuclei concentrations on a yearlong con-
tinuous basis, three times every 24 hours, and intermit-
tently, using three different instruments—one automatic
and two manual condensation nuclei counters. Figure 3
presents a time history of aerosol concentration trends.
The characteristic temperature inversion, strong during
the austral winter, allows surface aerosol depletion (Ho-
gan and Bernard, 1978). Concentrations of less than 10
nuclei per cubic centimeter were detected throughout
June, July, and August 1978.

All measurements were carried out from the CAF, de-
scribed by Peterson (1978). The GMCC measurement in-
struments received ambient air from a dual sampling
stack system, one stack being for gases and the other for
aerosols. The intakes were 14 meters above the snow
surface, and lines ran from the stacks to the instruments.
Flow rates from the gas stack were adjusted at the in-
struments; laminar flow was maintained through the
aerosol stack.

A centralized data acquisition system was used to re-
ceive and record the inputs from the measuring instru-
ments. The system consisted of a minicomputer, tape
drive, multiplexer digitizer, and cronolog clock. Analog
signals from the measurement instrumentation were

Jan	Feb	Ma,	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec

Figure 2. Normal Incident solar Irradiance values for clear
sky conditions at South Pole. Hand held pyrhellometer mea-
surements taken on days when sun clearly visible. Wide
scatter of data attributed to presence of Ice crystals on some
of measurements days. Envelope describes upper limit of
measured lrradlances obtained for three-year period. For
days when no Ice crystals were evident, scatter about mean
of data Is approximately ±4.0% for values In the 90 to 105

mw per square centimeter range.

sent to the multiplexer for digitization and were re-
corded on tape as 10-minute voltage sums and hourly
values in scientific units. Software controlled this process
and made it possible to change scaling factors, initiate
calibrations, and check incoming voltages.

In addition to the measurement programs discussed
above, three discrete programs were maintained during
1978. In one program, during the austral summer, a
hand-held sunphotometer was used to take atmospheric
turbidity measurements three times every 24 hours
when the sun was not obscured by clouds.

The second program involved using a Dobson spec-
trophotometer throughout the austral summer to meas-
ure total atmospheric ozone. Observations were taken
three times every 24 hours, and quasi-simultaneous
comparisons of all observation types and wavelengths
were made whenever possible. In addition, focused
moon observations were taken during the winter when-
ever moonlight was strong enough to be detected by
high instrument sensitivity. (South Pole Station is a part
of the United States Dobson spectrophotometer net-
work.)
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Figure 3. Monthly geometric mean concentrations of Aitken
nuclei for South Pole.

204



The third program involved fluorocarbon analysis. To
analyze F- i 1, F-12, and N 20, samples were drawn from
the gas stack into 300-millimeter polished stainless steel
cylinders. This was done bimonthly during the summer
and monthly during the winter.

The GMCC program's South Pole Station is operated
by the Air Resources Laboratory of the National Oceanic
and Atmospheric Administration (N0AA) with support
from the National Science Foundation. During the
1977-78 yearlong season, the station was operated by
John Osborn (physical scientist) and Larry Smith (elec-
tronics engineer).

During 1977-78, the station's personnel also coop-
erated in other research efforts, including projects of
the Scripps Institute of Oceanography; U.S. Department
of Energy; NOAA Atmospheric Physics and Chemistry
Laboratory; Environmental Data and Information Serv-
ice, University of California, San Diego; and the Arctic
and Antarctic Research Institute, Leningrad, U.S.S.R.

For a review of all activities since 1972, see GMCC pro-
gram summary reports 1-6. Besides data acquisition and
achival work, the GMCC organization is actively involved
in atmospheric research. Data analysis and interpreta-
tion and research publications within the organization
are part of the continuing work performed at the En-
vironmental Research Laboratories, which are located in
Boulder, Colorado.
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Lidar operations at Palmer
Station

VERN N. SMILEY, BRUCE M. MORLEY, and JOSEPH
A. WARBURTON

Desert Research Institute
Atmospheric Sciences Center
University of Nevada System

Reno, Nevada 89506

In December 1977, we set up a two-channel dye laser
lidar instrument at Palmer Station. The instrument re-
corded data during the austral winter of 1978 and later
was in operation for the austral winter of 1979. The
objective of this program has been to determine the oc-
currence and vertical profiles of ice crystals, water drops,
and mixed-phase clouds at Palmer Station and to relate
these measurements to observed meteorological condi-
tions.

The technique employed for ice/water discrimination
is the measurement of depolarization in backscatter of
a polarized laser beam. We have employed this tech-
nique previously in measurements at the South Pole
(Smiley, Morley, and Whitcomb, 1976; Smiley et al.,
1979; Smiley and Morley, 1979). Sassen (1978) gives
linear depolarization ratios for backscatter from various
types of ice particles: 0.03 to 0.5 for mixed-phase clouds;
0.5 for pure ice crystal layers; 0.5 for snowflakes; 0.6
for rimed particles; and 0.7 for graupel. The depolari-
zation for pure spherical water drop clouds should be
zero for single scattering.

In principle, ice and water can be discriminated in
these measurements. However, some complications can
arise as a result of multiple scattering and crystal ori-
entation. Multiple scattering causes depolarization in
dense water drop clouds; nevertheless, the multiple scat-
tered radiation produces a spatial delay that shows up
as a delayed non-zero depolarization. A high degree of
orientation of crystals, plates in particular, can produce
very small values of depolarization, possibly allowing an
ice layer to be mistaken for a water drop layer. We will
study this phenomenon further in laboratory scattering
experiments and also through lidar measurements in
cirrus in Nevada.
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As the data have just been received, our work on Pal-
mer Station is only preliminary and no general conclu-
sions can yet be drawn. A thorough analysis of the lidar
data is scheduled for early 1980 after the field mea-
surement part of the program is completed and all the
data is returned to the Desert Research Institute.

Our field party this year consisted of B. Morley, J.
Warburton, and M. Faust (who relieved J . Punches to
take care of winterover activities).

This work has been supported by National Science
Foundation grant opp 76-24649.
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Range-corrected lidar signature from ice or mixed-phase
cloud base at Palmer Station.

An example of a lidar return from a low-level cloud
layer at Palmer Station with ice is shown in the accom-
panying figure. The depolarization value is about 0.2,
with not much variation during the entire depth of pen-
etration into the cloud base.
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Antarctic mercury distribution in	 S. M. SIEGEL

comparison with Hawaii and	 Department of Botany

Iceland	 University of Hawaii
Honolulu, Hawaii 96822

* Author to whom correspondence should be sent.

During the austral summer of 1978-79, atmospheric
measurements from Mount Erebus, an active strombo-
han volcano, showed air mercury (Hg) levels of the same
magnitude, and with similar proportions of elemental
vapor (Hg°), as those found in such other volcanic re-
gions as Iceland and Hawaii. However, the mercury con-
tent of the substratum in Antarctica was consistently low
and the percentage of Hg' at nonvolcanic sites was less
than what measurements in the other volcanic regions
had led us to anticipate (table 1).

Mercury baselines for open sea air are 0.003-0.03
microgram per cubic meter. On 20 December 1975, at
3,000 meters over the Weddell Sea and some 3,500 kil-
ometers from Mount Erebus, but near some possible
volcanic activity on the Palmer Peninusla, we recorded
22 micrograms per cubic meter of air mercury, 68 per-
cent being Hg°. At the South Pole on 27 December
1978, more than 3,000 meters above sea level and nearly
halfway between Mount Erebus and the Weddell Sea,
the Hg totalled 3.3 micrograms per cubic meter, with 30
percent as Hg°. In the plume of Mount Erebus, on 23
December 1978, at 3,794 meters above sea level, we
found about 14 micrograms per cubic meter of total Hg;
with 64 percent as Hg' (table 2).
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RICHARD BRILL
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Table 1. Mercury levels In three volcanic regions

Air Mercury*
Site	 m-3	 %Hg°	 Soil Hg/Air Hg ratio*

Iceland
Thermal Areas	 9.4 ± 4.4	'36'	 28	 10.8(9)
Nonthermal Areas	 0.8 ± 0.2	' /	 -

Hawaii
Thermal Areas	 17.4 ± 3.4	'220'	 36	 6.8(18)
Nonthermal Areas	 1.1 ± 0.5	' '	 75+

Antarctica
Thermal Areas	

0 14Mt. Erebus plume	 14.4(l)	 64
Mt. Erebus fumerole	 20.8(2)	 37

Nonthermal Areas
Cape Bird	 4.15(2)	 25	 0.48(4)
McMurdo	 0.74-4.0 (10)	 30	 1.78 (10)

Thermal (?)
Don Juan Pond	 12.1 ± 4.4 (8)	 62	 0.29 (10)

Mean	 8.2 ± 1.4 (36)	 40	 0.67 (34)
* Number in parentheses indicates number of samples

Table 2. Mercury at Mount Erebus and remote sites

	Altitude	 Composition
Site and Date	 (m)	 9-3	 %Hg°

Mount Erebus	 3794
Plume (23 Dec. 78)	 14.44	 64
Crater edge (23 Dec. 78)	 3.55	 52

(6 Jan. 79) a.	 6.38	 20
b.	 7.55	 21

Below rim (6 Jan. 79)	 3760
Fumerole (23 Dec. 78)a.	 17.60	 43

b.	 24.08	 31
Below rim	 3560

(23 Dec. 78) a.	 2.78	 33
b.	 4.18	 39

(6 Jan. 79)	 2.45	 43
Cape Bird

45 km N of Mt. Erebus	 0	 4.15(2)	 25
(27 Dec. 78)

McMurdo Station	 0-100
45 km S of Mt. Erebus
(31 Dec. 78)	 4.00 ± 0.35 (3)	 38
(7 Jan. 79)	 0.74 ± 0.52 (7)	 27

Don Juan Pond	 135
130 km W of Mt. Erebus
(19 Dec. 78)	 12.13 ± 4.41 (8)	 65
(31 Dec. 78) a.	 3.64	 47

b.	 3.07	 50
South Pole Station	 3000+

1600 km from Mt. Erebus
(27 Dec. 78) a.	 3.57	 24

b.	 3.08	 36
Weddell Sea	 0

3,500 km from Mt. Erebus
(20 Dec. 78)	 21.76	 68

- Mean	 8.2 ± 1.4 (36)	 40
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Total air Hg near fumerolic sources in Hawaii Vol-
canoes National Park during 1971-78 varied between
2.3 and 28.5 micrograms per cubic meter; the Hg' vapor
was 13.5-31.5 percent of the total (Siegel and Siegel,
1977; Siegel and Siegel, 1979). Other locations on Kil-
auea volcano (Hawaii) tended to be similar in Hg' con-
tent, although variable in total Hg. However, during the
late stages of the 1977 eruption, we recorded such ex-
treme values as the following: at 33 meters elevation,
total Hg equaled 18.5 micrograms per cubic meter, 19
percent of which was Hg°; at 1,300 meters elevation,
only 0.84 microgram per cubic meter total Hg was
found, but 90 percent was Hg*; in the interisland cor-
ridor over the open sea, Hg levels of 0.84-1.35 micro-
grams per cubic meter were recorded in the air.

Nine years of studying air/soil mercury in Iceland and
Hawaii have produced a consistent picture (Eshleman,
Siegel, and Siegel, 1971; Siegel, Siegel, and Thorarins-
son, 1973; S. Siegel et al., 1973a; S. Siegel et al., 1973b;
Siegel and Siegel, 1978a; Siegel and Siegel, 1979). Ex-
cluding meteorological or topographic extremes, the Hg
content of soils or other substrata reflects the Hg level
of the local air. In Southwest Iceland, along the north
Atlantic rift (Geysir, Hekla, Krysuvik thermal area, and
Surtsey), representative air Hg values are 6-37 micro-
grams per cubic meter and soil Hg values range up to
400 micrograms per kilogram. In contrast, air Hg values
of 1 microgram per cubic meter are common in non-
thermal areas, and soil Hg values fall to 3-5 micrograms
per kilogram. In Hawaii, on the Kilauea-East Rift, air
Hg levels of 10-79 micrograms per cubic meter are as-
sociated with soil Hg values of 100-1,900 micrograms
per kilogram (but reaching 40,000 micrograms per kil-
ogram in some localized areas). Air Hg values in Hawaii
of 1 microgram per cubic meter or less are associated
with low soil Hg content.

However, even where relatively high air Hg occured
in the Antarctic, the mercury content of the substratum
was consistently low (table 3) when compared with a
mean crustal abundance of 50 micrograms per kilogram.
The only antarctic location displaying a ratio equal to or
greater than unity was at McMurdo Station, where the
"soil" Hg level of 7 micrograms per kilogram, although
low by world standards, was the highest substratum en-
countered in Antarctica. The anomaly of the antarctic
soil/air ratio is evident when values of about 7-10 for
Iceland and Hawaii are compared with an antarctic
mean of 0.67 (table 1).

The overall low antarctic mercury soil/air ratio results
from the low Hg concentrations on the ground and not
in the atmosphere. This may reflect the Antarctic's lack
of genuine soil typical of vegetated areas in Iceland and
Hawaii.

In Hawaii and Iceland, the total air mercury decreases
with distance from the volcanic source and the percent-
age of Hg* increases. This is not the case in Antarctica,
where the proportion of Hg' in the air is low and not
correlated with distance from the source. We have dem-
onstrated earlier that Hg* is released into the air by veg-
etation that absorbs ionic soil mercury (Siegel, Puerner,
and Speitel, 1974). The absence of this secondary mer-
cury cycling by vegetation may account for our antarctic
observations. The low percentage of elemental mercury
in volcanically remote areas and the low soil/air Hg ratios

Table 3. Mercury content of substratum solids at antarctic
sites

Location	 Mean Hg Con-
tent

Samples*

McMurdo Station	Muds and fines
Cape Bird	Ash (4)	 7.1 ± 5.6
Don Juan Pond	Evaporites, sediments,	2.0 ± 0.8

muds, morraine sands
(16)	 3.1 ± 1.2

Mt. Erebus	Ash, tephras, basalts
(11)	 1.2±1.0

* Number in parentheses = number of samples analyzed

in the Antarctic, along with other field and laboratory
activities (Spietel and Siegel, 1975; B. Siegel and Siegel,
1976; S. Siegel and Siegel, 1976, Siegel, Siegel, and Spei-
tel, 1977), further support a strong biological link in the
global Hg cycle, which sharply distinguishes the Icelan-
dic-Hawaiian mercury distribution from that observed
in Antarctica.

We wish to thank the staff of the Eklund Biological
Laboratory and the many people who have brought us
samples from across Antarctica. This research has been
supported by National Science Foundation grant DPP
77-21507 to B. Seigel and S. Siegel.
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Operational meteorology, Deep
Freeze 79

GLENN C. ROSENBERGER

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Environmental support was provided within the
McMurdo Weather Office area of responsibility, which
includes all of Antarctica, the flight track and shipping
lanes between New Zealand and McMurdo and the
oceanic area South of 60 degrees South, between 120
degrees East through 180 degrees to 150 degrees West.
The environmental support consisted of: (1) recording,
encoding and transmitting all weather observations in
compliance with U.S. commitments to the World Mete-
orological Organization and Antarctic Treaty agree-
ment; (2) ice and weather reconnaissance in support of
Military Sealift Command (Msc) and U.S. Coast Guard
(USCG) vessels operational in Antarctic waters; (3) encod-
ing and transmitting inflight air reports (AIREPs) from
U.S. Navy, U.S. Air Force, Royal New Zealand, and Aus-
tralian Air Force flight crews; and (4) providing mete-
orological instrumentation kits to the U.S. Antarctic Re-
search Program and international field parties in support
of the meteorological observation program.

Forecast services, as in previous years, provided by the
McMurdo Weather Office included: aviation forecasts
for all Deep Freeze (DF) and Ice Cube (New Zealand and
Australian) aircraft, terminal and area forecasts for U.S.
field camps and stations, local area forecasts for the
McMurdo complex and Scott Base, ship route forecasts
for all DF, MSC, and USCG vessels, and severe weather
warnings (high wind, wind chill, and low visibility con-
ditions) for the McMurdo/Williams Field/Ice Runway
Complexes.

The U.S. maintains four permanent and one summer-
only meteorological reporting stations in Antarctica. A
year-round surface and upper air program is conducted
at McMurdo and Amundsen-Scott (South Pole) Stations,
while a year-round surface synoptic program is con-
ducted at Siple and Palmer Stations. Byrd Surface Camp
provides a summer-only surface and upper air obser-
vation program. The table summarizes the U.S. obser-
vational program during DF 79.

The installation of Radioisotope Thermoelectric Gen-
erators (RTG's) as power sources for Automatic Weather
Stations (Aws's) was met with enthusiasm as personnel

from Stanford University, NSFA, and vxE-6 combined
efforts to install six RTG's and seven AWS'S on the con-
tinent. The implant sites were located at Byrd Surface
Camp, Asgard Range in the dry valleys, Minna Bluff,
Ross Island, White Island, and Marble Point. Two AWS'S
were positioned at Byrd Surface Camp with a common
RTG power supply to support the First Global GARP Ex-
periment (FGGE) data collection effort. Data are relayed
via NIMBUS VI to CONUS for dissemination to the prin -
cipal investigators and other users.

Meteorological satellites remain the primary data
source over the data-sparse antarctic region. With the
demise of the United States' N0AA-4 and N0AA-5 satel-
lites, the Russian METEOR 2-2 and 2-3 satellites provided
Automatic Picture Transmission (APT) visual satellite im-
agery during the summer season. In early February,
modified satellite equipment was received that enabled
McMurdo to collect TIR0S-N visual and infrared im-
agery. The unit failed shortly after installation, forcing
the operational meteorologists back to the METEOR sat-
ellites for the only source of real time satellite imagery.

In December, an intense upper level ridge produced
record high temperatures at McMurdo and South Pole
Stations. McMurdo recorded a sizzling +49.3° F (9.6° C)
on the 29th while South Pole Station peaked at +7.5° F
(-13.6° C)on the 27th.

The only major storm of the season occurred on 8
February when a maximum wind gust of 64 knots was
recorded. The storm lasted for 18 hours but was not
enough to carry out the annual ice pack. Weather charts
and satellite pictures on 7 February depicted an oc-

Table 1. U.S. Antarctic Station Observation Program
Observations Taken

Station	 Surface Aviation Upper Satellite
Air

aMcMurdo	 C	S	C	C
aSouth Pole	 C	S	C
aSiple	 C	S
apalmer	 C
aByrd	 S	S	S
allSCG Icebreakers	C
aResupply ships	C
R1SP (J-9) Camp	 S
Darwin Glacier Camp	 S
Dome 	 S

a Observations transmitted; all others available from McMurdo
Weather Center

C - Continuous program
S - Summer only
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cluded low, centered approximately 1200 nautical miles
northeast of McMurdo moving southeast away from
McMurdo. Extensive residual cloudiness was present
west of the storm to Cape Adare. That evening a new
low pressure center developed just east of Hallett Station
and Cape Adare and moved southsoutheast into Mc-
Murdo. The storm, though weak, produced southeas-
terly flow gusting to 64 knots in McMurdo. By 9 Feb-
ruary the system was slowly dissipating south of McMurdo
and sky and wind conditions had improved.

Aerial ice reconnaissance flights were restricted to
flights of opportunity. No dedicated ice reconnaissance

flights were flown due to the significant absence of sea
ice in the Ross Sea. POLAR STAR commenced the 31-mile
channel break-in to McMurdo Station on 9 January. Fast
ice generally ranged from 1.1 to 2.3 meters thick with
snow cover from 1.5 to 47.5 cm. Brash remained in the
channel, turn basin, and Winter Quarters Bay through
the summer support season. Finally, during the period
20-21 February, significant amounts of ice were blown
out to sea, leaving blue water adjacent to McMurdo Sta-
tion.

This effort was supported by interagency agreement
DPP 76-10886.

Magnetosphere, ionosphere

VLF direction finding from
Palmer Station

D. L. CARPENTER

Radioscience Laboratories
Stanford University

Stanford, California 94305

The Palmer Station direction finding (DF) system pro-
vides information on the arrival bearing of signals prop-
agating to the station from signal sources on the Earth's
surface and from points at which downcoming whistler-
mode signals emerge from the lower ionosphere.

The position of an exit point can be estimated by com-
bining arrival bearing information from the direction
finder with analysis of the dispersion characteristics of
the received signal (e.g., Seely, 1977). These character-
istics provide information on the equatorial radius or
endpoint latitude of the geomagnetic-field-aligned sig-
nal path.

In 1978, valuable new information was obtained on
the scattering of energetic particles in the magneto-
sphere by whistler signals originating in northern hem-
isphere lightning. Prior to the Palmer Station experi-
ments, it had been found that whistlers propagating in
the magnetosphere can resonantly interact with ener-
getic magnetospheric electrons, thus perturbing their
orbits and causing some of them to precipitate into the
lower ionosphere (Helliwell, Katsufrakis, and Trimpi,
1973). The precipitating particles produce locally en-

hanced ionization at an altitude of about 80 kilometers.
When this occurs at night, the propagation characteris-
tics of the earth-ionosphere waveguide at very low fre-
quency (VLF), may be measurably affected.

Examples of resulting amplitude perturbations in the
21.4-kilohertz NSS signal propagating from Annapolis,
Maryland, to Palmer Station are shown in figure 1. The
perturbations appear as a series of sudden amplitude
increases. Each relatively fast increase (T = about 1 sec-
ond) is followed by recovery on a time scale of about 1
minute.

We were able to confirm that amplitude anomalies
may occur equatorward of the relatively low magnetic
latitude (about 490) of Palmer Station and also to obtain
detailed information on relationships between the great
circle paths of the perturbed signals and the whistler-
mode signals involved in the particle scattering.

Directional data acquired on 3 October 1978 con-
firmed the presence of an active whistler path with ion-
ospheric exit point in the near vicinity of the great circle
path from NSS to Palmer Station. Figure 2 displays the
output of the tracking receiver/direction finder. The top
panel shows frequency time records of a series of whis-
tlers, each with two principal components. The middle
panel shows a replica of the center frequency of a fre-
quency-tracking filter used to isolate signals of interest
within a 340-hertz band. The bottom record shows in
magnetic coordinates the apparent arrival bearing of the
whistler signals. There are two relatively well-defined
directions, one close to north and the other close to west.
These represent, respectively, the first and second of the
two principal whistler components.

Figure 3 shows a plot in geographic coordinates of the
positions of Palmer and Siple stations. The ionospheric
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Figure 1. Fast amplitude variations of 21.4 kilohertz NSS
signals propagating from Annapolis, Maryland, to Palmer

Station.

projections of field lines extending to various equatorial
radii in the range 2 to 4 are shown. The great circle path
from NSS to Palmer Station is indicated, as well as wedge-
shaped regions that are estimated to contain the iono-
spheric endpoints of the two whistler paths. The region
located roughly 100 kilometers north of Palmer Station
is believed to represent the principal area of particle
precipitation affecting the NSS path.

Data of this kind and additional studies now being
conducted will allow a more refined description of the
amplitude anomalies. This description will provide the
basis for numerical analysis of the effect, both in terms
of earth-ionosphere waveguide propagation and particle
scattering from the Earth's radiation belts.

A remarkable result has been obtained from other
applications of the direction finder. This is an anomaly
of order 50° in the apparent arrival bearing at Palmer
Station of the signal propagating directly from the Siple
Station VLF transmitter. The terrain between Siple and
Palmer Stations, including land ice, shelf ice, and com-
plex coastal topography, evidently gives rise to a strongly
distorted wave structure over Palmer Station. Studies of
this anomaly are continuing.

This work has been supported in part by National
Science Foundation grants DPP 76-82042, ATM 75-
15852, and DPP 76-82646.

Our work also involved joint campaigns with col-
leagues doing DF studies at Halley Bay (United King-
dom), Beigrano (Argentina and France), and Sanae
(South Africa).
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Figure 2. VLF direction-finding analysis of whistlers ob-
served during a period of fast amplitude variations in the
NSS signal propagating to Palmer Station. Key: (a) = Broad-
band VLF spectrum showing series of component whistlers;
(b) = tracking filter center frequency; (C) = directional in-
formation determined from signal in tracking filter pass-

band.
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Radar reflectivity and
precipitation rate studies at

Palmer Station and Faraday Base

R. WHINNERY, B. BARNHARDT, and J . A.
WARBURTON

Desert Research Institute
University of Nevada System

Reno, Nevada 89507

An experiment to determine precipitation rates in
snowfalls will be conducted cooperatively during the
1979 winter and 1979-80 summer field seasons in Ant-
arctica by researchers of the Desert Research Institute
and the British Antarctic Survey.

The study will employ the x-band radar located at
Palmer Station to record the reflectivity of clouds over
Faraday Base, which is 50 kilometers away in the Ar-
gentine Islands. A recording precipitation gage and ice
crystal replicator will be stationed at Faraday Base.

The experiment aims to ascertain the relationships
between radar reflectivity (Z) from precipitating storms
and the precipitation rate (R) of the snow (water equiv-
alent). Although the Z-R relationship is well known for
rainfall, only a few attempts have been made to obtain
the relationship for snowfall conditions.

Some of the earlier work of Gunn and Marshall
(1958), Carlson (1968), Sekhon and Srivastava (1970),
and Ohtake (1969) is summarized in figure 1. The es-
tablishment of the Z-R relationship normally requires
the assumption that one is dealing with spherical drops
of water in the atmosphere and that the drop size dis-
tribution follows the usual Marshall-Palmer (1948) re-
lationship.

It can be seen from figure 1 that the relationships so
far determined are in modest agreement in the precip-
itation rate range from 2 to 4 millimeters of water per
hour. Outside this range, the results diverge gradually
but significantly.

Because snowflakes or ice crystals vary so much in
shape and structure, one cannot generalize the results
for differing snowfall conditions. It becomes necessary
therefore to measure the ice crystal shapes and sizes so
that their equivalent water drop size distributions can be
determined. This necessitates replicating the crystals as
they precipitate to the surface and at the same time mea-
suring the precipitation rate of water equivalent using
a heated recording snow gage. A photograph showing
the gage and replicator installed at Faraday Base in the
1978-79 austral summer season is given in figure 2.

The experiment must be conducted under relatively
low wind velocity conditions, so that reasonably accurate
measurements can be made of precipitation rate and the
replicator can satisfactorily collect the falling ice crystals.
Also, we deemed it desirable to conduct the experiment
throughout the complete year's season so that a variety

101	 100	 101

R(mm hr') —

Figure 1. Comparison of Z-R relationships for snow. Key:
a. Z=2000 A20 - Gunn & Marshall (1958)
b. Z=1780 R221 - Sekhon & Srivastava (1970)
c. Z=1000 R267 - Carlson (1968)

of snowfall conditions and ice crystal habits, which are
a function of temperature, could be sampled.

One evident problem relates to the fact that the radar
at Palmer Station looks at a large cloud volume over
Faraday Base. The snow falling to the surface at Faraday
Base is probably representative of this volume, but up-
per air winds could complicate the physical correlation
between the two independent measurements.

Figure 2. Precipatation gage and crystal replicator installed
at Faraday Base, Argentine Islands.
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Agreement has been made to publish the results of
this work jointly with British Antarctic Survey scientists.

This work is being supported by National Science
Foundation grant DPP 77-22208.
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Large simultaneous disturbances
in antarctic ionosphere

J . R. DUDENEY

British Antarctic Survey
Cambridge CB3 OET, England
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G. CROWLEY and T. B. JONES

Physics Department
University of Leicester

Leicester, England

We are in the process of analyzing data from the high-
frequency doppler experiment conducted over the last
three years in the vicinity of the Argentine Islands (66°
15'S/64 0 16'W) by the University of Leicester and the
British Antarctic Survey. The experimental technique
and purpose of the experiment are described by Du-
deney and Jones (1976) and Dudeney et al. (1977).

Our analysis has revealed a surprisingly high number
of direct correlations between periodic variations in the
F region of the ionosphere, observed using high-fre-
quency doppler equipment, and variations in the Earth's
magnetic field. The doppler events in these cases occur
as short trains of oscillations lasting from a few minutes
to several hours, with periods ranging from 40 seconds
to more than 1 hour.

The short-period events (in the order of 1 minute)
appear to be associated with magnetic pulsations of the
Pi2 and Pc4 class (Dudeney and Jones, 1977; Koster-
meyer and Rottger, 1976).

An example of the long-period event is given in figure
1. Data from four transmitting sites and on two fre-
quencies are available, so that both the horizontal and
vertical structure of the disturbances can be investigated.
The doppler variations are of large amplitude and ap-
pear on all eight traces simultaneously, within the time

pp	

j:

AD

Jt

I	 2

2300	 00	0(30	0200	 0300	0400	05000

5.437 44z	 Tt (iNt)

Figure 1. Doppler frequency changes measured on two
transmitting frequencies (4.286 and 5.417 megaherz) for
night of 17-18 February 1977. Receiving station located at
Argentine islands (650 15'S/64016'W). Transmitting stations
located as follows: AB - Aimirante Brown (64053'S162053'W);
PP - Prospect Point (66 000'S/65021 'W); PA - Palmer Station

(64046'5/64°05'W); AD - Rothera Point (67034'S/68007'W).

resolution of the equipment. These are general char-
acteristics of the events, leading us to name them Large
Simultaneous Disturbances (LSD's).

The data from the Palmer Station transmission path
for the period 2300 to 0200 universal time (UT) have
been analysed in detail and the results are shown in fig-
ure 2. This gives variations in the H and Z components
of the magnetic field observed at Argentine Islands,
variations in phase path of the radio waves determined
by integrating the doppler trace, and the variations in
the height of maximum electron concentration in the F2
layer (hmF2) and in the ray apogee heights for the two
transmitting frequencies as determined from Argentine
Islands ionosonde data. The phase path and ionosonde
data show that the event consisted of a vertical displace-
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Figure 2. Top: Magnetic variations recorded at Argentine
Islands for night of 17-18 February 1977. Middle: Phase path
of radio waves from Palmer Station transmitter obtained by
Integrating Doppler variations. Bottom: Variations in true
height deduced from ionosonde data recorded at Argentine

Islands.

ment of the F2 region through a range of about 40 kil-
ometers without any significant variations in electron
concentration.

For this example, there is an obvious correlation be-
tween variations in the Earth's magnetic field and vari-
ations in the height of the ionosphere. However, for
other examples analyzed, the two perturbations are
sometimes time displaced (up to a maximum time dis-
placement of about 20 minutes). Analysis of data cov-
ering 18 months shows that LSD's are observed primar-
ily in the 3 months following summer solstice.

The cause of LSD's is not clear, but it is possible that
east-west electric fields known to occur during geomag-
netic substorms (Akasofu. 1977, p. 432) could be in-
volved. Such fields would produce an associated pertur-
bation of the magnetic field and would cause vertical
motion of the ionosphere. However, it is difficult to rec-
oncile the varying time delays observed between the
doppler events and the magnetic field variations with
this mechanism, unless motions of the neutral thermo-
sphere play an important role. Changes in the wind sys-
tem could also be partly responsible for the curious sea-
sonal character in these occurrences. Further work is
required to clarify these difficulties.

The authors gratefully acknowledge the support of
the following organizations without which the experi-
ment would not have been possible: the British Antarctic
Survey, the Argentine Antarctic Institute, the National
Science Foundation, and the Science Research Council
of the United Kingdom. This paper is published by per-
mission of the director of the British Antarctic Survey.
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Measurement of ionospheric
scintillation in polar regions

JAMES R. CLYNCH and ARNOLD J . TUCKER

Applied Research Laboratories
The University of Texas at Austin

Austin, Texas 78759

Applied Research Laboratories, The University of
Texas at Austin, operates a satellite tracking station at
McMurdo Station and has continued to acquire data on
ionospheric effects from U.S. Navy navigation satellites
(NNs) and the TRIAD satellite. The doppler frequency
from the radio beacons on the NNS is used to produce
precise orbits for geodetic studies. We have been study-
ing the residuals between the best-fit orbits and the data
to investigate the auroral and polar cap regions of the
ionosphere. The magnetometer data from the TRIAD is
collected for scientists at the Applied Physics Laboratory,
The Johns Hopkins University, who analyze that data.

The distribution of the orbit residuals has been ana-
lyzed for four high-latitude stations: McMurdo Station,
Antarctica; Amundsen-Scott (South Pole) Station, Ant-
arctica; Thule, Greenland; and College, Alaska. Data
gathered at several other stations were studied to pro-
vide a baseline. Figure 1 shows the probability distri-
bution of the residuals in logarithmic bins during most

of 1978. Similar data for early 1979 are shown in figure
2. These data represent the sum of phase errors in the
equipment and ionospheric perturbations. Both 150
megahertz and 400 megahertz signals are received and
the two signals are combined to remove the first-order
ionospheric effects. The orbit residuals can be thought
of as

p = A(a +	a-15) + XAN + higher order terms

where X is the wavelength at 400 megahertz (0.75 me-
ter), the 's are the system phase errors in cycles at 150
and 400 megahertz, Nais the difference in columnar
electron content for the two frequencies attributable to
separation of the ray paths, and A is 2.9 m/TECU (total
electron content units = 10 12 el/cm3). The higher order
terms in the refractive index have been found to be small
in this case and dropped (Clynch and Altenburg, 1979).
The o-'s have a random quantization noise component
with a magnitude of about 8 centimeters and other com-
ponents. The narrow peak near the origin is thought to
be the result of these system errors.

The larger residuals are attributable to ionospheric
perturbations and occasional major equipment prob-
lems. The errors in figure 1 for McMurdo Station be-
yond 10 meters resulted from an equipment problem
that has been corrected. The hump between 20 centi-
meters and 6 centimeters in these data matches the 1979
data well in shape and is probably ionospheric in origin.

10 - '	100	10'	102
RESIDUALS - m

Figure 1. Probability density of orbit residuals from data at
polar stations; day 91, 1978 to day 344, 1978.

10-1	100	10'	102
RESIDUALS - m

Figure 2. Probability density of orbit residuals from data at
polar stations; day 353, 1978, to day 130, 1979.
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A 3-meter residual, if ionospheric in origin, would re-
quire a difference of 1 TECU between the two paths. This
could arise in the polar regions if the line of sight was
nearing the edge of a current sheet or some other large-
scale perturbation. Large-scale current systems have
been reported by Potemra based on TRIAD data.

In 1979, with the increase in solar activity, data from
the Thule station became much noisier. During the time
period covered by figure 2, the McMurdo and Thule
distributions are identical. This indicates that there is
very little difference in the polar region ionospheric tur-
bulence at both poles during high solar activity, despite
seasonal differences. The distributions of data from all
stations moved toward higher values in 1979. The data
from the South Pole and College (Alaska) is considerably
less noisy than comparable data gathered at Thule and
McMurdo. South Pole Station sees mainly the polar cap
region, which is believed to be less turbulent. In addi-
tion, there is a different type of receiver at South Pole
Station, which may account for some difference.

These results can give only qualitative information
about polar ionospheric turbulence. To obtain quanti-
tative data on the ionospheric perturbations, the equip-
ment at McMurdo Station has been modified to allow a
direct recording of the rates of change of the columnar

electron content along the line of sight. The resolution
should be 0.02 TECU per second (2 x lOb el/cm3/sec).
These data are expected to show the detailed structure
of the current systems observed by TRIAD and the mor-
phology of the turbulence with scale sizes greater than
1 kilometer. Data recorded simultaneously at both
McMurdo and South Pole stations will be analyzed to
further localize the disturbances. In April 1979, inten-
sive data acquisition was performed using this equip-
ment with up to four simultaneous passes per day being
recorded at South Pole and McMurdo stations. These
data will be compared with data taken at a station at the
North Pole during the same month by a Canadian team
under D. Wells (Bedford Institute of Oceanography).
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Cosmic ray intensity variations

MARTIN A. POMERANTZ and SHAKTI P. DUGGAL

Bartol Research Foundation
The Franklin Institute
University of Delaware

Newark, Delaware 19711

Cosmic ray detectors located at McMurdo and
Amundsen-Scott (South Pole) stations provide a sensitive
online system for monitoring the dynamic state of in-
terplanetary "weather." Solar control over the electro-
magnetic conditions in the interplanetary medium cov-
ers an extensive range in both the spatial scale (about
100 astronomical units) and the temporal scale (minutes
to 22 years).

The cosmic ray observations have revealed that the
interplanetary plasma and field configurations are not
invariant from one solar cycle to the next. For example,
the cosmic ray intensity from 1972 onward has shown
a puzzling characteristic unlike those observed-in earlier
solar cycles.

Studies of short-term modulations during the past
year have led to the discovery of two new phenomena.
We have found that, on some occasions, short-duration

(a few hours), rapid-intensity increases (pulses) may be
observed in one polar cap, but not in the other. For
example, figure 1 shows that, during 19-20 July 1978,
a large pulse of approximately 8 hours duration was
recorded at both antarctic stations, whereas it was absent
from the Thule nucleonic intensity data. A detailed anal-
ysis of this event has revealed that the pulse represents
an anisotropy in three dimensional space.

A new method for studying the nature of this aniso-
tropy has been developed. Pulses of this type can be
described by the following equation (figure 2):

() 
=

where 	pulse height at station i, pj is cosine of

angle between viewing direction of station and direction
of anisotropy, a and k constants for duration of pulse.

During this pulse event, the enhanced intensity was
maximum from the direction 60°S 20°W. Further inves-
tigation has revealed that this class of pulses often ap-
pears during enhanced diurnal variation epochs.

In contrast to the short-period pulses, we have found
that quasi-periodic variations related to the time of a
single. solar rotation (27 days) may occur during cosmic
ray storms. This phenomenon is evident in figure 3. We
find that these waves are manifestations of neither
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Figure 1. Hourly averages at South Pole and McMurdo sta-
tions and Thule (Greenland). Excess peak intensity at South
Pole over McMurdo is greater than is generally the case dur-

ing cosmic ray storms.
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Figure 2. Normalized pulse Intensity at various stations
plotted as function of eTM ' ( ii = cosine of angle between di-

rection of viewing and direction of anisotropy).

north-south asymmetry nor longitudinal anisotropy. We
are investigating their relationship to features of solar
activity integrated over the total visible disk of the sun.

In anticipation of a new program of direct optical ob-
servations of the sun, a special solar telescope designed
and constructed by the Bartol Research Foundation was
subjected to initial field trails at South Pole Station. A
group consisting of the principal investigator, a Swedish
astronomer from the Royal Swedish Academy of Science
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Figure 3. Daily mean nucleonic intensity during abnormal
cosmic ray storm that followed solar particle event (positive
spike) on 23 September 1978. This long-duration storm
shows unusual modulations in form of large amplitude pe-
riodic waves; time (26-27 days) between alternate wave

peaks corresponds to solar rotation period.

Figure 4. Photograph of sun, in the light of hydrogen-alpha,
taken 18 January 1979, during first continuous 24-hour solar
petrol ever conducted. Bright regions are centers of solar
activity; dark regions are upward moving prominences (Mar-
tin A. Pomerantz, Bartol Research Foundation, and Ulf Ku-

soffsky, Stockholm Observatory, Sweden).

Solar Observatory, and the Bartol McMurdo Station and
South Pole Station winterover personnel conducted sub-
stantive experiments during January 1979. These re-
vealed that: the guiding mechanism functioned per-
fectly; techniques for transporting and exposing delicate
optical components to the harsh environment were suc-
cessful; excellent photographic quality was achieved with
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the high resolution H-a filter system provided by our
Swedish collaborators (see figure 4); the first continuous
24-hour flare patrol ever carried out was successfully
completed; the actual seeing conditions significantly sur-
passed expectations based upon historical records; and
it is feasible to attempt to carry out a sophisticated ex-

periment designed to detect global solar oscillations un-
der conditions that eliminate the kinds of fundamental
problems that arise when such experiments are at-
tempted elsewhere.

This research has been supported by National Science
Foundation grant DPP 76-23429.

High-latitude ionospheric
absorption

H. J . A. CHIVERS

Department of Applied Physics and Information Science
University of California, San Diego

La Jolla, California 92093

Riometers have been operated continuously at the
South Pole throughout the year as part of a cooperative
program between the National Oceanic and Atmos-
pheric Administration (N0AA) and the University of Cal-
ifornia at San Diego. Our absorption measurements re-
late to the precipitation of charged particles into the
ionosphere above Amundsen-Scott (South Pole) Station
and are important in understanding the characteristics
of communications difficulties at high latitudes caused
by this process.

The South Pole is uniquely suited for this work be-
cause it combines the advantages of an excellent geo-
magnetic location for detecting particle precipitation,
together with an unvarying cosmic radio noise back-
ground. For three years now, we have gathered records
of excellent quality. These allow an analysis of a class of
absorption events—spike events—that are the prelude

to a magnetic substorm.
Using riometers on two different frequencies (30

megahertz and 51.4 megahertz), we have found that the
spike events begin with the precipitation of very ener-
getic particles that are spatially confined to about 10
kilometers in width. Within a minute or so, the spectrum
softens and the precipitation pattern becomes wide-
spread across the antenna aperture. These results lead
to a more accurate description of the precipitation pro-
cess from the magnetosphere.

We are continuing this work and expanding its scope
to include a study of the interrelation of ground-level
cosmic ray events and radio wave absorption.

In cooperation with other research groups, we have
continued absorption studies using the riometer tech-
nique at Siple, McMurdo (Arrival Heights), and Vostok
stations. Both the McMurdo and Vostok installations are
sensitive to the solar proton flux that strikes the polar
caps following solar storms and cause the major failures
in radio communication circuits at high latitudes.

This work has been supported by National Science
Foundation grant DPP 76-80556. We gratefully ac-
knowledge the cooperation of personnel from Stanford
University, the New Zealand Department of Scientific
and Industrial Research, Vostok Station, and NOAA.
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Asymmetries in magnetic field
pulsation activity observed

simultaneously in southern and
northern polar caps

R. R. HEACOCK

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

Analysis of data from the three-component induction
magnetometer and associated data-recording systems at
the Soviet Union's Vostok Station (78°28'S/106°48'E)
continued in 1978 in cooperation with Soviet scientists
of the Arctic and Antarctic Scientific Research Institute,
Leningrad. In addition the magnetometer system was
improved.

One aspect of the analysis is concerned with asym-
metries in pulsation activity between the south and north
polar cap regions and with the implications of these
asymmetries for pulsation source mechanisms.

Several types of asymmetries are illustrated in figures
1 and 2 for pulsation activity occurring near equinox.

The data are from Vostok Station, near the south geo-
magnetic axis pole, and from Thule, near the north geo-
magnetic axis pole. One type of asymmetry is a result of
the diurnal variations in pulsation activity. Pulsation am-
plitudes maximize in the local noon sector in the polar
caps (Heacock and Chao, 1979), and local noon at Vos-
tok occurs near 0450 universal time (UT), while local
noon at Thule occurs near 1640 UT. The noon maxima
are clearly seen in the data for 19-20 March 1969; note
that the burst near 17 UT is much larger at Thule, while
the burst near 05 UT on 20 March is much larger at
Vostok Station.

Close inspection of the records show that asymmetries
also exist on a shorter time scale; the degree of corre-
lation commonly observed for conjugate sites at auroral
latitudes, 55°40° invariant latitude, is not observed be-
tween Vostok and Thule.

The pronounced diurnal variation in pulsation activity
level, with midday maximum, is probably directly related
to the diurnal variation in E-region electron density. The
electric current response in a three dimensional current
loop is very sensitive to the conductivity of the E-region
leg of the loop (Chao and Heacock, 1979). A strong
seasonal variation in pulsation activity level in the polar
caps has been observed, with a maximum in summer,
and this seasonal variation is consistent with the seasonal
variation in E-region conductivity (Heacock and Chao,
in press).
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Figure 1. Amplitude vs. time traces of the outputs of the induction magnetometers at Vostok Station and Thule for 19-20
March 1969. Broad-band data were filtered to pass frequencies between 7 and 100 miilihertz (T = 10 to 140 seconds). There

are 1-hour mark spikes and 12-hour mark oscillations superimposed on the data.
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The asymmetries in pulsation activity between Vosok
Station and Thule occurring on a shorter time scale than
the diurnal change may be caused in part by asymme-
tries in particle flux precipitation into the polar E-re-
gions. Investigation into this possibility is not yet com-
plete. The three dimensional current loops involve field-
aligned currents and driving functions, and the associ-
ated parameters may very well have values that are
asymmetric between the polar caps. In particular, it is
thought that the variations in orientation of the inter-
planetary field will be reflected in an asymmetry in the
loop driving functions between the two polar caps.

Certain symmetries are present along with the various
asymmetries observed in the pulsation activity between
Vostok Station and Thule. Perhaps the most obvious
class of symmetric events are the pulsations caused by
magnetic storm sudden commencements (ssc) and sud-
den impulses. Thule and Vostok Station pulsation rec-
ords were examined for times of 26 ssc's listed by
World Data Center A; in every case, ssc pulsations were
clearly seen at both sites. An example is shown in figures
1 and 2 for the ssc near 1958 UT, 19 March 1969. Be-
cause ssc's are caused by the most well-defined of the
interplanetary shocks, less well-defined shocks and dis-
continuities may be responsible for some of the pulsation
events occurring simultaneously at Vostok Station and
Thule.

It is of interest to compare pulsation data from Vostok
Station and Thule with pulsation data from sites on
closed field lines. For example, during the several hours
following the ssc of 19 March a spectral peak near 30
millihertz was present in the College and Macquarie Is-
land data but was not clearly present in the Vostok Sta-
tion or Thule data. This peak can be seen as a relative
darkening on the College and Macquarie sonagrams
near 30 millihertz (figure 2). A local resonance, related
to the closed field lines, was aroused near 30 millihertz
by coupling with the broad-band wave energy, as pre-
dicted by the theory of Chen and Hasegawa (1974).

This research has been supported by National Science
Foundation grant DPP 76-82083.
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Siple Station auroral radar
results: Yearly averaged doppler

velocity and echo occurrence
patterns

TADAHIKO OGAWA ,* BEN B. BALSLEY, WARNER L
ECKLUND, DAVID A. CARTER, and PAUL E.

JOHNSTON

Aeronomy Laboratory
National Oceanic and Atmospheric Administration

Boulder, Colorado 80303

From 29 December 1976 until late March 1978, we
continuously monitored backscattered echoes from E-
region electron density irregularities using two 50-meg-
ahertz doppler auroral radars installed at Siple Station
(75°55'S/83°55'W). The purpose of this program was to
study irregularity characteristics as well as characteristics
of the associated auroral electrojet currents and of the
electric fields that drive them (Balsley, Ecklund, and
Carter, 1977).

Figure 1 shows the antenna configuration at Siple Sta-
tion. We fixed the south antenna beam at an azimuth of
163° from geographic north and selected three sequen-
tial azimuths for the west antenna beam. We performed
tentative runs at 251° (A) and 265° (B), and then we
fixed the beam at an azimuth of 260° (C). The data pre-
sented here are based only on the south antenna beam
and the west antenna beam directed at C. Also shown
in figure 1 is the aspect angle a at an 110-kilometer
altitude.

We recorded received echo power and mean doppler
velocity as a function of range on magnetic tape using
an online minicomputer. These magnetic tapes have
been reprocessed in order to obtain echo occurrence and
doppler velocity profiles averaged over the total period
from 17 February to 15 November 1977. The results are
shown for the south and west echoes in figures 2 and 3,
respectively. We insisted that data used in these figures
have an echo power exceeding the receiver noise level
by at least 1 decibel dB and be an echo event lasting at
least 10 minutes. Echoes that met these criteria were
averaged over 20-minute periods (± 10 minutes from 0,
20, and 40 minutes following each hour of universal
time) for each 60-kilometer range on the south and for
each 30-kilometer range on the west. These 20-minute
averaged data were subsequently averaged over the
complete period 17 February to 15 November. The up-
per half of figures 2 and 3 shows radial velocity contours
of the irregularity motion; the lower half of the same
figures ("number of samples") represents the number
of echoes that satisfied the above two conditions at each
time and range interval.

* On leave from Radio Research Laboratories, Koganei, To-
kyo 184, Japan.
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Figure 1. Configurations of two auroral radar beams at Sipie
Station, with associated aspect angle contours. Key: Aspect
angle a = angle between radar beam and undisturbed geo-

magnetic field vector B at 110 kilometers altitude.

We deduced three basic sets of general characteristics
from the results shown in figures 2 and 3:

1. We discerned on both systems two separate times
at which echoes occur at maximum rates. Maxima can
be seen at about 0700 and 2300 universal time (UT) on
the south (magnetic local time [MLT] UT minus 4.5
hours at 700-kilometer range), and 0000 and 0600 UT

on the west (MLT — UT minus 6 hours at 400-kilometer
range). Note that at Siple Station, MLT UT minus 5.3
hours.

2. Generally, the echoes occur over more extended
ranges in the morning sector than in the evening sector.
At times the south radar detects echoes up to the E-
region horizon (about 1,200 kilometers). The maximum
occurrence range for the west appears to he around 480
kilometers. The aspect angle a at this range is 89°, which
suggests that the 50-megahertz radar wave is refracted
by about 1° on account of high E-region electron density.

3. The radial velocity of the irregularities (mean dop-
pler velocity along the radar beam) generally changes
sign around 0200 to 0300 UT. The south system changes
from plus to minus (radially inward to radially outward),
while the west system changes from minus to plus. While
the mean velocity generally tends to increase with in-
creasing range, particularly on the south system, a ten-
dency toward a velocity decrease can be noted at the
extreme ranges.

Because the backscattered irregularities move at nearly
the velocity of FiB in the direction of E x B (E = the
electric field, Ecklund, Balsley, and Carter, 1977), the

221



Siple	South Antenna (AZ=-1630)
•	

_
8	-86°

-- -87°
7-

-- -88°
_87°

L- -86°
-84°

L 82°

-90.20

- 90°

-890
-880
-860
-84°

63
E. 51
CM
@3

= 39

27

6
E

51
CM

3C
cc

24

17 February — 15 November, 1977

	

1200-	 I

- Radial Velocity
960-

E.	-	 O
720 

I	:'< *&
480 •\.	1L\ '---s \ \'
240
	rS0

1200

960

720
CM

480

240
18	20	22	0	2	4 A	6	8	10	12

Radial Velocity (m/s)	Universal Time	 Magnetic Midnight

IH I	 F I
0 100 200 300 400 500 600 700 800	 No. of Samples
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results in figures 2 and 3 indicate that E is directed ap-
proximately poleward in the evening and equatorward
in the morning, following the electric field reversal in
the region of the Harang discontinuity (i.e., Maynard,
1974).

These preliminary results show the capabilities of
doppler auroral radars for continuously monitoring ir-
regularity morphology as well as electric fields in the
polar ionosphere. Utilization of this technique will con-
tribute significantly to ionospheric and magnetospheric
physics. Detailed analysis of the Siple Station data is in
progress.

This program has been supported by the National
Science Foundation under grant DPP 77-21827.
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Cold plasma diagnostics using
I5EE-1 satellite measurements of
nonducted VLF waves from Siple

Station transmitter

T. F. BELL and U. S. INAN

Radioscience Laboratories
Stanford University

Stanford, California 94305

Signals from the Siple Station very-low-frequency
(VLF) transmitter are being measured on satellites to
study the physics of the nonlinear cyclotron resonance
interaction that occurs between coherent VLF whistler
mode waves and energetic electrons in the magneto-
sphere. In this interaction, the perturbing waves can be
amplified by as much as 30 decibels, VLF emissions can
be produced, and the resonant energetic electrons can
be scattered into the atmospheric loss cone, eventually
precipitating into the lower ionosphere to produce X-
rays, optical emissions, and plasma density enhance-
ments (Helliwell and Katsurfakis, 1974).

An understanding of the nonlinear whistler mode cy-
clotron interaction is essential to achieve a full under-
standing of the mechanisms that control the lifetimes of
energetic particles in our own magnetosphere as well as
that of other planets such as Jupiter, in our solar system,
which possess a significant planetary magnetic field.

It has been confirmed by experiment that the ener-
getic electrons involved in the nonlinear cyclotron inter-
action are two to three orders of magnitude less dense
than the electrons of the relatively cold background
plasma that pervades all regions of the magnetosphere.
Thus, a number of the interacting coherent wave's
characteristics, such as dispersion and group velocity,
are controlled to a large extent by the cold plasma rather
than the energetic component. In most cases, therefore,
it is necessary to determine the cold plasma distribution
in the interaction region to isolate the controlling factors
in the wave-particle interaction.

-

Figure 1. Example of simplified case in which transmitter
pulses can reach satellite position along two separate ray
paths. Waves are injected with vertical wave normals (ar-
rows) near transitter (1) location. Innermost ray lies in region
of moderate cold plasma density gradients; outermost ray
lies in region of negligible cold plasma density gradients.
Local refractive Index (j.c) for waves on innermost path is
much smaller than that (.0 for outermost path on account

of dependence of g upon normal wave direction.

One well-known method for determining the cold
plasma distribution in the interaction region is the mea-
surement of the dispersion of ducted signals, such as
whistlers and Siple pulses, over their field-aligned paths.
This powerful technique has yielded much of the knowl-
edge we presently possess concerning the cold plasma
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Figure 2. Example of pulses from the Sipie Station VLF
transmitter as received on the ISEE-1 satellite. Each fixed
frequency pulse consists of multiple components, each ex-

hibiting a unique doppler shift.

in the magnetosphere (Park, Carpenter, and Wiggin,
1978).

A second technique, still in its infancy, involves the
measurement on satellites of both time-delay and dop-
pler shift of nonducted signals from VLF ground-based
transmitters such as that at Siple Station (Edgar, 1976).

Details of the theory behind this technique are
straightforward. As figure 1 shows, signals from a
ground-based VLF transmitter penetrate the ionosphere
and propagate along one or more separate paths to the
location of a satellite in the opposite hemisphere.

At the satellite position, each separate path has asso-
ciated with it unique values for wave normal, refractive
index, and time delay. The values of these parameters
are determined in part by the unknown distribution of
cold plasma along the path and in part by the known
properties of the Earth's magnetic field. Because the
satellite moves rapidly through space and the wave re-
fractive index is high, the transmitter signals experience
a significant doppler shift as seen in the rest frame of
the satellite. The magnitude of the doppler shift de-
pends upon the wave normal direction, as well as the
magnitude of the wave refractive index. Thus each sep-
arate path can have a unique value of doppler shift as-
sociated with it. The doppler shift and time-delay infor-
mation of each ray generally do not give enough
information to determine uniquely the cold plasma den-
sity along that particular raypath. However, if one makes

use of the doppler shift and time-delay information
along a few hundred kilometers of the satellite's trajec-
tory, detailed models of the cold plasma distribution can
be deduced.

An example of satellite doppler shift data is shown in
figure 2, which depicts signals from the Siple Station
transmitter received on the IsEE-1 satellite on 3 April
1979. The upper panel (a) shows a spectrogram of the
Siple signals received. (The data shown represents sig-
nals in the 3-8 kilohertz range.) The transmitted format
is presented in the middle panel (b). Comparison of
panels (a) and (b) shows that the received pulses are of
significantly longer duration than the transmitted pulses,
indicating multipath propagation to the satellite. The
bottom panel (c) shows two of the Siple pulses on an
expanded frequency scale. It can be seen that there are
at least five separate doppler-shifted signals present in
each pulse group, indicating at least five separate paths
to the satellite. The time of arrival of the component
that has traveled along the path of shortest time delay
is indicated for each group by an arrow on the time axis.
Measurements show that the shortest time delay com-
ponent has no measurable doppler shift, but that either
positive or negative doppler shifts are associated with
the other components in each pulse group. The pres-
ence of both positive and negative doppler shifts at a
given time along a satellite orbit means that large-scale
cold plasma density gradients are present along some of
the paths.

The ISEE-! satellite measurements of signals from the
Siple Station transmitter will continue through 1980.
We phn to use these measurements to improve our un-
derstanding of the distribution of cold plasma within the
magnetosphere and to determine the role played by the
cold plasma in nonlinear whistler mode cyclotron inter-
actions.

The Stanford University research effort in the IsEE-1
satellite program has been supported by the National
Aeronautics and Space Administration (NASA) under
grant NAS-5-20871.
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Control of particle precipitation
by hydromagnetic waves

T. J . ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

L. J. LANZEROTTI and C. G. MACLENNAN

Bell Laboratories
Murray Hill, New Jersey 07971

During the past year, we have continued our analyses
of 30-megahertz riometer data obtained at Siple Station,
data from balloon-borne X-ray and electric field detec-
tors in the northern hemisphere conjugate region, and
hydromagnetic wave data from Siple Station and from
four stations spaced in latitude (L = 3.2-4.4) but also in

SIPLE
RIOMETER
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0.25dB

the northern hemisphere conjugate region. A principal
research objective is the determination of conditions for
correlative particle precipitation and hydromagnetic
wave phenomena.

In one study (Maclennan et al., 1978), we discussed
a Pc5 (about 3 millihertz) pulsation event observed in
ground magnetic data and balloon electric field and X-
ray data. Our principal conclusion was that the electric,
magnetic, and electron precipitation variations were ob-
served to be in close phase relationship only when the
resonance region of the magnetospheric waves was lo-
cated close to -where the measurements were made. The
localization of the resonance region was determined
from the latitude variation of wave amplitude and po-
larization in the context of the Southwood (1974) and
Chen and Hasegawa (1974) resonance model.

Here we present evidence in another pulsation event
for the apparent control of some particle precipitation
by hydromagnetic waves. Figure 1 illustrates the details
of this event. The top two traces show the presence of
an -90-second (approximately 90-second) variation of
precipitated electrons at conjugate points of the L 4
field line in the interval from about 1150 to 1155 uni-
versal time (UT). This long-period wave also was evident
in the Siple Station magnetic data (bottom three traces),
most prominently in the D-component (magnetic east-
west). The first evidence of this long-period wave in all
data sets was observed about 5 minutes earlier. As is
clear from figure 1, precipitation accompanying the
-90-second wave was terminated when the wave period
suddenly changed to about 30 seconds after 1155 UT.

The wave localization characteristics, as shown in fig-
ure 2, were observed to be very different for these two
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Figure 1. Conjugate long-period (-90-seconds) electron
precipitation pulsations recorded by Siple Station 30-meg-
ahertz riometer and Roberval balloon x-ray detector (45-65
kiloelectronvolts). Similar wave variations also occur in Si-
pie Station magnetic field data until -1155 universal time
(UT). No related particle modulation accompanies sudden
shift of hydromagnetic wave period to 30 seconds after

1155 UT.
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Figure 2. Amplitude of magnetic variation at peak of the
-90-second (left panel) and -30-second (right panel) wave
events as a function of latitude (L value) in the northern
hemisphere conjugate region. Also shown are schematic
representations of wave ellipse orientations and polariza-
tions In plane approximately transverse to local magnetic
field. Siple Station amplitudes (solid dots) plotted arbitrarily
at L = 4.4 in northern hemisphere because Siple Station
conjugate point cannot be precisely determined. Sudden
shift of wave frequency in data of figure 1 was accompanied

by reversal in sense of polarization at all stations.

225



frequencies. At the lower frequency (1152 UT), the wave
was right-hand polarized on the low-latitude side of the
resonance region (where the precipitation was ob-
served). The higher frequency wave (1159 UT) exhibited
left-hand polarization at all stations.

An examination of the interplanetary plasma and
magnetic field data for times surrounding this event has
not revealed definitive evidence of structures likely to
have triggered a sudden change in wave properties
within the magnetosphere.

A possible interpretation of this event may lie in the
suggestion by Orr and Matthew (1971) that double res-
onance peaks in the magnetic pulsation spectrum at L

4 with frequencies similar to those observed here are
consistent with plasma density changes at the plasma-
pause. The relationship of Siple Station to the plasma-
pause for this event remains to be determined. However,
this and other events being studied indicate that ultra-
low-frequency (ULF) hydromagnetic waves play an im-
portant role in modulating the flux of precipitated en-
ergetic electrons.

This work has been supported in part by National
Science Foundation grants DPP 74-01704, DPP 76-82041,

and ATM 77-22937 to the University of Maryland. Ad-
ditional support for balloon operations in Canada was
provided by the Office of Naval Research under contract
N00014-67-A-0239-0033. Bell Laboratories thanks the
National Science Foundation for logistics support for the
Siple Station measurements and H. Chivers for coop-
eration in the riometer data acquisition.
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Rocket investigation of naturally
and artificially triggered electron

precipitation near the
plasmapause

D. L. MATTHEWS

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

Among the most significant research achievements at
Siple Station have been the discoveries that naturally
triggered emissions of magnetospheric waves at a few
kilohertz can cause the precipitation of electrons into the
atmosphere (Rosenberg, Helliwell, and Katsu frakis,
1971), as well as that the Stanford transmitter can trigger
magnetospheric wave emissions (Helliwell and Katsuf-
rakis, 1974).

These processes are probably resonant electron cyclo-
tron interactions that occur near the equator, but the
detailed physics is not understood. Furthermore, the
affected electrons have been observed only indirectly by
the effects of the precipitated component on the atmos-
phere, such as bremsstrahlung X-rays. The effects of the
transmitter on electrons have not yet been observed at
all. Any transmitter-induced wave amplification must be
accompanied at least by the scattering in angle of some
of the magnetos pherically trapped electrons. Observa-

tions of this scattering in both natural and artificial
events would increase understanding of the resonant in-
teraction, which is likely to be crucial in such phenomena
as microbursts and more broadly as it affects the stability
of electron trapping in planetary magnetospheres.

A test rocket was launched into a class I post-breakup
aurora in Norway in January 1978. High-voltage break-
down occurred and a door failed to eject; otherwise the.
vehicle and instrumentation performed well and ob-
tained significant scientific data. Appropriate redesign
and testing have been done to eliminate the observed
failure modes.

In this flight, electrons from 20 to over 200 kiloelec-
tronvolts were observed within an aurora! arc. The pres-
ence of the highest energies clearly indicates that other
processes besides DC electric fields are operative in au-
rora! precipitation. The STARE auroral radar was in op-
eration at the time through the cooperation of the Max-
Planck Institute for Aeronomy at Lindau, West Ger-
many. Correlation of the radar and particle data is still
in progress.

The program to observe the waves and electrons di-
rectly using Nike-Tomahawk sounding rockets will take
place at Siple Station in the austral summer of 1979-80.
The rocket instruments will make comprehensive mea-
surements of electron pitch angles and energies and of
electric and magnetic fields over a wide frequency range.
The instruments have been significantly improved over
the January 1978 test rocket, especially in the addition
of a common automatic gain control system for the wave
measurements, which will enable the Poynting vector to
be extracted from the data.

Besides the Nike-Tomahawk rocket payloads, balloons
will be launched at both Siple Station and Roberval with
X-ray bremsstrahlung, very low frequency (VLF), and
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electric field instrumentation. Arcas rockets with X-ray
payloads will be launched at Siple Station. The Jupiter
transmitter will be a key facility at Siple Station together
with VLF observation and direction finding (DF) at both
Siple Station and Roberval. Special transmitter pro-
grams will be designed for use during the rocket flights.
Magnetometer and riometer observations will be made
at both sites. All this information will be available at the
main Siple Station to assist in launch decisions.

The program will involve a high degree of cooperative
effort among many institutions from several countries.

This work is supported by NASA and by National Sci-
ence Foundation grants DPP 75-03516 and DPP 77-
22401.
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Services, support, other

Polar Research Board activities,
May 1978-June 1979

POLAR RESEARCH BOARD STAFF

Polar Research Board
National Academy of Sciences

National Research Council
Washington, D.C. 20418

The Polar Research Board (PRB) advises the U.S. Gov-
ernment on research in the antarctic and arctic regions
and adheres to the International Council of Scientific
Unions' Scientific Committee on Antarctic Research
(SCAR), on behalf of the National Academy of Sciences.
During the last year, the Board and its subgroups met
14 times, issued 4 reports, and participated in the XVth
meeting of SCAR and in 12 meetings of SCAR subgroups.
This article is limited to the Board's antarctic activities.

International Activities. Over the past year, the Board,
through SCAR, continued to participate in the develop-
ment of an international scientific research program to
provide a basis for wise management of the living re-
sources of the southern ocean, to develop studies of the
possible environmental effects of mineral resource ex-
ploration and exploitation in Antarctica, and to review
recent developments in antarctic geology and geophys-
ics, including mineral resources.

The XVth meeting of SCAR was held in Chamonix,
France, May 1978, marking the twentieth anniversary
Of SCAR, and its first growth in membership. Poland and
the Federal Republic of Germany were added to the
following 12 original member-countries: Argentina,
Australia, Belgium, Chile, France, Japan, New Zealand,

Norway, South Africa, United Kingdom, Union of So-
viet Socialist Republics, and the United States of Amer-
ica. The delegates discussed the present and future re-
lationships between SCAR, the Antarctic Treaty nations
and concerned intergovernmental organizations. Look-
ing to the future, the delegates asked the officers to
review and revise as appropriate SCAR'S statement of
purpose and acknowledged that additional financial
support would be required for support of its growing
activities. Plans were initiated for SCAR XVI, which will
be held in New Zealand, October 1980.

The SCAR Group of Specialists on Living Resources of
the Southern Oceans, cosponsored by the Scientific
Committee on Oceanic Research (SC0R), the Advisory
Committee of Experts on Marine Resources Research
(ACMRR) of the U.N. Food and Agriculture Organization,
and the International Association of Biological Ocean-
ographers (IAB0), continued to refine and develop plans
for the Biological Investigations of Marine Antarctic Systems
and Stocks (BIOMASS) Program. BIOMASS has been en-
dorsed by SCAR, SCOR, the Intergovernmental Oceano-
graphic Commission (ioc), the ACMRR, and the Antarctic
Treaty Nations. BIOMASS is the first coordinated inter-
national research program to provide a sound basis for
the wise management of living resources of the southern
ocean. The principal scientific focus will be on antarctic
krill, the largest under-exploited marine resource in the
world and the key species in the food web linking pri-
mary producers with ultimate consumers. The NSF re-
quested Academy assistance in evaluating the current
U.S. antarctic marine ecosystem research program, de-
veloping a recommended program for biological ocean-
ographic research in the Antarctic, and selecting and
supporting U.S. scientists to participate in international
BIOMASS scientific and planning activities. The PRB,
jointly with the Ocean Sciences Board (0SB), which
serves as the U.S. National Committee for SCOR, are es-
tablishing a joint committee under the chairmanship of
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Dr. John Steele, Director, Woods Hole Oceanographic
Institute, to conduct the study.

The SCAR Group of Specialists on Environmental Ef-
fects of Mineral Research Exploration and Exploitation
in Antarctica revised its report "Possible Environmental
Effects of Mineral Resource Exploration and Exploita-
tion in Antarctica." An international workshop on this
subject, supported by the Rockefeller Foundation
through the PRB, was held in Bellagio, Italy, in March
1979.

Domestic Activities. On invitation by the Subcommittee
on Science, Research and Technology of the House
Committee on Science and Technology, PRB members
Dr. Robert A. Helliwell (vice-chairman), Dr. D. James
Baker Jr., and Dr. George H. Denton testified before
the Subcommittee on some U.S. antarctic research pro-
grams. At the same hearings, Dr. James H. Zumberge,
U.S. delegate to SCAR and chairman of the Board's
Committee on International Polar Relations, discussed
U.S. participation in international antarctic activities and
programs. In his remarks, Dr. Zumberge included a
statement that was unanimously adopted by the Board
at'its meeting of 12 April 1979 and which called for a
prompt definition of the U.S. antarctic base posture de-
sired within the next 10 to 20 years, the preservation of
options necessary to achieve such a posture, and com-
mencement of activities to build toward this long-range
objective.

In the course of its deliberations, the Board concluded
that the U.S. basic and resource-related polar oceans
research is seriously handicapped by the lack of suitable
ice-strengthened research vessels. Accordingly, the PRB
and OSB are joining together in making this serious de-
ficiency known to concerned government agencies. On
the recommendation of its Committee on Glaciology, the
Board transmitted a letter, through the Academy, to the
Office of Science and Technology Policy (osTP), calling
attention to the fragmented U.S. government responsi-
bilities for snow research and related resource manage-
ment studies and recommending a more holistic ap-
proach to snow research and management. The OSTP
concurred with the Board's views and called upon con-
cerned government agencies to identify a lead agency
for snow research and management.

Important changes have occurred in the polar re-
gions, especially in relation to resource exploitation,
since publication in 1970 of the Board's report, Polar
Research–A Survey. Accordingly, the Board established an
ad hoc planning committee to begin development of an

overall strategy for polar research during the 1980's.
As presently envisaged, the effort will be primarily prob-
lem-oriented and subsume some disciplinary concerns
within the broader, problem-oriented studies. The stud-
ies being considered are "Role of Polar Regions in Cli-
matic Change," "Living Resources in the Polar Re-
gions," "Man in the Polar Environment," "Polar
Resource Utilization and Environmental Protection,"
and discipline-oriented studies of "Polar Earth Sci-
ences," and "Polar Glaciology."

The Board perceives a clear need for an authoritative
and up-to-date assessment of the role of the polar re-
gions in climatic change and established an ad hoc com-
mittee to undertake the study. The Committee is chaired
by Dr. J. Murray Mitchell Jr. and its work is being closely
coordinated with the Climate Research Board and the
Geophysics Research Board. The Committee envisages
three major elements for consideration—the polar re-
gions as a window to the past; the polar regions as a
source of climatic unrest; and the polar regions as a
concern for the future.

The Committee on Glaciology held a workshop in
which leading U.S. and Canadian glaciologists partici-
pated. As an outcome, the Committee concluded that a
reassessment of glaciological research in the 1980's is
needed as well as a study on the mechanics of floating
ice. The PRB concurred with the Committee's findings
and is negotiating with the Marine Board to establish a
joint ad hoc study group on "Research Needs in the
Mechanics of Floating Ice" and endorsed the proposed
assessment of polar glaciological research needs in the
1980's.

Work of the Polar Research Board is largely sup-
ported by National Science Foundation contract C-310,
task orders 36 and 384.

* PRB membership: A. Lincoln Washburn (chairman), Robert
A. Helliwell (vice-chairman), Vera Alexander, Wallace S.
Broecker (retired June 1979), Jerry Brown, Campbell Crad-
dock (International Union of Geological Sciences delegate to
SCAR), Albert P. Crary, George H. Denton, Josqh 0. Fletcher,
David M. Hickok, Hans 0. Jahns, Mary Alice McWhinnie (re-
tired June 1979), J. Murray Mitchell Jr., Clayton A. Paulson,
Chester M. Pierce, E. Fred Roots, Donald B. Siniff, Norbert
Untersteiner, Gunter Weller (retired June 1979). Ex-Officio:
Charles R. Bentley (chairman, Committee on Glaciology),
James H. Zumberge (U.S. delegate to SCAR and chairman, Com-
mittee on International Polar Relations), Troy L. Péwé (chair-
man, Committee on Permafrost), Laurence M. Gould (past PRB
chairman and past president of SCAR).

Library of Congress Cold
Regions Data Base: Dynamics of

antarctic subject coverage

GEZA T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

The Library of Congress' computerized cold regions
data base, from which the Antarctic Bibliography and Cur-
rent Antarctic Literature are produced, now contains close
to 22,000 bibliographic records of documents published
between 1962 and 1979. With the data base approaching
a size at which statistical findings may begin to become
meaningful, a rather simple pilot study count has been
attempted to demonstrate the usefulness of such studies
and reveal possible difficulties or inadequacies.

When the data base was initiated, a need for various
statistical analyses was anticipated. To facilitate them, a
number of elements was added to each record in coded
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form, including the form of the work, the method of
acquisition, the date of publication, the date of process-
ing, the language, and the country of publication.

For this pilot study, twenty subject terms representing
key topics in various disciplines were selected. Records
in which the. selected terms appear were retrieved and
their dates of publication printed. Each subject term was
then tallied by date of publication. The tabulated results
show the number of records published each year from
1962 through 1977 for each of the subject terms selected
for the pilot study.

The abbreviated version of the tabulation (see accom-
panying table) shows, for each of the twenty subject
terms, the number of records published during each of
the four-year periods, 1962-65, 1966-69, 1970-73, and
1974-77.

The data indicate that the selected topics may be ar-
ranged in five general groups, each of which has its own
pattern of publication activity. One group, consisting of
the topics History, Icebreakers, and Tourism, shows no
significant pattern of variation over the 1962-77 time
span. Another group, made up of Buildings, Psychol-
ogy, and Whaling, shows a decline in coverage after the
early 1960s. A third group, covering Arthropoda-
Crustacea, Continental drift, Historical geology, Inter-
national cooperation, Physiology—Human, Structural
geology, and Volcanology, rises to a peak in the late
1960s or early 1970s and then declines. A fourth group,
encompassing Extraterrestrial material and Territorial
claims and boundaries, shows a decline in interest and
then a resurgence. The fifth group, made up of A yes-
Sphenisciformes, Icebergs, Ocean—Circulation, Stratig-
raphy, and VLF emissions, shows a rising trend in the
1970s.

The statistics have to be examined in light of the lit-
erature itself and of surrounding circumstances, al-
though an examination of the statistical patterns may
suggest some lines of inquiry. For instance, the increased
interest in Territorial claims and boundaries during
1974-77 and a concurrent decrease in coverage of In-
ternational cooperation may indicate the need for study
of a possible intensification of competitiveness with re-
gard to antarctic resources. The rise of interest in the
topic of Continental drift in the early 1970s and its sub-
sequent fall may suggest that the problems surrounding
the drift hypothesis have been settled. Perhaps more
obvious in its significance is the increase in literature on
Extraterrestrial material, which reflects recent findings
of meteorites and their analysis. Similarly there has been
an increase in documents on the topic of Icebergs, stim-
ulated by interest in their possible use as a source of
freshwater. It may also be safe to attribute the spectac-
ular growth of literature on the topic of Stratigraphy to
such international programs as the Dry Valley Drilling
Project or the somewhat slower growth of work on VLF
emissions to various conjugate-point experiments.

Table 1.—Coverage 20 of selected topics In antarctic
literature by 4-year periods, 1962-77

Number of Records Published
1962- 1966- 1970- 1974-

	

65	69	73	77

Arthropoda—Crustacea......
Aves—Sphenisciformes	59	76	33	37

	

Buildings ................... 69	98	92	142

	

Continental drift ............. 34	17	9	16

	

Extraterrestrial material ..... . 53	68	233	81

	

Historical geology ........... 21	11	9	31

	

History .................. 32	52	95	47

	

Icebergs ................... 98	69	87	73

	

Icebreakers ................ 29	20	61	56

	

International cooperation.... . 16	12	11	13

	

Ocean circulation ........... 32	36	101	31

	

Physiology—Human........ . 41	63	95	160

	

Psychology ................ 30	65	115	94

	

Stratigraphy ................ 62	35	44	42

	

Structural geology ......... . 57	64	163	297
Territorial claims and	56	52	125	67

	

boundaries ................. 24	11	12	44

	

Tourism ................... 0	7	12	5

	

VLF emissions .............. 56	60	88	92

	

Volcanology ................ 28	42	100	78

	

Whaling .................. 70	37	45	41

One statistical limitation is a bias introduced by the
number of published documents that are translations.
The date of publication listed in the pilot study tabula-
tion for such a document is the date of translation, not
the date the original document was published. There-
fore, dates are shifted, by perhaps two years, for less
than 7 percent of the documents. A little over 1 percent
of the documents appear in the pilot study under both
the original date of publication and the date of the trans-
lation. The bias is not significant, but it does invites cau-
tion against using the data without scrutiny.

One result not borne out by the numbers was an an-
ticipated increase in recent literature on krill because of
stepped-up activities in commercial exploitation or com-
mercially oriented research by several nations. Krill falls
under the indexing topic of Arthropoda—Crustacea, a
term too general to reflect the possible trend in the nar-
rower topic. This illustrates the effect of specificity not
only on retrieval purposes but also on statistical studies.

As the data base grows, statistical analyses will become
more and more meaningful. Meanwhile, the present
pilot study serves as an example of the type of infor-
mation that may be gained while also providing some
idea of shifting interests in antarctic research.

This work has been supported by interagency agree-
ment NSF-CA30, amendment no. 8.
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Antarctic Research Series

JUDY C. H0L0vIAK

American Geophysical Union
Washington, D.C. 20009

The Antarctic Research Series, published by the
American Geophysical Union (AGu) with the aid of
National Science Foundation grant DPP 77-21859 and
other grants, has been disseminating the results of all
phases of Antarctic research since 1964.

As of December 1978, twenty-seven volumes have
been completed in the series. The most recent volumes
are Meteorological Studies at Plateau Station, Antarctica (vol-
ume 25), edited by J. A. Businger; Biology of the Antarctic
Seas VI (volume 26), edited by D. L. Pawson; Biology of
the Antarctic Seas VII (volume 27), edited by D. L. Pawson;
and Upper Atmospheric Physics (volume 29), edited by L.
Lanzerotti and C. Park.

The Antarctic Research Series provides extensive and
authoritative reports of research results in human be-
havioral sciences, marine and terrestrial biology, solid
earth geophysics and geochemistry, oceanic and atmos-
pheric studies, and geology. The scientific and library
communities have come to look to the series as a means
of having continuing access to south polar research re-
sults.

AGU has been striving to speed up the publication of
the volumes in the series. In 1974, it introduced the
minibook format to allow individual papers to be pub-
lished at a steady pace instead of being held for inclusion
in complete volumes. In 1978, for example, a total of
833 pages were published as compared with 724 pages
published in 1972 before the format change.

Series volumes currently in preparation include the
following: "Biology of the Antarctic Seas VIII" (vol-
ume 28), edited by D. L. Pawson and L. S. Kornicker;
"Terrestrial Biology" (volume 30), edited by B. Parker;
and "Biology of the Antarctic Seas IX" (volume 31),
edited by L. S. Kornicker.

Future volumes in the series will include "Dry Valley
Drilling Project," edited by L. D. McGinnis, and "Bi-
ology of the Antarctic Seas X," edited by L. S. Kor-
nicker.

Antarctic Marine Geology
Research Facility and Core

Library, 1978-79

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

The principal tasks of the Florida State University's
Antarctic Marine Geology Research Facility and Core
Ubrary from 1 June 1978 to 30 May 1979 consisted of
receiving cores, distributing samples, and preparing and
disseminating information about cores to members of
the scientific community. These operations continue the
facility's service role in support of national and inter-
national research programs using the polar collections.

During this period, 8,858 samples were distributed.
Broken down according to source, the samples consisted
of the following:

Eltanin: 1,795 samples from 142 different piston cores
representing twenty-eight of the forty-seven coring
cruises; 55 samples from 52 trigger cores of eight
cruises; and 3 samples from 3 Phleger cores of 2 cruises.

Islas Orcadas: 5,829 samples from 142 individual pis-
ton cores representing the five cruises from which cores
were received by the facility; 108 samples from 48 trig-
ger cores of four cruises.

Ross Ice Shelf Project (RIsP): 306 samples from 10 of the
11 gravity cores recovered through the 1977-78 hole at
drill site J-9; 1 grab sample also was distributed.

International Weddell Sea Oceanographic Expedition
(IwsoE): 80 samples from 3 Phleger and 4 piston cores
retrieved aboard the 1968 and 1970 IWSOE cruises of
USCGC Glacier.

Ross Sea: from the 1977-78 cores obtained aboard
USCGC Glacier, 480 piston core samples, 60 trigger core
samples, and 1 plankton net sample were distributed.

Kara Sea (Arctic): 130 Kullenberg core samples and
10 Phleger core samples were distributed from the sed-
imentary materials collected during the 1965 and 1967
cruises of USGSC Northwind and Edisto-Eastwind, respec-
tively.

These samples went to 38 investigators at 26 institu-
tions in six nations (Australia, England, France, New
Zealand, Sweden, and the United States). In addition,
miniscule amounts of core materials were used in pre-
paring smear slides.

New materials received this year included approxi-
mately 97 meters of piston and trigger cores (see pho-
tograph) and several grab samples, collected by John B.
Anderson of Rice University during the 1978-79 cruise
Of USCGC Glacier off the Oates Coast, Antarctica (Ander-
son et al., 1979); about 35 meters of gravity core (47
cores) from the 1978-79 recovery effort at the RISP J-9
hole (Webb, 1979); more than 515 meters of piston and
trigger cores from Islas Orcadas cruise 1678 in the South
Atlantic sector of the Southern Ocean (Wise, et al.,
1978); and a small but significant collection of additional
rock specimens (approximately 30 kilograms) collected
by E. Imre Friedmann (Department of Biology, Florida
State University) in the dry valleys region of Antarctica.
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USCGC Glacier cores, retrieved off the Oates Coast, Antarc-
tica, being inventoried by Shelton Graves and Elaine Gold-
stein of the Antarctic Marine Geology Research Facility and

Core Library at Florida State University.

Major efforts of the curatorial staff this year have
gone into describing cores. Core descriptions, patterned
on volumes for earlier Islas Orcadas cruises (Cassidy et
al., 1977; Kaharoeddin, 1978), are now being drafted
for Islas Orcadas cruise 1277. In May 1979, we began the
descriptions for Islas Orcadas cruises 1578 and 1678 and
also the processing, description, and photography of the
1978-79 R!SP cores. The next month we began opening
and describing the Oates Coast Glacier cores in cooper-

ation with the staff of John B. Anderson (Rice Univer-
sity).

The staff of the facility is also involved in preparing
a volume of revised criteria for core descriptions and is
cooperating with Thomas B. Kellogg (University of
Maine at Orono) in the preparation of descriptions of
cores taken aboard the 1976 and 1977-78 cruises of the
Glacier in the Ross Sea (Kellogg and Truesdale, 1976;
Kellogg, Melanson, and Kenoyer, 1978).

A recent summary of the Florida State University pro-
gram is provided by Cassidy (1978).

Curatorial work at the facility is supported by National
Science Foundation contract C-1059.
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Dry Valley Drilling Project:
Summary of core storage at
Florida State University and

sample distribution
DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

Cores gathered by the Dry Valley Drilling Project
(DVDP) are stored at the Florida State University's Ant-
arctic Marine Geology Research Facility and Core Li-
brary, which distributes samples to researchers around
the country. This report summarizes the status of core

storage and sample distribution at the facility (an ex-
panded version of this report is given in Cassidy, 1979).

Cores from the DVDP stored at Florida State University
(Fsu) total more than 1,100 meters of P, H, N, and B
drill core. This includes almost all cores from the 15 drill
sites. It does not include those from sites 1, 2, and 3 and
the basement core (below 10.52 meters) from site 6,
which are stored at the Northern Illinois University of-
fice of the DVDP.

The FSU cores were received in shipments following
the termination of each of the final three drilling sea-
sons. Cores from sites 4 through 9 were received during
May 1974; cores from sites 10 through 13 were received
during March 1975; and cores from sites 14 and 15 were
received during May 1976.

From U.S. ports of entry, the cores were shipped to
the FSU facility by refrigerated truck at temperatures
below - 15° C. Upon receipt, they were immediately
placed in a low-temperature storage vault maintained at
a constant temperature of -23° C. This vault is located
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within a larger refrigerated storage room (held at 2° C)
and comprises 40 of the 510 square meters of refriger-
ated storage space available at the facility. A duplicate,
backup refrigeration unit has been installed to provide
continuous service in the event of failure of the main
unit.

The cores are packaged in 408 core boxes, which are
arranged on modular, bulk-storage racks with a total
shelf capacity of about 700 core boxes.

The cores remain in excellent condition for further
sampling, because frozen storage has preserved the
structural integrity of the ice-cemented sediments. In
some lithologies, a loosely consolidated, friable outer
rind has developed on account of the migration of ice
out of the core by sublimation. In these cases, handling
and sampling causes some crumbling of the rind and
thus some sediment loss. Elsewhere, certain geochemical
studies of interstitial water may no longer be feasible
because of moisture loss from the cores.

All sampling of DVDP cores at the FSU facility has been
carried out with the direct approval of the U.S. coordi-
nator of the project in accordance with the terms of the
official DVDP sampling policy. At the time of sampling,
we record on a sample inventory form such data as the
hole and box number, the sample interval, the sample
weight, the proportion of the core diameter sampled,
and interpretive comments where necessary. The DVDP
file at FSU retains one copy of the form, the investigators
receive a second, and the DVDP office at Northern Illinois
University, which maintains a computerized inventory
of all DVDP samples, receives the third. In addition, sam-
ple identification cards are placed at the point of sam-
pling in each core box, and sample intervals and their
locations, keyed to the investigators, are recorded on
individually printed sets of core box photos. The photos
can be seen in Dry Valley Drilling Project Bulletin, numbers
3 (1974), 5 (1975), and 7 (1976), prepared at Northern
Illinois University.

All sampling takes place within the 2° C storage room
and is performed by chiseling and handsawing, by dry
sawing (that is, without cutting fluid) with a circular,
diamond-bladed, cut-off saw, or by diamond core drill-
ing using a 38-centimeter, floor-model drill press. The
diamond core-drilling method makes use of a precooled
drill bit with compressed air as a drilling "fluid," and
was developed by Don Elston of the U.S. Geological Sur-
vey to obtain oriented sample plugs for paleomagnetic
studies of DVDP cores.

Initial sampling and inspecting of the DVDP materials
at FSU began in August 1974 with a contingent of seven
visiting investigators coordinated by Peter N. Webb. A
second DVDP core sampling and inspection session, in-
volving twelve specialists in polar studies and coordi-
nated jointly by Lyle D. McGinnis and Mort D. Turner,
was hosted by the facility on 7-9 July 1975. For purposes
of both sampling and inspecting cores, a total of twenty-
four scientists have been received to date by the facility.

"WE  ALTHOUGH OTHER INVESTIGATORS AM INVOLVED IN RESEARCH USING THESE SAMPLES. ONLY 
THE 

INOWOuN.3 TO WHOM
SAMPLES HAVE KEN WICIALLY 

ASSIGNED 
ARE LISTED

'HOLE 4.4A: LAKE VAN	HOLE 7: LAKE F*YXELL	HOLE 10: NEW "Rom	HOLE 13: DON A" POND
HOLE 5, 

5A 

DON A"	HOLE 6 ^ NEW HANSON	HOLE 6 1 COMMONWEALTH GLADES	HOLE 14 ^ NORTH POSW §ASN
HOLE 6
	

LAKE VIDA	HOLE 9: NEW HARBOR	HOLE 12 LAKE LEON	W IS: M. Mulloo SOUND

Sample distribution from DVDP cores stored at Florida State
University.

An additional six investigators have received samples on
the basis of letter requests, as have many of those who
have visited the facility.

Starting in August 1974 and continuing through May
1978, a total of 3,471 samples was distributed from the
DVDP collection at FSU. This total does not include sam-
ples removed from the cores prior to their arrival at the
facility, nor the redistribution of sample portions by in-
vestigators to whom samples were distributed. The ac-
companying figure summarizes the sample distribution
total according to the number of samples received per
hole by investigators to whom the samples were as-
signed, as well as the number of samples distributed
from each hole.

Further information concerning the DVDP cores at FSU
and other aspects of the operation of FSU facility and its
programs can be obtained by writing to the curator of
the Antarctic Marine Geology Research Facility and
Core Library.

Funding for the curation of DVDP cores at the FSU
facility has been provided by National Science Founda-
tion contracts C-564 and C-1059.
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LC-130 antarctic research flights,
1978-79

ROBERT L. HICKERSON

Applied Physics Laboratory
The John Hopkins University

Laurel, Maryland 20810

During the 1978-79 season, the polar research air-
craft flew three series of airborne science missions for
National Science Foundation (NSF) grantees and associ-
ated scientists working on air sampling/air chemistry,
aerial photography, and radio echo sounding/magne-
tometry programs. The aircraft is a specially configured
LC-130R that is operated for the NSF by the U.S. Navy
Antarctic Development Squadron Six (vxE-6). The air-
craft and its equipment were very similar to those used
during the 1977-1978 season (Schoenhals, 1978).

The air sampling/air chemistry sensors, airborne re-
search data system (ARDS), and airborne proton preces-
sion magnetometer were installed in the aircraft at the
Naval Weapons Center (China Lake, California) early in
November 1978. The principal investigators were A.
Hogan (State University of New York at Albany), A.
Mason (University of Miami), E. Robinson (Washington
State University), R. Rasmussen (Oregon Graduate Cen-
ter), R. Renard (United States Naval Postgraduate
School), D. Murcray (University of Denver), and W.
Zoller (University of Maryland).

The aircraft flew first to Christchurch, New Zealand.
The flight across the Pacific was used to collect data,

check out the equipment, and train personnel. The air-
craft proceeded to McMurdo Station on 17 November
1978.

Air sampling and aerial photography missions were
flown until 27 November, when the aircraft returned to
Christchurch to have a fuel tank leak repaired. At this
time, the magnetometer, removed on arrival in Christ-
church from the United States, was installed for a check -
out. The aircraft returned to McMurdo Station and, on
this flight, crossed the jetstream. The air sampling
flights were completed on 7 December.

Back in Christchurch, the radio echo sounder was in-
stalled for D. Drewry of the Scott Polar Research Insti-
tute (Cambridge University) and J . Behrendt of the U.S.
Geological Survey. Radio echo sounding/magnetometry
flights went on between 13 December and 29 December.

The Applied Physics Laboratory (APL) field personnel
for the Antarctic operation were R. L. Hickerson, R. A.
Hutchins, and H. P. VonGunten. Samuel R. Schoenhals
of the Naval Weapons Center coordinated the installa-
tion at China Lake and accompanied the aircraft on the
transpacific deployment to train the APL personnel.

I extend my appreciation to the ARDS and science
crews aboard the research aircraft who assisted so ably
in making these missions successful. I also thank the
vxE-6 personnel for their performance, as I do Benson
T. Fogle, who served as program manager, and Gisela
Dreschhoff, who served as coordinator of the research
aircraft.

The flights were supported by interagency agreement
DPI' 76-10886 between the National Science Foundation
and the U.S. Army.
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U.S. Navy Antarctic Development
Squadron Six (vxE-6) activities,

1978-79

JAMES M. O'LEARY and KENNY L. WATSON

U.S. Navy Antarctic Development Squadron Six
Point Mugu, California 93042

During the 1978-79 season, the U.S. Navy Antarctic
Development Squadron Six (vxE-6) successfully carried
out its twenty-fourth year of support for U.S. scientific
research projects in Antarctica.

The squadron's support activities began as usual in
late August with the winter fly-in (wINFLY). The squad-
ron made seven round-trip flights to McMurdo Station
from Christchurch, New Zealand, carrying 143 passen-

gers and 59,000 pounds of cargo. As expected, the ant-
arctic weather did not cooperate and several flights had
to be delayed, but eventually , vXE-6 met all of its com-
mitments.

Early October saw the main contingent of vxE-6 per-
sonnel on their annual southbound mission. Berthing
and working spaces were cleared and erected and the
aviation maintenance shops were ready when the first
ski-equipped LC-130 Hercules aircraft arrived at
McMurdo Station on 20 October. The UN-1N Huey
helicopters had been dewinterized by 17 October and
were already flying support missions in the local region.

During the season, six Hercules aircraft logged 4,553
flight hours ferrying 4,537 passengers, 4.1 million pounds
of cargo, and 582,300 gallons of fuel products. In ad-
dition, vxE-6 also logged a record-breaking 1,842 heli-
copter flight hours as part of Operation Deep Freeze
79. Seven Hueys shuttled 3,650 passengers and carried
500,000 pounds of cargo and over 21,000 gallons of fuel
products. Three Hueys operating at the Darwin Glacier
camp alone accounted for more than one-third of the
total flight hours.

A notable feature of the flying season was a rescue
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Figure 1. Antarctic Development Squadron Six LC-130 Her-
cules unloads cargo during Initial camp put-In at Scott Gla-
cier In the Transantarctic Mountains during Operation Deep

Freeze 79. (Photograph by PH3 Thomas Barna.)

mission launched when a call for medical assistance came
from Molodezhnaya, a Soviet station 1,800 miles from
McMurdo Station. A Soviet transport had crashed, kill-
ing three people and injuring nineteen others. In re-
sponse, a Hercules was launched under William Mor-
gan, commanding officer of VXE-6. The rescue effort,
faced with a critical fuel factor, successfully resulted in
the delivery of five seriously injured Soviet personnel to
a medical facility in Dunedin, New Zealand. The rescue
involved vxE-6 aviators, crewmen, and medical person-
nel in a venture into previously untried antarctic loca-
tions and terminated in one of the longest flights in op

-eration Deep Freeze history—over 5,600 miles. Above
all, the rescue effort attested to the spirit of international
cooperation in antarctic exploration.

Figure 2. "Gentle 16" rests on a frozen lake In a valley below
Midnight Plateau, near Mt. Ash, about 175 miles from Mc-
Murdo Station. The flight crew assists the scientists In look-

ing for meteorites. (Photograph by Ens. Mike Helms.)

The main targets of supply activities during the season
were Amundsen-Scott (South Pole) Station (106 flights,
419 passengers, over 430,000 pounds of cargo) and Siple
Station (71 flights, 224 passengers, 434,000 pounds of
cargo). Resupply flights to Vostok, carrying 32 passen-
gers and 14,138 pounds of cargo, occurred on 18 De-
cember and 22 January. There were six flights in sup-
port of the glaciological project at Dufek Massif; they
carried 12 passengers and 43,402 pounds of cargo.

Operations began to wind down with the completion
of helicopter operations on 28 January 1979. The
homeward trek then began for all vxE-6 personnel, and
by 1 March the squadron ended Operation Deep Freeze
79 with the return to Point Mugu, California, of all its
Hercules aircraft.

Ship operations, Deep Freeze 79

JAMES F. ECKMAN

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Two U.S. Coast Guard icebreakers operated in the
Antarctic this season in support of the U.S. Antarctic
Research Program. Glacier from Long Beach supported
science, performed most of the channel break into Win-
ter Quarters Bay, and escorted the resupply ships to and
from the ice wharf. Polar Star from Seattle supported
science, started the channel break, and transported pas-
sengers and cargo to Palmer Station from McMurdo, as
well as passengers from Palmer to Ushuaia and Palmer
retrograde to Seattle. The dry cargo ship USNS Schuyler

Otis Bland and the tankship USNS Maumee provided the
resupply effort. Ship ice damage was confined to the
Maumee's propeller, which required temporary repairs
in Lyttleton.

Polar Star commenced the 31 mile channel break-in to
McMurdo Station at 0306, 9 January 1979 but devel-
oped mechanical problems soon after break-in started.
Glacier was diverted from science operations and joined
in the icebreaking at 0240, 11 January. Glacier completed
the channel into Winter Quarters Bay on 26 January but
the ice did not go out during the ship operations. The
ice edge had receeded to about five nautical miles from
Hut Point by the time Bland was escorted out on 16
February. The fast ice generally ranged from 1.1 to 2.3
meters thick with a snow cover from 1.5 to 47.5 centi-
meters. The brash remained in the channel, turn basin,
and Winter Quarters Bay during the entire operation.

USCGC Polar Star departed Seattle on 12 November
1978 but returned due to a casualty in the starboard
main motor bearing. After repairs she again departed
on 22 November for Wellington, NZ, via Pearl Harbor
for training by Fleet Training Group. She arrived at
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Wellington, NZ, on 19 December 1978 and inchopped.
She deployed FGGE buoys along the track to Wellington,
and departed Wellington on 26 December after refuel-
ing and other logistics were completed. She called at
Campbell Island on 28 December and arrived off the
ice edge in McMurdo Sound on 3 January 1979. The
science party for work off Cape Washington was on-
loaded by helicopter and Polar Star departed for science
operations. She returned by 9 January and commenced
breaking fast ice 31 miles from Hut Point. She broke ice
for short intervals and hove to in the ice to investigate
propeller problems. Those problems caused her to cease
icebreaking completely by 21 January, having broken 19
miles of fast ice in a total of 19 icebreaking hours. Polar
Star refueled from Maumee on 29 January and departed
for Palmer Station with passengers and cargo, deploying
FGGE buoys enroute along 65°S. She called at Palmer
Station on 7 February 1979, delivered and received pas-
sengers and cargo, and departed for Ushuaia, Argen-
tina. She arrived at Ushuaia on 9 February to disembark
passengers. Argentine civil and military dignitaries vis-
ited the ship prior to her 12 February departure and
outchop. The retrograde cargo from Palmer was re-
tained on board for delivery to Holmes & Narver at
Seattle.

USCGC Glacier. Glacier departed Long Beach on 15
November 1978. Science support gear had been re-
ceived from Port Hueneme about two weeks prior to her
departure. She arrived at Wellington, New Zealand, on
12 December 1978 and inchopped. She completed lo-
gistics, embarked science parties, and departed for Ross
Sea science operations on 19 December. She supported
science until 7 January 1979 when she was diverted to
assist in channel break-in to McMurdo. She commenced
icebreaking on 11 January and assumed total responsi-
bility for completing the channel after mechanical dif-
ficulties forced Polar Star to withdraw from icebreaking.
Most of the icebreaking and all of the resupply ship
tending was done by Glacier. This was especially note-
worthy since she continued to operate despite numerous
material and mechanical problems. Glacier rescheduled
and accomplished most of her science during the ship
visits and after the Bland was escorted out on 16 Feb-
ruary. Glacier furnished 23 volunteers to assist in Bland's
cargo operations. This was of great assistance but was
marred by a fatal accident to one of the volunteers while
he was operating a fork lift. A memorial service for Petty
Officer Porter was held at McMurdo. Glacier operated
in the Ross Sea on science projects until she proceeded
to Campbell Island on 23 February en route to Welling-
ton for a 26 February arrival. She departed for Sydney
on 4 March 1979. Glacier outchopped upon departing

Wellington. Some Deep Freeze cargo remained aboard
for delivery at Long Beach.

Icebreaker helicopters supported science events, cargo
transport, and passenger transport, as well as ship's lo-
gistics and ice reconnaissance flights. They flew a total
of 254.7 flight hours supporting these events.

USNS Maumee loaded her cargo of petroleum products
in the Caribbean area in mid—December. She arrived off
the ice edge in McMurdo Sound on 26 January 1979.
Maumee deployed FGGE buoys en route to McMurdo and
fueled Polar Star on 29 January while waiting for the ice
channel to be completed. Glacier escorted her through
the brash-filled channel to the ice wharf on 3 February.
Glacier tied up alongside Maumee and refueled from her
as the tanker pumped her cargo ashore. All cargo was
discharged and hoses disconnected by 1500 on 6 Feb-
ruary, and Maumee commenced taking on ballast water.
Glacier assisted her away from the wharf to the brash-
filled turning basin while Bland was being escorted to
the wharf. Maumee turned around in the turning basin,
and, at 0950 on 7 February, Glacier began preceeding
her through the ice channel.

USNS Schuyler Otis Bland loaded Deep Freeze cargo at
Port Hueneme, CA, from 26 December to 5 January.
Less than nine hours after her departure she experi-
enced H.P. turbine problems which required her to be
towed to San Diego for repairs. She sailed for Lyttelton,
NZ, 12 January and arrived there on 27 January. Bland
deployed FGGE buoys en route. Her cargo and refueling
operations were completed by 29 January, but gyro com-
pass repairs delayed her sailing until the next day. The
gyro again failed causing an additional one-day delay.
Bland arrived at the ice edge in McMurdo Sound on 5
February. She was escorted through the channel to the
turning basin on 6 February, then to the ice wharf on
7 February after Maumee had departed the ice wharf
and Glacier completed preparing the wharf face. Bland
commenced cargo operations promptly and completed
them by 2050 local on 15 February. She was escorted
away from the wharf and through the channel at 0400
on 10 February 1979. Due to port congestion, Bland was
diverted from Lyttelton to Timaru, New Zealand, for
cargo operations. New Zealand calls completed, she ar-
rived at Port Hueneme on 12 March.

The cargo ship operations were supported by Na-
tional Science Foundation Interagency Agreement CA-
165. Icebreaker operations were supported by a Na-
tional Science Foundation agreement with the U.S.
Coast Guard. Commander James Eckman, U.S. Coast
Guard, is the Coast Guard liaison officer to Deep Freeze
and the Naval Support Force's ship operations officer.
DF 79 was his last season in this assignment.

Public Works, Deep Freeze 79

ROBERT L. EVANS

U. S. Naval Support Force, Antarctica
Port Hueneme, Calfornia 93043

Over the years the condition of McMurdo's physical
plant has shown a constant deterioration, particularly in
the utility production and distribution systems. Prior to
deployment for Deep Freeze 79, the decision was made
to actively pursue the correction of the situation, to re-
duce the rate of physical plant deterioration, and even-
tually to improve the state of McMurdo's physical plant.
To achieve this long-range objective, two goals were set:
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(1) to establish a viable and comprehensive facilities in-
spection program which would document the condition
of all facilities, their structures and their utility compo-
nents, and (2) to move from a facilities maintenance pro-
gram based largely on customer demand and break-
down maintenance to a system based primarily on
programmed maintenance and upgrade.

The Maintenance Division of Public Works Depart-
ment (PwD) was tasked with operating and maintaining
all life support systems at McMurdo Station. This in-
cludes potable water production, electrical power pro-
duction, and the maintenance of all buildings. The
Maintenance Division was organized into five work cen-
ters: (1) the Steelworker Shop with four men assigned
to perform breakdown and controlled maintenance on
Civil Engineer Equipment (cEsE) and shore facilities; (2)
the Machine Repair Shop with one man assigned to per-
form lock maintenance and repair as well as metal mill
work; (3) the Construction Electrician Shop with 16 men
assigned to produce all electrical power for McMurdo
Station, and to maintain the telephone system, the elec-
trical power distribution system, and over 50 portable
and emergency generators; (4) the Utilitiesman Shop
with 21 men assigned to produce all potable water for
the station, maintain the heat and ventilation systems,
the refrigeration units, the boiler room in building 155
(the main personnel services building), and man the PWD
trouble desk 24 hours per day; and (5) the Builder Shop
with six men assigned to perform maintenance and re-
pair to over 100 buildings, all utility pipeline supports
and protective boxes, and to fabricate rock boxes, ice
core boxes, pallet spaces, gas cylinder supports, and crat-
ing boxes for retrograde material.

The Maintenance Division began working overtime
during the winter fly-in period (wINFLY) and never
stopped the entire season.

The freezing of the saltwater feed line shortly before
the season started caused a major potable water shortage
and required a large investment of manpower to repair
the lines. Lack of replacement pipe and the problem of
replacing heat tape in the preassembled insulated pipe
were responsible for the delay in returning the pipeline
to service. In general, shortage of replacement pipe and
insulation resulted in many long hours repairing frozen
and damaged pipe.

Potable water production was constantly held above
usage requirements after the feed line was repaired.
Once McMurdo Station was taken off restricted water
use, restrictions were not again required. One new water
distillation unit was delivered on the resupply ship, and
will be installed by winter-over 79 personnel. A new salt-
water feed line was also received on the ship and will be
installed this winter.

Electrical power production was more reliable this sea-
son than before. Dedicated personnel with excellent
technical abilities upgraded the power plant as best they
could. The MUSE Unit was used extensively after some
significant repairs were completed in mid-season. Port-
able and emergency generators on station and for field
camps required more maintenance hours than were
available, leaving work for winter-over 79 personnel.

Preparation of the ice wharf area for use in January
required a major investment of steelworker manhours
in repairs required on the pontoon causeway, which was

used as the bridge between the wharf and shore. Steel-
worker manhours were precious, with the retirement of
a first class petty officer and a never-ending workload
between requirements for civil engineer support equip-
ment and shore facilities.

The Builder Shop was without a designated shop su-
pervisor for most of the season due to medical problems.
However, the shop performed exceptionally well, and,
in addition to keeping up with the breakdown and con-
trolled maintenance, managed to reorganize the lumber
yard to make room for next season's lumber which ar-
rived on the resupply ship. Early in the season, the ma-
jority of the shop's manhours were spent on science
support in the construction of rock boxes and ice core
boxes of various sizes.

The Transportation Division provided direct support
of all ground transportation assets, constructed and
maintained a network of ice, snow, and gravel roads,
and a complete ice runway system. Additionally, explo-
sive operations, ice wharf repairs, ground maintenance
functions, and management and maintenance of Civil
Engineer Support Equipment (CESE) were provided.

The division was manned by 36 persons during the
summer season, and was augmented by one to six civil-
ian mechanics under contract from Gough, Gough &
Hamer, LTD of New Zealand. The division had two
shops. The Equipment Maintenance Shop, with a max-
imum strength of fifteen persons, and additional civilian
mechanics, manned both a light equipment repair shop
and a heavy equipment repair shop, provided 24-hour
maintenance support for McMurdo and Williams Field
operations. Maintenance support of outlying stations
was provided as required. The Equipment Operations
Shop, which started with a maximum staff of 28 and
dropped to 24 by mid-season, was tasked with: the as-
signment and dispatch of equipment; the construction
and maintenance of runways, skiways and road systems;
ground maintenance, including trash removal and dump
operations; cargo and fuel transport; pier preparation;
blasting and drill operations; and general support func-
tions associated with construction, ground transporta-
tion and heavy equipment operations.

The following significant projects and operations were
accomplished:

1. After four attempts were made to locate a suitable
runway site, the annual ice runway and ice road complex
were opened on new ice. Part of the ice road from the
runway to Williams Field was constructed on 4-year-old
ice containing small pressure ridges. As the season pro-
gressed, the pressure ridges increased in size forcing
closure of the ice road to Williams Field prior to ice
runway closing. The ice runway was closed for cargo
and passenger operations on December 18. The final
closing was predicated upon the deterioration of the
transition ramp onto Ross Island and the deterioration
of the ice surface in the aircraft maintenance area. The
runway and supporting fuel pits continued to service
aircraft through 24 December 1978.

2. Elevated snow roads were constructed linking Wil-
liams Field with both Scott Base and the ice runway. The
newly constructed elevated road between Scott Base and
Williams Field was not used this season, and should pro-
vide a reliable transportation link between the two camps
throughout Deep Freeze 80.
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3. Numerous fish holes and telephone poles were
drilled and blasted in the McMurdo vicinity. The new
track mounted drill was used briefly. Equipment failure
resulted in the loss of the drill until the season's end.

4. Due to the abnormally warm season this year, the
waterfront storage area was expanded approximately
33%. This project entailed removing snow from the pier
area, ripping the fast ice mounds, leveling to the base of
the road, and moving approximately 450 cubic yards of
ice. This operation also included setting a pontoon
bridge section, recabling the pier, and placing a second-
ary wooden bridge. It was necessary to blast the face of
the pier twice this season, since the delay between the
first blast and icebreaker arrival allowed the first blast-
line to refreeze.

5. An industrial dump was established to provide an
alternate location for on-site disposal of non-combustible
material. This resulted in a marked decrease in the size
of the current combustible dump site.

6. Seventeen pieces of CESE equipment were received
through procurement and ten were returned from re-
build. One D-8 standard tractor was received in an in-
operable condition after rebuild. Action was initiated to
preclude future recurrence. Thirty-three CESE items
were retrograded for disposal through Property Dis-
posal channels, eight were returned to CONUS for re-
build, and seven were returned to Christchurch for re-
build.

7. Shop operations resulted in the lowest deadline
rate for equipment repair in recent seasons. A great deal
of this low deadline rate can be attributed to the CESE
Modernization and Standardization Program. The abil-
ity to upgrade equipment and eliminate one-of-a-kind
items allowed the command to streamline repair parts
requirements and concentrate maintenance training on
standard items.

The Engineering Division of PWD provided engineer-
ing and administrative services to the department, which
included surveying, drafting, sea-ice depth monitoring,
engineering consulting, and general clerical functions.

The division was manned by four persons. The follow-
ing significant projects were accomplished: (1) the an-
nual ice runway and supporting facilities were surveyed
and laid out, (2) ice deflections under the fuel bladders
at the ice runway were monitored, (3) an ice runway
surface profile was obtained to provide information on
smoothness and transverse grades, (4) the site of the
future cargo complex was surveyed and staked out for
cut-and-fill operations, (5) a new communications an-
tenna array was positioned near Star Lake (just north of
McMurdo Station), (6) 24 ice depth measuring stations
and 7 ice temperature stations were established by 7
November and monitored weekly until 3 January, (7)
three traverses to Marble Point were conducted in order
to survey the ice and lay out a route for a fuel train (the
ice surface was very bad with sharp, rough edges which
precluded the possibility of a fuel train), (8) a trail to
Cape Royds and Cape Evans was surveyed in support of
science activities, and (9) effects of the warm water dis-
charges of the USNS Bland were minimized by the use of
metal deflector plates hung from the ship and a "Mo-
Mat" curtain at the edge of the wharf (erosion to the
wharf still measured as much as 16 feet in one place).

The Maintenance Control Division of PWD was tasked
with work input control for all of the divisions of PWD,
excluding the Williams Field Division. Maintenance
Control Division conducted the building inspections in
order to initiate major maintenance/repair projects to
upgrade the facility. This division had a total of three
men assigned.

The Williams Field Division of PwD, which is stationed
at Williams Field Air Facility on the Ross Ice Shelf, con-
sists of nine men from all the construction trades. This
division was tasked with maintaining the two skiways, six
miles of snow roads, berthing and messing facilities for
130 personnel, and various work shops. PWD personnel
opened the facility in August 1978 in order to prepare
for WINFLY. The facility was opened for full use on 18
December and it remained open until the end of the
season.

Industrial safety

M. E. WEYLER

Public Works Officer
U.S. Naval Support Force, Antarctica

Port Hueneme, California 93043

The Industrial Safety Program for McMurdo Station
is monitored from within the Public Works Department
of the Naval Support Force Antarctica (NSFA). The pub-
lic works officer has the collateral duty of command
safety officer and one of the Public Works chief petty
officers is McMurdo's safety chief, the town's only
safety professional.

While the role of McMurdo safety chief had been a
part-time task for many years, Deep Freeze 79 saw the
assignment of the safety professional on a full-time basis.
Through his efforts, the Safety Representatives Com-
mittee was activated. This committee was made up of
representatives from all NSFA departments and tenant
activities in McMurdo. The task of increasing safety
awareness in McMurdo was pursued by the constant
presence of the safety chief, spot announcements over
McMurdo's radio station, and also the NSFA plan-of-the-
day notices.

Also initiated during Deep Freeze 79 was a monthly
breakdown and analysis of all accidents in McMurdo.
This analysis focused attention to particularly trouble-
some accident areas, repetitive accidents, and prevent-
able accidents. It was distributed monthly to all cogni-
zant supervisors and the chain of command where the
safety responsibility resides. The monthly analysis often
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contained recommendations for improvement of safety
procedures. An example of a constantly recurring, pre-
ventable accident was foreign substances, particularly
fuels, in the eyes. Recommendations by the Safety Office
resulted in the requirement for the wearing of safety
goggles during many operations, a practice previously
neglected.

The safety statistics for Deep Freeze 79 showed an
encouraging trend. Six non-aviation, lost-time accidents
occured in McMurdo during the 1978-79 season com-
pared to 14 during the previous season. However, the
accidental death of a U.S. Coast Guard petty officer
crushed by his overturned forklift pointed out the in-
creased need for caution at all times.

Contractor support

ROBERT L. MURPHY

Antarctic Support Division
Holmes & Narver, Inc.

Orange, California 92668

During the 1978-79 season, Holmes & Narver, Inc.,
furnished support to 305 scientific grantees involved in
94 separate research programs in Antarctica. To provide
the required support and to accomplish the necessary
construction tasks, the company had to increase its over-
all staffing level to about 226 employees, a level one-
third higher than in the previous season and higher than
in any of the company's 11 seasons in Antarctica.

All field camps were established either on or ahead of
schedule during the 1978-79 season. In addition, the
dome C camp was reopened and operated to support
several core drilling and glaciological programs. A new
camp was constructed near Darwin Glacier, in the
Transantarctic Mountains, to provide a base for helicop-
ter-supported activities in glaciology, geology, and other
disciplines.

There was increased construction activity at McMurdo
Station. Two new two-story dormitories, each having a
50-person capacity, were erected on the former site of
old Jamesway shelters. Several old structures were
demolished to make room for planned new construc-
tion. Among these was the old Acey Deucey club, which
was moved to temporary quarters in the old theater
building.

At Williams Field, a few miles from McMurdo Station
on the Ross Ice Shelf, Holmes & Narver completed the
first part of a two-phase effort to assemble the new mod-
ular, relocatable airfield complex. When completed next
season, this complex will provide living and working fa-
cilities for 155 airfield support personnel.

On the slopes of Mount Erebus, within easy climbing
distance of the crater rim, a new semipermanent shelter
was erected. This prefabricated facility will provide a
haven for scientists working around and in the volcano.

The old United States Antarctic Research Program
(USARP) garage underwent interior remodeling, thereby
increasing its capability to support the scientific vehicle
fleet. In addition, the snowmobile annex was completed
and a much-needed fresh coat of paint was applied. The
equipment inventory in the Berg Field Center was ex-
panded to provide a larger selection of support items.

Holmes & Narver, Inc., employees raise the framing for one
of the new dormitories at McMurdo Station.

At Amundsen-Scott (South Pole) Station, the ground
control facilities were relocated to new quarters. The
meteorological function was taken over by Holmes &
Narver from the New Zealand weather service. A field
survey revealed that the dome is settling towards the
sewer outfall; corrective action to extend the sewer is
being planned. South Pole Station's team included the
first woman, a physician, to winterover at this station.

The new replacement facility at Siple Station was com-
pleted on schedule. When the summer season came to
an end, all scientific and support systems there were
operational and the scientific community anticipated a
productive winter with the new facilities at their disposal.

Prior to the commencement of the austral summer,
iJv Hero underwent her most extensive overhaul in sev-
eral years at the Argentine shipyard at Puerto Beigrano.
Effective 1 December 1978, the subcontract operation
of it/v Hero was concluded and the research vessel was
placed under the direct operation of Holmes & Narver.

The strained political relations between Chile and Ar-
gentina over the Beagle Channel resulted in the decision
to temporarily divert iJv Hero's base of operations to
Montevideo, Uruguay. However, the increased ocean
transit time meant that the number of trips planned had
to be reduced. Unfortunately, this necessitated the cur-
tailment of some science programs. By midsummer, the
political situation had eased and Ushuaia, Argentina,
again became the base of operations.

At Palmer Station, the small boat area adjacent to the
dock was improved with precast concrete beams to per-
mit the easier launching of Zodiac inflatable boats. In
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addition, the painting of the exterior of the station's
buildings was completed.

Communications between Holmes & Narver's cor-
porate office in Orange, California, and Palmer and Si-
ple stations in Antarctica were greatly improved by the
acquisition of base station equipment and establishment

of a direct radio link by way of the ATS-3 satellite.
Holmes & Narver completed the 1978-79 season—its

busiest to date as the support contractor in Antarctica—
without any of its employees suffering a serious accident.

These activities were supported by National Science
Foundation contract C-793.

Burial of high-level and long-lived

radioactive wastes in Antarctica:
A reappraisal

ERNEST E. ANGINO

Department of Geology
University of Kansas

Lawrence, Kansas 66045

The safe and proper disposal of high-level and long-
lived radioactive wastes is a major problem of both na-
tional and international importance. Consequently, Ant-
arctica's isolation from human activities and the bio-
sphere, as well as its aseismicity, make it attractive as a
possible burial site for radioactive wastes. Accordingly,
I have undertaken a reappraisal of the issue of antarctic
disposal principally in terms of the geology of the con-
tinent and also the subantarctic islands. In doing so, I
have not limited by attention to the rock types—salt,
basalt, and granite—commonly considered for radioac-
tive burial sites.

The concept of polar interment for such wastes has
been discussed in some detail by Angino, Dreschhoff,
and Zeller (1976), Zeller, Saunders, and Angino (1973),
Zeller, Angino, and Saunders (1976), Haefeli (1961),
and Philberth (1961, 1959, 1958). Opposition to the
concept has been raised on both scientific grounds
(Weertman, 1973) and political grounds (Heg, 1976).

The main scientific opposition is based on the fact that
we lack knowledge of the detailed physical and chemical
reactions that could occur between the wastes and the
ice and within the ice sheets as a function of regulation,
pressure, and time. Nevertheless, the discovery of the
presence of lakes beneath the ice sheet (Oswald and Ro-
bin, 1973) and recently developed data on sub-ice mor-
phology (Drewry, 1975a, 1975b, 1976; Robin, Drewry,
and Meldrum, 1977) offer compelling reasons for re-
considering the concept of ice burial from a scientific
perspective.

In reappraising the subantarctic islands, I determined
that these islands are not suitable for serving as burial
sites. The reasons are principally that the majority of the
islands may have appropriate rock types but they are
volcanically active, whereas the remaining islands simply
lack the proper rock types.

Within the continent of Antarctica, however, several
areas warrant consideration for the purpose of straight-
forward subsurface burial in ice-free areas. The well-

known areas of granite and basalt, fully discussed in two
classic volumes on antarctic geology (Adie, 1964, 1972)
are not covered here, but two other areas do deserve
mention.

The Wohlthat Mountains (77° 1 5'-72° 15'S/i 1°-I 5°E)
contain the largest known anothosite massifs in Antarc-
tica. The area in the vicinity of the Conrad Mountains
includes a large ice-free area, where the mountains are
largely a gneiss and schist series with massive anothosite
intrusives. The second area is that of the Dufek Massif,
a stratiform gabbroic mass that may be the largest such
intrusion in the world. Both of these areas offer the
advantages of remoteness from human activities and
isolation from the biosphere.

Another major advantage of Antarctica as a burial
area is its unique aseismicity (Evison, 1967; Kogan, 1973;
Adiç, 1972). No earthquake greater in magnitude than
5.3 on the Richter scale has ever been recorded, and
even the one of that intensity is questionable (Evison,
1967). East Antarctica has remained an essentially stable
continental shield since the Devonian (Evison, 1967).

Personally, I hope that Antarctica is never used for
the disposal of radioactive wastes, but I recognize that,
so long as the waste disposal problem remains and the
community of nations puts off a solution, the geology,
remoteness, and isolation of the continent will continue
to attract attention to Antarctica as a potential burial site.
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Boy Scout joins antarctic
research teams

THOMAS R. DEW

Public Relations Division
Boy Scouts of America

North Brunswick, New Jersey 08902

During the 1978-79 research season, nineteen-year-
old Mark. W. Leinmiller followed in the footsteps of
Paul A. Siple, one of the world's best-known polar ex-
plorers and researchers. In 1928, the Boy Scouts of
America (BSA), acting on a request from Commander
Richard E. Byrd, chose Siple, then a Eagle Scout to ac-
company Byrd on an exploratory voyage to Antarctica.
This trip marked the beginning of Siple's distinguished
polar career. In commemoration of Siple's adventure
and to dramatize the opportunities offered by the BSA,
Leinmiller was selected in 1978 to be a participating
member of a scientific research team in Antarctica.

Participating with the BSA and the National Science
Foundation (NSF) in the program was the Reader's Di-
gest Association, which picked up the costs for the se-
lection process and its promotion. The selection com-
mittee was headed by Richard A. Chappell of Hunter
College, who, during the International Geophysical
Year, had been the second Eagle Scout to go to Antarc-
tica, and it included, in addition to NSF scientists and BSA
representatives, Ruth Siple, widow of the explorer and

president of the Antarctican Society. Leinmiller was cho-
sen from some two thousand Boy Scouts and Explorers
who applied.

Offered a choice among several scientific disciplines,
Leinmiller chose to join glaciological and geological
teams headed by George Denton, Robert Thomas, and
Terence Hughes, all of the University of Maine. Their
projects concern the interaction of the Ross Ice Shelf
and Byrd Glacier and geological evidence related to the
West Antarctic Ice Sheet's possible disintegration.

Leinmiller's activities with the teams included soil
sampling, carbon dating, and study of the glaciers' ef-
fects on landscape and warm and cold cycles.

He would like to return to the Antarctic some day.
"It was a fantastic experience and I was lucky to get the
chance," he said, after returning late in January 1979.
"I've been offered the opportunity to go back, and
there's a possibility I might even make a career of it.
I've been offered the chance to return, but I want to
finish my education first." That education, in mechan-
ical engineering at the Georgia Institute of Technology,
resumed in September 1979. Between preparations for
the trip and BSA commitments afterwards, Leinmiller,
now a sophomore, missed a full year of college.

Runners-up in the selection process were given a
week's stay at the BSA's operation Okpik in northern
Minnesota. Ironically, the runners-up, who took their
trip in January, experienced colder temperatures than
Leinmiller encountered in Antarctica. According to
Leinmiller, "The day we arrived on the Darwin Glacier,
it was 23 degrees [F] below and the wind was blowing at
35 mph—but that was the coldest it got." The runners-
up in Minnesota experienced temperatures as low as400 F.
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