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Preface

Gondwana geologists have a timely metaphor: “Antarctica—
the heart of it all” or from the geologic perspective:
Antarctica—the center from which all surrounding conti-
nental bodies separated millions of years ago. The title of
our book “Antarctica: A Keystone in a Changing World”
reinforces the importance of continual changes in Antarc-
tica’s multifaceted history and the impact of these changes
on global systems. In 2007, the Scientific Committee on
Antarctic Research (SCAR) sponsored the 10th International
Symposium on Antarctic Earth Sciences (10th ISAES) in
Santa Barbara, California, to give researchers from 34 coun-
tries an opportunity to share and discuss recent discoveries
in the Antarctic region. Such discoveries help decipher the
prior and current roles of Antarctica in manifesting the global
climatic changes, now seemingly accelerating.

The 10th ISAES coincides with the International Polar
Year (IPY) that falls on the 50th anniversary of the Inter-
national Geophysical Year (IGY). In recognition of these
events, the symposium format and topics of keynote papers
in the book envelop a broad spectrum with six themes cover-
ing key topics on evolution and interactions of the geosphere,
cryosphere, and biosphere and their cross-linkages with past
and historic paleoclimates. Emphasis is on deciphering the
climate records in ice cores, geologic cores, rock outcrops,
and those inferred from climate models. New technologies
for the coming decades of geoscience data collection are
also highlighted.

The 10th ISAES also marks the 44th year of such sym-
posia, and denotes the first significant change in presentation
and publication formats. Prior ISAES have a valued his-
tory of impressive printed symposia volumes, with a total
of nearly one thousand printed papers (Table 1) that were
solicited and printed after the symposia. In recognition of
IPY and the desire to quickly document and disseminate

Vil

Antarctic research results to the science community, the
10th ISAES changed to a new format of online and book
publication. Presenters, other than keynote speakers, were
asked to submit either a short research paper for peer review
or an extended abstract without peer review before the sym-
posium. Over 950 co-authors from 34 countries submitted
326 manuscripts. Prior to the symposium, 34 co-editors, over
200 peer reviewers and authors processed manuscripts into
final publication format so that 92 percent were published in
the Online Proceedings (http://pubs.usgs.gov/of/2007/1047/)
before the symposium commenced and the remaining 8 per-
cent were made available online to meeting participants and
authors; these were then published in the Online Proceedings
within the month following the symposium.

Ten keynote speakers were invited to contribute over-
view talks at the symposium and contribute a full-length
paper. The keynote papers are printed in this book along
with a paper that summarizes highlights of the 10th ISAES.
Several reports from meetings and workshops held in con-
junction with the symposium were also submitted. The DVD
in the back of the book contains the keynote and summary
papers and a complete copy of the 10th ISAES Online Pro-
ceedings (see also http://pubs.usgs.gov/of/2007/1047/), all in
PDF format for access, search, and printing. The DVD can
be accessed and used on either a MAC or PC.

This special IPY volume for the 10th ISAES is a 100-
year milestone for Antarctic publications, and a first for
any symposium publication. One hundred years ago, Ernest
Shackleton’s expedition members created and printed the first
book ever published in Antarctica “on the ice in cryospace,”
with their scientific discoveries and personal vignettes—they
titled the book Aurora Australis. One hundred years later, the
10th ISAES authors and editors created the first Antarctic
pre-symposium proceedings “online in cyberspace,” with

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 1 The History of ISAES Symposia and Their Publication Volumes

No. Location Year

Symposium volume

1 Cape Town, South Africa 1963 Adie, R. J., ed. (1964), Antarctic Geology—Proceedings of the First (SCAR) International
Symposium on Antarctic Geology, North Holland Publishing Co, Amsterdam, 758 pp.

Adie, R. J., ed. (1972), Antarctic Geology and Geophysics—Proceedings of the Second (SCAR)
Symposium on Antarctic Geology and Solid Earth Geophysics, International Union of Geological
Sciences, B1, Universitetsforlaget, Oslo, 876 pp.

Craddock, C., ed. (1982), Antarctic Geoscience—Proceedings of the Third (SCAR) Symposium on
Antarctic Geology and Geophysics, International Union of Geological Sciences, B4, University of
Wisconsin Press, Madison, 1172 pp.

Oliver, R. L., P. R. James and J. B. Jago, eds. (1983), Antarctic Earth Science—Proceedings of
the Fourth (SCAR) International Symposium on Antarctic Earth Sciences, Australian Academy of
Science, Canberra, 697 pp.

Thompson, M. R. A., J. A. Crame and J. W. Thompson, eds. (1991), Geological Evolution of
Antarctica—Proceedings of the Fifth (SCAR) International Symposium on Antarctic Earth
Sciences, Cambridge University Press, Cambridge, 722 pp.

Yoshida, Y., K. Kaminuma and K. Shiraishi, eds. (1992), Recent Progress in Antarctic Earth
Science—Proceedings of the Sixth (SCAR) International Symposium on Antarctic Earth Sciences,
Terra Scientific Publishing, Tokyo, 796 pp.

Ricci, C. A, ed. (1997), The Antarctic Region: Geological Evolution and Processes—Proceedings
of the Seventh (SCAR) International Symposium on Antarctic Earth Sciences, Terra Antarctica
Publication, Siena, 1206 pp.

Gamble, J. A., D. N. B. Skinner, and S. Henrys, eds. (2002), Antarctica at the Close of the
Millennium—Proceedings of the Eighth (SCAR) International Symposium on Antarctic Earth
Sciences, The Royal Society of New Zealand Bulletin No. 35, Wellington, Terra Scientific
Publishing, Tokyo, 652 pp.

I Oslo, Norway 1970

111 Madison, Wisconsin, USA 1977

v Adelaide, Australia 1982

A\ Cambridge, UK 1987

VI Tokyo, Japan 1991

VI Siena, Italy 1995

VIII Wellington, New Zealand 1999

X Potsdam, Germany 2003 Futterer, D. K., D. Damaske, G. Kleinschmidt, H. Miller, and F. Tessensohn, eds. (2006),
Antarctica: Contributions to Global Earth Sciences—Proceedings of the Ninth (SCAR)
International Symposium on Antarctic Earth Sciences, Springer-Verlag, Berlin-Heidelberg, 477 pp.

X Santa Barbara, California, 2007 Cooper, A. K., P. J. Barrett, H. Stagg, B. Storey, E. Stump, W. Wise, and the Tenth ISAES editorial

USA team, eds. (2008), Antarctica: A Keystone in a Changing World—Proceedings of the 10th (SCAR)
International Symposium on Antarctic Earth Sciences, The National Academies Press, Washington,
D.C. 162 pp. with DVD containing website http://pubs.usgs.gov/of/2007/1047/. The 10th ISAES
Proceedings Volume is the first in the ISAES series to include both book and electronic publication
formats.

changes in global systems. The volumes illustrate the posi-
tive impact of this research in successfully preserving the

new research findings and interpretations. The book and
online proceedings are yet another way in which Antarctica

and its scientists are effecting changes in the dissemination
of geoscience and other information globally.

The 10th ISAES Proceedings volumes showcase the
great breadth of Antarctic geoscience research at the time
of IPY, and the importance of Antarctica in deciphering

spirit of collaboration, data-sharing, and use of Antarctica as
a “continent for science” as intended by the Antarctic Treaty
that was implemented in 1959 at the close of IGY.

Alan Cooper
Lead editor
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Summary and Highlights of the 10th International
Symposium on Antarctic Earth Sciences

T. J. Wilson,! R. E. Bell,* P. Fitzgerald,® S. B. Mukasa,” R. D. Powell,” C. Finn®

INTRODUCTION

The 10th International Symposium on Antarctic Earth Sci-
ences (10th ISAES) was convened at the University of Cali-
fornia, Santa Barbara, in August 2007. At the symposium
about 350 researchers presented talks and posters with new
results on major topics, including climate change, biotic
evolution, magmatic processes, surface processes, tectonics,
geodynamics, and the cryosphere. The symposium resulted
in 335 papers and extended abstracts (Cooper et al., 2007,
and this volume). Many science discoveries were presented
spanning the last 2 billion years, from times when Antarctica
was part of former supercontinents Rodinia and Gondwana
to the present when Antarctica is an isolated, ice-covered
land mass surrounded by seafloor spreading centers. In this
summary we highlight some of the new results presented at
the symposium.

TECTONICS IN THE SOUTH:
A VIEW FROM THE SOLID EARTH

Antarctica occupies a key position for a greater understand-
ing of the evolution of the supercontinents Rodinia and

!School of Earth Sciences, Ohio State University, Columbus, OH 43210-
1522, USA.

2Lamont-Doherty Earth Observatory of Columbia University, Palisades,
NY 10964-8000, USA.

SDepartment of Earth Sciences, Syracuse University, Syracuse, NY
13244-1070, USA.

‘Department of Geological Sciences, University of Michigan, Ann Arbor,
MI 48109-1005, USA.

*Department of Geology and Environmental Geosciences, Northern I1-
linois University, DeKalb, IL 60115-2854, USA.

°U.S. Geological Survey, Denver, CO 80225, USA.

Gondwana as well as the present-day global plate motion
circuit. Challenges for Antarctic science include the pres-
ence of ice sheets, ice shelves, and annual sea ice, hence
remote sensing over the continent and surrounding oceans
is routinely employed. Extensive offshore seismic reflection
studies provide information about the evolution of geologic
structures and formation of the Antarctic ice sheets. For
example, the “Plates and Gates” project (e.g., Maldonado
et al., 2007) is examining links between the opening of the
Drake and Tasman Passages, and the transition to an ice-
covered continent. Onshore, techniques such as airborne
geophysics provide insight into the geology and form of
the continent under the ice. For example, aeromagnetic data
along the western flank of the Transantarctic Mountains
reveal a faulted margin with the Wilkes subglacial basin,
hence casting doubt on a flexural uplift model for the moun-
tains (Armadillo et al., 2007). Another approach to acquire
information from interior Antarctica relies on proxies from
sediments and glacial deposits. A 1440 Ma, A-type rapakivi
granite boulder was discovered in glacial till in the Nimrod
Glacier region (Goodge et al., 2007). This granite has a
Nd-isotope age and detrital zircons that closely resemble
granites from the Laurentian province of North America,
demonstrating the presence of Laurentia-like crust in East
Antarctica. This supports the postulated fit of East Antarctica
and Laurentia over 1 billion years ago, initially suggested by
the SWEAT hypothesis (i.e., South West U.S. and East Ant-
arctica connection). But the controversy continues, as new
aeromagnetic data do not support the SWEAT reconstruction
(Finn and Pisarevsky, 2007).

Correlation of the Cambro-Ordovican Ross and Dela-
merian orogenies of Antarctica and Australia are well estab-
lished, but puzzling pieces of the Ross orogen occur in New
Zealand and Marie Byrd Land. The Robertson Bay terrane

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1 Mosaic image map of Antarctica derived from MODIS
(Moderate-resolution Imaging Spectroradiometer) satellite data.
SOURCE: See http://nsidc.org/data/nsidc-0280.html.

of northern Victoria Land is correlative with the western
Lachlan fold belt of eastern Australia, and the Lachlan
orogen rocks form in an extensional basin. The Cambrian
rocks (Ross orogen correlatives) in New Zealand and Marie
Byrd Land simply represent parts of a continental rift margin
on the outboard side of the Lachlan fold belt (Bradshaw,
2007).

New models have been proposed for the origin of the
West Antarctic rift system and the associated Transantarctic
Mountains. Considerable debate at the symposium centered
on the plateau hypothesis, in which the West Antarctic rift
system and Transantarctic Mountains are thought to have
been previously a high-topography plateau with thicker than
normal crust. The proposed West Antarctic plateau is inferred
to have collapsed in the Cretaceous during extension between
East and West Antarctica. The Transantarctic Mountains are,
in this hypothesis, the remnant western edge of the plateau
modified by rift-flank uplift and glacial erosion. The first
numerical model of the concept shows that plateau collapse
could generate a remnant edge, depending on initial condi-
tions (Bialas et al., 2007). The geological and thermochrono-
logic evidence for the West Antarctic plateau formation and
collapse, along with the tectonic implications, are discussed
by Fitzgerald et al. (2007). Evidence for a drainage reversal
in the Byrd Glacier region supports the presence of the West
Antarctic plateau in the Mesozoic (Huerta, 2007). A synthe-
sis of research from the exposed portion of the rift in Marie
Byrd Land demonstrates that elevated crustal temperatures
were attained by 140 Ma, causing voluminous melting, with
lateral migration into wrench structures (Siddoway, 2008,
this volume). Presence of melt aided the rapid evolution of
the Cretaceous rift.

Other new geodynamic models of Antarctica were
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advanced at the symposium, emphasizing the significance of
Antarctica to studies of global geodynamics (see Figure 1).
Sutherland (2008, this volume) presents a model for exten-
sion in the West Antarctic rift system, a model that fits well
with global plate model circuits and the geology of New
Zealand. An elegant “double-saloon-door seafloor spread-
ing” model explains the breakup of Gondwana, magnetic
anomalies in the Weddell Sea region, along with the rotation
and translation of the Falkland Islands block and the Ells-
worth-Whitmore Mountains crustal block (Martin, 2007).

LIFE IN ANTARCTICA: THE TERRESTRIAL VIEW

A definitive incremental change in our understanding of
the evolution of life on Antarctic land emerged at the sym-
posium, from the rich and diverse terrestrial presentations.
Evidence of a vibrant world is preserved in nonglacial and
glacial sedimentary deposits that rest on top of the tectonic
basement structures.

Insights into Gondwana ecosystem dynamics are
being gleaned from tracks of animals in Devonian deserts
(Bradshaw and Harmsen, 2007); the climate records in
Permian, Triassic, and Jurassic floras (Bomfleur et al., 2007,
Miller and Isbell, 2007; Ryberg and Taylor, 2007); and the
Triassic and Jurassic reptiles and dinosaurs of the Transant-
arctic Mountains (Collinson and Hammer, 2007; Smith et
al., 2007).

For the last 100 million years, from the Late Cretaceous
onward, the Antarctic continent has been situated over the
South Pole in approximately its present location. In sharp
contrast to current frigid polar conditions, abundant sub-
tropical fossil plants are commonly found in Antarctic rocks.
The subtropical nature of these fossil plants indicates warm,
humid climates at high latitudes during the mid-Cretaceous
(Francis et al., 2008, this volume). A variety of dinosaurs
lived in these polar forests, as shown by the wealth of bones
collected from the Antarctic Peninsula region. The Late Cre-
taceous dinosaur fauna is a relict of a cosmopolitan dinosaur
assemblage that survived until the end of the Cretaceous in
Antarctica after becoming extinct elsewhere (Case, 2007).
Discoveries of juvenile marine reptile fossils indicate that
Antarctica may have been a nursery for young marine reptiles
(Martin et al., 2007).

The plant record reveals an interesting conundrum about
the terrestrial response to the major climate transition from
greenhouse to icehouse during the latest Eocene-earliest
Oligocene. Analyses of fossil leaf collections from the
Antarctic Peninsula show a temperature decline from warm
temperate to cold climates through the Eocene. These cold
Eocene climates may have had winter frosts coinciding with
adecline in plant diversity (Francis et al., 2008, this volume).
A similar cooling trend dominates the marine isotope record.
In contrast, the offshore pollen record, recovered from Inte-
grated Ocean Drilling Program (IODP) cores, indicates only
short-term responses to individual cooling events and fairly
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stable land temperatures through the Oligocene (Grube and
Mohr, 2007).

The newly identified fossil plant record shows that even
during the Antarctic icehouse, the continent was not barren
and supported a diverse ecosystem. Recent discoveries of
fossil plants and insects in the Dry Valleys shows that small
bushes of southern beech, Nothofagus, along with mosses
and beetles, persisted in Antarctica during the mid-Miocene
(Ashworth et al., 2007). A rich fossil assemblage of dwarf
beeches, beetles, a fly, snails, fish, mosses, and cushion plants
is also preserved in the Sirius Group high in the Beardmore
region, sandwiched between glacial tillites (Ashworth et
al., 2007; Francis et al., 2008). Although the marine record
points to an increasingly ice-covered continent, life contin-
ued on land.

The convergence of paleontology and modern biology
is producing advances in our understanding of biodiversity
in Antarctica. Molecular studies of the scant living Antarctic
biotas—mosses, mites, springtails—indicate an origin for
these biotas in Antarctica over 40 million years ago (Convey
etal., 2007). The Miocene mosses recently discovered in the
Dry Valleys are identical to species living today in Antarc-
tica. High-altitude nunataks and ice-free coastal niches must
have existed during glacial times to act as refugia for these
animals and plants.

Examining the biochemical role of early ice sheets
and the development of Earth’s atmosphere, Raub and
Kirschvinck (2008, this volume) discuss the link between
intense global glaciations and atmospheric oxygen genera-
tion. Geochemical evidence associated with all three pre-
Phanerozoic glacial events shows that “whiffs to gigantic
bursts” of oxygen accompany deglaciation. The increasing
oxygen in the atmosphere is attributed to UV photochem-
istry producing H,O, that remains locked in the ice until
deglaciation. Upon deglaciation the peroxide decomposes
to molecular O,. In their model the ice sheets are a crucial
part of an inorganic mechanism that drives the evolution
of the oxygen-mediating enzymes that predate oxygenic
photosynthesis.

UNDERSTANDING THE CHANGING PLANET:
THE PALEOCLIMATE VIEW

Significant progress has been made regarding Antarctica’s
Neogene-Pleistocene climate and its role in the global cli-
mate system, based on recently collected data. Studies of
geologic proxies at various timescales from decadal-centurial
to millennial and millions of years are under way to resolve
the paleoclimatic events, including the important Paleogene
“Greenhouse to Icehouse” transition for the Antarctic region.
The many varied studies will continue throughout the Inter-
national Polar Year and beyond.

Since the 9th ISAES in 2003, scientific rock drilling has
made significant advances under the umbrella of the Sci-
entific Committee on Antarctic Research’s (SCAR’s) ACE

(Antarctic Climate Evolution) program. Several different
initiatives are ongoing in the form of ANDRILL (Antarctic
Geological Drilling) and SHALDRIL (Shallow Drilling).
Drilling will continue with a long anticipated IODP cruise
to the Wilkes Land margin that is now scheduled during the
International Polar Year.

The first drilling season of ANDRILL in the McMurdo
Ice Shelf Project yielded an unprecedented record of at least
60 ice-sheet fluctuations in the past 13 Ma, with indications
of both warmer-than-present climate and ice sheets in the
pre-Pleistocene period (Naish et al., 2008, this volume).
ANDRILL and its predecessor Cape Roberts Project have
successfully demonstrated that rock drilling from an ice-
based platform is a viable means to acquire critically needed
long, continuous rock cores.

Seismic reflection surveys of offshore regions comple-
ment the advances in rock coring, extending the record of
paleoclimate events and ice-sheet history beyond the vicinity
of the drill sites (Decesari et al., 2007). With new technol-
ogy the acquisition of seismic data over land-fast sea ice
and ice shelves is becoming more efficient and reliable, and
multichannel seismic reflection data more readily accessible
(Wardell et al., 2007). With new drilling core and seismic sur-
veys, the age and lithology for prominent regional reflectors
and units are now better constrained. The new seismic data-
sets are helping to identify coring and drilling sites and map
the extent of past ice-sheet grounding events (Pekar et al.,
2007). Land-based geologic studies are providing significant
new data that complement the insights emerging from the
marine studies. Areas of focused studies are permafrost and
Paleogene-Neogene outcrops of paleoclimatic significance.
There has been a renewed focus on permafrost and cryosol
studies under the auspices of SCAR’s Antarctic Permafrost
and Soils group. These studies are targeting a broad range
of ages from the modern to millions of years, leveraging
this sensitive index of climatic change (Kowalewski and
Marchant, 2007; Vieira et al., 2007).

FRONTIERS ENCASED IN ICE:
A VIEW OF SUBGLACIAL LAKES

Exactly 50 years ago, during the last International Polar
Year, the former Soviet Union established a research base
in the deep interior of the Antarctic continent to be close to
the geomagnetic South Pole. It was not until several decades
later that it was realized from radio echograms that the station
was actually located on ice floating on a lake of liquid water.
Named Lake Vostok, this water body has about the same
surface area as Lake Ontario, but is three times deeper, and
is capped by almost 4 km of ice. Subsequent explorations
have produced an inventory of some 145 subglacial lakes, a
number that is likely to grow over the next few years.
Rapid changes in our understanding of subglacial lakes
emerged at the symposium. Presentations focused on a
number of topics, including inventory, tectonic controls for
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formation of the lakes (Bell et al., 2007), expanding dem-
onstration of lake interconnectedness (Carter et al., 2007),
recent discovery of the association between subglacial lakes
and ice streams (Fricker et al., 2007), lake-water discharge
into the oceans and its potential impact on climate, as well
as International Polar Year activities gearing up to explore
various subglacial aquatic environments.

Geophysical evidence indicates that at least some of the
large lakes are structurally controlled, often exploiting the
zones of weakness separating distinct terranes. A detrital
zircon recovered from the Vostok ice core (Leitchenkov et al.,
2007) yielded ages that clustered between 0.8 Ga and 1.2 Ga
and between 1.6 Ga and 1.8 Ga, and supports the concept that
the large lakes form along tectonic boundaries. This is ample
evidence for the close juxtaposition of basement rocks with
a variety of ages in the interior of the East Antarctic Craton,
evidently providing basins in which lakes have formed.

A profound discovery of recent years is the intercon-
nectedness of these lakes with subglacial rivers and wet-
lands. Liquid water is verifiably on the move in many places
beneath the ice sheet, and may have profound influence on
ice-sheet stability and overall climate. Motion of water along
the axis of ice streams is documented for the Recovery Ice
Stream by Fricker et al. (2007).

THE NEXT BREAKTHROUGHS:
A VIEW TO THE FUTURE

Today, understanding the changes in the polar regions is
imperative for our global society, global economy, and global
environment. As study of planetary change is critical to all
Earth science, knowledge of Antarctica and Antarctic Earth
science has never been more important. Convened at the
beginning of the International Polar Year 2007-2008, the 10th
ISAES was a successful opportunity for our global scientific
community to share results, data, and ideas and to plan future
cooperative programs.

The International Polar Year 2007-2008 is motivated by
both our changing planet and the quest to explore unknown
frontiers, both being central to Antarctic Earth science (Bell,
2008, this volume). The work accomplished in the next two
years will define future research directions, and collabora-
tions established during the International Polar Year will
serve as the basis for decades of future research programs.
Antarctica is a global keystone in the Earth system. Antarctic
earth science must be both international and global to remain
relevant. At the 11th ISAES meeting in four years time, new
breakthroughs will be presented based on the International
Polar Year results, to enhance the knowledge gained at the
10th ISAES. Fridtjof Nansen noted that humankind is driven
to seek knowledge “till every enigma has been solved”
(Nansen and Sverdrup, 1897).

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD
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Antarctic Earth System Science in the
International Polar Year 2007-2008

R. E. Bell’

ABSTRACT

The International Polar Year (IPY) 2007-2008 is the largest
coordinated effort to understand the polar regions in our
lifetime. This international program of science, discovery,
and education involves more than 50,000 scientists from 62
nations. The IPY 2007-2008 Antarctic Earth System Science
themes are to determine the polar regions’ present environ-
mental status, quantify and understand past and present polar
change, advance our understanding of the links between
polar regions and the globe, and investigate the polar fron-
tiers of science. There are several key IPY 2007-2008 Earth
System Science projects in the Antarctic:

*  POLENET will capture the status of the polar litho-
sphere through new instrument arrays.

e ANDRILL will uncover past change using novel
drilling technologies.

e “Plates and Gates” will advance our understanding
of the teleconnections between Antarctica and the global
climate system.

e AGAP and SALE-UNITED will study hitherto
unsampled subglacial mountains and lakes.

A new era of international collaboration will emerge
along with a new generation of Antarctic scientists and a
legacy of data and enhanced observing systems.

'Lamont-Doherty Earth Observatory of Columbia University, Palisades,
New York, 10964-8000, USA (robinb @ldeo.columbia.edu).

INTRODUCTION TO IPY 2007-2008

Earth science revolves around the study of our changing
planet. IPY 2007-2008 is motivated both by the need to
improve our understanding of this changing planet and by
a quest to explore still unknown frontiers, especially those
beneath the vast Antarctic ice sheet. While intuitively we all
appreciate that planetary change happens, as the concept of
an international polar year emerged the evidence for rapid
and dynamic planetary change was becoming omnipresent.
Early in 2002 an ice shelf that had been stable for at least
20,000 years (Domack et al., 2005), the Larsen B Ice Shelf,
collapsed in a matter of weeks (Scambos et al., 2004). This
ice shelf collapse began to bring together the timescale of
planetary change with the more familiar human timescale of
days, week, and months.

By 2002 change in the polar regions was undeniable.
The surface melt in Greenland was increasing in extent
(Steffen et al., 2004), sea ice cover in the Arctic was begin-
ning to decrease notably (Johannessen et al., 1999), the
glaciers feeding the Weddell Sea accelerated after the Larsen
Ice Shelf collapsed (Rignot et al., 2004; Scambos et al.,
2004), and the Amundsen Sea sector of the West Antarctic
ice sheet was thinning and accelerating (Joughin et al.,
2003; Shepherd et al., 2004). The polar environments were
clearly changing, and doing so rapidly. While change is being
observed globally, the environmental change at the poles is
taking place faster than environmental change anywhere else
on the planet. The ramifications of these polar changes reach
far beyond the Antarctic and Arctic, because as ice melts, sea
levels rise. The need to understand the changes in the polar
regions—past, present, and future—is imperative for our
global society, the global economy, and the global environ-
ment, as well as being a fascinating scientific challenge in its
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own right. This overwhelming sense of rapid and increasing
change, and what we can learn from it, especially in the polar
regions where the change is fastest, is one of the major moti-
vations for the development of the IPY (Albert, 2004).

Beyond the sense of planetary change, discovery is a
keen motivator. In the 1800s exploration was conducted
by teams of men pressing for the poles, led by Nansen,
Amundsen, Scott, and Shackleton. Nansen captured the
essence of geographically motivated exploration, noting that
humankind’s spirit “will never rest till every spot of these
regions has been trod upon” (Nansen and Sverdrup, 1897).
Today we seek to push the frontiers of our knowledge of
processes, rather than geographic frontiers. The community
remains intensely motivated by Nansen’s second restless
quest, which is to seek knowledge “till every enigma has
been solved.” While Nansen sought to understand the circu-
lation in the Arctic Ocean, today we see major opportunities
for scientific discovery in Antarctic Earth science. Discovery
is the second motivation for this IPY. The frontiers are no
longer the geographic poles but the regions and processes
hidden by kilometers of ice and water.

Propelled forward by the sense of planetary change and
a sense of discovery, IPY 2007-2008 will be the largest inter-
nationally coordinated research program in 50 years, actively
engaging over 50,000 scientists from 62 nations. The result
of a five-year community-wide planning process, the IPY
2007-2008 will be an intensive period of interdisciplinary
science focused on both polar regions—the Antarctic and the
Arctic. The projects of the IPY 2007-2008 focus on decipher-
ing these processes of change in the polar regions and their
linkages with the rest of the globe while also exploring some
of the final frontiers.

FRAMEWORK

Today in our global interconnected world, “year” events
occur at a frenetic pace. For example, 2002 was the U.N.
International Year of Mountains and 2005 was the U.N. Year
of Physics. These U.N.-sponsored events tend to focus on
celebration, awareness, and education. For instance, in paral-
lel with the IPY 2007-2008, Earth scientists have developed
the U.N. International Year of Planet Earth, a celebration of
the role of Earth science in society. Awareness, celebration,
and education have consistently been a key facet of all IPYs
since 1882-1883, but the central framework for the polar
years has always been to facilitate collaborative science at a
level impossible for any individual nation.

The concept of collaborative international polar sci-
ence focused on a specific period was developed by Lt. Karl
Weyprecht, an Austrian naval officer. Weyprecht was a scien-
tist and co-commander of the Austro-Hungarian North Pole
Expedition that set off in 1872 in a three-masted schooner,
the Admiral Tegetthoff. The expedition returned two years
later without the schooner. The expedition had abandoned the
ship frozen into the pack ice and hauled sledges over the pack
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ice for 90 days to the relative safety of open water. Weyprecht
was acutely aware that the systematic observations necessary
to advance the understanding of the fundamental problems of
meteorology and geophysics were impossible for men haul-
ing sledges across the ice and struggling to survive. His frus-
tration with the inability to understand polar phenomena with
the data from a single national expedition is captured in his
“Fundamental Principles of Arctic Research” (Weyprecht,
1875). He noted that “whatever interest all these observations
may possess, they do not possess that scientific value, even
supported by a long column of figures, which under other
circumstances might have been the case. They only furnish us
with a picture of the extreme effects of the forces of Nature
in the Arctic regions, but leave us completely in the dark with
respect to their causes.”

Weyprecht believed that the systematic successful study
of the polar regions and large-scale polar phenomena by a
single nation was impossible. He argued that fixed stations
where coordinated observations could be made were neces-
sary for consistency of measurements. Weyprecht’s insights
were central to the planning and execution of the first IPY.

A realization of Weyprecht’s vision, the first IPY (1882-
1883) involved 12 countries launching 15 expeditions to the
poles: 13 to the Arctic and 2 to the Antarctic, using coal- and
steam-powered vessels (Figure 1). At each station a series of

FIGURE 1 First International Polar Year. Top: Norwegian ship
in the ice, Kara Sea (from Steen [1887]). Bottom: Observer mak-
ing temperature observations at Fort Conger, 1882 (from Greely
[1886]).
SOURCE: See http://www.arctic.noaa.gov/aro/ipy-1/US-LFB-
P4.htm.
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FIGURE 2 Second International Polar Year. Left: Aircraft in
Antarctica (from the Ohio State University Archives, Papers of
Admiral Richard E. Byrd, #7842_18). Right: Launching a weather
balloon in northern Canada (from the University of Saskatchewan
Archives, 1931).

regular observations were recorded with pencil and paper,
from meteorology to Earth’s magnetic field variations (Fig-
ure 1). Beyond the advances to science and geographical
exploration, a principal legacy of the first IPY was setting
a precedent for international science cooperation. The clear
gap between Weyprecht’s vision and the outcomes was that
the data were never fully integrated and analyzed together
(Wood and Overland, 2006).

During the first IPY (1882-1883) the Brooklyn Bridge
opened in New York City, five years before the Eiffel Tower
opened in Paris. Fifty years later the second IPY (1932-
1933) began, and this was the year the Empire State Build-
ing opened in New York City. Routine flights by aircraft and
wireless communication were both now possible. During
the second IPY, 40 nations conducted Arctic research focus-
ing on meteorology, magnetism, atmospheric science, and
ionospheric physics. Forty permanent observation stations
were established in the Arctic. The U.S. contribution to the
second IPY was the second Byrd Antarctic expedition. The
Byrd expedition established the first inland research station,
a winter-long meteorological station on the Ross Ice Shelf
at the southern end of Roosevelt Island. Scientists employed
aircraft to extend the range of their observations and for the
first time received data transmitted back from balloons as
they drift upward, allowing the first vertical sampling of the
polar atmosphere (Figure 2).

The third IPY expanded beyond the polar regions,
quickly becoming global. This polar year was renamed the
International Geophysical Year (IGY) and ran from July 1,
1957, to December 31, 1958 (see Figure 3). Coincident with
the groundbreaking for the Sydney Opera House, the IGY

was the brainchild of a small number of eminent physicists,
including Sydney Chapman, James Van Allen, and Lloyd
Berkner. These physicists realized that the technology
developed during World War II, such as rockets and radar,
could be deployed to advance science. Sixty-seven nations
participated in the IGY. The IGY’s research, discoveries, and
vast array of synoptic observations set the stage for decades
of geophysical investigations. Data collected from ships were
used subsequently to advance the theory of plate tectonics,
while satellites detected the Van Allen Radiation Belt. Seis-
mic measurements collected along geophysical traverses
measured the thickness of the Antarctic ice sheet, enabling
the first estimates of Antarctica’s ice mass. Emerging from
the IGY was the Scientific Committee on Antarctic Research
(SCAR) in 1958 and the Antarctic Treaty in 1961. Permanent
stations were established for the first time in Antarctica as a
direct result of the IGY.

At the end of the IGY, Hugh Odishaw, executive direc-
tor of the U.S. National Committee, noted, “We have only
scratched the surface of our ignorance with respect to
Antarctic. . . . There is at hand an unparalleled situation
for stimulating the best in man” (Odishaw, 1959). Having
scratched the surface of Antarctica, scientists and engineers
of 1958 handed the baton to our generation to bring together
scientists and engineers to understand the role the poles
play in our rapidly changing world. It is for us to explore
the remaining frontiers using the cutting-edge technologies
available to us today: jet aircraft, ships, satellites, lasers, the
Global Positioning System (GPS), advanced communica-
tions, computers, numerical modeling, passive seismics,
autonomous observatories, and novel coring technologies.
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FIGURE 3 International Geophysical Year 1957-1958. Left: Geophysical traverse vehicle collecting seismic data at Byrd Station, West Ant-
arctica (from http://www.nas.edu/history/igy/seismology.html). Right: Sputnik, the first satellite launched into space (image from NASA).

IPY 2007-2008 PLANNING PROCESS

The development of the IPY 2007-2008 began with an
extended period of community education with scientists
studying the accounts of the previous IPYs and discuss-
ing the results. The concept of another polar year emerged
through discussions among communities and with funding
agencies. Websites documenting the contributions of the
first three IPYs were launched. These discussions were first
documented in SCAR meeting reports in 2000. At the 2000
SCAR meeting in Tokyo, K. Erb, president of the Council
of Managers of National Antarctic Programs, reported on
discussions to “prepare for recognition of the 50th Anni-
versary of the International Polar Year.” One year later the
discussions were still on the margins, with a short note in
the report from the SCAR executive meeting, under the title
“Any Other Business.” Again the focus was on celebration,
not action. The Neumayer International Symposium in 2001
provided a further opportunity for the community to discuss
the impending 50th anniversary of the IGY and the 125th
anniversary of the first IPY, but the focus had not yet moved
beyond celebration plans.

The first concrete plan for IPY 2007-2008 science was
presented by Heinz Miller at the 2002 SCAR meeting in
Shanghai (SCAR, 2002). Miller proposed a series of mul-

tidisciplinary traverses along all the major ice divides of
East Antarctica. The SCAR delegates supported a proposal
to develop a “celebration.” In late 2002 the U.S. National
Academy of Sciences Polar Research Board convened a
one-day international workshop addressing the question of
whether an IPY was an applicable framework for science
in 2007. Workshop participants strongly supported the IPY
concept, and within the next six months the U.S. National
Academies began the planning process in the United States
(Albert, 2004). Simultaneously Chris Rapley and Robin Bell
submitted a proposal to the International Council for Science
(ICSU) Executive Committee to form a planning committee
for the IPY. ICSU approved the proposal and the Planning
Committee met for the first time in August 2003. The plan-
ning had moved past a celebration to setting a science agenda
for a major international interdisciplinary effort (Figure 4).

Independently a group at the World Meteorological
Organization (WMO), a sponsor of the earlier IPYs, had
begun considering involvement in the proposed IPY 2007-
2008. WMO joined the ICSU planning process in an advi-
sory role. With the completion of the framework document
(Rapley and Bell, 2004), the ICSU Planning Committee’s
work was complete. Together ICSU and WMO formed a
new joint steering group called the Joint Committee, with
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FIGURE 4 Emergence of International
Polar Year 2007-2008 as documented in
SCAR reports. Usage of the terms “IPY”
and “International Polar Year” in SCAR
reports from 1998 to 2007. Discussion
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two co-chairs with representation from ICSU and WMO. A
competition for an IPY International Program Office (IPO)
was announced, and the successful bid was submitted by the
British Antarctic Survey. An executive director for the IPY
was hired, and the IPY 2007-2008 moved from the design
phase to the implementation phase.

The implementation phase required that the Joint Com-
mittee develop a process to review the proposed work for the
IPY 2007-2008 and develop a science plan. In due course
the Joint Committee reviewed over 300 proposals that form
the core of the IPY Science Program. The committee worked
with the authors of proposals to ensure that many smaller
projects could be accommodated under larger umbrella
projects, like CASO (Climate of Antarctica and the South-
ern Ocean), which includes several smaller projects that
started as Letters of Intent, but all contribute to the overall
CASO goal. The aim was to encourage development of a
relatively small number of large projects that would “make
a difference.”

Development of the project proposals was not top-down
but a direct result of the community input. Taken together the
300 or so projects can be seen to make up a comprehensive
and integrated science plan, which was published by the
Joint Committee in 2007 (Allison et al., 2007). In March
2007 the polar year opened around the globe with events
in over 30 nations signaling the beginning of two years of
intensive polar observation and analysis. This current year
is just the beginning.

THEMES

This four-year grassroots planning process defined six
scientific themes that are the essential framework for IPY
2007-2008:

2005

focused on a celebration until 2002, when

2006 2007 the emphasis became science.

1. Status: Determine the present environmental status
of the polar regions;

2. Change: Quantify and understand past and present
natural, environmental, and social change in the polar regions
and improve projections of future change;

3. Global Linkages: Advance understanding on all
scales of the links and interactions between the polar regions
and the rest of the globe and of the controlling processes;

4. New Frontiers: Investigate the frontiers of science
in the polar regions;

5. Vantage Point: Use the unique vantage point of the
polar regions to develop and enhance observatories from the
interior of Earth to the sun and the cosmos beyond; and

6. The Human Dimension: Investigate the cultural,
historical, and social processes that shape the sustainability
of circumpolar human societies and identify their unique
contributions to global cultural diversity and citizenship.

The first three themes—Status, Change, and Global
Linkages—capture the changing planet, with an emphasis on
changing climate at all times and scales (Figure 5 as the red
triangle, or delta symbol). The majority of IPY 2007-2008
projects address these themes. The fourth—New Frontiers,
or the exploration and discovery theme—has its largest
projects in Antarctic Earth sciences as predicted by Odishaw
at the close of the IGY. These frontiers in Earth science are
primarily beneath the ice sheet or beneath the ocean floor
(blue box at the base of Figure 5). The Vantage Point theme
encompasses everything from observatories to examine the
inner core to telescopes monitoring distant galaxies. The
Human Dimension theme of this IPY 2007-2008 has a strong
presence in the north but is not developed in the south due to
the absence of a large permanent human population there.
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FIGURE 5 Left: Schematic of major IPY 2007-2008 themes. Right: Mapping major Antarctic Earth science projects.

MAJOR INTERNATIONAL POLAR YEAR EARTH
SCIENCE PROJECTS

The principal IPY 2007-2008 Antarctic Earth science proj-
ects address change and all its components and exploration
of new frontiers. The Antarctic Earth science components
of the IPY 2007-2008 are primarily found within the Earth,
land, and ice sector of the framework (Allison et al., 2007).
Twelve projects fall into the category of Antarctic Earth sci-
ences (Table 1).

Many of these projects are inherently interdisciplinary.
This paper highlights five large projects that capture the
breadth of the IPY 2007-2008 Earth science programs, both
in terms of the time periods they address and in terms of
their geographic locations. POLENET (Polar Earth Observ-
ing Network) will be implemented in both polar regions and
will capture the tectonic and isostatic status of the Antarctic
plate. POLENET is the major Antarctic Earth science project
under the Status theme.

ANDRILL (Antarctic Geologic Drilling), which in
late 2006 recovered the longest rock core in Antarctica, is
a highly visible element of the Antarctic Climate Evolution
(ACE) program, which integrates modeling studies and
observational data from the Antarctic margin to resolve the
continent’s paleoenvironmental history. ANDRILL together
with ACE clearly illustrate both the Change theme and the
Global Linkages theme, as they examine the teleconnec-
tions between Northern and Southern Hemisphere climate
change.

“Plates and Gates,” by focusing on the tectonic and
sedimentary formation of ocean gateways that are critical for
controlling major water masses and global change, is a clear
example of an investigation of the global linkages between
polar processes and global climate. SALE-UNITED and the

AGAP/PANDA projects, which target the origin, evolution,
and setting of subglacial lakes and the Gamburtsev subgla-
cial highlands and the structure of the Dome A region, are
both clear examples of the New Frontiers theme. As the
POLENET observatories will include components capable of
examining structure deep within Earth’s interior, that project
is also emblematic of the Vantage Point theme.

POLENET

POLENET is a consortium of scientists from 24 nations that
will deploy a diverse suite of geophysical instruments aiming
at interactions of the atmosphere, oceans, polar ice sheets,
and Earth’s crust and mantle (Figure 6). The POLENET
teams will be deploying new GPS instruments, seismic
stations, magnetometers, tide gauges, ocean-floor sensors,
and meteorological recorders. The science program of the
POLENET consortium will investigate polar geodynamics;
Earth’s magnetic field, crust, mantle, and core structure and
dynamics; and systems-scale interactions of the solid Earth,
cryosphere, oceans, and atmosphere. Activities will focus
on the deployment of autonomous observatories at remote
sites on the continents and offshore, coordinated with mea-
surements made at permanent stations and by satellite cam-
paigns. Geophysical observations made by POLENET will
contribute to many branches of geoscience and glaciology.
For example, sea-level and ice-sheet monitoring can be fully
modeled only when measurements of solid Earth motions
are incorporated. Both plate tectonic and paleoclimate stud-
ies benefit from crustal deformation results. POLENET’s
approach to install autonomous observatories collecting
coordinated measurements captures Weyprecht’s vision of
coordinated observations from fixed stations.
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TABLE 1 Antarctic Earth Science IPY 2007-2008 Proposals from Scope of Science Report

Proposal No. and Short Title Long Title

Antarctica’s Gamburtsev Province; origin, evolution, and setting of the Gamburtsev subglacial
Antarctic Geologic Drilling: Antarctic continental margin drilling to investigate Antarctica’s role in

Geodynamics of the West Antarctic Rift System and its implications for the stability of the West

Ice Divide of East Antarctica: Trans-Antarctic Scientific Traverses expeditions

67 AGAP
highlands; exploring an unknown territory
256 ANDRILL
global environmental change
109 Rift System Dynamics
Antarctic ice sheet
77 Plates and Gates Plate tectonics and polar ocean gateways
152 IDEA
185 POLENET Polar Earth Observing Network
886 USGS U.S. Geological Survey: Integrated Research
54 ACE Antarctic Climate Evolution
97 ICECAP Investigating the Cryospheric Evolution of the Antarctic Plate
33 ANTPAS Antarctic Permafrost and Soils
313 PANDA The Prydz Bay, Amery Ice Shelf, and Dome-A Observatories
42 SALE-UNITED

Subglacial Antarctic Lake Environments-Unified International Team for Exploration and Discovery

FIGURE 6 Left: Location of planned POLENET sites in Antarctica. Stars = New stations.
Center: Deploying remote GPS station. Right: Deploying remote seismic station.

SOURCE: www.polenet.org.

ANDRILL

ANDRILL is the latest of a series of floating-ice-based
drilling projects on the Antarctic margin, complementing
ship-based projects that date back to Deep Sea Drilling
Project Leg 28 in 1972 (Figure 7). ANDRILL is a multina-
tional collaboration of more than 200 scientists, students,
and educators from Germany, Italy, New Zealand, and the
United States; it is also the largest Antarctic Earth science
IPY 2007-2008 project targeting the Change and global
linkages themes.

ANDRILL is an example of a major international project
that developed in parallel with the IPY 2007-2008 planning

and became an integral part of the IPY 2007-2008 program.
ANDRILL is a scientific drilling project investigating Ant-
arctica’s role in global climate change over the last 60 million
years. Employing new drilling technology designed specifi-
cally for ice-shelf conditions as well as state-of-the-art core
analysis and ice-sheet modeling, ANDRILL addresses four
scientific issues: (1) the history of Antarctica’s climate and
ice sheets; (2) the evolution of polar biota and ecosystems;
(3) the timing and nature of major tectonic and volcanic epi-
sodes; and (4) the role of Antarctica in Earth’s ocean-climate
system. ANDRILL’s goal is to drill a series of holes in the
McMurdo Sound area in regions that have previously been
inaccessible to ship-based drilling technologies. The strati-
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FIGURE 7 Top left: ANDRILL drill rig in the
McMurdo Sound. Top right: Conducting core
analysis on site. Bottom: Core in core trays.
SOURCE: Images are from www.andrill.org.

graphic records retrieved from these boreholes will cover
critical time periods in the development of Antarctica’s major
ice sheets. The sediment cores will be used to construct an
overall glacial and interglacial history for the region, includ-
ing documentation of sea-ice coverage, sea level, terrestrial
vegetation, and meltwater discharge events. The cores will
also provide a general chronostratigraphic framework for
regional seismic studies to help unravel the area’s complex
tectonic history. The first borehole was drilled in 2006-2007,
and drilling the second borehole will begin in the 2007-2008
field season.

Plates and Gates

“Plates and Gates” is a multidisciplinary project aimed at
understanding key polar oceanographic gateways for major

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

water masses. Ocean gateways are the deepwater passage-
ways that form as continents rift apart and that are destroyed
when ocean basins close (Figure 8). As part of the global
ocean circulation, water masses move through these pas-
sageways, and major shifts in the ocean gateways produce
changes in the transport of heat, salt, and nutrients. These
changes in global ocean circulation may trigger changes in
global climate. Plates and Gates will establish detailed tec-
tonic, geodynamic, sedimentary, and paleotopographic his-
tories of major oceanic gateways, providing basic constraints
for global climate modeling. In Antarctica, key areas are the
Drake Passage and the former Tasman Gateway, the last bar-
riers to the establishment of the Antarctic Circumpolar Cur-
rent. The Antarctic Circumpolar Current is the fundamental
vehicle for mass flux between the Pacific, Atlantic, and
Indian oceans and has the largest flux of all the globe’s ocean
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FIGURE 8 Plates and Gates. Left: Major ocean
gateways influencing ocean circulation (from R.
Livermore, British Antarctic Survey). Right: Alfred
Wegner Institute’s R/V Polarstern (from K. Gohl,
Alfred Wegner Institute).

currents. The establishment of this large global ocean current
has been suggested as one of the major triggers for the onset
of Antarctic glaciation (Kennett, 1977). Field projects and
modeling will be linked from the beginning to yield a model
of the present status of water mass exchange in these regions,
development of “gateway flow dynamics models” as well
as a new range of high-resolution paleooceanographic and
paleoclimate models. Plates and Gates will employ a coupled
ocean atmosphere general circulation model to examine the
impact of opening and closing of high- and low-latitude
gateways on Eocene-Oligocene and Pliocene-Pleistocene
climate changes. This project started in January 2007 with
an expedition onboard the R/V Polarstern.

AGAP and PANDA

AGAP and PANDA together are a multinational, multidis-
ciplinary aerogeophysical, traverse, and passive seismic
instrumentation effort to explore East Antarctic ice-sheet
history and the lithospheric structure of the Gamburtsev
Subglacial Mountains (see Figure 9). AGAP and PANDA
together assembled scientists from six nations to launch
the IPY 2007-2008 Gamburtsev Subglacial Mountains
Expedition. The Gamburtsev Subglacial Mountains are a
major mountain range, larger than the Alps but virtually
unexplored since they were discovered during the IGY in
1958. The Gamburtsev Subglacial Mountains are a 400-km-
wide elevated massif rising 2000-3000 m above the regional
topography and resting beneath the ice divide at Dome A, the
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highest plateau of the Antarctic ice sheet. While both the age
and origin of the Gamburtsev Mountains in the framework
of Antarctic and Gondwana tectonics has been a matter of
considerable speculation, this unusual mountain range has
been advanced as the nucleation point for two continental-
scale glaciations, one in the late Paleozoic and one in the
Cenozoic. The Gamburtsev Subglacial Mountains today are
encased beneath 1 to 4 km of continental ice, but their role
in ice-sheet dynamics, specifically as the nucleation point for
continental-wide glaciation, remains speculative given our
lack of knowledge about their age and origin.

AGAP will use aircraft and surface instrumentation to
collect major new datasets, including gravity, magnetics, ice
radar, and other geological observations. The airborne team
(GAMBIT) will acquire an extensive new airborne dataset,
including gravity, magnetics, ice thickness, synthetic aper-
ture radar images of the ice-bed interface, near-surface and
deep internal layers, and ice surface elevation. The nested
survey design will include a dense high-resolution survey
over Dome A augmented by long regional lines to map the
tectonic structures. The interpretation of these datasets will
advance our understanding of ice-sheet dynamics, subglacial
lakes, and Antarctic tectonics. The seismic team (GAMSEIS)
will deploy portable broadband seismographs to examine the
seismic structure of the crust and upper mantle. The PANDA
transect from Prydz Bay-Amery Ice Shelf-Lambert Glacier
Basin-Dome A covers an interconnected ocean, ice-shelf, and
ice-sheet system, which plays a very important role in East
Antarctica mass balance, sea level, and climate change.

Copyright © National Academy of Sciences. All rights reserved.
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SALE-UNITED

SALE-UNITED is a federation of interdisciplinary research-
ers who will conduct expeditions to explore all facets of
subglacial lake environments under the New Frontiers theme
during the IPY 2007-2008 (Figure 10). The SALE-UNITED
research and exploration project will investigate subglacial
lake environments of differing ages, evolutionary histories,
and physical settings. These comparative studies will provide
a holistic view of subglacial environments over millions of
years and under differing climatic conditions. Included in the
SALE-UNITED IPY 2007-2008 projects will be the drill-
ing into Lake Vostok in 2008-2009, acquisition of surface
geophysics over Lake Ellsworth in West Antarctica and Lake
Concordia near Dome Concordia, and acquisition of both
airborne and surface geophysics over the Recovery Lakes
in Queen Maud Land. Each one of these projects represents
a major advance in the study of subglacial lakes. The suc-
cessful recovery of water from drilling into Lake Vostok will
provide key new insights into the fundamental questions as
to the basic nature of the water in the lakes and whether life
can be supported in the water column. Lakes Ellsworth and
Concordia are also targeted for sampling. The surface geo-
physics acquired during IPY 2007-2008 will provide seismic
constraints on the volume of water and the processes within

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

B FIGURE9 Top: Aerogeophysical Twin Otter in East

- e e I Antarctica. Bottom: AGAP survey design over ice
e ;}-,— surface (yellow grid).

B b b SOURCE: Images are from M. Studinger, Lamont-

Doherty Earth Observatory.

these lakes. The Recovery Lakes appear to be triggering the
onset of rapid ice flow into the Recovery Ice Stream (Bell et
al., 2007). Seismic data collected by the U.S.—-Norwegian tra-
verse team will provide insights into the volume of subglacial
water, while the airborne geophysics will constrain the flux
of ice and water through the system. Additionally, the SALE-
UNITED group will conduct genomic studies of accreted ice
and modeling of lake stability. Together these projects will
advance our understanding of the subglacial lake environ-
ment and the role lakes play in ice-sheet stability.

AN INTEGRATED VISION FOR ANTARCTIC EARTH
SCIENCE IN THE IPY 2007-2008

The five major projects described above capture the major
IPY 2007-2008 themes that were defined in the planning
process. Together they illustrate the breadth of the Antarc-
tic Earth science programs for the IPY 2007-2008. While
at first glance these projects may appear to be narrowly
focused on climate, they capture the entire scope of major
Antarctic geophysical events (Table 2). For example, AGAP
and PANDA will be targeting the basic cratonic structure
of East Antarctica, structures that likely formed during the
assembly of Rodinia and other key events early in the history
of the Antarctic continent. Plates and Gates focuses on the
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break-up of Gondwana and the subsequent formation of the
ocean gateways between continental fragments. Both AGAP
and POLENET will contribute to resolving the history of
extension in the Ross Sea, while controls on Transantarctic
Mountains uplift will be elucidated by both Plates and Gates
and ANDRILL. The origin, history, and stability of the Ant-
arctic ice sheets will be addressed by all these projects.

OUTSTANDING CHALLENGES

As of this writing we are still at an early stage of the IPY
2007-2008, less than six months after the official opening in
Paris and around the globe on March 1, 2007. Since the iden-
tification of funding for national components of IPY 2007-
2008—approved projects is still ongoing in many countries, it
remains difficult to fathom the full breadth of the IPY 2007-
2008. But several hundred million dollars of new money for
polar science is already available, and more is likely.

Even at this early stage it is useful to consider the pitfalls
that other IPYs have encountered that prevented them from
realizing their full potential. The results of the first IPY were
never fully realized because each nation worked to publish
their data individually. The data were not openly shared, and
long-term collaboration between nations did not materialize.
In our more electronically connected world there is little
excuse for data not to be openly shared and deposited in the
appropriate data repository so that future generations can
make use of this precious resource.

Building collaborations within a discipline is simple.
The challenge for this IPY 2007-2008 is to establish long-
lasting, effective working relationships across disciplines.
Many of the projects contain the seeds of these difficult
multidisciplinary relationships, whether between modelers
and field scientists or between biologists and geophysicists.
These interactions must be fostered and developed. Col-
laborations built on shared data and shared passions in Earth
systems are essential. Interdisciplinary science is difficult,
but it will be the only way Earth science will remain relevant
FIGURE 10 Top: SALE-UNITED. Location of subglacial lakes to society, and it is the only way to gain the full return from
(from M. Studinger, http://www.ldeo.columbia.edu/~mstuding/ our investment. True, open interdisciplinary collaboration

vostok.html) Bottom: Traverse vehicles for U.S.-Norwegian tra- will serve to advance our understanding of the poles and the
verse of the Recovery Lakes (from Norwegian Polar Institute). role they play in our planetary system.

TABLE 2 Five Major Antarctic Geophysical Events Targeted by IPY 2007-2008 Programs

Uplift of the Origin, History, Status,
Major Formation of East Breakup of Extension of the Transantarctic Stability of Antarctic Ice
Event Antarctic Craton Gondwana Ross Sea Mountains Sheets
1IPY AGAP, Plates and Gates ANDRILL, ANDRILL, AGAP, PANDA,
2007-2008 PANDA POLENET Plates and Gates ANDRILL,
Programs Plates and Gates,
POLENET,

SALE-UNITED

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

18

ANTICIPATED OUTCOMES

This IPY 2007-2008 marks the beginning of a new era in
polar science that will routinely involve cooperation between
a wide range of research disciplines from geophysics to ecol-
ogy. While much of our science today is international, the
IPY 2007-2008 is truly the largest international scientific
endeavor of any kind that most of us will ever witness. Just
as many of today’s leaders in science and engineering entered
these fields because of the IGY, the next generation will be
captivated by the powerful science projects of the IPY 2007-
2008. The IPY 2007-2008 will open new frontiers, specifi-
cally East Antarctica and the subglacial environment, to the
international scientific community. From the IPY 2007-2008
will emerge new collaborative frameworks for science that
will continue to enable each of us to accomplish more than
we could have accomplished as individual scientists or as
individual nations.
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100 Million Years of Antarctic Climate Evolution:
Evidence from Fossil Plants
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ABSTRACT

The evolution of Antarctic climate from a Cretaceous
greenhouse into the Neogene icehouse is captured within a
rich record of fossil leaves, wood, pollen, and flowers from
the Antarctic Peninsula and the Transantarctic Mountains.
About 85 million years ago, during the mid-Late Cretaceous,
flowering plants thrived in subtropical climates in Antarctica.
Analysis of their leaves and flowers, many of which were
ancestors of plants that live in the tropics today, indicates
that summer temperatures averaged 20°C during this global
thermal maximum. After the Paleocene (~60 Ma) warmth-
loving plants gradually lost their place in the vegetation and
were replaced by floras dominated by araucarian conifers
(monkey puzzles) and the southern beech Nothofagus, which
tolerated freezing winters. Plants hung on tenaciously in high
latitudes, even after ice sheets covered the land, and during
periods of interglacial warmth in the Neogene small dwarf
plants survived in tundra-like conditions within 500 km of
the South Pole.

INTRODUCTION

The Antarctic Paradox is that, despite the continent being
the most inhospitable continent on Earth with its freezing
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climate and 4-km-thick ice cap, some of the most common
fossils preserved in its rock record are those of ancient
plants. These fossils testify to a different world of globally
warm and ice-free climates, where dense vegetation was able
to survive very close to the poles. The fossil plants are an
important source of information about terrestrial climates in
high latitudes, the regions on Earth most sensitive to climate
change.

Although plants of Permian and Triassic age provide a
signal of terrestrial climates for the Transantarctic region for
times beyond 100 million years (Taylor and Taylor, 1990), it
is during the Cretaceous that the Antarctic continent reached
the approximate position that it is in today over the South
Pole (Lawver et al., 1992). Without the cover of ice Creta-
ceous vegetation flourished at high latitudes. Even when ice
built up on the continent during the Cenozoic, fossil plants
indicate that vegetation was still able to grow in relatively
inhospitable conditions. The plant record thus provides us
with a window into past climates of Antarctica, particularly
during the critical transition from greenhouse to icehouse
(Francis et al., forthcoming).

Reviews of the paleobotany that focus on floral evolu-
tion, rather than paleoclimate, can be found in the work of
Askin (1992) and Cantrill and Poole (2002, 2005) and refer-
ences therein. This paper is not intended to be an exhaustive
review of all paleoclimate or paleobotanical studies but
presents new information about Antarctic climate evolution
deduced from some new and some selected published studies
of fossil plants.

WARMTH IN THE CRETACEOUS GREENHOUSE

The most detailed record of Cretaceous terrestrial climates
from plants comes from Alexander Island on the Antarctic

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1 Map of Antarctica showing locations mentioned in the text.

Peninsula (Figure 1). Here the mid-Cretaceous (Albian) Fos-
sil Bluff Group sediments include a series of marine, subma-
rine fan, fluviatile, and deltaic sediments formed as the infill
of a subsiding fore-arc basin. Floodplains and midchannel
bars of braided and meandering river systems (Triton Point
Formation, Nichols and Cantrill, 2002) were extensively
forested by large trees with a rich undergrowth.

Many of the plants are preserved in their original posi-
tions, having been encased by sheet flood and crevasse splay
deposits during catastrophic flooding events. In addition,
finely laminated flood deposits draped small plants, preserv-
ing them in place.

The in situ preservation of the plants has allowed
detailed reconstructions of the forest environments by
Howe (2003). Three vegetation assemblages were identified
through statistical analysis of field data: (1) a conifer and
fern assemblage with mature conifers of mainly araucarian
type and an understory of Sphenopteris ferns; (2) a mixed
conifer, fern, and cycad assemblage with araucarian conifers
and ginkgo trees; and (3) a disturbance flora of liverworts,
Taeniopteris shrubs, ferns, and angiosperms. Reconstruc-
tions of these assemblages and their depositional setting are
presented in Figure 2.

An artist’s reconstruction is presented in Figure 3. This

reconstruction portrays spacing of the large trees, such as
ginkgos, podocarps, and araucarian conifers, as accurately
as possible from field data. The undergrowth consists of
ferns, cycadophytes, liverworts, mosses, and small shrubby
angiosperms. The extinct plant Taeniopteris formed thickets
in the disturbed clearings in the forest (Cantrill and Howe,
2001). The picture also shows the volcanoes on the adjacent
arc that were the source of volcaniclastic sediment, much of
which was deposited as catastrophic deposits that engulfed
standing trees (in the distance in this picture).

Paleoclimatic interpretation using fossil plants on Alex-
ander Island is based mainly on comparison with the ecologi-
cal tolerances of similar living Southern Hemisphere taxa
(Falcon-Lang et al., 2001). This indicates that the climate
was generally warm and humid to allow the growth of large
conifers, with mosses and ferns in the undergrowth. Accord-
ing to Nichols and Cantrill (2002), river flow is considered
to have been perennial, based on sedimentary evidence, but
with periodic floods indicative of high rainfall.

Evidence from fossil soils, however, provides a some-
what different climate story. The paleosols, in which trees
are rooted, have structures such as blocky peds, clay cutans,
and mottling that are typical of modern soils that form under
seasonally dry climates (Howe and Francis, 2005). Although
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FIGURE 2 Reconstruction of paleoenvironment and community structure of (a) an open woodland community that grew on areas of the
floodplain distal to a meandering river channel but subjected to frequent, low-energy floods; (b) a patch forest community of mature conifers
and ferns, growing on floodplain areas affected by catastrophic floods; and (c) disturbance vegetation growing in back-swamp areas of a
braided river floodplain, subjected to frequent low-energy flood events and ponding (Howe, 2003).

evidence of intermittent flooding is apparent from the fluvial
sandstones and mudstones that volumetrically dominate the
rock sequence, the paleosols indicate that this high-latitude
mid-Cretaceous environment was predominantly seasonally
dry. Whereas the flood sediments are likely to have been
deposited relatively rapidly (days or weeks), the paleosols
likely represent hundreds to thousands of years for soil
development and forest growth, suggesting a predominantly
dry climate for this high-latitude site.

Climate models for the mid-Cretaceous predicted
warm, humid climates for this region. Valdes et al. (1996)
predicted high summer temperatures of 20-24°C and low
winter temperatures just above freezing. There is no evidence
of freezing in the paleosols. However, it is likely that the
more significant climate parameter that influenced the soils
was rainfall and soil moisture. The models of Valdes et al.
(1996) of seasonal mean surface soil moisture distribution
(the balance between precipitation and evaporation) predict
a seasonal moisture regime with dry conditions in summer
but wet in winter, supporting the seasonal signature seen in
the paleosols.

Younger Cretaceous strata preserved within the James
Ross Island back-arc basin, and which crop out on James
Ross, Seymour, and adjacent islands, contain a series of
fossil floras that are providing new information about biodi-
versity and climate. During the Late Cretaceous angiosperms
(flowering plants) became an important component of the
vegetation. The Coniacian Hidden Lake Formation (Gustav
Group) and the Santonian-early Campanian Santa Marta
Formation (Marambio Group) in particular contain fos-
sil angiosperm leaves that have yielded information about

paleoclimate. The leaves represent the remains of vegetation
that grew at approximately 65°S on the emergent volcanic
arc that is now represented by the Antarctic Peninsula. They
were subsequently transported and buried in marine sedi-
ments in the adjacent back-arc basin, and are now preserved
as impressions and compressions in volcaniclastic siltstones
and carbonate concretions (Hayes et al., 2006).

The angiosperm leaf morphotypes have been tentatively
compared with those of living families such as Sterculia-
ceae, Lauraceae, Winteraceae, Cunoniaceae, and Myrtaceae
(Hayes et al., 2006) (Figure 4). Most of these families today
can be found in warm temperate or subtropical zones of the
Southern Hemisphere. Sterculiaceae is a tropical and sub-
tropical family found in Australia, South Asia, Africa, and
northern South and Central America. The Laurales today live
in tropical or warm temperate regions with a moist equable
climate. Both the Cunoniaceae and Elaecocarpaceae are
tropical and subtropical trees and shrubs found in equato-
rial tropical regions, and the Winteraceae are concentrated
in wet tropical montane to cool temperate rainforests of the
southwest Pacific and South America.

A more quantitative analysis of the leaves based on
physiognomic aspects of the leaves, using leaf margin analy-
sis and simple and multiple linear regression models, pro-
vided data on paleotemperatures and precipitation. Estimates
of mean annual temperatures (MATSs) range from 15.2 (£2)
to 18.6 (£1.9)°C for the Coniacian, and 17.1 (x2)°C to 21.2
(x1.9)°C for the late Coniacian-early Santonian. Averaging
all data from all methods gives a MAT for the Coniacian of
16.9°C and 19.1°C for the late Coniacian-early Santonian
(Hayes et al., 2006). Estimates of annual precipitation range
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FIGURE 3 Reconstruction of the forest environment on Alexander Island during the Cretaceous, based on the work of Howe (2003) and
British Antarctic Survey geologists (see text and references).
SOURCE: Image is a painting by Robert Nicholls of Paleocreations.com, and is housed at the British Antarctic Survey.

from 594 to 2142 (x580) mm for the Coniacian and 673 to
1991 (+580) mm, for the late Coniacian-early Santonian,
with very high rainfalls of 2630 (+482) and 2450 (+482) mm
for the growing seasons, respectively, comparable with those
of equatorial tropical rainforests today. However, these data
must be considered with caution as some important aspects
of leaf morphology related to rainfall are not preserved in
the fossil assemblage.

These fossil plants are thus indicative of tropical and
subtropical climates at high paleolatitudes during the mid-
Late Cretaceous, without extended periods of winter tem-
peratures below freezing and with adequate moisture for
growth. In other Antarctic paleoclimate studies evidence for
strong warmth at this time was found by Dingle and Lavelle
(1998) in their analyses of clay minerals and from analysis of
fossil woods (Poole et al., 2005). This warm peak may have
also been the trigger for the expansion of the angiosperms in
the Antarctic, represented by a marked increased abundance
of angiosperm pollen in Turonian sediments (Keating et al.,
1992). On a global scale this corresponds to the Cretaceous
thermal maximum, from about 100-80 Ma, reported from

many sites (e.g., Clark and Jenkyns, 1999; Huber et al.,
2002), and possibly attributed to rising atmospheric CO,
levels due to a tectonically driven oceanographic event in
the opening of the equatorial Atlantic gateway (Poulsen et
al., 2003).

The high levels of Cretaceous climate warmth are also
recorded in an unusual assemblage of late Santonian fossil
plants from Table Nunatak on the east side of the Antarc-
tic Peninsula. A small isolated outcrop has yielded layers
of charcoal, produced by wildfires, within a sequence of
sandstones, siltstones, and mudstones, deposited in shallow
marine conditions at the mouth of an estuary or in a delta
distributary channel. The charcoal layer contains the remains
of burnt plants, including megaspores; fern rachids; conifer
leaves, wood, shoots, seeds and pollen cones; angiosperms
leaves, fruits and seeds (Eklund et al., 2004).

The most unusual of these fossils are tiny fossil flowers,
the oldest recorded from Antarctica. Eklund (2003) identified
several types of angiosperm flowers, some of which are most
likely related to the living families Siparunaceae, Wintera-
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FIGURE 4 A selection of fossil leaves from the Hidden Lake Formation: (a) D.8754.1a, Morphotype 2 (Sterculiaceae); (b) D.8754.8.54a,
Morphotype 11 (Laurales); (c) D.8754.8.57a, Morphotype 11 (Laurales); (d) D.8621.27a, Morphotype 10 (unknown affinity). Botanical
names in parentheses refer to most similar modern family (Hayes et al., 2006). Scale bar 5 mm for all leaves. Numbers refer to the British

Antarctic Survey numbering system.

ceae, and Myrtaceae, as well as several unidentified types.
The Siparunaceae family is now confined to the tropics, and
the Winteraceae (e.g., mountain pepper tree) and Myrtaceae
(e.g., eucalypts) are warm-cool temperate types from the
Southern Hemisphere. Interestingly, the Siparuna-like fos-
sil flowers have a flat-roofed structure with a central pore,
which in the living plants acts as a landing platform for gall
midges that lay their eggs inside the flower head. Since the
developing gall midge larvae usually destroy the flowers as
they grow (Eklund, 2003), the preservation of such flowers
as fossils would normally be extremely unlikely. The fortu-
itous occurrence of wildfires during the Cretaceous has thus
helped preserve such flowers as rare fossils.

FROM GREENHOUSE TO ICEHOUSE

After the peak warmth of the mid-Late Cretaceous, climate
appears to have cooled globally during the latest part of the
Cretaceous, as seen also in the Antarctic fossil wood record
(Francis and Poole, 2002; Poole et al., 2005). However, warm
climates returned to the high latitudes during the Paleocene
and early Eocene, as is reflected in fossil plants.

The Paleogene sedimentary sequence on Seymour Island
(Figure 1) contains plant-rich horizons that hold signals to
ancient climates. An unusual new flora from La Meseta
Formation has been studied by Stephens (2008). The flora
is dominated by permineralized branches of conifers and
compressions of angiosperm leaves, and found within car-

bonate concretions within the shallow marine Campamento
allomember of Marenssi et al. (1998) (equivalent to Telm
3 of Sadler [1988]). This unit has been dated as 51.5-49.5
Ma through links with global eustatic lowstands (Marenssi,
2006) and by Sr dating by Stephens, which yielded a latest
early Eocene (late Ypresian) age.

The flora is unusual in that it is dominated by leaves,
cone scales, and leafy branches of araucarian conifers, very
similar in all respects to living Araucaria araucana (monkey
puzzle) from Chile. Study of three-dimensional arrange-
ment of leaves using the technique of neutron tomography
illustrates that leaf and branch arrangement is characteristic
of living Araucaria araucana (Figure 5). A limited array of
angiosperm leaves are preserved in the nodules and include
morphotypes that are similar to leaves of living Lauraceae,
Myricaceae, Myrtaceae, and Proteaceae. It is notable that
many of the fossil leaves appear to have particularly thick
carbonaceous compressions and, indeed, the living equiva-
lents are evergreen Southern Hemisphere trees that have
thick waxy cuticles. This may signal taphonomic sorting of
some kind rather than a climate signal, as the more fragile
leaves, including Nothofagus, are unusually absent from this
flora. Climate interpretation of this flora, based on the nearest
living types, especially the araucarian conifers, suggests that
the latest Eocene climate was cool and moist. Oxygen isotope
analyses of marine molluscs in the same concretions yielded
cool marine paleotemperatures of 8.3-12.5°C, comparable
to other estimates for Telm 3 from marine oxygen isotopes
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FIGURE 5 Image of three-dimensional leafy branch of fossil araucarian conifer from La Meseta Formation, Seymour Island (sample
DJ.1103.189). (a) The branch as it appears in hand specimen. (b) Reconstruction from tomographic image showing the leafy branch in three
dimensions. Neutron tomography to create the figure was undertaken at the Institut Laue Langevin facility, Grenoble, France.

of 8-13.2°C (Pirrie et al., 1998) and 10.5-19.6°C (Dutton et
al., 2002).

New paleoclimate data have also been derived from new
collections of fossil angiosperm leaves from the Nordenskjold
flora in the Cross Valley Formation of Late Paleocene age
(Elliot and Trautman, 1982) and from the Middle Eocene
Cucullaea 1 flora (Telm 5 of Sadler [1988], Cucullaea 1
allomember of Marenssi et al. [1998], dated as 47-44 Ma by
Dutton et al. [2002]). In the Late Paleocene flora 36 angio-
sperm leaf morphotypes were identified, along with two
pteridophytes (ferns), and podocarp and araucarian conifers.
The angiosperm leaf component is dominated by types with
possibly modern affinities to the Nothofagacae, Lauraceae,
and Proteaceae, along with other types, such as Myrtaceae,
Elaeocarpaceae, Winteraceae, Moraceae, Cunoniaceae, and
Monimiaceae, some of which have no identifiable modern
affinities as yet. The fossil assemblage contains a mix of

families of subtropical and cool-temperate nature and rep-
resents cool-warm temperate mixed conifer-broad-leaved
evergreen and deciduous forest, dominated by large trees of
Nothofagus (southern beech) and araucarian and podocarp
conifers, with other angiosperms as mid-canopy trees and
understorey shrubs. In comparison the Middle Eocene flora
shows a 47 percent decrease in diversity with only 19 leaf
morphotypes. The flora is dominated by Nothofagus, most
similar to modern cool-temperate types, and has much rarer
subtropical and warm-temperate types, such as Proteaceae.
The decline in diversity indicates a substantial cooling of
climate over this interval.

Paleoclimate data were derived using CLAMP (Climate
Leaf Analysis Multivariate Program) (Wolfe and Spicer,
1999) and several leaf margin analysis techniques based on
physiognomic properties of the leaves. CLAMP results are
given below. A MAT of 13.5 + 0.7°C was determined for the
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Late Paleocene. A strongly seasonal climate was implied,
with a warm month mean of 25.7 + 2.7°C and a cold month
mean of 2.2 + 2.7°C, with 2110 mm annual rainfall. By the
Middle Eocene the climate had cooled considerably; the
MAT was 10.8 = 1.1°C with a warm month mean of 24 +
2.7°C, and a cold month mean of —1.17 + 2.7°C, with 1534
mm annual rainfall. This suggests that the climate was still
markedly seasonal but that winter temperatures were often
below freezing.

The Late Paleocene floras thus represent warm Antarc-
tic climates probably without ice, even in winter. However,
Seymour Island floras suggest that by the Middle Eocene
(47-44 Ma) climates had cooled considerably and ice may
have been present on the Antarctic continent, at least dur-
ing winter months. Several Eocene macrofloras dominated
by Nothofagus from King George Island, South Shetland
Islands, suggest mean annual temperatures of about 10-11°C
(seasonality unknown) (e.g., Birkenmajer and Zastawniak,
1989; Hunt and Poole, 2003), and the highest latitude Eocene
floras, from Minna Bluff in the McMurdo Sound region,
are suggestive of cool temperate climates (Francis, 2000).
Other geological evidence also points to significant cool-
ing by the latter part of the Eocene; fluctuating volumes of
ice on Antarctica from about 42 Ma have been implied by
Tripati et al. (2005) from isotope measurements of marine
sediments and, from the Antarctic region, Birkenmajer et
al. (2005) proposed a glacial period from 45-41 Ma, based
on valley-type tillites of Eocene-Oligocene age from King
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George Island. Ivany et al. (2006) have also reported the gla-
cial deposits of possible latest Eocene or earliest Oligocene
age from Seymour Island.

PLANTS IN THE FREEZER

Despite the onset of glaciation and the growth of ice sheets
on Antarctica during the latest Eocene or earliest Oligocene,
vegetation was not instantly wiped out but clung on tena-
ciously in hostile environments. Even though many warmth-
loving plant taxa disappeared during the mid-Eocene, floras
dominated by Nothofagus remained for many millions
of years. Single leaves of Nothofagus of Oligocene and
Miocene age have been found in CRP-3 and CIROS-1 drill
cores, respectively (Hill, 1989; Cantrill, 2001), but one of the
most remarkable Antarctic floras is preserved within glacial
diamictites of the Meyer Desert Formation, Sirius Group, at
Oliver Bluffs (85°S) in the Transantarctic Mountains.

In a meter-thick layer of sandstone, siltstone, and mud-
stone sandwiched between tillites, small twigs of fossil Noth-
ofagus wood are preserved entwined around cobbles (Figure
6). The twigs are the branches and rootlets of small dwarf
shrubs preserved within their positions of growth. Fossil leaf
mats of Nothofagus leaves (Nothofagus beardmorensis) (Hill
et al., 1996) are also preserved in the same horizon. Several
other fossil plants have also been recovered, including moss
cushions, liverworts, and fruits, stems, and seeds of several

FIGURE 6 Sirius Group sediments and fossil plants, Oliver Bluffs, Transantarctic Mountains. (a) General view of Oliver Bluffs. (b) View
of bluff composed of glacial diamictites. Arrow points to meter-thick horizon of glacial sandstone, equivalent to plant-bearing horizon. (c)
Nothofagus leaves from upper part of plant-bearing horizon. (d) Small branch of fossil wood in growth position within paleosol horizon. (e)
Small branch in situ in paleosol horizon, with delicate bark still attached. Scale bars represent 1 cm.
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vascular plants, as well as remains of beetles, a gastropod,
bivalves, a fish, and a fly (Ashworth and Cantrill, 2004).

All the evidence for paleoclimate from these remarkable
fossils (Ashworth and Cantrill, 2004), from growth rings
in the twigs (Francis and Hill, 1996), and from paleosols
(Retallack et al., 2001) points toward a tundra environment
with a mean annual temperature of about —12°C, with short
summers up to +5°C but with long cold winters below freez-
ing. Dated as Pliocene in age but disputed (see Ashworth and
Cantrill, 2004), this periglacial or interglacial environment
existed at a time when glaciers retreated briefly from the
Oliver Buffs region, allowing dwarf shrubs to colonize the
exposed tundra surface only about 500 km from the South
Pole.

As Antarctica’s climate cooled further into the Pleisto-
cene deep-freeze, vascular plants were lost from the conti-
nent. However, its rich fossil plant record retains its legacy
of past warmth.
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Antarctica’s Continent-Ocean Transitions:
Consequences for Tectonic Reconstructions

K. Gohl’

ABSTRACT

Antarctica was the centerpiece of the Gondwana supercon-
tinent. About 13,900 km of Antarctica’s 15,900-km-long
continental margins (87 percent) are of rifted divergent type,
1600 km (10 percent) were converted from a subduction
type to a passive margin after ridge-trench collision along
the Pacific side of the Antarctic Peninsula, and 400 km (3
percent) are of active convergent type. In recent years the
volume of geophysical data along the continental margin of
Antarctica has increased substantially, which allows differ-
entiation of the crustal characteristics of its continent-ocean
boundaries and transitions (COB/COT). These data and geo-
dynamic modeling indicate that the cause, style, and process
of breakup and separation were quite different along the
Antarctic margins. A circum-Antarctic map shows the crustal
styles of the margins and the location and geophysical char-
acteristics of the COT. The data indicate that only a quarter of
the rifted margins are of volcanic type. About 70 percent of
the rifted passive margins contain extended continental crust
stretching between 50 and 300 km oceanward of the shelf
edge. Definitions of the COT and an understanding of its
process of formation has consequences for plate-kinematic
reconstructions and geodynamic syntheses.

INTRODUCTION

About 13,900 km of the 15,900-km-long continental margins
of the Antarctic plate are of rifted divergent type, 1600 km
were converted from a subduction-type to a passive margin
after ridge-trench collision along the Pacific side of the Ant-

'Alfred Wegener Institute for Polar and Marine Research, Postbox
120161, 27515 Bremerhaven, Germany (karsten.gohl @awi.de).
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arctic Peninsula, and 400 km are of active convergent type.
The structure and composition of continental margins, in
particular those of rifted margins, can be used to elucidate the
geodynamic processes of continental dispersion and accre-
tion. The margins of Antarctica have mostly been subject to
regional studies mainly in areas near research stations in the
Ross Sea, Prydz Bay, Weddell Sea, and along the Antarctic
Peninsula near national research facilities. In recent years—
mainly motivated by the United Nations Convention on the
Law of the Sea—Tlarge volumes of new offshore geophysical
data have been collected, primarily along the East Antarctic
margin. For the first time this provides the opportunity to
make a comprehensive analysis of the development of these
continental margins over large tracts of extended continental
crust that were previously unknown. The coverage of circum-
Antarctic multichannel seismic lines from the Antarctic
Seismic Data Library System for Cooperative Research
(SDLYS) of the Scientific Committee on Antarctic Research
(SCAR) (Wardell et al., 2007) (Figure 1) is, with the excep-
tion of some areas in the central Weddell Sea, off western
Marie Byrd Land and off the Ross Sea shelf, dense enough
for quantifying basement types and volcanic and nonvolca-
nic characteristics of the margins. The track map (Figure 1)
shows that deep crustal seismic data, necessary for a com-
plete and accurate characterization of the marginal crust to
upper mantle level, are still absent over most margins.

In this paper I first present a compilation of the struc-
tural types of the circum-Antarctic continental margins
based on a review of relevant published data of diverse types
together with new data. Then I contemplate implications of
the knowledge of margin crustal types and properties for
plate-kinematic and paleobathymetric reconstructions and
for isostatic response models.
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FIGURE 1 Overview map of Antarctica
and surrounding ocean floor using a com-
bined BEDMAP (bedrock topography with
ice sheet removed) (Lythe et al., 2001) and
satellite-derived bathymetry grid (McAdoo
and Laxon, 1997). White areas on the con-
tinent are below sea level if the ice sheet is
removed (without isostatic compensation).
Yellow lines mark boundaries between the
six crustal breakup sectors of respective
conjugate continents in this paper. Red
lines show the tracks of offshore multichan-
nel seismic profiles of the SCAR Seismic
Data Library System (SDLS) (compiled by
M. Breitzke, AWI). Black lines mark the
locations of offshore deep crustal seismic
refraction profiles. WS = Weddell Sea sec-
tor; DML = Dronning Maud Land sector;
EL = Ellsworth-Lambert Rift sector; WL
= Wilkes Land sector; MBL = Marie Byrd
Land sector; APE = Antarctic Peninsula-
Ellsworth Land sector.

STRETCHING AND BREAKING:
PASSIVE MARGIN TYPES

Weddell Sea (WS) Sector Conjugate to South America

The complex tectonic development of the Weddell Sea
sector (Figure 2) has more recently been reconstructed by
Hiibscher et al. (1996a), Jokat et al. (1996, 1997, 2003,
2004), Leitchenkov et al. (1996), Ghidella and LaBrecque
(1997), Golynsky and Aleshkova (2000), Ghidella et al.
(2002), Rogenhagen and Jokat (2002), and Konig and Jokat
(2006). Deciphering of the crustal types in the central Wed-
dell Sea is still hampered by the lack of deep crustal seismic
data. In the southern Weddell Sea seismic refraction data
reveal a thinned continental crust of about 20 km thick-
ness beneath the northern edge of the Filchner-Ronne ice
shelf (Hiibscher et al., 1996a). It can be assumed that this
thinned crust extends northward to a boundary marked by
the northern limit of a large positive gravity anomaly (Figure
2). Konig and Jokat (2006) associate an east-west rifting
of this crust (stretching factor of 2.5) with the motion of
the Antarctic Peninsula from East Antarctica as the earliest
event in the Weddell Sea plate circuit at about 167 Ma prior
to the early Weddell Sea opening in a north-south direction

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

at about 147 Ma. It is not clear, however, whether some of
the crustal extension is also associated with this early Wed-
dell Sea opening. The crust between the northern end of
the large positive gravity anomaly and the magnetic Orion
Anomaly and Andenes Anomaly (Figure 2) is interpreted
as a COT with the Orion Anomaly suggested to represent
an extensive zone of volcanics that erupted during the final
breakup between South America and Antarctica (Konig and
Jokat, 2006). Deep crustal seismic refraction data across the
Orion and Andenes anomalies and the assumed COT south of
it are needed in order to constrain their crustal composition
and type. Although the Orion Anomaly may provide a hint
toward a volcanic-type margin, the few seismic data do not
allow a complete characterization of the COT in the southern
Weddell Sea. Identified magnetic spreading anomalies (old-
est is M17) show evidence that oceanic crust exists north
of the Orion and Andenes anomalies with the prominent T-
Anomaly marking supposedly the changeover from slow to
ultraslow spreading-type crust (Konig and Jokat, 2006).
The Weddell Sea margin along the east coast of the Ant-
arctic Peninsula is still rather enigmatic due to missing data.
Konig and Jokat (2006) show that it rifted from the western
Patagonian margin as part of the earliest plate motion in the
Weddell Sea region at about 167 Ma. They follow Ghidella
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and LaBrecque’s (1997) argument for a nonvolcanic margin
based on low-amplitude magnetic anomalies and a charac-
teristic bathymetry.

The margin of the eastern Weddell Sea along the western
Dronning Maud Land coast is more clearly characterized by
the prominent bathymetric expression of the Explora Escarp-
ment and the massive volcanic flows along the Explora
Wedge (Figure 2), identified by the abundance of seaward
dipping reflectors (SDRs) in the seismic reflection data.
A number of deep crustal seismic refraction profiles cross
the Explora Wedge and the Explora Escarpment and allow
models showing a 70-km to 90-km-wide transitional crust
thinning from about 20 km thickness to 10 km thickness
toward the north (e.g., Jokat et al., 2004). Relatively high
P-wave velocities in the lower crust and in the upper crustal
section of the SDRs (Jokat et al., 2004) are evidence for a
volcanic-type continental margin.

Dronning Maud Land (DML) Sector Conjugate to Africa

Data and syntheses of the central and eastern Dronning
Maud Land (DML) margin stem from work by Hinz and
Krause (1982), Hiibscher et al. (1996b), Roeser et al.
(1996), Jokat et al. (2003, 2004), Hinz et al. (2004), and
Konig and Jokat (2006). The recent plate-kinematic recon-
structions by Jokat et al. (2003) and K6nig and Jokat (2006)
show that southeast Africa was conjugate to the DML mar-
gin (Figure 3) from just east of the Explora Escarpment to
the Gunnerus Ridge. However, this DML margin has two
distinct parts, separated by the Astrid Ridge. The eastern

m seawand-dipping refleciorns
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FIGURE 2 Weddell Sea sector with
satellite-derived gravity field (McAdoo
and Laxon, 1997) and continental mar-
gin features. Red lines show the tracks
of offshore multichannel seismic pro-
files of SDLS. Dark blue lines mark
the locations of offshore deep crustal
seismic refraction profiles. COT = con-
tinent-ocean boundary; GRAV = positive
gravity anomaly marking northern limit
of thinned continental crust; FREC =
Filchner-Ronne extended crust; EE =
Explora Escarpment; EW = Explora
Wedge; AP = Andenes Plateau; WR =
Weddell Sea Rift; T-A = T-Anomaly;
OA = Orion Anomaly; AA = Andenes
Anomaly.

Lazarev Sea margin is characterized by a COT consisting
of a broad stretched continental crust and up to 6-km-thick
volcanic wedges clearly identified by SDR sequences. Deep
crustal seismic data show that the crust thins in two steps
from 23 km to about 10 km thickness over a distance of 180
km (Ko6nig and Jokat, 2006). Their velocity-depth model
reveals high seismic P-wave velocities in the lower crust of
this COT, suggesting voluminous underplating and intru-
sion of magmatic material. A coast-parallel strong positive
and negative magnetic anomaly pair marks the northern
limit of the COT and is interpreted as the onset of the first
oceanic crust generated by spreading processes at chron
M12 (136 Ma). The volcanic characteristics of the eastern
Lazarev Sea segment is very likely to be related to the same
magmatic events leading to the Early Cretaceous crustal
accretion of a Large Igneous Province (LIP) consisting of
the separated oceanic plateaus Maud Rise, Agulhas Plateau,
and Northeast Georgia Rise (Gohl and Uenzelmann-Neben,
2001) and to which also parts of the Mozambique Ridge
may have belonged.

Atthe Riiser-Larsen Sea margin east of the Astrid Ridge,
the outer limit of the COB is constrained by densely spaced
aeromagnetic data revealing spreading anomalies up to M24
(155 Ma) (Jokat et al., 2003). This is so far the oldest mag-
netic seafloor spreading anomaly observed along any of the
circum-Antarctic margins. Seismic reflection data (Hinz et
al., 2004) indicate a COT of stretched continental crust that
is with 50 km width much narrower compared with the COT
of the Lazarev Sea margin. However, the data do not seem
to indicate a strong magmatic influence of the COT as major
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FIGURE 3 Dronning Maud Land sec-
tor with satellite-derived gravity field
(McAdoo and Laxon, 1997) and conti-
nental margin features. Red lines show
the tracks of offshore multichannel seis-
mic profiles of SDLS. The dark blue line
marks the location of an offshore deep
crustal seismic refraction profile. COT =
continent-ocean boundary; EW = Explora
Wedge.

SDRs are missing (Hinz et al., 2004). Deep crustal seismic
refraction data do not exist to better characterize this part of
the DML margin and its COT or COB.

Enderby Land to Lambert Rift (EL) Sector Conjugate to India

Most of the crustal and sedimentary structures of the conti-
nental margins off Enderby Land (east of Gunnerus Ridge),
between Prydz Bay and the Kerguelen Plateau, off Wilhelm
IT Land and Queen Mary Land (Figure 4) have been revealed
by large seismic datasets acquired by Russian and Austra-
lian surveys (e.g., Stagg et al., 2004, 2005; Guseva et al.,
2007; Leitchenkov et al., 2007a; Solli et al., 2007). Gaina
et al. (2007) developed a breakup model between India
and this East Antarctic sector based on compiled magnetic
data of the southernmost Indian Ocean and the structures
of the continental margin interpreted from the seismic data.
Despite the large amount of high-quality seismic reflection
data, the definition of the COB or COT is equivocal due
to the lack of deep crustal seismic refraction data with the
exception of nonreversed sonobuoy data. Stagg et al. (2004,
2005) defined the COB as the boundary to a zone by which
the first purely oceanic crust was accreted and which shows
a changeover from faulted basement geometry of stretched
continental crust to a relatively smoother basement of ocean
crust. This boundary is often accompanied by a basement
ridge or trough.

The Enderby margin can be divided into two zones of
distinct character. West of about 58°W the ocean fractures
zone terminates in an oblique sense at the margin, thus giving
it a mixed rift-transform setting (Stagg et al., 2004). Their
defined COB lies between 100 km and 170 km oceanward
of the shelf edge. Gaina et al. (2007) identified spreading
anomalies from MO to M9 east of Gunnerus Ridge from rela-
tively sparse shipborne magnetic data. Most of both magnetic
and seismic profiles do not parallel the spreading flow lines
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and may be biased by the structure and signal of crossing
fracture zones. The eastern Enderby margin zone has more
of a normal rifted margin setting with a COB up to 300 km
north of the shelf edge (Stagg et al., 2004). The prominent
magnetic Mac Robertson Coastal Anomaly (MCA) corre-
lates with the northern limit of the COT in this eastern zone.
Ocean-bottom seismograph data along two seismic refrac-
tion profiles were recently acquired in the eastern Enderby
Basin and across the Princess Elizabeth Trough (PET)
between the Kerguelen Plateau and Princess Elizabeth Land
as part of a German-Russian cooperation project (Gohl et al.,
2007a) (Figure 4). The western profile confirms an extremely
stretched crystalline continental crust, which thins to 7 km
thickness (plus 4 km sediments on top), from the shelf edge
to the location of the MCA. It is interesting to note that apart
from a few scattered observations close to the marked COBs,
major SDR sequences do not seem to exist on the Enderby
Land margin (Stagg et al., 2004, 2005), suggesting the lack
of a mantle plume at the time of breakup at about 130 Ma
(Gaina et al., 2007).

The characteristics of the margin off central and eastern
Prydz Bay is affected by both the inherited structure of the
Paleozoic-Mesozoic Lambert Rift system as well as by mag-
matic events of the Kerguelen Plateau LIP, probably postdat-
ing the initial India-Antarctica breakup by about 10 million
to 15 million years (Gaina et al., 2007). Guseva et al. (2007)
proposed a direct connection between the volcanic Southern
Kerguelen Plateau crust and stretched continental crust of
Wilhelm IT Land. The recent deep crustal seismic refraction
data and a helicopter-magnetic survey, however, provides
constraints that the central part of the PET consists of oce-
anic crust, possibly affected by the LIP event (Gohl et al.,
2007a). This result is used to draw a narrow zone of stretched
continental crust that widens eastward along the margin of
the Davis Sea (Figure 4), where it reaches the width of the
COT in the area of Bruce Rise as suggested by Guseva et
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al. (2007). Similar to observations along the Enderby Land
margin, major SDR sequences are not observed on the Ant-
arctic margin of the Davis Sea but only around the margins
of the Southern Kerguelen Plateau. However, SDRs appear
as strongly reflecting sequences at Bruce Rise (Guseva et
al., 2007).

Wilkes Land (WL) Sector Conjugate to Australia

A vast amount of seismic reflection, gravity, and magnetic
data as well as nonreversed sonobuoy refraction data col-
lected by Australian and Russian scientists in the last few
years allows a characterization of the Wilkes Land and Terre
Adélie Coast margin east of Bruce Rise (Figure 5) (Stagg et
al., 2005; Colwell et al., 2006; Leitchenkov et al., 2007b).
Along most of this margin the shelf slope is underlain by
a marginal rift zone of stretched and faulted basement.
From the northern limit of this marginal rift zone to 90-180
km farther oceanward, Eittreim et al. (1985), Eittreim and
Smith (1987), Colwell et al. (2006), and Leitchenkov et al.
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FIGURE 4 Enderby Land-Lambert Rift
sector with satellite-derived gravity field
(McAdoo and Laxon, 1997) and continental
margin features. Red lines show the tracks
of offshore multichannel seismic profiles of
SDLS. Dark blue lines mark the locations
of offshore deep crustal seismic refraction
profiles. COT = continent-ocean boundary;
PET = Princess Elizabeth Trough; GR =
Gunnerus Ridge; MCA = Mac Robertson
Coastal Anomaly.

(2007b) identified a COT consisting primarily of strongly
stretched and faulted continental crust with embedded
magmatic segments following linear trends parallel to the
margin. The interpretation of the COB along parts of the
margin is debatable, as mainly basement characteristics
were used for the differentiation of crustal types. It cannot
be completely excluded that the magnetic anomalies inter-
preted as magmatic components are actually true seafloor
spreading anomalies C33y and C34y, which would move
the COB farther south. However, this seems unlikely based
on the results of Colwell et al. (2006), Direen et al. (2007),
and Sayers et al. (2001) in a comparison of the conjugate
magnetic anomalies as well as new theoretical and analogue
examples published in Sibuet et al. (2007). Reversed deep
crustal refraction data would provide better constraints on
the composition of the crustal units but are missing anywhere
along this margin. However, in the absence of better data
I adopted the interpretation by Colwell et al. (2006) and
Leitchenkov et al. (2007b) of an up-to-300-km-wide zone
of stretched continental crust (Figure 5).

FIGURE 5 Wilkes Land sector with
satellite-derived gravity field (McAdoo and
Laxon, 1997) and continental margin fea-
tures. Red lines show the tracks of offshore
multichannel seismic profiles of SDLS.
The dark blue line marks the location of
an offshore deep crustal seismic refraction
profile. NVR = Northern Victoria Land; AR
= Adare Rift.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

34

Off the Terre Adélie Coast margin the Adélie Rift Block,
which is interpreted as a continental crustal block, is part of
the stretched marginal crust. Major sequences of SDRs are
not observed along the margin of the Wilkes Land sector,
although FEittreim et al. (1985), Eittreim and Smith (1987),
and Colwell et al. (2006) describe significant volumes of
mafic intrusions within the sedimentary sequences of the
landward edge of the Adélie Rift Block. The margin east of
about 155°E toward the Ross Sea is characterized by promi-
nent oblique fracture zones (e.g., Balleny FZ) reaching close
to the shelf edge. This is similar to the rift-transform setting
as observed in the western Enderby Basin but in an opposite
directional sense. Stock and Cande (2002) and Damaske et
al. (2007) suggest that a broad zone of distributed deforma-
tion was active at the margin, affecting the continental crustal
blocks of Northern Victoria Land even after the initiation of
ocean spreading.

The continental margin in the western Ross Sea under-
went a rather complex development that makes a clear
delineation of the COB difficult. A major proportion of the
Ross Sea crustal extension is associated with a 180 km plate
separation between East and West Antarctica when the Adare
Trough was formed in Eocene and Oligocene time (Cande et
al., 2000; Stock and Cande, 2002). The southward extension
of this rift dissects the continental shelf region of the western
Ross Sea (Davey et al., 2006).

Marie Byrd Land (MBL) Sector Conjugate to Zealandia

The eastern Ross Sea margin (Figure 6) is conjugate to the
southwesternmost margin of the Campbell Plateau of New
Zealand. Unlike the western Ross Sea margin, this margin
can be considered a typical rifted continental margin with the
oldest identified shelf-edge parallel spreading anomaly being
C33y just east of the Iselin Rift (Stock and Cande, 2002).

FIGURE 6 Marie Byrd Land sector with
satellite-derived gravity field (McAdoo
and Laxon, 1997) and continental margin
features. Red lines show the tracks of
offshore multichannel seismic profiles of
SDLS. Dark blue lines mark the locations
of offshore deep crustal seismic refraction
profiles. ASE = Amundsen Sea Embay-
ment; PIB = Pine Island Bay; TI = Thurston
Island.
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Seismic refraction data from a profile across the Ross Sea
shelf by Cooper et al. (1997) and Trey et al. (1997) show a
crust of 17-km to 24-km thickness with the thinnest parts
beneath two troughs in the eastern and western region. It
can be assumed that this type of stretched continental crust
extends to the shelf edge at least. Whether crustal thinning is
aresult of the New Zealand-Antarctic breakup or extensional
processes of the West Antarctic Rift System or both cannot
be answered due to insufficient data in this area. It is also
not known whether magmatic events affected the structure
of the marginal crust.

Structural models of the continental margin of western
Marie Byrd Land also suffer from the lack of seismic and
other geophysical data. The only assumption for a sharp
breakup structure and a very narrow transitional crust is
derived from the close fit of the steep southeastern Camp-
bell Plateau margin to the western MBL margin and coastal
gravity anomaly (e.g., Mayes et al., 1990; Sutherland, 1999;
Larter et al., 2002; Eagles et al., 2004). The same approach
was applied for the closest fit between Chatham Rise and
eastern MBL. However, new deep crustal seismic data from
the Amundsen Sea indicate that the inner to middle shelf
of the Amundsen Sea Embayment consists of crust thinned
to about 21- to 23-km thickness with a pre- or syn-breakup
failed rift structure (Gohl et al., 2007b). Here the continental
margin structure is rather complex due to the propagating and
rotating rifting processes between the breakup of Chatham
Rise from the western Thurston Island block at about 90
Ma (Eagles et al., 2004), the opening of the Bounty Trough
between Chatham Rise and Campbell Plateau (Eagles et al.,
2004; Grobys et al., 2007), and the initiation of the breakup
of Campbell Plateau from MBL at about 84-83 Ma (e.g.,
Larter et al., 2002; Eagles et al., 2004). The analysis of a
crustal seismic refraction profile (Gohl et al., 2007b) and a
seismic reflection dataset (Gohl et al., 1997b) between the
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shelf edge and the Marie Byrd Seamount province reveals
that the crust in this corridor is 12-18 km thick, highly frac-
tured, and volcanically overprinted. Lower crustal velocities
suggest a continental affinity, which implies highly stretched
continental crust or continental fragments, possibly even into
the area of the seamount province. SDRs are not observed in
the few existing seismic reflection profiles crossing the shelf
and margin (Gohl et al., 1997a,b, 2007b; Nitsche et al., 2000;
Cunningham et al., 2002; Uenzelmann-Neben et al., 2007).

SUBDUCTION TO RIDGE COLLISIONS:
THE CONVERTED ACTIVE-TO-PASSIVE MARGIN

Antarctic Peninsula to Ellsworth Land (APE) Sector—
Proto-Pacific Margin

Subduction of the Phoenix plate and subsequent collision of
the Phoenix-Pacific spreading ridge resulted in a converted
active to passive nonrifted margin along the Ellsworth Land
and western Antarctic Peninsula margin between Thurston
Island and the Hero Fracture Zone (e.g., Barker, 1982; Larter
and Barker, 1991) (see Figure 7). The age for the oldest
ridge-trench collision in the western Bellingshausen Sea can
be roughly estimated to be about 50 Ma, using a few identi-
fied spreading anomalies (Eagles et al., 2004; Scheuer et al.,
2006). Oceanic crustal age along the margin becomes pro-
gressively younger toward the northeast (Larter and Barker,
1991). Ultraslow subduction is still active in the segment of
the remaining Phoenix plate between the Hero FZ and the
Shackleton FZ along the South Shetland Trench. The only
deep crustal seismic data along this converted margin south
of the Hero FZ are from two profiles by Grad et al. (2002),
showing that the crust thins oceanward from about 37 km
thickness beneath the Antarctic Peninsula to a thickness of 25
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FIGURE 7 Antarctic Peninsula-Ellsworth
Land sector with satellite-derived gravity
field (McAdoo and Laxon, 1997) and con-
tinental margin features. Red lines show
the tracks of offshore multichannel seismic
profiles of SDLS. Dark blue lines mark the
locations of offshore deep crustal seismic
refraction profiles. Al = Alexander Island;
TI = Thurston Island; PI = Peter Island;
DGS = De Gerlache Seamounts; DGGA
= De Gerlache Gravity Anomaly; BGA =
Bellingshausen Gravity Anomaly; SFZ =
Shackleton Fracture Zone.

to 30 km beneath the middle and outer continental shelf. The
remains of the collided ridge segments cannot be resolved
by the models. Data are also not sufficient to estimate any
possible crustal extension of the western Antarctic Peninsula
due to stress release after subduction ceded.

GEODYNAMIC AND PLATE-TECTONIC IMPLICATIONS
AND COMPLICATIONS

The compilation of circum-Antarctic margin characteristics
indicates that only a quarter (3400 km) of the rifted margins
is of volcanic type, although uncertainties on volcanic and
nonvolcanic affinity exist for about 4900 km (35 percent) of
the rifted margins due to the lack of data in the Weddell Sea
and along the MBL and Ross Sea margins. Only the east-
ern WL and western DML sectors as well as some isolated
areas such as Bruce Rise of the EL sector and the Adélie
Rift Block in the WL sector show well-observed magmatic
characteristics that are explained by syn-rift mantle plumes
or other smaller-scale magmatic events. Most other margins
seem to have been formed by processes similar to those
proposed for other nonvolcanic margins, such as the Iberian-
Newfoundland conjugate margins (e.g., Sibuet et al., 2007)
and the Nova Scotia margin (e.g., Funck et al., 2003), which
exhibit widely extended, thinned, and block-faulted conti-
nental crust. Whether any updoming of lower continental
crust is a possible process, as Gaina et al. (2007) suggest for
the Enderby Land margin, is difficult to assess because of a
lack of drill information.

Approximately 70 percent of the rifted passive margins
contain continental crust stretched over more than 50 km
oceanward of the shelf edge. In about two-thirds of these
extended margins the COT has a width of more than 100 km,
in many cases up to 300 km. The total area of extended con-
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tinental crust on the continental shelf and beyond the shelf
edge, including COTs with substantial syn-rift magmatic-
volcanic accretion, is estimated to be about 2.9 x 10° km?.
Crustal stretching factors still remain uncertain for a good
proportion of the extended margins due to a lack of crustal
thickness measurements in most sectors. However, assuming
stretching factors between 1.5 close to the shelf edge and in
marginal rifts and increasing to 2 or 3 outboards in the deep
sea, the continental crust, which has to be added to the origi-
nal continent of normal crustal thickness, makes up about
1.5 x 10° km?. The quantification of extended marginal crust
has implications for plate-kinematic reconstructions, paleo-
bathymetric models, and possibly for isostatic balancing of
the Antarctic continent in glacial-interglacial cycles.

In almost all large-scale plate-kinematic reconstructions
in which Antarctica is a key component, plate motions are
calculated by applying rotation parameters derived from
spreading anomalies and fracture zone directions, and conti-
nent-ocean boundaries are fixed single-order discontinuities,
in most cases identified by the shelf edge or the associated
margin-parallel gravity anomaly gradient (e.g., Lawver and
Gahagan, 2003; Cande and Stock, 2004). This has caused
misfits in terms of substantial overlaps or gaps when plates
are reconstructed to close fit. For instance, a large misfit
occurs when fitting the southeastern Australian margin to
the eastern Wilkes Land margin in the area between 142°E
and 160°E where extended continental crust reaches up
to 300 km off the Terre Adélie Coast (Stock and Cande,
2002; Cande and Stock, 2004). In their reconstruction of
the breakup processes of the Weddell Sea region, Konig
and Jokat (2006) accounted for extended continental crust
in the southern Weddell Sea and derived a reasonable fit of
the conjugate margins of South America, Antarctica, and
Africa. An appropriate approach for reconstructing best fits
of continents and continental fragments is to apply a crustal
balancing technique by restoring crustal thickness in rift
zones and plate margins (Grobys et al., 2008). This, however,
requires detailed knowledge of pre- and postrift crustal thick-
ness, crustal composition, and magmatic accretion.

Detailed delineations of the COT and COB are impor-
tant ingredients for paleobathymetric reconstructions. In the
reconstruction of the circum-Antarctic ocean gateways (e.g.,
Lawver and Gahagan, 2003; Brown et al., 2006; Eagles et al.,
20006), but also of the bathymetric features along nongateway
continental margins, the differentiation between continental
crust that was stretched and faulted and possibly intruded by
magmatic material on one side and oceanic crust generated
from spreading processes on the other side may make a sig-
nificant difference in estimating the widths and depths along
and across pathways for paleo-ocean currents.

Parameters of crustal and lithospheric extensions,
depths, and viscoelastic properties are key boundary condi-
tions for accurate calculation of the isostatic response from
a varying ice sheet in glacial-interglacial cycles. Ice-sheet
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modelers still use relatively rudimentary crustal and litho-
spheric models of the Antarctic continent. Although the
tomographic inversion of seismological data has improved
the knowledge of the lithospheric structure beneath Ant-
arctica and surrounding ocean basins (e.g., Morelli and
Danesi, 2004), its spatial resolution of the upper 60-70 km
of the relevant elastic lithosphere (Ivins and James, 2005),
and in particular of the boundary between continental and
oceanic lithosphere, is still extremely crude. Considering
that ice sheets advanced to the shelf breaks of most Antarc-
tic continental margins during glacial maxima, the isostatic
response must be directly related to the width and depths of
any extended continental crust and lithosphere oceanward of
the shelf, which would probably have an effect on estimates
of sea-level change. To quantify this effect, good-quality
deep crustal and lithospheric data are needed to derive the
geometries and rheologies of the extended crust and litho-
spheric mantle.

CONCLUSIONS

In a comprehensive compilation of circum-Antarctic conti-
nental margin types, about 70 percent of the rifted passive
margins contain extended continental crust stretching more
than 50 km oceanward of the shelf edge. Most of these
extended margins have a continent-ocean transition with a
width of more than 100 km—in many cases up to 300 km.
Only a quarter of the rifted margins seem to be of volcanic
type. The total area of extended continental crust on the shelf
and oceanward of the shelf edge, including COTs with sub-
stantial syn-rift magmatic-volcanic accretion, is estimated to
be about 2.9 x 10° km?. This has implications for improved
plate-kinematic and paleobathymetric reconstructions and
provides new constraints for accurate calculations of isostatic
responses along the Antarctic margin.
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Landscape Evolution of Antarctica

S. S. R. Jamieson and D. E. Sugden’

ABSTRACT

The relative roles of fluvial versus glacial processes in shap-
ing the landscape of Antarctica have been debated since the
expeditions of Robert Scott and Ernest Shackleton in the
early years of the 20th century. Here we build a synthesis of
Antarctic landscape evolution based on the geomorphology of
passive continental margins and former northern mid-latitude
Pleistocene ice sheets. What makes Antarctica so interesting
is that the terrestrial landscape retains elements of a record of
change that extends back to the Oligocene. Thus there is the
potential to link conditions on land with those in the oceans
and atmosphere as the world switched from a greenhouse
to a glacial world and the Antarctic ice sheet evolved to its
present state. In common with other continental fragments of
Gondwana there is a fluvial signature to the landscape in the
form of the coastal erosion surfaces and escarpments, incised
river valleys, and a continent-wide network of river basins.
A selective superimposed glacial signature reflects the pres-
ence or absence of ice at the pressure melting point. Earliest
continental-scale ice sheets formed around 34 Ma, growing
from local ice caps centered on mountain massifs, and fea-
tured phases of ice-sheet expansion and contraction. These
ice masses were most likely cold-based over uplands and
warm-based across lowlands and near their margins. For 20
million years ice sheets fluctuated on Croll-Milankovitch fre-
quencies. At ~14 Ma the ice sheet expanded to its maximum
and deepened a preexisting radial array of troughs selectively
through the coastal mountains and eroded the continental
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shelf before retreating to its present dimensions at ~13.5 Ma.
Subsequent changes in ice extent have been forced mainly by
sea-level change. Weathering rates of exposed bedrock have
been remarkably slow at high elevations around the margin of
East Antarctica under the hyperarid polar climate of the last
~13.5 Ma, offering potential for a long quantitative record
of ice-sheet evolution with techniques such as cosmogenic
isotope analysis.

INTRODUCTION

Our aim is to synthesize ideas about the evolution of the
terrestrial landscapes of Antarctica. There are advantages to
such a study. First, the landscape evidence appears to extend
back beyond earliest Oligocene times when the first ice
sheets formed. Thus events on land may potentially be linked
with atmospheric and oceanic change as the world switched
from a greenhouse to a glacial world and saw the develop-
ment of the Antarctic ice sheet. This helps in establishing
correlations or leads and lags between different components
of the Earth system as a way of establishing cause and effect
in global environmental change. Second, the evidence of
landscape evolution can be used to refine models of Earth
surface processes and their interaction with the wider global
system (e.g., by linking conditions in the terrestrial source
areas with the marine record of deposition). Third, there are
analogies in the Northern Hemisphere of similar-size former
Pleistocene ice sheets where the bed is exposed for study.
The glaciological body of evidence and theory built on such
a base over 150 years is helpful in assessing the nature of the
inaccessible topography beneath the Antarctic ice sheet. As
such it can illuminate interpretations of subglacial conditions
and the dynamics of the present ice sheet.

The crux of any reconstruction of landscape evolution
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in a glaciated area is the extent to which ice sheets have
transformed a preexisting fluvial topography. For 150 years
there has been debate between those highlighting the erosive
power of ice and those indicating its preservative capacity. In
1848 Charles Lyell, on his way over the formerly glaciated
eastern Grampians of Scotland to receive a knighthood from
Queen Victoria, wrote in his diary, “Here as on Mt Wash-
ington and in the White Mountains the decomposing granite
boulders and the bare surfaces of disintegrating granite are
not scored with glacial furrows or polished.” Such observa-
tions subsequently led to the idea of unglaciated enclaves
that escaped glaciation completely (e.g., in Britain: Linton,
1949; and in North America: Ives, 1966). In Antarctica,
scientists on the early 20th-century expeditions of Scott and
Shackleton debated the issue, with Taylor (1922) arguing that
the landscape was essentially glacial in origin but cut under
earlier warmer glacial conditions, and Priestley (1909) argu-
ing that glaciers had modified an existing fluvial landscape.
The debate has continued; some argue for dissection of the
Transantarctic Mountains by glaciers since the Pliocene (van
der Wateren et al., 1999) while others point to the important
role of fluvial erosion at an earlier time (Sugden and Denton,
2004).

This paper contributes to this debate by outlining the
main variables influencing landscape evolution in Antarc-
tica and then developing hypotheses about what might be
expected from both a fluvial and a glacial perspective and
the interaction of the two.

WIDER CONTEXT

East Antarctica consists of a central fragment of Gondwana
and is surrounded by rifted margins (Figure 1). The initial
breakup of Gondwana around most of East Antarctica took
place between 160 Ma and 118 Ma. The separation of India

FIGURE 1 The location of Antarctica
within Gondwana. The reconstruction
shows the fragmentation of the supercon-
tinent at 120 Ma (modified from Lawver
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and Antarctica took place first, while the separation of Aus-
tralia from Antarctica took place in earnest after 55 Ma. Tas-
mania and New Zealand separated from the Ross Sea margins
at around 70 Ma. West Antarctica comprises four separate
mini-continental blocks: Antarctic Peninsula, Thurston,
Marie Byrd Land, and Ellsworth-Whitmore, thought to be
associated with extensional rifting. The drift of the conti-
nents opened up seaways around Antarctica and changed
ocean circulation and productivity. A long-held view is that
this permitted the development of the Antarctic Circumpolar
Current, which introduced conditions favorable for glacia-
tion (i.e., cooler temperatures and increased precipitation)
(Kennett, 1977). In addition, recent climate modeling studies
have suggested that a reduction in atmospheric greenhouse
gases may have played an important role in the triggering
of Antarctic glaciation (DeConto and Pollard, 2003; Huber
and Nof, 2006). Critical dates for the development of ocean
gateways are ~33 Ma, when a significant seaway opened up
between Antarctica and Australia (Stickley et al., 2004), and
~31 Ma, when Drake Strait between the Antarctic Peninsula
and South America became a significant seaway (Lawver
and Gahagan, 2003).

The stepwise glacial history of Antarctica has been
pieced together from marine records. Ice sheets first built
up at ~34 Ma and their growth was marked by a sudden rise
in benthic 8'%0 values (Zachos et al., 1992). On land on the
Ross Sea margin of Antarctica, beech forest similar to that
in Patagonia today gave way to scrub forest and this change
was accompanied by a progressive shift in clay minerals
from smectite, typical of forest soils, to chlorite and illite
characteristic of polar environments (Raine and Askin, 2001;
Ehrmann et al., 2005; Barrett, 2007). Glaciation for the next
~20 million years was marked by ice volume fluctuations
similar in scale to those of the Pleistocene ice sheets of the
Northern Hemisphere. These fluctuations are demonstrated
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by strata from 34 Ma to 17 Ma cored off the Victoria Land
coast near Cape Roberts (Naish et al., 2001; Dunbar et al.,
forthcoming), high-resolution isotopic records from near
Antarctica (Pekar and DeConto, 2006), and by ice-sheet
modeling forced by reduced atmospheric CO, levels and
contemporary orbital insolation changes (DeConto and
Pollard, 2003). During the same period, the Cape Roberts
record shows a progressive decline in meltwater sediments
accumulating offshore and a vegetation decline to moss tun-
dra, both indicating progressive cooling. A second stepwise
cooling of Pacific surface waters of 6-7°C accompanied by
a glacial expansion occurred in the mid-Miocene at ~14 Ma
and is indicated in the marine isotope record (Shevenell et al.,
2004; Holbourn et al., 2005). This event is also recorded in
the transition from ash-bearing temperate proglacial deposits
to diamict from cold ice in the Olympus Range of South
Victoria Land at the edge of the South Polar Plateau (Lewis
etal., 2007). Geomorphic evidence indicates that the present
hyperarid polar climate of interior Antarctica was established
at this time, along with the present structure of polar ocean
circulation. Subsequent increases in ice-sheet volume, such
as occurred in the Quaternary, involved ice thickening at the
coast in response to a lowering of global sea level (Denton
et al., 1989).

LANDSCAPE EVOLUTION: THE FLUVIAL SIGNAL

Hypothesis

One can predict in qualitative terms the landscape that would
accompany the separation of a long-lived continent such
as Gondwana. There would be integrated continental-scale
river networks similar in scale to that of the Orange River in
South Africa and the Murray River in Australia. Presumably
these Antarctic rivers would have developed in a semiarid,
seasonally wet climate, especially those in the interior of the
supercontinent far from the sea. The rifted margins would
have been subjected to fluvial processes related to the evolu-
tion of passive continental margins. This has been the focus
of much research in recent years and is well summarized by
Summerfield (2000). Beaumont et al. (2000) developed a
coupled surface process-tectonic model of passive continen-
tal margin evolution at a classic diverging rift margin (Figure
2A). The main feature is the uplift of the rifted margin inland
of a bounding fault running parallel to the coast. The uplift is
a result of thermal buoyancy and crustal flexure in response
to denudation near the coast and deposition offshore. Erosion
is stimulated by the steep surface gradients created by the
lower base level as the rift opens up. Mass wasting and riv-
ers with steep gradients carve a coastal lowland and valleys
into the upland rim. A seaward-facing escarpment forms at
the drainage divide. Preexisting rivers may keep pace with
the uplift and traverse the escarpment and allow dissection
to spread behind the escarpment. Subsidiary erosion surfaces
may form in response to lithological contrasts in rock type
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and in response to secondary faults that develop parallel to
the coast. Observations on other Gondwanan margins sug-
gest that most erosion occurs within 10-20 million years
of the rift opening up (Persano et al., 2002). Subsequently,
cooling and crustal flexure may cause subsidence and the
seaward ends of the valleys are flooded by the sea.

Initial Fault

Coastline (new base level)

Lithological Escarpment

Subsidiary Fault /

Coastal Plain

Main Escarpment Y
Lithological Down
Escarpment

Basement Rocks

Uplift (isostatic / thermal)

Depot
Island

PIEDMONT
GLACIER

PIEDMONT
LACIER

FIGURE 2 (A) Typical landscapes of a passive continental margin
as modeled by Beaumont et al. (2000), using a numerical coupled
tectonic-earth surface process model of landscape evolution. The
new base level creates a pulse of erosion and associated rock uplift
that leads to a staircase of coastal erosion surfaces separated by
escarpments and incised river valleys, some of which may maintain
their valleys across the escarpment crest. (B) Geomorphic map of
the Convoy Range and Mackay Glacier area, showing the staircase
of seaward-facing escarpments, erosion surfaces, dissected moun-
tain landscapes near the coast, and the dendritic valley patterns
radiating from a high point in the Coombs Hills. Principal faults
parallel to and at right angles to the mountain front are taken from
Fitzgerald (1992).

SOURCE: Sugden and Denton (2004). The model in (A) simulates
the field evidence in remarkable detail.
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The model applies to idealized young rift margins, and
there are often more complex relationships affecting other
continental margins of Gondwana (Bishop and Goldrick,
2000). Factors such as time elapsed since rifting, proximity
to the rift, inherited altitude of the margin, tectonic down-
warping, and crustal flexure can all affect the amplitude of
the topography and the evolution of any escarpment.

Antarctic Evidence

Figure 3 shows a reconstruction of the continental river pat-
terns inferred to exist if the Antarctic ice sheet is removed and
the land compensated for isostatic depression by full flexural
rebound. The map is based on the BEDMAP reconstruction
of subglacial topography with a nominal resolution of 5 km
(Figure 4) (Lythe et al., 2001). Sea level is assumed to lie
at —100 m to represent the subsidence associated with the
crustal cooling and flexure of mature passive continental
margins. The reconstruction is based on hydrological model-
ing methods for cell-based digital elevation models whereby
water is deemed to flow to the lowest adjacent cell. There are
many uncertainties, not the least of which is that large areas
have little data, but a sensitivity analysis suggests that models
forced by a range of different assumptions yield a network
that is essentially similar from run to run (Jamieson et al.,
2005). The reconstruction shows that there are integrated
networks leading radially to major depressions at the coast,

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

such as the western Weddell Sea, Lambert, Wilkes Land, and
Oates Land basins. The dendritic pattern of the network, the
centripetal pattern of flow from the subglacial Gamburtsev
Mountains, and the topological coherence of the tributaries
are demonstrated by bifurcation ratios that are representa-
tive of other river basins, such as the Orange River in South
Africa (Jamieson et al., 2005). These observations imply a
fluvial signature in the subglacial landscape on a continental
scale.

Such a conclusion is reinforced by investigation of the
valley patterns on mountain areas rising above the present
ice-sheet surface. Good examples of former fluvial valley
systems now occupied by local glaciers exist in the Trans-
antarctic Mountains. The valley networks of several basins
in northern Victoria Land have been ordered according to
fluvially based Horton-Strahler rules (Horton, 1945; Strahler,
1958) and the dendritic pattern and hierarchical relationships
between valley segments, and variables such as cumulative
mean length are typical of river networks (Baroni et al.,
2005). The Royal Society Range shows a similarly dendritic
network radiating from one of the highest summits in Ant-
arctica at over 4000 m (Sugden et al., 1999).

The landforms near the coast of the Antarctic passive
continental margin are well displayed in the relatively gla-
cier-free area of the Dry Valleys and adjacent Convoy Range
(Figure 2B). Many features expected of a fluvial landscape
are present. These include erosion surfaces rising inland from
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FIGURE 3 Reconstruction of the
continental-scale river patterns beneath the
present ice sheet. We assume that the land
is isostatically compensated and that sea
level is 100 m lower than today. The model
uses the BEDMAP subglacial topography
at a nominal cellular scale of 5 km (Figure
4). BEDMAP data are from Lythe et al.
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the coast and separated by escarpments, a coastal piedmont,
an undulating upper erosion surface dotted with 100-450 m
inselbergs, a seaward-facing escarpment 1000-1500 m in
height, and intermediate erosion surfaces delimited by
lithological variations, notably near horizontal dolerite sills.
Sinuous valleys with a dendritic pattern can also be found.
Most run from the escarpment to the sea, but others, such as
that occupied by Mackay Glacier, breach the escarpment and
drain the interior through tributaries bounded by additional
escarpments. In detail the valleys have a sinuous planform,
rectilinear valley sides with angles of 26-36°, and often
lower-angle pediment slopes in the valley floors (Figure 5).
The floor of the southernmost Dry Valley, Taylor Valley, is
below sea level toward the coast, where it is filled with over
300 m of sediments of late-Miocene to recent age (Webb
and Wrenn, 1982).

The erosion of the coastal margin has been accompanied
by the denudation of a wedge of rock thickest at the coast and
declining inland. This is displayed in the coastal upwarping
of basement rocks and in the denudation history indicated
by apatite fission track analysis. Both lines of evidence agree
and point to the denudation since rifting of 4.5-5 km of rock
at the coast falling to ~1 km of rock at locations 100 km
inland (Fitzgerald, 1992; Sugden and Denton, 2004). The
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FIGURE 4 The present-day subglacial
topography of Antarctica. BEDMAP data
are from Lythe et al. (2001).

fission track analyses suggest that most denudation occurred
shortly after 55 Ma.

The evidence presented above is powerful affirmation
that the normal fluvial processes of the erosion of a pas-
sive continental margin explain the main landscape features
of three mountain blocks of the Transantarctic Mountains
extending over a distance of 260 km. In these cases it is
the fault pattern and the position of the drainage divide that
are the main controls on topography and determine the dif-
ferences in the landscapes of each block. It is not possible
to apply the model of passive continental margin evolution
to other sectors of East Antarctica without more detailed
evidence, but similar landscapes occur in the Shackleton
Range (Kerr and Hermichen, 1999) and in Dronning Maud
Land (Néslund, 2001). One exception is the Bunger Hills and
Vestfold Hills sector of East Antarctica east of the Lambert
Glacier, where there is no escarpment. The matching piece
of Gondwana is India, which separated early, and a longer
and more complex evolution of the rift margin may explain
the lack of an escarpment today.

It seems reasonable to argue that the framework of
passive continental margin evolution applies to Antarctica
and that in many areas a major pulse of fluvial erosion and
accompanying uplift was a response to new lower base levels
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FIGURE 5 George Denton and David Marchant in Victoria Valley, Dry Valleys, a typically fluvial landscape with rectilinear slopes and a
shallow pediment slope leading to the valley axis. The slopes have escaped modification by overriding ice.

following continental breakup. Since breakup took place at
different times, the stage of landscape evolution will vary
from place to place in Antarctica. Furthermore, where large-
scale tectonic features such as the Lambert graben disrupt the
continental margin, they are likely to focus the fluvial system
in a distinctive way (Jamieson et al., 2005).

LANDSCAPE EVOLUTION: THE GLACIAL SIGNAL

Hypothesis

The beds of former Northern Hemisphere mid-latitude ice
sheets form the basis of understanding how glaciers trans-
form preexisting landscapes. There are differences in that the
Antarctic ice sheet has existed for tens of millions of years
rather than a few million, but there are important similari-
ties in that the North American ice sheet was of similar size
and volume as the Antarctic ice sheet, and in that both have
fluctuated in size in response to orbital forcing during their
evolution, albeit to varying extents.

At the outset it is helpful to distinguish two scales of
feature: Those that reflect the integrated radial flow of the
ice sheet at a continental scale when it is close to or at its
maximum and those that reflect the local and regional flow
patterns as ice flows radially from topographic highs.

The key to landscape change by large ice sheets is the

superposition of a continental-scale radial flow pattern on the
underlying topography. Such patterns are easily obscured by
local signals but one can identify the following:

e Erosion in the center and wedges of deposition
beneath and around the peripheries (Sugden, 1977; Boulton,
1996);

e  Continental shelves that are deeper near the conti-
nent and shallower offshore as a result of erosion near the
coast, often at the junction between basement and sedimen-
tary rocks (Holtedahl, 1958);

e Radial pattern of large 10-km-scale troughs that
breach and dissect the drainage divides near the coast and
may continue offshore (e.g., in Norway, Greenland, and Baf-
fin Island) (Lgken and Hodgson, 1971; Holtedahl, 1967);

e Radial pattern of ice streams with beds tens of km
wide, streamlined bedforms in bedrock and drift, and sharply
defined boundaries (Stokes and Clark, 1999); and

e Radial pattern of meltwater flow crossing regional
interfluves, as revealed, for example, by the pattern of eskers
in North America (Prest, 1970).

Local and regional patterns also display radial configu-
rations and reflect multiple episodes of reduced glaciation.
Distinguishing features of marginal glaciation are corries or
cirques, the dominant orientation of which, northeast facing,
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is determined in the Northern Hemisphere by slopes shaded
from the sun and subject to wind drift by prevailing westerly
winds (Evans, 1969). Stronger local glaciation typically
builds ice caps on mountain massifs with ice flow carving
a radial pattern of troughs, so well displayed in the English
Lake District and Scotland, for example.

Clearly there will be a complex interaction between
local, regional, and continental modes of flow depending on
such factors as climate, ice extent, and topographic geometry.
We attempt to model this complexity in Figure 6 by showing
various stages of evolution of the Antarctic ice sheet using
GLIMMER, a three-dimensional thermomechanical ice-
sheet model as described by Payne (1999) and Jamieson et
al. (forthcoming). The intention is to illustrate the range of
different ice-sheet geometries that would be expected at vari-
ous stages of Croll-Milankovitch glacial-deglacial cycles.
The model is run for an arbitrary 1 million years with stepped
temperature changes every 50 kyr falling from present-day
Patagonian values to present-day Antarctic values. This tim-
escale is designed to allow the ice to achieve approximate
equilibrium at all times and to allow the isostatic response
of the bedrock to reach a balance with these fluctuations
in ice thickness. Patagonian climate statistics are used to
simulate the climate inferred from vegetation associated with
the initial glaciation of Antarctica (Cape Roberts Science
Team, 2000; Raine and Askin, 2001). Modeled precipitation
follows the pattern of net surface mass balance derived by
Vaughan et al. (1999). At the beginning of the model run,

Modeled Ice Thickness (m)

0 1000 2000 3000 4000 5000

45

maximum coastal precipitation at sea level is scaled up to 2
m per year, four times that of the present day. The maximum
then falls linearly to 0.5 m per year by the end of the model
run. Mean annual temperatures fall from 7°C at sea level to
present values of —12°C through the model run. Melt rates
under warmer climatic conditions are calculated using a
positive degree-day model (Reeh, 1991) whereby ablation
is proportional to the number of days where temperature is
above the freezing point. Diurnal variability is accounted
for by using a normal distribution of temperature with a 5°C
standard deviation. The pattern of mass balance used to drive
ice growth is shown in Figure 7.

The bed topography is derived from BEDMAP (Figure
4) (Lythe et al., 2001) and is flexurally rebounded to com-
pensate for the lack of an ice sheet. The use of an isostati-
cally compensated present-day topography ignores tectonic
movements and means that the results of the modeling
become more uncertain as one goes further back in time.
Howeyver, there is less risk in East Antarctica, where the main
topographic features were established by Oligocene times.
For example, geological evidence in the form of basement
clasts in Oligocene strata cored off the Victoria Land coast
(CIROS-1 drillcore) (Barrett et al., 1989) and Cape Roberts
(Cape Roberts Science Team, 2000) suggests that the Trans-
antarctic Mountains had been eroded deep enough to form
a significant feature by Oligocene times. Furthermore, the
Gamburtsev Mountains are considered to be a Pan-African
feature with an age of 500 Ma (van de Flierdt et al., 2007).

FIGURE 6 Model of the Antarctic ice
sheet, generated using the GLIMMER 3-D
thermomechanical model and the stepped
transition from a Patagonian-style climate
to the present polar climate. The four stages
(A-D) illustrate the range of variability to
be expected as the Antarctic ice sheet ex-
perienced many Croll-Milankovitch glacial
cycles during its early evolution.
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FIGURE 7 Present-day accumulation
is used to drive a simulated Antarctic ice
sheet (Vaughan et al., 1999). Profile X-Y
shows that under a Patagonian-style regime
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The different stages of growth illustrate the principal
pattern of glaciation of Antarctica. Initial growth is in coastal
mountains, such as in Dronning Maud Land, along the Trans-
antarctic Mountains, in the West Antarctic archipelago, and
in the high Gamburtsev Mountains in the interior. The ice
spreads out from these mountain centers, first linking the
main East Antarctic centers and then the West Antarctic cen-
ters. The model is deliberately simple but it suffices to show
that glaciation starts preferentially in maritime mountains
and in interior mountains if they are high enough. It also
serves to illustrate the complexity of the changing pattern
of flow as different ice centers merge and ice flow evolves
from locally radial to continentally radial. The subglacial
landscape of Antarctica can be expected to consist of a
palimpsest of landforms related to these local, regional, and
continental stages, while eroded material will experience a
complex history of temporary deposition and changing flow

paths before being delivered to the coastal margin by the
continental ice sheet.

Antarctic Evidence

The evidence of continental radial patterns of erosion is
spectacular. The Lambert trough, which is 40-50 km across
and 1 km deep, drains 10 percent of the East Antarctic ice
sheet. It is coincident with a graben and is comparable to,
but deeper and longer than, the North American equivalents,
such as Frobisher Bay in Baffin Island. And then there is the
spectacular series of troughs cutting through the Transant-
arctic Mountain rim. Webb (1994) has previously suggested
that the Beardmore trough, 200 km long, 15-45 km wide,
and over 1200 m deep, exploited a preexisting river valley.
Unloading due to glacial erosion may have contributed to
isostatic uplift of the adjacent mountains (Stern et al., 2005).
Offshore there are continuations of such troughs incised
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into the continental shelf of both East and West Antarctica
(Wellner et al., 2001). Other troughs, such as that running
parallel to Adelaide Island on the Antarctic Peninsula, have
exploited the junction between basement and sedimentary
rocks (Anderson, 1999). A series of ice streams flow into the
Ross Sea and Weddell Sea embayments. They are underlain
by deformable till and, in the case of the Rutford ice stream,
by streamlined bedforms (Smith et al., 2007). There is also
growing evidence of radial outflow of basal meltwater (Evatt
etal., 2006). Hundred-meter-deep rock channels and massive
staircases of giant potholes represent large-scale outbursts of
subglacial meltwater across the Transantarctic Mountains
rim in the McMurdo area (Denton and Sugden, 2005; Lewis
et al., 20006).

There is also evidence of local and regional glacial
landforms. Early studies of the subglacial Gamburtsev
Mountains revealed characteristic trough overdeepening and
the presence of hanging valleys, pointing to a local glacia-
tion (Figure 8). The glacial landscapes of Dronning Maud
Land too were created by local mountain glaciation and not
the present ice sheet (Holmlund and Naslund, 1994). Recent
geophysical surveying has demonstrated the presence of
lakes in overdeepened troughs radiating from the Ellsworth
Mountain core (Siegert, pers. comm., 2007). Overdeepen-
ing in the topographically constrained part of a fjord, and
the rock threshold at the point when the trough opens out,
are well-known characteristics of fjords in the Northern
Hemisphere (Lgken and Hodgson, 1971; Holtedahl, 1967).
Similar features are found to radiate from uplands now below
sea level in the Ross Sea embayment (De Santis et al., 1995;
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Sorlien et al., 2007). In these latter cases the troughs are
revealed by seismic survey. In the McMurdo Dry Valleys area
of the Transantarctic Mountains a phase of local glaciation is
represented by troughs identified on the inland flank of the
mountains (Drewry, 1982) and troughs exploiting sinuous
river valleys, such as the Mackay Glacier. Finally, the com-
pact wet-based glacial deposits (the Sirius Group deposits)
distributed at high elevations along 1000 km of the Transant-
arctic Mountains in the Ross Sea sector represent glaciation
centered on the mountains (Denton et al., 1991, 1993). The
deposits are characterized by local lithologies and the till
components contain striated stones and a matrix typical of
glacial erosion under warm-based ice. Some of these deposits
incorporate remains of Nothofagus (southern beech) forest
representative of a cool temperate environment.

LANDSCAPE EVOLUTION: THE COMBINED SIGNAL

Hypotheses

It is possible to relate subglacial landscapes to the processes
by which glaciers modify preexisting topography. A simple
classification scheme recognizes landscapes of areal scour-
ing with abundant evidence of glacial scour; those of selec-
tive linear erosion where troughs dissect plateaus; those with
no sign of glacial erosion and devoid of glacial landforms;
and depositional landscapes composed of till and meltwa-
ter deposits (Sugden, 1978). The differences are related
to whether the basal ice is at the pressure melting point. A
key assumption is that ice erodes effectively when the base

FIGURE 8 An early reconstruction of the
landscape of the subglacial Gamburtsev
Mountains based on the analysis of radio-
echo sounding data. The arrows pick out
diagnostic glacial features such as overdeep-
ening and hanging valleys presumed to have
been formed by local mountain glaciation
(modified from Perkins, 1984).
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is at the pressure melting point because sliding takes place
between the ice and bedrock, permitting several processes
to entrain bedrock and to deposit material. Such a situation
explains landscapes of areal scouring, the linear erosion of
troughs, and zones of deposition. The converse is that when
the basal temperature is below the pressure melting point
there is no sliding at the ice and rock interface. In such situ-
ations ice can be essentially protective and leave little sign
of erosion. There is debate as to how protective the ice may
be (Cuffey et al., 2000), but recent work on cosmogenic
isotope analysis demonstrating the age of exposure and the
time buried beneath ice has shown that the hypothesis holds
in many areas of the Northern Hemisphere (Briner et al.,
2006; Stroeven et al. 2002).

Armed with these observations it is possible to hypoth-
esize about the landscape beneath the Antarctic ice sheet
and suggest local, regional, and continental patterns. The
numerical model of ice-sheet growth can be used to predict
the changing pattern of glacial erosion during glacial cycles.
Figure 9 shows the distribution of basal ice at the pressure
melting point during stages of regional and continental gla-
ciation. The regional pattern shows how the peripheries of
the regional ice sheets are warm-based near their margins
and inland to the vicinity of the equilibrium line where the

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

ice discharge is highest and generating most internal heat.
These will be the areas of glacial erosion. The influence of
topography is clear in that warm-based ice is focused on the
depressions and major valleys where ice is thicker and flows
faster. These low-lying areas at the pressure melting point are
also those in which subglacial lakes might accumulate. What
is striking is the way this zone of peripheral warm-based
ice and erosion is a wave that sweeps across the landscape
as the ice sheet grows to its continental maximum. At the
macroscale the zone of warm-based ice is more extensive
around the continental margins, especially in the vicinity
of the main preexisting drainage basin outlets. Under both
scenarios the ice over the main uplands remains below the
pressure melting point.

From the above we can predict that the landscape in
lowland areas of the Antarctic ice sheet will be underlain by a
landscape of areal scouring. This relates both to the presence
of ice at the pressure melting point and to the progressive
erosion of rock debris by radial outflow of ice at different
scales. Interaction between local and ice-sheet maximum
flow directions and rock structure will determine the rough-
ness and degree of streamlining of landforms. Flow in the
same direction under both local and continental modes will
favor elongated streamlined bedforms, perhaps with plucked

Modeled Erosion Pattern
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Max

FIGURE 9 Modeled distribution of basal ice at the pressure melting point during intermediate and full stages of Antarctic glaciation (letters
correspond to snapshots in Figure 6). Erosion, thought to be associated with sliding under such basal conditions, is concentrated toward the
ice-sheet margins and at the beds of major outlet glaciers. A wave of erosion accompanies the expansion of local and regional ice to a full

continental ice sheet.
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lee slopes, while complex flow changes will leave an irregu-
lar pattern. Areal scouring will be clearest on the lowlands
and diminish upslope on upstanding massifs where summits
may show no sign of glacial modification. This latter pat-
tern reflects the effects of topography on the basal thermal
regime and implies that the ice remained cold-based during
local, regional, and continental stages of glaciation. Judging
by the geomorphology of glaciated shields of the Northern
Hemisphere, erosion will have removed some tens of meters
of material, much of it initially as weathered regolith. This is
sufficient to modify but not erase the preexisting river land-
scape, as argued for northern Europe (Lidmar-Bergstrom,
1982). However, given the longer duration of glaciation in
Antarctica one would expect a greater depth to have been
removed. The products of this erosion will be deposited
offshore.

Antarctic Evidence

There is no direct evidence of areally scoured landscapes
beneath the ice sheet. However, there are many observa-
tions from around the margins of Antarctica to indicate that
such landscapes are likely to be widespread. Areas formerly
covered by an earlier expanded ice sheet display extensive
landscapes of areal scouring. This includes oases in East
Antarctica, such as the Amery Oasis bordering the Lambert
Glacier (Hambrey et al., 2007); the Ross Sea area where
the scouring is most prominent near sea level and can be
traced to elevations of 1000-2100 m along the Transantarctic
Mountains front (Denton and Sugden, 2005); the inner parts
of the offshore shelf in many parts of West Antarctica; and
the offshore shelves surrounding islands off the Antarctic
Peninsula and sub-Antarctic islands (Anderson, 1999). In
all these situations meltwater channels testify to the activity
of basal meltwater. Whereas all these observations are con-
sistent with the view that warm-based ice occurred beneath
thicker parts of the ice sheet when it was more extended and
in maritime environments, what is surprising is that striated,
scoured rock surfaces also define trimlines around mountains
protruding above the ice sheet, even in the interior, such as
the Ellsworth Mountains (Denton et al., 1992). The implica-
tion of shallow surface ice at the pressure melting point is
that surface climatic conditions must have been within a few
degrees of freezing point and thus several tens of degrees
warmer than at present.

Landscapes of selective linear erosion are common
in the mountainous rim of East Antarctica. In many areas
glacial troughs are clearly delimited and excavated into
a landscape-preserving fluvial valley form, often bearing
diagnostic subaerial weathering forms such as regolith
and tors. Such a description would apply to the landscapes
bordering the Lambert Glacier (Hambrey et al., 2007), the
Shackleton Mountains (Kerr and Hermichen, 1999), exposed
escarpments in Dronning Maud Land (Néaslund, 2001), the
mountain blocks of the Transantarctic Mountains in Victoria
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Land (Sugden and Denton, 2004), and the plateaus of the
Antarctic Peninsula area (Linton, 1963). As in the Northern
Hemisphere such a description also applies on the scale of
individual massifs. For example, upstanding nunataks in the
Sarnoff Mountains of Marie Byrd Land are bounded by lower
slopes with clear evidence of glacial scouring and yet their
summits have retained an upper surface with tors, weathering
pits, and block fields. In this case cosmogenic isotope analy-
sis demonstrates that the mountains have been covered by ice
of several glacial maxima and that weathering has continued
sporadically in interglacials for ~1 million years (Sugden et
al., 2005). The selectivity reflects the difference between
the thicker, converging ice that scours as it flows round the
massif and the thin diverging ice covering the summit that
remains cold-based during each episode of overriding.

The implication of the above is that the hypothesis
relating glacial modification of a preexisting landscape to
the presence or absence of warm-based ice may be helpful
in describing and understanding the landscape evolution
of Antarctica. When the basal thermal regime remains the
same beneath both local and full ice-sheet conditions, then
the glacial transformation, or lack of it, will be clearest.
What is exciting about the present time is that cosmogenic
isotope analysis offers the opportunity to quantify such
relationships.

CHRONOLOGY OF LANDSCAPE EVOLUTION

A number of dates help firm up the relative chronology of
landscape evolution. Early studies of offshore sediments
in Prydz Bay established the presence of fluvial sediments
below the earliest glacial sediments, the latter dated to ~34
Ma (Cooper et al., 1991; O’Brien et al., 2001). The location,
structure, and nature of the sediments suggest that the depos-
its have been derived from rivers flowing along the Lambert
graben. Probably the deposits began to accumulate when rift
separation began around 118 Ma (Jamieson et al., 2005).
Some large glacial troughs were cut by late Miocene
times. In the Lambert Glacier area the offshore sedimen-
tary evidence points to an ice sheet that discharged from a
broad front on the offshore shelf until the late Miocene but
experienced a switch to deposition within the overdeepened
Lambert glacial trough subsequently. Ice-sheet model-
ing suggests that the deepening of the trough changed the
dynamics of glacier flow and ablation to such an extent that
calving velocity could match ice velocity and that the glacier
was no longer able to advance through the deep water of
the trough (Taylor et al., 2004). The implication is that the
trough was excavated deeply by the late Miocene. Similar
relationships occur in the glacially deepened mouths of the
Dry Valleys in the McMurdo Sound area. Microfossils at
the bottom of the Dry Valleys Drilling Project (DVDP-11)
drillcore at the mouth of Taylor Valley are late Miocene in
age (Webb and Wrenn, 1982). Marine shells deposited in a
fjord in the glacial trough of Wright Valley are Pliocene in
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age and overlie a till of >13.6 Ma (Hall et al., 1993). These
age relationships in glacial troughs related to ice flow from
the interior of Antarctica demonstrate that they were cut by
the late Miocene.

There is evidence from the McMurdo Sound area that
the Antarctic ice sheet overrode marginal mountains and
extended to the outer shelf at its maximum in the mid-Mio-
cene. The case is argued out in a series of detailed papers in
the Dry Valleys area, the key chronological fixes of which
are:

e  There is clear evidence that ice overrode all except
perhaps the highest mountains in the Royal Society Range
in the form of ice scouring on cols and subglacial meltwater
channels that cross the mountains. The direction of flow is
conformable with models of ice expansion to the outer edge
of the offshore shelf (Sugden and Denton, 2004).

o  YAr/*Ar dating of in situ volcanic ash deposits
overrun by such ice and those ashes deposited on till sheets
associated with such overriding ice constrains the event to
between 14.8 Ma and 13.6 Ma (Marchant et al., 1993).

e Landscapes of areal scouring molded by the maxi-
mum ice sheet in front of the Royal Society are older than
12.4 3 £ 0.22 Ma, the age of the oldest undisturbed volcanic
cone known to have erupted onto the land surface (Sugden
et al., 1999).

o  YAr/Ar analyses of tephra show that the major
meltwater feature represented by the Labyrinth in Wright
Valley predates 12.4 Ma and that the last major outburst
occurred some time between 14.4 Ma and 12.4 Ma (Lewis
et al., 2006).

e SHe ages of individual dolerite clasts in meltwater
deposits from the overriding ice sheet reveal exposure ages
between 8.63 +0.09 and 10.40 + 0.04 Ma. Allowing for ero-
sion, they are calculated to have been exposed for ~13 Ma
(Margerison et al., 2005).

As yet there are few comparable terrestrial dates else-
where in Antarctica, but it is worth drawing attention to
work on the flanks of the Lambert Glacier in which there is
biostratigraphical evidence of a pre-late Miocene phase of
glacial erosion and deepening, followed by a 10-million-year
period of exposure (Hambrey et al., 2007). It is tempting to
equate the deepening to the same ice-sheet maximum.

In the McMurdo Sound area it is possible to establish
that a phase of warm-based glaciation occurred before the
mid-Miocene overriding ice. The critical evidence is that
warm-based tills in the high mountains bounding the Dry
Valleys, and indeed the Sirius Group deposits, have been
modified by overriding ice. Typically there are erosional
patches excavated into a preexisting till with material
dragged out down-ice (Marchant et al., 1993) and ripple
corrugations with a spacing of 25-50 m that are a coherent
part of the overriding meltwater system (Denton and Sugden,
2005). One important fix on the switch from warm-based to
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cold-based local glaciation has been reported from the Olym-
pus Range in the McMurdo Sound area of the Transantarctic
Mountains (Lewis et al., 2007). Here a classic warm-based
till with meltout facies is overlain by weathered colluvium
that is itself overlain by tills deposited by cold-based glaciers.
The minimum date of transition is fixed by volcanic ashes
interbedded between the two sets of tills and has an age of
13.94 Ma. Such a transition beneath small local glaciers
is argued to represent an atmospheric cooling of 20-25°C.
Moreover, the transition occurs before one or more major
ice-sheet overriding events in the same area.

DISCUSSION

Here we attempt a synthesis of landscape evolution of
Antarctica, based mainly on terrestrial evidence (Table 1).
Inevitably the hypothesis is based on partial information and
is biased toward the data-rich McMurdo Sound area of the
Transantarctic Mountains. Nevertheless it seems helpful to
try and generalize more broadly.

An early pulse of fluvial erosion was associated with
the breakup of Gondwana and the creation of new lower
base levels around the separating continental fragments. The
timing of the pulse varied with the time of base level change
around each segment. Erosion removed a wedge of material
from around the margins of East Antarctica and the smaller
continental fragments of West Antarctica. Escarpments

TABLE 1 The Chronology of Landscape Evolution in
Antarctica Based Mainly on Terrestrial Evidence

>55-34 Ma Passive continental margin erosion of coastal

surfaces, escarpments, and river valleys, removing

4-7 km of rock at the coast and 1 km inland since

rifting. Cool temperate forest and smectite-rich

soils, at least at coast.

34 Ma Initial glaciation of regional uplands with

widespread warm-based ice, local radial troughs,

and tills. Climate cooling.

Local, regional, and continental orbital ice-

sheet fluctuations associated with progressive

cooling, declining meltwater, and change to

tundra vegetation. Local warm-based glaciers in
mountains.

Expansion of maximum Antarctic ice sheet to edge

of continental shelf linked to sharp temperature

decline of 20-25°C. Change from warm-based

to cold-based local mountain glaciers. Selective

erosion of continental-scale radial and offshore

glacial troughs and meltwater routes.

13.6 Ma to Present  Ice sheet maintains hyperarid polar climate. Slight
thickening of ice-sheet margins during Pliocene
warming in East Antarctica. Outlet glaciers respond
to sea-level change, especially in West Antarctica.
Extremely low rates of subaerial weathering.
Glacial erosion restricted to outlet glaciers and
beneath thick ice.

34-14 Ma

~14 Ma
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and erosion surfaces formed and were dissected to varying
degrees by fluvial erosion. The degree of dissection increased
with the complex geometry and small size of each fragment
and was more pronounced near the coast. The interior of East
Antarctica was characterized by large river basins, presum-
ably more arid in the interior than at the coast. The climate
was sufficiently warm to support beech forests around the
coast. Soils contained the clay mineral smectite, derived from
the chemical weathering associated with forests.

Around 34 Ma declining atmospheric carbon dioxide
and the opening of significant seaways between Antarctica
and the southern continents were factors in bringing the two
conditions necessary for glaciers: cooling and increased
precipitation from circumpolar storms. Glaciation began
in a Patagonian-type climate, at least in the Transantarctic
Mountains, and was centered on maritime mountains of East
and West Antarctica and high continental mountains in East
Antarctica. The record from the Cape Roberts cores of fluctu-
ating ice-sheet extent, which is supported by marine oxygen
isotope records, points to a dynamic ice sheet responding
to orbital fluctuations in the same way as the Pleistocene
ice sheets of the Northern Hemisphere. The preexisting
regolith was progressively removed from the continent to
create a subglacial landscape of areal scouring, probably in
a complex series of flows as glacier extent and flow direc-
tions oscillated between an interglacial and ice-maximum
state. Modeling suggests a wave of erosion was associated
with each expansion of ice from the mountain centers. The
presence of warm-based local glaciers in the Transantarctic
Mountains suggests relatively warm interglacial periods.

The terrestrial record agrees with the marine record in
pinpointing a sharp temperature decline associated with the
expansion of the Antarctic ice sheet over its continental shelf
at ~14 Ma. Perhaps the expansion was triggered by a change
in ocean circulation or declining atmospheric carbon dioxide.
Perhaps it too could have been related to the internal dynam-
ics of the ice sheet in that earlier glaciations had deposited
shoals on the offshore shelf, reduced calving, and allowed
the ice to advance to the outer edge, behavior well known in
the case of fjord glaciers (Mercer, 1961).

The mid-Miocene maximum ice sheet eroded troughs on
a continental-scale, cutting selectively through the mountain
rim, deepening the interior parts of the offshore shelf (and
subsea basins?) in West Antarctica. Land surfaces covered by
thin diverging ice remained essentially unchanged. Perhaps
the offshore deepening was such that in cycles of growth and
decay the ice could no longer advance to the shelf edge, as
demonstrated by the behavior of the Lambert Glacier. Alter-
natively the change in ocean and atmospheric conditions
after the mid-Miocene maximum to a hyperarid polar climate
may have deprived the ice sheet of moisture. But after ~13.6
Ma the ice retreated to its present continental lair, at least
in East Antarctica, and remained essentially intact. Coastal
fjords were filled with shallow marine Miocene sediments.
The retreat and subsequent stability of the full ice sheet and
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its associated polar climate is demonstrated on land by the
remarkably low erosion rates in the Transantarctic Mountains
as revealed by ¥ Ar/*°Ar dating of volcanic ashes and cones,
by cosmogenic isotope analysis, and by the preservation of
fragile deposits and buried ice (Brook et al., 1995; Ivy-Ochs
etal., 1995; Summerfield et al., 1999; Marchant et al., 2002).
Offshore the growth and decay of the maximum ice sheet
is demonstrated by a widespread unconformity and dating
evidence of a retreat of the ice in the Ross Sea area after 13.5
Ma (Anderson, 1999).

The implication of the above is that fluctuations of
the Antarctic ice sheet in the Pleistocene are forced by
changes in sea level. In East Antarctica the fluctuations
are relatively minor. Outlet glaciers thicken and advance
seaward in response to a lowering of sea level in the North-
ern Hemisphere, as demonstrated in the case of the outlets
flowing through the Transantarctic Mountains (Denton et
al., 1989). Slight thickening occurs in Mac Robertson Land
(Mackintosh et al., 2007), but the ice does not extend far
offshore (O’Brien et al., 2001; Leventer et al., 2006). In
agreement with such a limited expansion, the coastal oases
of the Bunger Hills and the Larsemann Hills appear to have
remained ice-free during the last glacial cycle (Gore et al.,
2001; Hodgson et al., 2001). In West Antarctica the Pleisto-
cene behavior is markedly different. Here ice appears to have
extended to the edge of the continental shelf and occupied
deep troughs extending ~100 km from the present coast
(Bentley and Anderson, 1998; o) Cofaigh et al., 2005). In
this case and following Mercer (1978), one can surmise that
the grounded ice streams occupying the topography below
sea level between the individual massifs are especially sus-
ceptible to sea-level changes.

It is interesting that the ice sheet achieved its present
profile in Mac Robertson Land 6000 years ago (Mackintosh
et al., 2007). This is the time when global sea level had
largely completed its recovery following the final disap-
pearance of the North American ice sheet. The coincidence
supports the view that Antarctic ice fluctuations in the Pleis-
tocene are a response to sea-level changes driven primarily
by the Northern Hemisphere ice sheets.

WIDER IMPLICATIONS

The thrust of this overview is that information about the
evolution of passive continental margins and the processes
and forms associated with mid-latitude Northern Hemisphere
ice sheets is a useful guide for reconstructing the evolution of
the landscape in Antarctica. At present there are insufficient
constraints to do more than outline possibilities in a quali-
tative way. Nonetheless even a preliminary view provides
some insights into the debate about the relative importance
of fluvial and glacial agents of erosion. Further, there seems
ample scope for a focused modeling exercise increasingly
founded on quantitative field data.

What is also encouraging about the emerging terrestrial
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record of landscape evolution is that the main stages match
the records obtained from deep-sea and inshore cores. At
present, given the uncertainties associated with each dat-
ing technique, it is not possible to be sufficiently precise to
establish cause and effect and thus understand better the links
between the ocean, atmosphere, and ice sheet in influencing
or responding to environmental change.

One important implication arising from this overview
is the realization that fragile features in the landscape can
be very old, whether they have been protected beneath ice
or subject to a hyperarid climate with minimal erosion. It is
possible for striations and moraines to survive for millions of
years. Thus, it is possible that features such as trimlines with
striations and associated moraines may date from glaciation
prior to the mid-Miocene. Pleistocene changes in ice eleva-
tion may be indicated only by a sparse scatter of boulders.
If so, then reconstructions of former Pleistocene ice thick-
nesses based solely on trimline and striation evidence can
be misleading.

It is worth reflecting on the richness of the record of
landscape evolution in Victoria Land. At least in part this
must be due to ease of access and proximity to the perma-
nent base of McMurdo Sound. If so, there is the prospect of
equally rich archives in other parts of Antarctica. The chal-
lenge is to develop and explore these further to improve our
understanding of landscape evolution and its contribution to
the wider sciences.
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A View of Antarctic Ice-Sheet Evolution from
Sea-Level and Deep-Sea Isotope Changes
During the Late Cretaceous-Cenozoic

K. G. Miller,’ J. D. Wright,! M. E. Katz,"? J. V. Browning,’
B. S. Cramer,? B. S. Wade,? S. F. Mizintseva'

ABSTRACT

The imperfect direct record of Antarctic glaciation has led
to the delayed recognition of the initiation of a continent-
sized ice sheet. Early studies interpreted initiation in the
middle Miocene (ca 15 Ma). Most current studies place the
first ice sheet in the earliest Oligocene (33.55 Ma), but there
is physical evidence for glaciation in the Eocene. Though
there are inherent limitations in sea-level and deep-sea iso-
tope records, both place constraints on the size and extent
of Late Cretaceous to Cenozoic Antarctic ice sheets. Sea-
level records argue that small- to medium-size (typically
10-12 x 10° km?®) ephemeral ice sheets occurred during the
greenhouse world of the Late Cretaceous to middle Eocene.
Deep-sea 6'*0 records show increases associated with
many of these greenhouse sea-level falls, consistent with
their attribution to ice-sheet growth. Global cooling began
in the middle Eocene and culminated with the major earli-
est Oligocene (33.55 Ma) growth of a large (25 x 10° km?)
Antarctic ice sheet that caused a 55-70 m eustatic fall and
a 1%o 8'"0 increase. This large ice sheet became a driver of
climate change, not just a response to it, causing increased
latitudinal thermal gradients and a spinning up of the oceans
that, in turn, caused a dramatic reorganization of ocean cir-
culation and chemistry.

'Department of Earth and Planetary Sciences, Rutgers University, Pis-
cataway, NJ 08854, USA.

Earth & Environmental Sciences, Rensselaer Polytechnic Institute, Troy,
NY 12180, USA.

*Department of Geological Sciences, University of Oregon, Eugene, OR
97403, USA.

“Now at Department of Geology & Geophysics, Texas A&M University,
College Station, TX 77843, USA.

55

INTRODUCTION

Glacial sediments on the Antarctic continent and its margins
(Figure 1) (Barrett, 2007; Barrett et al., 1987; Birkenmajer et
al., 2005; Cooper et al., forthcoming; Cooper and O’Brien,
2004; Ivany et al., 2006; Kennett and Barker, 1990; Leckie
and Webb, 1986; LeMasurier and Rex, 1982; Strand et al.,
2003; Troedson and Riding, 2002; Troedson and Smellie,
2002; Zachos et al., 1992) provide a direct record of ice
sheets, but these records are temporally incomplete and
often poorly dated and thus may not provide a complete and
unequivocal history, especially of initiation of ice sheets.
Deep-sea 8'%0 records (Figures 1 and 2) provide well-dated
evidence for changes in temperature and 6O due to
ice-sheet growth, but separating these two effects is difficult
(e.g., Miller et al., 1991). Global sea-level records provide
evidence for large (tens of meters), rapid (<1 myr) changes in
sea level (Figure 2) that can be explained only by changes in
continental ice sheets, though the amplitudes of the changes
have been poorly constrained until recently (Miller et al.,
2005a). Each of these methods has its limitations, but by
integrating results from all three we can begin to decipher
the history of Antarctic ice sheets.

Over the past 30 years, study of glacial sediments and
stable isotopes has progressively extended the initiation of
ice sheets further back in time. For example, consider the
history of Northern Hemisphere ice sheets (NHISs), better
known as the “Ice Ages.” Glacial deposits formed during
advances of Laurentide ice led to the mistaken concept of
only four Pleistocene glaciations (Flint, 1971), one that was
eventually contradicted by deep-sea 8'*0 records showing
that there were:

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1 Oligocene benthic foraminiferal synthesis compared with the record of glaciomarine sediments (modified from Miller et al.,
1991). Benthic foraminiferal stable isotope data were stacked and smoothed with a Gaussian convolution filter in order to remove periods
less than 1.0 myr. Because filtering dampens the amplitude, an arbitrary line was placed through 1.6%0. and values higher than this were
shaded. 1. Troedson and Smellie (2002); 2. Birkenmajer et al. (2005); 3. Troedson and Riding (2002); 4. Ivany et al. (2006); 5. Strand et al.
(2003); 6. Cooper and O’Brien (2004); 7. Kennett and Barker (1990); 8. Zachos et al. (1992); 9. Barrett et al. (1987); 10. LeMasurier and
Rex (1982); 11. Leckie and Webb (1986); 12. Barrett (2007).
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1. FEight large (~120 m sea-level lowerings), 100-kyr-
scale ice ages over the past 800 kyr;

2. Sixty-two stages® representing 31 ice-sheet advances
on ~20-, 41-, and ~100-kyr-scale during the Pleistocene;
and

3. Over 100 named stages and 50 glacial advances
since the late Pliocene “initiation” of NHIS (Emiliani, 1955;
Hays et al., 1976; Shackleton, 1967).

A pulse of ice-rafted detritus (IRD) into the northern North
Atlantic ca. 2.6 Ma (late Pliocene) is associated with a major
8'%0 increase; this has been interpreted as the inception of
NHISs (Shackleton et al., 1984). However, this inception
reflects not initiation but an increase in the size of NHISs
growth and decay (e.g., Larsen et al., 1994). Significant
(at least Greenland-size) NHISs extend back at least to the
middle Miocene (ca. 14 Ma; see summary in Wright and
Miller, 1996) and recent data indicate that large NHISs may
have existed since the middle Eocene (Eldrett et al., 2007,
Moran et al., 2006).

The imperfect direct record of Antarctic glaciation has
similarly led to the progressive extension of initiation of a
continent-size ice sheet from 15 Ma (middle Miocene) back
to 33.55 Ma (earliest Oligocene) (see summaries in Miller et
al., 1991, 2005a,b; Zachos et al., 1996). In this contribution
we suggest that continental ice sheets have been intermit-
tently present on Antarctica through the Late Cretaceous, a
time when Antarctica took up residence at the pole (http://
www.ig.utexas.edu/research/projects/plates/).

Deep-sea isotope records have long been used to inter-
pret Antarctic ice-sheet history. Based on deep-sea 8'30
records, early studies of Shackleton and Kennett (1975)
and Savin et al. (1975) assumed that a continent-size ice
sheet first appeared in Antarctica in the middle Miocene
(ca. 15 Ma), though they noted that glaciation (in the form
of mountain glaciers and sea ice) probably occurred back
through the Oligocene. Also using isotope data, Matthews
and Poore (1980) suggested that large ice sheets existed in
Antarctica since at least the earliest Oligocene (33.5 Ma).
The differences in interpretation partly illustrate problems
in using 8'%0 as an ice-volume proxy, because deep-sea
880 values also reflect deep-water temperature changes
that generally mimic high-latitude surface temperatures.
Miller and Fairbanks (1983, 1985) and Miller et al. (1987,
1991) provided the strongest isotopic evidence for the pres-
ence of ice sheets during the Oligocene; high %0 values
measured in deep-sea cores (>1.8%o in Cibicidoides spp. or
>2.4%o0 in Uvigerina spp.) require bottom-water temperatures
colder than today if an ice-free world is assumed. Such low
bottom-water temperatures are incompatible with an ice-
free world; their isotopic synthesis (updated and presented

SAlthough called “oxygen isotopic stages” by paleoceanographers for
decades, the term “stage” is a stratigraphic term reserved for characterizing
time-rock units (Hedberg, 1976). The proper term for “isotopic variations”
are “zones in depth and chrons in time.”
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in Figures 1 and 2) suggest at least three major periods of
Oligocene glaciation.

A campaign of drilling near Antarctica by the Ocean
Drilling Program (ODP) in the late 1980s returned firm
evidence that supported the 'O record for large ice sheets
in the earliest Oligocene that included grounded tills and
IRD at lower latitudes than today (see summaries by Miller
et al., 1991; Zachos et al., 1992). We update the summary
of the direct evidence for Eocene-Oligocene ice in the
form of tills and glaciomarine sediments near the Antarctic
(Figure 1), using more recent drilling by ODP (Cooper
and O’Brien, 2004; Strand et al., 2003), the Cape Roberts
drilling project (Barrett, 2007), plus studies that extend
West Antarctic glaciation back through the early Oligocene
(Seymour Island) (Ivany et al., 2006) and into the Eocene
(King George Island; Birkenmajer et al., 2005; Troedson
and Riding, 2002; Troedson and Smellie, 2002). The evi-
dence for large, grounded ice sheets begins in the earliest
Oligocene and continues through the Oligocene (Figure 1).
Seismic stratigraphic studies summarized by Cooper et al.
(forthcoming) also show intense glacial activity beginning
in the Oligocene in both East and West Antarctica. There is
excellent agreement among proxies that Antarctica was in
fact an icehouse during the Oligocene and younger inter-
val. Ice-volume changes have been firmly linked to global
sea-level changes in the Oligocene and younger “icehouse
world” of large, varying ice sheets (Miller et al., 1998); Pekar
et al. (1996, 2002) recognized that the three to four major
Oligocene glaciations of Miller et al. (1991) in fact reflected
six myr-scale sea-level falls and attendant ice-growth events.
The record of glaciomarine sediments documents that the ice
sheets occurred in Antarctica (Figure 1), though an NHIS
component cannot be precluded due to scarce Northern
Hemisphere Oligocene records. Today 33.5 Ma is cited as the
inception of the Antarctic ice sheet, though this supposition
is now being challenged and pushed back into the Cretaceous
(Miller et al., 1999, 2003, 2005a,b; Stoll and Schrag, 1996).
Nevertheless, 33.55 Ma was probably the first time in the
past 100 myr that the ice sheets reached the coast, allowing
large icebergs to calve and reach distal locations such as
the Kerguelen Plateau (Figure 1) (ODP Site 748) (Zachos
etal., 1992).

There is evidence for glaciation in the older Antarctic
record. Coring by ODP Legs 119 and 120 (Barron and Larsen,
1989; Breza and Wise, 1992) and seismic stratigraphic stud-
ies (Cooper et al., forthcoming) suggest the possibility of late
Eocene (or even possibly middle Eocene) glaciers in Prydz
Bay. Seismic stratigraphic studies (Cooper et al., forthcom-
ing) also suggest the possibility of late Eocene glaciers in the
Ross Sea. Other studies extend the record for West Antarctic
glaciation back from 10 Ma to 45 Ma (Birkenmajer, 1991;
Birkenmajer et al., 2005). Though Birkenmajer et al. (2005)
interpreted the Eocene tills as evidence for mountain glaciers
and not necessarily ice sheets, it points to the likelihood that
the continental interior could have supported an ice sheet
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in the middle Eocene. Margolis and Kennett (1971), Wei
(1992), and Wise et al. (1991) interpreted middle Eocene
quartz grains in Eltanin cores from near Antarctica as reflect-
ing IRD (Figure 1), though the evidence of this as IRD versus
other transport mechanisms is not compelling.

Early studies recognized the importance of a cold, if
not fully glaciated, Antarctica on deep-water circulation
(Kennett, 1977; Kennett and Shackleton, 1976; Shackleton
and Kennett, 1975). Kennett (1977) attributed the Eocene-
Oligocene transition to the development of a nascent Ant-
arctic Circumpolar Current that caused thermal isolation of
Antarctica, development of sea ice (though not continental-
scale glaciation), and an increase in Antarctic bottom water
(AABW). The formation of AABW today is particularly
sensitive to sea ice, and geologic evidence is clear that an
erosional pulse of deep water in the Southern Ocean occurred
near the Eocene-Oligocene transition (Kennett, 1977; Wright
and Miller, 1996). It was also known that a major drop in
the calcite compensation depth (CCD) occurred across the
Eocene-Oligocene transition (van Andel, 1975) in concert
with this change in deep-water circulation. However, our
understanding of deep-water history and its relationship to
the evolution of Antarctic ice volume has been unclear in
part because of uncertainties in the proxies for deep water
and continental ice sheets.

Here we review interpretations of Antarctic ice-volume
changes using sea-level and oxygen isotopic records. Using
recently published sea-level curves (Kominz et al., in review;
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Miller et al., 2005a) and published isotope data (Figures 2
and 3), we argue for the likely presence of small- to medium-
size ephemeral ice sheets in the greenhouse world of the
Late Cretaceous to Eocene. Though there were ephemeral
ice sheets in the greenhouse world, the Eocene-Oligocene
transition represented the beginning of the icehouse with the
largest cooling event of the last 100 myr, one that resulted
in an ice sheet that reached the coast for the first time. We
review published and recently submitted evidence for the
nature and timing of paleoceanographic changes associated
with the Eocene-Oligocene transition (Figure 4) and pres-
ent new and published comparisons of global deep-water
changes that resulted from this glaciation and attendant
cooling (Figures 4 and 5).

THE CASE FOR ICE SHEETS IN THE GREENHOUSE
WORLD (CRETACEOUS-EOCENE)

The sea-level curves of Exxon Production Research Com-
pany (EPR) (Haq et al., 1987; Vail et al., 1977) stimulated
interest in large, rapid, global sea-level changes. Vail et al.
(1977) reported numerous large (>100 m) Phanerozoic sea-
level falls, including a 400 m drop in mid-Oligocene. On the
Vail curve these falls were shown as virtually instantaneous.
Subsequent study showed that this saw-toothed pattern with
extremely rapid falls was an artifact of measurement of
coastal onlap versus offlap (Thorne and Watts, 1984), but
subsequent generations of the EPR curve covering the past

Flanidons 450
f k- A4 x 3 A5

FIGURE 3 (A) Planktonic (red line) and
benthic (blue line) 6'°0 record of Moriya et
al. (2007) plotted with a full 4.5%o range.
Benthic foraminifera 8'¥0 is based on the
combined records of Bolivina anambra,
Gavelinella spp., and Neobulimina spp.
species. (B) Moriya et al.’s (2007) 3'*0O
record of planktonic (red line) and benthic
foraminifera Bolivina anambra (blue line)
plotted on enlarged scales with 1.5%o rang-
es; note different scales for benthic (bottom
scale) and planktonic (top scale) values.
Only values of Bolivina anambra greater
than —2%o are included. Also shown is the
sea-level record (black line) of Kominz et
al. (in review) shifted in age by ~0.2 myr to
maximize correlations.
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FIGURE 4 Comparison of continental margin records from New Jersey and Alabama (Miller et al., 2008), global sea-level estimates, and
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data (Coxall et al., 2005) that shows two large drops associated with the precursor and Oil oxygen isotope increases that are reflected in the
core photograph at right (light color = carbonate rich; dark = carbonate poor).

200 myr still showed 100 m falls in much less than 1 myr
(Haq et al., 1987), including a mid-Oligocene fall of ~160 m.
Though the EPR curves have been strongly criticized for
their methodology and proprietary data (Christie-Blick et al.,
1990; Miall, 1991), recently published sea-level estimates
(Kominz et al., in review; Miller et al., 1998, 2005a) show
that the timing of the EPR curves is largely correct. These
recent estimates (discussed below) show that the EPR sea-
level amplitudes are typically two to three times too high
but still require tens of meters of change in much less than
1 myr.

Such rapid sea-level changes pose an enigma, because
the only known mechanism for causing sea-level changes in
excess of 10 m in less than 1 myr is glacioeustasy (Pitman
and Golovchenko, 1983). No other known mechanisms
(steric effects, storage in lakes, deep-water changes, ground-
water, or sea ice) can explain these changes (see Figure 1
in Miller et al., 2005a). Temperature changes can explain
rapid sea-level changes such as the changes happening today,

but the effect is small (i.e., a 10°C global warming would
cause only a 10 m sea-level rise [Pitman and Golovchenko,
1983]). Changes in terrestrial storage in lakes and ground-
water can only explain 5 m of sea-level change (Pitman and
Golovchenko, 1983). Desiccating and refilling Mediterra-
nean basins could explain very rapid (<1 kyr) changes, but
this effect is small (~10 m) and it is impossible to explain the
number of Late Cretaceous to early Eocene sea-level events
with this mechanism (Pitman and Golovchenko, 1983). Thus
only ice-volume changes can explain these large (tens of
meters) sea-level changes, even in the supposedly ice-free
world of the Late Cretaceous to Eocene.

Matthews and Poore (1980) first realized this enigma
and Matthews (1984), based on sea-level records and his
reinterpretation of the 8'30 record, postulated that intermit-
tent ice sheets occurred in the mid-Cretaceous through the
Paleogene. Based on a comparison of continental margin
and 8"0 records, Miller et al. (1987, 1991) suggested that
the growth and decay of continental ice sheets controlled

Copyright © National Academy of Sciences. All rights reserved.
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sea-level changes in the Oligocene. Subsequent studies have
confirmed the existence of Oligocene ice sheets (see Figure
1, and summaries of Miller et al., 1991; Zachos et al., 1994)
and led to the suggestion that small- to medium-size ice
sheets existed in the middle to late Eocene (Browning et al.,
1996). Yet other than Matthews (1984) the concept of ice
sheets during the interval of peak global warmth, the green-
house world of the Late Cretaceous to Eocene, was ignored.

Stoll and Schrag (2000) examined mid-Cretaceous isotopic
variations and revived Matthews’s idea by postulating that
continental ice sheets grew and decayed in this greenhouse
world, and recent sea-level studies have supported their sup-
position (Kominz et al., in review; Miller et al., 2005a; Van
Sickel et al., 2004).

Studies from the New Jersey coastal plain provided a
eustatic estimate for the past 100 myr, using inverse models
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termed “backstripping” (Kominz et al., 1998, in review;
Miller et al., 2005a; Van Sickel et al., 2004). Backstripping
progressively removes the effects of sediment compaction
and loading from observed basin subsidence (e.g., Kominz
et al., 1998) and thermal-flexural subsidence is modeled by
fitting exponential curves to the remaining observed subsid-
ence. The difference between the best fit exponential curve
and subsidence is a result of either eustatic change or any
subsidence unrelated to thermal subsidence (Kominz et al.,
1998). We have applied this technique to coreholes from the
New Jersey and Delaware coastal plains by dating sequences
(unconformity bounded units) with a +£0.5 myr or better reso-
lution and developing a water depth history by integrating
biofacies and lithofacies analysis. The similarity of records
(six sites for the Cenozoic and four for the Cretaceous)
(Miller et al., 2004) indicates that the effects of thermal
subsidence, loading, and water-depth variations have been
successfully removed. Backstripping, seismicity, seismic
stratigraphic data, and distribution patterns of sediments all
indicate minimal tectonic effects on the Late Cretaceous to
Tertiary New Jersey coastal plain (Miller et al., 2004, 2005a),
though some minor (10-30 m) differences between New
Jersey and Delaware must be attributed to local subsidence
or uplift (Browning et al., 2006).

The timing of sequences in New Jersey and other mar-
gins is similar, suggesting a global cause. There are few other
backstripped records to test the New Jersey eustatic estimate
against, though a Russian platform backstripped eustatic
estimate (Sahagian et al., 1996) shows remarkably similar
changes to New Jersey in the interval of overlap from 100
Ma to 90 Ma (Miller et al., 2003, 2005a; Van Sickel et al.,
2004). In addition, comparison of the New Jersey record with
northwest Europe (Ali and Hailwood, 1995; Hancock, 1993),
the U.S. Gulf Coast (Mancini and Tew, 1995), the EPR syn-
thesis (Haq et al., 1987), and long-term sea-level predictions
from Milankovitch forcing (Matthews and Frohlich, 2002)
suggests that Late Cretaceous to Eocene sea-level falls were
rapid, synchronous, and global (see summary figures in
Miller et al., 2004). Therefore, it is unlikely that the New
Jersey eustatic estimate can be attributed to tectonics. The
only mechanism than can explain the observed rates of sea-
level change (in excess of 25 m/myr) is the growth and decay
of continental ice sheets that caused glacioeustatic changes.
Error bars for the sea-level falls are discussed in detail by
Kominz et al. (in review). The greatest uncertainty is that the
onshore sites mostly miss the lowstands and thus are minimal
estimates of the eustatic falls. The Late Cretaceous to Eocene
falls were typically 25 m, with small events (15 m) near the
detection level. The only exception was a large Campanian/
Maastrichtian boundary (ca. 71.5 Ma) sea-level fall of 40 m.
It should be noted that the New Jersey eustatic estimate must
be considered a testable model. A true global sea-level curve
must be derived from numerous margins, not just one; thus
further studies are needed to validate this record.

Based on the New Jersey sea-level records, Miller et al.
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(2003, 2004, 2005a,b) postulated the existence of ice sheets
in the greenhouse world of the Late Cretaceous to Eocene.
Miller et al. (2005b) presented a new view of Earth’s cryo-
spheric evolution that reconciled warm, largely ice-free poles
with cold periods that resulted in glacioeustatic lowerings.
Their view was developed from work by DeConto and Pol-
lard (2003a,b) who used a coupled global climate and ice-
sheet model that accounts for bedrock loading, lapse rate
effects of topography, surface mass balance, basal melting,
and ice flow and computes both the sea level and 530 effects
of ice growth. The DeConto and Pollard (2003a,b) model
used declining atmospheric CO, values of ~3 to 2 times
present day, similar to empirical estimates for declining CO,
from the Eocene to Oligocene (Pagani et al., 2005). These
model runs were used to estimate the size and geographic
distribution of ice sheets (Figure 2) for Oligocene continental
configurations, though the modeling results are applicable to
the older record as long as Antarctica was a polar continent
(i.e., for the entire interval considered here).

We estimate Antarctic ice volume using the New Jersey
sea-level record (Figure 2). The typical 15-30 m green-
house eustatic falls correspond to growth of ice volumes of
8-12 x 10° km? using a 0.1%0/10 m calibration of sea level
and ice volume (DeConto and Pollard, 2003a,b). The excep-
tion is the large Campanian/Maastrichtian boundary fall of
40 m that suggests growth of an ice sheet of 17 x 10° km?.
As illustrated in Figure 2, these ice sheets did not reach the
Antarctic coast. This together with the fact that this ice sheet
probably existed for relatively short periods (see below)
reconciles ice with coastal warmth in Antarctica. Though the
temporal coverage is limited, there is ample evidence that
Antarctic coastal climates were quite warm during much of
the Late Cretaceous to Eocene (e.g., Askin, 1989; Francis and
Poole, 2002); deep waters were relatively warm also (e.g.,
early Maastrichtian paleotemperatures of ~10°C at 1500 m
paleodepth on the Maud Rise) (Barrera and Huber, 1990).
Yet these coastal and offshore studies do not address regions
of ice sheet nucleation predicted for the continental interiors
(Figure 2) (DeConto and Pollard, 2003a,b).

These ice sheets were ephemeral and for the most part
Antarctica lacked ice sheets during the greenhouse world
except for these cool or cold periods, called “cool snaps”
by Royer et al. (2004). It is not possible to say how long
these cool or cold intervals lasted. Matthews and Frohlich
(2002) computed an estimated Cretaceous sea-level and ice-
volume curve based on Milankovitch forcing, and minima
in this curve appear to correlate with sequence boundaries
in New Jersey (Miller et al., 2005b). The dominant beats
in the predicted curve are the ca. 2.4 myr and 405 kyr very
long and long eccentricity cycles and the 1.2 myr tilt cycle.
Yet these longer-term modulations predict that shorter-term
periods (tilt and precession) must have been operative and it
seems likely that the cool intervals only lasted during minima
in insolation on the precession and tilt periods. Studies of
myr-scale sea-level events in the Oligocene suggest that peak
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cold intervals lasted only 2-3 tilt (41 kyr) cycles (Coxall et
al., 2005; Zachos et al., 1996). Thus we speculate that ice
sheets existed only for brief intervals (~100 kyr for a typical
2.4 myr cycle) during the greenhouse.

We illustrated Antarctic cryospheric evolution using
maps derived from the models of DeConto and Pollard
(2003b). These maps show areas and thicknesses computed
from the models, which also compute the equivalent water
volume and sea level. We correlate each map and its atten-
dant sea-level fall to equivalent sea-level falls estimated in
New Jersey (e.g., the map for a 40 m fall is aligned with
the 40 m 71.5 Ma fall) (Figure 2). For periods of small (~15
m) sea-level falls that typified most of the Late Cretaceous
and early Eocene, models indicate that small isolated ice
caps would have formed in the highest elevation of Dron-
ning Maud Land, the Gamburtsev Plateau, and the Trans-
antarctic Mountains (Figure 2) under high CO, conditions.
For periods with moderate sea-level falls (25 m) that were
typical of the larger events in greenhouse intervals (e.g.,
the mid-Turonian and mid-Cenomanian), a small ice-sheet
threshold was reached owing to height and mass balance
feedback; the three ice sheets (Dronning Maud Land, the
Gamburtsev Plateau, and the Transantarctic Mountain) con-
tinued to grow but not coalesce, and were isolated from the
coast. With a 40 m sea-level lowering, ice caps would have
begun to coalesce (Figure 2); this configuration would have
been achieved only during the largest of the greenhouse
sea-level falls (e.g., the 71.5 Ma Campanian/Maastrichtian
event). With sea-level falls of over 50 m, the three ice-sheet
nodes would have united (Figure 2); this configuration
would not have been achieved until CO, fell below a critical
threshold (estimated at 2.8 times preanthropogenic levels)
(DeConto and Pollard, 2003a,b) in the earliest Oligocene
(33.55 Ma).

The elevation of Antarctica in the greenhouse world is
an important unknown. The models of DeConto and Pollard
(2003a) account for changes in elevation due to isostasy
and mountain building and are appropriate for Oligocene
and later Eocene configurations. However, the elevation of
the continent may have been lower in the earliest Eocene
and older. Uplift of the Transantarctic Mountains may have
begun in the Cretaceous (Fitzgerald, 2002), though it is also
possible that uplift did not begin until the Eocene (ten Brink
etal., 1997). We concede that it may have been more difficult
to nucleate ice sheets on a lower continent but maintain that
the elevational history of Antarctica is poorly known.

The scenario for Late Cretaceous to Cenozoic ice-sheet
history (Figure 2) is partly testable with 3'30 data because
each sea-level event should be associated with a 880
increase due to ice growth. This prediction has been verified
for the Oligocene to middle Miocene (Miller et al., 1996,
1998) and extended back to the middle to late Eocene, where
sea-level changes are coupled with 8'%0 increases (Browning
et al., 1996), suggesting glacioeustatic control. Tripati et al.
(2005) also used stable isotopic data to argue for middle and
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late Eocene ice sheets. Cretaceous to early Eocene 8'30 data
are sparse because of poor core recovery and diagenesis (i.e.,
isotopic studies of sections with >400 m burial are suspect)
(1987), but some comparisons can be made. The large Cam-
panian/Maastrichtian boundary sea-level fall is associated
with a major 8'%0 increase in both planktonic and benthic
foraminifera (Miller et al., 1999, using data of Barrera and
Savin, 1999; and Huber et al., 2002). Also, large (>0.75%o0)
mid-Cenomanian (ca. 96 Ma) and mid-Turonian (ca. 92-93
Ma) benthic foraminiferal 8'30 increases reported from west-
ern North Atlantic ODP Site 1050 (Huber et al., 2002) cor-
relate with major sea-level falls in New Jersey. These large
880 increases at 92-93 Ma and 96 Ma cannot be entirely
attributed to ice-volume changes because this would require
ice sheets larger than those of modern times, and in fact
much of the 880 signal must be attributed to deep-sea (hence
inferred high-latitude; see below) temperature change. Miller
et al. (2005b) estimated that about two-thirds of the 8'*0
signal was attributable to temperature, suggesting about
0.25%0 was due to a change in "0 . corresponding to a
sea-level change of ~25 m and growth of about one-third of
the Antarctic ice sheet.

A recent study has challenged correlations of sea-level
falls and &0 increases for the Cenomanian. Moriya et
al. (2007) tested evidence for Cenomanian glacioeustasy
by generating high-resolution (26 kyr sampling) benthic
and planktonic %0 records from ODP Site 1258 on the
Demerara Rise (western tropical Atlantic Ocean). They con-
cluded that there was no support for Cretaceous glaciation
and called into question evidence for greenhouse ice sheets.
We replotted their data (Figure 3) and make the following
observations:

1. Benthic foraminiferal 'O values from the Dem-
erara Rise (Moriya et al., 2007) show very large amplitudes
(up to 3%o) that would require deep-water temperature
changes of 13°C in a few 100 kyr (Figure 3). The extremely
low benthic 80 values (less than —4%o, mean value of
—1.8%0) correspond to maximum and average deep-water
temperatures of 30°C and 19.5°C, respectively (assuming
an ice-free 60O value of —1.2%c) (Moriya et al., 2007).
Considering that the lowest benthic foraminiferal $'%0 values
for the Cenomanian at western North Atlantic ODP Site 1050
(Figure 2) (Huber et al., 2002) are —1.4%o to —1.6%o, corre-
sponding to deep-water temperatures of 18-19°C, we suggest
that Moriya et al.’s (2007) benthic foraminiferal records
are overprinted by diagenesis, very large local 6"*0O_
effects, or by analysis of multiple species with very large
vital effects. Their 80 values on the genus Neobulimina
particularly show considerable variations, with many values
close to those of planktonic foraminifera. We culled their
benthic foraminiferal §'%0, accepting only Bolivina data and
rejecting all values lower than —2%o as physically unrealistic;
the resulting dataset shows a similar pattern to the planktonic
8'%0 record (Figure 3b).

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

64

2. Though Moriya et al. (2007) claimed minimal
change in planktonic foraminiferal 8'30 values, this is
largely an artifact of the scale of 5%¢ on which the data were
plotted (e.g., Figure 3a). Plotting planktonic foraminiferal
880 values with a 1.5%o scale (Figure 3b) show that values
increase by ~0.5-0.6%o in the mid-Cenomanian (~95.5 Ma)
at precisely the same time as the sea-level fall delineated in
New Jersey (Figure 3).

3. As noted by Miller et al. (2005a) and Moriya et
al. (2007), 8"0_ .. effects for these greenhouse ice sheets
would have been small (~0.2-0.3%o), but this is detectable
within measurement error. While we have observed and
would reasonably expect cooler deep-water temperatures
associated with these greenhouse ice-growth events (e.g.,
two-thirds of the Campanian/Maastrichtian fall must be
due to cooling), there is no reason to require proportional
coupling of cooling and ice volume as suggested by Moriya
et al. (2007). In fact, we suspect that one reason that early
Eocene ice-volume events have proven to be so elusive is
that there was little change in deep-water temperature and
the ice-volume signal is quite small (0.2-0.3%o).

4. Thus the Demerera Rise isotope data are consistent
with (rather than disprove) the idea that there was a seawater
880 change on the order of ~0.2-0.3%o associated with the
mid-Cenomanian event.

We conclude that sea-level records indicate that small-
to medium-size (10-15 x 10° km?), ephemeral (lasting a few
tilt cycles based on analogy with high-resolution Oligocene
studies of Zachos et al., 1994) ice sheets occurred during the
greenhouse world of the Late Cretaceous to middle Eocene.
However, an Antarctic record of these glaciations exists only
from the middle Eocene (Figure 1).

THE BIG CHILL INTO THE ICEHOUSE:
THE EOCENE-OLIGOCENE TRANSITION

Following peak warmth in the early Eocene (ca. 50 Ma),
benthic foraminiferal deep-water and by extension high-lati-
tude surface waters cooled across the early to middle Eocene
boundary (ca. 48-49 Ma) and in the late middle Eocene (ca.
44-41 Ma) (Figure 2). The sea-level record shows develop-
ment of progressively larger ice sheets in the middle to late
Eocene (Figure 2). The Eocene-Oligocene transition culmi-
nated with the largest 8'30 increase of the past 50 myr, the
earliest Oligocene Oil 8'*0 maximum (33.55 Ma).
Antarctica entered the icehouse in the earliest Oligocene
(33.55 Ma). There is widespread evidence for large ice sheets
(IRD and grounded diamictons [Figure 1]) and we suggest
that Antarctica was nearly fully glaciated. A eustatic fall of
55-70 m occurred at 33.55 Ma in association with the 3'0
increase. This corresponds to an Antarctic ice sheet that was
~80-100 percent of the size of the present-day East Antarctic
ice sheet (today a sea-level equivalent of ~63 m is stored in
East Antarctica and 5-7 m in West Antarctica; see discus-
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sion below). If fully compensated by isostasy, this 55-70 m
represents ~82-105 m of change in water volume or apparent
sea level (Pekar et al., 2002), which would correspond with
115-150 percent of the modern Antarctic ice sheet or 100-130
percent of the entire modern ice inventory.

These large ice estimates require storage of ice outside
East Antarctica. Though earlier studies assumed that the West
Antarctic ice sheet did not develop until the later Miocene
(Kennett, 1977), recent studies (Ivany et al., 2006) suggest
that glacial ice extended to sea level in this region by the ear-
liest Oligocene; these were not just mountain glaciers. This
is supported by seismic stratigraphic evidence summarized
by Cooper et al. (forthcoming) for glacial influences in both
East and West Antarctica beginning in the Oligocene.

These sea-level changes suggest at least moderate
glaciation in the Northern Hemisphere in the earliest
Oligocene. Today the Greenland ice sheet is composed of
6.5 m (Williams and Ferrigno, 1995) of sea-level equiva-
lent. Tripati et al. (2005) have argued for very large (tens
of meters) NHISs in the earliest Oligocene. They attribute
the entire 8'®0 increase observed in the deep Pacific to
growth of ice sheets because Mg/Ca data associated with
the Oil 8'30 increase. Mg/Ca data for Oil time indicate a
2°C warming that is an artifact of carbonate undersatura-
tion in the deep sea (Lear and Rosenthal, 2006). However,
though there is evidence for localized Northern Hemisphere
glaciation in the Paleogene (Eldrett et al., 2007; Moran et
al., 2006), the first appearance of IRD in the North Atlantic
outside the Norwegian-Greenland Sea did not occur until
2.6 Ma (Shackleton et al., 1984). The Eocene IRD evidence
presented by Eldrett et al. (2007) and Moran et al. (2006)
is compelling but limited to the high-latitude Norwegian-
Greenland Sea and Arctic and does not indicate widespread
Northern Hemisphere glaciation. We thus doubt the pres-
ence of very large (tens of meters equivalent) ice sheets in
the Northern Hemisphere prior to 2.6 Ma.

The suggestion that the Antarctic ice sheet was as large
if not larger than today needs to be reconciled with paleo-
botanical data that suggest that ice-free refugia are needed
for the Oligocene (e.g., Francis and Poole, 2002). Drilling
in the Weddell Sea highlights this enigma; lowermost Oli-
gocene grounded diamictons are overlain by strata contain-
ing Nothofagus leaves (Kennett and Barker, 1990). This is
consistent with our scenario based on sea-level and stable
isotopic studies (Coxall et al., 2005; Zachos et al., 1996)
that earliest Oligocene ice sheets formed rapidly (<< 1 myr)
in a series of Milankovitch tilt-driven (41 kyr) increases that
lasted for a few hundred kyr, and then almost completely col-
lapsed again, only to reform again at Oila time (ca. 33 Ma),
but it leaves open the question of where these refugia were
located during times of maximum glaciation. Under true
icehouse conditions that began in the earliest Oligocene, the
ice sheet reached the coastline (Figure 2), which limited its
further growth. The sea-level estimates suggest a minimum
drop of 55 m, which is illustrated by calving along much of
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the coastline except Wilkes Land (Figure 2); however, our
upper limit eustatic lowering of 70-105 m would require
ice volumes exceeding modern, and thus reaching the coast
along much of the margin.

Using data of Miller et al. (2008), we present a detailed
view of the climate changes that spanned the Eocene-
Oligocene boundary (Figure 4). The Eocene-Oligocene
transition is associated with a long-term (107 yr scale) CO,
drawdown (Pagani et al., 2005) and related temperature
change that triggered a precursor 8'30 increase at 33.8 Ma
of ~0.5%0 identified at Pacific ODP Site 1218 (Coxall et
al., 2005) and shelf site at St. Stephens Quarry, Alabama
(Miller et al., 2008), followed by a 1.0%0 8'¥O increase at
33.55 Ma (= Oil, earliest Oligocene). This is consistent
with models that predict climate response of at least two
nonlinear jumps associated with the transition (DeConto
and Pollard, 2003b). The precursor increase is not associ-
ated with an observable change in sea level (i.e., a change
greater than 15-20 m), suggesting that it was caused by
a 2°C cooling, not ice-sheet growth (Miller et al., 2008).
Global sea level dropped by ~55-82 m at 33.55 Ma, indi-
cating that the deep-sea 8'30 increase was due to transfer
of the water from the oceans to the Antarctic ice sheet,
which was 80-130 percent of the modern size, as discussed
above. The amount of cooling associated with Oil is still
uncertain. Using the 55 m fall and a calibration of 0.1%0/10
m (DeConto and Pollard, 2003b) suggests that deep-water
temperatures dropped 2°C; using the higher sea-level fall
(82 m) suggests only 1°C of cooling.

The Antarctic ice sheet reached the coastline for the
first time in the earliest Oligocene (Figure 2) and this
large ice sheet became a driver of, not just a response to,
climate change. The earliest Oligocene was characterized
by increased latitudinal thermal gradients (Kennett, 1977).
This increase caused: (1) enhanced wind intensities and a
spinning up of the oceans, resulting in increased upwell-
ing (Suko, 2006) and increased thermohaline circulation,
with transient erosional pulses of North Atlantic deep water
(Miller and Tucholke, 1983; Wright and Miller, 1996) and
AABW (Kennett, 1977; Wright and Miller, 1996); (2) a
major drop in the CCD as the deep oceans cooled, became
better ventilated, and had reduced residence time and acidity
(Figure 4) (Coxall et al., 2005; van Andel, 1975); and (3) a
large increase in diatom diversity due to intensified latitudi-
nal thermal gradients and upwelling (Falkowski et al., 2004;
Finkel et al., 2005; Pak and Miller, 1992).

Seismic stratigraphy and mapping of hiatuses indicate a
major strengthening of thermohaline circulation in the Oli-
gocene. The Antarctic has generally been a source of deep
water to the oceans (analogous to AABW) throughout much
of the later Cretaceous and the Cenozoic (Pak and Miller,
1992; Mountain and Miller, 1992). The Eocene-Oligocene
boundary saw intensification of AABW. Kennett (1977) and
Wright and Miller (1996) showed that numerous hiatuses
in the southern ocean are attributable to erosional pulses of
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AABW, with a large one at the Eocene-Oligocene boundary.
In the North Atlantic a major erosional pulse was associ-
ated with reflectors R4 (Miller and Tucholke, 1983) and
A" (Tucholke and Mountain, 1979), both of which date to
near the Eocene-Oligocene boundary (Mountain and Miller,
1992). Northern Hemisphere high latitudes cooled concomi-
tantly with polar cooling in the Southern Hemisphere, mak-
ing the North Atlantic a viable source region for deep water
(albeit briefly) in the earliest Oligocene.

Stable isotope reconstructions are generally consistent
with the scenario derived from mapping of hiatuses and
seismic disconformities. Carbon isotopic reconstructions of
the Oligocene show low vertical and interbasinal differences
(Diester-Haass and Zachos, 2003; Miller and Fairbanks,
1985; Salamy and Zachos, 1999; Wade and Pilike, 2004),
limiting the use of this proxy for reconstructing deep-water
changes. We attribute these low gradients to a general
decrease in export production; although the spin-up of the
oceans increased export productivity in eutrophic areas
(Moore et al., 2004), available nutrients limited general
export production, which was remarkably low in oligotrophic
areas (Miller and Katz, 1987). Despite the low Oligocene
O13C sensitivity (and the resulting flat line on Figure 5),
8'3C records indicate that there was a short early Oligocene
interval (ca. 33-32 Ma) with high Atlantic-Pacific 6'*C gradi-
ents (Miller, 1992); Wright and Miller (1996) quantified the
percentage of northern component water using interbasinal
8'3C gradients (Figure 5).

Oxygen isotopic records indicate that the Antarctic was
the source of water with high 8'®0 values in the late middle
to late Eocene (Figure 5). ODP Site 689 on the Maud Rise
(1800 m paleodepth) (Kennett and Stott, 1990; Thomas,
1990) records very high 8'%0 values beginning with the late
middle Eocene cooling and staying high through the Oligo-
cene (Figure 5). This “cold spigot” indicates that AABW
had a strong cold influence close to the continent, but this
influence was reduced by mixing away from the proximal
southern ocean (Miller, 1992). Subantarctic 8'*O records
show that the cold water mass did not strongly influence
regions further from the continent until the end of the Eocene
(Figure 5). Very high subantarctic $'®0 values during the
Eocene-Oligocene transition suggest a pulse of AABW that
peaked with the Oil glaciation (Figure 5), consistent with the
erosional record (Kennett, 1977; Wright and Miller, 1996).
This increase in thermohaline circulation is coincident with
the drop in the calcite compensation depth.

The drop in the CCD was caused by increased thermo-
haline circulation that caused a decrease in oceanic resi-
dence time and a decrease in deep-ocean acidity. Coxall et
al. (2005) showed that the CCD drop occurred in two steps
associated with the precursor and 8'%0 increases (Figure
4); the drop in percentage of carbonate at the precursor
event was as large or larger than at Oil time (Figure 5),
but accumulation rate data indicate that the latter event was
more significant. The cause of the drop in the CCD has been
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debatable. Any deepening of the CCD must be attributed to
one of the following:

1. An increase in deep-basin carbonate deposition at
the expense of shallow carbonates (shelf-basin fractionation,
as invoked by Coxall et al., 2005) for this drop. We argue
that shelf-basin fractionation cannot be invoked to explain
the CCD drop associated with the precursor %0 increase,
because there is little or no sea-level fall during the precur-
sor; in addition, they note that the amount of eustatic fall
(55-82 m) associated with the 33.55 Ma Oil 8'%0 increase
is too small to account for the large deepening of the CCD.

2. A global intensification of carbonate export to the
deep sea caused by increased continental input to the oceans.
Weathering rates increased in the earliest Oligocene (Robert
and Kennett, 1997) and may have contributed to a global
increase in carbonate production. However, global Oligocene
sedimentation rates were low (Thunell and Corliss, 1986),
and it is doubtful that input changes could explain the CCD
drop. Rea and Lyle (2005) argued that the CCD drop could
not be entirely due to shelf-basin shift and suggested that a
sudden increase in weathering and erosion rates is unlikely to
account for the change, thus implicating changes in deep-sea
preservation.

3. Alarge deep-water cooling. Cooling may have con-
tributed to the CCD falls, but the minor amount of cooling
at Oil time (1-2°C as discussed above) cannot fully explain
this drop.

4. A decrease of deep-ocean residence time. The
links among deep-sea temperature, an increase in thermo-
haline circulation, and the drop in the CCD (Figure 4) are
manifested as to the cause: a decrease in ocean acidity due
to decreased residence time.

Following the earliest Oligocene event, Oligocene to
middle Miocene ice sheets vacillated from near modern vol-
umes to nearly fully deglaciated at times. This was a transi-
tional period, with a wet-based Antarctic ice sheet (Marchant
etal., 1993). Atmospheric CO, was at near-preanthropogenic
levels (Pagani et al., 2005). A ~1.2-1.5%0¢ middle Miocene
(ca. 14.8-12 Ma) 80 increase is associated with a major
sea-level fall, which this event most likely represents the
development of polar desert conditions with a permanent ice
cap in Antarctica (Shackleton and Kennett, 1975) (Figure 2).
There has been intense debate about whether this ice cap was
indeed permanent, or whether it in fact disintegrated in the
early Pliocene (Kennett and Hodell, 1996). We note that the
amplitude of the myr-scale variability in both 830 and sea-
level records appears to be lower after the middle Miocene
event (Figure 2), suggesting relative stability.

QuOo VADIM?

We present a review of Antarctic glacial history as interpreted
from sea-level and oxygen isotopic records, updating and
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integrating previous reviews of sea-level change (Miller et
al., 2005a), greenhouse ice sheets (Miller et al., 2005b), new
data from the Eocene-Oligocene transition (Miller et al.,
2008), and deep-sea circulation changes (Wright and Miller,
1996). The sea-level record was recently updated (Figure 2)
by Kominz et al. (in review) who presented a thorough error
analysis. We can make certain statements about sea-level
changes:

1. Very high-amplitude, myr-scale sea-level changes
(up to 160 m) of EPR are not supported.

2. Our sea-level record (Figure 2) is derived from stud-
ies of only one margin, except for the interval from 90 Ma
to 100 Ma, which is corroborated by the Russian Platform
(Sahagian et al., 1996). A true global sea-level curve must
be derived from numerous margins and thus the curve pre-
sented must be considered a testable model. Further studies
are needed to validate this record.

3. Our best estimate of greenhouse sea-level ampli-
tudes are 15-25 m on the myr scale, except for the ca. 71.5
Ma event, which was over 40 m. Icehouse amplitudes are as
high as 55-70 m. We do not capture most lowstands in our
sea-level record, and these estimates are minima.

4. The New Jersey estimates are eustatic, having been
corrected for the effects of loading. To estimate the actual
volume of ice equivalent requires the making of assumptions
about isostatic effects due to water loading. As noted by
Pekar et al. (2002) a eustatic change of 55 m would require
a change in water volume of 82 m, assuming full compensa-
tion. Similarly, in the younger record the change from 18 ka
to present of 120 m measured in Barbados (Fairbanks, 1989)
would have caused an 80 m eustatic change, assuming full
compensation. On the myr scale considered here, compensa-
tion was likely partially achieved (Peltier, 1997) and thus the
actual changes in water volume would have been higher than
eustatic estimates.

5. The link of sea-level falls and 8'30 increases has
been documented for numerous icehouse increases. This
relationship is expected because glacioeustasy is expected
to drive sea-level change during this time. Further studies
evaluating the link of 3'30 and sea level in the greenhouse
are needed, though preliminary comparisons are intriguing.
It must be remembered that we predict small (~0.2-0.3%0)
8"0,_ ... changes for greenhouse ice-volume changes.

Oxygen isotopic variations can be used to place con-
straints on Antarctic ice history. The firmest constraint is
that ice sheets are required when benthic foraminiferal 3'*0
values exceed 1.8%o in Cibicidoides (Miller and Fairbanks,
1983; Miller et al., 1991). For the greenhouse world, 80
values suggest largely warm high latitudes, at least near the
coast, where deep waters form. However, we need to be
careful in assuming that warm coastal Antarctic tempera-
tures indicate a continent devoid of ice sheets for the period
100-33.55 Ma. As models illustrate (DeConto and Pollard,
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2003a,b), the Antarctic continent may have been remark-
ably diverse during the greenhouse with unglaciated coastal
regions and small- to moderate-size ice sheets in the interior.
Though much of the evidence may have been destroyed or
buried by the modern ice sheet, the challenge now is to seek
evidence for these greenhouse ice sheets. Intense study of the
Antarctic continent has demonstrated the importance of ice
sheets on sedimentation over the past 33 myr and provided
hints of cold conditions even in the Eocene (Figure 1). Com-
parison with the Arctic is illustrative. Until the most sensitive
area of the Arctic was drilled by IODP (Moran et al., 2006), it
was assumed that the Arctic was not glaciated until the later
Cenozoic and bipolar glaciation was a relatively recent event.
In contrast, sampling on the Lomonsov Ridge has extended
the glacial record of the Arctic back to ~46 Ma (Moran et al.,
20006), and we predict that future studies of Antarctica will
result in extension of small- to medium-size ice sheets back
into the Late Cretaceous.
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ence Foundation grants EAR06-06693 (Miller) and OCEO06-
23256 (Katz, Miller, Wade, and Wright).
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Late Cenozoic Climate History of the
Ross Embayment from the AND-1B Drill Hole:
Culmination of Three Decades of Antarctic Margin Drilling
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M. Pompilio,® J. Ross,’ R. Scherer,? F. Talarico,’’ A. Pyne,! and the ANDRILL-MIS Science team'!

ABSTRACT

Because of the paucity of exposed rock, the direct physical
record of Antarctic Cenozoic glacial history has become
known only recently and then largely from offshore shelf
basins through seismic surveys and drilling. The number
of holes on the continental shelf has been small and largely
confined to three areas (McMurdo Sound, Prydz Bay, and
Antarctic Peninsula), but even in McMurdo Sound, where
Oligocene and early Miocene strata are well cored, the late
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Cenozoic is poorly known and dated. The latest Antarctic
geological drilling program, ANDRILL, successfully cored
a 1285-m-long record of climate history spanning the last 13
m.y. from subsea-floor sediment beneath the McMurdo Ice
Shelf (MIS), using drilling systems specially developed for
operating through ice shelves. The cores provide the most
complete Antarctic record to date of ice-sheet and climate
fluctuations for this period of Earth’s history. The >60 cycles
of advance and retreat of the grounded ice margin preserved
in the AND-1B record the evolution of the Antarctic ice sheet
since a profound global cooling step in deep-sea oxygen
isotope records ~14 m.y.a. A feature of particular interest is a
~90-m-thick interval of diatomite deposited during the warm
Pliocene and representing an extended period (~200,000
years) of locally open water, high phytoplankton productiv-
ity, and retreat of the glaciers on land.

HISTORICAL OVERVIEW

The remarkable late Cenozoic record of glacial history in the
Ross Embayment recovered in late 2006 by the ANDRILL-
MIS Project is the culmination of work begun over three
decades ago to document and understand the more recent
glacial history of Antarctica by drilling close to the margin.
Ironically, although the last 3 million years of Earth’s climate
is often said to be the best studied interval of the Cenozoic,
the contribution of Antarctic ice volume changes is the most
poorly understood. Until this most recent hole was drilled,
the middle Cenozoic record was better known from several
holes in both the McMurdo region and Prydz Bay (Table
1). This is in general because the older strata were exposed
closer to the coast through basin uplift, where younger strata
had been removed by Neogene erosion, but also because in
offshore basins glacial debris from the last glacial advance
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TABLE 1 Antarctic Coastal and Continental Shelf Rock-Drilling Sites, 1973 to 2006

Elev (+) or Depth %
Project Year Site Lat Long  Wat.Dep (-) cored recov. Oldest core Reference
Ross Sea
DSDP28 1973 270 77°26'S 178°30W -634m 423 m 62% gneiss- E Paleozoic Hays, Frakeset d., 1975
271 77°26'S 178°30W -562m 233m 7% diamict clasts - E Pliocene
272 77°26'S 178°30W -629m 439m 37% diamict - E Miocene
273 77°26'S 178°30W -491m 333m 25% diamict - E Miocene
McMurdo Sound area - onshore
DVDP 1973 1 77°50'S 166°40'E 67 m 20lm 98% basalt- L Quat Kyle, 1981
1973 2 77°51'S 166°40'E 47m 179m 96% basdt-L Quat
1973 3 77°51'S 166°40'E 48 m 381lm 90% basalt-L Quat
1974 10 77°35'S 163°31'E 3m 182m 83% diamict- L Miocene Powell, 1981
1974 11 77°35'S 163°25E 80.2m 328m 94% diamict - L Miocene
1974 12 77°38'S 162°51'E  75.1m 185m 98% migmatite- E Paleozoic
McMurdo Sound area - offshore
DVDP15 1975 15 77°26'S 164°23E -122m 62m 52% black sand - E Pleist Barrett and Treves, 1981
MSSTS 1979 1 77°34'S 163°23E -195m 230m 62% mudstone- L Oligocene Barrett, 1986
CIROS 1986 1 77°05'S 164°30E -197m  702m 98% boulder congl - L Eocene Barrett, 1989
CIROS 1984 2 77°41'S 163°32E -211m 168 m 67% gneiss- E Paleozoic Barrett and Hambrey, 1992
CRP 1997 1 77°00S 163°45E -154m 148 m 86% diamict- E Miocene CRST, 1998
1998 2 77°00'S 163°43E -178m 624 m 95% mudstone - Oligocene CRST, 1999
1999 3 77°00S 163°43E -295m 939m 97% sandstone- Devonian CRST, 2000
ANDRILL 2006 1 77°55'S 167°01'E -840m 1285m 98% basdt - E Miocene Naish et a., 2006
Prydz Bay
ODP119 1988 739 67°17'S 75°05E -412m 487 m 34% diamict- L Eo-E Oligocene Barron, Larsen et
1988 740 68°41'S 76°43E  -808m 226 m 32% red beds- 7Triassic d., 1988
1988 741 68°23'S 76°23E -551m 128 m 26% sandst, siltst -?E Cretaceous
1988 742 67°33S 75°24E -416m 316m 53% mudst, diamict - 2E0-Olig
1988 743 66°55'S 74°42E  -989m 97m 22% diamict - Pleistocene
ODP 188 2000 1166 67°42'S 74°47E  -475m 381m 19% claystone- L Cretaceous S'Brzigg'lcool)eﬂ Richter et
Antarctic Peninsula
ODP178 1998 1097 66°24'S 70°45W -563m  437m 14% diamict-E Piocene Bl emerendh, Adone
1998 1098 64°52'S 64°12W -1010m 47m 99% mud - Holocene
1998 1099 64°57'S 64°19W -1400m 108 m 102% mud - Holocene
1998 1100 66°53'S 65°42W -459m 111m 5% diamict - Pieistocene
1998 1102 66°48'S 65°51'W -431m 15m 6% diamict - Pleistocene?
1998 1103 64°00'S 65°28W -494m 363m 12% diamict- L Miocene
SHALDRIL 2005 1 62°17'S 58°45W -488m 108 m 87% mud-L Pleistocene http://shaldril.rice.edu/
SHALDRIL 2006 3 63°51'S 54°39W -340m 20m 32% mudst - L Eo/E Oligocene Anderson et al., 2007
2006 5 63°15'S 52°22°W  -506 m 23m  40% muddy sand - mid Miocene
2006 6 63°20S 52°22W -532m 21m n/a muddy sand - E Pliocene
2006 12 63°16'S 52°50W -442m 4m 64% mudst - Oligocene

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

NAISH ET AL.

prevented penetration and recovery of the older record from
gravity coring (Anderson, 1999). Plainly deep-drilling tech-
nology was required from an appropriate location. Here we
summarize the history and rationale behind this successful
outcome.

By the early 1970s the International Geophysical Year
(1956-1958) had already resulted in a vast increase in knowl-
edge of rock types, ages, and history of the continent itself
(Bushnell and Craddock, 1970), but the history of its ice
sheet was still a mystery. This changed in early 1973 with the
voyages of the Glomar Challenger to the South Indian Ocean
and Ross Sea (Leg 28) (Hayes et al., 1975) and the Tasman
Sea and Southwest Pacific Ocean (Leg 29) (Kennett et al.,
1974). The first of these cruises showed that the Antarctic
ice sheet, which had previously been seen as a Quaternary
feature, had been in existence since at least the Oligocene.
The second yielded the first oxygen isotope measurements
on deep-sea calcareous microfossils, providing the first
evidence of dramatic ocean cooling and global ice volume
increase at the Eocene-Oligocene boundary (Shackleton and
Kennett, 1974).

The 1970s was also a period in which detailed paleonto-
logical and chronological studies of cores from continuously
deposited deep-sea sediments displaced the long-held view
of four major Quaternary glaciations (Flint, 1971), showing
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much more frequent cycles of climate, ice volume, and sea
level in the late Quaternary (Hays et al., 1976) in response
to variations in Earth’s orbital parameters calculated by
Milankovitch. How far back in time these should be evident
was not clear, but there seemed no reason why they should
not have influenced the Antarctic ice sheet from the time of
its inception.

While deep ocean sediments were useful for their
continuous record of past ocean chemistry, providing an
ice volume-temperature signal, they could not provide
information on the extent of ice or regional climate in the
high latitudes. This could only come out of sediment cores
from the Antarctic margin, where the direct influence of ice
advance and retreat (and perhaps also sea-level fall and rise)
could be obtained.

In the early 1970s two drilling platforms were available.
The Glomar Challenger operated by the Deep Sea Drilling
Project and a land-based system put together for the Dry
Valley Drilling Project, an initiative of the United States,
Japan, and New Zealand to explore the late Cenozoic history
of the McMurdo Dry Valleys (Smith, 1981). Over the next
three decades both of these platforms (and their successors)
ran in parallel (Table 1, Figure 1) with varying degrees of
success.
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The ship-based system had the advantage that it could
be deployed at a number of places around the Antarctic
margin, but was limited by ice conditions and poor recovery
of glacimarine sediments from near-shore shelf basins. Nev-
ertheless, the cores taken have provided useful constraints on
the Cenozoic history of the Antarctic ice margin and climate
from the Ross Sea, Prydz Bay, and Antarctic Peninsula sec-
tors (Table 1). The land-based system, once adapted for sea
ice, had the advantage that it could yield long and continuous
core with near-complete recovery. However, it was rather
cumbersome and required an ice platform that was firmly
tied to land. Although the system has been improved through
the MSSTS-1, CIROS, and Cape Roberts Projects (Table
1), continuing to exploit the fast-ice rim around McMurdo
Sound as a drilling platform, attractive drilling targets
beneath fast sea ice elsewhere on the Antarctic margin have
yet to be identified.

The results from both ship-based and sea-ice-based
drilling have provided a framework for the Cenozoic history
of the Antarctic ice sheet (Kennett and Warnke, 1992, 1993;
Barrett, 1999), but more detail has become known for Oli-
gocene and early Miocene times, especially from the 1500 m
of strata cored off Cape Roberts (Naish et al., 2001; Barrett,
2007), than in subsequent times. The first results of the shift
from sea-ice- to shelf-ice-based drilling reported below add
a great deal to the late Cenozoic story.

THE ANDRILL MCMURDO ICE-SHELF PROJECT

The aim of the MIS Project was to obtain a continuous sedi-
ment core through approximately 1200 m of Neogene (~0-10
Ma) glacimarine and volcanic sediment that had accumulated
in the Windless Bight region of the MIS (Figure 2A). The
present-day MIS forms the northwest part of Ross Ice Shelf
where it has been pinned by Ross Island for the last ~10 ka
(McKay et al., 2007), and is nourished by ice sourced locally
and from the East Antarctic ice sheet (EAIS) outlet glaciers
in the southern Transantarctic Mountains (TAM). The drill
site was situated above a flexural moat basin formed in
response to Quaternary volcanic loading of the crust by Ross
Island, superimposed on regional subsidence associated with
Neogene extension of the Terror Rift (Horgan et al., 2005;
Naish et al., 2006) (Figure 2B).

Between October 29 and December 26, 2006, a single
1284.87-m-deep drill core (AND-1B) was recovered from
the bathymetric and depocentral axis of the moat in 943 m
of water from an ice-shelf platform. The drilling technology
employed a sea-riser system in a similar fashion to the Cape
Roberts Project (CRP), but utilized a combination of soft
sediment coring in upper soft sediments and continuous wire
line diamond-bit coring. Innovative new technology, in the
form of a hot-water drill and over-reamer, was used to make
an access hole through 85 m of ice and to keep the riser free
during drilling operations.

The MIS project has two key scientific objectives:

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

1. Provide new knowledge on the late Neogene behav-
ior and variability of the Ross Ice Shelf and Ross Ice Sheet
and the West Antarctic ice sheet, and their influence on global
climate, sea-level, and ocean circulation.

2. Provide new knowledge on the Neogene tectonic
evolution of the West Antarctic Rift System, Transantarctic
Mountains, and associated volcanism.

A key outcome of the project will be to provide age
control for, and determine the environmental significance of,
seismic reflectors that have been mapped regionally within
the Victoria Land Basin (Fielding et al., 2007; Henrys et
al., 2007) in order to assess the regional impact of global
climatic and local tectonic events. A second key outcome of
the project will be to use paleoclimatic proxies and boundary
conditions to help constrain numerical climate and dynami-
cal ice-sheet models. This paper presents an overview of the
MIS Project, and the details are reported in the Initial Results
volume (Naish et al., 2007).

TECTONIC AND STRATIGRAPHIC SETTING

Ross Island lies at the southern end of the Victoria Land
Basin (VLB), a ~350-km-long, half-graben hinged on its
western side at the TAM front (Figure 2). Major rifting
in the VLB has occurred since the latest Eocene, perhaps
having been initiated in the Cretaceous (Cooper and Davey,
1985; Brancolini et al., 1995), and has accommodated up
to 10 km of sediment. A new rift history, based on the CRP
drill cores linked to a new regional seismic stratigraphic
framework (Fielding et al., 2007; Henrys et al., 2007),
indicates that crustal stretching during the Oligocene syn-
rift phase produced rapid subsidence, followed by ther-
mally controlled slower subsidence in the early Miocene.
Renewed rifting within the center of the VLB beginning in
the late Miocene has continued through to present day. This
forms the Terror Rift (Cooper et al., 1987) and is associated
with alkalic igneous intrusions and extrusive volcanism
(e.g., Beaufort Island and Ross Island). Quaternary loading
of the crust by the Ross Island volcanoes has added signifi-
cantly to subsidence near Ross Island, and the development
of an enclosing moat (Stern et al., 1991). The Terror Rift has
accommodated up to 3 km of Neogene sediment beneath
Windless Bight. Here the load-induced subsidence caused
by Ross Island has contributed significantly to the genera-
tion of accommodation space, especially during the last 2
m.y. (Horgan et al., 2005).

Neogene strata have now been extensively mapped in
southern McMurdo Sound from the Drygalski Ice Tongue
south to Ross Island. These Neogene strata show a thicken-
ing and eastward-dipping succession extending under Ross
Island in the vicinity of the MIS Project drill site. Analysis
of these strata, which have now been sampled by MIS project
drilling, will contribute significantly to the young tectonic
history of the West Antarctic Rift System.
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CHRONOSTRATIGRAPHY OF “AND-1B”

A preliminary age model for the upper 700 m of drill core
constructed from diatom biostratigraphy (Scherer et al.,
2007) and radiometric ages on volcanic material (Ross et
al., 2007) allows a unique correlation of ~70 percent of the
magnetic polarity stratigraphy with the Geomagnetic Polar-
ity Time Scale (Wilson et al., 2007). The age model provides
several well-constrained intervals displaying relatively
rapid (<lm/k.y.) and continuous accumulation of sediment
punctuated by several 0.5 m.y. to 1.0 m.y. stratal hiatuses

representing more than half of the last 7 Ma. Thus the AND-
1B record provides several highly resolved “windows” into
the development of the Antarctic ice sheets during the late
Cenozoic. Strata below ~620 mbsf are late Miocene in age
(5-13 m.y.). At the time of writing, the chronostratigraphic
data available for this interval include three radiometric ages
on volcanic clasts from near 1280 mbsf constraining the age
for the base of the AND-1B drill core to <13.5 m.y. Work
continues to improve the age control on the lower part of the
cored interval.
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RELATIONSHIP TO REGIONAL SEISMIC
STRATIGRAPHY

Prior to drilling the MIS target, five distinctive reflectors
marking regional stratal discontinuities had been mapped
through a grid of seismic data in the vicinity of the drill
site (HPP and MIS lines) (Naish et al., 2006) (Figure 2),
and linked to marine seismic reflection data and reflector
nomenclature in McMurdo Sound (Fielding et al., 2007). We
have used whole-core velocity measurements and VSP first
arrival travel-time picks (see Hansaraj et al., 2007; Naish et
al., 2007) to derive a time-depth conversion curve to convert
the seismic reflection section to depth. We have summarized
in Figure 3 and below our correlation of the regional seismic
stratigraphy with the AND-1B drill core.

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

1. Rg (Surface C, bilious green reflector): This
regionally extensive discontinuity is correlated with top of a
~60-m-thick interval late Miocene volcanic sandstone (LSU
7) and the base of a 150-m-thick, high-velocity (3000 ms™)
interval of diamictite cycles (LSU 6.4). “*Ar/*Ar dates on
ashes beneath Rg indicate that this discontinuity is <13.8
Ma.

2. Rh (Surface B, dark green): This regionally
extensive discontinuity is correlated with the base of a
~180-m-thick interval of late Miocene-early Pliocene, pyrite-
cemented, high-velocity volcanic sandstone and mudstone
(LSU 5). Regionally the green reflector correlates with the
base of volcanic bodies in the VLB north of Ross Island. It
is also correlated with the base of White Island volcano (Fig-
ure 2) dated at ~7.6 Ma (Alan Cooper, University of Otago,
unpublished data).

Density

Linit 11

e e

B]

Uit 1

1400

FIGURE 3 Integrated plot correlating seismic reflectors with the lithologic log. We have used the whole-core velocity (c) to derive a
time-depth conversion curve (b) together with VSP arrival times to map the seismic reflection profile from MIS-1 (a) to drill hole depth and
correlate with core lithologies and lithostratigraphic units (e). Seismic stratigraphic units identified are from the MIS Science Logistics and
Implementation Plan (SLIP) (Naish et al., 2006) and have been mapped regionally (Fielding et al., 2007).

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

NAISH ET AL.

3. Ri (Surface A2, b-clino, red reflector): This
regionally extensive reflector marks the base of a ~100-m-
thick seismically opaque interval that separates high-ampli-
tude reflections of the underlying unit. It corresponds with

Cheseoal e
vl (e had)

the base of prograding clinoforms north of Ross Island,
and locally marks the base of flexure associated with Ross
Island volcanic loading (Horgan et al., 2005). In AND-1B,
Surface A2 correlates with the boundary between the ~90-m-
thick, low-density, low-velocity (1700 ms™), early Pliocene
diatomite interval (LSU 4.1), and the higher-velocity (<2500
ms™') diamictites of LSU 4.2 beneath. Diatom assemblages
indicate the age of this surface lies between 5.0 Ma and 4.0
Ma. Regionally this reflector has been traced into western
VLB, where it is correlated biostratigraphically in MSSTS-1
to core at about 20 mbsf that yields a Pliocene age of 4.6-4.0
Ma based on diatom microfossils (Naish et al., 2006).

4. Rj (Surface Al, turquoise reflector): This region-
ally extensive reflector marks the base of a ~150-m-thick unit
of strongly alternating high- and low-amplitude reflections.
These dramatic cycles in density and velocity reflect regular
alternations between diatomite and diamictite in late Plio-
cene (LSU 3). The turquoise reflector separates strata above
that are younger than ~3.0 Ma and below greater than ~3.5

Ma. ®

Pleistocena
@

@

S

Pliocensa

STRATIGRAPHIC ARCHITECTURE

The 1285-m-long AND-1B drill core provides the first high-
resolution, late Neogene record from the Antarctic margin @
(Figure 4) as well as the first long geological record from
under a major ice shelf. Details of the lithostratigraphic sub- ?
division, facies analysis, and sequence stratigraphy are pre-
sented in an Initial Results volume (Krissek et al., 2007).

- BB M

Glacial-Interglacial Cyclostratigraphy

At the time of writing, 60 unconformity-bounded glacima-
rine sedimentary cycles, of probable Milankovitch duration
have been identified, representing repeated advances and
retreats of an ice sheet across the drill site during the late
Neogene. Bounding unconformities, glacial surfaces of ero-
sion (GSEs), are typically sharp and planar and mark disloca-
tions between enclosing facies. Facies immediately beneath
display a range of intraformational deformation features,
including physical mixing of lithologies, clastic intrusions,
faulting, and soft-sediment deformation. Facies above these
surfaces are typically diamictites and conglomerates, and
are interpreted as subglacial tillites or near grounding-line

Mipcene

FIGURE 4 Lithostratigraphy, chronostratigraphy, and sequence
stratigraphy of the AND-1B drillcore. Cyclic variations in litholo- Voo
gies reflect periodic fluctuations of the ice margin in western Ross Bl e s B2 corcoe B e oy e oY
Embayment during the last 13 Ma. Sources: * = After Ross et al. BB e I oo

(2007); A = After Wilson et al. (2007). — Nup —
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glacimarine deposits. In many cycles the facies succession
reflects retreat of the grounding line through ice shelf into
open-ocean environments at the interglacial minimum, fol-
lowed by ice readvance characterized by progressively more
glacially influenced facies in the upper parts, culminating in
a GSE at the glacial maximum.

Major Chronostratigraphic Intervals and
Their Cyclic Character

Here we summarize the sedimentary succession cored in
AND-1B by subdividing it into nine chronostratigraphic
intervals largely on the basis of characteristic facies cycles,
with their glacial and climatic implications (Figure 4). The
latter are addressed in more detail by Powell et al. (2007).
Three of the intervals lack cyclicity: interval 1 (a volcanic
sandstone), interval 4 (largely volcanic ash), and interval 6
(the ~90-m-thick diatomite).

1. Late Miocene volcanic sandstone (1275.24-1220.15
mbsf), LSU 7.

2. Late Miocene diamictite-dominated sedimentary
cycles (1220.15-1069.2 mbsf), LSU 6.4.

3. Late Miocene, diamictite/mudstone and sandstone
sedimentary cycles (1069.2-759.32 mbsf), LSU 6.1-6.3.

4. Late Miocene-early Pliocene? lapilli tuff, lava flow,
and volcanic sandstone and mudstone (759.32-586.45 mbsf),
LSU 5.

5. Early Pliocene diamictite/diatomite sedimentary
cycles (586.45-459.24 mbsf), LSU 4.2-4.4.

6. Early Pliocene diatomite (459.24-382.98mbsf),
LSU4.1.

7. Late Pliocene diamictite and diatomite sedimentary
cycles (459.25-146.79 mbsf), LSU 3.

8. Late Pliocene-early Pleistocene diamictite/volcanic
mudstone and sandstone cycles (146.79-82.72 mbsf), LSU 2.

9. Middle-late Pleistocene, diamictite-dominated sedi-
mentary cycles (82.72-Ombsf), LSU 1.

Late-Miocene Diamictite-Dominated Cycles of LSU 6.4
(1220.15-1069.2 mbsf)

This interval is dominated by thick massive diamictite with
thin stratified mudstone interbeds, representing alterna-
tions between basal glacial and glacimarine deposition.
The diamictites, which form over 90 percent of the interval,
contain medium- to high-grade metamorphic basement clasts
known from the Byrd Glacier region (Talarico et al., 2007).
At this stage we have been conservative in our recognition
of grounding-line features in the core that might be used to
identify boundaries of the sedimentary cycles. More detailed
study is likely to find features such as sets of alternating
sharp-based massive and stratified diamictites, representing
subglacial and pro-grounding-line environments. The domi-
nance of subglacial deposition and the occurrence of gran-
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itoid and metamorphic rocks from the Byrd Glacier region
imply the long-term existence of a grounded Ross Ice Sheet
with short ice-shelf phases, and ice streaming from the south-
ern Transantarctic Mountains. Once a magnetostratigraphy
is developed for this section of the core together with new
OAr/PAr ages, further sedimentological and petrographic
work should provide an important history of Antarctic ice
sheet behavior during the “big” late Miocene, Mi-glaciations
of Miller et al. (1991).

Late Miocene, Diamictite/Mudstone-Sandstone Sedimentary
Cycles of LSU 6.1-6.3 (1069.2-759.32 mbsf)

This section is characterized by cycles of subglacial and
grounding-line diamictites that pass upward into a gla-
cimarine retreat succession of redeposited conglomerate,
sandstone and mudstone. These units are overlain by a
more distal hemipelagic terrigenous mudstone with out-
size clasts and lonestones. The retreat facies succession is
then followed by a proglacial advance facies assemblage in
which clast abundance increases together with the occur-
rence of submarine outwash facies, which is truncated by
a glacial surface of erosion. In contrast with the underly-
ing diamictite-dominated interval, over 60 percent of this
unit comprises strata representing periods of both ice-shelf
cover and open ocean, though still with significant ice raft-
ing, over the drill site. These observations imply a warmer
climate for this whole period, and the association increased
subglacial meltwater.

Late Miocene-early Pliocene Volcanic Sandstone and
Mudstone of LSU 5 (759.32-586.45mbsf)

This interval is dominated by subaqueously redeposited
volcanic sediments, many with near-primary volcanic char-
acteristics. The volcaniclastic sediments are organized into
sediment gravity flow deposits (mostly proximal turbidites),
indicating a nearby active volcanic center delivering primary
volcanic material into a deep basin (several hundred meters
water depth). A series of fining upward, altered and degraded
pumice lapilli tuffs occur at 623, 603, and 590 mbsf, and a
pure fine volcanic glass sand occurs at 577 mbsf. All of these
have been targeted for argon geochronology. A plagioclase
Hawaiite lava with chilled margins and “baked sediments”
under its lower contact interrupts the volcanic sediment
gravity flows at 646.49-649.30 mbsf, and has been dated
by “Ar/¥Ar at 6.38 Ma. The source of this lava and the
redeposited volcanic units is thought to be nearby because
of the freshness of the glass and angular nature of clasts in
the breccias. The unit is virtually devoid of out-size clasts
or other features indicative of iceberg rafting or grounding-
line proximity, suggesting that much of the 120-m-thick
interval was deposited rapidly in open water. At this stage we
consider this volcanic interval to represent a single eruptive
sequence with very high rates of accumulation.
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Early Pliocene Diamictite and Diatomite Sedimentary Cycles
0f LSU 4.2-4.4 (586.45-459.24 mbsf)

These cycles can be summarized as comprising, in ascending
stratigraphic order: (1) a sharp-based massive diamictite with
variable amounts of volcanic glass (subglacial to grounding
zone) passing up into (2) stratified diamictite, sandstone,
and mudstone with dispersed clasts (grounding-line to dis-
tal glacimarine) followed by (3) stratified diatomite (open
ocean), which in turn commonly passes up into glacimarine
mudstone and sandstone with dispersed clasts (perhaps an
indication of an approaching grounding line). The interval
that includes the lower part of the diamictite and the under-
lying glacimarine lithologies is often physically intermixed
and displays deformation associated with glacial overriding
and shearing but, interestingly, appears to represent little
significant erosion by the advance. These cycles show a dra-
matic change from hemipelagic open-water sedimentation
to open-water biogenic sediments (diatomite) at interglacial
ice minima.

Early Pliocene Diatomite of LSU 4.1 (459.24-382.98 mbsf)

This interval is almost solely diatomite, indicating an
extended period of high-productivity open water over the
site. Itis of early Pliocene age (~4.2 Ma) and is likely to span
a period of about 4.2-4.0 m.y., involving a number of glacial-
interglacial cycles. The onset of an inferred warmer period is
captured in the 10 m transition beginning at 460 mbsf from a
clast-rich to clast-poor muddy diamictite through terrigenous
mud to diatomite, with a decline in mud component, out-
size clasts, and frequency of cm- to dm-thick gravity flow
deposits. Further research is planned in order to quantify
the contemporaneous climate and will involve examination
of the terrestrial microfossils and estimation of sea-surface
temperatures from geochemical and biological proxies. This
diatomite appears to coincide with the widely recognized
early Pliocene global warming and accompanying higher sea
levels (Dowsett et al., 1999; Ravelo et al., 2004), for which
there is evidence elsewhere on the Antarctic margin (e.g.,
Whitehead et al., 2005). However, well-dated deposits and
geomorphological evidence from the adjacent McMurdo Dry
Valleys indicate a polar climate persisted there throughout
this period (Marchant et al., 1996).

Middle to Late Pliocene Diamictite and Diatomite
Sedimentary Cycles of LSU 3 (382.98-146.79 mbsf)

Within this interval the core is strongly cyclic in nature, and
is characterized by 12 glacial-interglacial cycles that is typi-
cally composed of a sharp-based lower interval of diamictite
in the upper few meters that passes upward into a ~5- to
10-m-thick unit of biosiliceous ooze or biosiliceous-bearing
mudstone (diatomite). The lower part of diamictites and the
upper few meters of diatomites are sheared and deformed,
presumably from grounded ice. The transitions from diamic-
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tite (glacial and glacimarine) to diatomite (open ocean) are
dramatic, in many cases occurring in less than a meter of
core. Powell et al. (2007) discuss these abrupt facies transi-
tions in terms of rapid retreat of an ice sheet or collapse of an
ice shelf. Our preliminary age model suggests that the cycles
in this interval may have formed in response to orbital forc-
ing of the ice sheet. This interval will be the focus of further
work as we evaluate its significance in terms of the global
climatic deterioration coincident with the development of
large ice sheets on the northern hemisphere continents (e.g.,
Shackleton et al., 1984; Maslin et al., 1999).

Late Pliocene-Early Pleistocene Diamictite/Volcanic
Mudstone-Sandstone Cycles of LSU2 (146.79-82.72 mbsf)

This interval displays lithologic alternations between ice-
proximal facies and open-water volcaniclastic facies. A
GSE at 150.90 mbsf is correlated with the Rk-pink reflector
and spans as much as 0.7 m.y. between 2.4 Ma and 1.7 Ma.
Above this the interval from 146.79 mbsf to 134.48 mbsf
represents another glacial-interglacial cycle; that above the
diamictite is almost entirely made up of redeposited volcanic
(basaltic) sandstone. The sandstone is organized into a series
of normally graded turbidites. The interval from 134.48 mbsf
to 120 mbsf is characterized by an open-water assemblage
of interstratified mudstone and volcanic sandstone that lies
stratigraphically above weakly stratified diamictite alternat-
ing with sparsely fossiliferous claystone and mudstone,
more typical of grounding line and iceberg zone systems. A
muddy-sandy volcanic breccia with near-primary volcanic
material at 117 mbsf has yielded a preliminary “Ar/*Ar age
of ~1.6 Ma on basaltic volcanic glass.

A dramatic change upward into massive diamictite
from 109.7 mbsf to 97.2 mbsf indicates the return of the ice
sheet to the proximity of the drill site. Our preliminary age
model suggests that up to ~0.4 m.y., between 1.5 Ma and
1.1 Ma is missing between GSE at 109.7 mbsf and at least
2 GSEs in the overlying interval of amalgamated diamictite
above. From 97.2 mbsf to 92.5 mbsf diamictite and volcanic
sandstone passes downward into interstratified bioturbated
volcanic sandstone and mudstone. The interval from 92.5
mbsf to 86.6 mbsf contains the youngest biosiliceous-bearing
sediments in the AND-1B core. The presence of numerous
volcaniclastic units and biosiliceous sediments in this interval
indicate an extended period of open-water conditions with no
sea ice beyond the calving line. An immediately overlying,
fining upward lapilli tuff between 85.86 mbsf and 85.27 mbsf
has yielded a high-precision “°Ar/*Ar age on sanidine phe-
nocrysts of 1.01 Ma within a short normal polarity interval
interpreted as the Jaramillo Subchron. Thus the underlying
biosiliceous interglacial sediments are tentatively correlated
with warming during the “super-interglacial” associated with
Marine Isotope Stage 31. This interval will be the focus of
a future concentrated effort to better characterize the impact
of this warm period on ice-sheet behavior.
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Middle-Late Pleistocene, Diamictite-Dominated Sedimentary
Cycles of LSU 1 (82-0 mbsf)

Between 83 mbsf and 27 mbsf there are at least 8 cycles of
diamictite and thinner bioturbated and stratified intervals
of mudstone, volcanic sandstone, and muddy conglomer-
ate. Like the late Miocene diamictite-dominated cycles, the
high proportion of subglacial and grounding-line proximal
deposits, together with the occurrence of granitoid and meta-
morphic rocks known from the Byrd Glacier region (Talarico
et al., 2007), implies existence of a grounded Ross Ice Sheet
in the middle and late Pleistocene. The implied presence of
a grounded ice sheet for much of this time is intriguing as it
also corresponds with a period of Earth history dominated
by 80-120 ka fluctuations in large Northern Hemisphere ice
sheets. Further work will focus on (1) how this ice sheet
responded to the late Pleistocene interglacials, which in Ant-
arctic ice-core records indicated polar temperatures warmer
than today (EPICA Community, 2004; Jouzel et al., 2007),
and (2) the role of orbital forcing on Antarctic ice sheets
(e.g., Huybers and Wunsch, 2005; Raymo et al., 2006) in
regulating Pleistocene climate.

IMPLICATIONS FOR ANTARCTIC GLACIAL AND
CLIMATE HISTORY

The AND-1B core has the potential to contribute significant
new knowledge about the dynamics of the West Antarctic
ice sheet (WAIS) and Ross Ice Shelf and Ice Sheet system,
as well as contributing to understanding the behavior of
the EAIS outlet glaciers during the late Cenozoic. New
chronological data will allow certain intervals of the core to
be correlated with other proxy climate records (e.g., ice and
marine isotope records) and hence the sensitivity of the ice
sheet to a range of past global climate changes to be evalu-
ated. The significant results thus far are that the Ross Ice
Sheet, fed by WAIS and EAIS outlet glaciers, has undergone
significant cyclic variations in extent and timing during the
late Neogene. A relatively colder and more stable ice sheet
dominated the Ross Embayment in the early late Miocene
between 13 Ma and 10 Ma, becoming more dynamic in the
latest Miocene (9-7 Ma) with subglacial water discharge,
still with periodic grounded ice in the Ross Embayment.
These conditions were followed by a period around 4 Ma
when the Ross Embayment was relatively ice-free, with
highly productive, warmer oceanic conditions, followed by a
return to cycles of advance and retreat of grounded ice. From
middle Pleistocene to Recent the ice sheet is characterized
by a change back to more stable, colder conditions. Our pre-
liminary analysis of the more than 25 Pliocene sedimentary
cycles indicates significant glacial-interglacial variability,
with regular oscillations between subglacial/ice proximal
and open-ocean ice distal environments, including extended
periods of interglacial warmth when the ice was not calving
into the ocean. Our environmental reconstructions to date
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imply changes in ice-sheet volume that must have contrib-
uted significantly to eustasy (e.g., 10-20 m).

Cold early Miocene and Pleistocene till-dominated
intervals with clasts originating in the TAM to the south
imply that grounded ice from the big outlet glaciers to the
south was reaching McMurdo Sound during these times.
Today Byrd Glacier-sourced ice in the shelf flows east of
Ross Island. Glaciological reconstructions (e.g., Denton and
Hughes, 2000) require significant ice volume from WAIS to
direct the flow lines of the southern outlet glaciers into the
McMurdo region during glacial periods, and also to main-
tain an ice shelf during ensuing interglacial retreats. Thus,
we view the sedimentary cycles representing primarily the
expansion and contraction of WAIS in concert with fluctua-
tions in the flow of TAM outlet glaciers. The TAM outlet
glaciers alone do not provide enough ice volume to maintain
an ice sheet or ice shelf in the Ross Embayment.

Work is planned in the near future to further understand
and constrain ice-sheet dynamics, especially during periods
of hypothesized global warmth that will provide useful ana-
logues for constraining the behavior of Antarctic ice sheets
in the context of future climate change. To achieve this we
will integrate our core data—such as clast provenance, bio-
logical and geochemical proxies—with the new generation
of ice-sheet and climate models.

SUMMARY

Repetitive vertical successions of facies imply at least 60
fluctuations of probable Milankovitch duration between
subglacial, ice-proximal, and ice-distal open marine envi-
ronments. These have been grouped into three main facies
associations that correspond to glacial-interglacial variability
during climatically distinct periods of the late Neogene:

1. Cold polar climate with MIS site dominated by
grounded ice but some retreat to ice-shelf conditions (late
Miocene, ~13-10 Ma and Pleistocene, ~1-0 Ma).

2. Warmer climate with MIS site dominated by
ice-shelf and open-water conditions (hemipelagites), with
occasional periods of grounded ice (early-late Miocene, ~9-6
Ma).

3. Warmer climate with extended periods of open-
ocean conditions (pelagic diatomites) with periods of sub-ice
shelf and grounded ice deposition (Pliocene, ~5-2 Ma).

The ~90-m-thick early Pliocene (~4.2 Ma) interval of
diatomite shows no apparent glacial cyclicity and represents
an extended period of ice-free conditions indicative of a
reduced WAIS. Late Pliocene (~2.6-2.2 Ma) glacial-inter-
glacial cycles characterized by abrupt alternations between
subglacial/ice-proximal facies and open marine diatomites
imply significant WAIS volume fluctuations around the time
of the early Northern Hemisphere glaciations. A ~4-m-thick
interval of diatomaceous mudstone in the middle Pleistocene
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also represents similar open-ocean interglacial conditions.
The last million years is dominated by deposition from
grounded ice with periods of sub-ice-shelf sedimentation
like the present day.
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A Pan-Precambrian Link Between Deglaciation and
Environmental Oxidation

T. D. Raub and J. L. Kirschvink'

ABSTRACT

Despite a continuous increase in solar luminosity to the pres-
ent, Earth’s glacial record appears to become more frequent,
though less severe, over geological time. At least two of the
three major Precambrian glacial intervals were exceptionally
intense, with solid evidence for widespread sea ice on or near
the equator, well within a “Snowball Earth” zone produced
by ice-albedo runaway in energy-balance models. The end
of the first unambiguously low-latitude glaciation, the early
Paleoproterozoic Makganyene event, is associated intimately
with the first solid evidence for global oxygenation, includ-
ing the world’s largest sedimentary manganese deposit.
Subsequent low-latitude deglaciations during the Cryogenian
interval of the Neoproterozoic Era are also associated with
progressive oxidation, and these young Precambrian ice ages
coincide with the time when basal animal phyla were diver-
sifying. However, specifically testing hypotheses of cause
and effect between Earth’s Neoproterozoic biosphere and
glaciation is complicated because large and rapid True Polar
Wander events appear to punctuate Neoproterozoic time and
may have episodically dominated earlier and later intervals
as well, rendering geographic reconstruction and age corre-
lation challenging except for an exceptionally well-defined
global paleomagnetic database.

INTRODUCTION

Despite a 30 percent increase in solar luminosity during the
past 4.6 billion years, we have solid geological evidence that
liquid water was usually present on the surface. If the sun
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were to suddenly shift to even a 5-10 percent lower luminos-
ity, our oceans would rapidly freeze over. We infer that this
climatic regulation is due in large part to a combination of
greenhouse gasses—principally H,0, CO,, and CH,—which
have varied over time. For one of these, Co,, there is a clear
inorganic feedback mechanism helping regulate climate
(Walker et al., 1981), as Co, removal by silicate weathering
increases with temperature, a process that can act on a 10°- to
107-year timescale.

Geologists observe that a major shift in redox state of
Earth’s atmosphere happened sometime between 2.45 and
2.22 Ga ago, as signaled by the loss of a mass-independent
fractionation signal in sulfur isotopes, the disappearance of
common detrital pyrite and uraninite from stream deposits,
and the appearance of true continental redbeds, documented
by areworked paleosol that cements together coherent hema-
titic chips magnetized in random directions (Evans et al.,
2001). The sedimentary sulfate minerals barite and gypsum
also become more prevalent in evaporative environments
post ~2.3 Ga, as seen in the Barr River Formation of the
Huronian Supergroup of Ontario (see Figure 1).

The reappearance of sedimentary sulfates after the Gow-
ganda and Makganyene Glaciations at about 2.2 Ga follows
a nearly 800 myr absence in the rock record (Huston and
Logan, 2004), arguing that enough oxygen was then present
in the atmosphere to oxidize pyrite to sulfate in quantities that
sulfate-reducing organisms could not completely destroy.

Numerous hints in the rock record suggest a general
relationship between changes in atmospheric redox state
and severe glaciation. Most dramatically, the sedimentary
package deposited immediately after the Paleoproterozoic
low-latitude Makganyene glaciation in South Africa contains
abanded iron formation-hosted manganese deposit that is the
richest economic unit of this mineral known on Earth; Mn
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FIGURE 1 Gypsum casts, mud cracks, and
ripples from the Barr River Formation north
of Elliot Lake, Ontario, Canada.

can only be precipitated from seawater by molecular oxy-
gen (Kirschvink et al., 2000; Kopp et al., 2005). Similarly,
Neoproterozoic glacial events are associated with apparent
bursts of oxygenation and may have stimulated evolutionary
innovations like the Ediacara fauna and the rise of Metazoa.
We argue here that Precambrian glaciations are generally
followed by fluctuations in apparent redox parameters, con-
sistent with a postulate by Liang et al. (2006) that significant
quantities of peroxide-generated oxidants are formed and
released through glacial processes.

LOW-LATITUDE GLACIATION AS A SNOWBALL EARTH

Despite assertions to the contrary (Lovelock, 2006), climatic
regulatory mechanisms have not always maintained large
open areas of water on Earth’s surface. Substantial evidence
exists that large-scale continental ice sheets extended well
into the tropics, yielding sea ice at the equator (Embleton
and Williams, 1986; Evans et al., 1997; Sohl et al., 1999;
Sumner et al., 1987). The deposition of banded iron oxide
formations (BIFs) associated with glacial sediments implies
both sealing off of air-sea exchange and curtailing the input
of sulfate to the oceans, which otherwise would be reduced
biologically to sulfide, raining out Fe as pyrite. The Snow-
ball Earth hypothesis (Kirschvink, 1992) accounts for the

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

peculiarities of low-latitude tillites, BIFs, abrupt and broadly
synchronous glacial onset and termination, and many other
features of these events (Evans, 2000; Hoffman, 2007; Hoff-
man and Schrag, 2002; Hoffman et al., 1998). No alternative
hypothesis even attempts to explain as many diverse features
of the Precambrian glacial record.

Initially, the most fundamental result driving the Snow-
ball Earth hypothesis was a soft-sediment fold test on a
varvite-like member of the ~635 Ma Marinoan-age Elatina
formation in South Australia, which implied incursion of
sea ice into subtropical latitudes (Figure 2) (Sumner et al.,
1987). A few years later, Evans et al. (1997) demonstrated
similarly robust results from the ~2.22 Ga Makganyene gla-
ciation in South Africa, indicating that at least two intervals
of geological time, separated by more than a billion years,
experienced low-latitude glaciation. Comparison of less
robust paleomagnetic data for all Precambrian glaciations
with well-documented paleolatitudes for Phanerozoic gla-
cial deposits yields an interesting schism. With the possible
exception of the Archean Pongola event, there is a total
absence of evidence for polar or subpolar glaciation through-
out the Precambrian, while marine glacial sedimentation
never breaches the tropics through the Phanerozoic (Evans,
2003). While the counterintuitive Precambrian polar glacial
gap must be largely an artifact of the paleogeographic and
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FIGURE 2 Soft-sediment paleomagnetic fold test on the rhythmite member of the Elatina Formation, Pichi-Richi Pass, Australia. The
initial paleomagnetic study on this member by Embleton and Williams (1986) displayed a nearly equatorial remanent magnetization held
in hematite, but lacked a geological field test to verify that the characteristic magnetization was acquired at or near the time of deposition.
As part of the Precambrian Paleobiology Research Group (PPRG) at the University of California, Los Angeles, in 1986, Bruce Runnegar
provided J. L. K. with an oriented block sample of this unit (Figure 2A), which displayed an apparent soft-sediment deformation feature.
Careful subsampling and demagnetization of this block by then undergraduate student Dawn Sumner (now at the University of California,
Davis) revealed a horizontally aligned, elliptical distribution of directions consistent with the earlier result (Figure 2B). However, correction
for the bedding deformation significantly tightened the distribution, making it Fisherian and passing the McElhinny (1964) fold test at P
<0.05. This result, along with an equally interesting result from a layer deformed by a glacial drop stone in the Rapitan Banded Iron Forma-
tion of Canada, was published as an American Geophysical Union abstract (Sumner et al., 1987); this led directly to the Snowball Earth
Hypothesis (Kirschvink, 1992), and had the desired effect of stimulating further studies confirming the primary, low-latitude nature of the

Elatina glacial event (Sohl et al., 1999; Williams et al., 1995).

rock preservation records (Evans, 20006), the data consensus
points to an anomalously severe glacial mode in Proterozoic
time relative to the Phanerozoic Era.

Evans (2003) suggests that this shift in Earth’s glacial
mode reflects the evolution of macroscopic continental
life, especially of lichen and fungi through the Ediacaran-
Cambrian transition (see also Peterson et al., 2005). Such
organisms might modulate the silicate-weathering feedback
to disfavor climate extremes, although the specifics of
whether endolithic organisms promote or hinder physical
and chemical weathering is surprisingly still ambiguous (see
Beerling and Berner, 2005).

This fundamental Precambrian-Phanerozoic shift in
Earth’s glacial mode also appears to manifest itself in the
relation of glacial events to a plate-tectonic supercontinent
cycle. Figure 3 relates a simplified compilation of Earth’s
glacial record to a schematic representation of Earth’s super-
continents through time. Whereas the Paleoproterozoic and
Neoproterozoic low-paleolatitude glacial events occupied

intervals dominated by dispersal of cratonic fragments
from previous supercontinents (Kenorland and Rodinia,
respectively), all Phanerozoic glacial events appear related
to episodes of continental amalgamation. (Possible Ordovi-
cian glaciation could mark the formation of Gondwanaland;
Carboniferous-Permian glaciation marks the assembly of
Pangea; and the Miocene-present glacial epoch arguably
presages the formation of a future supercontinent termed
“SuperAsia” after the likely centroid of amalgamation.)
The characteristic length-scale of each supercontinent
was centered at the “equator” and spread, as a yellow
box, over the lifespan of that supercontinent. Blue wax-
ing triangles indicate intervals of dominant supercontinent
amalgamation, and red waning triangles indicate intervals
of dominant supercontinent fragmentation and dispersal. A
purple zone between the Paleoproterozoic supercontinent,
Nuna, and the Mesoproterozoic-Neoproterozoic supercon-
tinent, Rodinia, indicates basic uncertainty as to whether
Nuna broke apart and reassembled into Rodinia, or whether
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Supercontinents and Glaciations
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a single supercontinent simply grew monotonically over that
interval. The future supercontinent SuperAsia is predicted to
begin its formal lifespan ~250 million years from now, when
the oceanic lithosphere at the edge of the Atlantic ocean will
have reached a foundering density and produced subduc-
tion zones for enough time to reunite South America with
southern Africa and North America with northern Africa and
Eurasia. Presumably Australia will have long since crumpled
aneo-Himalayan orogenic belt still higher between its north-
ern margin and southeast Asia-eastern India.

Maximum equatorward extents of ice ages were esti-
mated from the paleomagnetic database (dark icicle fill) or
using artistic license (light icicle fill) where paleomagnetic
data do not yet exist (e.g., for the Neoproterozoic Ghubrah
event). An icicle was dropped from the North Pole to that
maximum equatorward latitude, with thickness approximat-
ing a plausible duration for each glacial event. Precambrian
glaciations are abbreviated as follows: Po = Pongola; H-SP =
Huronian and Snowy Pass Supergroups (at least two glacia-
tions not correlative to South African Makganyene glacia-
tion); M = Makganyene; Gp = Gariep; Gb = Ghubrah; Ed =
Edwardsburg; El = Elatina-Ghaup; Gk = Gaskiers-Egan; Go
= Gondwana; Pe = Permian; P1 = Pleistocene.

Whereas Precambrian glaciations appear restricted to
intervals of supercontinent fragmentation and dispersal,
Phanerozoic glaciations appear more generally associated
with supercontinent amalgamation and intervals of orogen-
esis. All glaciations are plausibly connected with minor or
major episodes of environmental oxidation or atmospheric
oxygenation.

For most of Phanerozoic time, an integrated geochemi-

25
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cal box model called GEOCARBSULF (Berner, 2006) pre-
dicts monotonic increases in atmospheric oxygen concentra-
tion spanning the late Ordovician, Carboniferous-Permian,
and Miocene-present intervals of geologic time (for a recent
discussion of the Paleozoic data, see Huey and Ward, 2005),
with precipitous declines at the end-Permian. We suggest
that a recent model for ice-based peroxide formation (Liang
et al., 2006) contributes significantly to this Phanerozoic
glaciation-oxygenation association, and extends even more
significantly through the more severe Precambrian glacial
episodes as well.

PONGOLA: EARTH’S OLDEST KNOWN GLACIATION

The middle Archean Pongola Supergroup exposed in Swa-
ziland and parts of South Africa contains massive diamictite
of the Klipwal and Mpatheni Members of the Deltkom For-
mation of the Mozaan Group (Young et al., 1998), which is
constrained to be younger than underlying volcanics of the
Nsuze group dated at 2985 = 1 (Hegner et al., 1994) and
older than a 2837 + 5 Ma quartz porphyry sill (Gutzmer et al.,
1999). The diamictites contain a diverse clast composition
with striated and faceted pebbles, and occasional dropstones
that attest to a glacial origin.

Although all sedimentary redox indicators throughout
the Pongola Supergroup argue for widespread anoxia, stud-
ies of sulfur isotopes that indicate that mass-independent
fractionation (MIF) decreases during and/or after the glacial
intervals have been interpreted to support the presence of
atmospheric oxygen (Bekker et al., 2005; Ohmoto et al.,
2006). Although this is the conventional interpretation, senso
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stricto this is not required. The presence of significant MIF
argues for O, levels below that needed to form an ozone-UV
shield, whereas the absence of MIF could indicate either a
volcanic sulfur source or increased ocean and atmosphere
mixing. In fact, before the studies were done, Kopp et al.
(2005) predicted that a drop in sulfur MIF would be present
in the Pongola sediments simply from increased ocean and
atmosphere mixing expected for a time of glaciation com-
pared with an ice-free world. Nonetheless, relative oxidation
of the oceans that could also draw down atmospheric SO,
levels, even if unassociated with molecular oxygenation,
remains a viable explanation for the geochemical blips asso-
ciated with Pongola glaciation.

Nhelko (2004) studied the paleomagnetism of the Pon-
gola diamictite and found an unusually strong and stable
magnetization held in detrital magnetite, presumably derived
from pulverizing basaltic-composition clasts present in the
diamictite. He estimated the paleolatitude of deposition
at ~48°, with positive fold and conglomerate tests on the
characteristic, two-polarity magnetization. As other Snow-
ball Earth lithostratigraphic markers such as cap carbonates
and carbonate clasts are generally absent, there is as yet no
suggestion that Earth’s oldest glaciation might have been a
low-latitude, global event.

PALEOPROTEROZIC GLACIAL INTERVALS

At least three (and potentially many more) discrete intervals
of glacial activity punctuate the geological record between
about 2.45 and 2.22 Ga (e.g., Hambrey and Harland, 1981).
Of these, the best-known and best-preserved belong to the
Huronian Supergroup of Canada and the Transvaal Super-
group of southern Africa.

In Canada the classic Huronian succession includes
the Ramsey Lake, Bruce, and Gowganda diamictites, sepa-
rated from one another by thick successions of interbedded
marine and fluvial sediments. A single carbonate unit (the
Espanola formation) overlies the middle, Bruce Formation
glacial horizon, with a gradual (not abrupt) transition from
the diamictite to carbonate in the Elliot Lake region (abrupt
transitions are seen elsewhere but could represent post-
glacial transgressions or unconformities). Basal volcanics
have been U-Pb dated at ~2.45 Ga, and the entire glacial
succession is cut by dikes and sills of the Nipissing swarm,
providing an upper age constraint of ~2.22 Ga. Sedimentary
indicators of a generally reducing surface environment
are common in and around the Ramsey Lake and Bruce
diamictites, but the first appearance of continental redbeds
appears just after the Gowganda event. This is either strong
evidence for surface redox conditions reaching the ferrous-
ferric transition, or else the evolution of terrestrial iron-
oxidizing organisms. As with the Archean Pongola event,
MIF range of sulfur isotopes is diminished briefly after each
glacial unit, hinting at but not proving transient oxidation
events. Unfortunately, the paleolatitude of Huronian sedi-
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mentation is not known, as all paleomagnetic components
identified so far have failed field stability tests (Hilburn et
al., 2005).

Glaciogenic units in southern Africa’s Transvaal Super-
group include the Duitschland, Timeball Hill, and Makg-
anyene formations. Hannah et al. (2004) obtained a Re-Os
pyrite isochron from the Timeball Hill Formation yielding
an age of 2.32 Ga for the unit, while Cornell et al. (1996)
obtained a Pb-Pb isochron indicating ~2.22 Ga for the age
of Ongeluk Formation volcanics that interfinger with the
top of the Makganyene diamictite. The youngest detrital
zircons from thin sedimentary interbeds between flows of
the Ongeluk volcanics are ~2.23 Ga (Dorland, 2004), cor-
roborating the Pb-Pb isochron for the volcanics themselves.
Paleomagnetic data from the Ongeluk volcanics indicate
that the Makganyene is a low-latitude Snowball Earth event
(Evans et al., 1997; Kirschvink et al., 2000). Sedimentary
redox indicators in the Duitschland and most of the Timeball
Hill imply reducing conditions, but the uppermost units of
the Timeball Hill formation contain a hematitic oolitic unit,
which if primary, hints again that the redox potential of the
atmosphere and ocean system reached the ferrous/ferric
transition (which is energetically only halfway between the
hydrogen and oxygen redox potentials).

In Canada a paleosol at Ville St. Marie, Quebec (Rainbird
etal., 1990) contains granule and pebble clasts with reddened
rims at approximately the stratigraphic level of the Lorrain
Formation. In South Africa the final pulse of the glaciogenic
succession records ice-rafted dropstones in the basal units
of the massive banded iron and sedimentary manganese in
the Hotazel Formation. Together with the superjacent, ran-
domly magnetized hematitic breccia paleosol (Evans et al.,
2001) (see “Background”), there is unequivocal evidence
for significant oceanic oxidation as well as atmospheric
oxygenation in the immediate aftermath of low-paleolatitude
Snowball Earth glaciation.

STURTIAN AND MARINOAN

After at least a ~1-billion-year absence through late Paleo-
proterozoic time, all of the Mesoproterozoic Era, and the first
half of the Neoproterozoic Era, BIFs reappear at <720 Ma,
intimately associated with early glacial deposits of the
“Cryogenian” interval (Klein and Beukes, 1993). At least
three discrete glaciations punctuate the latter half of Neopro-
terozoic time (Evans, 2000), and current correlation schemes
appear to permit five or more distinct events. The older
among these tend to be associated with hematite-enriched
BIFs interrupting otherwise suboxic-to-anoxic, organic-
rich sediments, again suggesting penetration of oxidants to
anomalous water depths accompanying deglaciation (Klein
and Beukes, 1993).

The younger two of the Neoproterozoic deglaciations
occupy the newly defined Ediacaran Period (Knoll et al.,
20006), at its base (~635 Ma, Condon et al., 2005; Hoffmann
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et al., 2004) and approximately its middle (~580 Ma,
Bowring et al., 2003). At ~635 Ma the basal Ediacaran
“Marinoan” low-latitude event is only rarely associated
with banded iron and sedimentary manganese formation (in
Brazil’s Urucum province), but it is frequently associated
with reddened carbonate and shale dominating immediately
postglacial sea-level transgression (e.g., Halverson et al.,
2004).

Patterns of sulfur isotopic fractionation in carbonate-
associated sulfate change across the Marinoan glaciation,
such that seawater sulfate concentration was minimal during
and after early Cryogenian glaciations, but significant fol-
lowing Marinoan glaciation (Hurtgen et al., 2005). Consis-
tent with this trend, the postglacial transgressive sequences
containing reddened carbonate and shale immediately after
Marinoan deglaciation eventually culminate in black shale
horizons with microbialaminate textures and isotopic sig-
natures consistent with sulfate-reducing bacterial mat com-
munities (e.g., Calver and Walter, 2000; Calver et al., 2004;
see also Hoffman et al., 2007).

MID-EDIACARAN EGAN/GASKIERS GLACIATION

While the basal Ediacaran deglaciation marks the end of an
unambiguously low latitude, likely Snowball Earth event,
the middle interval of Ediacaran successions in northwest
Australia and in Newfoundland is punctuated by a glacial
event of uncertain severity. Correlation between the Egan
glaciation in Australia’s Ediacaran carbonate belt (Corkeron,
2007) and the Gaskiers glaciation in Newfoundland’s Avalon
terrane (Bowring et al., 2003) is not established, however
both glacial events are younger than the Marinoan glaciation,
and both are associated with anomalous carbonate facies in
otherwise siliciclastic-dominated successions (Corkeron,
2007; Myrow and Kaufman, 1999).

As with the basal-Ediacaran Marinoan deglaciation,
the mid-Ediacaran Gaskiers deglaciation is associated with
postglacial reddening, culminating in pyrite-rich black shale
at a presumed maximum flooding level. Silicate-hosted iron
increases from pre-glacial to postglacial time, suggesting a
step-function increase in atmospheric oxygen (Canfield et
al., 2006).

Because the megascopic Ediacara fauna appear in the
thick turbidite deposits following the Gaskiers deglaciation,
back-of-the-envelope calculations suggest that the aftermath
of the last Precambrian glaciation marked the first moment
in Earth history when atmospheric oxygen levels exceeded
~15 percent of the present atmospheric level (Canfield et
al., 2006). However, the Ediacara fauna have not yet been
found in Newfoundland in the same, continuous stratigraphic
section as the Gaskiers deglaciation, so the precise cause
and effect of postglacial oxygenation and the evolution of
complex life remains ambiguous.

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

CORRELATION CAVEATS FOR EDIACARAN-CAMBRIAN
EVENTS

In a comprehensive study of inorganic and organic carbon,
and sulfide as well as carbonate-associated-sulfate sulfur
isotopes nearly spanning the Ediacaran Period, Fike et al.
(2006) infer at least 25 million years of increasing bacte-
rial sulfate reduction in the oceans following the Marinoan
“Snowball” deglaciation. A sudden event known in Oman
as the Shuram anomaly then quickly oxidized a previously
isolated dissolved organic carbon reservoir, and the remain-
der of the Ediacaran Period experienced increasing levels of
sulfur dissimilation reactions, permitted by enhanced oxygen
concentrations (Fike et al., 2006).

Although the Shuram anomaly might correlate to the
Gaskiers glacial event, in line with the general deglaciation-
oxygenation association sketched in this paper, its age is
strictly underconstrained, with widely varying estimates
(e.g., see Condon et al., 2005, and Le Guerroue et al., 2006).
Because the Ediacaran Period is ubiquitously punctuated
with paleomagnetic anomalies suggesting multiple, rapid
true polar wander events (Evans, 1998; Evans, 2003; Raub et
al., 2007) which might also oxidize vast quantities of organic
carbon (Kirschvink and Raub, 2003; Raub et al., 2007),
glaciations are not the only available and attractive correla-
tion targets for major isotopic excursions. In fact, decreased
generation time and increased frequency of mutation fixa-
tion accompanying niche isolation and global warming in
the aftermath of rapid true polar wander bursts has been
proposed as an explicit mechanism linking true polar wander
to the evolution of Ediacara and Metazoa (Kirschvink and
Raub, 2003). In that respect, even the direct link between the
final Precambrian, “Gaskiers” deglaciation and the evolution
of animal phyla must be regarded as still hypothesized more
than proven.

THE PEROXIDE PUMP:
A MECHANISM FOR DEGLACIAL OXYGENATION

Many glaciologists have noted a semiregular oscillation in
the quantity of hydrogen peroxide contained in Antarctic
and Greenland ice cores, with concentrations increasing
dramatically during the interval of enhanced ozone hole due
to anthropogenic emissions (Frey et al., 2005, 2006; Hutterli
et al., 2001, 2004). Similar peroxide peaks are inferred for
the polar regions of Mars and the ice sheet encasing Jupiter’s
moon, Europa (Carlson et al., 1999).

Liang et al. (2006) generalize the phenomenon of per-
oxide snow produced by photolysis of water vapor above
a cold ice sheet and applied 1-D mass-continuity models
of peroxide production to hypothetical glacial scenarios,
including Snowball Earths.

With modern volcanic outgassing and dry adiabatic
lapse rates, and at modern atmospheric pressure and UV inci-
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dence, a ~10-million-year-long Snowball glacial event easily
might rain out and capture in ice ~0.1 to 1.0 bar of molecular
oxygen-equivalent hydrogen peroxide. The sensitivity of this
astonishing result trends toward higher peroxide production
for a depressed hydrologic cycle and lower global mean
temperature, both plausible in a Snowball Earth scenario.
UV-depletion of stratospheric ozone and enhanced molecu-
lar hydrogen escape to space (both correlated, among other
factors, to decreased geomagnetic field intensity) would also
increase peroxide mixing rates at Earth’s surface.

We suggest that the model and mechanism of Liang
et al. (2006) can explain a pan-Precambrian association in
the geologic record of deglaciation with trace or significant
environmental oxidation and, during the aftermath of at least
the two most unambiguous Snowball Earth events, atmo-
spheric oxygenation. We note that the Phanerozoic record
of relative atmospheric oxygen concentration inferred by
the GEOCARBSULF model is also consistent with mono-
tonic oxygen production during and immediately following
glaciation.
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Tectonics of the West Antarctic Rift System:
New Light on the History and Dynamics of
Distributed Intracontinental Extension

C. S. Siddoway'

ABSTRACT

The West Antarctic rift system (WARS) is the product of
multiple stages of intracontinental deformation from Juras-
sic to Present. The Cretaceous rifting phase accomplished
>100 percent extension across the Ross Sea and central West
Antarctica, and is widely perceived as a product of pure shear
extension orthogonal to the Transantarctic Mountains that led
to breakup and opening of the Southern Ocean between West
Antarctica and New Zealand. New structural, petrological,
and geochronological data from Marie Byrd Land reveal
aspects of the kinematics, thermal history, and chronology of
the Cretaceous intracontinental extension phase that cannot
be readily explained by a single progressive event. Elevated
temperatures in “Lachlan-type” crust caused extensive
crustal melting and mid-crustal flow within a dextral trans-
current strain environment, leading to rapid extension and
locally to exhumation and rapid cooling of a migmatite dome
and detachment footwall structures. Peak metamorphism and
onset of crustal flow that brought about WARS extension
between 105 Ma and 90 Ma is kinematically, temporally,
and spatially linked to the active convergent margin system
of East Gondwana. West Antarctica-New Zealand breakup
is distinguished as a separate event at 83-70 Ma, from the
standpoint of kinematics and thermal evolution.

INTRODUCTION

Heightened interest in West Antarctica (WANT) and the West
Antarctic rift system (WARS) comes from new determina-
tions of the mantle thermal profile (Lawrence et al., 2006)
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and the context for active volcanism (Behrendt et al., 1994,
1996) arising at a time of instability of the West Antarctic
ice sheet, when information is sought about the influence of
underlying crustal structures on glaciological and glacial-
marine systems (e.g., Holt et al., 2006; Lowe and Anderson,
2002; Vaughan et al., 2006). The question of heat flux arising
from warm mantle beneath thinned crust is of obvious conse-
quence for ice-sheet dynamics (Maule et al., 2005). The area
of thin crust corresponding to the WARS (Figure 1) includes
the Ross Sea and Ross Ice Shelf, the West Antarctic ice sheet
(WALIS), and Marie Byrd Land (Behrendt et al., 1991; Storey
et al., 1999; Fitzgerald, 2002; Siddoway et al., 2005).

In the geological record the WARS has distinctive but
differing expressions in both Cenozoic and Mesozoic time. By
far the better-known rift phase is the mid-Cenozoic to Pres-
ent interval. Widespread basaltic volcanism (Behrendt et al.,
1994, 1996; Finn et al., 2005; Rocchi et al., 2005), slow mantle
seismic velocities (Danesi and Morelli, 2001; Ritzwoller et
al., 2001; Sieminski et al., 2003), and anomalous elevation
of thinned continental crust (LeMasurier and Landis, 1996;
LeMasurier, 2008) are the hallmarks of the Cenozoic rift. The
Victoria Land Basin and Terror rift, on the western limit of the
WARS, record modest extension on the order of 150 km in
Eocene-Oligocene time (Stock and Cande, 2002; Davey and
DeSantis, 2006). The dramatic relief of the Transantarctic
Mountains (TAM) developed in the Eocene (ten Brink et al.,
1997; Fitzgerald, 2002), and voluminous basin sedimentation
commenced (Hamilton et al., 1998; Cape Roberts Science
Team, 2000; Luyendyk et al., 2001; Karner et al., 2005),
considerably later than major extension in the WARS. Not
surprising in light of the dominantly Eocene activation of the
TAM boundary (ten Brink et al., 1997; Fitzgerald, 2002), on-
land structures attributable to preceding Cretaceous events are
few in the TAM (Wilson, 1992).
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FIGURE 1 The Cretaceous West Antarctic rift system at ca.
90 Ma, illustrating the positions of Marie Byrd Land and New
Zealand/Campbell Plateau along the East Gondwana margin. The
rifted margin corresponds to the —1500 m contours (dashed-line
pattern). The tight fit of the reconstruction, the linear to curvilinear
continental margin, and the pronounced depth increase suggest
fault control and steep fault geometry. The diagram is based on
the reconstructions of Lawver and Gahagan (1994) and Sutherland
(1999). The present-day position of the Transantarctic Mountains,
as labeled, corresponds to the western tectonic boundary of the West
Antarctic Rift System. FM = Fosdick Mountains; EP = Edward VII
Peninsula; 270 = DSDP site 270.

The lesser-known phase of extension and lithospheric
thinning that brought about formation of the vast rift system
(~1.2 x 10° km?) did not occur in Cenozoic but in Mesozoic
time (Tessensohn and Worner, 1991; Lawver and Gahagan,
1994; Luyendyk, 1995). Although the origins of the WARS
may be linked to Weddell Sea opening and Ferrar magmatism
in the Jurassic (Grunow et al., 1991; Wilson, 1993; Jokat et
al., 2003; Elliot and Fleming, 2004 ), dramatic intracontinen-
tal extension occurred in Cretaceous time. Much of the basis
of knowledge about the Ross Sea sector of the rift comes
from ocean bottom seismograph, multichannel seismic
reflection, and gravity surveys that revealed a N-S structure
of elongate basins marked by a positive gravity anomaly
and high seismic velocities in the lower crust and 1-4 km
of inferred Mesozoic sedimentary fill (Cooper and Davey,
1985; Cooper et al., 1997; Trey et al., 1997). Paradoxically,
major sedimentary infilling of basins with material postdat-
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ing regional unconformity RU6 evidently was delayed until
the Eocene to Miocene (Hamilton et al., 1998; Wilson et
al., 1998; Cape Roberts Science Team, 2000; Luyendyk et
al., 2001; Karner et al., 2005). This is despite the rapidity
of the large magnitude extension, on the order of 600 km in
the south, up to >1000 km in the north achieved in as little
as 20 m.y. (DiVenere et al., 1996; Luyendyk et al., 1996).
A second paradox is that breakup between WANT and New
Zealand (NZ) did not exploit rift structures but rather cut at a
high angle across basement highs and basins of the Ross Sea
(Tessensohn and Worner, 1991; Lawver and Gahagan, 1994;
Sutherland, 1999). Wrench deformation and the presence
of strike slip transfer systems was postulated (Grindley and
Davey, 1982) but not substantiated from exposures on land.

New perspective on intracontinental extension in the
WARS comes from geological and geophysical research
that investigates the exposed bedrock of WANT, NZ, and
the Tasman Sea region (Figure 1). WANT, NZ, and subma-
rine plateaus formed a contiguous segment of the conver-
gent margin of East Gondwana in Early Cretaceous time,
with arc magmatism recorded in Marie Byrd Land-NZ.
Transtension—extension occurred in a back arc to inboard
setting, forming the intracontinental West Antarctic rift sys-
tem and Great South Basin-Campbell Plateau extensional
province (Figure 1).

Since 1990, data acquired from geological investigations
on land and from airborne and marine geophysical surveys in
the region of Marie Byrd Land have dramatically increased
the understanding of the eastern WARS, with consequences
for our conception of the Cretaceous to Present multistage
evolution of the West Antarctic rift system as a whole. The
aim of this paper is to summarize the tectonic evolution of
western Marie Byrd Land (MBL) (Figure 2) and of neighbor-
ing segments of the proto-Pacific margin of East Gondwana
(Figure 3). Little affected by Cenozoic events (cf. Fitzgerald,
2002; Stock and Cande, 2002), the eastern Ross Sea region
preserves a clear record of the kinematics, magmatism, and
thermal history of the Early Cretaceous large-scale opening
of the WARS.

Knowledge of the Cretaceous tectonic evolution of
the WARS-NZ-Tasman Sea region provides an important
foundation for contemporary research in WANT, including
studies of the Cretaceous to present landscape evolution
(LeMasurier and Landis, 1996; LeMasurier, 2008) involving
a postulated orogenic plateau (Bialas et al., 2007; Huerta,
2007), the origins of the Southern Ocean’s diffuse alkaline
magmatism (Finn et al., 2005; Rocchi et al., 2005), the causes
for Cenozoic structural reactivation (e.g., Salvini et al., 1997;
Rossetti et al., 2003a,b) and seismicity (Winberry and Anan-
dakrishnan, 2004), and the affects of inherited structures
upon ice-bedrock interactions of the dynamic WAIS (Lowe
and Anderson, 2002; Holt et al., 2006; Vaughan et al., 2006;
Sorlien et al., 2007).
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Extent of the West Antarctic Rift System (WARS) and
Character of WARS Crust

The region corresponding to the Cretaceous WARS includes
the Ross Sea and Ross Ice Shelf, the area of the WAIS, and
Marie Byrd Land (Behrendt, 1991, 1999; Behrendt et al.,
1991; Cooper et al., 1991a,b; Storey et al., 1999; Trey et
al., 1999). Measured orthogonal to the TAM, the WARS
widens from 600 km in the south (Storey et al., 1999) to
1200 km across the northern Ross Sea (Luyendyk et al.,
2003). Thickness of continental crust ranges from 17-19 km
for the Central and Eastern Basins of the Ross Sea to 23-24
km beneath basement highs (Cooper et al., 1991b, 1997;
Davey and Brancolini, 1995; Luyendyk et al., 2001). There
is a similar range beneath central West Antarctica (Behrendt
et al., 1994; Bell et al., 1998). The crust underlying western
MBL is ca. 23 km thick, based on airborne geophysics (Fig-
ure 2) (Ferraccioli et al., 2002; Luyendyk et al., 2003). This
provides evidence that the region of western MBL that is
above sea level is part of the WARS province.

The western margin of the WARS extensional province
coincides with the TAM, at the long-standing tectonic bound-
ary of the East Antarctica (EANT) craton that initiated as a
Neoproterozoic rift margin (Dalziel, 1997), underwent con-
vergence during the Ross Orogeny (Stump, 1995), and was
reactivated during the initial two-plate phase of Gondwana
breakup in the Jurassic Era (Dalziel et al., 1987). Tholeiitic
Ferrar magmatism (Elliot et al., 1999; Elliot and Fleming,
2004) and modest extension to transtension initiated in the
WARS at this time (Storey, 1991, 1992; Wilson, 1993). The
Cretaceous WARS has been inferred to be an asymmetrical
extensional system with the TAM forming the structural
upper plate and the WARS, the lower plate (e.g., Fitzgerald et
al., 1986; Stern and ten Brink, 1989; Fitzgerald and Baldwin,
1997; compare Lister et al., 1991).

Beneath the Ross Sea, gravity and marine seismic data
delineate a crustal structure of N-S grabens, marked by high-
density material in the axial regions, separated by basement
highs. A large positive gravity anomaly in the basin axes is
interpreted as mafic igneous material emplaced into the lower
crust (Cooper et al., 1997; Trey et al., 1997). Sedimentary
fill in the deep basins is cut by faults and overlapped by
a regional unconformity, RU6, that predates thick glacial
sediments. The thickness of Mesozoic to early Tertiary sedi-
ments is comparatively modest, reaching 4 km in the Eastern
Basin, diminishing toward the coast of MBL (Luyendyk et
al., 2001).

In a region of thinned crust but exposed above sea
level, the Ford Ranges and Edward VII Peninsula (Figure
2) are key locations for examining the crust that constitutes
the WARS and observing the structures responsible for the
Cretaceous extension. The oldest rocks exposed are Swan-
son Formation metagreywacke and Ford Granodiorite of
Paleozoic age (Bradshaw et al., 1983; Weaver et al., 1991).
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These are intruded by Cretaceous alkalic plutonic rocks
(Figure 4) that are genetically linked to the WARS (Weaver
et al., 1992, 1994). Lower Paleozoic Swanson Formation
represents one of the packages of voluminous quartz-rich
turbidites deposited in regionally extensive clastic fans shed
from the Ross-Delamerian Orogen (Fergusson and Coney,
1992) or distant Transgondwana orogen (Squire et al., 2006).
The rock assemblages that were contiguous along the East
Gondwana margin (Figure 3) include the Swanson Forma-
tion in MBL (Bradshaw et al., 1983), the western Lachlan
Belt in Australia (Glen, 2005), the Robertson Bay group in
north Victoria Land (NVL) (Rossetti et al., 2006), and the
Greenland Group in NZ (Cooper and Tulloch, 1992; Adams
et al., 1995, 2005; Gibson and Ireland, 1996; Adams, 2004;
Bradshaw, 2007).

The Swanson Formation was deformed and metamor-
phosed to low greenschist grade (Adams, 1986) prior to
emplacement of latest Devonian to Carboniferous calc-
alkaline plutons of the Ford Granodiorite (Figure 3) (Adams,
1987; Weaver et al., 1991). Ford Granodiorite represents
the first in a succession of convergent margin arcs devel-
oped upon the East Gondwana margin from Ordovician
through Early Cretaceous time (Pankhurst et al., 1998), and
it has correlatives in New Zealand (Muir et al., 1996). Both
Swanson Formation and Ford Granodiorite were affected by
high-temperature (HT) metamorphism and their high-grade
equivalents are exposed in the Fosdick Mountains migma-
tite gneiss dome (Siddoway et al., 2004b; Saito et al., 2007)
(Figure 4). Temperatures in excess of 800°C, sufficient to
cause voluminous melting, were attained two to three times
in the history of the dome (Siddoway et al., 2006; Korhonen
et al., 2007a,b). The most recent migmatization phase coin-
cided with alkalic plutonism in MBL marked by Byrd Coast
granite and mafic dikes (Weaver et al., 1992, 1994; Adams
et al. 1995; Siddoway et al., 2005).

Pankhurst et al. (1998) introduced the term “Ross
Province” for the Swanson-Ford association in western
MBL (Figure 2). Correlatives of the Ross Province exist
throughout the former Gondwana margin, including a
number of culminations of HT metamorphic rocks derived
from Paleozoic protoliths (Tulloch and Kimbrough, 1989;
Morand, 1990; Ireland and Gibson, 1998; Vernon and John-
son, 2000; Richards and Collins, 2002; Hollis et al., 2004)
(Figure 4). It is probable that Ross-Delamerian orogenic
sediments and the intermediate plutonic rocks that intrude
them constitute the majority of the crust within the Ross
Sea sector of the WARS (Bradshaw, 2007), its continua-
tion into New Zealand (e.g., Cook et al., 1999), and into
the submerged extended continental crust bordering the
Tasman Sea. Within the WARS crust, there is also sparse
evidence of “Ross-aged” basement rocks with an affinity to
the TAM (Fitzgerald and Baldwin, 1997; Pankhurst et al.,
1998; Bradshaw, 2007).
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FIGURE 2 Eastern Ross Sea and western Marie Byrd Land location map. Inferred limits of extended crust and a subglacial volcanic field,
determined from airborne geophysics (Luyendyk et al., 2003) are indicated. The Ross Province (Pankhurst et al., 1998) of the Ford Ranges
comprises lower Paleozoic sedimentary rocks intruded by Devono-Carboniferous intermediate plutons. The rock exposures east of Land
Glacier are dominated by intermediate to mafic arc-related plutonic rocks, with subsidiary, younger alkalic intrusions; an association termed
the “Amundsen Province” by Pankhurst et al. (1998). Base map by D. Wilson.

THE ACTIVE MARGIN OF EAST GONDWANA AND
FORMATION OF THE MESOZOIC WEST ANTARCTIC
RIFT SYSTEM

Convergent Margin Plutonism

Mesozoic convergent tectonism with intermittent subduc-
tion-related plutonism and terrane accretion is recorded
in West Antarctica (Vaughan and Livermore, 2005) and
contiguous parts of NZ (e.g., Bradshaw et al., 1997). The
calc-alkaline, I-type Median Batholith was emplaced in NZ
between 145 Ma and 120 Ma, with some ages older, to 170
Ma (Muir et al., 1998; Mortimer et al., 1999a,b; Tulloch
and Kimbrough, 2003); and tectonic reconstructions show
continuity of the magmatic arc, together with associated
tectonic terranes, into MBL-Thurston Island (Figure 3) (e.g.,
Bradshaw et al., 1997). The arc province in MBL, termed the
“Amundsen Province” (Pankhurst et al., 1998), was the site

of intermediate plutonism spanning the interval 124 to 96 Ma
(Pankhurst et al., 1998; Mukasa and Dalziel, 2000).

The timing of HT metamorphism in NZ is determined by
U-Pb ages on metamorphic zircon or titanite sampled from
gneisses at sites distributed along the convergent margin.
These include the Paparoa range at 119-109 Ma (Kimbrough
and Tulloch, 1989; Ireland and Gibson, 1998; Spell et al.,
2000); and Fiordland at 126-110 Ma (Ireland and Gibson,
1998; Hollis et al., 2004; Scott and Cooper, 2006). Granulite
metamorphism documented in Fiordland at 108 + 3 Ma (Gib-
son and Ireland, 1995) gives an indication that elevated and
compressed crustal isotherms developed during convergent
tectonism (Figure 5).

In the Fosdick Mountains gneiss dome in MBL, new
U-Pb SHRIMP ages of 115 + 1 Ma have been acquired for
igneous zircon within K-feldspar leucogranite equated with
anatectic leucosome, that has been sampled at deepest struc-
tural levels (Siddoway et al., 2006). Nd isotope data indicate
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FIGURE 3 Tectonic correlation between terranes of north Victoria Land, West Antarctica, and New Zealand/Campbell Plateau, compiled
from Bradshaw (1989) and Bradshaw et al. (1997). Reconstruction of the Cretaceous East Gondwana margin is based on Gaina et al. (1998)
and Kula et al. (2007), with oceanic plates configuration based on Sutherland and Hollis (2001) and Larter et al. (2002). Representation of
oceanic plateaus is based on Taylor (2006) and Hoernle et al. (2004). Lower Paleozoic orogenic sediments are shown in olive green and tan.
Belt of Cretaceous magmatism is shown in violet. Paparoa metamorphic core complex in the Western Province (WP), Fosdick gneiss dome
in Marie Byrd Land (MBL), and detachment systems are marked by ellipses. TAS = Tasmania; RBT = Robertson Bay terrane; EP = Eastern

Province; Sw = Swanson Formation; LHR = Lord Howe Rise; CR = Chatham Rise; TI = Thurston Island terrane.

a Ford Granodiorite source for the leucogranites (Saito et al.,
2007) at T, P conditions of 820-870°C and 6.5-7.5 kbar deter-
mined from mineral equilibria modeling (Korhonen et al.,
2007a,b). There is evidence of metamorphic zircon growth as
early as ca. 140 Ma. A summary of U-Pb SHRIMP analyses
of igneous and metamorphic zircon from Fosdick Mountains
migmatites (Figure 6) reveals that there is a bimodal distribu-
tion of ages. Whereas HT metamorphism and zircon growth
is recorded as early as 150 Ma, a majority of points analyzed
thus far fall within the interval of 120-100 Ma. Anatectic
leucosomes from sites in MBL’s Amundsen Province, the
Demas Range (Figure 2) yield ages of 128 Ma to 113 Ma
for igneous zircon (Mukasa and Dalziel, 2000). The MBL
data fall within the 126-107 Ma age range of the youngest
arc-related intrusions identifid in NZ by Muir et al. (1997,

1998), those of the Separation Point and Rahu suites in the
Western Province and the deeper level Fiordland Orthog-
neiss in Fiordland. The Rahu suite granites are interpreted to
derive from crustal melting of preexisting rocks (Ireland and
Gibson, 1998). Thus, the conditions for HT metamorphism
and granite genesis in the Fosdick Mountains were attained
and overlapped in time with arc plutonism in the Median
Batholith and in the Amundsen Province.

By contrast, the alkaline plutonism attributed to back-arc
extension occurred in eastern MBL (Figure 5) at 105-102 Ma
(Weaver et al., 1992, 1994; Mukasa and Dalziel, 2000), dis-
tinctly later than onset of high temperature metamorphism. In
western MBL the Ford Ranges experienced alkalic plutonism
at 105-103 Ma and ca. 99 Ma (Richard et al., 1994) and in
Edward VII Peninsula at 103-98 Ma (Mukasa and Dalziel,

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World

http://lwww.nap.edu/catalog/12168.html

96 ANTARCTICA: A KEYSTONE IN A CHANGING WORLD
147 E 5E
T g
Lips MOUNTAIN
4
C 5
A
6/1/ N &@8%
G <2
&
C/E B4,
FAauLT Mt. A LACIE
Mitctlell P NP ——2202" | Bitgood / Birg
88 a \ ers . Bluff
13 5
AT o b
I °N
30’ ¢ ~
M SED
Mt. Z
% Getz("®
4 Q 4
Chester Mtns[™
95 6Ma = =
13.51.6 m os
SULZBERGER < L RE A
N
Z : :
\’5'_7 ICE
2 The
\"z Billboard
fo)
—= 1 4Ma >\

<Mt
97

13.

. Dpuglass

5
71

Ma

o

CLARK
MTNS.

=5

13

/

| [[@7] Basalt, Pleistocene
I 3

[[K_]Byrd Coast Granite Fosdick migmatite [[B38l] Ford Granodiorite [B# Swanson Formation

| 7S

I

Il

I I

FIGURE 4 Structural-geological map of the Ford Ranges, western Marie Byrd Land. Inferred faults that are concealed by ice are mapped on
the basis of contrasts in metamorphic grade between ranges, geophysical lineaments or boundaries, and zones of penetrative brittle deforma-
tion in rock exposures. AFT cooling ages and track lengths (Richard et al., 1994; Lisker and Olesch, 1998) are indicated for selected sites.
Brittle mesoscopic fault data are shown in stereographic plots (insets). Sites and kinematic sense are as follows: (A) southern Ford Ranges,
normal oblique; (B) Mt. Darling, sinistral (Cenozoic); (C) southern Ford Ranges, sinistral oblique; (D) Sarnoff Range, normal oblique; (E)
Mt. Crow, sinistral; (F) Mt. Woodward, sinistral oblique. The label “M” indicates sites of glacial deposits examined for clast provenance.
Stereonet v. 6.3.3 and FaultKin 4.3.5, by R. Allmendinger 1989-2004, were used for plotting stereographic diagrams. Shaded relief ice

topography and base map prepared from Antarctic Digital Database by G. Balco.
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FIGURE 5 Conceptualization for development of the West Antarctic rift system inboard of the Mesozoic convergent margin during oblique
plate convergence and subduction of young oceanic lithosphere, including oceanic plateaus. Top: Crustal thickening and advective heating
during development of Amundsen province magmatic arc; active margin undergoing transpression due to oblique convergence. Middle: Heat-
ing of the lower crust causes partial melting and lateral flow in the middle and lower crust; thermal gradient is increased. Thickening of the
crust continues but the lower lithosphere thins. Upper crust undergoes brittle faulting. Bottfom: Change to transtension, with oblique opening
across preexisting high-angle faults. Lateral flow of hot, weak, partially molten lower crust is accompanied by brittle deformation in shallow
upper crust. Strain perturbation along faults allows localized gravity-driven vertical flow of lower-density migmatite-diatexite and formation
of gneiss dome(s). Isotherms are elevated, tectonic exhumation and cooling are enhanced, next to transcurrent faults.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

98

2000; Siddoway et al., 2004a). The dominant plutonic rock
is Byrd Coast Granite (Figure 4). Mafic alkalic dikes and
syeno-granites were emplaced over a wide region. A dolerite
dike swarm at 107 £ 5 Ma was followed closely by 102-95
Ma syenite and alkalic granite in the Amundsen province
(Storey et al., 1999). A wider a range of dike ages, 142 to 96
Ma, comes from the Ross Province (Siddoway et al., 2005).
In the Ross province an early phase of Byrd Coast alkalic
granite from the Allegheny Mountains is ca. 142 Ma, and
another at Mt. Corey is 131 Ma (Figure 2) (Adams, 1987).
Subduction ceased in New Zealand at 105 + 5 Ma (Muir et
al., 1994, 1995, 1997, 1998).

Alkalic magmatism in NZ coincided with extension,
development of a regional unconformity, and dramatic
sedimentation, including thick deposits of sedimentary
breccia (Laird and Bradshaw, 2004). Metamorphic core
complexes developed in South Island (Figure 3) (Tulloch and
Kimbrough, 1989; Forster and Lister, 2003), together with
deep level shear zones that were active in Fiordland (Gibson
et al., 1988; Scott and Cooper, 20006).

The Lachlan belt on continental Australia and Robertson
Bay terrane in NVL occupied an inboard position in middle
Cretaceous time and did not experience tectonism related
to the active margin (Figure 3), although Australia-EANT
breakup was in its initial stages (Li and Powell, 2001, and
references cited). Remnants of the active margin are the
submarine plateaus that border the Tasman Sea and provide
a sparse geological record of the change in plate dynamics
(Tulloch et al., 1991; Mortimer et al., 1999a, 2006; Mortimer,
2004).

GEOLOGICAL STRUCTURE OF THE FORD RANGES,
MARIE BYRD LAND: DATA BEARING ON TECTONISM
IN THE WEST ANTARCTIC RIFT SYSTEM

In MBL the general absence of dynamic fabrics in plutonic
units and the elusive nature of crustal-scale faults in a region
with extensive ice cover have long hindered the understand-
ing of the strain evolution. New progress has been made in
the region through tectonic investigations focused on the
structure and metamorphic petrology of the Fosdick Moun-
tains gneiss dome (Siddoway et al., 2004b; Korhonen et al.,
2007a; McFadden et al., 2007), the configuration of mafic
dikes representing a regional tensile array (Siddoway et al.,
2005), and kinematic analysis of mesoscopic brittle faults
(Luyendyk et al., 2003). Airborne geophysical data over
the Ford Ranges (Luyendyk et al., 2003), and Edward VII
Peninsula (Ferraccioli et al., 2002) delineate regional-scale
faults. Geochemical investigations reveal the granite petro-
genesis (Pankhurst et al., 1998; Mukasa and Dalziel, 2000;
Saito et al., 2007) and U-Pb geochronology provide critical
age control (Siddoway et al., 2004a,b, 2006; McFadden et
al., 2007). A review of the recent findings from MBL in the
next section will begin with the lower crustal exposure pro-
vided by the Fosdick Mountains, where migmatites provide
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a view of crustal rheology, kinematics, and dynamics of
Cretaceous tectonism that pertain to the West Antarctic rift
system as a whole.

The Fosdick Mountains Gneiss Dome

The Fosdick Mountains form an elongate migmatite gneiss
dome (Wilbanks, 1972; Siddoway et al., 2004b) delimited
by a S-dipping, dextral-oblique detachment zone on the
south (McFadden et al., 2007) and by an inferred steep
dextral strike-slip zone on the north, the Balchen Glacier
fault (Siddoway et al., 2004b, 2005). From lower to higher
structural levels, gneisses that exhibit features indicative of
melt-present ductile flow give way to mylonitic rocks exhib-
iting mixed ductile-brittle deformation textures, indicative of
solid-state deformation (McFadden et al., 2007). Kinematic
axes calculated from nappe-scale folds and subsidiary folds,
mineral lineation, and anisotropy of magnetic susceptibility
(AMS) fabrics within the 15 x 80 km dome are subhorizon-
tal, 065 to 072. The orientation is oblique to the long axis of
the dome and to the Balchen Glacier fault.

The migmatite gneisses forming the core of the Fosdick
Mountains dome reached temperatures (T) and pressures (P)
of the upper amphibolite to granulite facies (Siddoway et al.,
2004b; Korhonen et al., 2007a). Granite formed by biotite
breakdown (Saito et al., 2007) forms sheets, stocks, and
extensive interconnected networks on a scale of hundreds
of meters. Leucogranite occupies structural sites—within
foliation-parallel sheets, shear bands, and interboudin
necks—suggestive of deformation-enhanced migration and
coalescence of melt products (Sawyer, 2001). Concordant
layers of leucogranite may exceed 10 m in thickness. New
U-Pb SHRIMP zircon studies (Siddoway et al., 2004b, 2006;
McFadden et al., 2007) and isotope geochemistry (Saito et
al., 2007) aid in the task of determining the extent and distri-
bution of anatectic granites formed in Late Cretaceous time,
coincident with development of the WARS.

At intervals along the Fosdick Mountains dome, leuco-
granite sills form vertical sequences that reach 1000 m in
thickness (“leucogranite sheeted complex” of McFadden et
al., 2007). The thin layers (<1-3 m) of para- and orthogneiss
that separate the sills contain microstructures indicative of
the former presence of melt and of deformation mechanisms
dominated by melt-assisted grain boundary diffusion creep.
Kinematic data obtained from the horizons of shallowly
dipping paragneiss and orthogneiss include fold axes of
symmetrical, tight to isoclinal recumbent folds that trend
062-242 (n = 118), and sparse mineral lineation aligned
072-252 (n = 38) (Siddoway et al., 2004b). The consistent
linear data suggest ENE-WSW stretching under suprasolidus
conditions when the leucogranite sheets were emplaced. The
layers of paragneiss and orthogneiss in this setting are “dia-
texitic” (Brown, 1973; Milord et al., 2001), in that the color
distinction between leucosome and melanosome is subdued,
with melanosome a light grey color, and boundaries between
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the light- and darker-colored portions, indistinct. Diatexite
textures indicate a high degree of chemical interaction of
leucogranite melt with host gneisses under suprasolidus
conditions (Sawyer, 1998, 2004). Conventional thermo-
barometry carried out on the diatexitic paragneisses yielded
P =4 kbar to 6 kbar and T = 680°C to 780°C (Smith, 1992,
1997; Siddoway et al., 2004b). New results of comparative
thermobarometry using THERMOCALC indicate consider-
ably higher conditions of 820-870°C and 6.5-7.5 kbar for the
Cretaceous peak (Korhonen et al., 2007a,b).

The leucogranites exhibit compositional layering and
igneous microstructures, such as euhedral grains and til-
ing of large feldspars; together with evidence of magmatic
solid-state deformation (Blumenfeld and Bouchez, 1988;
Weinberg, 2006) such as mechanical kinking at grain-to-
grain contacts in coarse-grained phases. The textures sug-
gest that the interstices between solid phases represented
a permeable melt network through which melt flowed. The
migmatite structures of the Fosdick Mountains suggest that
sills and leucosome networks are remnants of a melt transfer
system that allowed magma flux through a zone of anatexis
(e.g., Olsen et al., 2005; Weinberg, 2006) within the middle
and lower crust (e.g., Brown and Pressley, 1999; Brown,
2007). Deformation aided melt-migration and melt enhanced
deformation in a mutually complementary process.

The extensive Cretaceous leucogranites within the
gneiss dome contain a dominant population of prismatic
igneous zircons. The bipyramidal, elongate zircon grains
exhibit oscillatory zoning and lack inheritance, suggesting
that they crystallized from a melt. U-Pb SHRIMP ages deter-
mined for the zircons are 115-101 Ma (Figure 6), suggesting
that elevated temperatures were attained and that melt trans-
fer and crustal flow initiated during middle Early Cretaceous
(oblique?) plate convergence, then continued during the
transition to extension/transtension in the WARS.

South Fosdick Detachment Zone

The leucogranitic sheeted complex passes upward into
metatexite at highest structural levels on the southern flank
of the range. Metatexite (Brown, 1973; Milord et al., 2001;
Sawyer, 2004) is a migmatite type that consists of meso-
scopic, cm- to dm-scale compositional layering with a sharp
color distinction between light-colored quartzofeldspathic
leucosomes and dark, biotite-rich melanosomes. Leucosomes
that are volumetrically minor represent a mobile portion, or
metatect, and melanosomes, a nonmobilized, depleted com-
ponent (Brown, 1973; Milord et al., 2001; Sawyer, 2004).
Sills and interconnected networks of leucosome that would
be indicative of melt transfer and coalescence are poorly
developed to absent in the melanosome.

Solid-state deformation is indicated by pervasive
mylonitic microstructures indicative of plane strain-simple
shear, including C-S fabrics and asymmetric porphyroclasts
with tails (McFadden et al., 2007). Kinematic criteria show
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dextral normal oblique shear sense, with top-to-the-SW
transport along azimuth 240. Foliation dips steepen from
west toward east, and give way to strong subhorizontal L-
tectonite fabrics trending 070-075 within Ford-phase grano-
diorite at Mt. Richardson (Figure 4). U-Pb SHRIMP zircon
data bracket the time of deformation upon the South Fosdick
detachment zone between 107 Ma and 96 Ma (McFadden et
al., 2007).

301 Bins, 2 Ma

251 Fosdick Mountains, U-Pb zircon
from leucogranite (igneous zircon
and metamorphic rims), n = 127

Median Batholith, U-Pb zircon
(Tulloch and Kimbrough, 2003),
n=>56

| Buckland granite,
- U-Pb monazite
I (Ireland and
10+ Gibson, 1998),
I n=20

5|

Bp Fiordland Orthogneiss and
paragneiss, U-Pb zircon
(Hollis et al., 2004), n = 128

Relative Probability

FIGURE 6 Comparison of U-Pb SHRIMP frequency distribu-
tion for Fosdick Mountains leucogranites, with New Zealand data
including from the Fiordland Orthogneiss (Hollis et al., 2004),
Median Batholith (Tulloch and Kimbrough, 2003), and Buckland
Granite (Ireland and Gibson, 1998). Fosdick Mountains data were
acquired on SHRIMP II at Australian National University under
the direction of C. M. Fanning. The relative probability plots with
stacked histograms of 206Pb/238U ages (207Pb corrected) were
calculated using ISOPLOT/EX by K. Ludwig.
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Structural Analysis of Mesoscopic Brittle Fault Arrays
Throughout the Ford Ranges

Geometrical and kinematic data have been gathered for sys-
tematic mesoscopic brittle structures, including dikes, faults,
shear fractures, and joints that cut the isotropic plutonic units,
Ford Granodiorite, and Byrd Coast Granite. Structures that
cut Byrd Coast Granite or mafic dikes, the majority of which
fall in the age range 104-96 Ma, are known to be middle
Cretaceous or younger. Mesoscopic faults are striated planes
accommodating >2 m offset or zones of cataclasis exceed-
ing 15 cm thickness. The term “shear fractures” refers to
slickenside surfaces, sometimes mineralized but generally
lacking gouge, and rarely associated with geological mark-
ers that allow quantification of offset. In most instances,
therefore, brittle criteria are used for interpretation of shear
sense (Marrett and Allmendinger, 1990). Few data come
from Swanson Formation, because brittle shear planes typi-
cally reactivated bedding or preexisting cleavage, making the
kinematic significance uncertain.

Outside of the Fosdick Mountains migmatite dome
most exposures of crystalline rocks in the Ford Ranges lack
dynamic fabrics (Siddoway et al., 2005) and mylonitic zones
are found only rarely. Four sites hosting ductile shear zones
are situated near locations for which thermochronology data
are now available (Table 1). Narrow mylonitic shear zones
(1-5 m wide) cut Ford Granodiorite at Mt. Crow (Figure 4,
inset E) and Mt. Cooper (Siddoway et al., 2005). High-tem-
perature shear zones exist along the present-day Ross Sea
coast, at Mt. Woodward (60 m exposed width) (Figure 4,
inset F) and at Prestrud Rock (30 m minimum width). Each
of the sites is adjacent to an inferred crustal-scale strike-slip
zone that is concealed by ice (Ferracioli et al., 2002; Luyen-
dyk et al., 2003; Siddoway et al., 2005).

Mafic dikes provide a very valuable kinematic dataset
due to their regional distribution and very consistent regional
orientation of azimuth 344, subvertical, throughout the Ford
Ranges. Tensile opening perpendicular to the dike margins
is a reflection of ENE stretching at the time of emplace-
ment. The dike array cuts Byrd Coast granite of 102-98
Ma age, and the range of **Ar/*’Ar ages for the majority
of the mafic dikes is 104-96 Ma (groundmass concentrates
on microcrystalline dikes; Siddoway et al., 2005). U-Pb
titanite and “°Ar/*Ar hornblende ages for discordant mafic
dikes within the Fosdick range are 99-96 Ma (Richard et al.,
1994; Siddoway et al., 2006). Mutually crosscutting relation-
ships between mafic dikes and faults indicate that they are
contemporaneous.

Brittle fault data offer the most tenuous data to inter-
pret due to the paucity of offset markers and the need to
use brittle criteria for kinematic shear sense. Nonetheless,
consistent fault and shear fracture arrays are identified.
In the central and southern Ford Ranges a well-defined
~NW-SE-oriented conjugate fault array hosts moderately
oblique, SE-plunging striae on both SSW and NE dipping
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planes (Figure 4, inset D). The array is expressed both as
minor faults and shear fractures with kinematic criteria
indicative of oblique slip, with top-to-the-ESE translation
(Luyendyk et al., 2003). The dominant orientation in this
array is ESE-striking, with dextral normal oblique kine-
matic sense. A second generation of brittle structures in
the Sarnoff and Denfield ranges consists of NNW-striking,
normal- to oblique-slip shear fractures (Figure 4, inset C).
The widespread NNW-oriented mesoscopic structures have
strikes parallel to the regional mafic dike array, and to the
prevalent fault orientations offshore in the easternmost Ross
Sea (Luyendyk et al., 2001; Decesari et al., 2003). A late
ENE-oriented array is strongly expressed in the Chester
Mountains (Figure 4), forming chloritic brittle shear zones
up to 15 cm in width, and chloritic and oxidized shear frac-
tures. Brittle criteria on the planes oriented N75E (mean)
indicate normal dextral oblique slip upon SSW- and NNE-
trending striae (Figure 4, inset A).

NE-oriented, sinistral strike-slip shears are spatially
associated with inferred Cenozoic faults that trend NE-SW
and offset the Fosdick Mountains gneiss dome (Figure 4,
inset B). Pleistocene mafic lavas erupted from small volca-
nic centers along the trend (Gaffney and Siddoway, 2007)
(Figure 4). A brittle fault data set comes from the series
of outcrops forming the easternmost exposures in the Ford
Ranges, which is situated near a prominent NE-trending
escarpment imaged in the bedrock topography (Luyendyk
et al., 2003) that corresponds with a geophysical anomaly
arising from inferred sub-ice volcanic centers (Figure 7).
These are NE-SW shear fractures with strike slip striae,
with consistent sinistral-sense offset from brittle kinematic
criteria (Figure 4, inset B).

With respect to timing, regional deformation caused by
mid-crustal flow arising from melt accumulation in the lower
and middle crust (Figure 8) was under way as early as 115
Ma, based on the ages determined for melt-present deforma-
tion in the lower crustal exposures in the Fosdick Mountains
rocks. The older limit on the time of brittle deformation and
formation of mylonitic zones in the upper crustal rocks of
the Ford Ranges is provided by Cretaceous plutonic rocks
of 104-96 Ma age (Byrd Coast granite and mafic alkalic
dikes) that are cut by brittle faults. The cooling history of the
block-faulted mountain ranges constrained by “°Ar/*Ar and
apatite fission track thermochronology (summarized below)
provides a younger age limit on regional tectonism.

Crustal Structure from Airborne Geophysics

Airborne gravity and radar soundings over western MBL
indicate that the crustal thickness beneath the Ford Ranges
is 22-25 km, increasing to the north and inland by 8-9 km
for central MBL (Figure 2) (Luyendyk et al., 2003). The
inferred steep gradient in crustal thickness coincides spa-
tially with the linear northern front of the Fosdick Moun-
tains, where migmatites were exhumed from mid-crustal
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TABLE 1 Summary of 40Ar/39Ar and AFT Thermochronology Data for Sites in the Central and Eastern West Antarctic

Rift System
AFT Track
Location Feature Age (Ma) Length (mm) Method Source of Data Field Association Kinematics
Ford Ranges Mafic dikes 104-96 n.a. OAr/PAr Siddoway et Tabular, vertical to ~ Tensile, 074-254
groundmass al., 2005 sub-vertical dikes
throughout the
Ford Ranges
Mt. Cooper Mylonite zone 96.92 +0.34 n.a. “OAr/Ar biotite  Siddoway et 3- to 5-m-wide Normal sense,
al., 2005 zone cutting Ford down to East
Granodiorite
Prestrud Rock Gneiss 91+4 13.1+0.2 AFT Lisker and Contrast in grade Strike oblique;
Olesch, 1998; and fabrics; strong  kinematic sense
Smith, 1996 lineation suggest not determined
shear zone
The Billboard Unfoliated Ford 91 +4 n.a AFT Lisker and Ford granodiorite Strike normal
granodiorite Olesch, 1998 bounded by an oblique, inferred
inferred east-west dextral
fault; borders
inferred east-west
fault
Mt. Douglass Unfoliated Byrd 97 5 13.7+£0.2 AFT Lisker and Unfoliated Byrd Sinistral oblique
Coast granite Olesch, 1998 Coast granite, sense; shear zone
located 6 km >100 m wide
from shear zone
in calcsilicate
gneisses at Mt.
‘Woodward
Chester Unfoliated Ford 95+ 6 135 AFT Lisker and Ford granodiorite Hanging wall of
Mountains granodiorite Olesch, 1998 South Fosdick
detachment
Mitchell Peak Migmatite gneiss 88 +5 142 £ 0.1 AFT Lisker and Migmatite gneiss Hanging wall of
Olesch, 1998 South Fosdick
detachment
DSDP 270 Calc-silicate 90+6 n.a AFT Fitzgerald and Cataclasite/breccia ~ Not possible to
gneiss Baldwin, 1997 in detachment determine
zone
Colbeck Mylonite 86+ 5 13.8+14 AFT Siddoway et Dredged material Not possible to
Trough Mylonite T1+5 141213 AFT al., 2004a from submarine determine
escarpment
Mylonite 98-95 n.a. OAr/PAr

K-feldspar, biotite

NOTE: n.a. = not applicable; AFT = Apatite fission track; DSDP = Deep Sea Drilling Project. Kinematic determinations from Siddoway et al., 2005, or

Siddoway, unpublished.

depths. A steep gradient also is observed in the magnetics,
and there is a well-defined lineament in the bedrock topog-
raphy beneath Balchen Glacier (Figures 2 and 7). Present-
day bed topography for much of the surveyed area defines
distinct NNW-SSE and NE-SW-oriented lineaments that
are oblique to the density distributions. They are generally
parallel to the NNW-oriented, normal-sense and NE-striking,
sinistral-sense, second generation shear fractures measured
throughout the Ford Ranges and to the mafic dike array.
High-gradient magnetic anomalies inferred to be subglacial
volcanoes of Cenozoic age are mapped to the east (Figures 2
and 4) (Luyendyk et al., 2003), and are spatially associated

with a postulated NE-SW strike slip fault of Cenozoic age
(Siddoway et al., 2005) (Figure 4).
Linear magnetic anomalies on Edward VII Peninsula

have three dominant trends. They trend ~E-W, NNW, and
NE (Ferraccioli et al., 2002). Outlet glacier troughs in the
southern Ford Ranges and Edward VII Peninsula appear to be
controlled by the NNW trend (Luyendyk et al., 2001; Wilson
and Luyendyk, 2006; Sorlien et al., 2007), and have a narrow,
deep linear morphology that suggests an association with the
regional normal fault array.

Magnetic and gravity anomalies together with bed-
rock topography calculated from airborne geophysics data
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(Luyendyk et al., 2003) provide the means to assess the
regional significance of structures identified from outcrop
study. Conversely, information from geological structures
may clarify the kinematic history of subglacial features
inferred from geophysics. A pattern of generally east-west-
oriented gravity anomalies, interpreted as pronounced density
variations in the bedrock, is identified in the Ford Ranges and
further south (Figure 7). Their trends generally correspond to
the approximately east-west orientation of mountain ranges
and outlet glaciers in the central and northern Ford Ranges,
which have long been considered to be structurally controlled
(e.g., Luyendyk et al., 1994).

The margins of the low-density areas are distinct and
fairly linear over tens of kilometers, and are parallel to each
other, with a nearly E-W trend (Figure 7). Their orientation
is parallel or subparallel to the elongate, ESE-trending,
low-gradient magnetic anomaly over the Fosdick dome
(Luyendyk et al., 2003), and to the known crustal-scale
faults bounding the Fosdick Mountains (Siddoway et al.,
2004b, 2005; McFadden et al., 2007). Kinematic data within
the dome and from neighboring exposures that represent
the brittle upper crust show that the dome-bounding faults
accommodated dextral to dextral oblique motion. The cor-
respondence of the limits of linear gravity anomalies with the
north and south faults bounding the Fosdick migmatite dome
suggest that the pattern of generally E-W gravity anomalies
over the Ford Ranges and eastern MBL, more broadly, are
controlled by dextral oblique faults that dropped cover rocks
down with respect to crystalline rocks.

A possible interpretation of the E-W-trending, regular
variations in density (Figure 7) is that they correspond to
sedimentary basins and intervening highs that originated dur-
ing Late Cretaceous development of the WARS. A number
of observations suggest that this is not the case. First of all,
sharply defined features in the sub-ice topography do not
correspond to the boundaries separating regions of contrast-
ing density (Luyendyk et al., 2003), as might be expected
if comparatively young, poorly indurated clastic sediments
existed at depth. Furthermore, no Late Cretaceous-Eocene
sedimentary or volcanic strata crop out in Marie Byrd Land
(see Pankhurst et al., 1998), and the makeup of glacier-
transported clasts within bouldery till upon bedrock—
determined from careful searches at six sites bordering three
outlet glaciers (labeled “M” in Figure 4)—is dominated by
greenschist-grade Swanson Formation, with a small propor-
tion of Byrd Coast Granite and Ford Granodiorite clasts. The
prevalence of Swanson Formation clasts and absence or low
abundance of younger clastic rocks favors the hypothesis
that Swanson Formation constitutes the bedrock beneath
the glacier drainages that traverse three of the low-density
regions within the Ford Ranges (Figure 7).

The apparent absence or low abundance of Late
Cretaceous-Paleocene sedimentary deposits on land is enig-
matic, in light of the WARS extension of >100 percent and
the subsequent breakup between MBL and NZ. Possibly
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the region experienced an interval of low sediment supply
(Karner et al., 2005), or did not develop significant relief
above or subside below sea level (e.g., LeMasurier and
Landis, 1996; Luyendyk et al., 2001).

To summarize, the findings from aerogeophysical sur-
veys and structural geology studies in the region suggest that
the brittle crustal architecture along the eastern margin of the
Ross Sea rift developed through NE-SW regional transten-
sion upon high-angle faults, with extensional strain accom-
modated upon NNW-striking mafic dikes and normal faults,
and wrench deformation occurring upon a conjugate array
of approximately E-W-oriented dextral strike slip zones,
and NE-SW sinistral strike slip faults (Figure 4), affecting
Cretaceous and older rock units (Ferraccioli et al., 2002;
Luyendyk et al., 2003). Generally E-W-oriented crustal-scale
structures in the northern Ford Ranges may have originated
as contractional faults during prior NNE-SSW convergence
along the East Gondwana margin in the Mesozoic Era or
before. The correspondence to inferred geological boundar-
ies between supracrustal and crystalline rocks is a possible
indication that Paleozoic structures were reactivated during
opening of the WARS.

Thermochronology and Cooling History of the WARS

“Ar/¥Ar and apatite fission track (AFT) data for sites dis-
tributed across the West Antarctic rift system are beginning
to reveal the regional cooling pattern for the WARS. Sample
sites (Figures 1 and 2) include DSDP 270 on the Central
High (Fitzgerald and Baldwin, 1997), Colbeck Trough on the
eastern margin of Ross Sea (Siddoway et al., 2004a), Edward
VII Peninsula and the southern Ford Ranges (Adams et al.,
1995; Lisker and Olesch, 1998), and the Fosdick Mountains
(Richard et al., 1994). “Ar/*Ar K-feldspar data available
from three sites record cooling at 98 Ma to 94 Ma (Table
1) (Figure 4). The AFT data record rapid cooling across the
region by ca. 90 Ma, but also show complexity in the cooling
histories that cannot be explained by a single event. AFT data
fall within two age populations of 97-88 Ma and 80-70 Ma,
each characterized by long track lengths indicative of rapid
cooling (Table 1).

Diachronous cooling was first noted by Richard et al.
(1994) for the Fosdick Mountains. Migmatites rapidly cooled
through “°Ar/**Ar closure temperatures for four mineral
phases, having equilibrated at T >700°C at ca. 101 Ma, then
cooled to T <165°C by ca. 94 Ma. The AFT study deter-
mined long track lengths indicative of rapid cooling, but the
AFT ages are considerably younger at 76-67 Ma. Thus the
thermochronology data suggest two pulses of cooling due to
tectonic exhumation of the Fosdick Mountains gneiss dome,
separated by a quiescent interval. Additional AFT data over
the broader region confirm the bimodal distribution of ages
of 97-88 Ma and 80-70 Ma in the Ford Ranges, Edward VII
Peninsula (Adams et al., 1995; Lisker and Olesch, 1998), and
central Ross Sea (Fitzgerald and Baldwin, 1997).
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New mapping and structural geology research reveals
that seven of the sites recording the older AFT or “°Ar/*Ar
ages (Table 1) are situated near regional-scale faults or within
shear zones. These include Prestrud Rock, bordering the
Ross Sea at the edge of the Alexandra Mountains (Figure 2)
(Smith, 1996; Ferracioli et al., 2002); the Colbeck trough on
the margin of Edward VII Peninsula (Figure 2) (Siddoway et
al., 2004a); and DSDP site 270 on the Ross Sea Central High
(Figures 1 and 9) (Fitzgerald and Baldwin, 1997). Adams
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et al. (1995) attributed a pronounced contrast in cooling
history between the Alexandra and Rockefeller Mountains
to relative fault motion. The two off-shore sites correspond
to inferred detachment faults submerged along the eastern
margin and Central High of the Ross Sea (Fitzgerald and
Baldwin, 1997; Siddoway et al., 2004a). The tectonites
from both offshore sites exhibit ductile fabrics overprinted
by brittle cataclasis, suggestive of translation from deeper
to shallower crustal levels. No geometrical or kinematic
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information was obtained for the structures since sample
retrieval was by drill core (Ford and Barrett, 1975; Hayes
and Davey, 1975) and dredge (Luyendyk et al., 2001). DSDP
270 yielded a multicomponent AFT sample from a few
grains of apatite extracted from calcsilicate gneiss (n = 16)
(Fitzgerald and Baldwin, 1997). The dominant component
is 90 = 6 Ma in age.

A recently discovered shear zone site that yields critical
kinematic data is at Mt. Woodward, bordering a pronounced
lineament along the Haines Glacier (Figure 4, inset F).
The steep high-strain zone developed in high-temperature
calcsilicate gneisses is oriented 160-340 and exceeds 100
m in width. Asymmetrical folds indicate sinistral shear
sense (Siddoway, unpublished). The thermochronology data
obtained from Mt. Douglass, 6 km away, yield the region’s
oldest AFT cooling age of 97 = 5 Ma on Byrd Coast granite
(Lisker and Olesch, 1998). Northwest-southeast-oriented
bedrock faults are inferred to control the Sarnoff Range
trend, where pronounced narrow troughs, oriented 150-
330, are evident in the bedrock topography (Luyendyk et
al., 2003). A 3-m-wide mylonitic shear zone at Mt. Crow
(Figure 4, inset E) parallels this trend and offers kinematic
information that possibly is representative of the concealed
fault. The Mt. Crow shear zone exhibits shallow-plunging
sinistral-sense stretching lineation oriented 20, 138, on steep
foliation. An AFT age of 91 + 4 Ma (Lisker and Olesch,
1998) came from Ford Granodiorite at The Billboard in the
Sarnoff Range (Figure 4).

The remaining sites with AFT data in the older age
range (Table 1) are associated with the hanging wall of the
South Fosdick detachment zone. They are Mitchell Peak,
the isolated nunatak forming the westernmost outcrop in
the Fosdick range, and the Chester Mountains, south of the
Fosdick range (Figure 4). There is a pronounced contrast
in cooling age across the South Fosdick detachment zone
(Figure 4), with 95 Ma to 88 Ma AFT ages obtained from
sites in the hanging wall, and 76 Ma to 67 Ma from sites in
the gneiss dome core (Table 1).

Remaining AFT localities in western MBL record mod-
erate to slow cooling between 83 Ma and 67 Ma. The ages
correspond to the time of initiation of seafloor spreading
between Campbell Plateau (NZ) and WANT (Figure 1) at
83-79 Ma (chron 33r) (McAdoo and Laxon, 1997; Larter
et al., 2002; Stock and Cande, 2002; Eagles et al., 2004),
suggesting that the second AFT cooling pulse was triggered
by the lithospheric separation (Figure 9c) (Siddoway et al.,
2004a; Kula et al., 2007). There is a good correspondence in
timing and tectonic history of MBL localities with detach-
ment structures in New Zealand (Kula et al., 2007).

In summary, examination of AFT data together with
mapped structures shows that the early stage of rapid cool-
ing in western Marie Byrd Land at 95-85 Ma was localized
upon high-angle conjugate wrench zones. The timing of
fault activity determined from U-Pb zircon geochronology,
“Ar/¥Ar, and AFT thermochronology corresponds with the
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time of development of the eastern WARS. The younger
phase of rapid cooling at ~75 Ma reflects regional uplift and
cooling, coincident in time with and attributable to modest
denudation in response to onset of seafloor spreading and
separation between WANT and New Zealand, upon a new
divergent plate boundary that continued in to the Tasman Sea
(Figure 3a) (Gaina et al., 1998; Sutherland, 1999; Kula et al.,
2007). The observation that rapid cooling occurred first upon
discrete WARS fault zones (101-92 Ma) suggests a localized
landscape response, reflected in the thermochronology cool-
ing histories data. The affected area covers 250,000 km? of
western Marie Byrd Land and the neighboring Ross Sea.

DISCUSSION

The Role of a Hot Middle Crust in the Regional Structural
Evolution of the WARS

The Fosdick Mountains gneiss dome is a structure of vast
complexity pervaded by sills and discordant networks of
leucogranite. Crosscutting relationships and varying degrees
of deformation suggest multiple cycles of melt migration
and emplacement within structurally controlled, dilatant
sites. Thick sills of leucogranite containing microstructures
indicative of horizontal magmatic flow are interlayered with
thin sheets of diatexitic gneisses that exhibit consistent ENE-
WSW kinematic sense, leading to the interpretation that the
Fosdick gneiss dome represents an exposure of deep middle
crust that underwent directional viscous, magma-like flow
(Figure 8).

Relationships in the Fosdick Mountains dome suggest
that partial melting and rheological weakening of the crust
in MBL was a consequence of crustal heating during oro-
genesis, affecting “Lachlan”-type sedimentary rocks and
middle Paleozoic intermediate plutons. Argillaceous rocks of
Lachlan type are chemically fertile (e.g., Thompson, 1996)
and may generate substantial quantities of melt. Subjected
to a differential stress in a convergent orogen or to gravity
forces in the region of thickened crust at the convergent
margin, viscous flow commenced (Figures 5 and 8). The
localization of strain at the interface between the region of
hot versus cold crust caused detachment structures to initi-
ate (Figure 8b) (e.g., Teyssier et al., 2005) and/or reactivated
preexisting faults (Siddoway et al., 2004b, 2005), leading to
gneiss dome emplacement (Figure 8c).

The development of thermal perturbations of this type in
a convergent margin setting has been noted as a characteristic
of hot accretionary orogens (Collins, 2002a). The Lachlan
belt exemplifies this type of orogen as it has undergone
multiple cycles of contractional orogeny and extensional
collapse involving HT metamorphism (Foster et al., 1999;
Collins, 2002a,b; Gray and Foster, 2004; Fergusson et al.,
2007). In MBL the elevated heat flow into the base of the
continental crust may have arisen during subduction of hot
oceanic lithosphere newly formed at the Phoenix-Pacific
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ridge (Figures 4 and 5b) (Bradshaw, 1989; Luyendyk, 1995),
or due to back arc extension and lithospheric thinning (Figure
5b and 5¢) (Weaver et al., 1991, 1994; Mukasa and Dalziel,
2000); or from basal heating in the presence of a postulated
mantle plume (Weaver et al., 1994). Singly or collectively
these factors could promote magmatic underplating and
advection of heat into the crust, with corresponding effects
on crustal rheology (Regenauer-Lieb et al., 2006). Further
effects could arise from infiltration of fluids into the over-
riding plate due to dehydration of the newly subducted slab,
or to radiogenic heat production in the East Gondwana crust

that had been thickened during Mesozoic convergence (e.g.,
Collins and Hobbs, 2001; McKenzie and Priestly, 2007),
augmented by heat advection by fluids. The rheological par-
titioning interpreted to exist in the Cenozoic WARS, with a
brittle to ductile gradient across the Ross Sea (Salvini et al.,
1997) may have been established at this time.

The question of whether the substantial volumes of leu-
cogranite derived from constituent gneisses of the Fosdick
dome (phases of Ford Granodiorite, Swanson Formation) or
were produced within other parts of a crustal zone of magma
flux (e.g., Olsen et al., 2005) then migrated into the dome
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FIGURE 9 Development of the WARS in three hypothesized
stages, based on the observations of strain accommodated upon
wrench and extensional fault systems in Marie Byrd Land, a part of
the WARS that resides above sea level. Basement graben configura-
tion based on Cooper et al. (1991b) and Trey et al. (1997).

(A) 130 Ma to 100 Ma, interpreted configuration of the East
Gondwana margin. HT metamorphism and crustal melting (ellipse
symbol) is contemporaneous with arc magmatism at inboard sites
including Fiordland (F); Paparoa complex in Western Province, NZ
(WP); and Fosdick Mountains gneiss dome in MBL. Diachroneity
of calcalkaline plutonism in the Median Batholith and Amundsen
province may be a reflection of subducted slab geometry or the
configuration of the Phoenix-Pacific spreading ridge offshore (Fig-
ures 3 and 5). Sites of alkalic magmatism may be an expression of
dilational jogs in wrench zones or within detachment structures.
TAS = Tasmania; EP = Eastern Province, NZ; CR = Chatham Rise;
TI = Thurston Island.

(B) 100-90 Ma, major phase of intracontinental deformation in
the WARS. Tensile dike arrays and alkalic plutons were emplaced
across the back-arc region. Blue shaded areas are gravity anomalies
corresponding with high-density material along basin axes (Cooper
et al.,, 1991b). Differential movement upon steep wrench zones
is recorded by “°Ar/*Ar and AFT data that record rapid cooling
between 97 Ma and 90 Ma for fault zone samples (Table 1). Based
on the available data there appears to be an age progression from
northeast toward southwest, with site DSDP 270 in the Ross Sea
recording the youngest of the older subset of cooling ages, if the
dominant population is accepted as the AFT cooling age (Fitzgerald
and Baldwin, 1997). Dominant wrench deformation is documented
in Marie Byrd Land, and prevalent normal faulting is inferred in the
Ross Sea. The regional strain variation may be due to contrasts in
competency of the pre-Mesozoic continental lithosphere, contrast-
ing thermal conditions arising from lithospheric thinning or the
dynamics of the convergent plate boundary (e.g., Figure 8), or the
transition from a region undergoing oblique subduction of young
continental lithosphere (eastern WARS) to one experiencing slow
rifting between mature continental crust of Antarctica-Australia
(western WARS).

(C) Ca. 80 Ma, the time of breakup between WANT and NZ-
Campbell Plateau. Continental extension across the WARS and
Campbell Plateau exceeded 100 percent and was completed prior to
onset of seafloor spreading. Blue shaded areas are gravity anomalies
corresponding with high-density material along basin axes; red
areas are bathymetric (and basement) highs (Cooper et al., 1991b).
Extension direction for breakup was nearly orthogonal to that for
WARS opening and the rifted margin cuts at a high angle across
Ross Sea basins (Lawver and Gahagan, 1994). It is probable that
a preexisting wrench fault structure was reactivated at the time of
breakup. This would explain the exceptionally abrupt ocean-con-
tinent boundary along the coast of Marie Byrd Land (Gohl, 2008,
this volume).
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upon structurally controlled pathways, is being addressed by
isotopic and geochemical investigation. A petrogenetic link
between Ford Granodiorite (source) and Byrd Coast granite
(product) has been demonstrated in the region (Weaver et al.,
1991; Pankhurst et al., 1998). New Nd isotope data from the
Fosdick Mountains strengthen this interpretation (Saito et al.,
2007). Therefore it is plausible that regional melting of Ford
Granodiorite contributed to anatectic granite magmas that
were capable of vertical or lateral migration during oblique
convergence (Weaver et al., 1995) to transtension (Siddoway
et al., 2005) along the Early Cretaceous plate margin.

HT metamorphism and exhumation of deep crustal
rocks on detachment structures are documented over a wide
region proximal to the Gondwana margin arc in New Zealand
and MBL (Kimbrough and Tulloch, 1989; Fitzgerald and
Baldwin, 1997; Forster and Lister, 2003; Siddoway et al.,
2004b; Kula et al., 2007), suggesting pervasive middle to
lower crustal flow and advection of magmatic heat (Ehlers,
2005) over a large region (Figures 8 and 9). The existing
geochronological and thermochronological data reviewed
above suggest a comparatively short and dynamic develop-
ment of the Fosdick gneiss dome and other strike slip shear
zones active in the eastern WARS in Cretaceous time. U-Pb
SHRIMP zircon data indicate that HT metamorphism was in
effect by 140 Ma and growth of new igneous zircon within
the anatectic granites was under way by 115 Ma (Figure 6)
(Siddoway et al., 2006); a possible indication that crustal
melting and conditions favorable for viscous flow arose dur-
ing convergent tectonism and crustal thickening along the
East Gondwana active margin.

In the Fosdick Mountains gneiss dome syn- to post-
tectonic granite intrusions of 107 Ma to 96 Ma age delimit
the duration of detachment tectonics and exhumation, with
upward translation through ductile to brittle conditions and
development of a mylonitic shear zone at the transition
(McFadden et al., 2007). Following the emplacement of the
dome, mid-crustal magmatism and flow ceased and dome
rocks cooled rapidly from >700°C to <200°C at rates as high
as 70°C/m.y. (Richard et al., 1994). Overprinting textures of
cordierite possibly record decompression of footwall rocks
due to translation upon the detachment structure; and the
late-tectonic melt-filled, normal-sense shear bands that cut
all older structures may be an indication of a small volume of
late leucogranite formed by decompression-induced melting
(Siddoway et al., 2004b; Korhonen et al., 2007b). The very
high rates of cooling recorded by “*Ar/*Ar mineral cooling
data are comparable to rates of advective heat loss that arise
from pluton emplacement in cold country rock (Fayon et
al., 2004). These observations are possible indications of a
component of upward, gravity-driven flow (diapirism) during
emplacement of the dome (e.g., Teyssier and Whitney, 2002).
The association of the Fosdick Mountains gneiss dome with
the Balchen Glacier fault, which is known to be an inherited
Paleozoic structure (Richard et al., 1994; Siddoway et al.,
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2004b), suggests that a crustal to lithospheric-scale discon-
tinuity has a role in gneiss dome emplacement.

The predominance of subhorizontal fabrics (rather than
vertical geometry expected for strike slip faults in the brittle
upper crust) is considered to be either (1) an expression of
coupling between crustal layers of contrasting compentency
(e.g., metatexite versus diatexite plus leucogranite) that
accommodates strain by different mechanisms (e.g., Tikoff
et al., 2002), or (2) accentuation of vertical shortening at the
“melt propagation front” for melt-rich diatexite-leucogranite
as melt-rich material migrated upward and was arrested at
the thermal or permeability boundary (e.g., Sawyer, 2001)
represented by metatexite (Figure 8) or (3) a change in ori-
entation of the shortening axis of strain due to unroofing, to
coincide with direction of gravitational load.

Overview of the West Antarctic Rift System

Structural and geochronological data from sites throughout
the eastern WARS show a broad compatibility with respect
to ENE coordinates for principal finite strain and timing of
crustal thinning deformation at ca. 105-95 Ma. The kine-
matic compatibility between structures of the brittle upper
and viscous lower crust is a great aid to interpretation of the
mechanisms of formation of the WARS. The best-exposed,
crustal-scale structure with lateral extent in Marie Byrd
Land is the South Fosdick detachment fault, which accom-
modated dextral normal oblique translation of a pervasively
brittlely deformed hanging wall block to the SW and WSW
kinematic sense (dip dependent) along a mean direction of
240° (McFadden et al., 2007). The transport direction agrees
with stretching axes at deeper levels within the Fosdick
dome, determined to be 060-240 to 070-250 (Siddoway et
al., 2004b).

Structural data that support an ENE direction for the
maximum principle finite strain axis for the Ford Ranges
(Figure 4) include the regional mafic dike array (Siddoway
et al., 2005); mapped and inferred NW-SE dip-slip normal
faults in the southern Ford Ranges; and brittle kinematic cri-
teria on ESE-striking dextral oblique minor faults and on NE-
striking sinistral shear fractures. Among mesoscopic brittle
structures on land, strike slip faults are prevalent, forming
populations that accommodated both dextral and sinistral
motion (Figure 4). Mutually crosscutting relationships with
alkalic dikes indicate that the strike slip faults were active
during the 070-250-directed opening that is recorded by the
mafic dike array. Regional mapping indicates that Byrd Coast
plutons are spatially associated with inferred major faults and
may occupy releasing bends (Figures 4 and 9).

Consequently, the dextral and sinistral regional-scale
faults in western Marie Byrd Land are viewed as contem-
poraneous conjugate structures whose motion aided ENE-
WSW dextral transtension in the eastern WARS (Figure 4).
Kinematics of normal faults mapped offshore of Edward
VII Peninsula (Luyendyk et al., 2001) are consistent, as is
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the direction of margin-parallel divergence across a short-
lived MBL-Bellingshausen plate boundary further east
(Heinemann et al., 1999). The stretching direction for the
eastern WARS in MBL is generally parallel to that predicted
from the orientation and geometry of basement grabens in the
Ross Sea (Cooper et al., 1991a, 1997; Davey and Brancolini,
1995; Trey et al., 1997). The documentation of important
wrench deformation in MBL supports past interpretations of
wrench and transfer faults within the WARS (e.g., Grindley
and Davey, 1982) and for the first time determines their ori-
entation and kinematics.

The apparent change from prevalent normal faults in
the Ross Sea portion of the rift (Cooper et al., 1991a,b;
Tessensohn and Worner, 1991) to dextral strike slip in the
eastern WARS implies a rotation of principal stress axes from
G, vertical in the west to G, vertical in the east. The spatial
variation in kinematics and dynamics across the WARS prob-
ably is related to the geometry of subducted lithosphere at
the active margin (e.g., Bradshaw, 1989; Luyendyk, 1995),
or is an expression of a regional strain gradient between
the East Gondwana convergent boundary and the Australia-
Antarctica boundary, undergoing slow divergence since ca.
125 Ma (Cande and Mutter, 1982; Tessensohn and W orner,
1991).

The conjugate wrench zones active in MBL between
107 Ma and 97 Ma indicate a vertical orientation for the
intermediate axis of principle finite strain, with axis of
minimum finite strain oriented NW-SE in the plane of the
earth. Transcurrent strain in MBL is consistent with the
oblique convergence vector (Figures 9a and 9b) deter-
mined for Late Cretaceous time (Vaughan and Storey,
2000; Sutherland and Hollis, 2001; Vaughan et al., 2002a).
Therefore, the postulated tectonic boundary separating the
Ross continental province from the Amundsen arc province
(Pankhurst et al., 1998) probably corresponds to an intrac-
ontinental dextral transform fault. The Amundsen province
boundary is inferred on paleomagnetic grounds to have
an approximately E-W trend in Marie Byrd Land (Figure
9b) (DiVenere et al., 1996). Restoration of dextral motion
across an E-W transform fault potentially would place the
Amundsen province magmatic arc outboard of the Ford
Ranges (Figure 9a). Such a reconstruction helps explain the
extent and degree of regional heating throughout the Ross
province that elevated crustal isotherms (Figure 5b and 5c),
induced extensive mid-crustal flow of the type documented
in the Fosdick Mountains (Figure 8c), promoted rapid
intracontinental extension across the WARS, and prevented
development of orogenic topography. Dynamic subduction
(e.g., Giunchi et al., 1996) or a postulated mantle plume
(Weaver et al., 1994; Storey et al., 1999) may have been
responsible for preventing dramatic subsidence and volumi-
nous infilling of sedimentary basins of the Ross Sea (Wilson
et al., 1998; Luyendyk et al., 2001; Karner et al., 2005).

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

CONCLUSIONS

The determination of dextral transtensional strain in the
eastern WARS in Marie Byrd Land is consistent with the
current picture of tectonic plate interactions at the Phoenix-
East Gondwana (Pacific sector) boundary, with the final
stages of subduction marked by oblique convergence of
young oceanic crust (Bradshaw, 1989; Luyendyk et al., 1995;
Sutherland and Hollis, 2001; Wandres and Bradshaw, 2005),
as far east as Palmer Land (Figure 3) (Vaughan and Storey,
2000; Vaughan et al., 2002b). It is now clear that strike slip
fault systems, thought to be in existence during oblique
convergence at the Early Cretaceous margin (Weaver et al.,
1995), remained active and accommodated intracontinental
extension in the WARS until ca. 90 Ma. The structural and
thermochronology record from MBL and the eastern Ross
Sea indicates that the intracontinental extension between
EANT and WANT that brought about opening the WARS by
90 Ma is distinct from the NZ-WANT breakup at 83 Ma and
later. There is compelling evidence that the sharp continent-
ocean boundary that distinguishes the MBL margin from the
other gradational continent boundaries of the Antarctic Plate
(Gohl, 2008, this volume) is controlled by a wrench zone
formed during opening of the WARS.

It may be that relict subvertical transcurrent zones pen-
etrating to the base of the crust provide a deep-seated conduit
for magmatism in the linear volcanic mountain ranges of
the MBL volcanic province (LeMasurier and Rex, 1989), or
control the deep narrow lineaments in the subglacial topog-
raphy beneath the Pine Island and Thwaites ice streams,
950 km to the east (Holt et al., 2006; Vaughan et al., 2006).
In this way the lithospheric-scale structures formed during
development of the West Antarctic rift system continue to
exert fundamental influences on the long-term continental
evolution of West Antarctica.
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The Significance of Antarctica for
Studies of Global Geodynamics

R. Sutherland’

ABSTRACT

Antarctica has geometric significance for global plate kine-
matic studies, because it links seafloor spreading systems of
the African hemisphere (Indian and Atlantic Oceans) with
those of the Pacific. Inferences of plate motions back to 44
Ma, around the onset of rapid spreading south of Australia
and formation of a new boundary through New Zealand, are
consistent with Antarctic rifting and formation of the Adare
Basin during 44-26 Ma (i.e., no additional plate motions
are required in the South Pacific). The time period 52-44
Ma represents a profound global and South Pacific tectonic
change, and significant details remain unresolved. For 74 Ma
a significant nonclosure of the South Pacific plate-motion cir-
cuit is identified if Antarctic motion is not included. Alternate
inferences of motion through Antarctica during the interval
74-44 Ma imply significantly different subduction volumes
and directions around the Pacific, and imply different relative
motions between hotspots.

INTRODUCTION

The surface of Earth can be divided into hemispheres with
distinct tectonic character. The African hemisphere con-
tains spreading ridges in the Indian and Atlantic Oceans
that allow relative plate motions to be determined, and the
motions are shown by studies of seamount chains to be well
approximated by a single hotspot (absolute) reference frame
(Muller et al., 1993). The Pacific hemisphere is surrounded

IGNS Science, PO Box 30368, Lower Hutt 5040, New Zealand
(r.sutherland @gns.cri.nz).
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by subduction zones with highly uncertain relative motions
between subducting and overriding plates (Figures 1 and
2). A full understanding of geodynamics requires global
determinations of past relative plate motions and boundary
locations, and motions of plates relative to hotspots (e.g.,
Lithgow-Bertelloni and Richards, 1998).

Most previous calculations of global plate motions
assume that hotspots in the Pacific hemisphere, specifically
Hawaii and Louisville, have been fixed relative to each other
and to African-hemisphere hotspots during Cretaceous-
Cenozoic time (Engebretson et al., 1985; Gordon and Jurdy,
1986). However, paleomagnetic data from the Emperor
seamount chain in the North Pacific are inconsistent with
this assumption, and mantle flow calculations predict sig-
nificant advection of the rising mantle plume responsible
for the Hawaii hotspot (Tarduno et al., 2003; Steinberger et
al., 2004). The only way to determine global relative plate
motions and, hence, test predictive hotspot models based
on mantle flow calculations is to piece together the kine-
matic evidence that was formed at plate boundaries; this
includes seafloor fracture zones and magnetic anomalies,
and the records that are preserved within continents and
their margins.

Antarctica is significant in the global relative plate-
motion circuit because it geometrically connects the African
and Pacific hemispheres along a path that can be directly
reconstructed at past times from seafloor and continental
records (Figures 1 and 2). Therefore, quantification of
internal deformation of Antarctica is an essential part of any
global relative-plate-motion model. Further, because internal
deformation of plates is commonly characterized by local
rotation poles (Gordon, 1998), small local displacements
may be described by relatively large rotation angles, which
propagate (when incorporated into a plate-motion chain) into
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FIGURE 1 Global bathymetry (from
Smith and Sandwell, 1997). Convergent
plate boundaries shown in orange. Arrow
indicates the pathway of kinematic con-
nection between the African and Pacific
hemispheres that did not contain destruc-
tive boundaries during the Cenozoic era.
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FIGURE 2 Gravity anomalies (from
Sandwell and Smith, 1997).
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very large predicted plate displacements at greater distances
(e.g., atequatorial latitudes). The validity of Antarctic recon-
structions must be consistent with other motions in the South
Pacific, because Antarctica is part of a closed plate-motion
circuit that includes Australia and New Zealand.

This paper presents a model for the block motion
of Marie Byrd Land relative to the East Antarctic craton
since 74 Ma. The model is simplistic by design, because
the primary purpose of this paper is to propose a new and
quantitative hypothesis for motion on an intra-Antarctic plate

boundary during the interval 74-50 Ma. It is accepted that
refinement to this model will be necessary, to fit observations
of crustal strain and the timing of deformation in detail. The
hypothesis is presented and then tested against crustal geol-
ogy of the Antarctic continent, the geometry of seafloor in
the South Pacific plate-motion circuit, and the global motions
of plates relative to hotspots. A plausible tectonic explana-
tion for why such a model makes physical sense is briefly
discussed. Finally, global implications of the hypothesis are
explored with regard to subduction budgets since the late
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FIGURE 3 Map of the hypothesized intra-
Antarctic plate boundary that stretches
between the Ross Sea through the Byrd
Subglacial Basin to inboard of Thurston Is-
land. Significant tectonic regions are labeled
and their margins are shown bold dashed.
Arbitrary points within the plate boundary
zone show the motion of the Marie Byrd
Land plate relocated (pink dotted) relative to
the East Antarctic plate using the proposed
kinematic model (Table 1).

Cretaceous, because this is of broad international interest for
both geodynamics and continental margin geology.

MOTION OF MARIE BYRD LAND RELATIVE TO
EAST ANTARCTICA

The plate-motion model (Figure 3) is divided into four
phases: (1) 74-56 Ma is a time of slow dextral extension in
the Ross Sea and dextral transpression near Thurston Island;
(2) 56-44 Ma is a time of accelerated rifting in the Ross
Sea and highly oblique dextral transpression near Thurston
Island; (3) 44-26 Ma is the time of Adare Basin formation
(Cande et al., 2000) and includes rifting inboard of Thurston
Island; and (4) there has been no significant motion since 26
Ma (Table 1). The oldest finite rotation corresponds to chron
33y (Cande and Kent, 1995), which is the time of the oldest
magnetic anomaly that is widely preserved and recognized
in the South Pacific.

Test 1: Antarctic Geology and Geophysical Data

Ross Sea Rift

It has been known for several decades that the Ross Sea has
thinned crust, rifted sedimentary basins, and a rift flank uplift
called the Transantarctic Mountains, and that Cretaceous-
Cenozoic extensional tectonics were implicated (Davey
et al., 1982; Behrendt et al., 1991; ten Brink et al., 1993;
Fitzgerald, 1994; Cooper et al., 1995). Crustal thickness
estimates imply 350-400 km of total extension, which could

TABLE 1 Finite Rotations Describing Marie Byrd Land
Relative to East Antarctica

Age Latitude Longitude Angle
(Ma) C°N) (°E) ©)
26.6 -18.2 -17.9 0.0
33.6 -18.2 -17.9 0.7
43.8 -18.2 -17.9 1.7
56.0 -70.0 -30.0 4.0
73.6 -80.0 -70.0 8.5

be revised to >400-450 km if crustal addition were accounted
for (Behrendt et al., 1991).

The total motion in the Ross Sea that is implied by the
model proposed in this paper is ca. 300 km since 74 Ma
(Figure 3). Therefore, ca. 70 percent of the total thinning is
implied to have occurred after 74 Ma. This estimate could be
revised downward if some extension were distributed over
a broader region.

The oldest strata in the Ross Sea that have been drilled
are late Eocene and Oligocene in age (Hayes et al., 1975;
Barrett, 1989; Barrett et al., 1995), and these postdate nor-
mal-faulted strata everywhere except the Victoria Land Basin
in the western Ross Sea, where faulting continued through
Oligocene time (34-24 Ma) (Cooper et al., 1987; Henrys et
al., 1998; Hamilton et al., 2001). Hence, a large component
of the extension is constrained to be Eocene or older. Models
of apatite fission track data from a basement rock sample
collected at DSDP site 270, which is sited on a rifted horst
in the central Ross Sea, suggest exhumation was completed
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at some time during the interval 90-50 Ma (Fitzgerald and
Baldwin, 1997).

Apatite fission-track and (U-Th)/He thermochronology
results from the Transantarctic Mountains record cooling and
hence inferred exhumation during the time interval 80-40 Ma
(Fitzgerald, 1992, 1994; Stump and Fitzgerald, 1992; Lisker,
2002; Fitzgerald et al., 2006). Age-elevation correlations
have been used to suggest an episodic uplift model with an
initial phase starting before 80 Ma and a second phase of
more rapid exhumation starting at 55-45 Ma (Stump and
Fitzgerald, 1992). This model has appeal, because the first
phase corresponds to Gondwana breakup (local separation
of New Zealand) and the second phase is a time of profound
global and South Pacific tectonic change (below). However,
close inspection of the data does not provide compelling evi-
dence for a discrete regional (rather than local) event before
80 Ma. Instead, the ages are broadly distributed across the
time interval 80-45 Ma (or even older) and thermal model
inversions produce results that are consistent with exhuma-
tion histories during that interval. The regional increase in
cooling rate within the Transantarctic Mountains at ca. 55-45
Ma is compelling, and hence an increase in exhumation rate
is inferred.

Byrd Subglacial Basin

South of the Ross Sea the Byrd Subglacial Basin is a region of
bedrock elevations below sea level, with some regions being
deeper than 1000 m below sea level (Lythe et al., 2001). The
basin is interpreted to be of rift origin and has only a thin (<1
km) sedimentary record imaged beneath the ice, but gravity
interpretations suggest localized narrow basins with up to 5
km of sediment (Behrendt et al., 1991; Anandakrishnan et
al., 1998; Studinger et al., 2001). Fission track data from the
southern Transantarctic Mountains (Scott Glacier) yield ages
in the range 120-60 Ma (Stump and Fitzgerald, 1992). The
Byrd Subglacial Basin has a similar width to the Ross Sea
(ca. 800 km) and is entirely ice-covered.

Thurston Island Region

The region of Antarctica from Thurston Island to the Antarc-
tic Peninsula has undergone a complex tectonic history since
Jurassic time (Dalziel and Elliot, 1982). Pre-Gondwanaland
breakup reconstructions must account for extensional basins,
such as the Byrd Subglacial Basin; dextral transpression
along the paleosubduction continental margin; and continu-
ity of geological characteristics (Storey and Nell, 1988; Sto-
rey, 1991; McCarron and Larter, 1998; Larter et al., 2002).
The relative magnitudes, timing, and spatial distribution of
dextral transpression and extension remain constrained by
only a small number of field observations due to extreme
remoteness and ice cover.

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

Summary of Test 1

The kinematic hypothesis predicts that 70 percent of exten-
sion in the Ross Sea occurred after 74 Ma, and that dextral-
oblique compression followed by extension occurred in the
Thurston Island region. I contend that both predictions are
consistent with local observations, but are not necessarily the
favored models of local workers. The initial phase is most
controversial, because there is so little geological evidence
for activity during this time. However, the syn-rift strata have
not been sampled and if a heating model were proposed to
explain the rift flank uplift (ten Brink et al., 1993), burial
rather than exhumation could be expected during the early
stages of rifting, which could explain the apatite fission track
results.

Test 2: South Pacific Plate Motions

43-0 Ma

Rifted boundaries in the southeast Indian Ocean (East Ant-
arctica-Australia) and south of New Zealand (ENZ-WNZ)
formed at about chron 20 (43 Ma) (Sutherland, 1995; Tikku
and Cande, 2000), after cessation of spreading in the Tasman
Sea (Australia-WNZ) (Gaina et al., 1998). Pacific-Marie
Byrd Land spreading is constrained by numerous magnetic
anomaly and fracture zone picks (Cande et al., 1995; Cande
and Stock, 2004). The “missing link” in this plate-motion
circuit (Figure 4) is rifting within Antarctica and formation
of seafloor in the Adare Basin (Cande et al., 2000). However,
the location of the pole of rotation that describes Antarctic
rifting is imprecisely constrained by this analysis, and a
rotation pole nearer to Antarctica has been suggested (Davey
et al., 2006). This paper uses a magnetic anomaly 13 plate-
motion circuit inversion and extrapolation to anomaly 20
(Cande et al., 2000); the model (Table 1; Figure 5) produces
rifting of only slightly decreased magnitude toward the east
(Figure 3).

56-43 Ma

This was a time of profound change throughout the Pacific
and Indian Oceans, and uncertainty surrounds the exact
nature and timing of these changes. One of the least affected
boundaries was that between East New Zealand and Marie
Byrd Land, where seafloor spreading continued with only
minor changes in direction and rate (Cande et al., 1995). The
Tasman Sea stopped opening at chron 24 (52 Ma) (Gaina et
al., 1998), but rapid divergence south of New Zealand (WNZ-
ENZ) and Australia did not start until ca. 43 Ma (Sutherland,
1995; Wood et al., 1996; Tikku and Cande, 2000). Analysis
of plate closure (Figure 5) during this interval is hampered by
the relatively short time interval; the possibility of intraplate
deformation within New Zealand, which was very close to
the instantaneous pole of ENZ-WNZ rotation after 43 Ma;
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FIGURE 4 The South Pacific plate-motion
circuit is the closed loop Australia-East
Antarctica-Marie Byrd Land (MBL)-
East New Zealand (ENZ)-West New Zea-
land (WNZ)-Australia. Bold lines show
active plate boundaries. Fine blue lines show
locations of significant boundaries during
the interval 74-0 Ma. TI = Thurston Island.

and the difficulty of interpretation of crust in the southeast
Indian Ocean.

74-56 Ma

This was a time of tectonic quiescence within New Zealand,
with the only records of tectonic activity coming from the
Taranaki Basin of central New Zealand, where very small
amounts of rifting are implied (King and Thrasher, 1996).
Therefore, the total motion through New Zealand is very sim-
ilar at 56 Ma and 74 Ma, and is well approximated by fitting
rift boundaries (ENZ-WNZ) (Figure 4) south of New Zea-
land (Sutherland, 1995). Tasman Sea spreading (Australia-
WNZ) is quantified by magnetic anomalies (Gaina et al.,
1998), as is ENZ-MBL spreading (Cande et al., 1995). It
is not clear that magnetic lineations in the southeast Indian
Ocean are isochrons, but detailed analyses and published
reconstructions exist (Tikku and Cande, 1999, 2000; Muller
et al., 2000). It is notable that substantial overlaps between
Tasmania and Wilkes Land region have been predicted by
some regional analyses (Tikku and Cande, 2000) and are
inconsistent with local restoration of seafloor (Royer and
Rollet, 1997; Tikku and Cande, 2000); this suggests some
internal deformation (extension) of either the Australian or
Antarctic plates, or the regional data are open to alternate
interpretation (Whittaker et al., 2007). Reconstructions of
seafloor older than 74 Ma in the southeast Indian Ocean,

and Australia-Antarctic continental geology, are achieved
with only a slightly larger plate movement and the Australia-
Antarctica boundary is relatively long, so the implications
for global plate motions are relatively small. During this
time, oblique convergence occurred adjacent to Thurston
Island and a subducting microplate, the Bellingshausen plate,
moved independently to Marie Byrd Land until ca. 60 Ma
(Stock and Molnar, 1987; Heinemann et al., 1999; Larter et
al., 2002). The tectonic model (Table 1; Figure 5) results in
acceptable plate closure for this time interval.

Test 3: Global Plate Motions Relative to Hotspots

With a model for intra-Antarctic motion (Table 1), it is
possible to compute the relative motion of the Pacific plate
relative to those in the African hemisphere by following
a path Africa-East Antarctica-Marie Byrd Land-East New
Zealand-Pacific (Cande et al., 1995; Nankivell, 1997; Cande
and Stock, 2004), assuming the motions of Table 1 and that
East New Zealand was fixed to the Pacific during this time.
Therefore, it is possible to rotate the African hotspot refer-
ence frame to Hawaii and account for predicted movement
of the Hawaii hotspot caused by mantle flow (Steinberger et
al., 2004). The results (Figure 6) reveal that inclusion of the
Antarctic deformation model (Table 1) produces a good fit
between observations and predictions.
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DISCUSSION OF THE ANTARCTIC
PLATE-MOTION MODEL

The kinematic model (Table 1) results in a much improved
fit to global observations of hotspots and it adequately closes
the South Pacific plate-motion circuit. I believe the model
to lie within the constraints of local observations from Ant-
arctica, but I accept that fine-tuning will be required as the
hypothesis is tested in detail. Specifically, it is likely that the
number of continental fragments will be increased and the
precise locations of the poles of the relative rotations that
describe their movements will be revised.

South Pacific reconstructions (Figure 5) place moder-
ately strong constraints on predicted movements between

FIGURE 6 Model positions of Emperor-Hawaii seamounts for
the time 0-74 Ma, based upon rotation of the African hotspot refer-
ence frame (Muller et al., 1993) and predicted movements of the
Hawaii hotspot (movement of the hotspot is shown in the Pacific
plate frame of reference; it is color-coded green-orange and tick
marks are shown at 10 Myr increments; and the two movement
lines were computed for models 2 and 3 below) (Steinberger et al.,
2004). From east to west the model assumptions are: (1) (dotted),
no relative hotspot motion and no intra-Antarctic motion; (2) (red),
Adare Basin motion 43-26 Ma (Cande et al., 2000) and hotspot
motion; (3) (yellow), hotspot motion and the intra-Antarctic issue
avoided by following a path through Australia before 50 Ma; (4)
(orange), hotspot motion and the Antarctic deformation model of
this paper (Table 1).

FIGURE 5 South Pacific tectonic reconstructions. See discussion
in text and animated version at http://www.gns.cri.nz/research/
tectonics.
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East Antarctica and Marie Byrd Land in the Ross Sea, and
to a lesser extent on the angle of rotation between East Ant-
arctica and Marie Byrd Land. Hotspot observations (ages and
positions of seamounts) place a moderately strong constraint
on the angle of rotation between East Antarctica and Marie
Byrd Land, because most hotspot chains are at middle or
low latitudes and the likely pole of intra-Antarctic rotation
is at high latitude.

Intra-Antarctic motion during the interval 74-56 Ma,
which is the most controversial part of the model, is plau-
sible because it connects a complex zone of rifting near the
Ross Sea (Figure 3) with a subduction boundary adjacent to
Thurston Island and the Antarctic Peninsula. Antarctica was
not an isolated continent surrounded by spreading ridges at
that time. It is possible that features such as the Iselin Trough
and Wilkes Basin also formed during this time interval
(Figure 3).

IMPLICATIONS FOR GLOBAL SUBDUCTION BUDGETS

The relative motions of oceanic plates in the Pacific hemi-
sphere can be determined from magnetic anomalies within
the Pacific, based upon the assumption of symmetric spread-
ing because conjugate crust has mostly been subducted
(Engebretson et al., 1985). The motion of the Pacific plate
relative to Africa can be computed from Table 1 and magnetic
anomalies in the southwest Indian Ocean (Nankivell, 1997)
and South Pacific (Cande et al., 1995; Larter et al., 2002;
Cande and Stock, 2004). Hence it is possible to compute the
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relative positions of Pacific hemisphere oceanic plates with
overriding plates that border the African hemisphere: South
America (Muller et al., 1993); India (Muller et al., 1993);
North America (Klitgord and Schouten, 1986; Muller et
al., 1990); and Eurasia (Lawver et al., 1990; Srivastava and
Roest, 1996; Rosenbaum et al., 2002). Hence, it is possible
to compute subduction histories.

Since the time of the Emperor-Hawaii bend at ca. 50
Ma (Sharp and Clague, 2006), there is fairly good agreement
within the published literature with estimates of relative and
absolute plate motions (Steinberger et al., 2004). However,
there is substantial disagreement before that (Raymond et
al., 2000; Tarduno et al., 2003; Steinberger et al., 2004).
Consequently, I focus here on the time interval 74-50 Ma.
Specifically, the plate pairs examined are Pacific-Eurasia,
Kula-North America, Farallon-North America, and Farallon-
South America (Figure 7). Two Antarctic models are used
(Figure 8): the preferred model is given in Table 1; the second
is the same, but assumes no intra-Antarctic motion during
the interval 74-44 Ma.

It is clear from Figure 8 that the model of Antarctic
motion is significant for the computation of global subduc-
tion rates and directions for the interval 74-50 Ma. The
preferred model (yellow, Table 1) predicts a hinge point,
where Pacific plate subduction rates were very low in south-
east Asia; this may have geodynamic significance, because
it is close to the southern limit of the plate boundary and
may represent a propagating system (perhaps similar to the
tectonic setting of the Scotia Sea today). Alternatively, it is

FIGURE 7 Simplified global plate tectonic reconstruction for 55 Ma.
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FIGURE 8 Model subduction directions, relative to the overriding major plate, and magnitudes during the interval 74-50 Ma. Red arrows
assume no intra-Antarctic deformation before 44 Ma and predict a more westward motion of oceanic plates than a model (yellow) with

Antarctic motion during 74-44 Ma (Table 1).

possible that a ridge has since been subducted and that a
remanent of the Izanagi plate, rather than Pacific plate, was
being subducted beneath Eurasia at that time (Whittaker et
al., 2007). Kula and Farallon subduction for the period 74-
50 Ma beneath North and South America, when computed
using the preferred Antarctic model, is rotated clockwise by
10-15° to an orientation more closely orthogonal to the mar-
gin, and has a rate that is ca. 15 percent higher at equatorial
latitudes. The increase in rate at equatorial latitudes results
from the additional intra-Antarctic rotation about a pole at
high latitude.

CONCLUSIONS

An hypothesis for the motion of Marie Byrd Land relative
to East Antarctica is presented. The model is shown to be
consistent with South Pacific plate motions and it provides
an improved global reconciliation of relative versus hotspot-
derived plate motions. While the proposed model is broadly
consistent with available observations from Antarctica, it
is inevitable that a more complex and precise model will
emerge as the hypothesis is tested in the future. However,
I conclude that South Pacific and global data constrain the
motion of Marie Byrd Land relative to East Antarctica to be
described by a rotation pole with high latitude and rotation
angles similar to those proposed. Such a model is plausible
because the proposed intracontinental plate boundary con-

nected active tectonic zones of rifting near the Ross Sea
(Figure 3) with a subduction boundary adjacent to Thurston
Island and the Antarctic Peninsula.

The key geographic connection that Antarctica pro-
vides between subducting oceanic plates of the Pacific with
diverging plates of the African hemisphere means that an
understanding of Antarctic deformation has significance for
both global geodynamics and for subduction-related geology
of the entire circum-Pacific.
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Antarctica and Global Paleogeography:
From Rodinia, Through Gondwanaland and Pangea, to the
Birth of the Southern Ocean and the Opening of Gateways

T. H. Torsvik,"? C. Gaina," and T. F. Redfield’

ABSTRACT

Neoproterozoic Rodinia reconstructions associate East Ant-
arctica (EANT) with cratonic Western Australia. By further
linking EANT to both Gondwana and Pangea with relative
plate circuits, a Synthetic Apparent Polar Wander (SAPW)
path for EANT is calculated. This path predicts that EANT
was located at tropical to subtropical southerly latitudes from
ca. 1 Ga to 420 Ma. Around 400 Ma and again at 320 Ma,
EANT underwent southward drift. Ca. 250 Ma Antarctica
voyaged briefly north but headed south again ca. 200 Ma.
Since 75 Ma EANT became surrounded by spreading centers
and has remained extremely stable. Although paleomagnetic
data of the blocks that embrace West Antarctica are sparse,
we attempt to model their complex kinematics since the
Mesozoic. Together with the SAPW path and a revised
circum-Antarctic seafloor spreading history we construct a
series of new paleogeographic maps.

INTRODUCTION

Antarctica is the world’s last discovered wilderness, still
relatively poorly mapped, and the only continent without
an indigenous human history. Excepting the very tip of the
Antarctic Peninsula, the bulk of the Antarctic land mass
lies south of the Antarctic circle, and is covered by ice on a
year-round basis. Constrained to isolated nunataks, mountain
chains, and coastal exposures, geological studies have been
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correspondingly limited in scope. Geophysical techniques
capable of resolving rock properties beneath the ice cover
have proved helpful to delineate the continent’s crustal struc-
ture, but often fail to shed light on Antarctica’s geotectonic
evolution. Thus, Antarctica remains the most geologically
unexplored continent.

Extending from the Ross to the Weddell Seas, the Trans-
antarctic Mountains (Figure 1) effectively divide Antarctica
into two geological provinces: cratonal East Antarctica
(EANT) and the collage of tectonic blocks that make up West
Antarctica (WANT). Possessed of a long, globetrotting his-
tory, portions of EANT can be traced to Rodinia and perhaps
even beyond. As a relative newcomer to the paleogeographic
parade, WANT comprises discrete tectonic blocks (Figure 1)
separated by rifts or topographic depressions.

Today the Antarctic plate is neighbored by six different
tectonic plates and almost entirely surrounded by spreading
ridges. This tectonic configuration has in part given rise to
Antarctica’s near-total Cenozoic isolation. Two important
hotspots (Kerguelen, Marion) lie within the Antarctic plate.
The Bouvet hotspot, which may have been responsible for
the catastrophic Karroo igneous outpouring in Jurassic time,
is now located near the AFR-SAM-ANT triple junction (Fig-
ure 2). In this review we outline the location of the world’s
fifth largest continent and its neighbors in space and time,
and present paleogeographic reconstructions for important
periods of assembly and breakup. We give a list of acronyms
used in Table 1.

EAST ANTARCTICA IN SPACE AND TIME

EANT comprises Archaean and Proterozoic-Cambrian ter-
ranes that amalgamated during Precambrian and Cambrian
times (Fitzsimons, 2000; Harley, 2003). Proterozoic base-
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FIGURE 1 Antarctic topography and
bathymetry. East Antarctica is subdivided
into four provinces (Lythe et al., 2000):
DML, LHB, RAY, and a large undivided
unit (EANT). West Antarctica consists of
five major distinctive terranes: AP (com-
prising Eastern-Central-Western domains:
ED-CD-WD), TI, FB, MBL, and EWM.
The three northern Victoria Land terranes
are grouped together (NVL). ROSS = ex-
tended continental crust between MBL and
EANT; TAM = Transantarctic Mountains
(red and black lines). Most of the circum-
Antarctic continent ocean boundaries (out-
ermost polygon boundaries) are the result
of nonvolcanic breakup except NW of
DML (volcanic; red line) and Western AP
(inactive trench, white and red lines) (see
Table 1 for more abbreviations).

ment provinces (Fitzsimons, 2003) link EANT and cratonic
Western Australia (WAUS, Australia west of the Tasman
line), and consequently all reconstructions of Rodinia asso-
ciate EANT (including the mostly unknown EANT shield)
with WAUS in Neoproterozoic time. By further linking
EANT to Gondwana at ~550 Ma, Pangea at ~320 Ma, and
breakup at ~175 Ma with relative plate circuits we are able
to construct a Synthetic Apparent Polar Wander (SAPW)
path for EANT (Figure 3) based on Australian paleomag-
netic data, Gondwana poles (550-320 Ma) (Torsvik and Van
der Voo, 2002), and a global data compilation for the last
320 million years describing Pangea assembly and breakup
(Torsvik et al., forthcoming). The SAPW path also includes
palacomagnetic data from EANT (listed in Torsvik and Van
der Voo, 2002) whenever considered reliable. Within error,
EANT poles match the SAPW path (Figure 3a).

The SAPW path (Table 2) predicts that a given location
in EANT (Figure 3b) was located at tropical to subtropical

0
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000l
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southerly latitudes from about 1 Ga to the Late Ordovician.
However, Precambrian data are sparse: This portion of the
SAPW path is based only on the ~1070 Ma Bangemall pole
(Wingate et al., 2002), the ~755 Ma Mundine pole (Wingate
and Giddings, 2000) and several ~600 Ma poles from WAUS.
During Late Ordovician and Silurian times (~450-400 Ma),
EANT drifted southward (8-11 cm/yr; latitudinal velocity
calculated from Figure 3b), followed by another phase of
southward drift during the Carboniferous (350-300 Ma; 6-11
cm/yr). The Permo-Triassic (300-200 Ma) was characterized
by northerly motion (~5 cm/yr); southerly drift (2-7 cm/yr)
again recommenced after 200 Ma. For the last 75 Ma, EANT
has remained extremely stable (~0.6 cm/yr) near the South
Pole.

EANT was located near the equator in the Early Paleo-
zoic (Figure 3b). Marine invertebrates flourished in tropical
seas and the continent hosted a varied range of climates,
from deserts to tropical swamps. Excepting a period of

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 2 Age of the ocean floor sur-
rounding Antarctica. White arrows show
“absolute” motion of some tectonic plates
based on a moving hotspot frame for the last
5 million years. Red circles denote hotspot
locations (BH = Bouvet; KH = Kerguelen;
MH = Marion; RH = Reunion; SH = St. Hel-
ena; TH = Tristan). Large igneous provinces
and other volcanic provinces (including
seaward-dipping reflectors) are shown in
brown and white. Active plate boundaries
shown in black (midocean ridges) and ex-
tinct midocean ridges in grey. Inset figure
shows isochrons based on present-day mag-
netic and gravity data. ScSea = Scotia Sea
(see Table 1 for more abbreviations).
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0 10 20 30 40 50 60 70 80 90 10001010 120 120 140 150 160 170130 190 200

northerly drift into temperate latitudes near the Triassic-
Jurassic boundary (~200 Ma), EANT has remained in polar
latitudes for the last 325 myr. Consequently, EANT has com-
monly been inundated by ice. However, the first recognized
Phanerozoic glacial event—the short-lived Late Ordovician
Hirnantian (ca. 443 Ma) glacial episode—occurred while
EANT occupied temperate latitudes. During this time, NW
Africa was located over the South Pole (Cocks and Torsvik,
2002). Conversely, during the Late Paleozoic glacial inter-
val, commencing in the Late Carboniferous and lasting for
almost 50 myr, the South Pole was located in EANT (Torsvik
and Cocks, 2004). These Permo-Carboniferous glaciations
resulted in deposition of widespread tills across South Pan-
gea (Gondwana).

WEST ANTARCTICA AND PALAEOMAGNETIC DATA

In contrast with the great lumbering elephant of continental
EANT, WANT comprises several distinct crustal blocks
(Dalziel and Elliot, 1982), with independent Mesozoic and
Cenozoic geotectonic histories (Figure 1). Because many
are inadequately sampled paleomagnetically, it is difficult
to portray their latitudinal story with great confidence.

Thus, we restrict our description and paleomagnetic analy-
sis (following the pioneering work of Grunow, Dalziel, and
coworkers) to the Antarctic Peninsula (AP), Thurston Island
(TT), and the Ellesworth-Whitmore Mountains (EWM). In
addition, relative movements between individual blocks or
vs. EANT (e.g., Jurassic poles in Figure 4a) are sometimes
only slightly greater than the resolving power of the paleo-
magnetic method.

AP has traditionally been treated as a single Mesozoic-to-
Cenozoic continental arc system formed above an eastward-
dipping paleo-Pacific subduction zone. Recent studies,
however, suggest that AP consists of three fault-bounded
terranes (WD, CD, and ED in Figure 1) that amalgamated in
Late Cretaceous (Albian) time (Vaughan and Storey, 2000;
Vaughan et al., 2002). However, for reasons of simplicity
we keep AP blocks together in our reconstructions. Jurassic
to Early Cretaceous (between 175 Ma and 140 Ma) paleo-
magnetic poles from AP differ from the EANT SAPW path
while Early Cretaceous (110 Ma) and younger poles overlap
within error (Figure 4a). The data are therefore compatible
with models that imply that AP moved away from EANT
between 175 and 140 Ma while undergoing slow clockwise
rotation (Weddell Sea opening at ~5 cm/yr) (Figure 4b) fol-
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TABLE 1 Commonly Used Abbreviations

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

AFR Africa plate

ANT Antarctic plate

AP Antarctic Peninsula (now part of WANT)

AUS Australia

DML Dronning Maud Land, includes the Grunehggna terrane (part of the Kapvaal Archean core of the Kalahari craton, and the Maud orogen and
perhaps part of the Coats Land crustal block) (now part of EANT)

EANT East Antarctica

EWM Ellesworth-Whitmore Mountains (now part of WANT)

FB Filchner Block (as defined by Studinger and Miller (1999), partly Coats Land cratonic block and partly extended and intruded “Afar
depression like” continental crust (Dalziel and Lawver, 2001) (now part of WANT)

FI Falkland Island (now part of SAM)

HG Haag (included in EWM)

LHB Liitzow-Holm Bay (now part of EANT)

KAL Kalahari (now part of SAFR)

MBL Marie Byrd Land (now part of WANT)

MEB Maurice Ewing Bank (now part of SAM)

NAZ Nazca plate

P Patagonia (now part of SAM)

PAC Pacific plate

RAY Raynor Province (now part of EANT)

SAFR South Africa

SAM South American plate

ScSea Scotia Sea

TI Thurston Island (now part of WANT)

WANT West Antarctica

WAUS Western Australia, Cratonic Australia west of the Tasman line (now part of AUS)

lowed by convergence (Weddell Sea partial subduction) and
clockwise rotation (~130-110 Ma) relative EANT (see also
Grunow, 1993).

TI has few exposures, but available data indicate that TI
was similar morphologically and tectonically to AP (Leat et
al., 1993). 110 and 90 Ma poles (Figure 4a) are grossly simi-
lar to those from AP and EANT. In our reconstructions (Table
3) (Grunow, 1993), TI follows the overall motion of the AP
blocks (see velocity pattern in Figure 4b). However, TI was
emplaced in its present position at the southern end of the AP
by some ~300 km dextral movement and several degrees of
clockwise rotation between 130 Ma and 110 Ma.

EWM is a displaced segment of the cratonic margin
(Schopf, 1969) whose past position is constrained by
Late Cambrian (e.g., Grunow et al., 1987; Randall and
MacNiocaill, 2004) and Jurassic paleomagnetic data (Grunow
et al., 1987) (Figure 4a). EWM was probably located in the
Natal Embayment of the African plate in Cambrian times
and underwent 90° counterclockwise rotation during Pangea
breakup. A 175 Ma pole (Figure 4a) from EWM overlaps
with a contemporaneous pole from AP (Figure 4a). However,
we keep EWM near EANT during Late Jurassic-Early Cre-
taceous times by interpolating its position with the ~175 Ma
pole and its current position fixed to EANT (here modeled
to 120 Ma). This implies ~1.3 cm/yr of sinistral movement
vs. EANT (Figure 4b).

A PALEOGEOGRAPHIC PARADE

Below we present eight paleogeographic maps from Neo-
proterozoic to Early Tertiary times. Global reconstructions
are based on relative fits and paleomagnetic APW paths
(Torsvik and Van der Voo, 2002; Torsvik et al., forthcoming),
upgraded with reconstruction parameters for Antarctica and
surrounding plates (Table 3). Paleomagnetism yields only
latitudes and plate rotations, but longitudinal uncertainty
can be minimized if the continent that has moved least in
longitude can be identified and is used for reference: Africa
is the best candidate (Burke and Torsvik, 2004). In order to
reconstruct the continents in the best possible “absolute”
manner we here use a hybrid reference frame based on merg-
ing an African mantle frame (O’Neil et al., 2005; Torsvik et
al., forthcoming) and a paleomagnetic reference frame (>100
Ma) back to the time of Pangea assembly (~320 Ma). The
paleomagnetic frame (110-320 Ma), calculated in African
coordinates, was adjusted 5° in longitude to correct for the
longitudinal motion of Africa during the past 100 Ma inferred
in the mantle reference frame. Reconstructions 250 Ma and
younger are therefore shown in a absolute sense with paleo-
longitudes and/or velocity vectors with respect to the Earth’s
spin axis. While it could prove possible to quantify uncertain-
ties in velocity vectors for the mantle frame (see O’Neil et
al., 2005), velocity vector uncertainties in the paleomagnetic
frame (110-320 Ma) cannot be quantified since we assume
“zero longitude” movement for Africa.
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FIGURE 3a Synthetic APW path for
EANT (Table 2, see text). Running mean
poles (20 Ma window; 10 Ma intervals) are
shown with A95 confidence circles (blue
color). We also show actual input poles
with dp/dm ovals (light brown) from EANT
that were included in the calculation of the
SAPW path.

Gondwana PM Australia PM

Mantle  Global PM

0 00 200 300 400 500 600 700 800 900 1000
Age (Ma)

FIGURE 3b Latitude for a geographic location (90°S) in EANT based on the SAPW path in Figure 3a. However, the last 100 Ma is calculated
from a moving hotspot frame. We show actual Phanerozoic latitudinal data from EANT (recalculated to 90°S) with error bars. Yellow stars
denote the times of reconstructions shown in the paper. PM = Palaeomagnetic data, and where the oldest section is based on paleomagnetic
data from cratonic WAUS, then mean data from Gondwana (550-320 Ma), and finally global data until 110 Ma.
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TABLE 2 Phanerozoic Synthetic Apparent Polar Wander
(SAPW) Path for EANT

Age (Ma) N A95 Lat. Long.
0 18 3.0 -87.8 308.3
10 30 2.5 -87.5 296.8
20 23 2.9 -86.1 307.4
30 18 2.7 -84.9 327.9
40 19 2.8 -85.3 326.6
50 27 2.5 -83.8 338.3
60 30 2.4 -84.4 010.3
70 20 2.6 -84.4 050.7
80 23 2.8 -87.8 010.3
90 27 2.6 -89.2 206.4
100 11 42 —-86.1 191.6
110 16 34 -78.2 181.4
120 24 2.3 -76.1 179.0
130 18 3.1 =753 179.1
140 10 5.6 -75.2 191.9
150 16 6.4 —69.6 224.3
160 14 6.0 —62.9 228.1
170 23 3.8 -57.5 222.5
180 26 3.6 -55.3 226.0
190 31 3.5 —=50.1 237.0
200 35 32 =519 243.9
210 32 2.7 -55.4 251.0
220 29 2.0 -58.5 257.8
230 28 2.6 —63.5 257.4
240 35 3.7 —=70.1 248.5
250 38 4.3 -73.8 231.9
260 26 4.8 =75.7 224.9
270 28 34 -81.4 226.3
280 57 2.4 -86.4 228.9
290 70 1.9 —-88.0 251.5
300 39 2.4 -89.6 074.2
310 20 4.8 -86.8 041.7
320 9 9.3 -81.4 358.9
330 4 9.7 -80.2 348.2
340, 350 1 —_ -38.2 035.2
360 5 12.5 -48.9 003.1
370 8 16.7 —49.0 007.7
380 5 35.1 —45.8 002.7
390 2 138.6 -36.4 348.7
400 1 — -33.9 017.6
440, 450 1 —_ -1.8 006.1
460 2 99.0 -23 019.1
470 5 13.8 —44 021.2
480 7 7.7 -11.3 024.4
490 7 12.7 -11.5 028.9
500 7 15.7 -16.6 022.2
510 9 7.6 -21.7 010.4
520 9 9.3 -20.0 007.8
530 8 13.7 -17.9 352.1
540 10 10.7 -17.7 328.6
550 7 14.1 -16.8 323.1

NOTE: N = number of poles; A95 =95 percent confidence circle; Lat., Long.
= mean pole latitude, longitude.
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FIGURE 4 (a) Jurassic-Cretaceous poles from AP, EWM, and
TI (mean poles with A95 ovals except 175 Ma EWM pole, dp/dm
ovals) (Grunow, 1993). We also show the timing of some large
igneous province events (red stars) that must have had an effect
on Pangea in general (C = Central Atlantic Magmatic Province) or
directly affected Antarctica and its margin (K = Karroo; M = Maud
Rise/Madagascar Ridge). (b) Velocity for TI (74°S, 248°E), AP
(72°8S, 290°E) and EWM (81°S, 271°E) relative to a fixed EANT.
Colored arrows show sense of rotation relative to EANT. Poles in
(a) are compared with the EANT SAPW path (yellow A95 ovals)
as in Figure 3a for the last 200 Ma, but fitted with small circles that
have RMS values less than 0.6°. Abrupt changes in the balance of
forces driving and resisting plate motions should be noticed in the
APW paths as cusps.

Rodinia

The identification of 1300-1000 Ma mountain belts
(Grenvillian, Sveconorwegian, and Kibaran) presently
located on different continents caused geologists of the
1970s to postulate a Precambrian supercontinent (e.g.,
Dewey and Burke, 1973). Thus, since the early 1990s, Pre-
cambrian reconstructions have consistently incorporated a
vaguely resolved Neoproterozoic supercontinent, Rodinia
(Hoffman, 1991; Dalziel, 1992, 1997; Torsvik et al., 1996)
(Figure 5), postulated to have amalgamated about 1.0 Ga
and to have disintegrated at around 850-800 Ma (Torsvik,
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TABLE 3 Important Relative Reconstruction Parameters

Discussed in the Text and Shown in Figures 5-9

Age Continents Lat. Long. Ang.

750-250 DML-KAL 10.5 148.8 -58.2
750-130 EANT-WAUS 11.1 -137.2 -29.7
750-250 EWM-KAL 56.8 -086.1 92.7
750-250 FI-KAL 31.6 164.8 -119.5
750-250 MEB-KAL 443 -032.6 58.9
750 MBL-EANT 68.4 023.9 57.1
250, 180 AP-EANT 72.3 086.8 -35.5
250-99 MBL-EANT 472 146.2 -3.0
250 EWM/FB-EANT 81.9 134.1 97.6
250 P-SAFR 47.5 -033.2 63

250, 180 TI-EANT 73.6 089.6 -49.2
180 EWM/FB-EANT 33.1 078.7 -9.0
180 FI-SAFR 32.2 164.0 -119.3
180 MEB-SAFR 44.9 -032.9 58.7
180 P-SAFR 47.5 -033.1 61.3
160 AP-EANT 23.9 -027.0 -11.9
160 EWM/FB-EANT 69.9 093.7 -23.5
160 P/FI/MEB-SAFR 47.5 -033.3 58.0
160 TI-EANT 60.3 -004.6 -20.6
130 AP-EANT 77.9 079.7 -16.4
130 EWM/FB-EANT 69.9 093.7 -5.9
130 P/FI/MEB-SAFR 48.5 -033.4 56.1
130 TI-EANT 74.6 102.1 =31.1
99 EANT-AUS 5.7 034.6 27.8
99 P/FI (SAM)-SAFR 56.0 -034.8 42.7
50 EANT-AUS 13.0 032.9 24.7
50 MBL-EANT 18.2 162.1 -1.7
50 SAM-SAFR 58.2 -031.2 20.5
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2003). However, despite exhaustive research for more than
15 years, including new paleomagnetic studies as well as
dating of mobile belts and rift sequences associated with
Rodinia’s breakup, the details of Rodinia remain obscure.
The paleolatitudes of only a few of Rodinia’s constituent
continents are known at any given time, and in addition to
nonconstrained longitudes, the hemispheric position of the
individual continents is uncertain.

In Rodinia times WAUS and EANT were clearly linked
as illustrated by the two-stage Albany-Fraser-Wilkes orogen
(1350-1260 Ma and 1210-1140 Ma) (red shading in Figure 5)
and also the older Mawson Craton (Fitzsimons, 2003). We do
not associate India with WAUS-EANT as portrayed in many
classic Rodinia reconstructions; rather, we consider them to
have amalgamated during Gondwana assembly (Fitzsimons,
2000; Torsvik et al., 2001; Torsvik, 2003; Meert, 2003;
Collins and Pisarevsky, 2005). The Napier Complex, LHR,
and RAY (currently part of EANT) probably belonged to
India prior to Pan-African collision (Figure 6).

Rodinia probably formed between 1100 Ma and 1000
Ma , and breakup probably occurred before 750 Ma. Rup-
ture may have commenced with the opening of an equato-
rial ocean between western Laurentia and WAUS-EANT.
Dronning Maud Land (DML; including the Grunehggna
terrane), and EWM (currently part of EANT and WANT)
were probably linked to Kalahari (South Africa) during the
Neoproterozoic (Figure 5).

NOTE: Lat., Long., Ang. = Euler pole latitude, longitude, angle. EWM, FB,
TI, and AP fixed to EANT from ca. 110 Ma. Fits derived from this study,
Dalziel (1997) (MBL), or interpolated from Grunow (1993) and Torsvik et
al. (forthcoming).

— e e

- fp_\ 1300-1000 Ma mobile belts. |
/,’_/_,..-H- il u mobile belis —

W Continents with paleomagnetic data .

South
China

I0°5
‘Rodinia’
{750 Ma |«

FIGURE 5 750 million year reconstruc-
tion of Rodinia just after breakup (“Ro-
dinia New” of Torsvik, 2003). Kalahari
(no paleomagnetic data) has been modified
to include DML, FI, MEB, and EWM.
Outline of the Albany-Fraser-Wilkes Oro-
gen (AFWO) in WAUS and EANT follows
Fitzsimmon (2003). Low-latitude position
of Tarim next to EANT and WAUS (Huang
et al., 2005) is problematic since it has to be
removed before collision with India. MBL
after Dalziel (1997). However, the location
and even existence of MBL at this time is
uncertain—oldest MBL rocks are Cambrian
but a Proterozoic basement age cannot be
excluded (Leat et al., 2005).
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FIGURE 6 Late Cambrian reconstruction
of Gondwana (inset globe) and a detailed
reconstruction of EANT, SAFR (Kalahari),
WAUS, India, and parts of present day
SAM (P, FI, MEB). Craton outlines and
orogenies mostly after Leat et al. (2005).
Position of EWM (Table 3) is based on
fitting Late Cambrian paleomagnetic data
within error to also allow space for a
smaller FB than of today. Terranes and
blocks in the Natal Embayment were not
affected by Pan-African deformation (see
Table 1 for more abbreviations).

Gondwana

Breakup of Rodinia and the subsequent formation of Gond-
wana at ~550 Ma were marked by protracted Pan-African
tectonism, one of the most spectacular mountain-belt build-
ing episodes in Earth history. Gondwana incorporated all of
Africa, Madagascar, Seychelles, Arabia, India and EANT,
most of South America and AUS, and probably some WANT
blocks (EWM, FB?). The surface area of Gondwana totaled
95 x 10° km?, some 64 percent of today’s landmasses or
19 percent of the Earth’s surface (Torsvik and Cocks,
forthcoming).

In the Late Cambrian, Gondwana (Figure 6, inset globe)
stretched from polar (NW Africa) to subtropical northerly
latitudes (AUS). EANT covered equatorial to subtropical
southerly latitudes. As most reconstructions, we show the
Falklands Islands (FI), the Maurice Ewing Bank (MEB), the
EWM and FB block located near South Africa, and DML
(Figure 6) (Table 3)—the Natal Embayment. The FI block
was situated within a ca. 1.1 Ga orogen that also included

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

- ‘Pan-African’ orogenies

@Eanrmmul! Proferozoic orogenies
el Kitsaemn-Grerwillan-Sveconorweghn

- Archaean/Early Proterozodc cratons

the Namaqua-Natal belt (SAFR) and the Maudheim province
(DML). We further infer that the EWM terrane belonged to
this province (Leat et al., 2005), and we associate all of the
above terranes and blocks with Kalahari in Rodinia times
(Figure 5). EWM basement is not exposed but ~1.2 Ga
Grenvillian Haag Nunataks gneisses (Millar and Pankhurst,
1987) are considered to underlie it (Figures 5 and 6). Paleo-
magnetic (e.g., Randall and MacNiocaill, 2004), structural
and stratigraphic data have been used to argue that EWM was
situated near Coats Land (DML) until the Jurassic. In our
slightly modified EWM fit (Figure 6) (Table 3) we maintain
a similar connection until the early Jurassic (~200 Ma). We
allow space for a slightly smaller FB than of today by assum-
ing later Mesozoic extension.

The Pan-African orogenies that stabilized EANT took
place in two main zones (Figure 6): (1) in a broad region
between the Shackleton Range, the Bunger Hills caused
by collision with South Africa (including the Kalahari and
Grunehggna cratons, now part of EANT), and India (includ-
ing the Napier Complex), and (2) along the Transantarctic
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Mountains (Ross Orogeny), still active in Late Cambrian
times (Leat et al., 2005, and references therein). The hub of
Pan-African metamorphism between East Africa and EANT
(~580-550 Ma) (Jacobs and Thomas, 2004) is exposed in
DML. Conversely, blocks in the adjoining Natal Embayment
(e.g., EWM) (Figure 6) escaped both the East Africa-EANT
and Ross orogens. Curtis (2001) suggested rifting along
the Paleo-Pacific margin, otherwise characterized by active
subduction, while Jacobs and Thomas (2004) argued for a
lateral-escape scenario.

Pangea

From ~320 Ma onward Gondwana, Laurussia, and inter-
vening terranes merged to form the supercontinent Pangea.
Pangea’s main amalgamation occurred during the Carbonif-
erous, but Pangea’s dimensions were not static. Some con-
tinents were subsequently added along the supercontinent
margins, and others rifted away (e.g., opening of Neotethys
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FIGURE 7 (a) 250 Ma reconstruction.
Black thick line denote the Permian-Early
Mesozoic Gondwanide orogen (Dalziel and
Grunow, 1992). PM = Pensacola Mountains
(EANT); CL = Coats Land (DML). (b) 180
Ma reconstruction with distribution of the
ca. 179-184 Ma Karroo and Ferrar volcanic
provinces (LIPs) in SAFR, FI, and EANT
and the silicic Chon Aike province (188-153
Ma) located to SAM (P), AP, EWM, and
TI (Pankhurst et al., 2000). BH = Bouvet
hotspot. White arrows denote absolute
plate motion vectors. Mean plate velocities
indicated for EANT and Patagonia (P) in
(b). The background grid images represent
structures in the lower mantle that are long-
lived and at regular intervals give rise to
plumes and plume-related LIPs (Torsvik et
al., 2006). The thick background red line in
these images is the potential plume genera-
tion zone (e.g., underlying Bouvet in [b])
(see Table 1 for more abbreviations).

in Figure 7a) during the Late Paleozoic-Early Mesozoic
(Torsvik and Cocks, 2004). Permo-Triassic structures in
South America (Argentina), South Africa (Cape Fold Belt),
FI, EWM, and ANT (Pensacola Mountains) suggest that
an enigmatic Gondwanide orogen (Figure 7a) may have
developed in response to subduction-related dextral com-
pression along the convergent SW margin of Gondwana
(Johnston, 2000).

Most plate tectonic models assume that the FI block
originated off the SE coast of Africa and subsequently
rotated ~180° from its current orientation in the Jurassic
(e.g., Adie, 1952; Marshall, 1994; Dalziel and Lawver,
2001). This is required both by paleomagnetic data (e.g.,
Mitchell et al., 1986) from Jurassic dykes (Karroo aged)
and by excellent correlations between the basement and the
overlying Middle and Late Paleozoic strata of South Africa
with the stratigraphy of the FI (Marshall, 1994). Restoration
to a position adjacent to SE Africa is also suggested by the
structural correlation of the eastern Cape Fold Belt with fold

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

134

and thrust trends on the Falklands (Figure 7a). The collective
data demand that FI have rotated nearly 180°. However, the
timing (modeled here between 182 Ma and 160 Ma) and the
exact processes responsible for this during separation from
southeast Africa remain unclear. The anticlockwise rotation
of EWM relative to EANT would be even more difficult
to explain if we took into account the presence of another
continental crustal block, the Filchner Block (FB) (as defined
by Studinger and Miller, 1999) thought to comprise cratonic
blocks (Coats Land) and extended continental crust and not
oceanic crust.

Pangea ruptured during the Jurassic, preceded by and
associated with widespread magmatic activity, including
the Karroo flood basalts and related dyke swarms in South
Africa and the FI, and the Ferrar province in EANT (Figure
7b). The initial catastrophic outpouring of this deep plume-
related LIP event (Torsvik et al., 2006), possibly linked to
the Bouvet hotspot, probably triggered the Toarchian (183
+ 1.5 Ma) global warming event (Svensen et al., 2007).
Karroo and Ferrar magmatism partly coincided with the
more prolonged Chon Aike rhyolite volcanism (Figure 7b),
and subduction-related magmatism along the Proto-Pacific
margin of Gondwana (Rapela et al., 2005).

Absolute plate motions (Figure 7) show a change from
northeast (250 Ma) through southwest (180 Ma) to southward
motion from 170 Ma until the end of the Jurassic. A near 90°
cusp in the SAPW path (Figure 4a) at around 170 Ma docu-
ments an abrupt change in plate driving forces. Unless caused
by true polar wander we tentatively link this plate change to
a combination of plume activity impinging the south Pangea
lithosphere and subduction rollback. Because the subduction
angle varied greatly, rollback must have been differential.
Thus, we infer Patagonia (P) experienced a strong rollback
effect, which we model (Figure 7a) with an offset of about
600 km compared to the present-day location in SAM. In our
reconstructions SAM is broken into several discrete blocks
whose borders behave as plate boundary scale deformation
zones. This is necessary to understand and to reconstruct not
only the FI drift story but also the Cretaceous opening history
of the South Atlantic.

CIRCUM-ANTARCTIC SEAFLOOR SPREADING SINCE
THE LATE JURASSIC

Preserved oceanic crust characterized by distinctive mag-
netic and gravity signatures allows us to reconstruct the age
and extent of oceanic crust through time. However, subduc-
tion, complex seafloor spreading or massive volcanism can
destroy or overprint this structure. In such cases geological
and geophysical data from continental area are the only con-
straints for plate reconstructions. In the following we present
circum-Antarctic reconstructions that take into account both
continental and oceanic area evidences of plate motions.
For oceanic areas we show the oceanic paleo-age modeled
according to magnetic and gravity data of the preserved crust.
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FIGURE 8 Oceanic paleo-age grids and reconstructed continental
blocks of Gondwana at 160 Ma and 130 Ma. Continental blocks:
CP = Campbell Plateau; M = Madagascar (see Table 1 for more ab-
breviations). Oceanic plates: FAR = Farallon; IZA = Izanaghi, PAC
= Pacific; PHX = Phoenix. Oceanic basins: ThO-Neotethys, PPAC =
Paleo-Pacific oceans, Wsea = Weddell Sea, RLSea = Riiser-Larsen
Sea; MB = Mozambique basin; EB = Enderby Basin; PAP = Perth
Abyssal Plain. Hotspots: BH = Bouvet, MH = Marion. XR indicates
location of extinct ridges, toothed grey lines show location of sub-
duction, thick white arrows between southern block of SAM and FB
indicate extension. Red arrows indicate first Gondwana breakup in
the RLSea. Absolute motion vectors shown as white lines. WANT
blocks are connected by uncertain crust type (light brown color);
this can be extended continental crust or oceanic crust that has sub-
sequently been subducted or obducted. Inset figures show isochrons
based on present-day magnetic and gravity data.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

TORSVIK ET AL.

In the case of a single preserved flank we assume symmetric
spreading, and in the case of restoring complete oceanic
basins, we assume symmetric spreading and rates according
to the distances between the two margins whose locations
are established by independent data (i.e., not oceanic crust
data).

Our reconstructions show vectors of motions for the
major continents, which are based on stage poles that
indicate the average motion between the continent and
underlying mantle for the last 5 million years before the age
of the reconstruction. These stage poles are based on our
hybrid reference frame and global plate circuit (Torsvik et
al., forthcoming) that include finite rotation poles between
tectonic plates inferred both quantitatively and qualitatively,
based on paleomagnetic data, magnetic and gravity data,
and geological data. Due to the complexity of the database,
plate circuits, and range of errors involved in our analysis, a
method to quantify the resulting errors of our motion vectors
is not yet developed, but an estimation of several degrees are
expected for a direction deviation.

Isotopic ages of rocks from the southernmost Andes
and South Georgia Island, North Scotia Ridge revealed that
the formation of oceanic crust in the Weddell Sea region
occurred by the Late Jurassic (150 = 1 Ma) (Mukasa and
Dalziel, 1996), but interpretation of new geophysical data
indicates that Gondwana breakup probably commenced in
the Weddell Sea (Figure 8) at ~160 Ma and propagated clock-
wise around ANT (Ghidella et al., 2002; Jokat et al., 2003;
Konig and Jokat, 2006). Early AFR-ANT spreading offshore
DML has been dated to ~153 Ma (M24) in the Lazarev and
Riiser-Larsen Seas (Roeser et al., 1996; Jokat et al., 2003).
A new model for the early Indian-ANT spreading system
in the Enderby Basin (Figure 8) places the onset of seafloor
spreading at ~130 Ma (M9) (Gaina et al., 2003, 2007), con-
sistent with the opening history between India and AUS in
the Perth Abyssal Plain.

Early AUS-ANT spreading east of the Vincennes Frac-
ture Zone (~105°E) has been identified by a Late Cretaceous
ridge system between Chron 34 (~83.5 Ma) and 31 (~71 Ma)
(Tikku and Cande, 1999). In the south Tasman Sea between
eastern AUS and the Lord Howe Rise and New Zealand,
seafloor spreading began in the late Cretaceous (~83.5 Ma).
Spreading propagated northward to the Coral Sea in the
Tertiary, terminating at ~52 Ma (Gaina et al., 1998). Seafloor
spreading east of AUS is combined with models that include
incipient motion between EANT and WANT (Cande et al.,
2000; Stock and Cande, 2002; Cande and Stock, 2004).

The evolution of the South Pacific region (Eagles et
al., 2004) has been supplemented with reconstructed sea-
floor formed in the Pacific realm and subducted beneath
WANT. The configuration of these “synthetic plates” was
established on the basis of preserved magnetic lineations,
paleogeography, regional geological data, and the rules of
plate tectonics.
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Gondwana Breakup

Long-lived subduction in the southern Pacific realm facili-
tated the amalgamation and accretion of several terranes
to westernmost ANT (Vaughan and Storey, 2000). Recent
geophysical data and models propose that extension between
different continentally affiliated blocks of WANT achieved
high degrees of extension but did not develop into seafloor
spreading. Rotation, local subduction, and back-arc spread-
ing may first have displaced and later reamalgamated AP
blocks (Vaughan et al., 2002).

It has proved difficult to reach a consensus between
motion described by paleomagnetic data and other geological
and geophysical evidence. We therefore treat the Mesozoic
WANT domain as a collection of island arc and continental
blocks in a matrix of extended or not well-defined crust until
61 Ma (i.e., when extension between EANT and WANT
commenced) (Cande and Stock, 2004). Seafloor spreading
in the Pacific region has been quantified using the oldest
preserved magnetic anomalies that describe the relative
motion between the nascent Pacific plate and neighboring
Izanagi (completely subducted under Eurasia), Farallon (par-
tially subducted under North America) and Phoenix (almost
completely subducted under WANT, SAM, and AUS) plates.
Most of the conjugate plates are now completely subducted
and thus we assume symmetric seafloor spreading.

Late Jurassic and Early Cretaceous motion vectors show
a general southward trend (Figure 8) that we attribute to
subduction rollback. Africa and South America moved more
slowly than the block formed by EANT, India, Seychelles,
Madagascar, and AUS. Consequently, seafloor spreading
started to develop between these two sub-blocks of Gond-
wana in the Weddell Sea, Riiser-Larsen Sea, Mozambique,
and Somali basins. Konig and Jokat (2006) proposed that a
long phase of extension and rifting took place in the southern
Weddell Sea before the onset of seafloor spreading dated
around 147 Ma (M20). Older magnetic anomalies have been
identified in the Riiser-Larsen Sea (M24 at ~154 Ma) by
Roeser et al. (1996), who consequently proposed ~165 Ma
breakup time between EANT and Africa. At the same time,
the southern Lazarev Sea (described as a continental margin)
was affected by multiple rifting episodes accompanied by
transient volcanism (Hinz et al., 2004).

Our 160 Ma reconstruction (Figure 8) shows the Bouvet
plume located at the boundary between EANT and Africa.
Although plume-related breakup is controversial, this recon-
struction reinforces a possible relationship between breakup,
seafloor spreading, and volcanism initiated at the Explora
Wedge. This may also explain the multiple rift relocation in
the southern Riiser-Larsen Sea and early seafloor spreading
that later propagated west into the Weddell Sea.
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130 Ma—Eastward Propagation of Seafloor Spreading:
Antarctica-India-Australia Breakup

During the mid-Cretaceous, seafloor spreading propagated
eastward from the Riiser-Larsen Sea to the Enderby basin
between EANT and India (Gaina et al., 2007). At the same
time, India broke off from Australia (Figure 8), forming
ocean basins west of Australia (Perth, Cuvier, and Gas-
coyne abyssal plains) (Mihut and Miiller, 1998; Heine et
al., 2004).

It is unclear what triggered this event. The earliest mag-
matic activity in the Kerguelen area is dated to ca. 118 Ma
(Frey et al., 2000; Nicolaysen et al., 2001) and the EANT
margin in the Enderby basin is a nonvolcanic margin. Mag-
matic activity, however, did occur further to the west (i.e.,
the ~125 Ma Maud Rise LIP) (offshore DML and EANT)
(Torsvik et al. 2006). We link this event with Bouvet hotspot
activity (Figure 8, ~130 Ma).

Motion vectors for the Indian-Madagascar-Seychelles
triplet at 130 Ma (Figure 8b) show rapid northward move-
ment. We speculate that a possible Tethyan ocean ridge
subduction under Eurasia caused the acceleration of India
and also a southward ridge jump north of India and north-
west of Australia (Heine et al., 2004). A significant cusp
(>90°) is recognized in the SAPW path at around 130 Ma
signifying a major change in plate driving forces for EANT.
Initial exhumation of the Transantarctic Mountains may have
begun at this time in the Scott Glacier region (Fitzgerald and
Stump, 1992), suggesting onset of extension between EANT
and WANT.

99 Ma—Abrupt Change in Relative Velocity

A dramatic acceleration of the Indian (and AFR) plate modi-
fied the seafloor spreading geometry north of Enderby Land
and west of AUS (Miiller et al., 2001). At the same time,
the Pacific plate swerved and accelerated (Veevers, 2000)
bringing long-lived subduction under the Australian and New
Zealand plates to a halt (Figure 9). Transtensional regimes
that followed this change in the Pacific plate motion led to
the opening of the Tasman Sea east of AUS (Gaina et al.,
1998) and rifting of the Chatham Rise, Campbell Plateau
(and South New Zealand) from the MBL block (Cunningham
et al., 2002). It is noteworthy that increased spreading rates
between EANT and India (AFR), from ~3 cm/yr at 100 Ma
to ~7 cm/yr at 90 Ma (Figure 10), was not associated with
any abrupt changes in the SAPW path (Figure 4a).

50 Ma—~Major Change in Plate Driving Forces as a
Precursor to Opening of Oceanic Gateway

While related to plume drift as opposed to a change in plate
motion, the bend in the Hawaiian-Emperor (recently revised
from 43 Ma to 48 Ma) (Sharp and Clague, 2006) apparently
does reflect a major tectonic event that affected much of the
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Circum-Pacific realm. Besides the inception of rapid north-
ward drift of the Australian plate that caused rapid accretion
of oceanic crust on the EANT plate, a major plate tectonic
reorganization has been recently reported between Australia
and Antarctica (Whittaker et al., 2007). This major event
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FIGURE 9 Paleo-age for reconstructed oceanic crust at 99 Ma and
50 Ma. Oceanic basins. IND = Indian, SATL = South Atlantic; SOC
= Southern Ocean; AT = Adare Trough, ST = South Tasman; DP =
Drake Passage. The Southern Hemisphere ocean gateways opened
at around 33 Ma and 30 Ma, respectively. Inset figures show iso-
chrons based on present-day magnetic and gravity data (see Figure
8 and Table 1 for explanation of abbreviations).
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(perhaps even global) that coincides with the Hawaiian-
Emperor bend time was correlated to the subduction of
the Pacific-Izanagi active spreading ridge and subsequent
Mariana-Tonga-Kermadec subduction initiation (Whittaker
et al., 2007).

Relative extension between EANT and WANT com-
menced in the Late Cretaceous-early Tertiary, but oceanic
crust between these two plates was formed only between 45
Ma and 30 Ma in the Adare Trough of the Ross Sea (Cande et
al., 2000) (Figure 9). Rapid extension-related exhumation of
the Transantarctic Mountains (TAM) at ~55 Ma is well docu-
mented (Fitzgerald and Gleadow, 1988; Fitzgerald, 2002),
but the cause of this uplift is still unresolved. Two competing
hypotheses seem pertinent: Fitzgerald et al. (1986) suggested
a classic asymmetric extension process, while Stern and ten
Brink (1989) proposed an elegant model based on the flexural
up-warp of a broken, thin lithospheric plate. To date, neither
model has been validated nor shown to be wrong. We sug-
gest here that one “shoe” does not necessarily need to fit all:
the Stern and ten Brink model (1989) appears to apply well
to the Ross Sea sector of the range, outboard of the Wilkes
subglacial basin, but may perhaps fit less well in the southern
portion of the range. There the sub-ice surface inboard of the
TAM achieves greater elevation, and the flexural profile fails.
In this region an alternative mechanism—perhaps similar to
the one proposed by Fitzgerald et al. (1986)—may become
dominant.

In middle to late Eocene times relative motion between
microcontinents south and west of Tasmania and the final
detachment from ANT led to opening of the first circum-
Antarctic oceanic gateway (South Tasman), causing radical
changes in oceanic circulation patterns (Brown et al., 2006).

AUS, India, and SAFR vs. EANT.
Pre-drift extension

By the dawn of the Oligocene (~33.5 Ma) (Exon 2002) the
gateway reached full marine conditions. Seafloor spreading
in the Drake Passage and Scotia Sea region is generally con-
sidered to have commenced before 26 Ma (Barker, 2001) or
29.7 Ma (Eagles and Livermore, 2002).

EPILOGUE

Far from static, Antarctica has traveled long distances, in
both space and time. The most ancient fragments once
basked beneath a tropical Precambrian sun, in communion
with cratonic West Australia and enveloped in a loosely
defined supercontinent, Rodinia. Playing an active role in
Rodinia breakup and Gondwana assembly at the dawn of
the Paleozoic, Antarctica commenced a long southward drift
in Late Ordovician time. During the transit to its present
polar position, Antarctica participated in the assembly of
yet another supercontinent, Pangea. Jurassic and subsequent
divorces left Antarctica surrounded by spreading ridges and
marine circum-Antarctic gateways at the beginning of the
Oligocene. Once the queen of the continental cotillion, Ant-
arctica has danced away from the heart of it all to a splendid,
ice-bound isolation at the bottom of the world—truly the
Last Place on Earth.

ACKNOWLEDGMENTS

This paper was funded by the Geological Survey of Norway, the
Norwegian Research Council, and StatoilHydro (PETROMAKS
Frontier Science and Exploration no. 163395/S30). Reviewers
Ian Dalziel, John Gamble, and Steve Cande are thanked for
valuable comments.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

138

REFERENCES

Adie, R.J. 1952. The position of the Falkland Islands in a reconstruction of
Gondwanaland Geological Magazine 89:401-410.

Barker, P. F. 2001. Scotia Sea regional tectonic evolution: Implications for
mantle flow and palaeocirculation. Earth Science Reviews 55:1-39.
Brown, B., C. Gaina, and R. D. Muller. 2006. Circum-Antarctic palaeo-
bathymetry: Illustrated examples from Cenozoic to recent times. Palaeo-

geography, Palaeoclimatology, Palaeoecology 231:158-168.

Burke, K., and T. H. Torsvik. 2004. Derivation of large igneous provinces
of the past 200 million years from long-term heterogeneities in the deep
mantle. Earth and Planetary Science Letters 227:531-538.

Cande, S. C., and J. M. Stock. 2004. Pacific-Antarctic-Australia motion and
the formation of the Macquarie Plate. Geophysical Journal International
157:399-414.

Cande, S. C., J. Stock, R. D. Miiller, and T. Ishihara. 2000. Cenozoic motion
between East and West Antarctica. Nature 404:145-150.

Cocks, L. R. M., and T. H. Torsvik. 2002. Earth Geography from 500 to 400
million years ago: A faunal and palaeomagnetic review. Journal of the
Geological Society of London 159:631-644.

Collins, A. S, and S. A. Pisarevsky. 2005. Amalmagating eastern Gond-
wana: The evolution of the Circum-Indian Orogens. Earth Science
Reviews 71:229-270.

Cunningham, A.P., R. D. Larter, P. F. Barker, K. Gohl, and F. O. Nitsche.
2002. Tectonic evolution of the Pacific margin of Antarctica. 2. Structure
of Late Cretaceous-early Tertiary plate boundaries in the Bellingshausen
Sea from seismic reflection and gravity data. Journal of Geophysical
Research 107, doi:10.1029/2002JB001897.

Curtis, M. L. 2001. Tectonic history of the Ellesworth Mountains, West
Antarctica: Reconciling a Gondwana enigma. Geological Society of
America Bulletin 113:939-958.

Dalziel, I. W. D. 1992. On the organization of American plates in the Neo-
proterozoic and the breakout of Lauretia. GSA Today 2:237-241.

Dalziel, I. W. D. 1997. Neoproterozoic-Paleozoic geography and tectonics:
Review, hypothesis, environmental speculation. Geological Society of
America Bulletin 109:16-42.

Dalziel, I. W. D., and D. H. Elliot. 1982. West Antarctica: Problem child of
Gondwanaland. Tectonics 1:3-19.

Dalziel, I. W. D., and A. M. Grunow. 1992. Late Gondwanide tectonic rota-
tions within Gondwanaland. Tectonics 11:603-606.

Dalziel, I. W. D., and L. S. Lawver. 2001. The lithospheric setting of the west
Antarctic ice sheet. In The West Antarctic Ice Sheet; Behavior and Envi-
ronment, eds. R. B. Alley and R. A. Bindschadler. Antarctic Research
Series 77:29-44. Washington, D.C.: American Geophysical Union.

Dewey, J. F., and K. Burke. 1973. Tibetan, Variscan and Precambrian base-
ment reactivation: Products of continental collision. Journal of Geology
81:683-692.

Eagles, G., and R. A. Livermore. 2002. Opening history of Powell Basin,
Antarctic Peninsula. Marine Geology 185:195-205.

Eagles, G., K. Gohl, and R. D. Larter. 2004. High resolution animated recon-
struction of the South Pacific and West Antarctic margin. Geochemistry,
Geophysics, Geosystems 5:Q07002, doi:10.1029/2003GC000657.

Exon, N. 2002. Drilling reveals climatic consequence of Tasmanian Gate-
way opening. Eos Transactions of the American Geophysical Union
83:253-259.

Fitzgerald, P. 2002. Tectonics and landscape evolution of the Antarctic
plate since the breakup of Gondwana, with an emphasis on the West
Antarctic Rift System and the Trans Antarctic Mountains. In Antarctica
at the Close of a Millennium. Royal Society of New Zealand Bulletin
35:453-469.

Fitzgerald, P. G., and A. J. W. Gleadow. 1988. Fission track geochronology,
tectonics and structure of the Transantarctic Mountains in Northern
Victoria Land, Antarctica. Isotope Geoscience 73:169-198.

ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

Fitzgerald, P. G., and E. Stump 1992. Early Cretaceous uplift in the south-
ern Sentinel Range, Ellsworth Mountains, West Antarctica. In Recent
Progress in Antarctic Earth Science, eds. Y. Yoshida, K. Kaminuma, and
K. Shiraishi, pp. 331-340, TERRAPUB, Tokyo.

Fitzgerald, P. G., M. Sandiford, P. J. Barrett, and A. J. W. Gleadow.
1986. Asymmetric extension associated with uplift and subsidence of
the Transantarctic Mountains. Earth and Planetary Science Letters
81:67-78.

Fitzsimons, I. C. E. 2000. Grenville-age basement provinces in East
Antarctica: Evidence for three separate collision orogens. Geology
28:879-882.

Fitzsimons, I. C. E. 2003. Proterozoic basement provinces of southern
and southwestern Australia, and their correlations with Antarctica. In
Proterozoic East Gondwana: Supercontinent Assembly and Breakup,
eds. M. Yoshida, B. F. Windley, and S. Dasgupta. Geological Society of
London Special Publication 206:93-130.

Frey, F. A., M. F. Coffin, P. J. Wallace, D. Weis, X. Zhao, S. W. Wise, Jr., V.
Waehnert, D. A. H. Teagle, P. J. Saccocia, D. N. Reusch, M. S. Pringle,
K. E. Nicolaysen, C. R. Neal, R. D. Miiller, C. L. Moore, J. J. Mahoney,
L. Keszthelyi, H. Inokuchi, R. A. Duncan, H. Delius, J. E. Damuth, D.
Damasceno, H. K. Coxall, M. K. Borre, F. Boehm, J. Barling, N. T.
Arndt, and M. Antretter. 2000. Origin and evolution of a submarine large
igneous province; the Kerguelen Plateau and Broken Ridge, southern
Indian Ocean. Earth and Planetary Science Letters 176:73-89.

Gaina, C., D. R. Miiller, J.-Y. Royer, J. M. Stock, J. L. Hardebeck, and P.
Symonds. 1998. The tectonic history of the Tasman Sea; a puzzle with
13 pieces. Journal of Geophysical Research 6:12413-12433.

Gaina, C., R. D. Miiller, B. Brown, and T. Ishihara. 2003. Microcontinent
formation around Australia. In Evolution and Dynamics of the Aus-
tralian Plate, eds. R. R. Hills and R. D. Miiller. Geological Society of
Australia Special Publication 22 and Geological Society of America
Special Paper 372:405-416.

Gaina, C., R. D. Miiller, B. Brown, T. Ishihara, and K. S. Ivanov.
2007. Breakup and early seafloor spreading between India and
Antarctica. Geophysical Journal International, doi:10.1111/j.1365-
246X.2007.03450.x.

Ghidella, M. E., G. Ydbez, and J. LaBreque. 2002. Raised tectonic implica-
tions for the magnetic anomalies of the western Weddell Sea. Tectono-
physics 347:65-86.

Grunow, A. M. 1993. New paleomagnetic data from the Antarctic Penin-
sula and their tectonic implications. Journal of Geophysical Research
98:13815-13833.

Grunow, A. M., 1. W. D. Dalziel, and D. V. Kent. 1987. Ellsworth-Whitmore
Mountains crustal block, western Antarctica: New paleomagnetic results
and their tectonic significance. In Gondwana Six: Structure, Tectonics
and Geophysics, ed. G. D. McKenzie, American Geophysical Union
Geophysical Monograph 40:161-172.

Harley, S. L. 2003. Archaean-Cambrian crustal development of East
Antarctica: Metamorphic characteristics and tectonic implication. In
Proterozoic East Gondwana: Supercontinent Assembly and Breakup,
eds. M. Yoshida, B. F. Windley, and S. Dasgupta. Geological Society of
London Special Publication 206:203-230.

Heine, C., R. D. Miiller, and C. Gaina. 2004. Reconstructing the Lost Eastern
Tethys Ocean Basin: Convergence history of the SE Asian margin and
marine gateways. In Continent-Ocean Interactions in Southeast Asia,
eds. P. Clift, D. Hayes, W. Kuhnt, and P. Wang. American Geophysical
Union Geophysical Monograph 149:37-54.

Hinz, K., S. Neben, Y. B. Gouseva, and G. A. Kudryavtsev. 2004. A compila-
tion of geophysical data from the Lazarev Sea and the Riiser-Larsen Sea,
Antarctica. Marine Geophysical Researches 25:233-245.

Hoffman, P. F. 1991. Did the breakout of Laurentia turn Gondwana inside
out? Science 252:1409-1411.

Huang, B., B. Xu, C. Zhang, Y. Li, and R. Zhu. 2005. Paleomagnetism of
the Baiyisi volcanic rocks (ca. 740 Ma) of Tarim, Northwest China: A
continental fragment of Neoproterozoic Western Australia. Precambrian
Research 142:83-92.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

TORSVIK ET AL.

Jacobs, J., and R. J. Thomas. 2004. Himalayan-type indenter-escape tecton-
ics model of the southern part of the late Neoproterozoic-early Paleozoic
East African-Antarctic orogen. Geology 32:721-724.

Johnston, S. T. 2000. The Cape Fold Belt and Syntaxis and the rotated
Falkland Islands: Dextral transpressional tectonics along the southwest
margin of Gondwana. Journal of African Earth Sciences 31:51-63.

Jokat, W., T. Boebel, M. Konig, and U. Meyer. 2003. Timing and geometry
of early Gondwana breakup. Journal of Geophysical Research 108,
doi:10.1029/2002JB001802.

Konig, M., and W. Jokat. 2006. The Mesozoic breakup of the Weddell Sea.
Journal of Geophysical Research 111, doi:10.1029/2005JB004035.
Leat, P. T., B. C. Storey, and R. J. Pankhurst. 1993. Geochemistry of
Palaeozoic-Mesozoic Pacific rim orogenic magmatism, Thurston Island

area, West Antarctica. Antarctic Science 5:281-296.

Leat, P. T., A. A. Dean, I. L. Millar, S. P. Kelley, A. P. M. Vaughan, and
T. R. Riley. 2005. Lithosphere mantle domains beneath Antarctica. In
Terrane Processes at the Margins of Gondwana, eds. A. P. M. Vaughan,
P. T. Leat, and R. J. Pankhurst. Geological Society of London Special
Publication 246:359-380.

Lythe, M. B., D. G. Vaughan, and the BEDMAP Consortium. 2000.
BEDMAP—bed topography of the Antarctic. 1:10,000,000 scale map.
BAS (Misc) 9. Cambridge: British Antarctic Survey.

Marshall, J. E. A. 1994. The Falkland Islands: A key element in Gondwana
paleogeography. Tectonics 13:499-514.

Meert, J. G. 2003. A synopsis of events related to the assembly of eastern
Gondwana. Tectonophysics 362:1-40.

Mihut, D., and R. D. Miiller. 1998. Volcanic margin formation and Meso-
zoic rift propagators in the Cuvier abyssal plain off Western Australia.
Journal of Geophysical Research 103:27135-27150.

Millar, I. L., and R. J. Pankhurst. 1987. Rb-Sr geochronology of the region
between the Arctic Peninsula and the Transantarctic Mountains: Haag
Nunataks and Mesozoic granitoids. In Gondwana Six: Structure, Tec-
tonics and Geophysics, ed. G. D. McKenzie, pp. 151-160. American
Geophysical Union Monograph 40.

Mitchell, C., G. K. Taylor, K. G. Cox, and J. Shaw. 1986. Are the Falklands
a rotated microplate? Nature 319:131-134.

Mukasa, S. B., and I. W. D. Dalziel. 1996. Southernmost Andes and
South Georgia Island, North Scotia Ridge: Zircon U-Pb and mus-
covite 40Ar/39Ar age constraints on tectonic evolution of South-
western Gondwanaland. Journal of South American Earth Sciences
9(5):349-365.

Miiller, R. D., C. Gaina, and W. R. Roest. 2001. A recipe for microcontinent
formation. Geology 29:203-206.

Nicolaysen, K., S. Bowring, F. Frey, D. Weis, S. Ingle, M. S. Pringle, and
M. F. Coffin. 2001. Provenance of Proterozoic garnet-biotite gneiss
recovered from Elan Bank, Kerguelen Plateau, southern Indian Ocean.
Geology 29:235-238.

O’Neill, C., R. D. Miiller, and B. Steinberger. 2005. On the uncertainties
in hot spot reconstructions and the significance of moving hot spot
reference frames. Geochemistry, Geophysics, Geosystems 6:Q04003,
doi:10.1029/2004GC000784.

Pankhurst, R. J., T. R. Riley, C. M. Fanning, and S. P. Kelley. 2000. Episodic
silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology
of magmatism associated with the break-up of Gondwana. Journal of
Petrology 41:605-625.

Randall, D. E., and C. MacNiocaill. 2004. Cambrian palaecomagnetic data
confirm a Natal embayment location for the Ellsworth-Whitmore Moun-
tains, Antarctica, in Gondwana reconstructions. Geophysical Journal
International 157:105-116.

Rapela, C. W., R. J. Pankhurst, C. M. Fanning, and F. Herve. 2005. Pacific
subduction coeval with the Karoo mantle plume: The Early Jurassic
Subcordilleran belt of northwestern Patagonia. In Terrane Processes
at the Margins of Gondwana, eds. A. P. M. Leat and R. J. Pankhurst.
Geological Society of London Special Publication 246:217-239.

139

Roeser, H. A., J. Fritsch, and K. Hinz. 1996. The development of the crust
off Dronning Maud Land, East Antarctica. In Weddell Sea Tectonics and
Gondwana Break-up, eds. B. C. Storey, E. C. King, and R. Livermore.
Geological Society of London Special Publication 108:243-264.

Schopf, J. M. 1969. Ellsworth Mountains: Position in West Antarctica due
to seafloor spreading. Science 164:63-66.

Sharp, W. D., and D. A. Clague. 2006. 50-Ma initiation of Hawaiian-
Emperor bend records major change in Pacific plate motion. Science
313:1281-1284.

Stern, T. A., and U. S. ten Brink. 1989. Flexural uplift of the Transantarctic
Mountains. Journal of Geophysical Research 94:10315-10330.

Stock, J. M., and S. C. Cande. 2002. Tectonic history of the Antarctic
seafloor in the Australia-New Zealand-South Pacific sector: Implica-
tions for Antarctic continental tectonics. In Antarctica at the Close of a
Millennium, eds. J.A. Gamble, D. N. B. Skinner, and S. Henrys. Royal
Society of New Zealand Bulletin 35:252-259.

Studinger, M., and H. Miller. 1999. Crustal structure of the Filchner-Ronne
shelf and Coats-Land, Antarctica, from gravity and magnetic data:
Implications for the break-up of Gondwana. Journal of Geophysical
Research 104:20379-20394.

Svensen, H., S. Planke, L. Chevallier, A. Malthe-Sgrensen, F. Corfu, and B.
Jamtveit. 2007. Hydrothermal venting of greenhouse gases triggering
Early Jurassic global warming. Earth and Planetary Science Letters
256:554-566.

Tikku, A. A., and S. C. Cande. 1999. The oldest magnetic anomalies in the
Australian-Antarctic Basin: Are they isochrons? Journal of Geophysical
Research 104:661-677.

Torsvik, T. H. 2003. The Rodinia jigsaw puzzle. Science 300:1379-1381.

Torsvik, T. H., and L. R. M. Cocks. 2004. Earth geography from 400 to 250
million years: A palacomagnetic, faunal and facies review. Journal of
the Geological Society of London 161:555-572.

Torsvik, T. H., and L. R. M. Cocks. Forthcoming. The Lower Palaeozoic
palaeogeographical evolution of the Northeastern and Eastern peri-
Gondwanan margin from Turkey to New Zealand. Geological Society
of London Special Publication.

Torsvik, T. H., and R. Van der Voo. 2002. Refining Gondwana and Pangea
palaecogeography: Estimates of Phanerozoic (octupole) non-dipole
fields. Geophysical Journal International 151:771-794.

Torsvik, T. H., M. A. Smethurst, J. G. Meert, R. Van der Voo, W. S.
McKerrow, M. D. Brasier, B. A. Sturt, and H. J. Walderhaug. 1996. Con-
tinental break-up and collision in the Neoproterozoic and Palacozoic: A
tale of Baltica and Laurentia. Earth Science Reviews 40:229-258.

Torsvik, T. H., L. M. Carter, L. D. Ashwal, S. K. Bhushan, M. K. Pandit,
and B. Jamtveit. 2001. Rodinia refined or obscured: Palacomagne-
tism of the Malani Igneous Suite (NW India). Precambrian Research
108:319-333.

Torsvik, T. H., M. A. Smethurst, K. Burke, and B. Steinberger. 2006. Large
Igneous Provinces generated from the margins of the Large Low Veloc-
ity Provinces in the deep mantle. Geophysical Journal International
167:1447-1460.

Torsvik, T. H., R. D. Miiller, R. Van der Voo, B. Steinberger, and C. Gaina.
Forthcoming. Global plate motion frames: Toward a unified model.
Reviews of Geophysics.

Vaughan, A. P. M., and B. C. Storey. 2000. The Eastern Palmer Land shear
zone: A new terrane accretion model for the Mesozoic development of
the Antarctic Peninsula magmatic arc. Journal of the Geological Society
of London 157:1243-1256.

Vaughan, A. P. M., S. P. Kelley, and B. C. Storey. 2002. Mid-Cretaceous
ductile deformation on the Eastern Palmer Land Shear Zone, Antarctica,
and implications for timing of Mesozoic terrane collision. Geological
Magazine 139:465-471.

Veevers, J. J. 2000. Change of tectono-stratigraphic regime in the Austra-
lian plate during the 99 Ma (mid-Cretaceous) and 43 Ma (mid-Eocene)
swerves of the Pacific. Geology 28:47-50.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

140 ANTARCTICA: A KEYSTONE IN A CHANGING WORLD

Whittaker, J. M., R. D. Miiller, G. Leitchenkov, H. Stagg, M. Sdrolias, C. Wingate, M. T. D., S. A. Pisarevsky, and D. A. D. Evans. 2002. Rodinia con-
Gaina, and A. Goncharov. 2007. Major Australia-Antarctic plate reorga- nections between Australia and Laurentia: NoSWEAT, no AUSWUS?
nization at Hawaiian-Emperor bend time. Science 318:83-87. Terra Nova 14:121-128.

Wingate, M. T. D., and J. W. Giddings. 2000. Age and palacomagnetism
of the Mundine Well dyke swarm, Western Australia: Implications for
an Australia-Laurentia connection at 755 Ma. Precambrian Research
100:335-357.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

DVD Contents

The DVD that is included in the back pocket of this book contains a copy of the complete 10th ISAES Online Proceedings
website at http://pubs.usgs.gov/of/2007/1047/. The DVD contains Portable Document Format (PDF) version 1.6 (Acrobat 7)
files of the 10th ISAES Program book and all publications of the 10th ISAES. A list of these publications is provided below.
The disc can be used on any DVD-equipped computer platform that can run Adobe Reader 7 or higher or other software that
can translate PDFs. You can get a free copy of the latest version of Adobe Reader from http://www.adobe.com/products/
acrobat/readstep2.html. The disc contains a full-text index (index.pdx and associated files in the index directory) that is for
use in searching among all of the PDF files at once for words or sets of words using the Search tool in Adobe Reader. To get
started: On a Windows-based computer, the file index.html should open automatically. On any platform, open the DVD drive
then open the file index.html to view it with your browser.

KEYNOTE PAPERS (KNP — PEER REVIEWED)

KNP 001: Summary and Highlights of the Tenth International Symposium on Antarctic Earth Sciences by Wilson et al.

KNP 002: Antarctic Earth System Science in the International Polar Year 2007-2008 by R. E. Bell

KNP 003: 100 Million Years of Antarctic Climate Evolution: Evidence from Fossil Plants by J. E. Francis et al.

KNP 004: Antarctica’s Continent-Ocean Transitions: Consequences for Tectonic Reconstructions by K. Gohl

KNP 005: Landscape Evolution of Antarctica by S. S. R. Jamieson and D. E. Sugden

KNP 006: A View of Antarctic Ice-Sheet Evolution from Sea-Level and Deep-Sea Isotope Changes during the Late Cretaceous-Cenozoic
by K. G. Miller et al.

KNP 007: Late Cenozoic Climate History of the Ross Embayment from the AND-1B Drill Hole: Culmination of Three Decades of
Antarctic Margin Drilling by T. R. Naish et al.

KNP 008: A Pan-Precambrian Link Between Deglaciation and Environmental Oxidation by T. D. Raub and J. L. Kirschvink

KNP 009: Tectonics of the West Antarctic Rift System: New Light on the History and Dynamics of Distributed Intracontinental Extension
by C. S. Siddoway

KNP 010: The Significance of Antarctica for Studies of Global Geodynamics by R. Sutherland

KNP 011: Antarctica and Global Paleogeography: From Rodinia, Through Gondwanaland and Pangea, to the Birth of the Southern
Ocean and the Opening of Gateways by T. H. Torsvik et al.

SHORT RESEARCH PAPERS (SRP — PEER REVIEWED)

SRP 001: Advances Through Collaboration: Sharing Seismic Reflection Data via the Antarctic Seismic Data Library System for
Cooperative Research (SDLS) by N. Wardell et al.

SRP 002: Antarctic Multibeam Bathymetry and Geophysical Data Synthesis: An On-Line Digital Data Resource for Marine Geoscience
Research in the Southern Ocean by S. M. Carbotte et al.

SRP 003: The Dinosaurs of the Early Jurassic Hanson Formation of the Central Transantarctic Mountains: Phylogenetic Review and
Synthesis by N. D. Smith et al.

141

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

142 DVD CONTENTS

SRP 004: The Ellsworth Mountains: Critical and Enduringly Enigmatic by 1. W. D. Dalziel

SRP 005: Cenozoic Environmental Changes Along the East Antarctic Continental Margin Inferred from Regional Seismic Stratigraphy by
G. L. Leitchenkov et al.

SRP 006: Magnetic Anomalies in East Antarctica: A Window on Major Tectonic Provinces and Their Boundaries by A. V. Golynsky

SRP 007: Sm-Nd and U-Pb Isotopic Constraints for Crustal Evolution During Late Neoproterozic from Rocks of the Schirmacher Oasis
East Antarctica: Geodynamic Development Coeval with the East African Orogeny by V. Ravikant et al.

SRP 008: IGY to IPY the U.S. Antarctic Oversnow and Airborne Geophysical-Glaciological Research Program from 1957 to 1964 from
the View of a Young Graduate Student by J. C. Behrendt

SRP 009: The Cosmonaut Sea Wedge by K. Solli et al.

SRP 010: Holocene Oceanographic and Climatic Variability of the Vega Drift Deduced through Foraminiferal Interpretation by
P. Szymcek et al.

SRP 011: SCIAMACHY'’s View of the Polar Atmosphere by M. Gottwald et al.

SRP 012: New Rb-Sr Mineral Ages Temporally Link Plume Events with Accretion at the Margin of Gondwana by M. J. Flowerdew et al.

SRP 013: Upper Mantle Anisotropy from Teleseismic SKS Splitting Beneath Liitzow-Holm Bay Region East Antarctica by Y. Usui et al.

SRP 014: Insight into the Geology of the East Antarctic Hinterland: A Study of Sediment Inclusions from Ice Cores of the Lake Vostok
Borehole by G. L. Leitchenkov et al.

SRP 015: Geoenvironments from the Vicinity of Arctowski Station Admiralty Bay King George Island Antarctica: Vulnerability and
Valuation Assessment by C. Ernesto et al.

SRP 016: Magnetic Anomalies Northeast of Cape Adare Northern Victoria Land (Antarctica) and Their Relation to Onshore Structures by
D. Damaske et al.

SRP 017: Cenozoic Antarctic DiatomWare/BugCam: An Aid for Research and Teaching by S. W. Wise et al.

SRP 018: Synthetic Seismograms and Spectral Cycles on the Andvord and Schollaert Drifts: Antarctic Peninsula by P. L. Manley and
S. Brachfeld

SRP 019: Paleocene and Maastrichtian Calcareous Nannofossils from Clasts in Pleistocene Glaciomarine Muds from the Northern James
Ross Basin Western Weddell Sea Antarctica by D. K. Kulhanek

SRP 020: Antarctic Ice-Rafted Detritus (IRD) in the South Atlantic: Indicators of Iceshelf Dynamics or Ocean Surface Conditions? by
Simon H. H. Nielsen and D. A. Hodell

SRP 021: Does the Late Pliocene Change in the Architecture of the Antarctic Margin Correspond to the Transition to the Modern
Antarctic Ice Sheet? by M. Rebesco and A. Camerlenghi

SRP 022: Lithospheric Structure Across the Transantarctic Mountains Constrained by an Analysis of Gravity and Thermal Structure by
Audrey D. Huerta

SRP 023: Zircon U-Pb Ages from an Ultra-High Temperature Metapelite Rauer Group East Antarctica: Implications for Overprints by
Grenvillian and Pan-African Events by Y. W. L. Tong and D. Liu

SRP 024: Abrupt Turnover in Calcareous-Nannoplankton Assemblages Across the Paleocene/Eocene Thermal Maximum: Implications for
Surface-Water Oligotrophy over the Kerguelen Plateau Southern Indian Ocean by S. Jiang and S. W. Wise

SRP 025: Basement and Crustal Structure of the Davis Sea Region (East Antarctica): Implications for Tectonic Setting and Continent to
Oceanic Boundary Definition by Y. B. Guseva et al.

SRP 026: Extensive Debris Flow Deposits on the Eastern Wilkes Land Margin: A Key to Changing Glacial Regimes by C. Escutia et al.

SRP 027: Granulometry of Pebble Beach Ridges in Fort Williams Point Greenwich Island Antarctic Peninsula: A Possible Result from
Holocene Climate Fluctuations by E. Santana and J. F. Dumont

SRP 028: Crustal Structure and Evolution of the Mawson Sea Western Wilkes Land Margin East Antarctica by G. L. Leitchenkov et al.

SRP 029: Sea Ice Concentration Temporal Variability over the Weddell Sea and Its Relationship with Tropical Sea Surface Temperature by
S. Barreira and R. Compagnucci

SRP 030: Geology of the Byrd Glacier Discontinuity (Ross Orogen): New Survey Data from the Britannia Range Antarctica by
R. Carosi et al.

SRP 031: Unconsolidated Sediments at the Bottom of Lake Vostok from Seismic Data by 1. Filina et al.

SRP 032: Platinum-Group Elements in Sills of the Jurassic Ferrar Large Igneous Province from Northern Victoria Land Antarctica by
R. Hanemann and L. Viereck-Goette

SRP 033: Jurassic Magmatism in Dronning Maud Land: Synthesis of Results of the MAMOG Project by P. T. Leat et al.

SRP 034: Main Andean Sinistral Shear Along the Cooper Bay Dislocation Zone South Georgia? by M. L. Curtis

SRP 035: New “Ar/°Ar and K/Ar Ages of Dikes in the South Shetland Islands (Antarctic Peninsula) by S. Kraus et al.

SRP 036: Solar Forcing and El Nifio-Southern Oscillation (ENSO) Influences on Productivity Cycles Interpreted from a Late-Holocene
High-Resolution Marine Sediment Record Adélie Drift East Antarctic Margin by E. Costa et al.

SRP 037: East Antarctic Ice Sheet Fluctuations During the Middle Miocene Climatic Transition Inferred from Faunal and Biogeochemical
Data on Planktonic Foraminifera (ODP Hole 747A Kerguelen Plateau) by M. Verducci et al.

SRP 038: Solubility of TiO, in Garnet and Orthopyroxene: Ti Thermometer for Ultrahigh-Temperature Granulites by T. Kawasaki and
Y. Motoyoshi

SRP 039: Early Precambrian Mantle Derived Rocks in the Southern Prince Charles Mountains East Antarctica: Age and Isotopic
Constraints by E. V. Mikhalsky et al.

SRP 040: Mega Debris Flow Deposits on the Western Wilkes Land Margin East Antarctica by F. Donda
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SRP 041: History of Views on the Relative Positions of Antarctica and South America: A 100-Year Tango Between Patagonia and the
Antarctic Peninsula by H. Miller

SRP 042: The History of Antarctic Peninsula Glaciation by P. F. Barker

SRP 043: East Antarctic Ice-Sheet Dynamics Between 5.2 and 0 Ma from a High-Resolution Terrigenous Particle Size Record ODP Site
1165 Prydz Bay-Cooperation Sea by S. Passchier

SRP 044: Thermochronologic Constraints on Jurassic Rift Flank Denudation in the Thiel Mountains Antarctica by P. G. Fitzgerald and
S. L. Baldwin

SRP 045: Basal Adare Volcanics Robertson Bay North Victoria Land Antarctica: Late Miocene Intraplate Basalts of Subaqueous Origin
by N. Mortimer et al.

SRP 046: Cretaceous Oblique Detachment Tectonics in the Fosdick Mountains Marie Byrd Land Antarctica by R. McFadden et al.

SRP 047: Geophysical Survey Reveals Tectonic Structures in the Amundsen Sea Embayment West Antarctica by K. Gohl et al.

SRP 048: Geology of the Terre Adélie Craton (135-146°E) by R. P. Ménot et al.

SRP 049: Tectonic History of Mid-Miocene to Present Southern Victoria Land Basin Inferred from Seismic Stratigraphy in McMurdo
Sound Antarctica by S. Henrys et al.

SRP 050: New Magnetic Anomaly Map of East Antarctica and Surrounding Regions by A. Golynsky et al.

SRP 051: Jurassic Silicic Volcanism in the Transantarctic Mountains: Was It Related to Plate Margin Processes or to Ferrar Magmatism?
by D. H. Elliot et al.

SRP 052: Regional Seismic Stratigraphic Correlations of the Ross Sea: Implications for the Tectonic History of the West Antarctic Rift
System by R. C. Decesari et al.

SRP 053: Microstructural Study of Natural Fractures in Cape Roberts Project 3 Core Western Ross Sea Antarctica by C. Millan et al.

SRP 054: Modeling Environmental Bias and Computing Velocity Field from Data of Terra Nova Bay GPS Network in Antarctica by Means
of a Quasi-Observation Processing Approach by G. Casula et al.

SRP 055: Break-up of Gondwana and Opening of the South Atlantic: Review of Existing Plate Tectonic Models by M. E. Ghidella et al.

SRP 056: Airborne Geophysics as a Tool for Geoscientific Research in Antarctica: Some Recent Examples by F. Ferraccioli

SRP 057: Distribution and Origin of Authigenic Smectite Clays in Cape Roberts Project Core 3 Victoria Land Basin Antarctica by
A. M. Priestas and S. W. Wise

SRP 058: The Pan-African Nappe Tectonics in the Shackleton Range by W. Buggisch and G. Kleinschmidt

SRP 059: The Ross Orogen and Lachlan Fold Belt in Marie Byrd Land Northern Victoria Land and New Zealand: Implication for the
Tectonic Setting of the Lachlan Fold Belt in Antarctica by J. D. Bradshaw

SRP 060: High-resolution Airborne Gravity Imaging over James Ross Island (West Antarctica) by T. A. Jordan et al.

SRP 061: Geometrical Analysis of Structural Data Collected at High South Latitude: A Modular Arithmetic Method that Addresses
Meridional Convergence by C. S. Siddoway and M. F. Siddoway

SRP 062: Metamorphic Conditions During Formation of a Metapelitic Sillimanite-Garnet Gneiss from Clemence Massif Prince Charles
Mountains East Antarctica by A. F. Corvino et al.

SRP 063: The Cambrian Ross Orogeny in Northern Victoria Land (Antarctica) and New Zealand: A Synthesis by L. Federico et al.

SRP 064: Analysis of Continuous GPS Measurements from Southern Victoria Land Antarctica by M. J. Willis

SRP 065: Pan-African Granulites of Central Dronning Maud Land and Mozambique: A Comparison Within the East-African-Antarctic
Orogen by A. K. Engvik et al.

SRP 066: Occurrence of a Young Elasmosaurid Plesiosaur Skeleton from the Late Cretaceous (Maastrichtian) of Antarctica by
J. E. Martin et al.

SRP 067: Influence of Submarine Morphology on Bottom Water Flow Across the Western Ross Sea Continental Margin by F. J. Davey and
S. S. Jacobs

SRP 068: The United States Polar Rock Repository: A Geological Resource for the Earth Science Community by A. M. Grunow et al.

SRP 069: Craddock Massif and Vinson Massif Remeasured by D. Gildea and J. Splettstoesser

SRP 070: Permafrost and Active Layer Monitoring in the Maritime Antarctic: Preliminary Results from CALM Sites on Livingston and
Deception Islands by M. Ramos et al.

SRP 071: The Contribution of Geomagnetic Observatories and Magnetic Models to the Study of Secular Variation and Jerks in Antarctica
by A. Meloni et al.

SRP 072: Elongate Summit Calderas as Neogene Paleostress Indicators in Antarctica by T. S. Paulsen and T. J. Wilson

SRP 073: Vertical Motions in Northern Victoria Land Inferred from GPS: A Comparison with a Glacial Isostatic Adjustment Model
by F. Mancini et al.

SRP 074: Miocene-Pliocene Ice-Volcano Interactions at Monogenetic Volcanoes Near Hobbs Coast Marie Byrd Land Antarctica by
T. I. Wilch and W. C. McIntosh

SRP 075: Aeromagnetic Search for Cenozoic Magmatism over the Admiralty Mountains Block (East Antarctica) by E. Armadillo et al.

SRP 076: Organic Carbon Stocks in Permafrost-Affected Soils from Admiralty Bay Antarctica by F. N. B. Simas et al.

SRP 077: Observations of Chlorine Monoxide over Scott Base Antarctica During the Ozone Hole 1996-2005 by B. Connor et al.

SRP 078: Major Trace Element and Stable Isotope Geochemistry of Synorogenic Breccia Bodies Ellsworth Mountains Antarctica by
J. P. Craddock et al.

SRP 079: Analysis of the Dinoflagellate Cyst Genus Impletosphaeridium as a Marker of Sea-Ice Conditions off Seymour Island:
An Ecomorphological Approach by S. Warny et al.

Copyright © National Academy of Sciences. All rights reserved.



Antarctica: A Keystone in a Changing World
http://lwww.nap.edu/catalog/12168.html

144 DVD CONTENTS

SRP 080: Silicified Wood from the Permian and Triassic of Antarctica: Tree Rings from Polar Paleolatitudes by P. E. Ryberg and
E. L. Taylor

SRP 081: Paleobotany of Livingston Island: The First Report of a Cretaceous Fossil Flora from Hannah Point by M. Leppe et al.

SRP 082: Ovule-Bearing Reproductive Organs of the Glossopterid Seed Ferns from the Late Permian of the Beardmore Glacier Region
Antarctica by E. L. Taylor et al.

SRP 083: A Dromaeosaur from the Maastrichtian of James Ross Island and the Late Cretaceous Antarctic Dinosaur Fauna by
J. A. Case et al.

SRP 084: Differences in Ice Retreat Across Pine Island Bay West Antarctica Since the Last Glacial Maximum: Indications from
Multichannel Seismic Reflection Data by G. Uenzelmann-Neben et al.

SRP 085: Tectonic Elements of the Continental Margin of East Antarctica 38-164°E by P. E. O’Brien and H. M. J. Stagg

SRP 086: Active Tectonics on Deception Island (West-Antarctica): A New Approach by Using the Fractal Anisotropy of Lineaments Fault
Slip Measurements and the Caldera Collapse Shape by R. Pérez-Lépez et al.

SRP 087: The “Golden Shale”: An Indicator of Coastal Stability for Marble Point McMurdo Sound over the Last Four Million Years by
G. G. C. Claridge and I. B. Campbell

SRP 088: Trends in Discharge and Flow Season Timing of the Onyx River Wright Valley Antarctica since 1969 by M. N. Gooseff et al.

SRP 089: Airborne Laser Swath Mapping of the Denton Hills Transantarctic Mountains Antarctica: Applications for Structural and
Glacial Geomorphic Mapping by T. Wilson and B. Csathé

SRP 090: Seismic Facies and Stratigraphy of the Cenozoic Succession in McMurdo Sound Antarctica: Implications for Tectonic Climatic
and Glacial History by C. R. Fielding et al.

SRP 091: Aeromagnetic Anomaly Patterns Reveal Buried Faults Along the Eastern Margin of the Wilkes Subglacial Basin (East
Antarctica) by E. Armadillo et al.

SRP 092: “Ar-*Ar Age Constraints on Volcanism and Tectonism in the Terror Rift of the Ross Sea Antarctica by S. E. Rilling et al.

SRP 093: The Next Generation Antarctic Digital Magnetic Anomaly Map by R. R. B. von Frese et al.

SRP 094: Seismic and Chronostratigraphic Results from SHALDRIL Il Northwestern Weddell Sea by J. B. Anderson et al.

SRP 095: High Resolution Stable Isotope and Carbonate Variability During the Early Oligocene Climate Transition: Walvis Ridge (ODP
Site 1263) by C. R. Riesselman et al.

SRP 096: Morphotectonic Architecture of the Transantarctic Mountains Rift Flank Between the Royal Society Range and the Churchill
Mountains Based on Geomorphic Analysis by E. Demyanick and T. J. Wilson

SRP 097: Subglacial Conditions at a Sticky Spot Along Kamb Ice Stream West Antarctica by L. E. Peters and S. Anandakrishnan

SRP 098: Cretaceous and Tertiary Extension Throughout the Ross Sea Antarctica by R. C. Decesari et al.

SRP 099: Global Polar Geospatial Information Service Retrieval Based on Search Engine and Ontology Reasoning by
N. C. Dongcheng et al.

SRP 100: Major Magmatic Events in Mt Meredith Prince Charles Mountains: First Evidence for Early Palaeozoic Syntectonic Granites
by N. A. Gongurov et al.

SRP 101: Thermochronologic Constraints on the Tectonic Evolution of the Western Antarctic Peninsula in Late Mesozoic and Cenozoic
Times by M. R. Brix et al.

SRP 102: Triassic-Jurassic Sediments and Multiple Volcanic Events in North Victoria Land Antarctica: A Revised Stratigraphic Model by
R. Schoner et al.

SRP 103: Regolith Transport in the Dry Valleys of Antarctica by J. Putkonen et al.

SRP 104: Multiple Shallow Level Sill Intrusions Coupled with Hydromagmatic Explosive Eruptions Marked the Initial Phase of Ferrar
Large Igneous Province Magmatism in Northern Victoria Land Antarctica by L. Viereck-Goette et al.

SRP 105: Denudation and Uplift of the Mawson Escarpment (Eastern Lambert Graben Antarctica) as Indicated by Apatite Fission Track
Data and Geomorphological Observation by F. Lisker et al.

SRP 106: Records of Past Ice Sheet Fluctuations in Interior East Antarctica by X. Liu et al.

SRP 107: Review of the Geology and Paleontology of the Ellsworth Mountains Antarctica by G. F. Webers and J. F. Splettstoesser

SRP 108: Structure of the Central Terror Rift Western Ross Sea Antarctica by J. Hall et al.

SRP 109: Crustal Architecture of the Oblique-Slip Conjugate Margins of George V Land and Southeast Australia by H. M. J. Stagg
and A. M. Reading

EXTENDED ABSTRACTS (EA — NOT PEER REVIEWED)

EA 001: Ross Aged Ductile Shearing in the Granitic Rocks of the Wilson Terrane Deep Freeze Range Area North Victoria Land
(Antarctica) by F. Rossetti et al.

EA 002: Postcollisional Magmatism of the Ross Orogeny (Victoria Land Antarctica): A Granite-Lamprophyre Genetic Link by
S. Rocchi et al.

EA 003: Age of Boron- and Phosphorus-Rich Paragneisses and Associated Orthogneisses Larsemann Hills: New Constraints from
SHRIMP U-Pb Zircon Geochronology by C. J. Carson et al.

EA 004: Terrane Correlation Between Antarctica Mozambique and Sri Lanka: Comparisons of Geochronology Lithology Structure and
Metamorphism by G. H. Grantham et al.
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EA 005: New Approaches and Progress in the Use of Polar Marine Diatoms in Reconstructing Sea Ice Distribution by A. Leventer et al.

EA 006: The Applicability of Topographic Mapping in Antarctica with the Advanced Land Observing Satellite (ALOS) by
R. D. Sanchez et al.

EA 007: Antarctic Meteorological Data—Collection Archive and Distribution by S. L. Knuth et al.

EA 008: Molecular Data Can Help to Unveil Biogeographic Complexities Since the Miocene: Lessons from Ameronothroid Mites and
Isotomid Springtails by B. J. van Vuuren et al.

EA 009: Tidal Forcing on David Glacier and Drygalski Ice Tongue by G. Casula et al.

EA 010: Authigenic Clay Minerals in Rock Matrices and Fractures from CRP-2 and CRP-3 Cores (Antarctica) by G. Giorgetti et al.

EA 011: Hydroacoustic Monitoring of the Bransfield Strait and Drake Passage Antarctica: A First Analysis of Seafloor Seismicity
Cryogenic Acoustic Sources and Cetacean Vocalizations by R. P. Dziak et al.

EA 012: Gravity Survey Along a Traverse from Patriot Hills to the South Pole by G. Reitmayr et al.

EA 013: Evidence for a Long Warm Interglacial During Marine Isotope Stage 31: Comparison of Two Studies at Proximal and Distal
Marine Sites in the Southern Ocean by L. Teitler et al.

EA 014: Modelling Recent Airborne Gravity Data over the Antarctic Peninsula for Regional Geoid Improvement by M. Scheinert et al.

EA 015: Spatial and Temporal Distribution of Ikaite Crystals in Antarctic Glacial Marine Sediments by E. W. Domack et al.

EA 016: Tectonic Implications for Uplift of the Transantarctic Mountains by J. F. Lawrence et al.

EA 017: Neotectonic and Other Features of the Victoria Land Basin Antarctica Interpreted from Multibeam Bathymetry Data by
L. A. Lawver et al.

EA 018: Stable Isotopic and Foraminiferal Evidence of Larsen-B Ice Shelf Stability Throughout the Holocene by S. Ishman et al.

EA 019: New Marine Sediment Core Data Support Holocene Stability of the Larsen B Ice Shelf by E. W. Domack et al.

EA 020: Magnetic Susceptibility of West Antarctic Rocks by D. J. Drewry and E. J. Jankowski

EA 021: GPS Surveys to Detect Active Faulting in the Transantarctic Mountains Antarctica by S. A. Konfal et al.

EA 022: Regional Geoid and Gravity Field from a Combination of Airborne and Satellite Data in Dronning Maud Land East Antarctica
by J. M. SvenRiedel et al.

EA 023: GIS Based Data Compilation of the New International Bathymetric Chart of the Southern Ocean (IBCSO) by N. Ott and
H. W. Schenke

EA 024: Showing a Strong Link Between Climatic and pCO, Changes Resolving Discrepancies Between Oceanographic and Antarctic
Climate Records for the Oligocene and Early Miocene (34-16 Ma) by S. F. Pekar and N. Christie-Blick

EA 025: Three-Dimensional P Wave Tomography of Deception Island Volcano South Shetland Islands by D. Zandomeneghi et al.

EA 026: ABRIS Project: New Bedrock Topography Map for Central Antarctica by S. V. Popov et al.

EA 027: Upper Mantle Seismic Anisotropy of South Victoria Land/Ross Island Antarctica from SKS and SKKS Splitting Analysis by
M. Barklage et al.

EA 028: Drake Passage and Bransfield Strait—New Geophysical Data and Modelling of the Crustal Structure by S. P. Levashov et al.

EA 029: Kerguelen Plateau Benthic Foraminifera as a Proxy for Late Neogene Water Mass History and Antarctic Glacial-Deglacial
Cycles by K. Johnson

EA 030: One Hundred Negative Magnetic Anomalies Over the West Antarctic Ice Sheet (WAIS) in Particular Mt. Resnik a Subaerially
Erupted Volcanic Peak Indicate Eruption Tthrough at Least One Field Reversal by J. C. Behrendt et al.

EA 031: Moho Topography of the West Antarctic Rift System from Inversion of Aerogravity Data: Ramifications for Geothermal Heat Flux
and Ice Streaming by M. Studinger and R. E. Bell

EA 032: Estimating the Salinity of Subglacial Lakes from Aerogeophysical Data by M. Studinger

EA 033: Proposed Subglacial Antarctic Lake Environment Access Methodology by W. W. Fleckenstein and A. W. Eustes

EA 034: Exceptionally Well-Preserved Triassic and Early Jurassic Floras from North Victoria Land Antarctica by B. B. J. Schneider et al.

EA 035: Short-Period Rayleigh-Wave Group Velocities in Antarctica Determined by the Cross-Correlation of Ambient Seismic Noise from
the TAMSEIS Array by M. L. Pyle et al.

EA 036: Crust and Upper Mantle in Dronning Maud Land Antarctica Retrieved from Shear-Wave Splitting Receiver Functions Seismic
Refraction and 3-D Gravity Modelling by B. Bayer et al.

EA 037: Insights into the East Antarctic Ice Sheet 3.5 to 19 Ma Inferred from Iceberg Provenance by T. Williams et al.

EA 038: Crustal Types and Continent-Ocean Boundaries Between the Kerguelen Plateau and Prydz Bay East Antarctica by K. Gohl et al.

EA 039: Sensitivity of Ice-Cemented Antarctic slopes to Increases in Summer Thaw by K. M. Swanger and D. R. Marchant

EA 040: Tectonic Control of Subglacial Lakes and Ice Sheet Stability by R. E. Bell et al.

EA 041: Mafic Dykes in the Southern Prince Charles Mountains: A Tale of Pan-African Amalgamation of East Antarctica Questioned by
E. V. Mikhalsky et al.

EA 042: Development of Deep Extensional Basins Associated with the Sinistral Transcurrent Fault Zone of the Scotia-Antarctic Plate
Boundary by F. Bohoyo et al.

EA 043: Inside the Granite Harbour Intrusives of Northern Victoria Land: Timing and Origin of the Intrusive Sequence by
R. M. Bomparola and C. Ghezzo

EA 044: Chronologic-Dynamic Zoning of the Ross Orogen—A Current Research Program of the PNRA (Italy) by S. Rocchi et al.

EA 045: Palaeoclimate Reconstructions from the Antarctic Peninsula: Diatoms as Indicators of Holocene Environmental Change by
A. R. Hey et al.

EA 046: Nature and Timing of Lower Crust of the Robertson Bay Terrane (Northern Victoria Land Antarctica) by M. Gemelli et al.
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EA 047: Migration of Triassic Tetrapods to Antarctica by J. W. Collinson and W. R. Hammer

EA 048: Tectonic Transposition of Palaeo-Mesoproterozoic Rocks at 1000 Ma in the Waller Hills Area of the Mawson Escarpment
Antarctic Southern Prince Charles Mountains by A. F. Corvino and C. J. L. Wilson

EA 049: Petrologic and Geochronological Constraints on the Polymetamorphic Evolution of the Fosdick Migmatite Dome Marie Byrd
Land West Antarctica by F. Korhonen et al.

EA 050: New Compilation of the Amundsen Sea Continental Shelf Bathymetry by F. O. Nitsche et al.

EA 051: Tectonic Evolution of Northern Antarctic Peninsula from Brittle Mesostructures and Earthquake Focal Mechanisms by
A. Maestro et al.

EA 052: Modelling Tracer Dispersion in Subglacial Lake Vostok Antarctica by M. Thoma et al.

EA 053: New Terrestrial Biological Constraints for Antarctic Glaciation by P. Convey et al.

EA 054: Establishing a Chronology for the World’s Oldest Glacier Ice by D. R. Marchant et al.

EA 055: Pieces of Laurentia in East Antarctica by J. W. Goodge et al.

EA 056: Subglacial Roughness of the West Antarctic Ice Sheet by D. A. Young et al.

EA 057: Early Opening of Drake Passage: Regional Seismic Stratigraphy and Paleoceanographic Implications by A. Maldonado et al.

EA 058: Neogene Environmental History Deduced from Glacigenic Sediments on James Ross Island Northern Antarctic Peninsula by
A. E. Nelson et al.

EA 059: Herbivory in Antarctic Fossil Forests: Evolutionary and Palaeoclimatic Significance by C. M. McDonald et al.

EA 060: Integrated Provenance Characteristics of Glacial-Marine Sediment from East and West Antarctica by S. A. Brachfeld

EA 061: New Insights into Submarine Geomorphology and Depositional Processes Along the George V Land Continental Slope and
Upper Rise (East Antarctica) by L. De Santis et al.

EA 062: A Record of Holocene Paleoclimatic Variability from Neny Fjord Antarctic Peninsula by C. Allen et al.

EA 063: Heterogeneous Sources for Pleistocene Lavas of Marie Byrd Land Antarctica: New Data from the SW Pacific Diffuse Alkaline
Magmatic Province by A. M. Gaftney and C. S. Siddoway

EA 064: Provenance Connections Between Late Neoproterozoic and Early Paleozoic Sedimentary Basins of the Ross Sea Region
Antarctica Southeast Australia and Southern Zealandia by C. J. Adams and T. R. Ireland

EA 065: Japanese-German Joint Airborne Geophysical Surveys Around Syowa Station Antarctica by Y. Nogi et al.

EA 066: Ferropicritic Dikes of Vestfjella Western Dronning Maud Land: Fe-enriched Mantle Source for Late-stage Karoo Magmas by
J. S. Heinonen and A. V. Luttinen

EA 067: Interdecadal Changes of Tropospheric Circulation in Southern Extratropics During the Recent Warming in the Antarctic
Peninsula by V. Martazinova and V. Tymofeyev

EA 068: Contributions to the Eocene Climate Record of the Antarctic Peninsula by L. C. Ivany

EA 069: Petrogenesis and Source of Lavas from Seamounts in the Adare Basin Western Ross Sea: Implications for the Origin of Cenozoic
Magmatism in Antarctica by K. S. Panter and P. Castillo

EA 070: Evolution of Low-Ti and High-Ti Rocks of the Jurassic Ferrar Large Igneous Province Antarctica: Constraints from
Crystallisation Experiments by L. C. Ivany

EA 071: The Neogene Biota of the Transantarctic Mountains by A. C. Ashworth et al.

EA 072: Superposition of Neoarchean and Paleoproterozoic Tectonics in the Terre Adélie Craton (East Antarctica): Evidence from Th-U-
Pb Ages on Monazite and Ar-Ar Ages by G. D. Y. Rolland et al.

EA 073: Tectonics at the Bowers-Robertson Bay Terrane Boundary Northern Victoria Land (Antarctica) by L. Crispini et al.

EA 074: Exploring Under the East Antarctic Ice Sheet with New Aerogeophysical Surveys over the Wilkes Subglacial Basin the
Transantarctic Mountains and Dome C by F. Ferraccioli et al.

EA 075: Deterioration and/or Cyclicity?: The Development of Vegetation and Climate During the Eocene and Oligocene in Antarctica by
R. Grube and B. Mohr

EA 076: A High-Resolution Aeromagnetic Survey over the Cape Roberts Rift Basin: Correlations with Seismic Reflection and Magnetic
Susceptibility Log Data by E. Armadillo et al.

EA 077: New Age Constraints for Orogenic Collapse and Voluminous Late-Tectonic Magmatism in the Southern Part of the East African-
Antarctic Orogen by J. Jacobs et al.

EA 078: The P-Wave Velocity Structure of Deception Island Antarctica from Two-Dimensional Seismic Tomography by T. Ben-Zvi et al.

EA 079: Evolution of the Antarctic Marine Fauna: What Can DNA and Fossils Tell Us? by J. M. Strugnell and K. Linse

EA 080: Lamproite-Hosted Xenoliths of Vestfjella: Implications for Lithospheric Architecture in Western Dronning Maud Land Antarctica
by I. Romu and A. V. Luttinen

EA 081: Ecological Influences on 13C of Particulate Matter in Seasonally Ice-Covered Ryder Bay Antarctica by A. L. Annett et al.

EA 082: Metamorphic Evolution of UHT Calc-Silicate Rocks from Rundvdgshetta Liitzow Holm Complex (LHC) East Antarctica by
M. Satish-Kumar et al.

EA 083: Comprehensive Downhole and Core Physical-Property Measurements at the AND-1B Drillsite ANDRILL McMurdo Ice Shelf
Project by F. Niessen et al.

EA 084: Passive Subduction of the Phoenix Plate Remnant at the South Shetland Trench Antarctic Peninsula by B. Della Vedova et al.

EA 085: Tectonic Deformation Models for South Shetland Islands Bransfield Strait and the Antarctic Peninsula from GPS Surveys by
M. Berrocoso et al.
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EA 086: The Scan Basin Evolution: Oceanographic Consequences of the Deep Connection Between the Weddell and Scotia Seas
(Antarctica) by F. J. Herndndez-Molina et al.

EA 087: A Plateau Collapse Model for the Formation of the West Antarctic Rift System/Transantarctic Mountains by P. G. Fitzgerald et al.

EA 088: Deep Structure of the Antarctic Plate’s Boundary Zone by the Gravimetric Tomography Method by R. Kh. Greku and T. R. Greku

EA 089: Evidence from Detrital Hornblende 40Ar/39Ar and Zircon U-Pb Ages for the Sources of Glacial Deposits in the Prydz Bay
Region by S. R. Hemming et al.

EA 090: A Comparative Provenance Study of the Late Mesoproterozoic Maud Belt (East Antarctica) and the Pinjarra Orogen (Western
Australia): Implications for a Possible MesoProterozoic Kalahari-Western Australia Connection by A. K. Ksienzyk et al.

EA 091: Byrd Drainage System: Evidence of a Mesozoic West Antarctic Plateau by A. D. Huerta

EA 092: Preliminary Chronostratigraphy for the Upper 700 m (Upper Miocene-Pleistocene) of the AND-1B Drillcore Recovered from
Beneath the McMurdo Ice Shelf Antarctica by G. S. Wilson et al.

EA 093: Preliminary “’Ar/°Ar Results from the AND-1B Core by J. Ross et al.

EA 094: Volcanic Deformation Models for Deception Island (South Shetland Islands Antarctica) by A. Ferndandez-Ros et al.

EA 095: Beyond Seafloor Spreading: Neogene Deformation and Volcanism in the Adare Basin by R. Granot et al.

EA 096: Terminal Cretaceous Climate Change and Biotic Response in Antarctica by V. C. Thorn et al.

EA 097: Age of Boron- and Phosphorus-Rich Paragneisses and Associated Orthogneisses Larsemann Hills: New Constraints from
SHRIMP U-Pb Zircon Geochronology by V. C. Thorn et al.

EA 098: C-14 Age Control of Pre- and Post-LGM Events Using N. pachyderma Preserved in Deep-Sea Sediments (Ross Sea Antarctica)
by R. Bonaccorsi et al.

EA 099: Buried Oligocene Glacial Topography Beneath a Smooth Middle Miocene Unconformity in the Southeast Ross Sea: Evolution of
West Antarctic Glaciation by C. C. Sorlien et al.

EA 100: Palynoflora of Livingston Island South Shetland Islands: Contribution to the Understanding of the Evolution of the Southern
Pacific Gondwana Margin by S. Palma-Heldt et al.

EA 101: McMurdo Ice Shelf Seismic Reflection Data and Correlation to the AND-1B Drill Hole by D. Hansaraj et al.

EA 102: GPS Time Series Analysis from Deception Island Volcano (South Shetland Islands Antarctica) by M. E. Ramirez et al.

EA 103: Crustal Velocity Structure in the Northern Ross Sea: From the Adare Basin onto the continental Shelf by M. M. Selvans et al.

EA 104: Early Pliocene Circum-Antarctic Warming Events Between 3.5 and 3.7 Ma Recorded in Sediments from ODP Sites 1165 (Prydz
Bay) and 1095 and 1096 (Antarctic Peninsula) by C. Escutia et al.

EA 105: Petrogenesis of Granites in the Fosdick Migmatite Dome Marie Byrd Land West Antarctica by S. Saito et al.

EA 106: Neogene Tectonic Events in the West Antarctic Rift System Inferred from Comparisons with the East African Rift and Other
Analogs by W. E. LeMasurier

EA 107: Locating Subglacial Sediments Across West Antarctica with Isostatic Gravity Anomalies by T. M. Diehl et al.

EA 108: Adélie Penguins Colonization History and Paleodiet Trends Document Holocene Environmental Changes in Victoria Land
(Antarctica) by C. Baroni et al.

EA 109: Stable Isotope Composition of the Basal Ice from Taylor Glacier Southern Victoria Land Antarctica by S. Mager et al.

EA 110: Geophysical Investigations of P3 Segment of the Phoenix Ridge in Drake Passage Antarctica by Y. K. Jin et al.

EA 111: Interaction of Antarctica with Other Regions at Different Spatial Scales and Deep Layers by R. Kh. Greku and D. R. Greku

EA 112: Double-Saloon-Door Seafloor Spreading: A New Theory for the Breakup of Gondwana by A. K. Martin

EA 113: New Aerogeophysical Survey Targets the Extent of the West Antarctic Rift System over Ellsworth Land by F. Ferraccioli et al.

EA 114: Characteristics of Till Transported by the Byrd and Nimrod Glaciers Antarctica by K. J. Licht and E. F. Palmer

EA 115: Quantifying Sublimation of Buried Glacier Ice in Beacon Valley by D. E. Kowalewski and D. R. Marchant

EA 116: A Fifth-Order Reconnaissance Soil Map of Ice-Free Areas of the Transantarctic Mountains Antarctica by M. McLeod et al.

EA 117: Opening of the Drake Passage: Does This Event Correlate to Climate Change and Biotic Events from the Eocene La Meseta
Formation Seymour Island Antarctic Peninsula? by J. A. Case

EA 118: Clast Provenance and Variability in MIS (AND-1B) Core and Their Implications for the Paleoclimatic Evolution Recorded in the
Windless Bight-Southern McMurdo Sound Area (Antarctica) by F. Talarico et al.

EA 119: Evidence of Bed Deformation Beneath the Wright Lower Glacier South Victoria Land Antarctica by S. Fitzsimons et al.

EA 120: Complex Exposure History of Pre-LGM Glacial Drifts in Terra Nova Bay Victoria Land Using a Multiple Cosmogenic Nuclide
Approach by L. Di Nicola et al.

EA 121: Coastal Glacial Valley System in the Wood Bay (Western Ross Sea Antarctica) by C. Sauli et al.

EA 122: Spores and Pollen from Glacial Erratics in the Grove Mountains East Antarctica by A. M. et al.

EA 123: Determination of a Local Geoid for Deception Island by M. Berrocoso et al.

EA 124: Geological Structure and Evolution of Shaw Massif Central Part of the Prince Charles Mountains (East Antarctica) by
V. A. Maslov et al.

EA 125: Provenance of Glacially Transported Material near Nimrod Glacier East Antarctica: Implications for the Ice-Covered East
Antarctic Shield by D. M. Brecke and J. W. Goodge

EA 126: Late Quaternary Sediment Record of Six Glacial/Interglacial Cycles off the Wilkes Land-Adelie Land Coast (East Antarctica):
Preliminary Geochemical Results by M. Presti et al.

EA 127: Late Quaternary Ice Sheet Dynamics and Deglaciation History of the West Antarctic Ice Sheet in the Amundsen Sea Embayment:
Preliminary Results from Recent Research Cruises by A. G. C. Graham et al.
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EA 128: A Tephra Chronostratigraphic Framework for the Frontier Mountain Blue Ice Field (Northern Victoria Land Antarctica) by
P. Curzio et al.

EA 129: Geochemical Variations Detected with Continuous XRF Measurements on ANDRILL AND-1B Core: Preliminary Results by
D. Helling et al.

EA 130: Determination of and Preliminary Results from the High-Resolution Physical Properties Record of the AND-1B Sediment Core
from Beneath Ross Ice Shelf Antarctica by D. Magens et al.

EA 131: Orbital and Atmospheric Forcing of Western Antarctic Peninsula Climate in the Holocene: The TEX86 Paleotemperature Record
of Palmer Deep by A. E. Shevenell et al.

EA 132: Proxies of the East Antarctic Shield: Composition and Age of Ice-Covered Basement from Sedimentary and Glacial Provenance
by J. W. Goodge

EA 133: The Paleoenvironmental Significance of Trace Fossils in Devonian Sediments (Taylor Group) Darwin Mountains to the Dry
Valleys Southern Victoria Land by M. A. Bradshaw and F. J. Harmsen

EA 134: Sand Petrography and U/Pb Detrital Zircon Geochronology of Late Quaternary Tills from the Byrd Glacier and Central/Western
Ross Sea Antarctica by E. F. Palmer and K. Licht

EA 135: Major Middle Miocene Climate Change and the Extinction of Tundra Communities: Evidence from the Transantarctic Mountains
by A. R. Lewis et al.

EA 136: The Scotia Sea: Reconstructing Glacial Climates from Diatom Assemblages by L. G. Collins et al.

EA 137: Differentiation History of Hubert Miller Seamount Basalts Amundsen Sea South Pacific by A. Veit and L. Viereck-Goette

EA 138: Multiple Early to Middle Pleistocene East Antarctic Ice Sheet Variations in the Ricker Hills by S. Strasky et al.

EA 139: Future Antarctic Geological Drilling: Discussion Paper on ANDRILL and Beyond by P. J. et al.

EA 140: Sediment Accumulation Rates from the Ross Sea Continental Shelf and Deepwater Sites Around Antarctica: A Physical Proxy for
the Onset of Polar Conditions by S. W. Gray and P. J. Bart

EA 141: Geophysical Survey of the Thick Expanded Sedimentary Fill of the New-Born Crane Fjord (Former Larsen B Ice Shelf
Antarctica) by F. Zgur et al.

EA 142: Ice Surface Anomalies Hydraulic Potential and Subglacial Lake Chains in East Antarctica by S. P. Carter et al.

EA 143: Provenance of Recycled Stromatolites from the Polonez Cove Formation (Oligocene) of King George Island West Antarctica by
A. Gazdzicki

EA 144: Broadband Seismic Deployments in East Antarctica: International Collaboration and IPY Contribution to Understanding the
Earth’s Deep Interior by M. Kanao et al.

EA 145: Broadband Seismic Array Deployments and Crust—Upper Mantle Structure Around the Liitzow-Holm Bay Region East
Antarctica by M. Kanao et al.

EA 146: The SCAR GPS Campaigns in the Context of Global Reference System Realization and Geodynamic Research by A. Riilke and
R. Dietrich

EA 147: A Surprisingly Large Marine Ice Cap at Heard Island During the Last Glacial Maximum? by G. Balco

EA 148: Sedimentology and Stratigraphy of the ANDRILL McMurdo Ice Shelf (AND-1B) Core by L. A. Krissek et al.

EA 149: A Compilation of New Airborne Magnetic and Gravity Data Across Dronning Maud Land Antarctica by S. Riedel and W. Jokat

EA 150: Glacial Dynamics of the West Antarctic Ice Sheet in the Southern Bellingshausen Sea During the Last Glacial Cycle by
C.-D. etal.

EA 151: Transient Streams and Gullies in the Antarctic Dry Valleys: Geological Setting Processes and Analogs to Mars by
J. W. Head et al.

EA 152: Contrasting Sub-Ice Shelf Sub Glacial and Glacial Marine Deposition: Implications for Ice Shelf Stability by L. W. Boyd et al.

EA 153: New Aeromagnetic Results from the Thwaites Glacier Catchment West Antarctica by J. W. Holt et al.

EA 154: Gondwana Breakup: The South American African and Indian Plate Movements and Remaining Problems by W. Jokat and
M. Konig

EA 155: Environmental Magnetic Records of Mid-Late Pleistocene Drift Sedimentary Sequences from the Antarctic Peninsula Pacific
Margin by A. Venuti et al.

EA 156: Geodynamic Models of the Tectonomagmatic Evolution of the West Antarctic Rift System by D. L. Harry and J. Anoka

EA 157: Antarctic Tabular Iceberg Evolution during Northward Drift: A Proxy System for Studying Ice Shelf Break-up by
T. Scambos et al.

EA 158: Possible Redeposition of Volcanic Ashes in the Dry Valleys by Glacier Transport by R. S. Sletten et al.

EA 159: A Sediment Model and Retreat History for the Ross Ice (Sheet) Shelf in the Western Ross Sea Since the Last Glacial Maximum by
R. M. McKay et al.

EA 160: Mantle Heterogeneity Beneath the Antarctic-Phoenix Ridge in the Drake Passage Antarctica by S. H. Choi et al.

EA 161: The Heterogenity of Holocene Climatic and Environmental History Along the East Antarctic Coastal Regions by B. Wagner and
M. Melles

EA 162: Continental Transform Faults: Break-up Examples from the Antarctic and the Arctic by F. Tessensohn

EA 163: The Morozumi Range Intrusive Complex (Northern Victoria Land Antarctica) by L. Bracciali et al.

EA 164: Airborne and Spaceborne Ice Sounding of Antarctica Mars and Europa by C. C. Lin et al.

EA 165: Cenozoic Variations of the Antarctic Ice Sheet: A Model-Data Mismatch? by D. Pollard and R. M. DeConto
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EA 166: Constraints from Detrital Zircon Geochronology on the Early Deformation of the Ross Orogen Transantarctic Mountains
Antarctica by E. Stump et al.

EA 167: Earth Science in the Antarctic Treaty System by P. A. Berkman

EA 168: Gaussberg Rift—Illusion or Reality? by D. A. Golynsky and A. V. Golynsky

EA 169: Using New Tools to Explore Undiscovered Country: Understanding the Stratigraphic and Tectonic History of Greenhouse to
Icehouse Worlds of Offshore New Harbor Ross Sea Antarctica by S. F. Pekar et al.

EA 170: New Airborne Magnetic Data Evaluate SWEAT Reconstruction by C. A. Finn and S. Pisarevsky

EA 171: The Diatom Record of the ANDRILL-McMurdo Ice Shelf Project Drillcore by R. Scherer et al.

EA 172: Flow Dynamics and Mass Balance of the Ice Sheet Above the Southern Part of Subglacial Lake Vostok by R. Dietrich et al.

EA 173: Absolute Gravity Measurements in Antarctica During the International Polar Year by Y. Rogister et al.

EA 174: Microbial Communities in Different Antarctic Mineral Deposits Characterised by Denaturing Gradient Gel Electrophoresis
(DGGE) by L. Ganzert and D. Wagner

EA 175: A Revised Geochemical Grouping of Gondwana LIP: Distinctive Sources and Processes at the Weddell and Limpopo Triple
Junctions by A. V. Luttinen and P. T. Leat

EA 176: Pan-African Age of the Gamburtsev Mountains? by T. van de Flierdt et al.

EA 177: Slope Streaks in the Antarctic Dry Valleys: Characteristics Candidate Formation Mechanisms and Implications for Slope Streak
Formation in the Martian Environment by J. W. Head et al.

EA 178: New Bathymetry Model of Lake Vostok from Airborne Gravity Data by 1. Filina et al.

EA 179: Integrated Tephrochronology of the West Antarctic Region: Implications for a Potential Tephra Record in the West Antarctic Ice
Sheet (WAIS) Divide Ice Core by N.W. Dunbar et al.

EA 180: Deep Seismic Reflection Imaging of the Pan-African Mobile Belt the Liitzow-Holm Complex East Antarctica by M. Kanao et al.

EA 181: Investigating the Bedrock Topography Effect on the Ice Flow Ablation Using the Analogue Modelling Technique by G. Corti et al.

EA 182: Characteristic Seismic Signals Associated with Ice Sheet and Glacier Dynamics Eastern Dronning Maud Land East Antarctica
by M. Kanao et al.

EA 183: Estimation of Snow Accumulation in Antarctica Using Automated Acoustic Depth Gauge Measurements by S. L. Knuth et al.

EA 184: An International Effort to Manage and Monitor Admiralty Bay (ASMA No. 1) King George Island Antarctica by M. J. Borbor-
Cordova et al.

EA 185: Advanced Electron Microscopy Techniques for Studying Ice and Firn Cores by 1. Baker et al.

EA 186: Evidence for Synchronous Glaciation of Antarctica and the Northern Hemisphere During the Eocene and Oligocene: Insights
from Pacific Records of the Oxygen Isotopic Composition of Seawater by A. K. Tripati et al.

EA 187: New Evidence for the Early Archean Evolution of Aker Peaks Napier Mountains Enderby Land (East Antarctica) by
B. V. Belyatsky et al.

EA 188: Methods for Determining Topography in Data Sparse Regions of East Antarctica by A. E. Smith et al.

EA 189: Generation of a Detailed Geological Map of the Antarctic Peninsula Applying Remote Sensing Methods by C. Kraus

EA 190: Teleseismic Surface Waves Radiated by Stick-Slip Motion of the Whillans Ice Stream by D. A. Wiens and S. Anandakrishnan

EA 191: Determination of the Antarctic Coastal Line by InSAR and Variation Estimate of Shirase Glacier Flow by a SAR Image
Correlation Method by K. Shibuya et al.

EA 192: The Latitudinal Gradient Project (LGP): Summary of Progress to Date and Proposed Activities by S. Gordon and M. R. Balks

EA 193: Detrital Apatite and Zircon (U-Th)/He Evidence for Early Formation and Slow Erosion of the Gamburtsev Mountains East
Antarctica by S. E. Cox et al.

EA 194: The ANDRILL ARISE Educational Outreach Program: Educators Immersed in Science Research in Antarctica by E. A. Trummel
and L. Dahlman

EA 195: New Findings of Alkaline-Ultramafic Dykes in the Prince Charles Mountains: Age and Composition by A. A. Laiba et al.

EA 196: Sub-Glacial Geology of Antarctica: A Preliminary Investigation and Results in the Grove Mountains and the Vestfold Hills East
Antarctica and its Tectonic Implication by Y. Zhao et al.

EA 197: A Forward Scattering and Propagation Model for Antarctic Ice Sheet Investigations by B. Rommen et al.

EA 198: Microtektites from the Northern Victoria Land Transantarctic Mountains: Evidence for a New Strewn Field Generated by a
Catastrophic Impact on Earth by L. Folco et al.

EA 199: The Volcanic Record in the ANDRILL McMurdo Ice Shelf AND-1B Drill Core by M. Pompilio et al.

EA 200: Scale of Subglacial to Sub-Ice Shelf Facies Variability Eastern Basin Ross Sea by A. S. Loth et al.

EA 201: Antarctic Ice Sheet Dynamics Through the Neogene from Evidence in the ANDRILL-McMurdo Ice Shelf Project Drillcore (AND-
1B) by R. D. Powell et al.

EA 202: Early Cenozoic Glaciation: Exploring the Paradigm of an “Ice-Free” Middle Eocene by C. F. Dawber and A. K. Tripati

EA 203: Jones Mountains Antarctica: Evidence for Tertiary Glaciation Revisited by R. H. Rutford and W. C. McIntosh

EA 204: Thermal Regime Isotopic and Morphological Characteristics of Ice Wedges in Northern Victoria Land Antarctica by
R. Raffi et al.

EA 205: A Pleistocene Warming Event at 1 Ma in Prydz Bay East Antarctica: Evidence from ODP Site 1165 by G. Villa et al.

EA 206: The Permafrost Environment of Northwest Hurd Peninsula (Livingston Island Maritime Antarctic): Preliminary Results by
G. Vieira et al.
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EA 207: Lu-Hf Systematics of the Ultra-High Temperature Napier Complex East Antarctica: Evidence for the Early Archean
Differentiation of Earth’s Mantle by S. B. Mukasa et al.

EA 208: Six Million Years of Environmental (Glacial-Interglacial) Conditions Preserved in Volcanic Lithofacies of the James Ross Island
Volcanic Group Northern Antarctic Peninsula by J. L. Smellie et al.

EA 209: Quantifying Changes in the Global Thermohaline Circulation: A Circum-Antarctic Perspective by S. L. Goldstein et al.

EA 210: Active Layer Apparent Thermal Diffusivity and Its Dependence on Atmospheric Temperature (Livingston Island Maritime
Antarctic) by J. J. Blanco et al.

EA 211: A Cretaceous Victoria Basin Between Australia and Antarctica Inferred from Volcanoclastic Deposits Thermal Indications and
Thermochronological Data by F. Lisker and A. L. Laufer

EA 212: Gold Bearing Veining Linked to Transcrustal Fault Zones in the Transantarctic Mountains (Northern Victoria Land Antarctica)
by L. Crispini et al.

EA 213: Divergent Flow of the West Antarctic Ice Sheet on the Outer Continental Shelf of the Amundsen Sea During the Late Quaternary
by T. J. Deen et al.

EA 214: Biogeographical Relationship of the South America-Antarctic Cenozoic Bryozoan Biota: The Example of Austral Genus
Aspidostoma by U. Hara

EA 215: Glacial and Marine Features in the Recent Sedimentary Deposits of the Joides Basin (Antarctica) by N. Corradi et al.

EA 216: New View of the Stratigraphy and Geological Framework of the Amery Group Radok and Beaver Lake Area Northern Prince
Charles Mountains East Antarctica by P. 1. Lunev et al.

EA 217: Glacial and Permafrost Exploration in the Dry Valleys During the 1957/58 IGY: The Personal Records of Troy L. Péwé by
B. F. Gootee

MEETING AND WORKSHOP REPORTS (MWR - NOT PEER REVIEWED)

MWR 01: Circum-Antarctic Stratigraphy and Paleobathymetry (CASP) Project: Report on a Meeting Held at the 10th ISAES on
September 1, 2007 by F. J. Davey and A. K. Cooper

MWR 02: Marine Proxies for Antarctic Ice Volumes: Continental Shelf Sequence Stratigraphy and Seismic Stratigraphy and Deep-Sea
Records from High and Low Latitudes: A Workshop Organized by S. F. Pekar et al.

MWR 02A: Estimating Eustasy and Ice Volume from Backstripped Low-Latitude Stratigraphy by M. A. Kominz and S. F. Pekar

MWR 02B: Antarctic Seismic Stratigraphy by P. J. Bart

MWR 02C: Estimating Cenozoic Ice Volume from Deep-Sea Records by S. F. Pekar and C. H. Lear

MWR 03: Report on the Workshop for the Antarctic Seismic Data Library System for Cooperative Research (SDLS): Santa Barbara,
California—August 26, 2007 by A. K. Cooper et al.
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