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ABSTRACT. Modelling studies of the tectonic evolution of the Transantarctic
Mountains in Antarctica have drawn differing conclusions as to the primary
mechanisms involved. None has considered the role ol the East Antarctic ice sheet
in detail. We use a denudation—lexural model to examine the isostatic response of the
continental margin to glacial erosion to determine whether glacial processes have
played a role in forcing mountain uplift.

The conclusion is that, although there are insufficient data formally to delimit the
role of glacial erosion, available geophysical and geomorphological data are not
inconsistent with the results of the differential denudation model, providing certain
conditions are met. These results indicate that the current topography of the
Transantarctic Mountains can be simulated, in part, from the isostatic response of the
lithosphere to glacial erosion. The short wavelength and high amplitude of the
Transantarctic Mountains do not require a low [lexural rigidity in the unrifted
lithosphere, provided there is a fast escarpment retreat from the rift hinge, high
escarpment denudation rates and a large differential in denudation between the

coastal zone and the interior.

INTRODUCTION

Debate coupling recent uplift of the Transantarctic
Mountains with late Cenozoic instability of the East
Antarctic ice sheet (Behrendt and Cooper, 1991) has
focused attention on mechanisms which generate the
uplifted flanks of rifted continental margins. Modelling
studies of the T'ransantarctic Mountains (Drewry, 1983;
Stern and ten Brink, 1989; ten Brink and Stern. 1992;
Bott and Stern,1992; Beek and others, 1994) have drawn
different conclusions as to the principal factors concerned,

primarily because ol their conflicting interpretations of

the available geophysical and geomorphic data. Mechan-
isms proposed for uplift include thermal buoyancy due to
lithospheric stretching (ten Brink and others, 1993),
flexural uplift as a result of lithospheric necking (Beck
and others, 1994) and the Vening Meinesz mechanism
(Stern and ten Brink, 1989). Although all consider
erosion to be important, none has considered the function
of the ice sheet in detail. Tt remains unclear as to the
extent to which the East Antarctic ice sheet has influenced
the mechanisms driving the rifted continental margin
uplift over geological time-scales.

The two aspects of glaciation which can influence
regional tectonics are the ice load on the lithosphere and
patterns of glacial erosion. Their influence is coupled to
the time-scales over which they operate and. in the latter
case, the effectiveness with which denudation occurs,
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Glacial isostatic loading is more transitory, while
modifying regional geomorphological processes can lead
to permanent change, though they may ol course be
linked since the warping of the lithosphere by the ice sheet
allects patterns of denudation over geological time-scales.

Here, we will examine one aspect of the problem,
which concerns the isostatic response ol the continental
margin to glacial erosion, to determine whether glacial
processes have played a role in forcing mountain uplift.
T'he history of glaciation in East Antarctica is, however, a
matter ol debate. Offshore seismic data suggest that
glaciation was occurring in the 'I'ransantarctic Mountains
at least as far back as the Oligocene (Anderson and
Bartek, 1992). Subsequently, the classical view holds that
the ice sheet has been stable and in a form similar to that
of today for over 12 Ma, since the development of a polar
climate sometime after the opening of Drake Passage
between South America and Antarctica during the
Miocene (Sugden and others, 1993). The second, and
currently more popular, view holds that the ice sheet has
fluctuated dramatically throughout its existence until the
end of the Pliocene (~3 Ma), since when a full polar
climate has existed (Wilson, 1995).

Regardless of the outcome of this debate, the
implication is that glacial processes have been operating
in the Transantarciic Mountains for much of the
Cenozoic, since rifting, uplift and denudation began
~55-60 Ma (Fitzgerald, 1992). However, quantifying
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glacial erosion over millions of vears and on regional
scales 18 not possible using current process models of ice
sheets. In addition, although it is possible to assert
qualitauvely that certain climatic conditions are more
conducive to higher rates of glacial erosion, the data are

insulliciently constrained to provide a detailed history of

climatic fluctuations throughout the Cenozoic. There-
fore, in an attempt to explore the geomorphological
consequence of glaciation we apply the denudational
flexural model of Gilchrist and Summerfield (1990).
This was developed to assess large-scale landscape
evolution following supercontinent break-up and links
denudation and isostasy across high-elevation, passive
continental margins. These are characterized by dis-
sected coastal zones with significant relief rising to an
escarpment inland separating the coastal zone from the
hinterland (Gilchrist and Summerfield, 1994). Such
margins are similar to the current morphology and
tectonic setting of the Transantarctic Mountains (Tes-
sensohn and Worner, 1991).

THE MODEL

The model is taken from Gilchrist and Summerfield
(1990) and consists of two parts: a dual-terrain model
where differential rates of denudation across the con-
tinental margin are represented as regions of high and low
relief” separated by a moving boundary (Fig. 1) and a
flexural model, which calculates the isostatic response to

denudational unloading assuming a thin elastic plate of

constant thickness overlying an inviscid fluid according to
the equation
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where w is the vertical flexure, D is the flexural rigidity,
pw is the mantle density, p; is the density of the flexure
infill (air), g is the acceleration due to gravity, I(x) is the
denudational load as a function of @ and « is the distance
from the continental margin. (Nadai, 1963). The flexural
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Fig. 1. A schematic diagram outlining the geomelyy of the
model. Parameters are required for the rate of escarpment
retreat and the denudation in the coastal zone, the
hinterland and on the escarpment.
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rigidity is given by

Do BLS

12(1 — 2
where £ is Young's modulus, T, is the effective elastic
thickness of the lithosphere and v is Poisson’s ratio,
Vertical flexure is calculated in the wave-number domain
from
W(k) = R(k)L(k)
where R(k) is the isostatic response function, so
1

(Pm — pi)g + Dk!

R(k) =

and W(k) and L(k) are the Fourier transforms of w(zr)
and I(z), and & is the wave number given by k= 27/A
where A is the wavelength. This acts as a low-pass [ilter to
an applied load, so the spatial resolution of the
denudational model is not critical in determining the
isostatic response to denudation provided that deviations
are relatively minor. The model parameters, which
determine the flexural response to unloading, are the
effective elastic thickness of the lithosphere in both the
rifted and unrifted regions (Gilchrist and Summerfield,
1990).

The denudational model consists of four parameters
which quantify the rate at which the escarpment retreats
from the coast, and the rates of denudation in the coastal
zone, in the interior and on the escarpment. It utilizes
empirical estimates of long-term denudation which can be
constrained independently using apatite fission-track
data. The modelling should, therefore, be seen in the
context of a parameter study to examine the role of glacial
erosion on the dynamics of a passive margin; it does not
seek to simulate all the relevant processes involved with
tectonic uplift.

In addition, the model calculates the effect of loading
sediments oflshore on the margin morphology, using
borehole data to constrain seismic interpretations ol
sediment age,

DATA CONSTRAINTS

Constraining the mechanisms which caused uplift of the
Transantarctic Mountains depends critically on the use of
the appropriate data. The inputs required for the model
comprise denudation rates and flexural rigidities of the
lithosphere. These latter parameters determine the
amplitude and wavelength of uplift for a given load.
Published values vary widely; modelling studies of the
Transantarctic Mountains have used values of equivalent
clastic thickness of 110km dropping to 5km at the
continental margin (Stern and ten Brink, 1989; ten Brink
and Stern, 1992), 100km to 12.5km (Bott and Stern,
1992), and = 40-50 km dropping to 20 km at the margin
(Beek and others, 1994). The latter authors noted that the
higher values were obtained because the topographic
deflection was modelled solely as a line load acting at the
margin. Instead, they used values based on coherence
studies ol topography and Bouguer gravity anomalies in

analogous regions. In the first instance, we will use these
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latter figures.

The remaining inputs are rates of denudation across
the continental escarpment which are quantified by four
model parameters. Unfortunately, quantitative measures
of the effectiveness ol glacial denudation produce widely
varying rates. Instead, more indirect methods are used.
These are exemplified by Bell and Laine (1985, who used
oflshore seismic refllection data to argue that an equiva-
lent of 120m of rock had been eroded from the
Laurentide region during the Quaternary; Hall and
Sugden (1987), who provided evidence of the selectivity
of glacial denudation from glacial and pre-glacial land
forms; and Wellman and Tingey (1981), who calculated a
rate of 50 m Ma ' for Antarctica from isostatic considera-
tions. Clearly, all these indirect methods are hmited by
the constraints of extrapolating data over wide spatial
scales.

As an upper estimate, we take the highest value, that
of 50 m Ma ', for the coastal-zone denudation rate and a
proportionately smaller value for the interior, encapsulat-
ing the myriad of processes leading to lower denudation

rates in colder, less maritime regions. The lack of

denudation data for areas other than the coastal zones
and escarpments necessarily limits modelling to numerical
exploration of the parameter space.

The simplest parameter to calculate is the escarpment
retreat rate, since the maximum clevation of the
Transantarctic Mountains escarpment in the Dry Valley
region lies about 80 km from the coast. which is taken to
be the rift hinge. Since rifting and denudation began
~55-60 Ma. this provides a mean rate of escarpment
retreat, though in practice retreat rates would vary
markedly with climatic and glacial conditions,

These parameters, coupled to a high denudation rate
on the escarpment, determine the volume of sediment
croded through time. This combined figure is tightly
constrained by apatite fission-track data which provide
an estimate ol total denudation, assuming a reasonable
cgeothermal model (Gleadow and Fitzgerald, 1987;
Fitzgerald, 1992). In the Dry Valleys sector ol the
Transantarctic Mountains, denudation has removed a
wedge of material of more than 5km near the coast.
reducing to 1 km and 75 km inland.

The remaining input is the inital topography.
Gleadow and Fitzgerald (1987) suggested a plateau
elevation of 500 m, a value which has attained axiomatc
status though it is poorly constrained, while Sugden and
others (1993) suggested an equally poorly constrained
1200 m. We explore the implications of both these initial
elevations, plus a third which has a block at the
continental margin of 1200 m elevation with the hinter-
land at an elevation of 500 m, since there was tectonic
uplift and denudation in the early Cretaceous (Fitzgerald,
1992),

Comparison with the gross morphology ol the present
continental margin is complicated by the existence of the

ice sheet. Assumptions concerning the flexural rigidity of

the lithosphere will implicitly determine the ellect of the
ice sheet. Using a broken, variable rigidity model, Stern
and ten Brink (1989) calculated the ice load alone
depresses the lithosphere by over 800m about 500 km
mland from the Transantarctic Mountains but has only a
small effect at the coast. This diflers from the analysis by
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Table 1. The inpul parameters lo the model

Effective elastic thickness — unrifted

lithosphere 40 km
Effective elastic thickness rifted
lithosphere 20 km

5m Ma '
50m Ma !
1450 m Ma '
3500 m Ma !
60 NMa

1200 m

Interior denudation rate
Coastal zone denudation rate
Escarpment retreat rate
Escarpment denudation rate
Model run time

Initial clevation of topography

Drewry (1983). who suggested subsidence in the Trans-
antarctic Mountains. The difference reflects the use of a
continuous, constant rigidity, thin elastic-plate model by
Drewry. To curtail these problems, the current topogra-
phy of the Transantarctic Mountains is shown and
graded into an artlicial inland plateau with an altitude
ol 500 m, simply for use as a reference level.

SENSITIVITY EXPERIMENTS

The eight inputs to the model are shown in Table 1.
Figure 2 shows the evolution of the continental margin
and the development of a mountain escarpment. formed
only by the flexural response of the lithosphere to the
denudational unloading across the margin. The final
shape of the topography is determined by the initial
topography and the interplay of the various components
of denudation. The maximum elevation of the escarp-
ment, here at 2400 m after 60 Ma, depends on the upward
lithospheric flexure coupled with the accumulative
denudation. The lithospheric lexure is shown in Figure
3, indicating the downward flexure on the rifted side of
the hinge and upward flexure to a maximum elevation of
over 1700 m alter 60 Ma on the continental side ol the
hinge. Similarly, the accumulative denudation is shown

—--—48Ma

3000 —-—-36Ma
Ewotr 0 4 e 24Ma
i
£ 2000 s
3
@
2 1500 -
=
2 1000
3
£ s00
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3 0 —
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50400 -200 0 200 400 600 800 1000
Distance from rift hinge (km)

Fig. 2. 'The evolution of the eontinental margin and the

development of a mountain escarpment resulting from a

combination of lithospheric flexure and accumulative
denudation, from 60 Ma to the present (0 Ma).
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Fig. 3. The evolution of the lithospheric flexure caused by
denudational unloading at the continental margin, from
60 Ma to the present (0 Ma).

in Figure 4, indicating the removal of a wedge of material
about 5 km thick at the rift hinge, reducing to a negligible
thickness about 100 km inland. The shape of this wedge,
which is constrained by fission-track data, can be
manipulated by varying the rates of denudation across
the continental margin. This puts tight constraints on the
relative ratios ol denudation across the margin but cannot
by itself determine absolute rates. Finally, Figure 5 shows
a comparison of the modelled topography with the
present-day topographic profile of the Transantarctic
Mountains in the Dry Valleys region. The present-day
profile has higher relief though the wavelength of flexure
is similar.

The shape of the modelled topographic prolile
depends on the value of the denudational components.
Reducing the interior denudation to zero, as an extreme
example, produces a higher topographic profile by about
100m due to the coupled eflect of reduced denudation
and reduced flexural upwarping. Raising the interior
denudation lowers the final topographic profile, because
of increased denudation, despite increased flexural
upwarping. Il the interior denudation rate increases, the
accumulative denudation profile becomes increasingly
flattened until the interior rate exceeds the coastal zone
rate, at which point the wedge profile narrows towards
the coast. It follows that the conditions required to
reproduce the fission-track data are strong differential

6000
5000 +
4000
3000 +
2000 +
1000

0 .
| 000-4,,!() =200 0 200 400 600 800 1000

—--—48Ma

—m—=30Ma

Elevation above sea level (m)

Distance from rift hinge (km)

Fig. 4. The evolution of the accumulative denudation across
the continental margin, which is constrained by fission-
track data, from 60 Ma lo the present (0 Ma).
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Fig. 5. A comparison between the modelled topography and
a schematic profile of the present Transantarctic Moun-
tains in the Dry Valleys area. Of note are the maximum
elevation of the topography and the flexural wavelength
rather than the qualily of fil.

rates of denudation across the continental margin. The
highest topographic profiles are obtained when interior
denudation rates approach zero.

The coastal-zone denudation rate is sulliciently high
to reduce the topography to sea level. If the coastal-zone
denudation rate is lowered, coastal hills form and their
shape is determined by the rate of escarpment retreat.
This escarpment-retreat rate plays a crucial role on the
altitude and wavelength of the topography. Reducing the
retreat rate increases the wavelength of flexure and
reduces the altitude of the topography, while increasing it
achieves the opposite effect. However, an excessively high
retreat rate leads to an overly narrow lexural wavelength
and too much denudation at the rift hinge. The latter
effect can be reduced by lowering the escarpment
denudation and delicate interplay between these two
parameters can lead to a topographic profile with an
identical flexural wavelength to the present topography,
and with a denudation profile which is within the
constraints of the apatite fission-track data.

Varying the flexural rigidity of the unrifted litho-
sphere also varies the {lexural wavelength and amplitude.
Increasing it to an eflective elastic thickness of 60 km
reduces the flexural upwarp and the denudation, and the
result is a reduction in the maximum
topographic elevation. Reducing the flexural rigidity to
20km leads to increased denudation, flexural upwarping
and a rise in the maximum topographic clevation.

combined

Meanwhile, varying the rifted lithosphere by the same
magnitude produces only minor variations in denudation,
lithospheric flexure and topography.

The effect of varying each of six parameters, four
denudational and two flexural, on maximum elevation is
shown in Table 2. In general, the maximum elevation is
linked to the flexural wavelength; smaller elevations
equate to longer wavelengths.

Applving the same sensitivity tests with an inital
topographic clevation of 500m produces qualitatively
similar results, though there is a larger mismatch between
the final topographic profile and the current topography.
Using an initial topography consisting of a coastal block
at an elevation of 1200m and the hinterland at 500 m
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Fig. 6. A comparison betwoeen the modelled topograply,
assuming different initial topographic elevations, and a
schematic profile of the present Transantarctic Mountains
in the Dry Valleys area. An initial topographic elevation of
1200m leads to a high hinterland: an initial elevation of
500m leads lo a low mountain escarpment; an nilal
elevation of 1200 m at the coast and 500 m in the hinterland
produces a relatively good fit. Since the initial elevation is
unknown, the implication is that we cannol delimit the role

of differential denudation in forcing mountain uplifi.

results in a much better fit between modelled and current
topographic profiles (I'igure 6).

IMPLICATIONS FOR THE TRANSANTARCTIC
MOUNTAINS

The necessary conditions for producing a flexural
wavelength which is comparable to the present
Transantarctic Mountains are either a low eflective
elastic thickness in the unrifted continental lithosphere

or a rapid escarpment retreat rate. The former is
unlikely, while evidence indicates that the latter has
occurred.

The necessary conditions required to satisfy the
apatite fission-track data, that between 5 and 6 km
of denudation occurred near the rift hinge reducing to
I km at 75 km, are a large escarpment-denudation rate
and a high dillferential-denudation ratio between the
interior and coastal zones.

To produce modelled topographic profiles of a
comparable magnitude to the Transantarctic Moun-
tains requires a high initial elevation and low absolute
rates of denudation in the interior,

Sediment-loading offshore lowers the topographic
profile on land. since the lithosphere is modelled as a
continuous plate.

DISCUSSION AND CONCLUSIONS

This paper explores the response of a high-elevation
passive margin to differential denudation. By utilizing
available data pertaining to long-term glacial erosion, we
show that glaciation can be an important process in
reorganizing lithospheric loading over geological time-
scales. In the Transantarctic Mountains, three observa-
tions are pivotal. First, oflshore seismic interpretations
suggest that glacial processes have been operating in the
Transantarctic Mountains since at least the Oligocene.
Secondly, fission-track data indicate a substantial wedge
ol material has been eroded from the continental rift flank
and, finally, high surface elevations imply surface uplift.

Table 2. The effect of varving the input parameters by +350% on the maxinuwan elevation of the accumulative denudation,
the lithospheric flexure and the lopography. This is one of two possible measures, the second being the flexural wavelength:

qualitatively, the resulls are similar

% change in Accumulative Lithospheric  Maximum
parameter  denudation Slexure lopographic
value elevation

Escarpment denudation rate (m Ma h +50% +49% +49% +28%
-50% —49% —48% —28%
Interior denudation rate (m Ma ') +50% + 1% + 4% + 2%
-50% 1% —4% 2%
Coastal denudation rate (m Ma l) + 50% 0% 0% 0%
-50% -4% —4% 2%
Escarpment retreat rate (m Ma hy +50% +9% +50% =+ 9%
—50% -13% -51% —28%
Elastic thickness (km): rifted lithosphere +50% —3% 5% —1%
-50% + 10% +22% +4%
Elastic thickness (km): unrifted lithosphere +50% 2% 16% 20%
50% + 7% +37% +21%
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These observations are not inconsistent with the results of
the differential-denudation model, provided specific
conditions exist. These include a fast escarpment-retreat
rate, though not necessarily a low [lexural rigidity in the
unrifted lithosphere, a high rate of denudation on the
escarpment and a large differential between rates of
denudation at the coast and in the interior. Lastly, and
perhaps most importantly, the final topography is highly
dependent on the elevation of the initial topography,
which is poorly constrained.

The limitations of such an approach stem from the
necessarily schematic model. While it is qualitatively
reasonable to assume that much larger quantities of
crosion take place on an escarpment front than in coastal
regions or in the more continental and elevated hinter-
land, it is not clear that this can be translated into simple
quantitative estimates of long-term denudation rates. In
addition, the implications of sediment-filled grabens such
as the Victoria Basin are not properly explored. Thus, we
do not assert that glacial processes are crucial in driving
rifi-flank uplift but simply note that the available data are
not inconsistent with such ideas.

At present, there are insuflicient data to delimit the
role of glacial erosional processes in forcing surface uplift
in the Transantarctic Mountains and this paper is
necessarily speculative. However, the flexural response
of the lithosphere to such changes in loading, whether
glacial or otherwise, appears to be one of the mechanisms
capable of forcing tectonic uplift in the Transantarctic
Mountains during the Cenozoic.
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