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PREFACE

In April 1989, the scarl Group of Specialists on the Evolution of
Cenozoic Paleoenvironments of the Southern High Latitudes proposed a
multi-year international project to study Cenozoic sedimentary
deposits around Antarctica, focusing in particular on the extensive
sedimentary bodies beneath the continental margin. The project
seeks to integrate a variety of geophysical, geological, and
dlaciological data bases, and to incorporate them with ongoing
studies to better understand the relationships between Cenozoic
terrestrial and marine glacial-interglacial histories and between
Cenozoic ice-volume and global sea-level variations.

A vast quantity of acoustic data of many types including high=- and
low-resolution seismic-reflection, bathymetry, side-scan sonar, and
others, has been collected in offshore areas of Antarctica by
numerous countries principally since the 1960’s. However, the
integration of all existing acoustic data to study a single thematic
problem has not previously been attempted. The International
Workshop on Antarctic Offshore Acoustic Stratigraphy (ANTOSTRAT) at
Asilomar, Pacific Grove, California in June 1990 brings together
scientists from countries that now have, or will imminently collect,
offshore acoustic data from the Antarctic continental margin to
discuss such a unified project. Objectives of the workshop are

* to describe the existing offshore Antarctic data bases and
ongoing national programs,

* to identify important Cenozoic problems of global interest that
can be addressed in Antarctica using existing acoustic,
geologic sampling, and scientific drilling data bases,

* to discuss and implement resolutions for (a) integrating and
analyzing existing Antarctic acoustic data bases and (b)
planning international cooperative field and 1laboratory
projects to augment, not replace, ongoing studies,

* to prepare a final report that summarizes the global Cenozoic
problems that can be addressed in Antarctica and the plans to
study these problems.

The first ANTOSTRAT workshop is guided by an international
steering committee with nine members:

Dr. Alan Cooper U.S. Geological Survey Usa

Dr. Peter Webb Ohio State University Usa

Dr. John Anderson Rice University Usa

Dr. Peter Barker British Antarctic Survey UK

Dr. Peter Barrett Victoria Univ. of Wellington N2Z

Dr. Donald Blankenship Ohio State University USA

Dr. Steve Eittreim U.S. Geological Survey Usa

Dr. Karl Hinz Bundes. fur Geowiss.Roh. (BGR) F.R.Germany
Dr. Yngve Kristoffersen Seismological Observatory Norway

1 gcientific Committee on Antarctic Research



This report was prepared before and released at the ANTOSTRAT
workshop. The abstracts are reproduced, unedited, in the form that
they were received by the conveners. A final report of the
meeting giving further details of the ANTOSTRAT project, the
thematic objectives, and project plans will be published elsewhere.

The ANTOSTRAT Workshop is made possible by financial support from
the Scientific Committee on Antarctic Research, the U.S. National
Science Foundation Division of Polar Programs (Grant NSF/DPP-
9010852) and the U.S. Geological Survey. In particular, the
conveners appreciate the assistance provided by Dr. Peter Clarkson,
Dr. Herman Zimmerman, Dr. David Russ, Dr. Gary Kill, Dr. David
Cacchione, Ms. Patricia Sliter, Dr. Henry Spall, Dr. Garrik Grikurov
in supporting and expediting the workshop planning. We also wish to
thank the local organizing committee including Ms. Jo Ann Gibbs, Mr.
Guy Cochrane, Mr. Dennis Mann, Ms. Toby Williams, Dr. and Mrs.
Franklin Cooper, and many colleagues at the U.S. Geological Survey.
We also appreciate the drafting support provided by Ms. Brigit
Fulop.



SCIENCE PROGRAM

The science program for the ANTOSTRAT workshop is partitioned into
data sessions, thematic sessions and poster sessions to give all
participants the opportunity to present, discuss, and examine
offshore acoustic data illustrating Cenozoic sedimentary sections.
Additionally, each of the five principal regions, where major
Cenozoic sedimentary sequences exist beneath the continental shelf
and slope, are discussed separately. The thematic sessions address
the major factors (see below) that affect the acoustic geometry of
offshore Antarctic Cenozoic sequences. Summary sessions, at the end
of the workshop, are dedicated to discussion and implementation of
workshop resolutions and plans.

The general format of the workshop is as follows.

THURSDAY June 7 = Introduction, Weddell Sea, Queen Maud Land

Morning: * Greetings and orientation talks

* Antarctic science overview talks
Afternoon: * Data talks ~ Weddell Sea and Queen Maud Land
Evening: * Poster session and discussions

FRIDAY June 8 =~ Ross Sea, Wilkes Land, Prydz Bay

*

Data talks - Ross Sea
* Thematic session - Tectonics, crustal flexure, and
marine stratigraphy (I)
Afternoon: * Data talks - Wilkes Land and Prydz Bay
* Thematic session - Glacioclogy, offshore ice, and marine
stratigraphy (II)
* Thematic session - Geotechnical properties of glacial
sediments and marine stratigraphy (III)
Evening: * Poster session and discussions

Morning:

SATURDAY June 9 = Antarctic Peninsula
Morning: * Data talks - Antarctic Peninsula
* Thematic session - Offshore geologic sampling
Afternoon: * Thematic session - Paleogeography and Paleoceanography
* Thematic Session - Data compilations

*

Evening: Poster session and discussions

'SUNDAY June 10 = Circum-Antarctic, Summary

Morning: * Thematic Session - Planned studies
* Thematic session - Future directions
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SEDIMENTARY HISTORY OF THE ROSS EMBAYMENT: A UNIFIED HYPOTHESIS
FROM A GLACIOLOGICAL PERSPECTIVE

R.B. Alley, Earth System Science Center, The Pennsylvania State University,
512 Deike Building, University Park, PA 16802

D.D. Blankenship, Byrd Polar Research Center, The Ohio State University,
125 S. Oval Mall, Columbus, OH 43210

S.T. Rooney, Mobile Research and Development Corp.,
13777 Midway Road, Dallas, TX 75244

The sedimentary history of the Ross Sea now is receiving considerable
attention and has spawned much controversy; both depositional environments and
ages of sediments sampled are subject to dispute. This is due largely to a
shortage of samples, the highly reworked character of most materials sampled,
and ongoing refinement of biostratigraphic zonations (Karl et al., 1987).

Our new evidence concerning the physics of glacier flow on ice stream B
gives us considerable insight into how the system may have responded to sea-
level fluctuations that are known to have occured in the past. We find (Alley
et al., 1987; Blankenship et al., this volume) that the likely response of the
ice sheet to sea-level fluctuations would lead to a sedimentary sequence similar
to that described by some observers. Here we will give a brief summary of
observations of sediments from the Ross Embayment, including areas of con-
troversy, and then present our hypothesis for the sedimentary history and show
how it relates to the observations; this discussion has been extracted from
Alley et al. (1989).

OBSERVATIONS

To summarize from Houtz and Davey (1973), Hayes and Frakes (1975), Anderson
et al. (1984), Dunbar et al. (1985), and Karl et al. (1987), the modern Ross Sea
(Figure 1) is underlain by a sedimentary column typically hundreds of meters
thick. The upper part of this sedimentary column contains a prominent uncon-
formity, often called the Ross Sea unconformity, at a depth of <2 m to about
40 m below the sea floor. Erosion on this unconformity may have amounted to as
much as several hundred meters. This erosion probably occurred beneath grounded
ice, although marine bottom currents have been suggested as a possible cause
(Mercer and Sutter, 1982). This unconformity is overlain by an unstratified or
poorly stratified diamicton, which in turn is overlain by a thin veneer of
Holocene sediments comprising ice~rafted clasts, terrigenous silt and clay, and
biogenic silica; in this Holocene layer ice-rafted debris is sparse near the
front of the Ross Ice Shelf, indicating that little englacial debris reaches the
ice-shelf front, but is more abundant where outlet glaciers drain into the Ross
Sea. The transition from the unstratified diamicton just above the unconformity
to the modern sediments is marked by a water-sorted unit 0.1-0.5 m thick at some
sites (Kellogg et al., 1979) but not in most locations (Anderson et al., 1984).

The ages of the Ross Sea unconformity and of the overlying diamicton are
uncertain (Hayes and Frakes, 1975; Kellogg et al., 1979; Savage and Ciesielski,
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1983), but the unconformity probably is Pliocene or Pleistocene in age. Based
on appearance, grain-size distribution and other characteristics, Kellogg et al.
(1979), Anderson et al. (1980; 1984), and others have argued that the diamicton
above the Ross Sea unconformity is a basal till. Anderson et al. (1984) show
that populations of transported clasts in this material are not mixed, but are
traceable to discrete sources in the Transantarctic Mountains and in West
Antarctica. Truswell and Drewry (1984) demonstrated that pollen grains in the
diamicton also are traceable to discrete sources. This shows that deposition
occurred from a grounded ice sheet, or from an ice shelf with marine currents to
slow to mix pollen, rather than from floating icebergs. Estimated sedimentation
rates of 6-8 m/Ma (Hayes and Frakes, 1975) seem too high for sedimentation
beneath an ice shelf fed by West Antarctic ice streams, as discussed by Alley et
al. (1989), so we consider that this diamicton probably is a basal till.

Notice, however, that several authors including Hayes and Frakes (1975) and
Fillon (1979) have interpreted the diamicton as glaciomarine rather than as
basal till.

Beneath the Ross Ice Shelf, data are available only from the J9 site,
downstream of ice stream B, where the bed is about 590 m below sea level
(Figures 1 and 2; see Clough and Hansen, 1979). Sediments were collected thre
to a maximum depth of about 1 m. These sediments originally were interpreted as
a dropstone diamicton of Miocene age containing clasts transported from the
Siple Coast; observed differences between the upper 0.1-0.2 m and deeper
material were interpreted as the result of diagenesis in situ (Webb et al.,
1979). Vigorous debate has focused on whether Pliocene or Pleistocene fossils
are present in the material, which certainly is dominated by Miocene forms
(e.g., Kellogg and Kellogg, 1981, 1983, 1986; Brady, 1983). Recent studies
(Harwood, 1986; Harwood et al., 1989) question whether any undoubtedly
post-Miocene diatoms occur at J9 and support a mid-late Miocene age for the
youngest documented event of marine productivity in the interior Ross Embayment.

Anderson et al. (1980) have reconsidered the physical properties of the J9
sediments and concluded that the sediment probably is a basal till rather than a
dropstone diamicton. However, Harwood et al. (1989) present evidence suggestive
of a dropstone origin. A basal till might contain only recycled fossils from
its source area, whereas a water-laid sediment probably would contain some
fossils indicative of the time of deposition. In this regard it is worth noting
that Raiswell and Tan (1985) have interpreted the chemistry of the J9 cores as
indicating Pleistocene deposition of at least the upper 0.1-0.2 m, and possibly
the entire length.

North of the Ross Sea, the continental rise and abyssal plain are blanketed
by a Tertiary sedimentary wedge hundreds of meters to kilometers thick (Hayes
and Frakes, 1975). Miocene to Recent sediments in this wedge contain clasts
transported by ice (Hayes and Frakes, 1975).

GLACIOLOGICAL CONSIDERATIONS

Some glaciological models, including those of Thomas and Bentley (1978) and
Stuiver et al. (1981) have reconstructed the Wisconsinan-maximum West Antarctica
ice sheet as having advanced to the edge of the continental shelf and having
developed an equilibrium, East Antarctic-type surface profile characterized by a
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steep surface slope near the coast and thick ice with a gradual surface slope
inland. Other authors have suggested that the Wisconsinan-maximum West Antarc~
tic ice sheet was grounded in what 1s now the Ross Sea but exhibited a low, ice-
stream surface profile (Thomas, 1979; Denton et al., 1986; Alley et al, 1987).
Drewry (1979) summarizes evidence from West Antarctica against an equilibrium
high-profile ice sheet in the Ross Sea, noting that such an ice sheet would
require greater increases in ice thickness in the vicinity of Byrd Station than
are allowed by the data of Whillans (1976) and Robin (1977). Drewry (1979) then
presents the hypothesis that the Ross lce Shelf expanded during the Wisconsinan
but that the grounding line advanced only about as far as J9.

The Ross Embayment {s relatively deep near the modern grounding line, shal-
lows outward to the edge of the continental shelf, and has relatively constant
width from the modern grounding line to the shelf edge (Figure 1). In the
absence of large increases in marginal ablation, a sufficiently large sea-level
drop for a sufficiently long time necessarily would allow the Ross Ice Shelf to
become fully grounded and allow grounded ice to expand to the edge of the con-
tinental shelf, regardless of basal conditions. The minimum sea-level drop
required for this to occgr hgs been termed a critical alue and estimated as
about 120-130 m for 0(107-10" a) (Weertman, 1974; Thomas and Bentley, 1978;
Drewry, 1979; also see discussion by R.H. Thomas appended to Drewry, 1979).

The ability of a morainal bank or till delta to cause grounding in water
that otherwise is too deep (Powell, 1984) suggests that conveyor-belt recycling
of a till delta would allow grounding-line advance to the edge of the contin-
ental shelf for a sea-level drop less than the critical value. In this case,
the rate of grounding-line advance would be limited by the rate of till-delta
recycling. Data summarized by Drewry (1979) show that the actual Wisconsinan-
maximum drop in sea level was within a few meters or tens of meters of this
critical value, but whether the critical value was achieved for a sufficiently
long time, if at all, is uncertain.

HYPOTHESIS

Wisconsinan-maximum sea-level fall caused the grounding line of the West
Antarctic Ice Sheet to advance across the Ross Sea to the edge of the contin-
ental shelf. Sea-level fall caused increased interaction of the ice shelf with
pinning points, increasing backstress on grounded ice and causing ice over the
heads of till deltas to steepen and thicken to maintain force balance. This
caused the water film at the ice-till interface to thin and increased the ice-
till coupling and the till flux across the delta. The resulting conveyor-belt
recycling of the delta accompanied the grounding-line advance, and may have been
required to allow the grounding-line advance if the actual sea-level fall was
less than the critical value for a grounded ice sheet in the Ross Sea without
till deltas.

Grounding-line advance led to a low-profile ice sheet. Much of the newly
grounded ice sheet was occupied by ice streams, but slow-moving ridges between
ice streams may have existed, perhaps at Crary Ice Rise and elsewhere, and may
have been frozen to their beds locally. The ice streams were lubricated by
water-saturated till layers some meters thick, with erosion (including
remobilization of older till) occurring beneath the till (Blankenship, et al.,
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1987; Rooney et al., 1987). Lubricating till for the ice streams was supplied
by advection from upstream, by local remobilization and erosion, and by
recycling of till deltas. This till was transported to the grounding line at
the edge of the continental shelf, where it built till deltas and/or slumped
downward to the abyssal plain.

During post-Wisconsinan sea-level rise the ice was floated off the bed to
leave a meters~thick continuous layer of basal till across the Ross Sea. Sorted
sand layers of the type reported by Kellogg et al. (1979) were left locally
during grounding-line retreat where water flows were concentrated, and the till
layer may have thickened locally as till deltas began to develop during any
pauses in grounding-line retreat. The grounding line eventually stablilized
near its present position about 5,000-10,000 years ago owing to cessation of
sea~level rise and to back-stresses from interaction of the Ross Ice Shelf with
its sides and with pinning points (Thomas and Bentley, 1978); deposition of
modern till deltas then began. Floating of frozen-on regions of slow-moving
grounded ice during grounding-line retreat may have allowed localized dropstone
sedimentation during subsequent basal melting, as proposed for the Filchner-
Ronne Ice Shelf by Orheim and Elverhoi (1981).

These events may have occurred several times during the latest Pliocene-
Pleistocene, and possibly before. 1In each case, erosion beneath the grounded
ice may have occurred wholly within the basal tills from earlier advances or may
have cut through earlier tills to the older glaciomarine sediments beneath the
Ross Sea unconformity. The Ross Sea unconformity thus may represent one or
several latest Pliocene-Pleistocene erosional events, and the overlying till may
have been deposited by the latest advances or may include material from several
advances. The number of advances that contributed to erosion of the Ross Sea
unconformity and to deposition of the overlying till may vary geographically.
The unconformity observed at the base of the deforming till at UpB (Rooney et
al,, 1987) is the inland extension of the Ross Sea unconformity, and is still
being eroded.

TEST OF HYPOTHESIS

The hypothesis presented above makes a number of testable predictions. The
hypothesis requires that the material resting on the Ross Sea unconformity is a
basal till, as argued by Anderson et al. (1980). It also seems to require that
the material at J9 is a basal till or some part of a till delta that was de-
posited during the Pleistocene. However, the hypothesis does not require the JO
material to contain Pleistocene fossils. This is because the large fluxes of
till envisioned here should allow "flushing out" of younger forms deposited near
J9, so that only sediments eroded upglacier beneath the grounded ice of the West
Antarctic ice sheet or from deeper, older sediments in the vicinty of J9 would
be observed in the till there. We thus would expect the youngest abundant fos-
sils at J9 to be no younger than the most recent period of marine productivity
in the region now occupied by the grounded West Antarctic ice sheet.

Testing of our hypothesis clearly requires resolution of the existing
conflicts about the age and depositional mode of sediments in the Ross Sea and
beneath the Ross Ice Shelf. 1In addition, further geophysical and drilling
studies are needed of deforming till and the till delta beneath ice stream B.
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We also need to develop the modeling capability to quantify this hypothesis and
to use it to make further testable predictions regarding sediments in the Ross
Sea. These tests represent a large component of a new scientific initiative to
study the Sea-Level Response to Ice Sheet Evolution (SeaRISE).
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FIGURE CAPTIONS

Figure 1

Bathymetry (depth below sea level in meters of base of water column or of
grounded ice) of Ross Sea and most of the area of West Antarctica draining into
it. The contour interval changes from 50 m in the Ross Sea and under the Ross
Ice Shelf te 250 m beneath the West Antarctic inland ice. On a grid scale, 1° =
111 km. Byrd Station (Byrd), Upstream B camp (UpB), and J9 are shown. From
Bentley and Jezek (1981).

Figure 2

Map showing Ross ice streams flowing into Ross Ice Shelf; ice streams are
shown stippled. Modified from Shabtaie and Bentley (1987). Grounding line of
Rose (1979) is shown on the ice streams by light dashed line and grounding line
of Shabtaie and Bentley (1987) is shown by heavy solid line; ice plains occur
between the two. Major camps and features are indicated.

21



Figure 1




Figure 2

0 km 300
1

23



SEAFLOOR SAMPLING ON THE ANTARCTIC CONTINENTAL MARGIN
John B. Anderson
Department of Geology and Geophysics
Rice University
Houston, Texas, 77251

Drilling on the Antarctic continental margin has concentrated on
portions of the Ross Sea (DSDP Leg 28 and MSSTS-CIROS sites), Weddell
Sea (ODP Leg 113), and Prydz Bay (ODP Leg 119). During the late 1960's an
ambitious piston coring program (Eltanin Program) sampled the Southern
Ocean strata with an emphasis on the deep sea. Later, the Deep Freeze
Program included a long-term piston coring effort. Several hundred piston
cores and dredge samples were collected on the continental margin as a
result of these programs. These cores now reside at the U.S. Antarctic
Marine Geology Research Facility at Florida State University, Tallahassee.

Rugged glacial topography characterizes most of the Antarctic
continental shelf; the result of erosion by marine ice sheets. In most
areas, this erosion has cut deep into older sequences. Seismic records
from several portions of the continental shelf show that much, if not all,
of the Neogene shelf sequence subcrops on some area of the shelf. Hence,
the ice sheets have exposed a rich record of the continent's geological and
climatic history. Unfortunately, the same ice sheets that eroded the shelf
also deposited a layer of till that is virtually inpenetrable with piston
cores and gravity cores. Very few of the cores from the continental margin
penetrated outcrops older than late Pleistocene.

Studies of piston cores have provided an understanding of
sedimentological processes active on the continental shelf, and of the
more recent climatic record of the continent. But the true "mother load”
of geological knowledge lies just below the seafioor. Unfortunately, drill
ships rarely visit the Antarctic region, so a need exists to develop a coring
device capable of subbottom penetration of a few tens of meters. Coupled
with detailed high resolution seismic surveys, this type of coring program
would advance our understanding of Antarctica's climatic and tectonic
history.
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INTERPRETATION OF GLACIAL MARINE DEPOSITS AND THE STRATIGRAPHIC
RECORD OF ANTARCTICA'S GLACIAL, CLIMATIC, AND OCEANOGRAPHIC
HISTORY: PROBLEMS, PROGRESS, AND FUTURE NEEDS
John B. Anderson and Louis R. Bartek
Department of Geology and Geophysics
Rice University
Houston, Texas, 77251

The most complete stratigraphic record of Antarctica's glacial/climatic
history exists in the sedimentary basins of the continental margin. In this
workshop, we will discuss how and where to sample these strata. But we
also must consider the need for research that provides the information
needed to interpret this record. Geologists still are debating the
paleoclimatic and paleoceanographic implications of the few sites that
already have been drilled; this debate will continue until our understanding
of glacial marine sedimentation improves. This requires studies of cores
and high resolution seismic records from the varied glacial marine
settings that presently exist around Antarctica.

Thousands of piston cores, box cores, and grab samples have been
acquired from the seafloor surrounding Antarctica since the 1960's.

During the late 1960's and throughout the 1970's, sedimentological
studies concentrated on the deep seafloor; resulting in the publication of
several maps showing the regional distribtution of surface sediments
(Lisitzin, 1962; Goodell, 1973; McKoy et al.,, 1985; Anderson, 1990). Over
the years, a number of papers dealing with paleoceanographic and
paleoclimatic interpretations of Southern Ocean sediments have appeared
in the geologic literature, too many to summarize in this paper.

Modern abyssal sediments of the Antarctic region consist of biogenic
carbonate, biogenic silica, fine-grained terrigenous material (derived
mainly from Antarctica), and ice-rafted material. Manganese nodules and
micronodules abound within scour zones. The relative concentrations of
these components varies widely across the seafloor, and a variety of
processes influence the distribution of major sediment types is. Such
processes includ oceanographic circulation and water mass properties, sea
- ice cover, the drift paths of icebergs, and variations in the amount and
character of sediment transported from the Antarctic continent. Previous
attempts to reconstruct the paleoclimatic and paleoceanographic record

25



from abyssal sediments, more often than not, concentrat on variations in
only one of the above components. The underlying assumtions in such
studies are that 1) variations in the concentration or size of a single
component reflect variations in its rate of flux to the seafloor and 2) the
flux rate of other components remain constant. = Another common mistake
is to assume that the rate of flux of a single component corresponds to
variations in a single supply mechanism, for example the assumption that
down-core variations in the concentration of ice-rafted debris reflect
variations in the volume of ice on Antarctica. Such variations could
indicate changes in the glacial maritime setting of the continent, iceberg
drift tracks, sea surface temperatures, or varitations in the flux of other
sedimentary components to the seafloor. Extracting a valid history of
Antarctic glaciation from the literature on deep sea deposits may be one
of the greatest challenges facing Antarctic sedimentologists.

A paucity of samples hampered early studies of sedimentation on the
Antarctic continental margin. The first detailed studies of sedimentation
processes on the Antarctic continental margin concentrated on the Ross
Sea (Chriss and Frakes, 1972) and the Weddell Sea (Anderson, 1972). Later
investigations were conducted on the Wilkes Land (off the George V Coast)
continental shelf (Anderson et al., 1980; Domack, 1982; Dunbar et al.,
1985); Ross Sea (Kellogg et al., 1979; Anderson et al., 1984); Weddell Sea
(Anderson et al., 1980; Elverhoi, 1981); Marguerite Bay (Kennedy and
Anderson, 1988); and northern Antarctic Peninsula region (Griffith and
Anderson; 1989). Anderson and Molnia (1989) provide an up-to-date
review of these and other works.

Late Pleistocene tills are widespread on the Wilkes Land, Ross Sea, and
Weddell Sea shelves (Kellogg et al., 1979; Anderson et al., 1980; Domack,
1982; and Elverhoi, 1981) and posess all the characteristics of continental
tills (Anderson et al., 1980). Holocene glacial marine sediments overlying
the tills vary widely in texture and composition across the shelf. These
differences reflect differences in the glacial marine setting,
oceanographic circulation, sea ice cover, and the influence of sediment
gravity flow processes. We are making steady progress toward
understanding how these different mechanisms affect sedimentation.
-Thus, the shelf contains a dramatic record of climatic and glacial changes
since the late Pleistocene. Future work should concentrate in two areas:
1) study of how these changes manifested themselves in the deep sea
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record; and 2) the improvement of biostratigraphic resolution within
continental margin depaosits.

Drilling on the Antarctic seafloor has been limited to the Ross Sea
(DSDP Leg 28; MSSTS and CIROS sites), Bellingshausen Sea (DSDP Leg 35),
Weddell Sea (ODP Leg 113), Prydz Bay (ODP Leg 119), and a few scattered
sites from the Southern Ocean abyssal floor (DSDP Leg 29 and DSDP Legs
114 and 119). The sequences drilled on the continental shelf indicate that
climatic cooling and ice sheet development were diachronous around the
continent. The oldest glacial deposits yet drilled on the shelf were
recovered in Prydz Bay. These show that the ice sheet grounded on the
shelf as early as middle Eocene time (Barron et al., 1988). In the Ross Sea,
glacial marine sediments of Early Oligocene age were drilled at CIROS-1
(Barrett, 1989), and cores from the central shelf (DSDP Leg 28, sites
270-273) contain glacial marine deposits that date back to at least early
Miocene (Hayes and Frakes, 1975). Drilling in the Weddell Sea and
Bellingshausen Sea concentrated exclusively on the deep sea floor, and the
results from these sites remain ambiguous.

One of the problems with past drilling projects in Antarctica has been
the virtual absence of high resolution seismic data during site selection
and drilling. We must capitalize on our limited drilling opportunities by
conducting high resolution seismic surveys on the shelf, and use these
data to study the sequence stratigraphy and seismic facies of each area.
These data can aid in the development of testable glacial evolution models.

Considerable progress has been made over the past decade toward
understanding seismic facies on high latitude continental shelves; most of
this work has been carried out on the Canadian shelf and in the North Sea
(King and Fader, 1986). We can build on these studies by collecting high
resolution seismic data in those areas of the Antarctic already drilled and
by comparing these data with those from different glacial marine settings.
The results of one such study in the Ross Sea will be presented at this
workshop (Bartek and Anderson). It would be interesting to undertake a
similar study in Prydz Bay.

Besides the obvious questions concerning Antarctica's long-term glacial
climatic history, there is a need to develop a better understanding of
. short-term (century to millinium scale) climatic changes. This too will
rely upon acquiring a better understanding of glacial marine
sedimentation. Tectonic basins and glacial troughs on the Antarctic
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continental shelf contain thick Pleistocene-Holocene sequences. In the
past we were unable to date these deposits; they seldom contained
sufficient material for radiometric dating. However, recent advances in
radiocarbon dating, specifically the development of the tandem
accelerator mass-spectrometer (TAMS), provide a means of dating these
sediments using very small concentrations of carbon (Domack et al., 1989).

The sole study conducted to date within one of these thick Holocene
sections is that of Domack and Jull (in press). They examined a 23 m
thick, late Pleistocene-Holocene section drilled at ODP Leg 119, site
740A. The record shows slow and progressive warming since about 10,700
years B.P., with a short term cooling event about 7300 to 3800 years B.P.
But Prydz Bay is lies well within the polar regions of Antarctica, and
therefore, is subjected less frequently to minor and/or short term
climatic changes.

The basins and troughs of the Antarctic Peninsula should contain the
most interesting record of short-term climatic events. Studies of recent
bay and fiord deposits situated within different climatic zones of the
peninsula region indicate very different types of sediments (Griffith and
Anderson, 1989). These results are encouraging, and idemonstrate that we
can reliably date and interpret the sedimentary record of Holocene climate
in Antarctica.
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RESULTS OF HIGH RESOLUTION SEISMIC REFLECTION SURVEYS OF THE
NORTHERN ANTARCTIC PENINSULA REGION
John B. Anderson
Department of Geology and Geophysics
Rice University
Houston, Texas, 77251
John D. Jeffers
Mobil E&P, U.S.
Houston, Texas

High resolution (single channel/water gun and sparker) surveys of the
continental shelf between, and including, Marguerite Bay and Bransfield
Strait, conducted during the 1985, 1986, 1987, and 1989 field seasons,
resulted in a data set exceeding 6,000 kilometers (Fig. 1). These data are
being used to examine the tectonic and climatic history of the region.

The continental margin in this part of Antarctica has evolved from an
active margin to a passive one as the Aluk Ridge gradually was subducted
at the Antarctic Plate Boundary. This transition occurred diachronously;
as the timing of ridge subduction proceeded from south to north (oldest to
youngest). Thus, the shelf exhibits both tectonic and sedimentologic
segmentation, and seismic data show that the extent of tectonic
deformation and post-tectonic sedimentation varies correspondingly.

Seismic records from the shelf south of Bransfield Basin show four
sequences (Fig. 2). The oldest of these, S4, consists of folded and faulted
pre- and syntectonic deposits, presumably consisting of volcaniclastic
deposits. Sequence S3 represents an accretionary sequence resting
sharply on S4, and reflects efficient sediment transport across the shelf
following ridge subduction. The age of this sequence boundary is inferred
from paleomagnetic data. A major unconformity (glacial erosion surface)
separates S3 from the overlying sequence (S2). Abundant glacial erosion
surfaces and massive till tongues characterize S2. This sequence marks
an episode of ice sheet waxing and wanning across the shelf. The youngest
sequence, S1, is a draping sequence consisting of glacial marine
sediments. -

Sequence S2 rests directly on S4 in the segment of continental shelf
- situated between the Biscoe and Anvers fracture zones. Here, ridge
subduction occurred approximately 18 Ma. This implies that an ice sheet
grounded on the shelf by, or shortly after, this time. This corresponds
approximately with the Melville Glaciation in the King George Island area.
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Three subbasins, shown by the overall morphology of the basin, divide
Bransfield Strait (Fig. 3). Geophysical data demonstrate that the three
subbasins represent discrete tectonic segments with different tectonic
and depositional histories (Fig. 4). Tectonic segmentation of the back-arc
basin reflects the continuing influence of the South Shetland subduction
zone. Relative ages of back-arc and forearc sequences suggest that
forearc subsidence resulting from cessation of subduction pre-dates
back-arc rifting.

Two distinct systems tracts stack to form depositional sequences of
the basin. Organic-rich hemipelagic sediments drape the basin during
highstand/interglacial periods. in contrast, large volumes of
glacially-derived terrigenous sediments prograde into the basin during
lowstand/glacial maxima. Subsidence rates and sediment thicknesses
suggest that these glacial/interglacial cycles are of ~0.8 Ma duration.
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Antarctic Continental Margin: British Antarctic Survey Data
P F Barker, R D Larter, C J Pudsey

The British Antarctic Survey, and before 1987 the University of Birmingham,
UK, have acquired marine geophysical and geological data in the SW
Atlantic, SE Pacific, Scotia and Weddell Sea, over many years. This report
confines its attention to

(a) the continental margins of the Antarctic Peninsula and South
Orkney microcontinent

(b) multichannel seismic, GLORIA and shallow sidescan data, 3.5 KHz
profiles and sediment cores

(c) (therefore) the three cruises RRS Discovery 154 and 172, and RRS
Charles Darwin cruise 37, in the period 1985-9.

Multichannel Seismic profiles were acquired on Discovery Cruises 154 (D154)
and 172 (D172), in early 1985 and 1988. The source on D154 was small,
generally a 4-gun array totalling 8.5 litres, fired at 50 metre intervals.
The streamer had an active length of 2.35 km, comprising 48 50-m groups.
Sampling interval was 4 ms, and most data were recorded to 10 s TWI. The
24-fold CDP data were commercially processed through to stacked time
sections, and short lengths have been migrated, f-k filtered etc as
appropriate. Out of 3770 km of MCS data acquired during D154, 2310 km are
relevant here. Lines AMG845-1 to -11, totalling 1110 km, were an
examination of ridge crest subduction, and sediment transport under a
glacial regime, across the Antarctic Peninsula continental shelf and slope
(Larter and Barker, 1989; in press). Lines AMG845-12 and -13 (370 km)
crossed the South Shetlands margin, and -14 was a 460 km-long transect of
the northeast Peninsula shelf, from the South Shetland block, across
Bransfield Strait and ultimately into the Weddell Sea (Barker and Lonsdale,
in press). Lines AMG845-16, -17 and -18 (370 km total) on the South Orkney
microcontinent were shot in preparation for drilling during ODP Leg 113,
aimed at an examination of the history of West Antarctic glaciation and
palaeo-circulation. Sites 695 and 696 were drilled on Line -18 (Barker,
Kennett et al, 1988a,b).

A hull-mounted shallow sidescan system (1l-side only) was operational most
of the time on the continental shelf during the acquisition of lines -1 to
-11 and -14, and along small parts of lines -16 and -17. A 3.5 KHz profiler
was operational throughout D154, and magnetic and gravity data were
obtained along most lines. Heat flow measurements were made on the
Antarctic Peninsula margin during D154 (Dougherty et al, 1986). Among
direct sampling efforts during D154 were dredges D98 to 104 on the
Antarctic Peninsula margin and gravity cores GC018 to 028 on the eastern
margin of the South Orkney microcontinent (Pudsey et al, 1987; 1988).

Multichannel seismic data were acquired during Discovery cruise 172 using
the same system with a slightly larger source (usually 4 guns, 15.8 1).
Sampling interval was 4 ms, and record lengths were typically 6 s TWT on
the shelf, 9 s TWT across the margin and rise. A total line length of 3640
km was acquired, of which 2140 km, acquired during Leg 3 along the Pacific
margin of the Antarctic Peninsula, are relevant here. Unfortunately, the
48-channel streamer was lost at the end of Leg 2, after probable collision
of the tail buoy with a bergy bit in southern Powell Basin. Leg 3 data were
acquired with a 16-channel streamer, built from spare sections, and giving
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only 8-fold cover. Of these data, lines BAS878-11 to -18 supplemented the
main body of D154 data on the continental shelf close to Anvers Island,
whereas Lines -19 to -21 formed a separate survey, farther to the southwest
and extending out to DSDP Site 325 on the continental rise. BAS has now
implemented a small in-house seismic processing capability, which has
started to process the 1988 data. Line 19 has been processed externally,
and is interpreted by Larter and Barker (in press).

Magnetic, gravity and 3.5 KHz profiles were acquired along all of these
lines; the same hull-mounted sidescan system was on board as on D154, but
failed early in the Leg, and produced few useful data. Direct sampling
included 6 dredge and 8 core stations on the Antarctic Peninsula shelf.

Charles Darwin Cruise 37 was essentially a GLORIA cruise. Four main surveys
were compiled, including one of the Pacific margin of the Antarctic
Peninsula. These are the only long-range sidescan data from the Antarctic
margin. Zhey were acquired along 3100 line km of ship track, and cover
85000 km~. The GLORIA swath width is up to 45 km. GLORIA data were acquired
at between 11 and 16 km/hr, and other data were acquired at the same time.
A dual channel seismic system, digitally recorded, employed a single water
gun (1.3 1) fired at 30 s intervals, 2 s before a single air gun (4.9 or
11.5 1) fired at 15 s intervals, synchronised with GLORIA to prevent water
gun signals contaminating GLORIA data. Magnetic, gravity and 3.5 KHz data
were also recorded. The aim of this survey was to help existing studies of
shelf/slope/rise sediment transport, and of ridge crest subduction. It will
be used as the basis for more detailed investigation and sampling on future
cruises. GLORIA and associated seismic data are being processed in-house.

Bibliography

Barber, P.L., Barker, P.F. and Pankhurst, R.J. Dredged rocks from
Powell Basin and the South Orkney microcontinent. Proceedings of the fifth
International Symposium on Antarctic Earth Sciences, Cambridge, Cambridge
University Press, in press.

Barker, P.F. and Lonsdale, M.J. A multichannel seismic profile across
the Weddell Sea margin of the Antarctic Peninsula: regional tectonic
implications. Proceedings of the fifth International Symposium on
Antarctic Earth Sciences, Cambridge, Cambridge University Press, in press.

Barker,P.F., Barber,P.L. and King,E.C. 1984. An early Miocene ridge
crest—-trench collision on the South Scotia Ridge near 36W. Tectonophysics
102, 315-332

Barker,P.F., Dalziel,I.W.D. and Storey,B.C. Tectonic Development of
the Scotia Arc region. In Tingey R.J. Ed Geology of Antarctica. Oxford
University Press. In press.

Barker,P.F., Kennett,J.P. and Shipboard Scientific Party 1988. Weddell
Sea palaeoceanography: preliminary results of ODP Leg 113. Paleogeogr,
palaeoclimat., palaeocecol., 67, 75-102.

Barker,P.F., Kennett,J.P. and Shipboard Scientific Party 1988. Proc.

ODP, Init. Repts. (part A), 113: College Station, TX (Ocean Drilling
Program)

38



British Antarctic Survey 1985. Tectonic Map of the Scotia Arc.
1:3000000. BAS (Misc) 3. Cambridge, British Antarctic Survey.

Dougherty M.E., Von Herzen R.P. & Barker P.F. 1986. Anomalous heat
flow from a Miocene ridge-crest collision, Antarctic Peninsula. Antarctic
Journal of the United States, 21, No. 5, 151-153.

King,E.C. and Barker,P.F. 1987 The margins of the South Orkney
Microcontinent. J geol Soc Lond., 145, 317-331.

Larter, R.D. and Barker, P.F. 1989. Seismic Stratigraphy of the
Antarctic Peninsula Pacific margin: a record of Pliocene~Pleistocene ice
volume and paleoclimate. Geology, 17, 731-4.

Larter, R D and Barker, P F (in press) Neogene interaction of tectonic
and glacial processes at the Pacific margin of the Antarctic Peninsula. In
Macdonald, D I M, ed. Sea-Level Change at Active Margins. Int. Assoc
Sediment. Sp. Publ.

Pudsey,C.J., Murray,J.W. and Ciesielski,P.F. 1987 Late Pliocene to
Quaternary sedimentation on the South Orkney shelf. Bull. Br. antarct.
SU.I‘V. 77’ 81-970

Pudsey,C.J., Barker,P.F. and Hamilton,N. 1988 Weddell Sea abyssal
sediments: a record of Antarctic Bottom Water flow. Mar. Geol. 81, 289~314.

Toker, V., Barker, P.F. and Wise, S.W. Middle Eocene carbonate-bearing
sediment off the northern Antarctic Peninsula. Proceedings of the fifth
International Symposium on Antarctic Earth Sciences, Cambridge, Cambridge
University Press, in press.

Figure 1. Locations of MCS profiles on margins of Antarctic Peninsula and
South Orkney microcontinent, RRS Discovery cruises 154 and 172, 1985 and
1988.

Figure 2. Location of GLORIA survey of Pacific margin of Antarctic
Peninsula, RRS Charles Darwin cruise 37, 1989.
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Morphologic, stratigraphic, and sedimentologic studies of surficial
sediments off Wilkes Land and in the western Ross Sea

By Peter W. Bamnes, Brian D. Edwards, and Herman A. Karl
U.S. Geological Survey, Menlo Park, CA 94025, USA

Bathymetry, side-scan sonar, high resolution seismic-reflection data and cores were obtained from
portions of the continental shelf off Wilkes Land and in the westen Ross Sea from back to back cruises
in January and February, 1984. The data consist of paper records, cores and digital side-scan sonar
tapes which are archived at the US Geological Survey in Palo Alto, California. At the present time
there are no ongoing studies based on the data and no future plans to re-study the existing data or to
obtain new data. The following further describes the data and its interpretation.

A small section of formerly glaciated mid- to outer-shelf off Wilkes Land was studied with side-
scan sonar and seismic reflection techniques (12-, 7-, and 3.5-kHz transducers, and 1-kHz boomer). The
data delineate the seismic signature of surficial sediments and allow detailed examination of small-scale
morphologic features associated with banktop, bank slope, and self trough environments to water
depths of about 600 m (Figure 1). Moraine-like ridges, 30 to 50 m high rim the southern flank of the
bank top. Discontinuous and chaotic reflectors from the bank top and bank slope suggest a sub-glacial
or iceberg keel disruption origin for these diamicts. The association of these reflectors with crisp disr-
uption bedforms on the seabed, ascribed to iceberg groundings, supports the latter interpretation for
chaotic bedding. Ice gouges from the bank top to depths over 500 m were sparse and were typically
multiple-grooved incisions a few meters deep and 10°s of meters wide. Semi-circular, flat floored
depressions 30 to 150 m in diameter were prevalent in the same environment and are also ascribed to
modemn ice keel groundings. In the shelf trough environment, acoustically transparent siliceous Holo-
cene ooze drapes and blankets what are interpreted to be sub-glacial ridges and furrows having 5 to 10
m of relief. There ridges and troughs trend offshore and are ascribed to pre-Holocene glacial advance
onto the shelf.

Western Ross Sea high-resolution seismic-reflection records (12- and 3.5-kHz transducers, and 1-
kHz boomer) led to the identification of eight echo-character facies and six microtopographic facies in
the sediment deposits that overlie the Ross Sea unconformity. These facies identify 3 depositional
regions (Figure 2). 1) McMurdo Sound facies suggest turbidity current deposition in the western part of
the basin. 2) The region between 77°S and 75°S at water depths greater than 600 m water depth con-
tain thin, pelagic deposits typical of deep water environments. 3) To the north (75°S to north of 74°S)
the signature of acoustic facies indicates higher energy conditions or, ice related processes. Also seen
in this region are thick lodgement tills deposited from the most recent advance of the West Antarctic
Ice Sheet. This advance is also recorded in relief features indicative of the base of the grounded ice
sheet prior to decoupling form the seafloor.

A region of hummocky topography northeast of Drygalski Ice Tongue at depths of 270 to 750 m
occurs entirely in a 1 to 30 m thick acoustically transparent unit. These hummocks unconformably
overlie a stratified, gently deformed and truncated sequence interpreted as Late Oligocene to Late
Miocene in age whose upper surface is probably the regional Ross Sea Unconformity of Late Miocene-
Pliocene age. The hummocky topography has relief of 1 to 20 m and apparently consists of linear fur-
rows and ridges. Cores from the furrow crests and troughs indicate the hummocks to be a basal till of
unstratified gravelly sandy mud. The topography is interpreted as relict from the the irregular base of
the moving Ross Sea Ice shelf prior to decoupling from the sea floor during the Holocene or from
groundings of large icebergs calved from the ice shelf shortly after decoupling. The absence of acousti-
cally resolvable sediment overlying the till indicates sparse sedimentation during the Holocene.
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ANTARCTIC CENOZOIC GLACIAL HISTORY FROM ANTARCTIC GEOLOGIC EVIDENCE

P.J. Barrett Antarctic Research Centre, Victoria University of
Wellington, PO Box 600, Wellington, New Zealand
P.N. Webb Department of Geology, Ohio State University,
125 South Oval Mall, Columbus, Ohio 43210
D.M. Harwood Department of Geology, University of Nebraska,

Lincoln, Nebraska 68508

Geologic evidence from drillcores and outcrops from several parts of
the Antarctic indicates an old and varied glacial history for the
continent in Cenozoic times (Webb, 1990). Glaciation as old as middle
Eocene has been reported from King George Island at the tip of the
Antarctic Peninsula and ice-contact volcanics of similar age have
been dated from Marie Byrd Land, West Antarctica. However, clear
evidence of continental gla01atlon is found only in Oligocene and
younger strata.

Strata on the Antarctic continental shelf have now been drilled in
two areas, the Ross Sea and Prydz Bay (Fig. 1) 3000 Kkm apart
revealing a post-Eocene blanket of glacigenic strata deposited in
slowly subsiding rift basins. In the eastern Ross Sea at DSDP-270,
where the glacial sequence is underlain by glauconitic sandstone,
glacial sedimentation began around 26 Ma ago (Hayes, Frakes et al.
1975). In the western Ross Sea, however, the CIROS-1 drlllhole, which
cored the delta of a major outlet for East Antarctic ice, records
ice-rafting going back to 36 Ma and grounded ice, advancing and
retreating in phase with sea level falls, from 30 to 22 Ma (Barrett
1989). Broad covariance of glacial advances and sea level falls
suggests the growth and decay of large ice sheets (capable of raising
sea level at least tens of meters). The occurrence of a beech leaf
in mudstone at 28 Ma between two diamictite beds (and beech pollen
Cclusters at other levels in the core) indicates the survival of beech
forest on the coast through several such glaciations, and attests to
their temperate character.

On the other side of the Antarctic ice sheet, ODP drilling in Prydz
Bay cored a seaward dipping wedge of diamictite considered to be
deposited largely from grounded ice and as old as Early Oligocene or
Late Eocene (Barron et al., 1990). Chronology for Prydz Bay core is
not well established and core recovery was poor but it |is
nevertheless clear that the Lambert Glacier extended out to the edge
of the continental shelf for at least some of Oligocene time, and
possibly also late Eocene time, requiring the existence of large ice
sheets during much of this period (Hambrey et al., 1989).

The post-Oligocene record is poorly represented in Antarctic shelf
cores drilled to date, but the dlscovery of Pliocene (and older)
marine diatoms in outcrops of glacial debris termed the Sirius Group
at high elevations in the Transantarctic Mountains and near sea level
in Prydz Bay indicates major ice volume changes into the late
Pliocene (Webb et al., 1984; Pickard et al., 1988). Specifically the
diatoms indicate that there were periods until the latest Pliocene
when seas were present in the interior of East Antarctica and hence
periods when the continental ice sheet was greatly reduced or even
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absent. The subsequent discovery of beech wood in the Sirius
Group (Carlquist, 1987) requires that, as in the Oligocene, these
Antarctic ice sheets could not have been so cold as to wipe out
coastal forest enclaves. On present data this implies a minimum
average monthly summer coastal temperatures of 8 deqrees C, about 10

degrees warmer than today’s (interglacial) climate.

The style of glaciation outlined above, and summarized in figure 2,
is of growth and decay of continental ice sheets on Antarctica on a
~ 1 m.y. timescale, beginning at least 30 Ma, and possibly 40 Ma,
ago. This is not consistent with the widely held view, based on deep-
sea sediments and the oxygen isotope record, that Antarctic
glaciation became progressively intense with two main thresholds at
40 Ma (beginning extensive non-ice cap glaciation), and at 14 Ma (ice
cap formation) (Kennett, 1977). However, it is consistent with the
eustatic sea level changes implied by the third and fourth order
components of coastal onlap/offlap curves derived from seismic
stratigraphy of continental shelves (Haq et al., 1987). It is also
feasible from glaciological considerations (Robin, 1988).

A dynamic ice sheet history for Antarctica is also supported by
recent analysis of seismic data from parts of the Antarctic
continental shelf, where near-surface strata comprise many packages
of steeply dipping foresets and thin topsets, each of which is
considered to be related to the advance of an ice sheet, at times as
far as the continental margin (Larter and Barker 1989; Cooper et al.,
1990). Further, the growing body of seismic data from the Antarctic
shelf provides the potential for reconstructing this history in much
more detail, when erosional, depositional and tectonic processes can
be taken into account, and when sampling and stratigraphic study can
improve the chronologic framework.

Figure 1. Map of Antarctica.
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Figure 2. Suggested styles of Antarctic Cenozoic glaciation and their
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CENOZOIC PALEOCEANOGRAPHY OF THE SOUTHERN OCEAN: A SUMMARY
BARRON, John A., Branch of Paleontology & Stratigraphy,
U.S. Geological Survey, Menlo Park, CA 94025

An evolving picture of the Cenozoic paleoceanography of the Southern Ocean is
emerging from study of cores collected on Deep Sea Drilling Project Legs 28,
29, 35, 36, and 71 and Ocean Drilling Program Legs 113, 114, 119, and 120
(Fig. 1) . 1In contrast to cores recovered from the Antarctic continent,
Southern Ocean pelagic sediment records are relatively complete and document a
more continuocus history of Cenozoic paleoclimatic conditions in the waters
around Antarctica. However, data from pelagic cores constitute a proxy for
environmental conditions present on Antarctica, and models for the Cenozoic
evolution of Antarctic ice sheets must consider the possibility of conditions
vastly different than those of today (e.g., the possibility of a large
temperate ice sheet on East Antarctica surrounded by relatively warm seas).

Paleoceanographic core data used in determining the Cenozoic climatic
record of Antarctica provide mainly proxies for the size and character of the
Antarctic ice sheets and more direct evidence for estimating the temperature,
circulation pattern, and intensity of flow of surface, intermediate, and deep
water masses.

ICE SHEET HISTORY
Isotopes

Much of the debate over the Cenozoic history of Antarctic glaciation has
centered on differing interpretations of the deep-sea oxygen isotope record.
Shackleton and Kennett (1975) proposed that the beginning of the Oligocene was
the first time that the mean annual temperature in high southern latitudes was
near freezing, thus allowing glaciers in Antarctica to descend to sea level
and produce sea ice. They argued that if an ice sheet were present in the
earliest Oligocene, it could not have been more than a small fraction of its
modern size. These authors and their supporters call for a progressive,
stepwise growth of the Antarxctic ice sheet.

Miller et al. (1987) used a composite benthic foraminiferal oxygen
isotope record of Cenozoic deep-sea sediments to suggest that significant
continental ice sheets have existed on Antarctica since the beginning of the
Oligocene (36-35 Ma):; however, they pointed out that the ice sheets may have
disappeared during parts of the Oligocene and early Miocene. They employed
covariance of the benthic and low- to middle-latitude planktonic &0 records
to infer several growth and decay events with growth at about 35, 31, 25, 14,
and 10 Ma.

Prentice and Matthews (1988) argue that tropical sea-surface
temperatures have remained essentially stable throughout the Cenozoic, whereas
bottom water temperatures have fluctuated significantly. Their reconstructions
suggest that the last 42 m.y. (since the latest middle Eocene) have been
typified by at least as much ice volume as exists today and that the Paleocene
and early Eocene (65-50 Ma) of Antarctica were essentially ice free.

None of the isotopic models allow for significant deglaciation of
Antarctic ice sheets after the early middle Miocene.
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Ice-Rafted Detritus

Ice-rafted detritus (IRD) provides evidence of glaciers calving at sea
level, but the absence of IRD in any given interval is not direct evidence of
the absence of icebergs in Antarctic seas. The tracts of icebergs may differ
with differing patterns of sea-surface circulation, and the survivability of
icebergs will depend of sea-surface temperatures. Consequently, there is both
a latitudinal control on the age of the first occurrence of IRD in the
Southern Ocean and a diachroneity of IRD records around Antarctica.

Unequivocal earliest Oligocene IRD was reported by ODP Legs 119 and 120
on the Kerguelen Plateau, but reports of Eocene IRD have been questioned. The
appearance of IRD in late Miocene (about 8 to 9 Ma) sediments in the Drake
Passage is cited as evidence for the initial development of the West Antarctic
ice sheet. A latest Miocene (about 6 Ma) increase in IRD is documented
throughout the Southern Ocean, and Pliocene and Pleistocene sediments are
typified by significant, but highly variable, amounts of IRD.

Clay Mineralogy

The ratio of smectite to illite in the clay minerals of pelagic Southern
Ocean sediments has been used to infer conditions on the Antarctic continent.
Smectite is more typical of warm and humid climatic conditions, whereas illite
is more readily formed in cooler climates by physical weathering. Southern
Ocean records adjacent to East Antarctica show a switch from clay minerals
dominated by smectite to those dominated by illite in the earliest Oligocene
attesting to a major increase in glacial conditions in East Antarctica at this
time. The increase of illite and chlorite in the upper Miocene of Site 696
(Fig. 1) may reflect the formation of the West Antarctic ice sheet. In
assessing the clay mineral record of the Southern Ocean, the possibility that
some of the smectite component might be recycled by the erosion of older
Antarctic sediments containing smectite clays must be considered.

Pollen

The presence of in situ pollen in Eocene and Oligocene Antarctic
sediments provides evidence of vegetation on the Antarctic continent, but not,
necessarily, the absence of ice sheets during parts of the Eocene and
Oligocene. Any Oligocene and Eocene ice sheets on East Antarctica were most
likely temperate in character and subject to large scale fluctuations.
Vegetation may have been present in local areas during interglacial periods.

SURFACE WATER MASSES

The character and distribution of the surface water masses of the
Southern Ocean have been inferred by the succession of Cenozoic microfossil
assemblages, pelagic sediment character (carbonate vs. biosiliceous), and
oxygen isotope studies of near-surface dwelling planktonic foraminifers. These
investigations document a progressive cooling of surface waters during the
Cenozoic with major cooling steps in the middle Eocene, earliest Oligocene,
middle part of the Oligocene, middle Miocene, early late Miocene, latest
Miocene, and late Pliocene. This Cenozoic cooling trend is generally
attributed to the progressive establishment of open ocean circulation around
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Antarctica caused by the separation of Australia from Antarctica, which began
in the middle Eocene, and by the opening of the Drake Passage (near the
Oligocene/Miocene boundary).

Today, the Antarctic convergence marks the approximate boundary between
biosiliceous sediments deposited in subantarctic waters to the south and
dominantly carbonate sediments deposited in subtropical waters to the north.
The Subtropical convergence to the north separates subantarctic waters, which
are characterized by low diversity calcareous nannoplankton and planktonic
foraminiferal assemblages, from subtropical waters, which are typified by
higher diversity calcareous assemblages (Fig. 1).

The Cenozoic evolution of the Southern Ocean is characterized by a
progressive northward displacement of subtropical waters by an increasingly
stronger Antarctic Circumpolar Current. Southern Ocean calcareous microfossil
assemblages decline in diversity during the middle Eocene and again at the
Eocene/Oligocene boundary signalling cooling of surface waters. Provincial
radiolarian and diatom assemblages become established in the Southern Ocean
during this time, and biosiliceous sedimentation first became prominent in the
Southern Ocean during the latest Eocene to earliest Oligocene. Cooling trends
continued into the late Oligocene, but the early Miocene saw a reversal to
warmer conditions and less provincial microfossil assemblages. Major cooling
in the middle Miocene and early late Miocene was marked by a further drop in
the diversity of calcareous microplankton and an expansion of biosiliceous
sedimentation (diatoms and radiolarians). Carbonate sedimentation south of
50°S declined abruptly in the latest Miocene, but it reappeared in part during
warmer periods of the Pliocene and Quaternary. The Antarctic convergence
became established near its present-day location during the latest Miocene
(about 6.5 Ma) to earliest Pliocene (4.8 Ma), and Pliocene-Pleistocene
fluctuations in the location of this oceanic front have responded in concert
with glacial-interglacial cycles.

INTERMEDIATE AND DEEP WATER MASSES
Isotopes

Oxygen and carbon isotopes reveal that intermediate and deep waters of
the Southern Ocean underwent significant evolution during the Cenozoic. Most
researchers think that the Southern Ocean was the primary source of deep water
during the Cenozoic, with the exception of the latest Paleocene and early
Eocene (the periods of maximum Cenczoic warmth). During this warm period, deep
waters may have been dominated by warm saline deep water which was formed at
low latitudes. Such warm saline deep water was apparently important during the
earlier parts of the Cenozoic (Paleocene and Eocene) in the formation and
circulation of both the deep and intermediate waters of the world’s oceans.
Some researchers believe that warm saline intermediate waters produced in the
Indian Ocean also had a significant affect on global thermohaline circulation
as late as the early middle Miocene (15 Ma). Northern-component deep water
(analogous to North Atlantic Deep Water) was important briefly in the earliest
Oligocene before increasing in the Southern Ocean during the late early
Miocene and again at the end of the middle Miocene (10 Ma). By the late
Miocene, deep and intermediate waters of the Southern Ocean were essentially
modern in most aspects.
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Deep-sea Hiatuses

Deep-sea hiatuses are commonly linked to increases in bottom-water
velocity and, indirectly, to periods of increasing Antarctic ice volume.
Intensification of the flow and/or corrosiveness of Antarctic Bottom Water
(AABW), which is usually active at depths below 4000 m, and/or Circumpolar
Deep Water (CPW), which occurs above 4000 m, are usually cited as the cause of
deep-sea hiatuses in the Southern Ocean. Even if deep-sea hiatuses result from
increased production of either AABW or CPW, it is presently unclear how the
Antarctic ice sheet affects the formation of either water mass; some
researchers suggest increased AABW should occur during Antarctic glacial
periods, others favor increases during interglacial periods. Nevertheless,
apart from deep-sea hiatuses which can be linked with tectonic events,
hiatuses are more common in Oligocene and Neogene sediments (coincident with
the development of an Antarctic ice sheet) than they are in older sediments.

Numerous authors have argued that extensive Oligocene deep-sea hiatuses
in the Tasman Sea, Coral Sea, and other regions of the world were caused by
intensified oceanic circulation resulting from Antarctic glacial development.
Southern Ocean hiatuses across the Oligocene-Miocene boundary are typically
correlated with the opening of the Drake Passage and an intensification of
flow of the Antarctic Circumpolar Current. The middle and late Miocene is
either missing or dissected by numerous unconformities in most Southern Ocean
deep-sea sequences, attesting to an increased production of AABW and/or CPW
during this general period of cooling and expansion of the Antarctic ice
sheets. Studies of well~dated Pliocene and Pleistocene sediments from
different water depths reveal that hiatuses caused by AABW (below 4000 m water
depth) are not synchronous with hiatuses caused by CPW (about 4000 to 1000 m
water depth).
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Figure 1. Present-day locations of surface-water masses of the Southern
Ocean showing Deep Sea Drilling Project (DSDP) and Ocean Drilling Program

(ODP) sites.

Leg Sites
DSDP: 28 264-274
29 275-284
35 322-325
36 326-331
71 511-514
0DP: 113 689-697
114 698-704
119 736-746
120 747-751
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Neogene Stratigraphy of the Ross Sea Continental Shelf: Revelations
from Leg 2 of the 1990 Ross Sea Expedition of the R/V Polar Duke

Louis R. Bartek and John B. Anderson
Department of Geology and Geophysics
Rice University

Houston, Texas 77251

Introduction and Methods

Leg 2 of the 1990 R/V Polar Duke expedition in the Ross Sea began on the
morning of February 11 in McMurdo Sound, and ended on March 17 at King George
Island. The scientific objective of the cruise was to acquire a high resolution seismic
reflection data base on the continental shelf that, in conjunction with existing drill core
from the shelf (DSDP Leg 28 sites 270, 271, 272, and 273) and McMurdo Sound
(MSSTS and CIROS), will provide the basis for developing a high resolution seismic
stratigraphy for the late Paleogene and Neogene strata of the continental shelf.

Approximately 6,000 kilometers of seismic data were collected within the Ross
Sea and McMurdo Sound (Figs. 1 and 2). During the survey of the shelf, gravity and
magnetic data were acquired continuously, and a new seismic source, the G.l.
(Generator/injector) gun, was utilized as a seismic source. This "bubble-free" air gun,
developed by Seismic Systems Inc., produces a "clean” outgoing signal with a 0-128
Hz frequency spectrum. During a brief servicing of the G.I. Gun, a 100 in3 Hamco
water gun provided the seismic source. The two data sets are very similar in terms of
resolution, however, the G.I. gun provided greater subbottom penetration (between 1.5
and 2.0 seconds two way travel time for the G.l. gun compared to 1.0 second for the
Hamco water gun). High quality digital and analogue data (Fig. 3) were acquired on a
single channel Litton-Teledyne streamer.

Discussion of Problems and Data
The Ross sea continental shelf has long been recognized as a key region for
investigating the long-term glacial history of Antarctica. During DSDP Leg 28 four
sites were drilled on the continental margin in order to examine the history of
glaciation in the region (Hayes and Frakes, 1975). Unfortunately, recovery was poor
at these sites and the interpretation of the recovered strata has remained problematic.
For example, massive diamictites, as old as early Miocene age, were recovered at all
of the sites, but the subglacial versus glacial marine origin of these diamictites remains
controversial, even after detailed sedimentologic analysis (Barrett, 1975; Balshaw,
1981). This is a crucial controversy because a subglacial origin for these diamictites
implies expansion of a marine ice sheet onto the shelf, a glacial marine origin for
these deposits may imply the presence of tidewater glaciers in the region. The former
implies a polar climate whereas tidewater glaciers can exist in a temperate climatic
setting.
gWhile the recovery at sites 270 through 273 is 100 sparse to allow confident
paleoclimatic interpretations from lithologic units, these sites provide a rare
stratigraphic column with which to conduct sequence stratigraphic studies in
Antarctica. The only other sites on the continental shelf of Antarctica are in Prydz Bay,
East Antarctica (ODP Leg 119, Barron et al., 1990). Recent seismic studies on the
Canadian shelf (King and Fader, 1986), in the North Sea (King et al., 1987) and at Ice
Stream B in Antarctica (Alley et al., 1989) provide important information about the
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nature of seismic facies associated with both subglacial and glacial marine
sequences. These results provide a framework for seismic studies in Antarctica aimed
at deciphering the history of glaciation on the continental shelf in areas, such as the
Ross Sea, where drill sites provide needed chronostratigraphic information.

The seismic facies work conducted by King and Fader (1986) and King et al.
(1987) relies on high resolution (Boomer, sparker, water gun) records. Although the
Ross Sea seismic reflection data base is large, these data constitute either
multichannel air gun data, which lack the needed resolution for seismic facies
analysis, or high resolution data (mostly sparker records) which consist of short and
discontinuous lines. Hence, the existing data set (prior to this cruise) was unsuitable
for seismic facies and high resolution sequence stratigraphic analyses. The objective
of our cruise was to acquire high resolution data suitable for these types of analyses.
Our planned cruise track (Figs. 1 and 2) relied upon existing data sets to avoid
structural features that disrupt the stratigraphic sequences on the shelf, especially in
the western Ross Sea. Stratigraphic correlations are facilitated where our tracklines
cross existing drill sites on the shelf and in McMurdo Sound (Figs. 1 and 2).

Only preliminary analysis of the seismic data has been performed to date. The
results indicate that grounded ice sheets existed on the Ross Sea continental shelf at
least as early as late Oligocene time. This is based on the first occurrence of glacial
erosional surfaces and till tongues that are similar to those described by King and
Fader (1986) and King et al. (1987). These surfaces have been tied to DSDP site 270
(Fig. 3). The width of the scours associated with the till tongues is also comparable
with the width of modern ice streams. The massive tongue-like units in figure 3 are at
least 70 to 80 kilometers wide and modern ice streams have widths on the order of
100 to 150 kilometers (Alley et al., 1989). The widths of the trough-like scours on the
Ross Sea continental shelf also exceeds the widths of incisions carved by fluvial
entrenched valley systems. Incisions carved by entrenched valley systems are
typically 10 to 20 kilometers wide (Berryhill, 1986; and Thomas and Anderson, 1989).
Extensive shelf aggradation and progradation followed the late Oligocene grounding
event (Fig. 4). Waxing and waning of ice sheets on the continental shelf appears to be
intimately related with the aggradation and progradation of the shelf (Fig. 3). The ice
grounding stratigraphy appears to have been produced by two mechanisms. The till
tongue-like stratigraphy, which appears to be the most prevalent, may have been
produced by the buoyancy line migration mechanism discussed by King and Fader
(1986). In this model tongues of till are deposited on the shelf as wet-based ice sheets
wax and wane.

Data from the eastern side of the Eastern Basin of the Ross Sea show evidence
of the subglacial delta stratigraphy discussed by Alley et al. (1989). The seismic
character (oblique, sigmoid, and complex oblique-sigmoid seismic reflections) of the
sections indicates that the shelf margin was migrating seaward during the interval of
time that these glacial sediments were deposited (Hinz and Block, 1983). The Alley et
al. (1989) model for sedimentation beneath the ice streams of marine-based ice
sheets that may also explain the origin of some of the prograding seismic sequences
and glacially derived sediments in DSDP Sites 270-272.

Theoretical arguments and seismic data indicate to Alley and others (1989) that
ice stream B is rapidly gliding along on a layer of water-saturated, unconsolidated,
deforming till. It is thought that erosion of unlithified subjacent sediments by hard
clasts contained in the deforming till (topsets in seismic data) has produced the
angular unconformity that is observed in seismic data acquired along ice stream B
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(Alley et al., 1989). Calculations performed by Alley and others (1989) indicate that
erosion rates are high along ice streams and require relatively rapid deposition at the
grounding line of an ice stream. Alley and others (1989) indicate that at the grounding
line, the highly unconsolidated water-saturated sediment, that is transported through
the topset (till), loses contact with the ice. This is thought to cause slumping, and
development of foresets and bottomsets that are composed of turbidites and debris
flows. The stratigraphic succession of foresets and bottomsets composed of glacially
derived sediment gravity flow deposits, unconformably overlain by topsets of highly
unconsolidated, water-saturated till is termed a subglacial delta by Alley et al. (1989).

Alley and others (1989) hypothesize that the Ross Sea Unconformity
(Unconformity U1 of Hinz and Block (1983) was produced by the migration of ice
stream grounding lines and subglacial deltas during the Wisconsinan glacial
maximum. They believe that these events may have also occurred during the latest
Pliocene-Pleistocene, and possibly before, and suggest that erosion beneath the
grounded ice may have occurred entirely within the basal tills or may have cut through
earlier tills to older glacial marine sediments (Fig. 5). They also suggest that "conveyor
belt recycling” of till deltas would allow grounding line advance in water that would
otherwise be too deep. It is suggested by the authors of this paper that the process of
sediment recycling within subglacial deltas would produce subglacial deposits that
bear no resemblance to the characteristics that are ascribed to classic tills.
Homogenization of clasts from various source areas and incorporation of marine flora
and fauna from interbedded glacial marine deposits would make it very difficult to
distinguish subglacial deposits and glacial marine deposits in core. Thus, the stratal
geometry of cored sequences, as revealed in seismic data, may provide the only
insight into their origin. We suggest that the pattern of prograding sedimentary
sequences composed entirely of "glacial marine” sediments (DSDP Sites 270-272)
may have been produced by the waxing and waning of marine-based ice sheets on
the Ross Sea continental shelf since late Oligocene time.

It is important to note that the stratal patterns in the eastern Ross Sea are very
similar to those from many other continental margins (Bartek et al., in press). The
obvious implication of this observation is that the waxing and waning of the Neogene
ice sheets that produced the stratigraphy of the Ross Sea involved ice volume
fluctuations that may have been large enough to effect eustasy and hence coastal
onlap on a global scale. More drilling of the stratigraphic succession, which is literally
exposed at the sea floor, is needed to better constrain these relationships.

We have also found that the Plio-Pleistocene strata on the Ross Sea continental
shelf vary considerably in thickness and include at least four major glacial erosional
surfaces separating packages of predominantly subglacial deposits. The implications
of an increase in the scale of glacial features during late Pleistocene (?) time remain
problematic. Perhaps this relates to the evolution of the present ice stream systems of
the region. Drilling in appropriate localities and acquisition of more high resolution
seismic data may lead us to the solution of these interesting problems. Another
problem related to the Cenozoic stratigraphy of this region is what role did tectonics
play in the generation of the Neogene stratal patterns of the Ross Sea? Did declining
thermal subsidence on this margin increase the probability of ice sheet grounding on
the continental shelf? Is the pattern of aggradation and progradation a manifestation
of this event?
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Location of Polar Duke 90 (PD-90) seismic tracklines and DSDP core
locations in the Ross Sea, Antarctica. The heavier line along PD-90-49
indicates the location of the profile that is displayed in Figure 3.

Location of Polar Duke 90 (PD-90) seismic tracklines and MSSTS-1 and
CIROS-1 core locations in McMurdo Sound, Antarctica.

Portion of seismic line PD-90-49 and line drawing illustrating the presence
of subglacial seismic facies as old as late Oligocene. The location of the
profile is indicated by the heavier line along PD-90-49 in Figure 1. Note
the massive intervals and the cross cutting relationships of the Neogene
strata in this strike section. These are features that are similar to the till
tongue stratigraphy described bv King and Fader (1986).

This cross section, from Bartek (1989) is a composite of the data that have
been published by Hayes and Frakes et al. (1975), Hinz and Block (1983),
Sato et al. (1984). It illustrates that the basement has been subsiding in
the northeast faster that it has on the southwest and that following an early
Miocene transgression, the shelf margin aggraded and then prograded
seaward. Notes under the cross section suggest possible causes for the
stratal geometry.

These block diagrams are schematic representations of the stratigraphy of
the Eastern Basin of the Ross Sea continental shelf. The lower strata of
the block diagram (a.) illustrate a hypothetical stratigraphy that would be
seen in a strike section if the prograding shelf margins that are seen in the
dip sections were produced by fluvially dominated processes. The upper
portion of block diagram (a.) and all of block diagram (b.) illustrate the
stratigraphy that would have been produced if the shelf margin
progradation was generated by the waxing and waning of marine-based
ice sheets. Note that wide cross-cutting, trough-like incisions are
associated with the subglacial sequences (see Fig. 3 for an example of
this) and that relatively narrow v-shaped incisions are associated with the
fluvial successions (Berryhill 1986; and Thomas and Anderson, 1989).
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COMPOSITE STRATIGRAPHIC SECTION FROM THE
EASTERN ROSS SEA, ANTARCTICA

swW NE
0
late Pliocene Plio-Pleistocene
270 272 271
RN = 3
2 L2
Regolith and Late
3 Oligocene Shallow 3
: Water Marine and =
Estuarine A ] Early Miocene
Sediments AL AAAA
Middle Miocene
4 Basement (Paleozoic A A A A A A A A A A AAAAAA —4
Metamorphic Rocks) {AAAAS 50 40 '\:WM Eafe,hfi?iefi A
P A A A A A A AN AANARANAA
km PR AN NANANANANNANANNNANN]
5 NVVVWVW'\/WWWN\M/\N\I‘_ 5

POSSIBLE CAUSES OF STRATAL GEOMETRY

Late Oligocene- Accomodation
decreases and an ice sheet
advances onto shelf (Possibly as a
result of the exponential decrease
in thermal subsidence reaching a
critical value ?)

Early Miocene- Accomodation
high, ice sheets unable to
advance extensively onto shelf
(Warm Climate ?)

Middle Miocene- Accomodation
decreasing (exponential decrease
in rate of thermal subsidence ?)
and increasing rates of change in
accomodation (increase in ice
volume due to thermal isolation
-Drake Passage opened 22 Ma)

“late Pliocene and Pleistocene-
rate of change of accomodation
very high (i.e. Rates of
fluctuation are faster than rate
of basin subsidence so
sequences are canabalized)

L.R. BARTEK (1989)
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Speculation on the Uplift of the Shoulder Escarpment of the Cenozoic
West Antarctic rift system, and its Relation to Late Cenozoic Climate Change

by

John C. Behrendt
U.S. Geological Survey, Denver Federal Center
MS 964, Box 25046, Denver, CO 80225

and

Alan Cooper
U.S. Geological Survey, Menlo Park, CA

INTRODUCTION

The Cenozoic West Antarctic rift system (LeMasurier et al., 1978) extends
over a 3000 x 750 km, largely ice-covered area from the Ross Sea to the
Bellingshausen Sea, comparable in area to the Basin and Range and the East
African rift systems (Figure 1). A spectacular rift-shoulder scarp extends
from North Victoria Land to the Queen Maud Mountains to the Horlick-Whitmore-
Ellsworth Mountains along which peaks reach 4-5 km maximum elevation. The
rift shoulder has maximum present relief of 5 km in the Ross Embayment and 7
km in the Ellsworth Mountains-Byrd Subglacial basin area. The Cenozoic West
Antarctic rift system is characterized by exposures of bimodal alkaline
volcanic rocks (LeMasurier,1990) in Marie Byrd Land and the Transantarctic
Mountains bordering the Ross Embayment ranging from about 38 Ma to the
present. In contrast, the Jurassic tholeiites (Ferrar dolerites, Kirkpatric
basalts) marking the Jurassic Transantarctic rift (Schmidt and Rowley, 1986)
crop out coincidently with the late Cenozoic volcanic rocks only along the
section of the Transantarctic Mountains from North Victoria Land to the
Horlick Mountains (Craddock et al., 1969). The Cenozoic rift shoulder
diverges here from the Jurassic tholeiite trend and the tholeiites are exposed
continuously (including the Dufek intrusion) along the lower-elevation (1-2
km) section of Transantarctic Mountains to the Weddell Sea, whereas the
late Cenozoic alkaline volcanic rocks are exposed throughout Marie Byrd Land
to the southern Antarctic Peninsula, but not in the Ellsworth Mountains area.

GEOPHYSICAL EVIDENCE

Aeromagnetic profiles in West Antarctica indicate the absence of Cenozoic
volcanic rocks in the ice-covered part of the Whitmore-Ellsworth-Mountain area
and suggest their widespread occurrence beneath the western part of the ice
sheet overlying the Byrd subglacial basin (Behrendt 1964; Jankowski et al.,
1983; Behrendt et al., in prep). An approximately 200-mGal (+50 to -150)
Bouguer anomaly, having 4~7 mGal/km gradients where measured in places,

" extends across the rift shoulder from North Victoria Land possibly to the
Ellsworth Mountains (where data are too sparse to determine maximum amplitude
and gradient). In contrast, the maximum Bouguer gravity range is only about
130 mGal with a maximum 2 mGal/km gradient in the Pensacola Mountains area of
the Transantarctic Mountains, which 1s easily explained by 24 km Moho
deepening about 8 km at a dip of 15°-20° to about 30 km beneath the mountains
(Behrendt et al., 1974). The steepest gravity gradients across the Cenozoic
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rift shoulder in the Ross Embayment require high density (mafic or
ultramafic?) rock within the crust as well as about 20 km thinner crust
beneath the Cenozoic West Antarctic rift system in contrast to East Antarctica
(Behrendt et al., in prep). Sparse land refraction seismic data (Bentley and
Clough, 1972) reported along the rift shoulder, where a few velocities are
greater than 7 km/s, and marine data indicating lower crustal velocities
greater than 7 km/s beneath the Ross Sea continental shelf support this
interpretation.

Large offset seismic profiles over the Ross Sea shelf collected by the
German Antarctic North Victoria Land Expedition V (GANOVEX V) (Trehu et al.,
1989 and 0'Connell et al., 1989) combined with earlier USGS (Cooper et al.,
1987b) and other results (McGinnis et al., 1985) indicate 17-21 km thickness
for the crust in the Ross Sea which we interpret as evidence for crustal
extension. A regional (relative) positive gravity anomaly extends from the
Ross Sea continental shelf throughout the subglacial area (Byrd subglacial
basin) of the Cenozoic West Antarctic rift system and suggests that the crust
there is approximately 20 km thick rather than the 30 km reported in earlier
interpretations.

The absence of seismicity in the Cenozoic West Antarctic rift system
probably results from a combination of sparse seismograph coverage,
suppression of earthquakes by the grounded ice sheet (e.g. Johnston, 1987) and
high seismicity immediately after deglaciation in the Ross Embayment followed
by abnormally low seismicity at present (following the interpretation for
Fennoscandia by Muir Wood, 1989).

We suggest that the origin of the Cenozoic West Antarctic rift system is
due to a continuation of the rifting that started in the Jurassic when Africa
rifted from East Antarctica, proceeded clockwise (Lawver, 1990) around East
Antarctica to the separation of New Zealand and the Campbell Plateau from
Marie Byrd Land about 85-95 Ma, and has continued (with perhaps a spreading
center jump) to its present location in the Ross Embayment and West
Antarctica. The major extension in the Byrd subglacial basin-Ross Embayment
probably occurred during late Mesozoic time, but as much as 300 km possibly
took place during the Cenozoic. The Cenozoic West Antarctic rift system
appears to be continuous in time with rifting in the same area that began in
the late Mesozoic.

UPLIFT OF RIFT SHOULDER

We examined the amount of uplift of the rift shoulder in the Cenozoic
West Antarctic rift system in light of extreme elevations (Figure 2). The
steep scarp suggests a very youthful topography; it is interpreted to be the
expression of a major normal or extensional fault that defines the boundary of
the Cenozoic West Antarctic rift system and the rift shoulder. If a maximum
uplift of 5-6 km in the southern Victoria Land or 10 km in northern Victoria
Land (Fitzgerald, 1989) area is correct, 1-2 km and up to 6 km, respectively,
of erosion has occurred from the highest topography in this area to result in
the maximum elevation of about 4 km observed now. The range in extreme
topography seen in Figure 2 along the rift shoulder is probably due to
erosion. We interpret that the main cause of uplift, along the Cenozoic West
Antarctic rift shoulder, is late Cenozoic tectonism associated with rifting,
probably as modeled by Stern and Ten Brink (1989), for a continental
lithospheric plate heated at the free edge.
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Examination of Figure 2, reveals several interesting features. The
maximum elevations vary from about 4 km in Victoria Land and the Queen Maud
Mountains (Figure 1), dropping to about 3 km in the Horlick and Whitmore
Mountains (perhaps resulting from a greater rate of erosion) and rising again
to 5 km in the Ellsworth Mountains. In contrast, elevations along the
Transantarctic Mountains are much lower toward the Weddell Sea (see the solid-
line profile of Figure 2). The maximum elevations along the solid-line
profile range from about 2 km in the Thiel and Pensacola Mountains (including
the Dufek intrusion) dropping to about 1 1/2 km in the Shackleton Mountains
and 1 km in the Theron Mountains. We emphasize that the lower topography at
the Weddell Sea end of the Tramsantarctic Mountains is not a part of the late
Cenozoic rift. The age of this uplift is not known, but appears to be
significantly older than that of the Cenozoic West Antarctic rift shoulder.
However, because the Jurassic Dufek intrusion is faulted by the early uplift,
it must post date its emplacement.

Fitzgerald (1989), using fission track dates, identified 5-6 km of uplift
in the Transantarctic Mountains of South Victoria Land beginning about 60 Ma
and calculated an average uplift rate of about 100 m/m.y. since that time (the
extreme uplift he inferred in North Victoria Land is 10 km). Seismic
reflection data from the Ross Sea adjacent to the Transantarctic Mountains
show several angular unconformities that have been interpreted by Cooper et
al. (1987a) as evidence for episodic uplift. Therefore we infer that the
uplift of the Transantarctic Mountains and entire rift shoulder was episodic,
probably being as much as an order of magnitude faster at times probably
including the present than the mean rate of 100 m/m.y. calculated by
Fitzgerald (1989) for the last 60 Ma.

Various lines of evidence, the total of which, lead us to conclude that
the Transantarctic Mountains part of the rift shoulder (and possibly the
entire shoulder) has been rising at a rate of the order of 1 km/m.y. probably
since early or mid-Pliocene time rather than the 100 m/m.y. average since 60
Ma. Table I tabulates evidence for this order of magnitude of uplift, no
single item of which is definitive or which cannot be explained by other
mechanisms, as several of the authors cited have done. Nonetheless, we feel
that, using an Occam's Razor or "Principal of Least Astonishment" approach, a
compelling case is made.

LATE CENOZOIC CLIMATIC IMPLICATIONS

It is interesting to note that our estimated start (Behrendt et al., in
prep.) of the latest episode of uplift (2-4 Ma) is approximately coincident
with the most recent "warm conditions”™ cited by Webb (1990) for Antarctica.
While he notes that "overall the present Antarctic ice sheet appears to have
had only a small effect on uplift of the Transantarctic Mountains” (about 100
m) we suggest that the converse is not necessarily true. The rapid uplift of
about 1 km/m.y. since early- or mid-Pliocene which we discuss here, may in
fact have triggered the most recent advance of the East Antarctic ice sheet by
a mechanism similar to that proposed for the northern hemisphere (winter
cooling by mountain uplift there culminating in the Plio-Pleistocene ice ages)
by Ruddiman and Kutzbach (1989). We suggest this to focus attention on the
likely synergistic relation between episodic tectonism in the Cenozoic West
Antarctic rift system and the waxing and waning of the Antarctic ice sheet
(Webb, 1990) approximately coincident in time with rifting, mountain uplift
and volcanism since about 38 Ma.
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TABLE I

Evidence for Tectonic Uplift of Transantarctic Mountains of the Order of
1 km/m.y. Since (early?) Pliocene Time.

1)

2)

3)

4)

5)

6)

7

- 8)

9)

The Cenozoic West Antarctic rift shoulder has the highest elevation (4-5
km, Figure 2) of any suspected rift mountains on earth and therefore
appears youthful (this also applies to 2).

The relief on the rift shoulder of 5-7 km peak elevations to seafloor or
glacier bed (Drewry, 1983), is the greatest of any rift mountains, even if
the ice (basin fill, LeMasurier and Rex, 1983) were compressed to the
density of sedimentary rock.

Other neotectonic rift topography has demonstrated uplift rates of the
same order of magnitude or higher, [e.g., East Africa, 2 and 8 km/my,
Ebinger (1989); western U.S., e.g., Pacific Coast Ranges (about 1 km/m.y.)
Christiensen (1986); Wasatch Mountains (2-2.5 km/my) Naeser et al. (1983);
other areas, Ruddiman et al. (1989); Perry and Bruhn (1987); and Lajoie
(1986)]. Other extreme uplift rates in different tectonic settings are up
to an order of magnitude greater, [e.g., New Zealand 10 km/m.y., Wellman
(1979); Tibetan Plateau, more than 3 km during the Quaternary, England and
Houseman (1989); Ventura area California, about 9 km/m.y., and Lajoie
(1986)].

Presence of Holocene fault scarps (Behrendt, 1991; Christoffel, personal
commun., 1986) interpreted from high resolution marine reflection profiles
of about 10 m displacement, and Late Pliocene or younger faults (McKelvey
et al., 1990) with up to 300 m vertical displacement along the front of
the Transantarctic Mountains bordering the Ross Embayment.

Up to 300 m of Post Wisconsin tectonic uplift in the Transantarctic
Mountains has occurred in Wright Valley near McMurdo inferred from glacial
geologic studies (Denton, 1984). This is on the thick, "strong”
lithosphere side of the inferred stress-free boundary in the model of
Stern and Ten Brink (1989), separating thin hot "weak" lithosphere beneath
the Ross Embayment.

Seismic reflection evidence of unconformities in the Victoria Land Basin
(Cooper et al., 1987a) in conjunction with fission track interpretation of
100 m/m.y. average uplift rate for Transantarctic Mountains since 60 Ma
(Fitzgerald, 1989) requires episodic uplift. We know of no active rift in
the world that has had a constant rate of uplift for 60 m.y.

Glacial straie indicate 600~1000 m higher ice levels on peaks in
Transantarctic Mountains (Hoefle, 1989; McKelvey, 1990). Although
possibly an indication of a higher ice sheet elevation in the past, we
think this evidence more likely supports tectonic uplift of the peaks.

The presence of Nothofagus (Pliocene) in situ occurrences in moraines at
high elevations in the Transantarctic Mountains is compatible (Mercer,
1987) with, but does not require this uplift rate (Harwood et al., 1990).

Late Pliocene marine microfossils from Wilkes subglacial basin at

elevation between 1750 and 2500 m in Transantarctic Mountains can be
explained by this uplift rate (Webb et al., 1984).
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Seismic Investigations along the Antarctic Peninsula

Bialas, J. and the GRAPE-Team

During the "Polarstern” - cruise ANT-VI/2 (Oct.-Dec. 1987) about 1400
km of marine reflection lines were collected in the north-western part of the
Antarctic Peninsula. Structures like the South Shetland Trench and the
Bransfield Strait as well as several fracture zones (e.g. Hero Fracture Zone)
were investigated (Fig. 1).

The Bransfield Strait, an area of recent extension, was traversed by three
profiles. In the north-east the oceanic basement as indicated by a dense dif-
fraction pattern is covered with young sediments. In the south-west an exten-
sional horst-graben structure is found while the crust is of pure continental
type (Fig. 2).

Active subduction along the South Shetland Trench is at present restricted to
the northern part between Hero and Shackelton Fracture Zones. Sediments
(200-500 m in thickness) covering the oceanic basement with its landward
dipping slope are cut by normal faults. These faults show an increasing offset
with depth. Further to the south up to 2 km of sediments are found on the
oceanic plate, which has only a small landward dip. Here the Aluk ridge colli-
sion with the trench stopped the subduction between 4.5 and 15 Ma (Fig.3).

The strong segmentation of the oceanic lithosphere along the various frac-
ture zones (Fig. 4) can be demonstrated by the magnetic anomaly pattern.
Most of these fracture zones were transform faults before the ridge - trench
collision, the whole system of ridges and transform faults being transported
towards the trench. Only the Tula (in the south-west) and the Shackelton
Fracture Zone (in the north-east) can be regarded as plate boundaries with
completely different spreading velocities on both sides.

Seismic data processing provided stacked and migrated sections. Karhunen -
Loeve transform and deconvolution could only partly reject the strong water
bottom multiple.
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Figure Captions

Fig. 1. Location map of the survey area showing seismic reflection lines
(thick lines 1-9) and marine magnetic anomalies after Barker and
Dalziel, 1983.

HB : Hope Bay KGI: King George Island
DI : Deception Island SFZ: Shackelton Fracture Zone
HFZ: Hero Fracture Zone AFZ: Anvers Fracture Zone

Fig. 2. Line drawings of the three reflection lines 1, 2 and 9 crossing the
Bransfield Strait.

top: I undisturbed sediments II diffraction events
IT rift-like structure

middle: I undisturbed sediments II diffraction events
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