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ABSTRACT. On the basis of geological arguments, two
widely different hypotheses have been proposed for the late-
Tertiary glacial history of East Antarctica. These invoke ice-
sheet reconstructions ranging from severe glaciation com-
pletely burying the Transantarctic Mountains to a situation,
in which an unstable East Antarctic Ice Sheet repeatedly col-
lapses to produce ice-free conditions over interior basins. Ex-
periments were performed with a 3-D model of the Antarctic
Ice Sheet to determine the ice sheet geometries to be ex-
pected under various kinds of climatic conditions and the
physical mechanisms that may be involved. The results sup-
port the concept of a stable East Antarctic Ice Sheet with re-
spect to a climatic warming, and point to the glaciological dif-
ficulties involved to explain an ice-free corridor over the Pen-
sacola and Wilkes subglacial basins. The latter event is a cru-
cial element in the ‘waxing and waning ice sheet hypothesis’
and would require a temperature rise of between 17 and 20K
above present levels. For a temperature rise of less than 5K,
the model actually predicts a larger Antarctic Ice Sheet than
today as a result of increased snowfall, whereas the West Ant-
arctic Ice Sheet was found not to survive temperatures 8—
10K above present values. Furthermore, basal temperature
conditions in these experiments point to the difficulties in-
volved in raising the ice-sheet base to the pressure melting
point over the large areas necessary to consider the possibil-
ity of sliding instability. A further sensitivity study in terms of
topographical and climatic boundary conditions showed that
even with a flat bedrock and mass-balance parameters
stretched to their limits, the ice sheet would still need a temp-
erature rise of the order of +15K to melt down entirely.
Based on these findings, it appears difficult to reconcile a
highly variable East Antarctic Ice Sheet with the modest
warmings recorded in, for instance, the deep sea records for
the late Neogene.

Introduction

The nature and extent of Antarctic glaciation dur-
ing the late Tertiary is a subject of much debate.
Two contrasting views exist, involving widely diffe-
rent ice sheet geometries (Fig. 1). The long-stand-
ing view is that local glaciers and ice caps originally
formed on the highlands of the East Antarctic cra-
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ton around the Eocene/Oligocene boundary at
37.5 Ma, and subsequently slowly expanded and
merged to form a major East Antarctic Ice Sheet
between 14 and 11 Ma. Since then, it is believed
that this ice sheet remained a semi-permanent fea-
ture exhibiting some changes in volume (Kennett,
1977; Denton et al. 1991). If anything, the ice sheet
was larger than today, with at least one phase dur-
ing the Miocene in which the Transantarctic Moun-
tains were overridden by an ice sheet of considera-
bly larger volume than anything recorded since
(Denton ez al. 1984). This stabilist view not only re-
sults from the interpretation of the marine sedi-
ment record of the Southern Ocean and oxygen
isotope ratios of planktonic foraminifera (Ken-
nett, 1982), but is also supported by recent geo-
morphological and geological work in the Dry Val-
leys region, pointing to prolonged cold-desert con-
ditions for much of the last 10 million years (Sug-
den, 1992; Marchant et al. 1993). The marine West
Antarctic Ice Sheet, on the other hand, grounded
on a bed below sea level, probably matured later
between 10 and 5 Ma, and has been responsible for
the bulk of the variability of the Antarctic Ice
Sheet since then (Kennett, 1982).

This classic view of a quasi-permanent East Ant-
arctic Ice Sheet since at least the mid-Miocene has
recently been challenged by the discovery of re-
worked marine diatoms in the Sirius Group de-
posits in the Transantarctic Mountains. In order to
explain their occurrence, the ‘waxing and waning
ice sheet hypothesis’ proposes a series of events in-
volving the repeated opening of a seaway across
the subglacial Wilkes and Pensacola basins (Fig.
1), in which marine diatom deposition could take
place, followed by an expanding ice sheet, which
subsequently overrode the Transantarctic Moun-
tains and transported the diatoms to their present
locations (Webb et al. 1984; Webb and Harwood,
1991). Based on the ages of the youngest diatoms
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Fig. 1. Extreme glaciation

phases invoked to explain late
Tertiary geological features in
the Transantarctic Mountains.
Above: possible geometry of
Antarctica during an extensive
deglaciation phase as put for-
ward by the ‘waxing and waning’
ice sheet hypothesis (from Den-
ton, 1985). Below: the hypothet-
ical ‘giant ice sheet’ needed to
override the Transantarctic
Mountains during a maximum

in the Sirius Group (Harwood, 1986; Barrett et al.
1992), the latest episode of a largely ice-free conti-
nent would have occurred as recently as the mid to
late Pliocene around 3 Ma. This highly unstable
behaviour has led to the suggestion that the East
Antarctic Ice Sheet is very sensitive to global
warming and could again largely disappear in the
relatively near future if global temperatures in-
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phase (from Denton eral. 1984).

creased by a few degrees. The implications would
be far-reaching: if melted, the East Antarctic Ice
Sheet would raise world-wide sea-levels by an esti-
mated 60 m.

When discussing these hypotheses, it is useful to
first put the present Antarctic Ice Sheet in perspec-
tive and discuss its response modes to environmen-
tal change. At present, air temperatures are so low
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that surface melting and runoff are virtually ab-
sent. As a consequence, the surface mass-balance
is positive almost everywhere and the ice sheet
loses its mass primarily by calving of icebergs and
some melting below ice shelves. Under these con-
ditions, the extent of the ice sheet is limited mainly
by the depth of the surrounding ocean. A change

of eustatic sea level, for instance, would cause an”

immediate shift of the grounding line in order to
preserve hydrostatic equilibrium. This locates the
greatest potential for change in the West Antarctic
Ice Sheet, where the bedrock lies far below sea
level; the ice sheet does not occupy the entire con-
tinental shelf; and the area between the current
grounding line and the edge of the continental
platform is rather flat.

The East Antarctic Ice Sheet, on the other
hand, at present occupies almost the entire availa-
ble land-base. Its grounding line is close to the
steep continental slope, leaving little room for
major seaward changes in its extent. For the ice
sheet to recede from the continental platform, the
climate would first have to warm enough to pro-
duce a peripheral ablation zone of sufficient
width. Under the current cold climate, where little
melting occurs and precipitation amounts are li-
mited by the low air temperatures, the Antarctic
Ice Sheet is still located in a region where mass ba-
lance will increase with temperature because of in-
creased precipitation (Huybrechts and Oerle-
mans, 1990). This implies that the smaller East
Antarctic Ice Sheet with the lower surface eleva-
tions is more likely to be associated with a colder
rather than a slightly warmer climate compared to
today.

The following discussion concentrates on cli-
mates warmer than today. An investigation is
made of ice sheet geometries resulting from vari-
ous temperature increases, the physical mechan-
isms involved and the associated time scales for
growth and decay. A three-dimensional ther-
momechanical model is applied to the entire Ant-
arctic Ice Sheet in connection with simple mass-ba-
lance considerations. Sections 2 and 3 describe the
ice sheet model and the boundary conditions
needed to define the ice sheet. Results are pre-
sented in section 4. Section 5 deals with a sensitiv-
ity study in terms of bedrock topography and mass
balance conditions, and is followed by a discussion
on the implications for the late-Neogene glacial
history of Antarctica.
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The Ice Sheet Model

The ice sheet model discussed below treats ice flow
and its thermodynamics by solving the full set of
coupled thermomechanical equations on a fine
mesh in three dimensions. It is time-dependent
and includes the response of the underlying bed-
rock to a changing ice load. There is free interac-
tion between climatic input and ice thickness, so
that the entire geometry is internally generated.
Except for the omission of a coupled ice shelf, the
model is basically similar to the one used to study
the Antarctic Ice Sheet on glacial-interglacial and
greenhouse warming time scales (Huybrechts,
1992). A full account of the mathematical equa-
tions and numerical techniques governing the
model is given by Huybrechts (1992).

In short, the basic equations that are solved in
the model are conservation equations for mass and
heat:

oH =

7 = -V . (VH) + M (1)
@: = K \% ZT -V \% T + —-—-C-Q—- (2)
ot pe, pe,

where H is ice thickness, v the depth-averaged
horizontal velocity field, M the mass balance and
t is time. The thermodynamic equation accounts
for vertical heat conduction, three-dimensional
advection, and heat generation by internal defor-
mation. Here, T is temperature, p is ice density
(910 kgm™), V is three-dimensional ice velocity, ¢
is layer heating, and k and c,, are temperature de-
pendent thermal conductivity and specific heat
capacity, respectively. Boundary conditions are
the mean annual air temperature at the upper sur-
face and a temperature gradient at the lower sur-
face incorporating the effects of geothermal heat-
ing and heat dissipation by sliding. A geothermal
heat flux of 1.3 HFU = 54.6 mW/m” was taken,
which is usually considered as an average value for
the entire Antarctic continent.

Only grounded ice flow is taken into account.
The usual assumptions are used (Paterson, 1981):
ice deformation is assumed to result from shearing
in horizontal planes and longitudinal deviatoric
stresses are disregarded. Expressions for the hori-
zontal velocity components can be derived by sub-
stituting equations for the shear stress distribution
1(z) in the flow law, which is of ‘Glen-type’ with ex-
ponent n=3, and integrating the result with re-
spect to the vertical. This yields:
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T(2) = -pg@+h-2) VH +h) 3

V) - v(h) = -2(pg) [V (H+h).V (H+h)]
V (H+h) J A(T*) (H+h-2)° dz (4)
h

where v(h) is the basal boundary condition on ve-
locity, h is bed elevation and A(T*) expresses the
temperature dependence of the flow-law para-
meter, which is given by an Arrhenius equation. z
is the vertical and g is gravity.

Basal sliding takes places when the basal temp-
erature is within 1K of the pressure melting point,
and 1s of Weertman-type:

V(h) = -Aq (pg)3 H2 [ V(H+h). V (H+h)] V(H+h)
®)

where A = 1.8 101 N3 yr'! m’.
Asecond integration with respect to the vertical
yields the mean horizontal ice mass flux:

H+h

f V(2) dz (6)

h

VvH =

Vertical motion w(z), as a result of accumulation
and vertical strain, is calculated from the incom-
pressibility condition:

w(z) - w(h) = J V . %) dz (7
h

Finally, bed adjustments are calculated in a simple
way. The steady state deflection is given by local
isostatic equilibrium, whereas the time-dependent
response is modelled as a damped return with a
characteristic time scale of ® equal to 3000 years:

dh  1Th-n +d (8)
a""'g[ o]
d=-L H

P ©

where p,, is mantle density (3300 kgm™), d is
lithospheric deflection and hy is the undisturbed
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bed elevation when the ice sheet is removed and
isostatic rebound is complete.

All equations are solved on a numerical grid
with the finite-difference method. The grid point
distance is 40 km. With 11 layers in the vertical,
with closer spacing near the bedrock surface
where the shearing concentrates, this leads to a do-
main of somewhat over 200000 grid points. Time
steps are 10 years. The model is implemented on a
CRAY 2-S. On this machine, it takes about 1 hour
of CPU time for a 100000 year integration.

The major difference compared to a previous
version of this model (Huybrechts, 1990) is that an
explicit calculation of ice-shelf flow and ground-
ing-line dynamics was not made. Instead, the pre-
sent grounding-line position was taken as a con-
straint, beyond which all ice is lost to the ocean.
Expansion of grounded ice over terrain below sea
level s thus still possible, but is entirely controlled
by the surface mass-balance and the ability of the
ice sheet to extend down to sea level. In effect, all
ice is treated as grounded ice irrespective of the
bed elevation, with the limitation that it cannot ex-
pand beyond its present limits. This approach to
modelling the marine boundary is not considered a
serious problem, because the ice sheet will retreat
onto the East Antarctic continent in a warmer cli-
mate and will no longer interact with the ocean di-
rectly. As is the case in Greenland today, any ice
that is still able to reach the ocean will then disap-
pear at the coast by calving. The greenhouse warm-
ing experiments reported in Huybrechts and
Oerlemans (1990) did not show any appreciable
seaward movement of the grounding-line, even
when overall volume grew in the case of limited
warming.

Boundary Conditiens

The primary inputs to the model are bed elevation
and mass balance at any time and place in the
model domain. These entirely determine the ice
sheet geometry.

Bedrock Topography

The dataset for bedrock topography originates
from the Drewry (1983) map folio series, and was
slightly smoothed to make it suitable for the
model. Acontoured representation of these datais
shown in Fig. 2. Clearly, substantial parts of the
bedrock are at present far beneath sea level. Even
after the removal of the ice sheet and the sub-
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Present—day bed topography [m.a.s.l]

Bed topography after isostatic rebound

B :sovE 2000
B 1500 - 2000
B 1000 - 1500
[ so0- 1000
i 0 - 500
B 00 - 0
B 1000 - -500
B BELovw -1000
Fig. 2. The current bedrock to-
pography of Antarctica (above)
and the rock surface that would
result after the removal of the
present ice load and subsequent
isostatic reboun_d (below). Con- Bl o 2000
toured values (in m above con-  EEE 1500 - 2000
temporary sea level) have [ 1000 ~ 1500
undergone light smoothing, the [ 500 — 1000
thick line is for the zero-meter 0~ 500
contour. Data were digitized [HlE -500 - 0
from the Drewry map folio [l -1000 - =800
series, sheet 3 (1983). B sELOW 1000

sequent isostatic rebound, this remains the case in
West Antarctica, where only a few isolated islands
rise above the ocean surface and water depths are
still as much as 1000 metres or more. By contrast,
if the East Antarctic Ice Sheet were to be removed
and full isostatic recovery were to take place, prac-
tically all of the bed would rise above sea level.
This also applies to the Wilkes and Pensacola ba-
sins, which are at present near or below sea level,
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but would rise to between 500 and 1000 m above
sea level after removal of the ice sheet. This makes
an open seaway across these basins improbable un-
less the bed had an entirely different structure.
This is definitely a weak point in the waxing and
waning hypothesis, and has so far not been
adequately addressed.
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The Mass Balance

In the model, the mass-balance components of ac-
cumulation rate and runoff are calculated sepa-
rately and parameterised in terms of temperature,
which is the uitimate forcing variable. In general,
precipitation is a difficult process to model. It de-
pends on such factors as cyclonic activity, moisture
content, temperature, continentality and orienta-
tion of the ice sheet surface with respect to prevail-
ing winds (orographic effect). These factors are
usually too complicated to be used in a parameteri-
sation. Over the Antarctic, however, accumula-
tion rates appear to be mainly related to air temp-
erature, which controls the amount of vapour av-
ailable for precipitation. This relationship appears
to be particularly strong over the inland plateau,
where temperature alone explains over 85 % of
the variation of the accumulation rate (Fortuin
and Oerlemans, 1990). Results from the Vostok
ice-core show that this relation also holds during a
glacial cycle, and it is believed to have continental
validity (Jouzel ez al. 1989).

The parameterisation developed for this study is
based on the premise that temperature remains
the main controlling factor for precipitation in ear-
lier Antarctic climates, which may have had widely
different geographies. Using data from Orvig
(1970) and following analyses by Giovinetto et al.
(1990) and Fortuin and Oerlemans (1990), the fol-
lowing relations were adopted:

TMA = 34.46-0.00914 H,,,,-0.68775 Lat + Ty,

(10)
TMS = 16.81-0.00692 H,,,,-0.27937 Lat + Ty,

(11)
ACC =0.78+2.525x10?TMA +2.225x10* TM A>

(12)

where TMA [°C] is the mean annual surface air
temperature, Hg,, is surface elevation in metres
above sea level, Lat is latitude in °S and Ty, is the
applied temperature change with respect to pre-
sent conditions. ACC [m/y ice equivalent] is the
parameterised accumulation rate, and gives a
reasonable fit to the presently observed snowtall
distribution (Fig. 3, p. 228). It ranges from as little
as 5 cm/year for a minimum air temperature of

-56°C to around 0.5 m/year for a mean annual
temperature of -12°C. Somewhat larger discrepan-
cies with respect to the observations are found on
the Antarctic Peninsula and along parts of West
Antarctica. This is due to a more pronounced cyc-
lonic activity, which is not accounted for by the
adopted relation. Fig. 4 (p. 228) shows how the
temperature parameterisation works for present
conditions. Mean annual temperatures are then
around -15°C along most of the East Antarctic
coast and down to -60°C over the plateau, gener-
ally in good agreement with observations.

TMS is the summer temperature needed to con-
struct the yearly temperature march in the abla-
tion model, which is based on the degree-day
method. Braithwaite and Olesen (1989) have
shown that there is a high correlation between the
number of positive degree days and melt rates at
west Greenland ice-margin locations. The model
adopted to estimate the number of positive de-
gree-days (PDDs) accounts for the daily cycle and
for random temperature variations from the regu-
lar long-term annual cycle by using a statistic, that
is normally distributed and centred on the curve of
the mean daily temperature TD:

A
1
PDD = —— J-
o2 )
TD+2.5¢

«(T-TD)? ;
T exp|—— | dT b (13)
5 2¢

where o is 5K and TD is defined as a cosine with
mean of TMA and an amplitude of TMA-TMS
(Reeh, 1989). A equals one year.

The calculated annual number of PDDs repre-
sents a melt potential, which is used to melt snow
and ice with degree-day factors of 0.003 my!
/PDD and 0.008 my"' /PDD, respectively. The
higher value for ice is essentially related to a lower
albedo for bare ice as compared to snow. Addi-
tional features such as superimposed ice formation
and the fraction of precipitation falling as rain,
which are of importance for the present-day ice

Figs 3 and 4, see p. 228. For technical reasons Figures 3, 4 and 7 are out of sequence.
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Fig. 5. Dependence of Antarctic mass-balance components
on temperature relative to the present. For a warming below
5.0° C, the mass balance would be larger than today. Values
are integrated over the entire grounded ice sheet for its pre-
sent geometry.

sheets in Greenland and the Canadian Arctic,
have been disregarded. This is simply because un-
certainties in the other climatic boundary condi-
tions would not justify such a degree of sophistica-
tion. This method of determining glacier runoff is
similar to the procedure adopted in Huybrechts ef
al. (1991), where it was satisfactorily employed to
determine ablation rates on the Greenland Ice
Sheet. Greenland can be considered as the mod-
ern analogue for an (East-) Antarctic Ice Sheet in
a climate warmer by 10 to 15K in the annual mean.
It is instructive to see how the total ice budget
gained (or lost) at the surface depends on tempera-
ture. Fig. 5 displays the surface mass-balance com-
ponents integrated over the entire grounded ice
sheet for its present geometry. It shows how ac-
cumulation rates increase in a warming climate, so
that a surface temperature increase of 10K corres-
ponds roughly to a 60% increase of the accumula-
tion rate. Runoff is virtually absent for present-
day conditions, but is seen to increase progres-
sively with temperature. As a result, for a moder-
ate warming of up to 5K, the mass balance will be
even higher than today because the increase in ac-
cumulation outweighs the increase in runoff.
When mass balance is zero, the ice sheet is in
equilibrium. The present ice sheet has a positive
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surface mass balance, meaning that more ice is
gained by accumulation than lost by ablation. The
implication is that the ice sheet must be losing
mass by another mechanism (calving) if it is to re-
tain a steady state. The mass balance will become
negative for a temperature rise of more than 9K.
This does not mean that the Antarctic Ice Sheet
will disappear for temperature rises larger than
9K. In general, the ice sheet will shrink and try to
reorganise its height-elevation distribution so as to
make the accumulation area larger at the expense
of the ablation area. The Greenland Ice Sheet has
at present a fifty-fifty ratio between mass loss by
calving and by runoff (Huybrechts et al. 1991). On
the mass-balance curve displayed in Figure 5, this
would correspond to a temperature rise of around
7K.

The Modelling Results
Ice Sheet Geometries

A series of experiments was conducted in which
the present ice sheet was taken as an initial condi-
tion and temperatures were progressively raised.
The initial condition was obtained by starting with
the observed ice sheet and running the model to
equilibrium with zero temperature forcing. Dur-
ing this process, the final ice thickness distribution
was generally within 100 metres of the observa-
tions, which is certainly acceptable. For each new
value of the temperature perturbation, the evolu-
tion of the ice sheet was computed for 100000
years, which was sufficient to rcach an approxi-
mate steady state.

Fig. 6 shows the resulting steady-state ice sheet
geometries for temperature changes of between 5
and 20K above present levels. For a temperature
increase of up to 5K, the ice sheet geometry is
rather stable. There is a slight retreat of ice along
the northernmost tip of the Antarctic Peninsula
and elevations tend to rise a little over the conti-
nental interior, but the overall form of the ice sheet
exhibits only minor changes. This is because melt-
ing at the margin is not yet of sufficient strength to
form an ablation arca along the coast of any signifi-
cance. The formation of such an ablation area, in
which runoff exceeds accumulation on a yearly
basis, is a necessary pre-condition for the ice sheet
to recede over its continental base. In addition, in
the central areas the thickening effect of increased
accumulation rates is partly counteracted by thin-
ning associated with warmer and softer ice. This is
very similar to the behaviour reported for the Ant-
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arctic Ice Sheet during a glacial-interglacial con-
trast, where eustatic sea-level change rather than
climatic change was found to be the most decisive
factor controlling fluctuations of the ice sheet
(Huybrechts, 1990).

A first threshold is crossed for a warming in the
range of 8 to 10K. For a temperature rise of +9K,
most of the ice cover over the Antarctic Peninsula
has retreated to the high central mountain ridge

228

Accumulation rate [m/y]

Fig. 3. The parameterised ac-
cumulation rate for the present-
day ice sheet. Values are in m/y
ice equivalent.

Fig. 4. Mean annual surface
temperature [in ° C] for the pre-
sent-day ice sheet according to
the parameterisation adopted
for this paper. This is also the
upper boundary condition for
the temperature calculations
within the ice sheet.

and the Peninsula Ice Cap has become separated
from the West Antarctic Ice Sheet. This leads to an
open seaway between Palmer Land and Ellsworth
Land. For a warming of between 9 and 10K, the
mass balance over most of West Antarctica has be-
come sufficiently negative at sea level so that
grounded ice is no longer able to produce a flux ac-
ross the grounding line and feed an ice shelf. This
starts a chain of reactions that ultimately results in

Geografiska Annaler - 75 A (1993) - 4



GLACIOLOGICAL MODELLING OF ANTARCTIC ICE SHEET

+ 15 deg. C
[ ABOVE 10
5- 10
= 0~ b
| -5~ 0
B -0- -5
B  -i5--10
B 20--15
B - -2
B 20 --25
B -5 - -3
B -4 - -35
B - - -40
B 50 - -45
B seLov -850
+ 15 deg. C
Fig. 7. Climatic boundary condi-
tions for the ice sheet simulated
for a temperature warming of
+15K. The thick black line in
the lower graph is the equilib- [ anove 0.4
rium line. The magnitudes of 5.2 - 04
the mass balance and the sur- W 0.0 - 02
face temperature are compara- [ <20 - 0.0
ble to those observed on Green- [ ~5.0 « -2.0
land today. B Biiow -50

the almost total destruction of the marine portions
of the West Antarctic Ice Sheet. In these experi-
ments, the mechanism called upon for ice sheet
decay does not involve direct interaction with the
ocean, but is due to the height-mass balance feed-
back: melting of the West Antarctic Ice Sheet at its
margin leads to a shrinking base and lower eleva-
tions, which then further enlarges the ablation
area and so on. For a warming of around 10K, the

Geografiska Annaler - 75 A (1993) - 4

Mean annual temperature [deg. C]

ice sheet also starts to retreat from the continental
margin in East Antarctica and ice shelves cease to
exist.

As shown on the bottom maps in Figure 6, the
Antarctic Ice Sheet starts to retreat more seriously
for temperature rises above 15K, when local ice
caps appear in Victoria Land and the Ellsworth
Mountains that are disconnected from the main
ice sheet. A second threshold, now associated with
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Fig. 6. Steady-state icc-sheet
geometries for the temperature
perturbations  above present
levels as indicated. Isolines arc
for surface elevation. Contour
interval is 333 m, the thick lines
are every 1000 m.

the East Antarctic Ice Sheet, is crossed for temper-
atures in the range of +19 to +20K. At this stage,
the East Antarctic Ice Sheet has basically disinteg-
rated into two ice caps situated on top of the Trans-
antarctic and the Gamburtsev Mountains. A small
ice cap also survives in the Sgr Rondane Moun-
tains, which acts as a third inception area. The pre-
sence of these mountains explains why the East
Antarctic Ice Sheet is able to resist a much larger

230

warming than the West Antarctic Ice Sheet for a
similar latitude, because these mountains enable
the ice sheet to retreat to higher ground. It is also
interesting to note that an ice-free corridor
centred over the Pensacola subglacial basin, where
marine sedimentation could take place as invoked
by the waxing and waning hypothesis, is only pro-
duced when the ice sheet as a whole has almost en-
tirely disappeared.
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Fig. 7 (p. 229) shows the climatic conditions as-
sociated with the ice sheet simulated for a temper-
ature rise of 15K. Even then, mean annual surface
temperatures are still below -40°C over the central
parts, and mass balance values range from 30 cm
per year to negative values of minus 5 metres per
year. These are of the same order of magnitude as
those observed on Greentand today and demon-
strate the difficulty of eliminating the ice sheet.

It is also interesting to note thatin spite of the in-
creased accumulation rates, surface elevations
over East Antarctica and the Transantarctic Moun-
tains do not rise much. This is in part due to the
warmer and softer ice, but the main reason is the
shrinking base because of melting at the margin
and subsequent retreat. Though it is not explicitly
modeled, higher surface elevations in the Trans-
antarctic Mountains are also unlikely to come
from widespread grounding of the West Antarctic
Ice Sheet. Even if the ice sheet expands to the
edge of the continental shelf during a Pleistocene
glacial maximum, surface levels at the inland side
of the Transantarctic Mountains, where they are
highest, are not very different from today (Huyb-
rechts, 1990; Denton et al, 1991). This is at odds
with the maximum ice sheet reconstruction shown
in Fig. 1, which would require a fully expanded
West Antarctic Ice Sheet together with substan-
tially larger accumulation rates than those ob-
served during the more recent glacial history.
From what is known of Antarctica during the late
Quaternary, such conditions exclude one another,
making the ‘giant ice sheet reconstruction’ also dif-
ficult to accept for the late Neogene.

Basal Temperature Conditions

Another important characteristic for ice sheet
dynamics is the extent of basal melting, because
the presence of liquid water is a necessary pre-
requisite for enhanced basal motion, whether this
occurs as basal sliding at the ice-rock interface or
by means of a deforming layer of soft sediments.
The resulting distribution of areas at the pressure
melting point is displayed on Fig. 8. Interestingly,
the present-day pattern of basal melting is quite
well conserved and changes in a warmer climate
are modest. Though there is some expansion of
wet ice, basal melting remains mainly confined to

regions with thick ice, whereas the shallower ice
covering the Transantarctic and the Gamburtsev
Mountains continues to be cold-based, even with a
temperature rise of 20K. This behaviour is the re-
sult of two largely counteracting effects: in a
warmer climate the surface ice becomes warmer,
but on the other hand increased accumulation
rates will lead to a more vigorous motion of the ice
within the ice sheet, so that more cold ice is ad-
vected downwards. As a result, the steady-state
surface-to-bottom temperature difference is re-
duced and the ensuing basal warming is only a frac-
tion of the initial surface warming. The implication
for the dynamics of the East Antarctic Ice Sheet is
that any instability mechanism invoking wide-
spread basal melting is unlikely to have played a
major role in the ice sheet’s history.

Ice Volume

The results of these experiments are best sum-
marized in a solution diagram giving the equilib-
rium ice volume as a function of the temperature
perturbation (Fig. 9). Two sets of model runs are
shown, one in which the presentice sheet was used
as an initial condition, and one in which the calcu-
lations started from the bare bedrock after isosta-
tic rebound. Clearly, there are regions with multi-
ple solutions. For certain values of the tempera-
ture perturbation, the final state of the ice sheet
depends on whether the ice sheet was initially pre-
sent or not. This is indicative of hysteresis (Oerle-
mans, 1981), though its magnitude is not particu-
larly large: the two solutions are separated by 1K
at most. This type of behaviour is due to the fact
that an ice shect creates its own surface climate, so
that when the ice sheet is removed, it needs a col-
der climate to regrow to the same size. The curve
connccted by open squares can be understood as
the path the ice sheet would follow when it melts;
the full squares represent the build up. The region
around +9K is linked to the threshold for the West
Antarctic Ice Sheet, whereas the region between
+16 and +20K is associated with the East Antarc-
tic Ice Sheet.

Furthermore, the Antarctic Ice Sheet is larger
than today for a climatic warming of up to 5K, be-
cause the surface mass balance is higher than
today. Above this temperature, the increase in

Fig. 7. see p. 229.
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melting starts to dominate over the increase in ac-
cumulation, and an ablation area develops around
the coast. The ice sheet disappears completely for
a climate more than 25K warmer than today. In
this case, there are no regions left in the model do-
main with a positive surface mass balance.

Response Time Scales

Figs 10 and 11 show the time scales involved to
build up or melt down the ice sheets in these exper-
iments. As shown on these graphs, it takes consid-
erably more time to build up an ice sheet than to
melt it down. This is because of the different be-
haviour of the mass balance terms with tempera-
ture. Accumulation rates decrease in a colder cli-
mate and thus place an upper limit on the mass ba-
lance. Ablation rates, on the other hand, increase
much faster with temperature than accumulation
rates, so that there is in principle no lower limit on
the mass balance. Typical time scales for build-up
are of the order of a few tens of thousands of years
for the colder climates, and even longer for the
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Fig. 8. Basal temperature condi-
tions corresponding to the series
of experiments shown in Fig. 6.
White areas indicate where the
base is at the pressure melting
point and basal sliding can
occur. These plots demonstrate
that mixed wet and cold basal
conditions also prevail in
warmer climates, much like the
situation today.

warmer climates. The growth curve for +17K
shows how the height-mass balance feedback be-
comes active. In this case, the final equilibrium is
not reached even after the 60000 years of simu-
lated evolution shown on Fig. 10.

Reducing the size of an ice sheet is a much faster
process, because of the higher magnitude of abla-
tion rates. The curves displayed in Fig. 11 clearly
show how the ice sheet first loses volume because
of a shrinking domain, which has an immediate ef-
fect typically lasting 5000 to 10000 years, whereaf-
ter the ice sheet grows again because of the lagging
effects associated with rising accumulation rates.

Sensitivity Study

When transposing these results to Tertiary envi-
ronments, one should of course keep in mind that
the climatic and topographical boundary condi-
tions may have been very different from today’s.
For instance, the Transantarctic Mountains, which
play an important role in the ice sheet’s inception,
may have been substantially lower. In addition,
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Fig. 9. Solution diagram giving steady state ice volume as a
function of the temperature perturbation. The full squares
are for model runs in which the initial condition was an ice-
free continent, the open squares are for runs which started
from the present ice sheet. Regions with multiple solutions
indicate that the resulting ice sheet geometry depends on its
past history. One million cubic kilometres of ice (i.e. 10" m*
of ice) corresponds to a world-wide sea-level change of
about 2.5 metres.

patterns of precipitation and temperature change
may have been strongly influenced by another geo-
graphy, a changed continental configuration or a
different condition of the surface. One way to as-
sess the influence of these factors is to perform a
sensitivity study, in which experiments are re-
peated taking into account such changes of bound-
ary conditions.

Bedrock Topography

A point raised by those advocating the waxing and
waning ice sheet hypothesis is that major tectonic
uplift of the Transantarctic Mountains must have
occurred after the deposition of the Sirius Group
tills. This is necessary to explain the presence of
Nothofagus wood fragments in these tills and
would also require a less extensive ice sheet during
overriding phases. Webb ez al. (1986) and McKel-
vey et al. (1991) suggest uplift by perhaps as much
as 1 to 2 km over the past 2.5 to 3 Ma. This is an
order of magnitude larger than the long-term aver-
age rate of 90—100 m Ma™' for the last 50 Ma infer-
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Fig. 10. Growth curves of the Antarctic Ice Sheet for various
temperature changes above the present level, starting with
an ice-free continent as an initial condition.
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Fig. 11. Time scales for ice-sheet decay after the model has
been submitted to a sudden climatic warming of the mag-
nitude shown at the right. These experiments started with
the present ice sheet as initial condition.

red by apatite fission track analysis (Fitzgerald et
al. 1987) and heat flow calculations (Stern and ten
Brink, 1989). Nevertheless, the evidence is sparse
and it seems that present data cannot yet constrain
the timing or amount of surface uplift with any pre-
cision. The uplift history is also likely to be diffe-
rent for each of the individual blocks that comprise
the Transantarctic Mountains.

In this study, the effect of topography was tested
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Fig. 12. Steady state ice volumes for the series of experi-
ments in which the bedrock was flattened out and mountains
removed. The curve for the experiments with the present to-
pography is added for comparison.

under a maximum scenario. This should give an
idea of what to expect when conditions are
stretched to the extreme. A new dataset for topo-
graphy was constructed by flattening out the un-
loaded bed elevations above an altitude of 100
metres. This was done by taking the square root of
elevation and multiplying the result by 10. This ef-
fectively lowered all topography to below 500-600
metres above sea level everywhere. With this
sctup, simulated surface elevations over the East
Antarctic Ice Sheet are typically about 3000
metres in the centre, and not surprisingly, ice
sheets tend to become more circular with their
summits migrating to the South Pole.

The corresponding curves of steady state ice vol-
ume versus the temperature perturbation are dis-
played in Fig. 12. The ice sheet on a flat bed now
disappears for a temperature rise of 15K, which is
10K less than the amount needed to melt the East
Antarctic Ice Sheet for its present-day bed, but is
nonetheless still a very substantial warming. It is
also interesting to note that the hysteresis is much
more pronounced than in the standard experiment
(Fig. 9). Both curves are now separated by 5K and
also their gradients are much larger. This indicates
that the ice sheet on a flat bed is more responsive
to climatic change. The interpretation is that the
ice sheet is able to oscillate between a very small
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and a very large ice sheet for temperatures fluc-
tuating in the relatively small range of between
+10 and +15K. The lowering of the Transantarctic
Mountains therefore increases the likelihood of
large and rapid ice sheet changes.

Mass Balance Parameters

Little is known about late-Tertiary climatic condi-
tions prevailing over Antarctica, in particular with
respect to the relation between temperature and
patterns of accumulation and surface melting,
both latitudinally and seasonally. It has been
suggested that CO, levels during the Pliocene
were higher than today, implying an analogy be-
tween GCM simulations for a CO,- doubling and
Pliocene warmth (Crowley, 1991), but such infer-
ences remain very speculative. Another GCM
study was conducted by Oglesby (1989), and spec-
ifically aimed at investigating the effects of closing
the Drake Passage (representing an increased
meridional heat transport by the ocean) and a
lower continental elevation on Antarctic glacia-
tion. This study demonstrated the difficulties in-
volved to explain frost- and ice-free conditions
over Antarctica. Under all circumstances, even
with greatly increased atmospheric carbon
dioxide, conditions would still have been favoura-
ble for the maintenance of an Antarctic Ice Sheet.
That is, far-below-zero temperatures still exist and
a positive surface mass-balance prevails, certainly
in the more central areas. Of interest for the pre-
sent study, however, is that summer temperature
deviations may have been larger than mean annual
variations because of a lower albedo over a
tundra-like surface, and that surface melting rates
may have been larger than those observed on
Greenland today for a similar temperature.

With these suggestions in mind, a few additional
sensitivity experiments were set up, in which par-
ameters in the mass balance model were stretched
to the limits suggested by the study by Oglesby
(1989) so as to produce the smallest ice sheets.
These additional conditions were a doubling of the
degree-day factors to 0.006 and 0.016 my™! /PDD
for snow and ice respectively; a 50% higher temp-
erature rise during the summer melting season
than during the year; and the (not very realistic)
assumption that accumulation rates do not in-
crease in a warmer climate and remain at their pre-
sent low levels. The resulting ice-volume curves
are shown in Fig. 13. Again, the ice sheet disap-
pears more readily, but still requires a climatic
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Fig. 13. Solutions for the sensitivity tests involving changes
in the mass balance model. These curves are for experiments
in which the initial condition was an ice-free continent after
isostatic rebound.

warming in the range of +10 to +15K to become
sufficiently small to expose interior basins.

Another Mechanism for Episodal East Antarctic
Ice Sheet Destruction?

In view of the large warming needed to melt the ice
sheet down from the surface, an important ques-
tion is to know whether there are perhaps other
mechanisms able to explain episodal destruction
and deglaciation of East Antarctica. In this re-
spect, several instability mechanisms have been
suggested that could have played a role.

First there is marine ice sheet instability, which
holds that the stability of an ice sheet grounded
below sea level crucially depends on its surround-
ing ice shelves, which are believed to keep the
grounded ice sheet in place (Mercer, 1978; Thomas
and Bentley, 1978; Lingle, 1984; and many
others). Any weakening of these ice shelves would
under certain circumstances lead to a run-away
process in which the entire marine ice sheet col-
lapses. This mechanism received a lot of attention
with regard to the West Antarctic Ice Sheet in the
late 1970s, though the effectiveness of this mech-
anism remains the subject of considerable debate.
Later modelling work (Van der Veen, 1985; Mus-
zynski and Birchfield, 1987), in which the entire
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ice sheet system—ice sheet, grounding line and ice
shelf—is modelled in an integrated way does not
appear to exhibit the catastrophic behaviour com-
mon to earlier work based on a study by Thomas
(1977). Also all conditions required for this mech-
anism are not fulfilled in East Antarctica, which is
only truly marine-based in a relatively small area
in Wilkes and George V Land. Furthermore, the
bedrock does not have the required inward-slop-
ing topography. This virtually excludes the marine
ice sheet instability mechanism as a likely candi-
date to explain East Antarctic Ice Sheet destruc-
tion.

Two other mechanisms, creep instability and
surging, call on the thermodynamics of polar ice
sheets. Clarke et al. (1977) and Schubert and Yuen
(1982) have suggested that the East Antarctic Ice
Sheet may exhibit creep instability because of the
feedback between ice temperature and ice veloci-
ty: the warmer the ice, the more easily it deforms
and the more shear heating is produced, which in
turn leads to higher temperatures and so forth.
Their scenario calls on climatically enhanced ac-
cumulation to increase the thickness of the East
Antarctic Ice Sheet above a critical value for the
onset of an explosive shear heating instability. This
would cause massive melting at the base and in-
itiate a surge. However, their instability may be a
model artefact rather than a realistic feature be-
cause of the neglect of horizontal heat advection,
which excludes a basic damping mechanism in the
system (Huybrechts and Oerlemans, 1988).

A similar remark applies to large-scale surging
(Budd and Mclnnes, 1979). The thermodynamics
employed in these studies are rather simple and
originate from glacier studies, and it is doubtful
whether these could be applied to large continen-
tal ice sheets. Another critical factor in these mod-
els is the way basal sliding is treated and how it de-
pends on the details of the basal hydraulics.

In all, these instability mechanisms are unlikely
to have caused the kind of ice sheet geometries ne-
cessary to explain the waxing and waning ice sheet
hypothesis. Also, these mechanisms would at best
explain a periodic thinning of the ice sheet, and
not necessarily the removal of large parts of the ice
sheet, which would still have to result from melt-
ing down from the surface.

Concluding Discussion

According to the model results presented in this
paper, the East Antarctic Ice Sheet appears to be
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very robust to a climatic warming. It would take a
temperature warming of between 17 and 20K to
produce an ice-free corridor over the Wilkes and
Pensacola basins and of between 20 and 25K to
completely remove the ice sheet from the interior
of the continent. Moreover, for a warming of up to
5K, the ice sheet would be even larger than today
because the increase in snowfall would outweigh
the increase in surface melting. Even under the ex-
treme conditions of a flatter bedrock and mass-ba-
lance parameters stretched to their limits, the ice
sheet would still need a temperature rise of the
order of 10 to 15 K to melit completely down.

These results have important consequences for
the multi-dynamic model proposed for the late-
Tertiary glacial history of Antarctica. Based on
these findings, there are serious climatological and
glaciological difficulties associated with a Pliocene
disintegration of the East Antarctic Ice Sheet. The
main problem is that the only realistic mechanism
able to explain a smaller ice sheet is massive sur-
face melting, and that this requires a temperature
rise well in excess of the rather modest Pliocene
warmings recorded in the marine isotope records
(Kennett, 1982) and other sources (Crowley,
1991). Moreover, an alternative instability mech-
anism is hard to find, because the prerequisite for
any mechanism involving the decoupling of the ice
from its base, that is, widespread basal melting,
does not seem to take place in a warmer climate.

Additionally, there are problems with the prop-
osed location for marine diatom deposition. The
Wilkes and Pensacola basins are located close to
the South Pole, where climatic conditions can be
expected to be at their most severe, so that ice-free
terrain is produced only when the East Antarctic
Ice Sheet as a whole has almost entirely disap-
peared. But even then, these basins would quickly
(= after a few thousands of years) rise above sea
level, making a marine environment hard to con-
ceive unless the bed had an entirely different struc-
ture.

At the other extreme, a giant ice sheet overrid-
ing the Transantarctic Mountains also has difficul-
ties. Such a giant ice sheet necessarily presupposes
the existence of a West Antarctic Ice Sheet withice
shelves that can interact with sea level, implying
temperatures not too far above present levels.
Moreover, for this ice sheet to expand to the mar-
gin of the continental shelf, a low global sea level
would be required, perhaps indicating ice build-up
on continents elsewhere, for which there is other-
wise no clear evidence. Nevertheless, both these
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conditions, a West Antarctic Ice Sheet and a low
global sea level, are associated with cold global cli-
mates, which would not produce the large precipi-
tation amounts needed to cause massive overrid-
ing of the Transantarctic Mountains, leading to a
unified ice sheet with a single dome. This makes
also the giant ice sheet reconstruction difficult to
understand unless the climate system operatedina
completely different way.

Following these arguments, it seems that
neither the extreme dwarf ice sheet nor the giant
ice sheet hypothesis are a likely option during the
more recent glacial history of the last 5 to 10 mill-
ion years. Given the constraints on the climatic his-
tory, the model experiments presented here rather
confirm the classic concept of a quasi-permanent
and stable East Antarctic Ice Sheet, together with
a West Antarctic Ice Sheet that accounts for the
bulk of the variability. If anything, the Pliocene
East Antarctic Ice Sheet is likely to have been
somewhat bigger rather than smaller than today.

However, as also became clear in this study,
both the removal of large parts of the East Antarc-
tic Ice Sheet and the overriding of the Transantarc-
tic Mountains certainly become more credible as
one goes further back in time to periods with
warmer climatic episodes and a less elevated topo-
graphy. If the Transantarctic Mountains were in-
deed much lower, a less extensive and thinner East
Antarctic Ice Sheet would be needed to override
them. The presence of the West Antarctic Ice
Sheet may not even be required, so that overriding
may have been produced with temperatures sub-
stantially above present levels. It is tempting to
speculate that this may also have led to the right
conditions for a more dynamic ice sheet. Such a
system would be much closer to the 10-15K temp-
erature rise needed for massive surface ablation at
the margin. In addition, it could have produced
the larger precipitation rates needed for overrid-
ing during a cooler interval, not only because of air
temperature, but also because of a nearer mois-
ture source due to a less extensive sea-ice cover
and more open water around the continent. Inves-
tigating the likelihood of such a scenario would re-
quire the coupling of the ice sheet model to atmos-
pheric circulation models and models for the de-
velopment of the subglacial landscape. These com-
bined studies have yet to be done.
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