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Abstract

Ice-sheet basal erosion is controlled by ice dynamics (including the basal thermal regime) and the lithology of the substrate.

Spatial variation in subglacial roughness is therefore likely to be a function of these controls. In Antarctica, very little is known

about former ice dynamics and sub-ice geology. Here, we calculate the spectral roughness of subglacial East Antarctica from an

analysis of radio-echo sounding data. As the modern glaciological setting is understood reasonably well in East Antarctica from

numerical ice-sheet modelling, we are able to compare the roughness calculations with contemporary ice-sheet dynamics. We

show that ice divides at Ridge B and Dome A are underlain by rough terrain and a cold thermal regime. At the Dome C ice divide,

however, the bed is noticeably smooth at the shorter wavelengths (~5–10 km) but rougher at longer wavelengths. One

interpretation is that subglacial morphology has been eroded, leaving a smoothed landscape that contains valleys and hills.

Regardless of the origin of the valleys, their erosion is only possible if the ice sheet were more dynamic than at present. Hence,

whereas Dome A and Ridge B have a bed morphology consistent with the present ice sheet, the morphology at Dome C is likely to

predate the present ice-sheet configuration.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Radio-echo sounding (RES) has been used to

measure the subglacial morphology of ice sheets for

over 30 years (e.g., Robin, 1969). Maps of bed relief

have been constructed for Greenland and Antarctica
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using RES measurements as input to interpolation

models (Drewry, 1983; Lythe et al., 2001; Bamber et

al., 2004). Although interpolations vary in sophisti-

cation, the procedure essentially adds values where no

data have been taken and smoothes the topography

where measurements have been acquired to build a

dgriddedT data set (Drewry, 1983; Lythe et al., 2001).

This makes an assessment of sub-ice topographic

roughness (i.e., the wavelength-related undulation of

a surface) from bed maps problematic. Roughness
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calculations can be made, however, along the track of

RES flightlines because the data are continuous and

uninterpolated.

Subglacial roughness is dependent on four factors:

(1) the direction of ice flow, since the bed may be

smoother along the direction of ice flow and rougher

orthogonal to ice flow; (2) ice dynamics, as warm ice

that is sliding will cause more erosion than ice frozen

to the bed; (3) lithology, because soft beds will erode

more easily than hard beds will; and (4) geological

structure, as the roughness of a surface can be related

to existing bedding, folds, and faults. These factors

could be subject to change over time scales on the

order of a few million years. Change to ice flow and

dynamics has been advocated in East Antarctica by

several groups, although others propose stable con-

ditions over the last few million years (Miller and

Mabin, 1998). Lithological change at the ice-sheet

base is possible under a scenario involving the erosion

and deposition of sediment. It should be noted,

however, that the geology of East Antarctica is poorly

constrained. The analysis of nunataks and outcrops at

the ice-sheet margin reveals the East Antarctic craton

to have been developed from the breakup of Gond-

wanaland during the Mesozoic Era (Dalziel and

Lawver, 2001). There is, however, no direct sample

of material from under the ice sheet, which makes it

impossible to establish a detailed geological setting

for East Antarctica.

Here, we detail the roughness of subglacial East

Antarctica from the spectral analysis of RES data.

Roughness calculations are compared with numerical

ice-sheet modelling results to establish relationships

between modern ice-sheet dynamics and the roughness

of its bed, which are then used to infer associations

between spatial variations in roughness, lithologies,

and former ice-sheet dynamics. Ice-sheet modelling is

also used to identify previous ice-sheet configurations

that may account for discrepancies between the modern

ice-sheet thermal regime and subglacial roughness. In

particular, we aim to identify whether the roughness of

subglacial East Antarctica is consistent with an

unchanging or changeable ice mass.

We note that there is a causality issue regarding

bed roughness and ice dynamics. Roughness controls

ice flow because soft, smooth topographies are likely

to reduce basal friction and promote fast flow.

Conversely, flow controls roughness through subgla-
cial erosion. Regardless of which is dominant, we

contend that there must be an association between bed

morphology and ice dynamics, and this contention is

the basis of our investigation.
2. Radio-echo sounding data

The most extensive RES survey of East Antarctica

(by area of coverage) was undertaken between 1971

and 1979 by the Scott Polar Research Institute (SPRI),

University of Cambridge (Drewry, 1983). In this

survey, over 200,000 km of flight track were acquired

across approximately 40% of the ice sheet. The region

between Ridge B and Dome C was surveyed

particularly well, and a less dense network of flights

was also made between Ridge B and Dome A, and

around the South Pole (Fig. 1). Bedrock returns were

obtained along the majority of tracks. Time-continu-

ous recordings of echo soundings were assembled as

the dZ-scopeT output (Fig. 2) and digitised at 20-s

time-interval markers from the Z-scope record. This

results in a data point ground-spacing of approxi-

mately 1.6 km (1 mile).

The survey was organised as a series of orthogonal

flightlines separated by between 50 and 100 km.

Hence, a series of bedrock profiles, in both electronic

file and Z-scope format, was recorded in two

directions across a large proportion of the East

Antarctic Ice Sheet.

These RES data have been used previously to

identify and locate subglacial lakes (Siegert et al.,

1996; Dowdeswell and Siegert, 1999) and regions of

potential water-saturated basal sediments (Siegert and

Ridley, 1998; Siegert, 2000) from the bright, flat

specular returns that are expected to occur over basal

water bodies. In none of these investigations was the

spectral roughness of basal topography examined.
3. Calculating basal roughness

The RES data used here are unmigrated. The effect

of high relief or discontinuities in the bed is to produce

diffractions. Similarly, steep slopes generate offsets in

the plotted position of the reflectors. The overall

outcome of both effects is to smooth out relief (Kearey

and Brooks, 1991). Consequently, bed roughness



Fig. 1. Relaxed bed topography of East Antarctica under the cover of the SPRI RES survey. The topography was calculated by accounting for

the isostatic uplift that would occur under the complete deglaciation of the continent, using the modern bed and ice thickness data, as depicted in

the BEDMAP database (Lythe et al., 2001), and sea level 120 m higher than at present. Contours are provided every 500 m, and the sea-level

contour separates blue and green shaded regions. The SPRI RES flightlines used in this paper are superimposed, and the locations of transects

AB, CD, and EF (presented in Fig. 2) are provided. Shaded areas refer to zones where total roughness power spectra were calculated (presented

in Fig. 4). The inset shows the location of the study region and the distribution of subglacial lakes (E; Siegert et al., 1996).
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calculations are minimum values, and we expect the

relative spatial variation in roughness to be unaf-

fected. Roughness power spectra were calculated

following Taylor et al. (2004), over a moving ~100-

km window along each flight line. This results in a

number of data gaps where the bed echo is lost due

either to the absorption of the radio wave or turning of

the aircraft (i.e., a corner of a flight line).

Power spectra were calculated using the forward

Fast Fourier Transform (FFT) capabilities in the

Microcal Origin 5.0 software (a discrete Fourier

transform). Preconditions for the calculation are the

use of 2N data points. In practice, this limits the

minimum length of the RES line for a single bed

roughness power spectra to 80–110 km, depending on
the along-track resolution (N=5). Lines of less than this

length were ignored. Each ~100-km window is then

detrended using least-squares regression, to remove the

dominance of very long wavelength roughness.

Amplitude is normalised with respect to N, following

Hubbard et al. (2000). The resulting power spectra are

dimensionless in the y (vertical) direction. Frequency f

(x, horizontal coordinate) is then converted to wave-

length k (km).

The scales of the bed roughness identified are

limited by the along-track resolution of the bed data

set. The following scales of bed roughness (being the

integral part of the FFT power across the relevant part

of the frequency domain) are used: long (N20 km),

medium (10–20 km), and short wavelengths (~5–10
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km). We note that the short-wavelength component

cannot be used to distinguish the presence or absence of

individual geomorphological landforms because, in the

data available, the along-track sampling resolution is

too small (e.g., Ó Cofaigh et al., 2002).
4. Spatial variations in basal roughness

The base of the East Antarctic Ice Sheet is

organised into coherent geographic areas, which have

specific roughness characteristics (Fig. 3). We define

three bed roughness groups (see Table 1). Regions

within Group 1 are rough at all scales: Dome A, Ridge

B, and an area west of, and including, the Porpoise

Subglacial Highlands across Wilkes Land. Group 2

comprises the area around Dome C, which is mostly

smooth at short wavelength but rougher at medium

and long wavelengths. Group 3 consists of the Wilkes

Subglacial Basin and the Aurora Subglacial Basin

(between Dome C and Ridge B, including the Lake

Vostok locale), which are smooth at all measured

wavelengths. Group-3-type roughness values have

previously been established across the Siple Coast

region of West Antarctica, where a soft sedimentary

substrate is thought to exist (Siegert et al., 2004). At

long wavelengths, these three locations have a rough-

ness similar to that over the majority of Dome C

(Group 2).

Fig. 4 shows the full power spectra for the bed at

Dome A, Ridge B, and Dome C ice divides in the two

flight directions (within areas denoted in Fig. 1). The

bed beneath Dome A appears roughest of the three ice

divides (Fig. 4a). Here, the bed roughness spectra show

noticeable power levels across most wavelengths.

Ridge B is only slightly smoother (Fig. 4b). The flight

lines across Ridge B are located parallel and orthogonal

to the ice flow. Here, there is only limited evidence

(from roughness calculated with a 3.5-km interval) that

the power spectra differ in relation to flight orientation

and, hence, ice flow direction (Fig. 4b). At Dome C, the

power levels of bed roughness are noticeably lower at

all wavelengths than at Ridge B and Dome A (Fig. 4c).

In fact, at high wavelengths, there is hardly any
Fig. 2. Raw RES data from three transects (a) AB, across Dome A, (b) C

transect is provided in Fig. 1. Along-track bed roughness at all frequenci

provided above each transect in the same format as that given in Fig.
measurable roughness across the bulk of the Dome C

region (Fig. 4). The exception to this is across the

central part of Dome C (see ~100–150 km in Fig. 2c),

where the roughness is greater.

There is little correlation between bed elevation

and roughness at the medium and long scales (Fig. 3).

However, roughness at short wavelength is generally

low when the bed is below sea level and is roughest at

bed elevations between 0 and 1000 m a.s.l. (Fig. 3a).

In addition, there appears to be no relation between

ice thickness and bed roughness.

To interpret the patterns of bed roughness in East

Antarctica, an appreciation of the modern glaciolog-

ical setting is required. The macrodynamics of the

Antarctic Ice Sheet can be identified from ice surface

and thickness maps (e.g., Drewry, 1983; Lythe et al.,

2001) and from numerical ice-sheet modelling, which

provides information on basal ice dynamics and

subglacial thermal conditions.
5. Numerical ice-sheet modelling

Direct measurement of the basal thermal regime

of the East Antarctic Ice Sheet is not possible. We

therefore resort to the use of a numerical model of

ice flow and temperature evolution. The model is

similar to one used in previous studies of the West

Antarctic Ice Sheet (Payne, 1998, 1999). It simulates

the coupled evolution of ice velocity, thickness, and

temperature, as well as the isostatic response of the

underlying bedrock. The physics incorporated within

this type of model is now fairly standard (with the

exceptions noted below). Ice thickness evolves as a

function of the local snow accumulation and the

horizontal flow convergence and divergence within

the ice mass. Ice flow is determined by assuming a

simple stress balance, in which gravitational driving

stresses are balanced locally at the bed, and

assuming that ice deforms according to Glen’s Flow

Law (which is corrected for the effects of ice

temperature on its viscosity). The evolution of the

internal distribution of temperature is determined by

considering processes such as diffusion, advection
D over Ridge B, and (c) EF along Dome C. The position of each

es (i.e., the total power derived from a power spectrum, Fig. 4) is

3 (darker pinks describing rougher bed).
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Table 1

Summary of subglacial roughness (as measured by RES) and the modern ice-sheet thermal regime and dynamics (as described by a numerical

thermodynamic ice-sheet model)

Locale Bed roughness Group Presence

of water

Presence

of sliding

Implications

Dome A High at all measured wavelengths 1 N N

Fig. 2a Subglacial roughness is

consistent with modern

Ridge B High at all measured wavelengths

Fig. 2b

1 N N ice sheet.

Dome C Mostly low only at shortest

wavelength (~5–10 km), high at

all others Fig. 2c. Subglacial

troughs preserved within a

smoothed landscape.

2 Y N Subglacial roughness appears

inconsistent with modern ice

sheet.

Morphology may thus

predate the current ice sheet form.

Porpoise

highlands

High at all measured wavelengths. 1 N N Subglacial roughness is consistent

with modern ice sheet.

Aurora basin Low at all measured wavelengths.

Relief is generally low and

landscape is smooth.

3 Y Y Subglacial roughness is consistent

with modern ice sheet and with an

ice sheet whose margin migrates

across these regions.

Wilkes basin Low at all measured wavelengths.

Relief is generally low and

landscape is smooth.

3 Y Y Subglacial sediments may exist

across much of these regions

(e.g., Siegert, 2000).
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(both horizontal and vertical), and heat generation by

internal dissipation and friction at the bed. The

equations representing these processes are solved

using the finite-difference technique on a regular

spatial grid of resolution 20 km and the vertical

coordinate system that is conformal to local ice

thickness.

The model is primarily used to understand the

present-day configuration of the East Antarctic Ice

Sheet. The principal inputs to the model are present-

day air temperature and snow accumulation patterns

(Giovinetto et al., 1990 and Vaughan et al., 1999,

respectively) and bedrock topography (the recent

BEDMAP compilation is employed, Lythe et al.,

2001), as well as geothermal heat flux. This latter

quantity is very poorly defined, and we choose a

spatially uniform value of 60 mW m�2. This value

generates a reasonable fit to the temperature profiles
Fig. 3. Along-track roughness of subglacial topography at three frequency

frequency (bed wavelengths between 10 and 20 km), and (c) low frequency

bed elevation for each frequency are provided in the insets. Fig. 2 shows how
obtained from a range of deep ice cores such as

Vostok, Byrd, and Siple Dome. We have performed a

sensitivity analysis around this value and find that the

interpretations presented here are robust, within the

range 50 to 70 mW m�2. It is unlikely that the real

values of geothermal heat flux fall outside this range

(Siegert and Dowdeswell, 1996).

The model is allowed to run until a steady-state

thermal regime develops. This typically takes 100,000

years. During this time, the extent of the grounded ice

sheet is held constant to within its present-day

grounding line. This approach simplifies the design

of our numerical experiments and is unlikely to affect

the predicted thermal regime, except in areas very close

to the grounding line (which, in reality, may still be

responding to grounding lines changes associated with

the Last Glacial Maximum). The model predicts

considerable time-dependent behaviour associated
bands: (a) high frequency (bed wavelengths ~5–10 km), (b) medium

(bed wavelengths N20 km). The relationships between roughness and

the along-track roughness colour scheme relates to actual RES data.



Fig. 4. Power spectra for three regions of East Antarctica: (a) Dome A, (b) Ridge B, and (c) Dome C (the locations of which are provided as

shaded regions in Fig. 1). For each region, power spectra are provided in two directions, relating to the orientations of the flightlines.

Furthermore, for Ridge B and Dome C, roughness powers are given using data with a spatial interval of 2.5 (blue) and 3.5 km (pink), whereas at

Dome A data have a space interval of 2.5 km.
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with the stagnation and lateral migration of ice streams.

The results we present here have therefore been

averaged over the final 1000 years of the model run.

A simple model of the ice sheet’s basal hydrological

regime is incorporated. A local budget is determined

for water depth at each grid point (W) as follows:

dW

dt
¼ M � W

k
;

whereM is the basal melt rate, and the time constant (k)
is set to 20 years on the basis of observed water flow
rates (based on observations by Engelhardt and Kamb,

1997).

Fig. 5 shows the predicted basal thermal regime

and water depths. The patterns in both fields are

generated by a combination of bedrock topography

and ice flow. Bedrock troughs tend to be associated

with warmer ice because of the enhanced thermal

insulation afforded by thicker ice as well as heat

generation by fast ice flow. The same processes

operating in reverse lead to bedrock massifs being

associated with cooler basal temperatures (e.g., the



Fig. 5. Numerical ice-sheet modelling of the present ice sheet: (a) subglacial temperatures (8C) and (b) basal water depths (m). Ice surface

contours are provided (500-m intervals), as are the locations of subglacial lakes (given as triangles, Lake Vostok is the largest triangle).
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Fig. 6. Subglacial slip coefficients, calculated as the difference between balance velocities and velocity due to the deformation of ice, divided by

the gravitational driving stress (in m yr�1 Pa�1). Ice surface contours are provided (500-m intervals), as are the locations of subglacial lakes

(given as triangles, Lake Vostok is the largest triangle). The white zones denote where zero slip is predicted.
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Gamburtsev Subglacial Mountains at Dome A). The

strong control of bedrock topography on the thermal

regime implies that the model predictions must be

treated with caution in areas where the bedrock

topography is poorly constrained by RES observa-

tions in the BEDMAP data set (see Lythe et al., 2001,

for details). The patterns shown in Fig. 5 are

compared with the location of known subglacial lakes

(Siegert et al., 1996) under the assumption that

subglacial lakes should only occur where the model

predicts basal melt. The model performs reasonably

well in this respect; however, the cluster of lakes

around the Lake Vostok-Ridge B area is not associated

with predicted basal melt. This may be due to

inadequacies in the BEDMAP database, which

interpolates across RES flightlines (often separated

by 50 km) and, in doing so, smoothes the bed profile.

In particular, the bedrock topography in the area

around Lake Vostok is poorly constrained by RES

observations within the BEDMAP database.

In the model, basal slip is assumed to be

proportional to gravitational driving stress, with the

constant of proportionality (B) a function of water

depth (a tanh function is used). This parameterization
was calibrated by comparing ice fluxes determined

on the basis of mass continuity (by integrating snow

accumulation upstream of a location) minus the

contribution of ice deformation, with gravitational

driving stress. The results of this analysis are shown

in Fig. 6.
6. Glaciological setting and bed roughness

Below, the modern subglacial thermal regime and

dynamics are described for each of the three groups of

subglacial roughness, and a summary is presented in

Table 1.

6.1. Group 1: Ice divides at Dome A and Ridge B

Ice divides at Ridge B and Dome A are likely to be

frozen at the ice-sheet base. At Dome A, basal

temperatures are calculated to be as low as �20 8C,
while at Ridge B, the basal temperatures are around

�10 8C (Fig. 5). It is unlikely that basal temperatures

here would have been significantly different from

these values over a glacial–interglacial cycle, as the
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ice thickness in central East Antarctica changes by

only a few hundred metres (e.g., Huybrechts, 2002).

The areas of frozen basal ice correspond with the

location of rough topography (Figs. 3 and 5). Hence,

we expect the ice divides and Ridge B and Dome A to

be frozen to their base for as long as the ice sheet has

been at its present continental scale, and we link these

long-term conditions to the development or preserva-

tion of rough subglacial terrain.

6.2. Group 1: Porpoise Subglacial Highlands (and

Wilkes Land)

West from the Porpoise Subglacial Highlands,

across Wilkes Land, the bed is rough at all scales

(similar to Dome A). The ice sheet here is cold based.

In fact, the basal temperatures are extremely low

(around �15 8C), suggesting that the ice sheet is

unlikely to have been warm based here in the past.

6.3. Group 2: Dome C ice divide

At Dome C, the ice is likely to be warm based and

a source for significant water generation (Fig. 5).

Modelling the basal slip coefficient shows, however,

that there is virtually no subglacial sliding at Dome C

(Fig. 6). The current ice-sheet configuration is thus

not conducive to erosion, hence, bedrock smoothing

in this area is unlikely. The bed across the majority of

Dome C is smooth at high frequencies and rough at

the medium and long wavelengths, which correspond

to large-scale morphological features, such as valleys

and overdeepened troughs. We assume the bed has

been rougher at some stage in the past, since the small

area around the central, highest part of Dome C (see

100–150 km in Fig. 2c) is noticeably rougher than the

adjacent surrounding bed. The formation of this

landscape is unlikely to have occurred under the

present ice sheet.

6.4. Group 3: Wilkes and Aurora subglacial basins

The Wilkes Subglacial Basin is characterised by

warm subglacial temperatures (i.e., basal ice at the

pressure melting point), the production of subglacial

water and basal sliding across much of its area, and

extremely smooth bedrock (Figs. 3, 5, and 6). These

characteristics seem highly compatible. The roughness
of the bed is similar to that beneath the Siple Coast ice

streams (Taylor et al., 2004), and hence, the bed of the

Wilkes subglacial basin could consist of water-satu-

rated sediments. The elevation of the bed is currently

below the sea level, but in a relaxed (ice-free) state,

most of the region would be subaerial (Fig. 1).

The bed across the Aurora Subglacial Basin is

smooth at all scales. Ice-sheet modelling indicates that

the bed is water saturated here and that there is

considerable production of meltwater (Fig. 5). Fur-

thermore, basal sliding is predicted, albeit at a level

reduced from that expected across the Wilkes Sub-

glacial Basin (Fig. 6).
7. Implications for former ice-sheet dynamics and

subglacial geology

7.1. Evidence in support of stable ice-sheet conditions

The subglacial bed that is rough at all scales is

predicted to be overlain by cold-based ice. In most

cases, the ice is several degrees below the pressure

melting point, indicating that it is unlikely that it was

warm based in the past. Where the ice sheet is smooth

at all frequencies, on the other hand, basal temper-

atures are warm, there is considerable production of

meltwater, and basal sliding is predicted. The ice-

sheet dynamics therefore seem to be compatible with

the basal roughness characteristics, and from this, one

could argue that the present ice-sheet configuration

and subglacial roughness are mutually compatible. If

so, this arrangement would support the argument for a

stable East Antarctic Ice Sheet for the past 15 million

years or so (Miller and Mabin, 1998).

7.2. Evidence in support of previous ice-sheet

variation

At Dome C, however, basal roughness is smooth at

high frequencies and rough at low frequencies. This

indicates that subglacial erosion has occurred to some

degree and that large-scale morphological features,

such as troughs and valleys, of which there are several

examples, dominate the relief. The origin of these

landforms is contentious. One possibility is that they

are rift valleys. An alternative possibility is that they

are glacially formed troughs (Drewry, 1975). Such a
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genesis requires the ice sheet at Dome C to be both

more dynamic than at present and flowing radially

from the centre of Dome C (where roughness is

greatest).

At Dome C, Rémy and Tabacco (2000) identified

small-scale streamline bed forms, trending south–

north, which they interpreted as tectonic pre-ice-sheet

landforms. An alternative explanation is that the

streamlined bed morphology at Dome C was formed

subglacially by an ice sheet that had a noticeable

surface gradient across what is now the Dome C ice

divide.

7.3. Evidence for geological variations in East

Antarctica

A further explanation for the bed roughness

contrasts in East Antarctic is that they are caused by

geology. For example, the smooth topography across

the Wilkes and Aurora subglacial basins could be due
Fig. 7. Numerical ice-sheet modelling results of ice growth in East Antar

running with an ELA of 400 m a.s.l. for 15,000 years. (a) Graph of ice-she

(c) 5000, (d) 7500, (e) 10,000, and (f ) 12,500 years of model time.
to the presence of unlithified sediments, whereas over

Ridge B, Dome A, and the Porpoise subglacial

highlands, hard erosion-resistant rock is compatible

with the high roughness measurements. Although it is

appropriate to mention the possible connection

between roughness and lithological variations, in the

absence of rock samples from the ice-sheet base, it is

not possible to develop this connection. Future ice

coring at Dome C by the EPICA consortium will

retrieve a bedrock sample. It may therefore be

possible to further understand the link between past

ice-sheet dynamics, geology, and subglacial rough-

ness subsequent to current ice coring activities.
8. Testing the likelihood of former dynamic

behaviour at Dome C

Numerical ice-sheet modelling is used to exam-

ine the conditions that would permit dynamic ice
ctica, starting from zero ice cover, and the relaxed bed topography,

et volume with time. Maps of ice thickness are provided at (b) 2500,



Fig. 8. Numerical ice-sheet modelling results of ice decay in East Antarctica, starting from the steady-state results shown in Fig. 7, running with

an ELA of 900 m a.s.l. for 50,000 years. (a) Graph of ice-sheet volume with time. Maps of ice thickness are provided at (b) 5000, (c) 10,000, (d)

20,000, (e) 35,000, and (f ) 50,000 years of model time.
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flow across Dome C. The model used in this

investigation is detailed in Siegert et al. (1999).

Two simple experiments were performed. The first

grew ice across East Antarctica, starting with zero

ice cover and the isostatically relaxed bedrock. An

equilibrium line altitude (ELA) of 400 m a.s.l. was

emplaced across the continent, and the model run

until steady state was achieved (at about 13,000

years). The second experiment started with the

steady state results of the first experiment and

raised the ELA to 900 m a.s.l. Steady state in this

second run took around 50,000 years of model

time. The results from these simple experiments

are shown in Figs. 7 and 8. In the model, ice

growth occurs initially from the highest elevations

across, principally, the Gamburtsev Mountains

(Dome A) and the area surrounding this high

ground. A small ice cap forms across Dome C,

which has radial flow. The centre of this ice cap is

located where bed roughness is greatest in Dome
C. This style of glacial initiation was discussed by

Drewry (1975) to be the origin of the macroland-

scape around Dome C and has also been modelled

(in a more sophisticated manner) by DeConto and

Pollard (2003). As ice growth continues, the Dome

C ice cap gets subsumed by a larger ice mass

emanating from the Gamburtsev Mountains. By the

time a steady state is achieved, the flow patterns

of the ice sheet resemble that of the modern ice

sheet reasonably well (i.e., no radial ice flow

across Dome C). Subsequently, by raising the ELA

to 900 m a.s.l., ice retreat is modelled. Ice decays

from the lowest elevations around Dome C such

that a radially flowing ice mass is quickly

reestablished. Around 35,000 years of model time,

the ice mass decays further and the ice divide

retreats to the high ground west of what is now

Lake Vostok.

The growth and decay of an ice sheet across Dome

C is possible if the ELA varied between 400 and 900
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m. Such a situation would be similar to the climate of

Svalbard today. As the ice sheet grew and retreated

across Dome C, the ice-sheet margin, where ice flows

quickest, would have migrated across the Wilkes and

Aurora basins. This glacial scenario is highly compat-

ible with the measured smooth topography in these

regions.
9. Summary and conclusions

Subglacial roughness was calculated across East

Antarctica through the spectral analysis of bed

measurements established from airborne RES data.

Calculations were made at three intervals: high

(wavelengths ~5–10 km), medium (wavelengths

between 10 and 20 km), and low frequencies

(wavelengths N20 km). Roughness values were

compared with results from numerical ice-sheet

modelling, which indicate basal thermal regime, the

production of subglacial water, and the likelihood of

subglacial sliding. This comparison revealed the

following results concerning subglacial topography

and the overlying ice sheet (Table 1).

! The morphology of subglacial Antarctica is

organised into spatially coherent regions that have

a characteristic roughness. We identify three main

groups of subglacial roughness. Group 1 is where

the bed is rough at all frequencies; Group 2 is were

the bed is smooth at high frequency and rough at

others; and Group 3 is where the bed is smooth at

all frequencies.

! The ice divides of Ridge B and Dome A are

underlain by a bed that is rough at all frequencies

analysed (i.e., Group 1). Here, the ice sheet is

frozen to the bed, and it is unlikely that warm-

based conditions could exist in these places while

the ice sheet is in its present state.

! At Dome C, however, the bed is rough at low and

medium frequencies (i.e., subglacial valleys and

hills are present) and relatively smooth at high

frequency (Group 2). The ice sheet at Dome C is

wet based, and there is considerable production of

meltwater. However, subglacial sliding is not

predicted here, and hence, it is unlikely that the

present ice sheet is responsible for the smooth bed

relief.
! Where the bed is below sea level, the bed

roughness is found to be generally low, especially

at high frequencies (Fig. 3a).

! Across the Wilkes and Aurora subglacial basins

(Group 3), the bed is smooth at all frequencies. In

these places, the ice sheet is warm based and

subglacial sliding is predicted, which is compatible

with the roughness calculations.

! The Porpoise Subglacial Highlands are character-

ised by rough subglacial terrain at all frequencies

(Group 1). The ice sheet is predicted to be cold

based in this region, and, furthermore, it is difficult

to envisage an ice sheet that would result in warm-

based conditions in this locale.

With the exception of the Dome C region, the bed

roughness distribution appears compatible with the

modern ice-sheet configuration. However, the bed at

Dome C displays a morphology that is inconsistent

with the present ice configuration. The following

conclusions are thus drawn as explanation for the bed

morphology of Dome C.

! Low-frequency subglacial troughs and valleys, if

they have a glacial origin, were formed by an

ice sheet whose margin was much closer to

Dome C than at present and whose flow was

radial about the centre of Dome C, where the

bed is roughest.

! Numerical modelling reveals that the main regions

where ice decay is likely to happen are the Wilkes

and Aurora subglacial basins. This leaves Dome C

isolated, and radial flow across the high ground

occurs. The climate required for such an ice sheet

is broadly similar to that on Svalbard today.

! As the ice sheet margin migrated across the Wilkes

and Aurora basins, they would have been subject

to fast-flowing eroding ice, which is compatible

with the smoothed topography measured there.

Finally, it should be noted that we have no

information with regard to the timing of the ice sheet

that is responsible for the morphology at Dome C. To

address this issue, the modelling of ice-sheet erosion

and deposition could be used to determine the

timeframes required to build and maintain the

subglacial morphology of East Antarctica measured

in this paper.
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