
meter corer in various sedimentary environments on the shelf,
slope, and rise. Physical properties were measured on these
samples and gas analyses were made in the ship's laboratory.
Two dredge hauls for rocks were made: one on the shelf and the
other on the upper slope. Navigation was by "Transit" satellite,
supplemented by high-accuracy "Global Positioning System"
satellite for 9 hours each day.

The five north-south lines in the western part of the survey
span the region from the continental shelf break or slope out
across the continent-ocean boundary (COB). The COB typically is
characterized by a ridge that forms the southern boundary of
oceanic basement (figure 3). Using the seismic reflection data
and seismic velocities from sonobuoys, we determined that the
sediment wedge of the slope and rise ranges from about 3 to 6
kilometers thick. Thicknesses measured on the shelf are greater
than 3 kilometers, but exact measurements are difficult to make
from the unprocessed seismic data.

The continental rise is underlain by a sedimentary wedge that
has a lower unstratified sequence, which is largely confined to
the region landward of the COB, and a stratified upper sequence
that extends out over oceanic crust, beyond the COB (figure 3).
The younger stratified sequence was deposited in an environ -
ment of active bottom currents that have shaped and eroded the
deposits and turbidity currents that have dissected the upper
rise and slope to form many submarine canyons and fans.
Seafloor truncation of beds of this stratified sequence on the
upper continental rise indicate that the erosion is recent.

Capping this upper stratified sequence, sharp-crested depo-
sitional ridges spaced about 35 kilometers apart dominate the
morphologic fabric of the seafloor upper continental rise. Some
of the valleys between ridges are occupied by erosional
canyons.

On the continental shelf, side-scan sonar images of the sea-
floor reveal ice gouges in water depths greater than 500 meters
that are produced by large tabular icebergs. Ice-gouge features
typically are multiple-grooved incisions a few meters deep and
tens of meters wide. Semicircular to circular depressions about
100 meters in diameter (ranging from 30 to 150 meters) are also
common on shelf bank tops and slopes. Commonly these de-
pressions occur in an overlapping sequence that forms a linear
feature. In some places these depressions are associated with
the grooved features that are more obviously identifiable as ice

gouges. Coast-perpendicular ridges and furrows a few meters
high and spaced about 100 meters apart are believed to be
related to glacial advances onto the shelf. During the cruise, we
frequently observed that tabular icebergs were aligned on the
shelf indicating their grounding along the flanks of seafloor
ridges. Apparently modern and ancient ice-related processes
are dominant in determining the shape and character of the
seafloor in this shelf environment.

The sediment core samples collected on the continental shelf
consist of: (1) diatom ooze from a deep-shelf basin, probably
deposited in this quiet sedimentary environment by modern
biogenic processes; (2) a pebbly mud on the flank of the basin,
probably emplaced by Pleistocene glacial or glacial-marine pro-
cesses; and (3) sand on a bank top that is either material deposi-
ted in shallow water during a Pleistocene low stand of sea level
or a modern winnowing product of poorly sorted Pleistocene
glacial sediment. Cores from the continental slope and rise
contain mud and sandy mud that, as X-radiographs show, is
deposited as highly bioturbated, unstratified units (hemi-
pelagites?) sharply interbedded with thinly laminated slightly
bioturbated units (contourites?).

Gases were extracted from the nine sediment cores and ana-
lyzed for hydrocarbons. Samples from tops and bottoms of
cores, which are up to 3.8 meters in length, showed methane to
be the most abundant hydrocarbon, with concentrations typical
of shelf environments. The other higher order hydrocarbon
gases occur in much lower concentrations. It is likely that all the
hydrocarbons have a biogenic source. No obvious evidence was
found for thermogenic gas migration or diffusion, and no gas
seeps were observed. Thus gases were probably generated in
place by low-temperature bacterial decay.
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Deep-sea benthonic foraminifera were analyzed from three
Eltanin piston cores (E45-21, E49-53, E50-2) to infer bottom water
circulation fluctuations in the western South Australian Basin
during the past 3.2 million years. This study provides the most
detailed record of Quaternary and late Pliocene Antarctic Bot-
tom Water history in the southeast Indian Ocean at the present
time. Two bottom water masses, Antarctic Bottom Water (AABW)
and Circumpolar Deep Water (CDw) are currently found in the
southeast Indian Ocean. AABW is believed to be a blend of
bottom waters formed along the Adélie Coast and in the Ross
Sea, which mixes with Antarctic Circumpolar Water as it travels
northward away from the antarctic continental shelf (Gordon
1974; Gordon and Tchernia 1972). The AABW in the South Indian
Basin has potential temperatures of -0.5-0.4'C, salinities of
34.68-34.70 parts per thousand, and dissolved oxygen values of
5.0-5.6 milliliters per liter. The CDW has potential temperatures
of 0.8-1.2°C salinities of 34.72-34.74 parts per thousand, and
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dissolved oxygen values of 4.4-4.8 milliliters per liter. In the	ated (potential temperatures of 0.6-0.8°C and dissolved oxygen
South Australian Basin, mixing of these two water masses re-	values of 4.8-4.9 milliliters per liter) AABW is present. The sur-
suits in bottom water with intermediate hydrographic proper-	face distribution of these faunal associations suggested that
ties (potential temperatures of 0.4-0.8°C, salinities of	AABW flows northward through the Southeast Indian Ridge at
34.70-34.72 parts per thousand, and dissolved oxygen values of	approximately 110°E, and then forms a cyclonic western bound-
4.8-5.0 milliliters per liter).	 ary undercurrent in the South Australian Basin (figure 1). The

Factor analysis of surface benthonic foraminiferal census data	three cores considered in this study were taken from water
from the southeast Indian Ocean (Corliss 1979) revealed two	depths of 4,237-4,242 meters, just north of the inferred path of
faunal assemblages associated with these water masses. One	AABW, in a region presently overlain by water with hydro-
assemblage, marked by the presence of Epistominella umbonifera,	graphic properties intermediate between AABW and CDW (po-
Planulina wuellerstorfi, Globocassidulina subglobosa, Pullenia bull-	tential temperature of 0.7°C, salinity of 34.72 parts per thou-
oides, and Oridorsalis tener, was found coincident with AABW.	sand, and dissolved oxygen value of 4.9 milliliters per liter).
Two subgroups were found within this association. Epis-	The relative abundances of E. umbonifera, Uvigerina spp., and
tominella umbonifera dominated the fauna where the colder and	E. exigua are plotted against depth for each core in figure 2. The
fresher (potential temperatures of - 0.2-0.4°C and dissolved	magnetostratigraphy of each core (figure 2) is from Allison and
oxygen values of 5.2 milliliters per liter) AABW is found and G.	Ledbetter (1982), with the magnetic polarities in E45-21 rein-
subglobosa dominated the fauna where warmer and less oxygen-	terpreted using biostratigraphic data of Daniel (1983). Age as-
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Figure 1. Physiographic map of the southeast Indian Ocean showing the 2,000-,3,000-,4,000-meter depth contours (Heezen, Tharp, and Bentley
1972), as well as the locations of the three cores analyzed in this study and the Recent distribution of dominant benthonic foraminifera
established by Corliss (1979). The shaded area is marked by a dominance of Uvigerina spp. and Epistominella exlgua, the cross-hatched area
by a dominance of Globocassiduilna subglobosa, and the hatched area by a dominance of Epistominalla umbonifera. The route of Antarctic
Bottom Water (&Bw), suggested by the faunal data, is indicated by closed arrows. An additional route for AABw, inferred from hydrographic data
(Gordon and Molinelli 1975; Rodman 1977), is indicated by open arrows.
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Figure 2. A. Percentage of E. umbonifera and 0. tener versus depth and magnetostratigraphy. B. Percentage of Uvigerina spp. and E. ex!gua
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signments are made to polarity boundaries using Harland et al.
(1982). A continuous stratigraphic record was found in E50-2,
but a hiatus is present from the middle Matuyama Chron
through the upper Bruhnes Chron in E49-53, and in the upper
Matuyama Chron in E45-21.

In all three cores, E. umbonifera dominates discrete intervals
during the Gauss and Matuyama Chrons. During the Gauss
Chron, F. umbonifera displays a general decrease in abundance,
from high values around 60 percent at about 3 million years, to
approximately 40 percent at the end of the Gauss. From the
Gauss-Matuyama boundary (2.48 million years) to the bottom of
the Olduvai Event (1.87 million years), the abundance of E.
umbonifera first drops dramatically to about 10 percent, then
increases to high fluctuating values (20-60 percent). During the
upper Matuyama (1.87-0.73 million years), which is best repre-
sented in E50-2 due to hiatuses in E45-21 and E49-53, the abun-
dance of E. umbonifera first fluctuates about high values (40-50
percent), and then decreases to approximately 10 percent. Dur-
ing the Bruhnes (0.73 million years to the present) the abun-
dance of E. umbonifera stays low (2-15 percent), except for values
fluctuating about 35 percent in E45-21 during the late Bruhnes.
In all three cores, the periods of low E. umbonifera abundance
during the Gauss and Matuyama Chrons are marked by high
abundances (15-35 percent) of 0. tener.

The Uvigerina spp. and E. exigua abundance records in all
three cores display low values throughout the Gauss and lower
Matuyama Chrons. During the upper Matuyama, the abun-
dance of E. exigua increases steadily, and the abundance of
Uvigerina spp. maintains values between 0 and 2 percent until
the end of the Matuyama when there is a sharp increase. During
the Bruhnes Chron, the abundances of both F. exigua and
Uvigerina decrease slightly before showing a general increase to
the present.

The variation in the relative abundances of E. umbonifera is
inferred to reflect changes in AABW circulation during the past
3.2 million years. A number of studies have demonstrated a
correlation between the distribution of E. umbonifera and AABW
(Streeter 1973; Schnitker 1974; Lohmann 1978, 1981; Resig 1981;
Corliss 1979, 1983). Recent work (Bremer and Lohmann 1982)
indicates that the most likely property of AABW responsible for
its association with E. umbonifera is undersaturation with respect
to calcium carbonate. Periods of high abundance of E. urn-
bonifera in E45-21, E49-53, and E50-2 suggest time intervals
when more AABW was produced, relative to today, enabling the
colder, fresher AABW which is presently found in the South
Indian Basin and along the southern flank of the Southeast
Indian Ridge, to flow through fracture zones into the South
Australian Basin. This caused a widening of the AABW western
boundary current in the South Australian Basin relative to the
present, at least to the extent that the locations of E45-21, E49-53,
and E50-2 were overlain by this colder, fresher AABW.

The abundance of Uvigerina spp. in surface sediments has
been related to high levels of organic carbon (greater than 1
percent) (Miller and Lohmann 1982; Lutze and Coulbourn
1984), and shown not to be related to bottom-water dissolved
oxygen (Corliss 1983). The presence of high abundances of
Uvigerina spp. in the tops of all three cores in this study is
inferred to reflect higher amounts of organic matter in the
sediments at the Matuyama-Bruhnes boundary and during
most of the Bruhnes.

Little can as yet be inferred from the fluctuations in abun-
dance of 0. tener and E. exigua since previous studies have not
yielded consistent associations between these taxa and specific
environmental parameters. 0. tener has been shown to be a

cosmopolitan species, associated with a variety of environ-
ments (Belanger and Streeter 1980; Corliss 1979; and Lohmann
1981). The presence of 0. tener during relative lows of E. urn-
bonifera abundance during the Gauss and Matuyama Chrons
suggest that it is an opportunistic species which dominated the
fauna during periods of moderation in AABW circulation.

This study supports previous work in the southeast Indian
Ocean which has shown that E. exigua coexists with Uvigerina
spp. in association with CDW and with bottom water with hydro-
graphic properties intermediate between AABW and CDW (Cor-
liss 1979). The environmental parameter(s) which is controlling
the presence or absence of E. exigua is not yet clear, however,
since data from the North Atlantic indicate that an association
exists between F. exigua and colder, fresher water masses
(Streeter 1973; Schnitker 1974).

The benthonic foraminiferal census data from E45-21, E49-53,
and E50-2 provide a detailed record of AABW circulation in the
South Australian Basin during the past 3.2 million years. The
data suggest three periods of increased influx of colder, fresher
AABW relative to present day conditions: the lower to middle
Gauss (3.2-3.6 million years), the lower Matuyama (2.3-2.0 mil-
lion years), and the middle Matuyama (1.87-1.3 million years).
During the Bruhnes Chron, the influx of cold, fresh AABW
waned, causing a decrease in the lateral extent of the AABW
western boundary current in the South Australian Basin, and a
shift in bottom water characteristics over the locations of E45-21,
E49-53, and E50-2 to those intermediate between AABW and
CDW. Surface-water productivity is suggested to have been
higher for a brief period at the end of the Matuyama, and then
during the Bruhnes, than during the Matuyama and Gauss
Chrons.

This work was supported by a graduate student research
fellowship through the Woods Hole Oceanographic Institution
Education Department and by National Science Foundation
grant DPP 82-16539.
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the Deep Lake terraces, Vestiold Hills,
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Deep Lake* (latitudes 68°22' and 68°40'S longitudes 77°49'
and 78°33'E) is one of the two most saline lakes in the Vestfold
Hills. (See figure 1.) This thalassic lake is one of the largest in
area (1.1 by 0.7 kilometers) and has a depth of 36 meters. Deep
Lake originated from the sea. Through slow evaporation, its
salinity increased and its elevation decreased over time until it
attained its present-day levels: a salinity of 28 parts per thou-
sand and an elevation of 50.4 meters below sea level. The lake is
thermally stratified with a surface temperature of - 20°C during
winter and + 10°C in summer while the bottom 15 meters re-
main constant at about - 14°C throughout the year (Kerry etal.
1974). Figure 2 shows depth, temperature, and daily wind run
at Deep Lake from October 1973 through July 1975. A variety of
blue-green algae, diatoms, and bacteria live at all depth of the
lake (Kerry et al. 1974).

During December 1974, K.R. Kerry and R. Williams of the
Antarctic Division of the Australian Department of Science and
Technology collected 72 samples (numbered ACTC-1 through

ACTC-36 for samples from the southeastern shore terrace and
ACTC-37 through ACTC-72 for samples from the western shore
terrace). Samples were collected at 1.6-meter intervals. We then
studied sediment composition, faunal content, and diatom
structures of the samples.

The sediment is loose, powdery, and unconsolidated. It is
composed of coarse, angular, and rounded grains of sand to silt-
size fractions. Its constituents are pyroxene, garnet, biotite, and
quartz with fragments of pyroxenite, quartzite, permatite,
gneiss, and glacial debris. Halite and mirabilite crystals are
common.

Crespin (1960) made a general study of foraminifera of the
lake sediments of the Vestfold Hills. She restricted her report to
the six new species identified and some rare forms, but Setty,
Williams, and Kerry (1980) made a detailed study of all the
foraminifera occurring in Deep Lake terraces. The associated
ostracode fauna revealed the presence of psychrospheres in the
sediment (Setty and Williams in press).
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*The Deep Lake referred to in this article is located in the Vestfold Hills,
Princess Elizabeth Land and is shown in a map produced by the
Division of National Mapping, Department of Resources and Energy,
Canberra, Australia in Association with the Antarctic Division, De-
partment of Science and Technology, Hobart, Tasmania. "Deep Lake"
is not an official name.
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Figure 1. Map of Deep Lake and Its terraces, Vestfold Hills, Ant-
arctica (Setty et al. 1980).
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