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The existence of a large subglacial lake beneath the Antarctic Ice Sheet at Terre Adélie indicates the
presence of basal ice at its pressure-melting temperature. A numerical model of the ice-sheet thermal
regime is employed using the balance velocity of the ice sheet as an initial model input in order to calculate
ice-sheet basal temperatures. However, the results from this model show the Terre Adélie area to be
characterised by basal freezing. Heat in addition to that accounted for in the model is thus required at the
ice-sheet base in order for pressure melting temperatures to be attained. The sources for such heat are (1) an
enhanced geothermal heat flux and (2) an increase in frictional heating caused by the flow of ice. In this
paper the latter possibility is expanded by hypothesising that subglacial topography induces convergent ice
flow around Terre Adélie, causing enhanced basal ice velocities. Model experiments indicate that an
increase in ice velocity (from 7 to at least 42 m yr™) is required to raise the temperature of the basal ice to
the pressure melting value. Increased ice velocity, and consequent frictional heat production due to
convergent ice flow, may therefore be important in explaining the location of the subglacial lake in this
region. These results allow the process of convergent ice flow within a contemporary ice sheet to be
quantified. A verification (or otherwise) of the model results may be possible if ice surface velocity
measurements from modern GPS methods are made.
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Introduction

A systematic analysis of the analogue antarctic
radio-echo sounding (RES) database, held at the
Scott Polar Research Institute (SPRI), University
of Cambridge, resulted in the identification of 77
subglacial lake-type reflectors (Siegert et al.
1996). Many (~90%) of the subglacial lakes
represented by these reflectors are situated
beneath major ice domes where the horizontal
velocity of ice is low and ice thickness is high.
However, several subglacial lakes, notably two
lake-type RES reflectors (probably representing
two reflections off one lake) at Terre Adélie (Fig.
1), can be found unusually far (>700 km) from
the nearest ice divide along the direction of ice
flow. It is assumed that the temperature of the ice-
sheet base above subglacial lakes is at the pressure
melting value. Consideration of the ice-sheet
thermal regime above antarctic subglacial lakes
indicates that the pressure melting point can be
achieved beneath ice divides at, for example,
Dome C and Ridge B, because of a geothermal

heat component of around 54 mW m ™2 (Siegert &
Dowdeswell 1996). However, away from ice
divides, as ice thickness is reduced and precipita-
tion increased, additional heat is required to melt
the ice at the ice-sheet base. For the case of the
Terre Adélie subglacial lake, this extra heat term
is of similar magnitude to the 54 mW m ™2 of
geothermal heat at Dome C (Siegert & Dowdes-
well 1996). This additional heating may originate
from a variety of sources, including (1) heat
derived from basal sliding, (2) heat due to internal
ice deformation and (3) spatial variation in the
geothermal heat flux within the Antarctic Plate. A
fourth possible source of heat is from water
derived from the ice-sheet interior, channelled by
subglacial topography. Although this mechanism
transports heat within glaciers, it is unlikely to be
effective beneath Terre Adélie because the ice-
sheet base is largely frozen between Dome C and
Terre Adélie (e.g. Huybrechts 1992). If the
geothermal heat flux within the Astrolabe sub-
glacial basin is of the order of 100 mW m ™2, then
this alone may account for the attainment of
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Fig. 1. Lncation of Terre Adélie and model flowband (after Drewry 1983). Also provided are the locations of all known antarctic
subglacial lakes (after Siegert et al. 1996). The subglacial lake within the Astrolabe basin was identified by two independent RES

records (Cudlip & Mclntyre 1987).

pressure melting temperature (Siegert & Dowdes- the Astrolabe basin. The minimum length of the
well 1996). If, however, the geothermal heat input  lake, as measured from RES data, is 43 km
is less than this value, additional heat must be (Siegert et al. 1996). Other RES data from the

derived from ice-sheet mechanics.

Astrolabe region indicate generally strong, bright

The lake within Terre Adélie occupies part of a returns from the ice-sheet base indicative of
large subglacial topographic valley 250 km long, electro-magnetic reflectors from a wet ice/bed
50km wide and 2000 m deep. The valley is interface. One interpretation of these data is that
named the Astrolabe subglacial basin (Drewry the ice-sheet base along most of the Astrolabe is

1983) and runs perpendicular to the broad ice-

subject to temperatures at the pressure melting

sheet surface contour above (Fig. 1). The ice value.

thickness within the Astrolabe basin is in excess

Topographic features such as the African Rift

of 4000 m (Fig. 2). The subglacial topography of Valley have relatively high geothermal heat
the Astrolabe area has been compared with that of anomalies. The possibility cannot be discounted

the Great Rift Valley in East Africa (Cudlip &
Mclntyre 1987). The subglacial lake beneath

that the geothermal heat flux within the Astrolabe
sub-glacial basin is significantly greater than that

Terre Adélie is located at the northern end of of the surrounding crust. Melting at the ice sheet
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base caused by high geothermal heat flux may be
one explanation for the pressure melting tempera-
ture being attained at the ice sheet base within the
Astrolabe subglacial basin. Another explanation,
however, could be that this heat is generated by
internal deformation and basal sliding.

The Astrolabe’s topographic control on ice-
sheet flow may encourage convergent ice flow
from upstream. Studies where topography similar
to the Astrolabe has been used within recent,
appropriate numerical models of ice flow
indicate that convergent flow is probable in such
situations (Kerr 1993). Cross sections of the
subglacial topography in the region of the Terre
Adélie subglacial lake show that local ice
thickness varies between 2000 and 4000 m (Figs.
2 and 3). Generally, within the centre of large ice
sheets, relatively thick ice exists above topo-
graphic lows and areas of relatively thin ice
cover topographic highs. Subglacial topography
also influences the patterns and rates of ice flow
which give rise to areas of convergent and

divergent flow (Mclntyre 1985; Mazo 1987; Kerr
1993). Three topographic cross sections which
lie approximately perpendicular to the direction
of ice flow suggest that the region around the
Terre Adélie subglacial lake is an area of
sufficient topographic contrast to initiate a
significant convergence of ice flow (between
the locations X and Y in Fig. 3).

If it is hypothesised that convergent ice flow is
occurring within the Astrolabe, it is possible to
model how fast the ice sheet must flow in order to
produce the required basal temperatures by the
use of a simple thermal model. Although more
sophisticated models are available, a simple
version is used in this study to ensure that model
parameters, other than ice-flow-induced heating,
are fixed. Thus, in this paper, the role of conver-
gent flow of ice within the Astrolabe subglacial
basin is examined. This investigation has signi-
ficant implications for assessing the relative im-
portance of convergent ice flow and geothermal
heating within ancient and modern ice sheets and
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for the manner in which their dynamics are The basal ice temperature, Ty, is given by:
modelled.

To—T,—H [Ybe—rfy@ - Y52E<y>] 1)

Numerical model

We have used a simple numerical model, based on bEN /2
that of Budd et al. (1971), to calculate the basal y= <_> )
temperature of the ice sheet around Terre Adélie. 2k
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A
n=§+% (3)
Y, = % 4)

where 7 is the surface temperature (°C), H is the
ice thickness (m), Y}, the total basal heat flux
W m*2), Y, is the surface heat gradient (°C m‘l),
A, is the geothermal heat flux (54 mW m™~?) and
erf(y) is the error function. The basal shear stress
is T (Pa), b is the surface accumulation (m yr*l), o
is the surface slope of the ice sheet (in radians), K
is the thermal conductivity of ice (2.1 Wm™'
k™Y, A is an altitudinal air-temperature lapse rate
(0.7°C/100 m, Diamond 1960), and k is the
thermal diffusivity of ice (36.29 m*yr~'). The
balance velocity u is given as:
6(x)x
U= i (5)
where y is the distance from the ice divide and
b(y) is the mean accumulation over that distance.
The function E(y) is given by:

E() = j:m)dg (6)

where F(£) is a function known as the Dawson
integral. Both the error function (erf(y)) and the
Dawson integral (E(y)) can be found as tabulated
functions (e.g. Abramowitz & Stegun 1965).

The model calculates the basal ice temperature
over a two-dimensional grid of 688 cells, 16 by
43, which have a 25 km spacing. Each cell thus
represents 625 km? in horizontal surface area. The
grid depicts a “flowband” of the ice sheet so that
ice flow along the long axis of the grid (a total of
1075 km) approximates the actual flowline of the
ice sheet. The position of the flowband within the
Aantarctic Ice Sheet is given in Fig. 1. The location
of subglacial lakes that exist within the region of
the flowband are indicated in Figs. 1 and 4. Most
of these lakes are situated in the south of the band,
in proximity with Dome C.

The model assumes a number of glaciological
conditions. The first is that the ice sheet is in
steady-state. The second is that heat conducted
transverse to ice flow is negligible compared with
that conducted along flow. We expect this
assumption to hold for ice flowing through the
Astrolabe Subglacial Basin. Third, advection of
ice is assumed to occur in the vertical direction
only. The advection rate is assumed to be constant
and equal to the rate of surface warming. Fourth,
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Fig. 4. Surface elevation of the ice sheet above the Astrolabe
subglacial basin as measured by the Seasat satellite altimeter
(adapted from Cudlip & MclIntyre 1987). The map indicates an
anomalously flat surface region over the location of the
Astrolabe subglacial basin. If one assumes that ice flow runs
perpendicular to surface contours, then convergence of ice flow
is expected within the Astrolabe trough.

all friction is assumed to apply at the base of the
ice sheet; and fifth, the thermal diffusivity of ice is
assumed to be constant, as is the strain rate. Thus,
the only parameter that we are able to change in
our model is the heat due to enhanced ice flow.
The main application of the Budd et al. (1971)
model has been in the reconstruction of the basal
thermal regime of former ice sheets. The model
was used by Sugden (1977) and Gordon (1979) in
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Fig. 5. A. Ice surface temperature and accumulation along the central line A-B (Fig. 2) of the flowband. B. Ice velocity and surface
clevation along the central line of the flowband. C. Sine function which is used to determine the multiplication factor of the balance
velocity in order to account (simply) for convergent ice flow. The lateral extent in which the Sine function is applied is given in Fig,

3B between the locations X and Y.

reconstructing steady-state ice-sheet temperatures
beneath the former Laurentide and Scottish ice
sheets. A criticism of the application of this model
to former ice sheets is the assumption of uniform
patterns of ice flow, i.e. zero migration of ice in
the “y” horizontal grid cells by calculating the
mean elevation of the ice sheet from surface
contours in the area over which a cell is projected.

The balance velocity (Fig. SB) is calculated
assuming a flat ice-sheet base. This yields a
relatively uniform flow of ice along the flowband
which does not take into account the differential
ice flow which occurs in response to the
topography at the ice-sheet base (e.g. Kerr
1993). The velocity within the Astrolabe basin
thus varies from 3myr™! in the south to
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10m yr~" in the north (Fig. 5B). The model was
run through an initial “reference” state, where the
convergent flow of ice was not accounted for.
Subsequent to this model run, the velocity within
the flowband was altered in a sensitivity exam-
ination of the basal temperature response to
enhanced velocities within the Astrolabe basin.
The manner in which ice velocity was adjusted
accounted empirically for the possible convergent
flow of ice. If convergent ice flow occurs within
the Astrolabe basin, the flow pattern is likely to be
similar to that indicated in the ice-surface contour
pattern (Fig. 4). Calculated with an assumption
that the ice-sheet bed is flat, the velocity of ice
within the Astrolabe basin is likely to increase
above the balance velocity to a maximum value at
the point of most convergence around the trough
centre. As divergence occurs within the down-
stream side of the trough, the velocity would
reduce toward that of the flat-bed-derived balance
velocity. We account for the change in velocity
along the Astrolabe basin by multiplying the
balance velocity by a Sine function which is
related to position within the basin (Fig. 5C). The
resulting “convergent” velocity is then added to
that representing the balance velocity. The
magnitude of this Sine function is varied within
a sensitivity experiment on ice velocity. Ice velo-
city is input to the model thermal regime (eqs. 3
and 4) to yield theoretical basal ice sheet tempera-
tures. Results thus indicate ice-sheet velocities
around Terre Adelie that allow the attainment of
pressure melting values at the ice-sheet base.

Model results and comparison with
previous investigations

Reference model

The basal temperature distribution for the
reference model run indicates that pressure
melting temperatures are predicted only in the
south of the grid (Fig. 6A), where a number of
subglacial lakes are known to exist (Fig. 1). Since
horizontal velocity in this area is low, the source
of heat that causes pressure melting temperature at
the ice sheet base is, principally, geothermal.
Away from the Dome C ice divide, thinner ice and
higher precipitation rates cause the predicted basal
temperature to decrease. For example, tempera-
tures of at least 10°C below the local pressure

melting value were calculated within the centre of
the flowband (Fig. 6A). However, at the Astrolabe
basin, where ice thickness is in excess of 4000 m,
the temperature is calculated to rise to around
10°C below the pressure melting value. The
reference model run indicates that ice-sheet basal
temperatures are too low beneath Terre Adélie for
basal melting to occur in the region of the sub-
glacial lake.

Model experiments

It is contended that the topographically-induced
convergent flow of ice through the Astrolabe
basin would cause significant increase in velocity
at or near the ice-sheet base. Through frictional
heating, this enhanced ice flow would cause a
source of heat at the ice-sheet base. Such heat may

“lead to pressure melting temperature conditions

within the Astrolabe basin. In order to test this
contention, a series of model experiments were
performed to determine the glacial conditions
required to initiate basal melting. In these
experiments, the magnitude of the Sine function
used to multiply the balance velocity is adjusted,
yielding ice velocity values which are then added
to the original balance velocity.

The sensitivity of the ice-sheet basal tempera-
ture to variability in ice velocity through the
Astrolabe basin is illustrated in Fig. 6. Pressure
melting temperatures are attained when the velo-
city through the centre of the trough is multiplied
by at least six-fold, i.e. to ~42myr~' (Fig. 6B).
As the velocity is increased within the trough,
more basal melting occurs until large-scale basal
melting of the Astrolabe region is calculated at an
ice velocity of ~70myr~' (Fig. 6C). These
velocities indicate that to attain pressure melting
values within the Astrolabe, convergent flow must
cause a flux of ice through the subglacial trough
more than 10 times that which occurs at either
side of it.

The change in ice velocity between the ice
sheet within and outside of the Astrolabe basin
would manifest itself within the surface topogra-
phy of the ice sheet. For example, the large
subglacial lake at Vostok Station is overlain by an
extremely flat, smooth ice surface, caused by the
atypical flow of ice over it (Ridley et al. 1993;
Kapitsa et al. 1996). The smooth nature of the ice-
sheet surface over the Vostok lake is indicative of

negligible basal shear stress (Kapitsa et al. 1996).
Cudlip & McIntyre (1987) produced a surface
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Basal ice temperature above pressure melting point, "C

~16

Fig. 6. Calculated basal ice temperatures (°C above the pressure melting value) in the flowband. A. Reference model (ice velocity
through the trough at the location of the Sine function crest is equivalent to a balance velocity of 7m yr™"). B. Convergent ice flow
yielding an ice velocity of 42m yr™' at the Sine function crest within the Astrolabe basin. C. Convergent ice flow causing ice

velocity of 70 m yr'

elevation map of the Terre Adélie region from
Seasat satellite altimeter data which indicates a
similarly anomalous flat contour pattern over the
region of the Astrolabe subglacial trough (Fig. 4).
Here the ice surface contours indicate that the ice-
surface slope over the Astrolabe basin is 0.07°
compared with a surrounding ice-sheet surface of
2-3 times this value. This surface morphology
suggests that ice flow within the Astrolabe trough
is considerably faster than either side of it, and
that the flow of ice is driven by considerably low
basal shear stresses. Moreover, the smoothness of

at the crest of the Sine function. Black regions indicate basal temperatures at the pressure melting value.

the ice surface, as measured from the Seasat
altimeter, suggests that longitudinal basal drag
within the trough is small. Evidence for low basal
stress suggests that the enhanced ice motion may
be derived mainly from basal sliding or bed
deformation.

Information concerning the direction of ice
flow can be derived from satellite altimeter data
provided it is assumed that ice flows perpendicu-
lar to surface contouring. Analysis of the Seasat
altimeter data reveals a relatively steep surface
slope up-stream of the subglacial basin (Fig. 4). It
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is assumed that ice would preferentially flow
down this slope and into the Astrolabe basin. It
should be noted, however, that the unusual ice
dynamics that occur above subglacial lakes make
the interpretation of ice flow from surface con-
tours difficult (Kapitsa et al. 1996).

Numerical ice-sheet models utilise calculated
ice surface elevations to determine ice sheet velo-
cities. However, convergent and divergent ice
flow within central ice-sheet regions are not
currently accounted for by many ice-sheet modelis.
Where the ice-sheet base is relatively flat, such
models are able to describe modern ice-sheet
morphologies and behaviour well. However,
where large subglacial valleys are present, for
example beneath Vostok Station and at the
Astrolabe trough, such ice-sheet models fail to
predict the satellite-altimeter-measured ice-sheet
surface.

Consideration of convergent ice flow is also
important for models of former ice sheets, which
are commonly constructed at scales of insufficient
resolution to account for basal topography. If
these models are to accurately predict the spatial
extent, behaviour and dynamics of former ice
sheets, they must account for the effects of con-
vergent flow of ice (Glasser 1995).

Conclusions and discussion

A numerical model of the ice sheet thermal
regime (Budd et al. 1971) was employed to
determine basal heat conditions within the Astro-
labe subglacial basin. The model was run over a
rectangular section of the Antarctic Ice Sheet
which represents an ice flowband (Fig. 1). A
reference model run was performed with an
assumption that uniform flow of ice occurred
along the flowband. The velocity was determined
by the ice-sheet balance velocity. However,
results from this model failed to predict basal
melting in the region of the Terre Adélie
subglacial lake. This experiment used a spatially
uniform geothermal heat flux of 54 mW m™~.
Model results thus indicate that to attain pressure
melting temperatures at the ice-sheet base, the
geothermal heat flux must be higher than
54mW m™>, and/or there must be heat derived
from frictional heating which is not accounted for
within the model. This paper examines the role of
frictional heating as a source for the heat required

to cause pressure melting temperatures within the
Astrolabe subglacial basin. It is hypothesised that
the discrepancy between calculated basal tem-
peratures and actual pressure melting tempera-
tures reflects the failure of the model to account
for variations in ice velocity that occur as a result
of convergent ice flow. Such variability may have
a significant impact on frictional heat production
at the ice sheet base. The possibility cannot,
however, be discounted of a geothermal heat
anomaly within the Astrolabe subglacial basin
contributing, at least in part, to heat at the ice
sheet base.

The model was adjusted to include a term
which accounted for ice flow convergence and
divergence. A series of numerical experiments
were then performed with this model to determine
the influence of convergent ice flow on basal
temperatures. Results from these experiments
show that basal melting is possible in the vicinity
of the Terre Adélie subglacial lake when ice
velocity is greater than 42myr '. This value
compares with a balance velocity, used in the
reference model, of 7 myr—'. The model results
could be tested by ice surface velocity measure-
ments made using GPS methods.

This study has important geological and geo-
morphological implications because the rates of
basal melting and ice velocity beneath ice sheets
exert a strong control over rates of glacial erosion
and deposition (Boulton 1979). Our calculations
suggest that the location of these areas of
enhanced geomorphological activity are strongly
influenced by subglacial topography. Conse-
quently, our results have implications for process
models of landscape evolution beneath glaciers
and ice sheets (Harbor et al. 1988; Harbor &
Warburton 1992a; Harbor & Warburton 1992b).
In addition, our work has ramifications for
dynamic reconstructions of former and contem-
porary ice masses (Payne et al. 1989; Arnold &
Sharp 1992; Huybrechts 1993; MacAyeal 1992;
Siegert & Dowdeswell 1995).

Acknowledgements. — MJS acknowledges funding for this
project from University of Wales, Aberystwyth research grant
No. 22765, and NFG acknowledges support from Liverpool
John Moores University research funds. We thank J. Dowdes-
well and B. Hubbard for providing comments on earlier drafts
of this manuscript and G. H. Gudmundsson, P. Jansson and
three anonymous referees for providing constructive reviews.
We also thank M. Robertson and the editor for commenting on
the English construction of this paper.



72 M. J. Siegert & N. F. Glasser

References

Abramowitz, M. & Stegun, 1. A. 1965: Handbook of
mathematical functions with formulas, graphs and mathe-
matical tables. Dover Publications, New York.

Amold, N. & Sharp, M. 1992: Influence of glacier hydrology
on the dynamics of a large Quaternary ice sheet. J. Quat. Sci.
7, 109-124.

Boulton, G. S. 1979: Processes of glacial erosion of different
substrata. J. Glaciol. 23, 15-38.

Budd, W. F,, Jenssen, D. & Radok, U. 1971: Derived physical
characteristics of the Antarctic ice sheet. ANARE Interim
Reports, Ser. A. Glaciology. Publication No. 120.

Cudlip, W. & Mcintyre, N. F. 1987: Seasat altimeter observa-
tions of an Antarctic “lake”. Ann. Glaciol. 9, 55-59.

Diamond, M. 1960: Air temperature and precipitation on the
Greenland ice sheet. J. Glaciol. 3, 558-567.

Drewry, D. J. 1983: Antarctica: Glaciological and Geophysical
Folio. Scott Polar Research Institute, University of Cam-
bridge.

Giovinetto, M. B. & Bentley, C. R. 1985: Surface balance in ice
drainage systems of Antarctica. Antarct. J. 20(4), 6-13.

Glasser, N. F. 1995: Modelling the effect of topography on ice
sheet erosion, Scotland. Geogra. Ann. 77A(1-2), 67-82.

Gordon, J.E. 1979: Reconstructed Pleistocene ice sheet tem-
peratures and glacial erosion in Northemm Scotland. J.
Glaciol. 22, 331-344.

Harbor, J. M. & Warburton J. 1992a: Glaciation and denudation
rates. Nature 356, 751.

Harbor, J. M. & Warburton J. 1992b: Relative rates of glacial
and non-glacial erosion in Alpine environments. Arct. Alp.
Res. 25, 1-7.

Harbor, J. M., Hallet, B. & Raymond, C. F. 1988: A numerical
model of landform development by glacial erosion. Nature
333, 347-349.

Huybrechts, P. 1992: The Antarctic ice sheet and environ-
mental change: a three dimensional modelling study. Reports
on Polar Research, (Alfred-Wegener-Institat fiir Polar und
Meeresforschung) 99 (1992).

Huybrechts, P. 1993: Glaciological modelling of the Late
Cenozoic East Antarctic ice sheet: stability or dynamism?
Geogr. Ann. 75, 221-238.

Kapitsa, A., Ridley, J. K., Robin, G. de Q., Siegert, M. J. &
Zotikov, 1. 1996: Large deep freshwater lake beneath the ice
of central East Antarctica. Nature 381, 684-686.

Kerr, A. 1993: Topography, climate and ice masses: a review.
Terra Nova 5, 332-342,

Loewe, F. 1970: Screen temperatures and 10 m temperatures. J.
Glaciol. 9, 263-268.

MacAyeal, D. R. 1992: Irregular oscillations of the West
Antarctic ice sheet. Nature 359, 29-32.

Mazo, V. L. 1987: Effects of glacial erosion on the flow of ice
sheets and the morphology of their beds. I.A.H.S. Publication
No. 170: The physical basis of ice-sheet modelling, 145-152.

Mclntyre, N. F. 1985: The dynamics of ice-sheet outlets. J.
Glaciol. 31, 99-107.

Payne, A. J., Sugden, D. E. & Clapperton, C. M. 1989: Model-
ing the growth and decay of the Antarctic Peninsula Ice
Sheet. Quat. Res. 31, 119-134.

Ridley, I. K., Cudlip, W., & Laxon, S. W. 1993: Identification
of sub-glacial lakes using ERS-1 radar altimeter. J. Glaciol.
39, 625-634.

Robin, G. de Q. (ed.). 1983: The climate record in polar ice
sheets. Cambridge University Press, Cambridge, UK. 212p.

Siegert, M. J. & Dowdeswell, J. A. 1995: Numerical modeling
of the Late Weichselian Svalbard Barents Sea Ice Sheet.
Quat. Res. 43, 1-13.

Siegert, M. J. & Dowdeswell, J.A. 1996: Spatial variations in
heat at the base of the Antarctic Ice Sheet from analysis of
the thermal regime above sub-glacial lakes. J. Glaciol. 42,
501-508.

Siegert, M. J., Dowdeswell, I. A., Gorman, M. R. & McIntyre,
N. F. 1996: An inventory of Antarctic sub-glacial lakes.
Antarct. Sci. 8, 281-286.

Sugden, D. E. 1977: Reconstruction of the morphology,
dynamics and thermal characteristics of the Laurentide Ice
Sheet at its maximum. Arct. Alp. Res. 9, 21-47.



