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Significant amelioration of the antarctic climate during the
ea ny Pliocene has been proposed by numerous workers (Webb et
al 1984; Harwood 1986; Prentice et al. in press). The principal
evidence is early Pliocene marine diatoms embedded within the
glacial Sirius Formation at some Transantarctic Mountain locali-
ties. Webb et al. (1984) inferred that these diatoms were derived
from east antarctic interior seaways such as that in the Pensacola
Basin. Harwood (1986) inferred ocean water temperatures be-

een 2 'C and 6 'C, whereas Burckle and Pokras (1991) sug-
gested that 0 'C to 2 'C was a more appropriate range for the
diatom species identified. Nothofagus twigs were found in situ
in Sirius sediments at the Dominion Range (Prentice et al. 1986;
Webb et al. 1986). This flora reflects significant warmth, but
dterminingits age has been problematic. Prentice et al. (in press)
irilferred water temperatures of 3 'C for an early Pliocene fjord in
Wright Valley from the 6180 of an extinct species of thick-walled
pecten, the Chlamys tuftsensis (Turner 1967), present in the fjord
sediments. The microflora and fauna present in these fjord
sediments support these inferences. When antarctic surface
waters were about 3 'C during the warmest of early Pliocene
times, it is likely that the mean, annual surface-air temperature
along the antarctic coastline was about the same.

Assuming that these inferences are correct, what was the
configuration of the antarctic ice sheet during these warm cli-
mates? Fastook and Prentice (in press) and Prentice, Fastook, and
Oglesby (in press) presented a series of numerical ice-sheet
reconstructions for a wide range of climatic and glaciological
conditions. Here, we draw on this catalogue of numerical recon-
structions to constrain the ice-sheet configuration for the climate

characterized by the mean, annual coastal surface-air tempera-
tures of 3 'C. Webb et al. (1984) proposed near-disintegration of
the antarctic ice sheet for such conditions. Denton, Prentice, and
Burckle (1991) suggested that the west antarctic ice sheet may
have succumbed to such warmth, but not the east antarctic ice
sheet.

To reconstruct the ice sheet, we used a 2-dimensional, time-
dependent, finite-element model of the antarctic ice sheet (Fastook
and Prentice in press). The model calculates a column-averaged
ice velocity as a linear combination of creep and basal sliding.
Parameters that can be tuned in the model are creep and sliding
law coefficients, as well as the percent of the ice velocity due to
basal sliding. This model allows for time-dependent variations in
mass balance and the isostatic deformation of the bed. A simple
climate model, that is coupled to the ice-sheet model, is driven by
specification of mean, annual surface-air temperature at the
antarctic coastline at 70' S (Fastook and Prentice, in press). We
checked the simple climate model using an atmospheric general
circulation model, NCAR's CCM1, which is described by
Williamson et al. (1987) with a description of the model climate
statistics given by Williamson and Williamson (1987). Bedrock
topography was adapted from the 20-kilometer-resolution digi-
tized data set of Budd, Jenssen, and Smith (1984), which was
based largely on Drewry (1983). The square grid, centered over
a stereographic projection with the standard parallel at 71' 5, has
a spacing of 100 kilometers and contains 1,772 nodes. With tuning
and mean, annual surface-air temperature at the coast being set

Figure 1. Numerical reconstruction of the antarctic ice-sheet surface
elevation for mean, annual surface-air temperature at the coast at 70
S of 3'C. Contour interval is 500 meters. The modern ice sheet and
ice-shelf edges are shown. The experiment started with the present
ice sheet at a mean, annual surface-air temperature of -14 'C along
the coastline at 70'S. After 26,000 years, the ice sheet achieved the
depicted state that is near equilibrium. The shoreline is shown by the
0 meter contour and reflects complete isostatic recovery.
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Figure 2. Annual mass balances (m/yr) calculated by the simple
climate model for the Ice sheet in figure 1. Ablation Is shown as
meters. Accumulation Is rounded to tenths.
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Figure 3A. Annual mass balance for the Ice sheet In figure 1
calculated by the simple climate model In m/yr (+). Dots show the
present-day observed mass balance from Budd et al. (1984).

Figure 3B. Annual mass balances for the Ice sheet In figure 1
calculated by CCM1 (0) and by the simple climate model (+). Mass
balances are In m/yr. All balances have been Interpolated to the CCM
grid of 7.50 longitude by 4.5 latitude. CCM1 balances are constrained
not to fall below 0 m/yr because of an Initial assumption of no snow
cover.

at -14 *C, the ice-sheet model gives a good fit to the modern ice
sheet, as represented by Budd, Jenssen, and Smith (1984). This
control ice-sheet has an average height of 1,578 meters.

When mean, annual surface-air temperature over the conti-
nent was raised by 17 *C, bringing air temperatures at the coast at
70* S up to 3 *C, the present ice sheet had a negative mass balance
and shrank until, after 26 thousand years, it achieved equilibrium
as a much smaller, but higher ice sheet (figure 1). For this
experiment, the tunable parameters were fixed at the values used
to fit the present ice sheet. The increased ablation, due to the
warming (figure 2), was sufficient to deglaciate West Antarctica
and much of peripheral East Antarctica. The McMurdo Dry
Valleys region was isolated from the ice sheet, the margin cf
which stood in the Byrd Glacier region. Apparently, the
Gamburtsev Subglacial Mountains and the southernmost
Transantarctic Mountains were sufficiently high, through isor
tatic rebound, and cold that they could accumulate enough sno'
to support an ice sheet locked between them. The altitude of th
equilibrium line for this stable ice sheet is about 1,500 meten,
assuming insignificant tectonic movements of the mountain
(figure 3A).

One potential weakness with this reconstruction is that the
base of the reduced ice sheet in interior East Antarctica is con
pletely frozen because, here, the control ice sheet is cold-based.:
is likely that the distribution of basal sliding changed as the ice
sheet diminished in area and volume, with the zones of slidin
presently at the margins of the ice-sheet migrating inland withth
receding ice margin. At the extreme, the ice base may hay
become completely melted. To determine what difference thi
extreme bed adjustment would make, we repeated the experi
ment for a completely thawed bed. We found that the surface
elevation of the completely thawed ice sheet was lower by 500 t
1,000 meters than that of the all-frozen ice sheet. The area of the
two ice sheets is nearly the same, however. With considerable
surface area still above 2,000 meters, there is apparently sufficien
accumulation to offset high net ablation below 2,000 meters.

Another potential weakness with these experiments is th
mass-balance calculation. We checked the simple climate mode
results (figure 3A) by running a CCM1 experiment with the ic
sheet depicted in figure 1 for the same interglacial climate wit]
coastal mean, annual surface-air temperatures of 3 *C. For thi
temperature and ice sheet configuration, the number of mode
nodes with essentially no net accumulation is large. There i
negligible accumulation on the high ice-sheet plateau, where i
reflects moisture starvation, as well as along the ice-sheet mar.
gins, where it reflects ablation (figure 3B). The use of an initi
condition of no snow cover in this CCM1 experiment preclude
getting negative balances, though, for many nodes with zero
balance, this would be the case. There are fewer nodes with ne
accumulation in the CCM1 result than for the simple climat4
model. What net accumulations occur in CCMI are much re
duced from those in the simple climate model. If the CCM1
balances had been applied to the reduced ice sheet, this ice sheet
would not be stable but would thin. We ran other CCM1 experi-
ments for smaller ice sheets at the same level of climate warmth
and inferred that the balances for all snapshots were negative
Hence, CCM1 suggests that the ice-sheet configuration for warm
early Pliocene interglaciations would likely have been smaller
than depicted in figure 1.

The discrepancy between the mass balance calculated by the
simple climate model and the CCM1 for the ice-sheet configura-
tion in figure 1 and smaller ice sheets is important. One param-
eterization yields an ice sheet of significant size for a warm
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anarctic climate. The other, CCM1, would probably result in
complete ice-sheet disintegration, if it had been coupled to the ice-
shCet model and if the warm conditions were of sufficient duration.
The greater ablation in CCM1 at high ice-sheet elevations, as
compared with the simple climate model, may be correct and
simply not within the capacity of the simple climate model to
predict.

Yet another uncertainty in our reconstructions is the possibil-
ity that marine deglaciation mechanisms, not incorporated into
our model, could arise due to a calving ice front (Hughes 1987)
and potentially enhance the east antarctic ice sheet recession.
Although most of the east antarctic ice sheet is grounded above
100 meters below sea level and so is regarded as terrestrial, some
portions, such as that in the Wilkes Subglacial Basin, are grounded
more than 500 meters below present sea level. Perhaps, warm-
ing above 0 C, and some sea-level rise could cause a calving
embayment to develop over the Wilkes Subglacial Basin and to
facilitate rapid ice-sheet collapse.

In summary, our modeling suggests that, for early Pliocene
interglaciations characterized by mean annual surface air tem-
perature of 3 C along the coastline, the antarctic ice sheet was no
larger than shown in figure 1. In fact, the ice sheet was probably
smaller. This is because the base of the receding ice sheet
probably was largely thawed. Further, if the mass balance of the
simple climate model erred, it was probably on the high side.
Also, there is the possibility of a calving bay. An obvious
remaining question pertinent to constraining further early Pliocene
interglacial, ice-sheet configurations is the duration of the warm
climatic conditions. This factor could make the difference as to
whether an ice sheet remained in interior East Antarctica or was
completely ablated.

This work was supported in part by National Science Founda-
tion grant DPP 88-17147.
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