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The Eurasian Arctic During the Last Ice Age

A vast ice sheet once covered the Barents Sea. Its sudden disappearance
100 centuries ago provides a lesson about western Antarctica today

Martin J. Siegert, Julian A. Dowdeswell, John-Inge Svendsen and Anders Elverhgi

n the 1970s, long before global

warming had become much of a
public concern, an Ohio State Universi-
ty glaciologist named John Mercer
made a disturbing observation. He
pointed out that the geography of
western Antarctica is strikingly similar
to the Eurasian Arctic: Both of these
polar regions contain a large continen-
tal shelf no more than a few hundred
meters deep. The major difference is
that western Antarctica has a 2.5-kilo-
meter-thick ice sheet resting on it,
whereas the Eurasian Arctic is now
comparatively free of grounded ice.
Mercer argued that if global warming
continued, there was a real threat that
the immense ice sheet covering west-
ern Antarctica could disintegrate, adding
enough water to the ocean to raise sea
level by six meters, which would inun-
date coastlines throughout the world.

Mercer understood the task his ob-
servation demanded: To gauge whether
the west Antarctic ice sheet is truly in
danger of breaking up, scientists must
look for clues at the other side of the

Martin J. Siegert is a lecturer at the Bristol Glaciol-
ogy Centre, University of Bristol. He studies
glaciology and Quaternary science and last year
published a text book on these subjects entitled Ice
Sheets and Late Quaternary Environmental
Change. Julian A. Dowdeswvell is a professor of
physical geography and member of the Scott Polar
Research Institute at the University of Cambridge.
John-Inge Svendsen is a professor in the Depart-
ment of Geology at the University of Bergen in
Norway. He leads a project sponsored by the Euro-
pean Union called “Ice Sheets and Climate in the
Eurasian Arctic at the Last Glacial Maximum.”
Anders Elverhgi is a professor of Quaternary geolo-
gy and head of the Department of Geology at the
University of Oslo in Norway. Address for Siegert:
Bristol Glaciology Centre, School of Geographical
Sciences, University of Bristol, BS8 1SS, UK.
Email: mj.siegert@bristol.ac.uk

32 American Scientist, Volume 90

Earth, in the geological remnants of
the former ice sheets that covered
northern Eurasia. Many earth scien-
tists took heed and applied their spe-
cialties to the investigation, and their
work soon began to reveal the glacial
history of the Eurasian Arctic. By the
mid-1980s, however, the interpretation
of the geological observations varied
enormously. Whereas some saw evi-
dence for a massive, 3.5-kilometer-
thick ice sheet over the whole of north-
ern Europe and Siberia at the height of
the last ice age (known to geologists as
the Last Glacial Maximum, or LGM),
others disputed this appraisal, prefer-
ring to believe that there was virtually
no ice at all on the seafloor to the north
of the Norwegian and Russian main-
lands. Contradictory views sparred in
the literature. The problem was partly
that the geological record in the Arctic
can be difficult to read and thus open
to misinterpretation. Another obstacle
was the paucity of reliable observa-
tions from this remote and inhos-
pitable region.

To resolve the issue, the European
Science Foundation mounted back-to-
back research programs to gather new
geological evidence in the vicinity of
the former ice sheets in the Eurasian
Arctic. These efforts involved more
than 50 scientists from seven European
countries, including the four of us. The
first, dubbed PONAM (for POlar
North Atlantic Margins) concentrated
on the western side of the Barents Sea.
During the follow-up program, named
QUEEN (QUaternary Environments of
the Eurasian North), the focus shifted
east to the Russian Arctic. These efforts
provided a great deal of information
about the status of northern Eurasia in
the Ice-Age world. To grasp the full
significance of the results, however, re-

quires that one gain at least a broad un-
derstanding of glaciological processes.
So here we take a moment to review
the basics of how glaciers operate.

Glaciology 101

Ice is, of course, a solid, but it deforms
very slowly when a large stress is ap-
plied—such as the stress induced in an
ice sheet by its own great weight. This
deformation causes a parcel of ice with-
in a glacier to move slowly over time.
Also, a piece of ice on the surface of an
ice sheet is buried by subsequent snow-
falls, which cause it to move downward
into the ice sheet at a significant velocity
with respect to the deformation. Overall
the motion tends to be down in the
middle and out to the sides.

More specifically, the flow at the cen-
ter of an ice sheet radiates from the ice
divide, the place where there is no later-
al movement on the surface. As the ice
moves away from the ice divide, its lat-
eral velocity increases from an initial
value of perhaps a few meters per year.
Nearer their margins, ice sheets are ef-
fectively “drained” by fast-flowing
rivers of ice, known as ice streams. The
velocity of an ice stream is typically
several hundred meters per year. These
streams flow quickly because water at
the base reduces friction, allowing the
ice to slide across the underlying
ground, with internal deformation
making only a small contribution to
the total velocity.

Broadly speaking, the ice continues
to flow faster and faster until it reaches
its demise in one of two ways. The ice
sheet may terminate on land (stopping
because the ice at the surface melts as
fast as it is supplied) or it can termi-
nate at sea. Where an ice sheet flows
into the ocean intact and becomes
afloat, it forms an ice shelf. Such an ice

© 2002 Sigma Xi, The Scientific Research Society. Reproduction
with permission only. Contact perms@amsci.org.



Figure 1. Floating shelf of ice (above) sur-
rounds the frigid coast of Antarctica. Should
global warming destroy such buffers, the mas-
sive marine ice sheet of western Antarctica
would be exposed directly to the sea, speeding
its melting and flooding the world’s coast-
lines. The authors and their colleagues have
examined a similar occurrence in the North-
ern Hemisphere some 15,000 years ago—the
demise of a great ice sheet that once occupied
the Barents Sea. The analogy is apt because
the wide continental shelf of the Barents Sea
(light blue, right) resembles the configuration
western Antarctica would assume if the ice
there melted (far right). (Reconstruction of ice-
free Antarctic seas is from Mercer 1970.)

shelf loses mass by “calving” icebergs
from its edge and by melting at the
bottom.

As they flow over land, ice sheets
erode and entrain sediments at their
bases. They can transport this rocky
material great distances before ulti-
mately depositing it at their margins.
This is why in front of any glacier you
will see moraines, piles of sediment re-
sembling building rubble. After glaci-
ers and ice sheets melt away, moraines
are left behind, providing a geological
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marker of the extent of the ice in the
distant past. The problem of recon-
structing the boundaries of an ancient
ice sheet would thus appear to be sim-
ple—just map the location of the ter-
minal moraines. In reality, the situation
is more complicated because in some
areas terminal moraines are either ab-
sent or are now hidden below sea level.
Often several moraines from different
glacial advances are jumbled together,
making the relevant one difficult to
distinguish.

with permission only. Contact perms@amsci.org.

Sorting Through the Rubble

After 10 years of concerted effort, in-
vestigators working on the PONAM
and QUEEN programs have collected
a great deal of geological information
about the former ice sheets that from
time to time blanketed vast areas of the
Eurasian Arctic. In a nutshell, our work
provided three important findings.
First, it documented that a large, ma-
rine-based ice sheet formed on the con-
tinental shelf in the Barents Sea during
the LGM, some 20,000 years ago. At
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Figure 2. Schematic cross section of the Barents Sea region during the height of the last ice age shows the flow of ice (blue arrows). To the far
right (representing the southern boundary of the ice sheet), melting takes place as rapidly as the ice is supplied. Here, deposition of rocky ma-
terial caught up in the ice forms a terminal moraine. To the far left (representing the northern and western boundaries of the ice sheet), a float-
ing ice shelf forms. Just inland is the marine portion of the ice sheet—the part that rests on rock below sea level. Here ice flows relatively quick-
ly, because the horizontal motion has two components: internal deformation (thin black arrows) and sliding over the base (thick black arrows).
Sliding can indeed be considerable, lubricated by the underlying sediments, which shear to accommodate the motion (inset).

that time, the Barents Ice Sheet coa-
lesced with the Scandinavian Ice Sheet,
forming a continuous ice cover that ex-
tended from Germany and the United
Kingdom, across Scandinavia and the
Barents Sea shelf, and east to the Kara
Sea. Second, this work showed that
fast-flowing ice streams transported
large volumes of glacial sediment to
the continental margin. Third, the re-
search demonstrated that the ice sheet
disintegrated quickly at the end of the
Ice Age. How exactly did we come to
these conclusions, and why are they
significant?

We know that the Barents Sea was
glaciated during the recent geologic
past because, in general, the seafloor is
underlain by only a few meters of soft
mud: The sediment found underneath
this thin layer of mud is full of glacially
derived debris and has been heavily
compacted by the enormous weight of
the last ice sheet. This sediment layer,
which is a till (a characteristic glacial
deposit), is widely distributed on the
continental shelf. In central parts of the
Barents Sea, the ice sheet also left be-
hind a series of long parallel furrows,
which reflect former ice movements. To
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evaluate the dimensions and age of this
ice sheet, we and our many colleagues
undertook various geological investi-
gations in the Barents Sea region and
along the northern margin of the Eur-
asian continent.

The geological field studies started
on Svalbard, a group of islands situat-
ed 600 kilometers north of the Scandi-
navian mainland. The pattern of raised
shorelines on this archipelago and on
Franz Josef Land farther east told us
that the northern Barents Sea most like-
ly had been weighed down by a major
load of ice during the LGM. (Such
raised shorelines form because break-
ing waves carve flat zones along the
strand. Then after the ice sheet melts,
the crust springs upward, transform-
ing these beaches into raised terraces.)
Along the western coast of Svalbard
there are also several uplifted beaches
with shells and whale bones, which
were found to be more than 40,000
years old using radiocarbon dating.
Most of the scientists involved be-
lieved that the presence of organic ma-
terial this old proved that glaciers
could not have reached the coast after
these uplifted beaches were formed.

Jan Mangerud, a Norwegian geologist
from the University of Bergen, then
made a ground-breaking discovery. He
found that at least some of the old
raised beaches had been overridden by
ice, implying that during the LGM
glaciers covered much more of Sval-
bard than anyone had imagined.
Subsequent work revealed that the
main fjords were in fact filled by ice at
this time and that the entire archipelago
was covered by an ice sheet that was
centered on the seafloor to the east of
Svalbard. To determine the western
boundary of the ice sheet, many investi-
gators together made a major effort to
map the sedimentary characteristics of
the seafloor across the western Eurasian
continental margin using various kinds
of seismic and acoustic soundings as
well as sediment coring. This work re-
vealed large volumes of glacial sedi-
ments arrayed in huge fan complexes
along the continental slope. The top lay-
er of these sediments originates from
the last extensive glaciation, so these
fans clearly place the edge of the former
ice sheet at the shelf margin. The vast
amount of material transported to these
fans demonstrates that fast-flowing ice
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streams must have been active along
the western side of the ice sheet.

Establishing the southern and east-
ern margin of the former ice sheet has
been a more difficult task. In the late
1970s, Mikhail Grosswald, a well-
known geographer from the Russian
Academy of Sciences in Moscow, hy-
pothesized that a 3.5-kilometer thick,
pan-Arctic ice sheet covered vast areas
of the European Arctic and Siberia dur-
ing the LGM. His hypothesis, ques-
tioned by many Russian scientists, was
soon adopted by the majority of the sci-
entific community in the west. Mean-
while, Valery Astakhov, a geologist
from the National Institute of Remote
Sensing Methods for Geology in St. Pe-
tersburg, was digging in the frozen
earth of western Siberia searching for
the hidden remnants of the last ice
sheet. He found that a former ice sheet
centered on the Kara Sea shelf did in-
deed advance south across the Yenissei
river valley—but that this episode took
place much earlier than the LGM. Thus,
it was clear that something was wrong
with Grosswald’s hypothesis.

Research undertaken in the QUEEN
program showed that a fresh-looking
belt of moraines in the European part
of the Russian Arctic (to the east of the
White Sea) were, in fact, deposited as
long as 60,000 years ago—some 40,000
years before the LGM. To locate the ice
margin of the LGM, it was therefore
once again necessary to turn our eyes
towards the sea.

Examination of the seafloor sedi-
ments offshore of the Russian main-
land has confirmed that the most re-
cent ice sheet terminated on the
continental shelf. Cores recovered from
the Pechora Sea show that marine sed-
imentation in this area has gone on
throughout the last 40,000 years,
whereas inside the inferred margin of
the ice sheet the oldest marine deposits
above the upper surface of the till are
less then 14,000 years old. Geological
investigations on the Yamal Peninsula,
which juts into the Kara Sea, have
shown that the ice sheet did not reach
that area either. Thus the southern lim-
it of the ice sheet must have been
somewhere to the north, within the
shallows of the Kara Sea.

The position of the eastern margin
of the ice sheet is similarly hard to pin
down precisely. One avenue of investi-
gation has been to study sedimentary
deposits within the many lake basins
of the Taymyr Peninsula, east of the
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Kara Sea. The sediments that accumu-
lated at the base of these lakes com-
prise fine-grained muds. If an ice sheet
had been located over this peninsula,
these sediments would have been re-
placed or covered by coarse, glacially
derived material, which is easily dis-
tinguishable. However, the sediment
sequences in these lakes reflect a con-
tinuous accumulation of nonglacial
sediments throughout the LGM, which
means that the central parts of Taymyr
Peninsula were free of ice when the ice
sheet existed to the west across the Bar-
ents and Kara seas.

Interestingly, a team of geologists led
by Christian Hjort at the Lund Univer-
sity, Sweden, concluded that the north-
western fringe of the Taymyr Peninsula
was indeed touched by glacial ice after
20,000 years ago. However, this group
of investigators believe that this ice was
not an extension of the large marine ice
sheet that covered the Kara Sea. More
likely, it was part of a more restricted
glacier located on the shallow sea floor
just off the coast.

On Severnaya Zemlya, an island
group to the north of the Taymyr
Peninsula, Russian scientists have re-
ported finding mammoth tusks dating
from the period between 25,000 and
19,000 years ago, suggesting that the
glaciers on this archipelago during the
LGM were, surprisingly, even smaller
than they are today. So the eastern
boundary of the former ice sheet re-
mains rather difficult to delineate.

Meridian .

Primary Causes

To understand fully the glacial history
of the Eurasian Arctic during the last
ice age, one needs to appreciate why
ice ages arise in general and how they
can cause a continental sea to fill with
ice that is more than a kilometer thick.
The geological record indicates that
huge ice sheets repeatedly formed and
decayed in the Eurasian Arctic as a re-
sponse to pronounced climatic oscilla-
tions throughout the past 2.7 million
years. The previous interglacial interval,
when the climate on Earth was compa-
rable with the present, lasted from
128,000 to 115,000 years ago. It was fol-
lowed by an ice age that suddenly end-
ed 11,700 years ago. During this ice age
as many as three periods of glacial ad-
vance and decay took place. The most
recent ice sheet that spread across the
shelf areas started to form some 30,000
years ago and reached its maximum
extent some 10,000 years or so later.

In an ice age, huge volumes of water
shift from the oceans to the polar ice
sheets, which lowers sea level, at times
by as much as 120 meters. The clearest
record of this vast redistribution of wa-
ter comes from the examination of the
three naturally occurring oxygen iso-
topes (160, 170 and 180) in various ge-
ological materials. Why are these oxy-
gen isotopes so telling? Water
containing the lightest form of oxygen
(360) evaporates more rapidly than
water with the heavier isotopes (170
and 180). So water comprising “light

< 5
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Figure 3. Geological investigations in recent years have helped to pinpoint the margin of the
ice sheet (solid line) during the Last Glacial Maximum, some 200 centuries ago. Dashed portion
of the lines show where the location of the ancient boundary remains somewhat uncertain.
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Figure 4. Surveys of the seabed using side-scan sonar reveal long tongues of glacial sediment (dark zones, left). These deposits extend from
the edge of the continental shelf down the continental slope and toward the deep sea (right). The great quantity of sediment needed to form
such characteristic deposits indicates that they must have been carried by a marine ice sheet that once reached all the way to the edge of the
continental shelf. (Sonar image courtesy of the authors.)

oxygen” preferentially goes into the ice
sheets, and during an ice age the water
in the oceans becomes enriched in
heavy oxygen. If, say, a marine organ-
ism forms a shell of calcium carbonate
(CaCQOy) at this time, it will contain a
larger than average dollop of heavy
oxygen. When that organism dies, its
shell drops to the sea floor leaving a
convenient record of the isotopic state
of the ocean in the past.

Geologists have collected many long
records of the ocean’s shifting oxygen

isotopes from the analysis of sediments
recovered from the floor of the deep
sea. They have also measured the iso-
topic composition of the ice that has ac-
cumulated in Antarctica. The oxygen-
isotope signals from the ice and ocean
sediments tell a remarkably similar sto-
ry: The climate changes associated
with ice ages repeat at frequencies of
about 100,000, 40,000 and 20,000 years.
Why does the climate oscillate at these
three frequencies? The answer lies in
the orbit of the Earth around the Sun.

“light”

oxygen isotopic composition

interglacial

LGM

“heavy”

800

600

400

200

glacial

age (thousands of years)

Figure 5. Variations in the oxygen-isotope composition of shells record many repeated
swings between glacial and interglacial conditions. During glacial times, “light” oxygen-16
is preferentially sequestered in polar ice, making the ocean water (and shells that form from
it) especially rich in “heavy” oxygen-18. The authors’ geological investigations of ice-age
Eurasia since the time of the Last Glacial Maximum (LGM) are complicated by the many
equally severe glaciations that went on before.
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The first orbital parameter to consider
is eccentricity, the deviation from perfect
circularity. The Earth’s orbit changes
from an elliptical to a circular path with
a frequency of roughly 100,000 years.
The second parameter of interest is the
tilt of the Earth’s axis, which oscillates
between 22.2 and 24.5 degrees at a fre-
quency of about 40,000 years. The third
is the position of the Earth within its el-
liptical orbit during Northern Hemi-
sphere summer, which changes at a fre-
quency of approximately 20,000 years.
These oscillations affect the amount of
radiation received at the Earth’s surface
at various times of the year. If the three
orbital parameters conspire to reduce
the radiation to the Northern Hemi-
sphere in the summer, glaciers and ice
sheets expand, bringing on an ice age.

The relation between observed cli-
mate oscillations and the theoretical
predictions about their periods is excel-
lent. There is, however, a slight prob-
lem: The changes to the solar inputs as-
sociated with orbital variations are far
too small to cause the climate changes
required to grow an ice sheet. What is
needed is a means by which subtle or-
bital effects can be amplified into dras-
tic shifts in climate. Several such feed-
back mechanisms are possible; all
probably contribute in some way to the
waxing and waning of ice ages.
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Perhaps the simplest mechanism to
understand is ice-albedo feedback. The re-
flectivity of the Earth’s surface (its albe-
do) controls the amount of solar radia-
tion that bounces back from the Earth
into space. If the albedo is high, more
radiation reflects, and the Earth cools. If
the albedo is low, the planet’s surface
absorbs more radiation, and the world
warms. Snow and ice are, of course,
very reflective. As snow fields and ice
sheets expand in response to global
cooling, the increase in surface albedo
causes an increase in the reflection of
solar radiation, resulting in a further re-
duction in air temperature.

Another feedback mechanism de-
pends on atmospheric carbon dioxide
(CO,), which affects climate because it
enhances the greenhouse effect. For
reasons not yet fully understood, dur-
ing glacial times the concentration of
atmospheric CO, diminishes. Hence, a
cooling that arises from other causes
lowers CO,, which lessens the green-
house effect, yielding further cooling.

The Ice Sheet Cometh

With a general knowledge of orbital
variations and feedback mechanisms,
it is quite easy to envision how the de-
terioration of climate results in the
growth of ice on land. It is, however,
not so easy to see how global cooling
causes an ice sheet to form on the
seafloor. The method by which a large
continental shelf can become covered
by an ice sheet has been debated for
many years. The main problem is that
the calving of icebergs at the grounded
margin of an ice mass intensifies with
increasing water depth. So as the mar-
gin of an ice sheet migrates into deeper
water, the rate of calving will increase,
and this process should act to curtail
the further spread of ice.

Terence Hughes of the University of
Maine proposed that an ice sheet with-
in the Barents Sea basin could form
from a pre-existing ice shelf—a solid
mass of ice floating on the surface. He
suggested that permanent sea ice (a
few meters thick) would thicken into
an ice shelf (a few hundred meters
thick) if the surface accumulation of ice
exceeded the basal melt rate for a few
thousand years. An ice shelf within the
Barents Sea would encourage the
growth of an ice sheet in two ways.
First, the calving of icebergs from an
adjacent ice sheet would cease: Ice
would simply flow into the ice shelf.
Second, as the ice shelf thickened, it
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Figure 6. Conceptual model shows how a marine ice sheet began to form in the Barents Sea
region after open-ocean conditions (a) gave way to a perennial cover of sea ice (b). The weighty
accumulation of snow and ice on islands to the north (left) and on the mainland (right) forced
the crust downward in these places, causing the seafloor between to move upward just as sea
level was dropping (c). These processes continued until the thickening mass of ice rested
directly on the seafloor, with deposits of wet sediment left in local topographic depressions (d).

would eventually touch the sea floor
and become part of the grounded ice
sheet itself.

Another mechanism may also be at
least partly responsible for the growth
of an ice sheet within the Barents Sea.
Several scientists have suggested that
ice accumulated initially over the is-
land archipelagos located across the
northern edge of the Eurasian conti-
nental shelf. As it did so, its great
weight pushed the crust downward
under it, causing the crust in the shal-
low central regions of the Barents Sea
to bulge upward—ijust as a downward

force applied to the center of a steel
beam causes it to flex upward at either
side. This uplift, combined with the
lowering of sea level (of up to 120 me-
ters’ worth), may have allowed ice to
fill the shallows. This ice may have
flowed in from adjacent ice sheets, or it
may have formed in place from thick-
ening sea ice.

Indeed, both these processes may
have operated during the last ice age.
In addition, evidence from the nearby
Norwegian-Greenland Sea shows that
open-ocean conditions reigned there
during the last ice age. This relatively
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Figure 7. Numerical simulations show how the Barents Sea ice sheet probably decayed from a maximum thickness of about 2,750 meters, which
persisted until some 14,000 years ago (a). By 13,000 years ago, much of the region between Scandinavia and Novaya Zemlya was free of ground-
ed ice (b). By 12,000 years ago, the ice covering Svalbard separated from the sheet that still blanketed Scandinavia and the Russian Arctic (c). By
11,000 years ago, the ice in the region had further thinned and separated into three disjoint masses (d). (Light colors show where the ice sheet
was at least 50 meters thick. Contour lines of ice thickness are given at 250-meter intervals.)

warm ocean water provided an ample
source of moisture for snowfall over
the Barents Sea. The combined influ-
ence of enhanced snowfall, uplift and
thickening ice shelves probably led to
rapid glaciation of the Barents Sea. So
the real question for geologists is not
how this ice came to be, but how it dis-
appeared.

There are several clues to the nature
of the breakup of the ice sheet that once
covered this portion of the Eurasian
Arctic. The oxygen-isotope content of
tiny shells within sea-floor sediments
across the nearby Fram Strait and con-
tinental slope records a substantial
amount of “light” oxygen in the water
16,000 years ago. In this case, the oxy-
gen isotopes do not reflect the general
state of the global ocean. Rather, they
indicate a massive influx of glacial
meltwater in the region, which in turn
reflects the disintegration of the ice
mass over the Barents Sea quite early
during the last deglaciation.

We and others have also charted
moraines left by the retreating ice front
across the floor of the Barents Sea using

shipborne sonar and seismic imaging.
These data indicate that the deeper-sea
regions of the ice sheet broke up first.
By 14,000 years ago the Bear Island
Trough and several smaller local de-
pressions were deglaciated, leaving a
series of open ocean embayments sur-
rounded by crumbling walls of ice. By
12,000 years ago, the ice sheets had de-
cayed further such that they were lim-
ited to the northern archipelagos and
the shallow seas that surround them.
The pattern of ice decay within the
Barents Sea is also recorded by the up-
lift that has gone on around Svalbard
and Franz Josef Land. Raised beaches
on these islands have been dated by
the radiocarbon technique on whale
bones, mollusk shells and driftwood.
The dates show that deglaciation of the
archipelagos took place several thou-
sand years after the decay of ice in the
deeper regions of the Barents Sea.

Computing Collapse

In an effort to reconstruct more fully
the history of this former ice sheet, we
have conducted various numerical

simulations. The principle behind such
numerical modeling is that an ice sheet
can be divided into a number of “ice
columns.” Each of these columns rep-
resents a “cell” within a two-dimen-
sional grid. Ice-sheet models are usual-
ly arranged in a computational loop
that begins by applying a series of al-
gorithms that determine in each cell
the flow of ice, mass balance and inter-
action with the Earth. The loop is com-
pleted by application of a final equa-
tion (the continuity equation) to the
full grid to calculate the flow of ice be-
tween cells. To simulate the glacial his-
tory, one must specify sea level, air
temperature and snowfall though time.
By forcing the model to form an ice
sheet compatible with the geological
observations, we can assess the causes
of ice-sheet growth and decay.

Both the PONAM and QUEEN pro-
grams employed ice-sheet modeling to
provide quantitative details about the
size and dynamics of the former ice
sheet. We adjusted the model’s envi-
ronmental inputs until the size of the
ice matched the ice margin determined
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from the geological data. The model
was able to provide information on the
size, thickness and flow velocity of the
former ice sheet.

Having modeled the full-sized ice
sheet, we next needed to make the sim-
ulated ice sheet decay in a manner con-
sistent with the geological evidence for
the real deglaciation. We found that
this was actually quite difficult to
achieve. To mimic the deglaciation on
our computers, we had to enhance the
rate of iceberg calving in the model
rather strongly.

So why did the real ice sheet break
up so quickly? The modeling work
suggests that the answer lies with the
mechanism responsible for iceberg
production. As the world entered the
first phase of deglaciation, the sea level
rose, albeit gradually. Sea-level rise had
two effects on the marine-based ice
sheet covering the Barents Sea. First,
the water depth increased, causing en-
hanced rates of calving, assuming the
ice was grounded on the seafloor. Sec-
ond, the effective weight of the ice
sheet was reduced, leading to a reduc-
tion in basal drag, higher ice velocities
and, thus, a more rapid transfer of
mass from the interior of the ice sheet
to the margin where calving takes
place. These effects produced a posi-
tive feedback by which the decay of
the ice sheet here and elsewhere led to
an increase in sea level, which in turn
led to further iceberg calving. Thus, a
relatively small change in sea level at
the onset of the last deglaciation was
likely the trigger that caused the
Eurasian ice sheet to break up.

Implications for Western Antarctica
During the last ice age, the west
Antarctic ice sheet was considerably
larger than it is today. Grounded ice
was probably in place across the whole
continental shelf, just as it was in the
Barents Sea. Yet the decay of this en-
larged west Antarctic ice sheet was dif-
ferent from the decay of ice in the
Barents Sea in two ways. For one,
deglaciation in Antarctica began much
later than in the Barents Sea. Also, ice
decay resulted in the formation of large
floating ice shelves between the open
ocean and the grounded ice sheet. The
Filchner-Ronne and Ross ice shelves,
for example, are each now about
500,000 square kilometers in area.
These differences suggest two im-
portant conclusions about the stability
of the west Antarctic ice sheet. First,
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the ice shelves may be influential in
maintaining the stability of the ice
sheet because they act as buttresses to
support the grounded margin of the ice
sheet, whereas in the Barents Sea they
were absent and the grounded margin
was actively calving icebergs. Second,
given the buttressing effect of the ice
shelves on the ice sheet, the present
changes in sea level are not large
enough to encourage ice decay in west-
ern Antarctica to the extent witnessed
in the Barents Sea. One reassuring note
relating to the latter conclusion is that
during the last interglacial, sea level
was several meters higher than it is at
present, yet the west Antarctic ice
sheet did not decay. The majority of
the water responsible for the higher sea
level at that time probably came from
Greenland.

The west Antarctic ice sheet is clear-
ly capable of resisting substantial rises
in sea level—but why? The answer
could well be that the floating ice
shelves in western Antarctica help
maintain the grounded ice upstream.
If that is true, one should therefore be
concerned with the stability of the ice
shelves in western Antarctica. Their
decay will not in itself raise sea level
(just as the melting of a floating ice
cube does not raise the water level in a
glass). But if they do melt, the west
Antarctic ice sheet will look much
more like the former Eurasian ice sheet
just before it broke apart.

What might cause the ice shelves to
decay? The answer lies in the ocean.
Melting from the bottom causes much
of the mass lost from ice shelves. So if
the ocean around Antarctica warms,
the rate of melting will increase. If this
is not balanced by the increase in evap-
oration and snowfall that would ac-
company warming of the Southern
Ocean, the ice shelves will thin, and ul-
timately they will disappear. The west
Antarctic ice sheet would then be
poised to collapse rapidly. People must
not ignore this possibility—and the rise
in global sea level that would ensue.

Mercer called the present situation a
“threat of disaster.” Understanding the
glacial history of the Eurasian ice sheet
suggests that the threat will not be
acute unless the existing ice shelves
disappear. Still, this research makes it
abundantly clear that such a disaster
has taken place in the opposite hemi-
sphere in the not-so-distant past, and
people must be on guard for it recur-
ring in the future.

with permission only. Contact perms@amsci.org.
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