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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,

13



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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