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The Transantarctic Mountains have formed at the continent-continent boundary between East and West
Antarctica. High heat flow, thin crust, normal faulting, and past and present volcanism indicate that this approximately
3000-km-long boundary is divergent in character. Three principal structures have developed at and adjacent to the
boundary: the Transantarctic Mountains, the Wilkes Basin, and the Victoria Land Basin. The Transantarctic
Mountains form the east edge of East Antarctica and consist of a block-tilted mountain range up to 4500 m high.
Running parallel but 400-500 km behind, or to the west of, the Transantarctic Mountains is the Wilkes Basin. This
is a broad subglacial basin where the bedrock surface is now as much as 1 km below sea level. East of and immediately
adjacent to the Transantarctic Mountain front is an area of extension called the Victoria Land Basin where at least
4-5 km of Cenozoic sediments have been interpreted from seismic reflection data. The wavelengths and amplitudes
of these three structures can be accounted for by the elastic flexure of two cantilevered lithospheric plates if the
boundary between East and West Antarctica is taken as a stress-free edge. Specifically, the Wilkes Basin is modeled
as a flexural “outer low” coupled to uplift of the Transantarctic Mountains. Similarly, subsidence within the Victoria
Land Basin is also linked to uplift of the Transantarctic Mountains via the Vening Meinesz uplift-subsidence
mechanism and sediment loading. The maximum flexural rigidity for East Antarctica is estimated to be about 10?*
N m (or effective elastic thickness, T, of 115 £ 10 km), one of the hlghest values for continental rigidity from long-
term loads. Flexural rigidity for the Ross Embayment in West Antarctica is, on the other hand, found to be more than
2 orders of magnitude less at 4 x 1022 N m (T, = 19 + 5 km). This rigidity variation suggests a marked contrast in
effective thermal age, and hence geotherms, between East Antarctica and the western Ross Embayment. Accordingly,
one of the principal uplift mechanisms for the Transantarctic Mountains is considered to be a thermal uplift associated
with lateral heat conduction from the extended and thinned West Antarctic lithosphere into the thicker lithosphere
of East Antarctica. Augmenting thermal uplift of the Transantarctic Mountains are the effects of erosion and the

Vening Meinesz uplift effect.

INTRODUCTION

Mountain belts evolve in three general ways. Where plates
converge, cordilleran and collision-type mountain belts are found
[Dewey and Bird, 1970], whereas at sites of divergence rift-shoulder-
type mountains are likely to form [Heiskanen and Vening Meinesz,
1958]. Cordilleran mountain belts are associated with subduction
zones and are typified by the Rockies of North America and the
Andes of South America. Collision-type mountain building occurs
at continent-continent collision zones; examples include the
Himalayas, the Alps of southern Europe, and the Southern Alps of
New Zealand.

Cordilleran and collision-type mountain building occur in a
predominantly compressional stress field and are characterized by
geological evidence of crustal shortening, folding and in general
much structural complexity. In contrast, rift-shoulder-type mountain
building occurs in a tensional stress field. Examples include the Red
SeaHills adjacent to the Gulf of Suez [Steckler, 1985], the shoulders
of the Dead Sea Rift (U.S. ten Brink, N. Schoenberg, R. L. Kovach,
and Z. Ben-Avraham, Gravity, crustal structure and uplift along the
Dead Sea transform, Submitted to Tectonophysics, 1988), uplift of
the southeasthighlands of Australia [Weissel and Karner,1984] and
the Wasatch mountains of Utah in the United States [Gilbert, 1890].
We might also include the “anorogenic” uplift of the Sierra Nevada
in eastern Califomia, as proposed by Chase and Wallace [1986], and
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uplift of the Boothia Peninsula in Canada as discussed by Walcott
[1970a] in this category. The three forms of mountain building are
summarized in Figure 1.

The Transantarctic Mountains (Figure 2) best fall into the later
classification of rift-shoulder mountains. They are characterized by
alack of folding or thrust faulting, and are generally described as a
gently tilted to block-faulted range reaching maximum heights of
4500 m [Robinson and Splettstoesser, 1984]. Running parallel and
justoffshore along theRoss Seasector of the Transantarctic Mountains
is an asymmetric sedimentary basin, the Victoria Land Basin [Cooper
etal., 1987].

Uplifts flanking rift structures like the Wasatch Front mountains
and the Gulf of Suez are typically no more than 1000-2000 m high
fe.g., Zandt and Owens, 1980; Steckler, 1985]. Further, the half
wavelength of these uplifts (“half wavelength” being the distance
from the axis of maximum uplift to the topographical minimum
formed behind the uplift) are generally of the order of 150 km. In this
regard the Transantarctic Mountains appear to be an extreme case of
the above-mentioned areas. Uplift for the Transantarctic Mountains
is more like 5000 m [Fitzgerald et al., 1986] and the half wavelength
of the uplift, as will be demonstrated in this study, is 400-500 km.
Moreover, the Transantarctic Mountains have a lateral continuity
(= 3000 km) matched only by mountain ranges like the Andes and
the Himalayas.

The principal purpose of this paper is two fold: (1) present an
interpretation of geological structure at, and adjacent to, the boundary
between East and West Antarctica in terms of imposed lithospheric
loads and the flexural response of the lithosphere to these loads, and
(2) identify possible uplift mechanisms for the Transantarctic
Mountains. Principal observations used in the study are seismic
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Fig. 1. 'Three cartoons demonstrating general types of mountain building.
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Fig.2. Map of Antarctica showing the Transantarctic Mountains, the Ross Embayment, and the manner in which the Transantarctic
Mountains forms the boundary between East and West Antarctica. Also shown are smoothed free air gravity anomalies of Antarctica
[after Bentley, 1983]. The elongate, negative free air anomaly to the left of the Transantarctic Mountains is the -20 to -40 mGal
“Transantarctic gravity anomaly” [Bentley, 1983]. The subglacial Wilkes Basin is approximately coincident with this negative
gravity anomaly. Locations are shown for the five topographic and bathymetric profiles discussed in the text. The numbered profiles
are as follows: (1) Beardmore, (2) Nimrod , and (3)—(5) Victoria Land profiles. Profile 3 is approximately coincident with the gravity
profile shown in Figure 12.
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Fig. 3. A cross section of the Wilkes Basin—Transantarctic Mountains—Ross Embayment, based on 1:250 000 USGS maps and
map 3 (radio echo-sounding data) of Drewry’s [1983] Antarctic Geophysical Portfolio. Bathmetry in the Ross Embayment is from
Robertson et al. [1982]. This profile runs adjacent to the Nimrod Glacier (profile 4 in Figure 2). (Bottom) Also shown is a blow up
of a geological cross section through the Transantarctic Mountains showing the Kukri Peneplain, the underlying Precambrian
basement, the Polar Plateau, and the Ross Embayment [after McGregor and Wade, 1969].

reflection and gravity data from the Ross Embayment and published
gravity, radio echo-sounding, and geological observations from
East Antarctica.

GEOLOGICAL AND STRUCTURAL BACKGROUND

In the following section each of the three structural elements
shown in Figure 3a are briefly discussed.

The Wilkes Basin

Most geological inferences about the Wilkes Basin are based on
geophysical data because the basin is covered by up to 3 km of ice.
Radio echo sounding data have provided details on the rock-ice
interface which forms the basin, showing the basin to vary in width
from 200-600 km [Drewry, 1983]. These radio echo-sounding data
also show that the basinruns parallel to the Transantarctic Mountains
for almost its complete length, but with the axis of the basin set back
about 400-500 ki from the Transantarctic Mountains. Drewry
[1976] interprets a -20 to -40 mGal free air gravity anomaly, in
conjunction with magnetic anomaly data, over the basin as being due
to 2-3 km of relatively low- density sediments within the basin.

The Transantarctic Mountains

Basement rocks of the Transantarctic Mountains consist of early
Paleozoic to a late Precambrian metamorphic—plutonic complex
that is strongly folded and deformed. Unconformably overlying
basement is a subhorizontal layered sequence of sedimentary rocks
ranging in thickness from 2770 to 3500 m [Barrett et al., 1986]. This
is part of the Beacon Supergroup which is Devonian to Jurassic in

age (Figure 3b). During the Jurassic the Beacon section and the
basement complex were intruded by the Ferrar Group. This group
includes diabase sills and dykes and associated basalt lava flows.

Uplift of the Transantarctic Mountains from geological data is
summarised by Smith and Drewry [1984]. They estimate an average
value of 90 m/m.y. for the last 45 m.y. More recent apatite fission
dating from the Transantarctic Mountains show rates similar to that
obtained from geological field observations [Gleadow et al., 1984;
Fitzgerald et al., 1986] i.e. 100 m/m.y. over the last 50 m.y., giving
a total uplift of 5 km. It is not known if uplift occurred in a uniform
fashion over this period or in discrete intervals.

Along and within the Transantarctic Mountains are volcanic
outcrops and volcanoes of the McMurdo Volcanic Group
[Harrington, 1958]. These are principally alkaline volcanics with
maximum K/Ar ages of 15-19 Ma [Armstrong, 1978; Stump et al.,
1980]. Their distribution is shown in Figure 4. Most of these
outcrops are found close to the coast with the exception of the Mt.
Early outcrop in the southern Transantarctic Mountains which is
some 200 km inland (Figure 4). Recent drilling in McMurdo Sound
(Figure 4) has encountered basaltic pebbles within an Oligocene
conglomerate [Barrett, 1986], suggesting that basaltic volcanism
withinor adjacent to the Transantarctic Mountains may have extended
back as far as 30 Ma. A further finding of the drilling is that glacially
derived sediments associated with the East Antarctic ice cap have
been found with ages that go back to at least 35 Ma.

The Ross Embayment

The Ross Embayment encompasses the Ross Sea and the Ross
Ice Shelf (Figure 4 ). Against the western edge of the embayment
and at the boundary of the ice shelf with the Ross Sea are the
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Fig.4. Map of the Ross Embayment and the Ross Embayment sector of the Transantarctic Mountains. Positions of the drill holes
DSDP 270 (middle of the embayment) and CIROS (Cenozoic Investigations in the Ross Sea) -1 ( west of Ross Archipelago) are
shown. Heat flow values are from Blackman et al. [1987]. They consider the five most western observations of heat flow to be the
most reliable. The average of these data, excluding the single high value of 164 mW/m? from Ross Island, is about 70 mW/m?. V.L.B.
is theVictoria Land Basin; A-A’ is the seismic interpretation line shown in Figure 5; B-B’ is the seismic line 409 discussed in the

text.

principal volcanic edifices comprising the McMurdo Volcanic Group
(Figure 4), or the Ross Archipelago [Thomson, 1916]. Geophysical
and geological data indicate that the western Ross Embayment has,
and is, an area of active crustal extension between East and West
Antarctica [ Davey, 1981; Dalziel and Elliot, 1982; McGinnis et al.,
1985; Cooper and Davey, 1985]. Basement within the Embayment
has been sampled at the Deep Sea Drilling Project (DSDP) drill hole
270 (Figure 4) and found to be Precambrian metamorphic rocks,
similar to those found out cropping in the Transantarctic Mountains
[Ford and Barrett, 1975].

Cooper et al.[1987] interpret multichannel seismic data from the
Victoria Land Basin (Figure 4) as showing up to 14 km of stratified
rock in a half-graben geometry. A summary interpretation of their
data is given in Figure 5. Interpretation of the lower 8-12 km of the
section is uncertain but is possibly a high-velocity (>5 km/s) late
Mesozoic marine sedimentary section. The top 4-6 km is thought to
be principally Cenozoic marine sediments (<4.5 km/s) that are
coeval with uplift of the Transantarctic Mountains.

Above average heat flow is reported in the Ross Island—Victoria
Land Basin—Dry Valley area. Within this region there are about five
determinations of heat flow (Figure 4) for which the appropriate

corrections have been made [Blackman et al., 1987]. These data
have an average value of about 70 mW/m? which is about 15%
greater than the continental norm of 60 mW/m?, From Figure 4 there
is some suggestion of lower heat flow in the middle of the Ross Ice
Shelf although, as Blackman et al. point out, the data are too sparse
to draw firm conclusions about this area.

ISOSTATIC COMPENSATION WITHIN
EAST ANTARCTICA

A principal contention of this study is that uplift of the
Transantarctic Mountains is supported by a broad flexure of the
strong East Antarctic lithosphere. In other words, the Transantarctic
Mountains are regionally rather than locally isostatically
compensated.

Isostasy; Local Versus Regional
Compensation

When loads such as seamounts, river deltas, ice caps, or thrust
sheets are placed upon thelithosphere, the accompanying deformation
is often observed to extend well beyond the boundaries of the loads
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Fig.5. A geological section across the Victoria Land Basin based on interpreted seismic reflection data [after Cooper et al., 1987].

The division between Cenozoic and Mesozoic rocks is based on observed seismic velocities, i.e., Cenozoic velocity range is 1.7-4.5
km/s and rocks with a velocity range of 4.5-6.2 km/s are ascribed by Cooper et al. 10 Mesozoic sediments . The Lee Arch is a late
Cenozoic intrusion that has locally up warped the sedimentary sequence.

themselves. This is the phenomenon of lithospheric flexure [e.g.,
Gunn, 1943]. Flexure can, to a first approximation, be modeled as
the bending of a thin elastic plate (the lithosphere) that overlies a
fluid substratum. The measure of how much the elastic plate, or the
lithosphere, resists bending is governed by the flexural rigidity, D,
which is related to the elastic thickness (T, ) of the plate by

D =ETe3/12( 1-6%) ¢))
where E is Youngs modulus and ¢ is Poissons ratio. T, for the
lithosphere is sometimesreferred to as an “effective” elastic thickness
[Watts and Cochran, 1974]; i.e., it is the portion of the lithosphere
that responds elastically to a long-term load and is not necessarily
equivalentto seismological and thermal definitions of the lithosphere.

Flexural deformation of the lithosphere can be approximately
described by the thin plate equation [Nadai, 1963]:

DV *W(x)+ApgW(x)=P 2)
i.e., bending resistance + buoyancy forces = load

where W(x)is the vertical displacement, g is gravitational acceleration,
Ap is the density contrast between the material below and above the
plate, and P is the load that drives the flexure.

From (2) compensation for a load P will be partitioned between
the bending resistance and buoyancy forces. If the rigidity (D) of the
plate is low, then buoyancy forces dominate and compensation for
the load is said to be local. If on the other hand D is large and the
bending resistance term becomes dominant, then the compensation
is more regional in character. Thus between these two end-members
of local and regional isostatic compensation a continuum of
compensation schemes exists.

Flexure With a Free Edge

Most studies of seamounts, sedimentary basins, and ice caps
involve loading on a continuous elastic plate. Other loading cases,
such as the subduction of an oceanic plate [Watts and Talwani, 1974]
or the uplift of rift-shoulder mountains [Bott, 1976], require a model
where the elastic plate is not continuous but has a free edge. Figure
6a shows conceptual examples of flexure for an elastic plate with a
free edge. If the plate has a free edge along which the load is applied,
the solution for (2) is given by

W (x) = (2P/g Apa) exp(-x /o) cos (x /o) 3)

where «, the flexural parameter [Walcott, 1970b], is given in units
of length by

o.4=4D/g Ap 4)
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Fig.6. (a) Twomodels showing an elastic plate subjected to a load P. The
flexure resulting from a load (P) mimics a rift shoulder or a subduction zone
with their respective outer low and outer high. The amplitude and half
wavelength of the outer high (or outer low) is a function of the flexural
rigidity of the plate.  (b) Also shown is an illustration of the flexural model
that is applied to the East—West Antarctic boundary. Extension is presumed
to exist between East and West Antarctica such that the two plates are
effectively decoupled along the steep normal fault that separates them. The
diagonal hachured regions represent the respective crustal thicknesses for
East and West Antarctica. Explanations for the various loads that are
proposed to be acting on the plates are given in the text.
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Fig.7. (a) Five stacked topographical profiles across the Transantarctic Mountains and Wilkes Basin. Locations of the profiles are
shown in Figure 2. Profiles with symbols are the two southern profiles (Nimrod and Beardmore), and the three unmarked profiles
are the northern profiles as shown in Figure 2. Note that the Nimrod and Beardmore profiles are higher, and slightly broader, along
the full length of the profiles. (b) Also shown is the same plot as in Figure 7a but the Beardmore and Nimrod profiles have been
shifted down by 700 and 400 m respectively. Superimposed on the topographical profiles is the modeled flexure profile as discussed
in the text. The modeled flexure profile has been shifted upward 500 m to obtain this fit.

Figure 6b illustrates the model of elastic flexure that will be
applied to the boundary between East and West Antarctica. This
model is partly based on that of Vening Meinesz [Heiskanen and
Vening Meinesz, 1958] and can beregarded as an end member within
the family of normal faulting models in the sense that it provides the
maximum uplift of the footwall by virtue of two critical assumptions:
(1) there is failure, or faulting, along a normal fault plane that
penetrates the whole elastic lithosphere, and (2) there is no
transmission of shear stresses across the fault, and therefore both
sides of the fault plane are free to move as two independent,
cantilevered beams. Quantitative aspects of this model are presented
in the discussion portion of this paper.

Lithospheric Flexure Within
East Antarctica

Studies of flexure within both the continents and the oceans are
often based on analyses of gravity anomaly fields [Watts, 1978;
Karner and Watts, 1983; Lyon-Caen and Molnar, 1985]. For East
Antarctica, however, the critical observations are more direct as we
can observe induced flexure in topography of the bedrock surface.

Topographic data used in this study are from the maps of Drewry
[1983] which show the bedrock surface both within the Transantarctic
Mountains and beneath the ice cap as interpreted from extensive
radio-echo sounding [Drewry, 1975]. Topographic data from within
the Transantarctic Mountains are from the 1:250 000 maps of the
U.S. Geological Survey.

In order to minimize the effects of localized erosion, five profiles
of the bedrock surface across the Transantarctic Mountains and the
Wilkes Basin were stacked together and are shown in Figures 7a and
7b. These profiles are placed with respect to an arbitrary origin at the
coastline. The consistency of the half wavelength and amplitude for
the five profiles is remarkable considering that there is a lateral
separation of about 1000 km between the mostnorthern and southern
profiles. Both the Beardmore and the Nimrod profiles in Figure 7a
are higher than the three more northern profiles. In Figure 75 the
profiles of Figure 7a are stacked together but with the respective
elevations of the Beardmore and Nimrod profiles shifted down by
700 and 400 m, respectively. This provides a better overall fit at not
only the Transantarctic Mountains end of the profiles but also at the
Wilkes Basin end. Thus the elevation difference between the
Beardmore area and the more northern areas is of a regional extent
and not just confined to the Transantarctic Mountains.
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A Flexural Model for the Transantarctic
Mountains —Wilkes Basin

Three geological observations from the Transantarctic Mountains
provide the principal constraints for the flexural model: total amount
of uplift, half wavelength of the uplift, and regional dip of the Kukri
Peneplain.

Uplift. Total uplift of the Transantarctic Mountains is estimated
at about 5 km over the past 50 m.y. as previously discussed.

Half wavelength. From figures 7a and 7b the distance from the
axis of maximum uplift in the Transantarctic Mountains to the
minima of the Wilkes Basin is 450—-500 km. From (3) the flexural
half wavelength, or the distance from the load to the outer low (or
high), is given by

X=0.75n0 )

A value for the flexural parameter (o) of about 200 km is thus
implied. From (4 ) and (1), and taking Ap =2400 kg/m® (i.e., ice
loading), values of T; =115 km and D = 10>’ N m can be estimated
for the lithosphere of East Antarctica.

Dip. Separating the Beacon Supergroup from the underlying
basement is a Devonian erosional surface referred to as the Kukri
Peneplain [Gunn and Warren, 1962]. This peneplain (Figure 3) has
been identified as far south as the Queen Maud Mountains [McGregor
and Wade, 1969] and is seen as far north as in the Dry Valleys area
of the Transantarctic Mountains opposite Ross Island [McKelvey
and Webb, 1961; Allen and Gibson, 1962]. In places the peneplain
is disrupted by faulting, particularly in the south within the Queen
Maud Range [Katz, 1982], and extending as far north as the Nimrod
Glacier. Normal faulting, some evidence for strike-slip faulting,
differential tilting, and even synclinal structures within the Beacon
Supergroup are found [ Barrett and Elliot, 1973; Katz, 1982]. Overall,
however, theupliftis generally asymmetric with the peneplain being
tilted back beneath the Polar Ice Cap. Furthermore, on the basis of
5 published estimates and geological maps [e.g., Gunn and Walcott,
1962; Allen and Gibson, 1962; McKelvey and Webb, 1961;
McGregor and Wade, 1969; Hamilton, 1965] , the average dip ( at
a distance of about 40 km from the coast) on the peneplain is about
2-3° in a direction west and southwestwards toward the polar
plateau. Higher dips have been reported at some localities [e.g.,
Gunn and Warren, 1962] but these are probably due to local block
faulting. The range of 2-3°, at a distance of 30-40 km inland from
the coast, will therefore be adopted here as the representative
“regional” dip for the Kukri Peneplain .

Superimposed on Figure 7b is the calculated displacement of our
best fit flexural model. A finite difference routine (modified from
Bodine et al. [1981]) was used to calculate the displacement due to
the distributed loads on a plate where the rigidity could vary
laterally. Results for simple load distributions and rigidity functions
were checked against analytical solutions derived from the formulae
given by Hetenyi [1946]. Input to the model is the downward
directed load of the ice cap and an arbitary upward directed end load
that is distributed near the free edge of the plate. This end load is
partitioned into three specific processes: erosion, thermal uplift and
an isostatic end load (Figure 8). Mechanical and geological
interpretations of the uplift processes are described in more detail
within the discussion section of this paper.

Of all the load distributions shown in Figure 8 only the ice load
is well constrained by direct geophysical observations. The
magnitudes and distribution of the thermal and end load, and
erosion, can only be crudely estimated (see discussion). What can,
however, be stated with confidence is that the total loading required
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Fig. 8. Summary of loads and rigidity profile for East Antarctica that were
used in a finite difference program in order to calculate the modeled flexure
profile shown in Figure 7b. Note that the densities and depth scale of the
various loads differ but the horizontal scales are the same. The “end load”
is an arbitary load that is needed to obtain the required uplift after the effects
of thermal uplift and erosion are estimated. The end load is distributed over
a5-km width with depth and magnitude parameters as shown. The magnitudes
for the thermal uplift, erosion, and end load are given as equivalent line
loads. Total upwardly directed loading is equivalent to a line load of 9 x 10!
kg/m. Geological and mechanical interpretations of theseloads are presented
in the discussion section of the paper.

to produce uplift of the Transantarctic Mountains is equivalent to an
upward directed line load of about 9 x 10'! kg/m in magnitude.

T, at the Edge of the East Antarctic
Plate

The flexural model follows the conceptual models shown in
Figure 6 but with the modification that the flexural rigidity D, or
equivalently the effective elastic thickness (Te), decreasesrapidly-as
the free edge is approached. This modification is needed to satisfy
the criterion of a 2-3° dip on the Kukri Peneplain. Specifically, it was
found that a satisfactory fit to the observations could be found with
anelastic plate withaT  of 115 km, to adistance of 130 km from the
free edge, and then a linear decrease in Te to a value of 5 km at the
free edge.




10,322

STERN AND TEN BRINK: FLEXURAL UPLIFT OF THE TRANSANTARCTIC MOUNTAINS

- 5500 5500
-a Const.rigidity 4500 -y 4500
—+ Vari. rigidity £
3500 § 3500
w
2500 | 2500
E
U T 1500 L .S
-100 -50 0 1500 5
‘ Distance (km) d>)
w
r 500
r-500
00 -600 ! ' -1500
-800 -600 -400 -200 0

Distance (km)

Fig.9.

A comparison of modeled flexure where one profile represents a plate that maintains a constant rigidity (and effective elastic

thickness) right to the end of plate (open squares) and the other profile (closed squares) represents a plate that has rigidity dropping
off rapidly at the end of the plate as shown in Figure 8. The same loads, shown in Figure 8, are applied to both models. At 40 km
from the coast a 2° slope is produced by the variable rigidity plate and about a 1° slope by the constant rigidity plate. Both models
produce the same flexural half wavelength. The inset shows a blow up of the two profiles for the 100 km closest to the free edge.

Figure 9 shows the differences between a constant and variable
rigidity plate whenboth plates are similarly loaded. These differences
are small and only noticeable within 100 km of the free edge, but it
is just here that we have detailed geological observations on both
uplift and peneplain dip. Specifically, by allowing the rigidity of the
plate to decrease near its edge about 20% more uplift at the free edge
can be attained, and the dip angle is doubled from about 1° to 2° at
a distance of 30-40 km from the free edge.

There are good geophysical reasons why the lithosphere at the
edge of the East Antarctic plate appears weak. Firstly, curvature, and
therefore bending moment, of the plate are high here which would
result in near-surface elastic failure (i.e., faulting) and ductile flow
at depth. This would effectively reduce T, [Bodine et al., 1981;
McNutt et al., 1988]. Secondly, it appears from limited heat flow
data [Blackman et al., 1987] and the distribution (Figure 4) of
Pliocene-Quaternary basaltic cinder cones [Armstrong, 1978] thatat
least part of the Transantarctic Mountains has, and is, experiencing
an enhanced geothermal heat flux. This would also serve to reduce
Te as flexural rigidity is strongly dependent on the geothermal
gradient [Kusznir and Karner, 1985].

A FLEXURAL MODEL FOR THE R0OSS EMBAYMENT

Figure 10a shows a stack of five bathymetric profiles from the
Ross Embayment (see Figure 2 for location). The three northern
profiles are from the Ross Sea, and the two southemn ones are from
beneath the Ross Ice Shelf; all five profiles have been shifted so that
their minima approximately coincide. Seismic reflection data of
Cooper et al. [1987] show that these bathymetric lows, at least in the
Victoria Land Basin, are coincident with maximum sediment
thicknesses. Within the context of our elastic plate mode] for the
western Ross Embayment (Figure 6b) the bathymetric lows mark the

locus of sediment loading, the bathymetric maximum is taken as the
flexural outer high (Figure 6a), and the distance between the low and
the high is taken as the flexural half wavelength.

There is considerable scatter in the stack of profiles in Figure 10a,
especially when compared to the stack of five topographic and sub-
ice profiles for East Antarctica (Figures 7a and 7b). In particular, the
profiles from the Ross Sea indicate an apparent half wavelength of
about 230 km, whereas the Nimrod and Beardmore profiles display
a half wavelength of only 160 km.

In an attempt to investigate this discrepancy the interpreted
seismic sections from the Victoria Land Basin were examined for
the purpose of modeling the deformation of a specific chronological
horizon. Line 409 (Figure 4) from Cooper et al. [1987] was used for
this analysis, as it is the least disrupted by late Cenozoic volcanic
intrusions. Taking their interpreted depth section for line 409, depths
to the Cenozoic/Mesozoic boundary were read off and are shown
plotted on Figure 10b. Also plotted on the same figure are two
flexural curves derived from (3). For both curves Ap = 900 kg/m?
(i.e., sediment loading), and the flexural parameter (¢t) was set at 65
and 95 km for the low- and high-rigidity curves, respectively.
Clearly, the lower rigidity curve, corresponding to an effective
elastic thickness (Te) of 19km, and a flexural half wavelength of 160
km, gives a better fit. The high-rigidity curve in Figure 105
corresponds to ahalf wavelength of about 230 km, as observed in the
Ross Sea bathymetric profiles (Figure 10a). Therefore the 230 km
half wavelength of bathymetry in the Ross Sea may be due to causes
other than just flexure.

Our estimate for the effective elastic thickness (T‘) in the Ross
Embayment is 19 + 4 km, which from (1) corresponds to a flexural
rigidity (D) of 4 £ 2 x 10 N m. These values are not as well
determined as those for East Antarctica. Two possible reasons are
suggested for the uncertainity. Firstly, there may be lateral variations
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Fig. 10. (a) A stack of three bathymetric profiles from the Ross Sea and

two profiles from beneath the Ross Ice Shelf (see Figure 2 for location). All
profiles have been set so that their respective minima are approximately
coincident. The Ross Sea profiles display half wavelengths of about 230 km,
whereas the Beardmore and Nimrod profiles display half wavelengths of
about 160 km. Data are from maps of Davey and Cooper [1987].  (b) A plot
of depth versus distance for the interpreted Cenozoic/Mesozoic boundary
[after Cooper et al., 1987] is shown for seismic line 409 (location shown in
Figure 4). Also plotted are two theoretical flexure curves calculated from
(3). For both curves Ap = 900 kg/m? (i.e., sediment loading) and for the low-
rigidity curve (T, =19km) the applied line load (P) is 1x 10! kg/m.
For the higher-rigidity curve (T,=31km) the applied line load is 1.8 x
10' kg/m.

in rigidity within the Ross Embayment, and secondly, tectonic
overprinting associated with rifting and extension [Davey, 1981;
Dalziel and Elliot, 1982] may be swamping the subtle signature
associated with lithospheric flexure.

Table 1 summarizes the derived elastic paramaters for both the
Ross Embayment and East Antarctica.

GRAVITY ANOMALIES AND FLEXURE

Evidence has been presented from topographic and seismic
data that the uplift of the Transantarctic Mountains and subsidence
of both the Wilkes and Victoria Land basins are controlled by
flexure. Although the topographic profiles and the seismic
stratigraphy show consistency with the flexural models in both half
wavelength and amplitude, especially for East Antarctica, these
models cannot be considered unique. For example, it is always

TABLE 1. Summary of derived elastic parameters
Ross Embayment

East Antarctica

Flexural rigidity (D) 1£04x10**N. m 4+3x 102 N. m
Effective elastic
thickness (7,) 115+ 10km 19+ 5 km
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possible to devise a set of uplift and subsidence forces that will
reproduce the observed topographical profile with local Airy-type
compensation. Corroborative evidence that the three structures of
the Wilkes Basin, the Transantarctic Mountains, and the Victoria
Land Basin are indeed controlled by flexure comes from the
distribution of free air gravity anomalies.

Free Air Gravity Anomalies

Free air gravity anomalies over the Wilkes Basin are shown in
Figure 2. Lying parallel and behind the Transantarctic Mountains is
the “Transantarctic gravity anomaly” [Bentley, 1983]. This free air
gravity low of -20 to -40 mGal extends from near the South Pole
almost to the North Victoria Land coast and corresponds closely
with the topographic low of the Wilkes Basin.

Both Drewry [1976] and Bentley [1983] use a Bouguer plate
approximation to explain this gravity low as being due to 1-3 km of
sediments contained within the upper crust. A difficulty with this
seemingly simple explanation is that it is unusual to have such a wide
basin displaying entirely negative free air gravity anomalies. If
compensation for the basin is local, as might be expected if the basin
were formed by extension within a warm and weak lithosphere, then
the gravity effect of the basin and its compensation mechanism will
cancel except at the boundaries of the basin where small gravity edge
effects will be found. In the case of the Wilkes Basin the negative
free air anomalies persist for hundreds of kilometers. Hence the
important question is not only what is causing this negative gravity
anomaly, but also how is such an anomaly maintained.

The explanation advanced here for the Transantarctic gravity
anomaly, and the Wilkes Basin, is that both are flexurally induced
and maintained by the high rigidity of East Antarctica. In other
words, the Wilkes Basin is the flexural outer low (Figure 6a) for the
uplifted Transantarctic Mountains where the amplitude and half
wavelength of a flexural outer low are dependent on the rigidity of
the lithosphere. In the case of the Wilkes Basin the distance between
the basin center and the Transantarctic Mountains is of the order of
500 km. When the effect of the ice load is taken into account, the
maximum amplitude of downwarping within Wilkes Basin, due to
induced flexure alone, is calculated to be about 300 m.

Following Waits and Talwani [1974], the gravity effect for an
outer gravity high (or low in this case) can be approximated by the
expression for an infinite Bouguer slab:

Ag=27G (p,p,) Az (6)

where G is the gravitational constant, Az is the flexurally induced
displacement and p_ and p, are the densities of substratum beneath
the plate and infill material above the plate, respectively. Taking
values of p_and p; (ice in this case) as given in table 2, and Az = -
300 m, then from (6) a value of Ag = -30 mGal is obtained. This
appears to be in accord with the observations (Figure 2). We cannot,
nevertheless, totally refute the possibility [Drewry, 1976; Steed,
1983] that 1 or 2 km of locally compensated sediments exist within

TABLE 2. Physical constants used in this study

Parameter Value
Young's Modulus, E 8 x 10-10 N/m?
Poisson’s ratio, ¢ 0.25
Water density, p, 1000 kg/m?

Ice density, p, 900 kg/m?
sediment density, p, 2400 kg/m?
crustal rock density, p_ 2800 kg/m?
Asthenosphere density, p, 3300 kg/m?
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Free air anomalies over the Ross Ice shelf [after Robertson et al., 1982]. The broad positive anomaly (densely hatched)

running parallel to the Transantarctic Mountains, and about 200 km east of the Transantarctic Mountains, is here interpreted as an
outer gravity high that is flexurally linked with downward flexure at the western margin of the Ross Embayment.

the Wilkes Basin. But what the flexural model does demonstrate is
that sediments are not necessary to explain the observed free air
gravity anomalies associated with the Wilkes Basin.

Similarly, in the Ross Embayment we would predict a gravity
outer high to be found some 150-200 km east of the flexural
downwarping within the Victoria Land Basin. An inspection of the
free air anomaly map over the Ross Ice Shelf (Figure 11) indeed
shows a broad gravity high running parallel to the Transantarctic
Mountains but offset about 200 km offshore. The relative amplitude
of this gravity high is about 10 mGal, and in some places reaches 20
mGal, depending on what zero level is taken. With values of p,and
p, (sediments) from Table 2 in (6), an outer topographic h1gh (Az)
of about 300-400 m is predicted. For a free-ended elastic plate the
amplitude of an outer bulge is about 7% of the amplitude for the
principal downwarp beneath the load [Turcotte and Schubert, 1982;
p. 127]. Hence for a 350-m outer high the maximum Cenozoic
sedimentary thickness in the Victoria Land Basin should be about
5000 m. This is roughly in accord with what is interpreted from the
the seismic data (Figures 5 and 10b).

Gravity Profile Model

A series of gravity interpretation models across the Transantarctic
Mountains were published by Robinson and Splettstoesser [1984].
Most of their models feature a sharp increase in crustal thickness, or
decrease in crustal density, beneath the Transantarctic Mountains
but with no change in upper-mantle density. Although the calculated
gravity effects of some of these models satisfy the observed gravity
anomalies, they do not provide any generic link between the
Transantarctic Mountains, the Wilkes Basin, and the Victoria Land
Basin. The model that is proposed here (Figure 12) incorporates the

flexural rigidity variation derived in this study, the thermal-density
consequences of this variation, and links together the Wilkes Basin,
the Transantarctic Mountains and the Victoria Land Basin as being
the consequence of differential flexure at a lithospheric free edge.

The location of the gravity profile of Figure 12 is shown on Figure
2. The marine gravity data are free air anomalies from Davey and
Cooper[1987], and the onshore gravity data are Bouguer anomalies
from Robinson and Splettstoesser [1984] and data from files held at
Geophysics Division, Department of Scientific and Industrial
Research (DSIR), New Zealand. A Bouguer correction forland data
from ice-covered areas has been made that corrects for both ice
thickness and elevation of the rock surface above sea level and ice
thickness below sealevel. The estimated uncertainty for the Bouguer
anomalies in Figure 12 is + 15 mGal. This high uncertainty is
attributed to difficulties with elevation control both on the ice cap
and within the Transantarctic Mountains [Crary, 1963].

The model of Figure 12 is constrained by the following properties:
a crustal thickness of 21 km in the Victoria Land Basin [McGinnis
et al., 1985], an average 25-km crustal thickness for the Ross
Embayment [Davey, 1981], and an approximate crustal thickness of
40+ 5km for East Antarctica as inferred from surface wave studies
[Adams, 1972]. In addition, we impose the isostatic condition of a
mass balance, above a yet to be determined compensation depth,
between a typical crustupper mantle unit column from East Antarctica
and one from the Ross Embayment.

A further important constraint on the gravity model comes from
our finding of arigidity, or T contrast between East Antarctica and
the Ross Embayment. Watts [1978] shows that depth to the base of
the elastic lithosphere within the oceans appears to follow the 450°C
isotherm for a cooling plate model. A similar argument for both
continental and oceanic lithosphere is made by Karner et al. [1983].
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Fig. 12. A gravity profile interpretation along profile 3 of Figure 2. Bouguer anomalies are on land and free air anomalies are off
shore. On land, Bouguer corrections have been made for the ice that is above and below sea level. Bodies labeled 1 and 2 are seawater
and sediments of density 1000 and 2400 kg/m?, respectively. The best fit was obtained for a compensation depth between East and
West Antarctica of 200 km and advancing the vertical, upper mantle density contrast boundary between East and West Antarctica

50 km westward beneath the Transantarctic Mountains.

Experimental rock mechanics [Goetze and Evans, 1979] also show
that the transition from elastic to plastic behaviour within the
lithosphere will be strongly dependent on temperature. Hence a
strong contrast in geotherms, and thus upper mantle density, is
implied by the two orders of magnitude difference in flexural
rigidity between East Antarctica and the Ross Embayment. The
exact location for the rigidity, and therefore upper mantle density
contrast, is unclear but appears to occur beneath the Transantarctic
Mountains.

Our best fitmodel (Figure 12) features a density contrast of 1.5%
in the upper mantle above a compensation depth of 200 km, a45-km-
thick crust for East Antarctica, and the upper mantle density contrast
boundary advancing 50 km beneath East Antarctica. Although the
model in Figure 12 is clearly nonunique, it does demonstrate two
important points. Firstly, the dipolar gravity anomaly pattern across
the Transantarctic Mountains boundary is essentially a gravity edge
effect similar to those observed at major lithospheric boundaries
within the oceans [Sibuet et al., 1973], atcontinent-ocean boundaries
[Walcott, 1972] and within continents [Stern et al., 1987]. The broad

gravity low thatextends up to 600 km westward of the Transantarctic
Mountains is therefore considered to be not due to the thick crust of
East Antarctica per se, but rather partly to the low-density mantle of
West Antarctica being “sensed” out to large distances west of the
East-West Antarctica edge, and partly due to induced flexure as
discussed previously. The second noteworthy aspect of the model of
Figure 12 is that the low-density mantle of West Antarctica is
required to be advanced about 50 km beneath the Transantarctic
Mountains. An uplift force beneath this 50-km-wide strip is thus
implied. A physical interpretation of this uplift mechanism in terms
of heat conduction and thermal expansion is presented in the
discussion section of this paper.

Over the Ross Embayment there are several short (50-100 km)
wavelength gravity highs (Figure 12) which we have made no
attempt to explain, but which Davey and Cooper [1987] account for
in terms of Mesozoic-Cenozoic rift structures. Superimposed on
these short-wavelength features is a broader gravity high, increasing
to the east and which we interpret as being the flexurally controlled,
outer gravity high.
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A region of thin (21 km) crust is modeled as separating the East
and West Antarctic plates (Figure 12) . This is the section of crust
immediatley beneath the Terror Rift section of the Victoria Land
Basin (Figure 5) that was sampled by the refraction experiment of
McGinnis et al. [1985].

DiscussioN

Geological and mechanical interpretations of the proposed uplift
mechanisms, summarized in Figure 8, are presented in the following
discussion. Some alternative models of uplift for the Transantarctic
Mountains are also discussed. Finally, we interpret the derived
rigidities of the western Ross Embayment and East Antarctica in
terms of effective thermal ages for the lithosphere.

Uplift Mechanisms

From Figure 8 the proposed forces acting on the East Antarctic
lithosphere are thermal uplift, erosion, an isostatic end-load and the
loading of the East Antarctic ice cap.

Thermal uplift. From the preceding gravity interpretation we
found it necessary to advance the low-density mantle of West
Antarctica about 50 km beneath the East Antarctic plate. This
configuration would provide an uplift force to the Transantarctic
Mountains which, if cast as an equivalent line load, is about4 x 10!
kg/m in amplitude. We interpret this density anomaly, and hence
uplift force, as being a consequence of lateral conduction of heat
from arelatively shallow asthenosphere beneath the Ross Embayment
into the lithosphere of East Antarctica. We can obtain an estimate for
how long the density anomaly will take to develop in the following
way:

The 2 orders of magnitude contrast in rigidity between the Ross
Embayment and East Antarctica is taken to indicate a similarly large
contrast in effective thermal age, and hence geotherms [Karner et
al., 1983], between these two regions. Average geotherms for both
regions were estimated from cooling plate models. Assuming that
the two geotherms are steady state, and a purely lateral conduction
of heat from the Ross Embayment to East Antarctica, we calculate
with the two-dimensional heat flow equation [Carslaw and Jaeger,
1959] that it will take about 70 m.y. for the 50-km-wide region of
upper mantle beneath the Transantarctic Mountains, as depicted in
Figure 8, to rise in temperature an average of 450°C. For a value of
thermal expansion of 3.4 x 105 °C! this temperature rise will give
the required average density drop of about 1.5%.

Erosion. Erosion as an uplift mechanism is a conceptdiscussed by
Walcott [1970a] and used by Stephenson and Lambeck [1985], for
example, to account for the uplift of the south east Australian
highlands. The essence of the concept is that as the mountain range
erodes, a regional isostatic rebound, or uplift, follows such that the
mean height of the mountain range may be decreasing, but a particle
embedded within the range will be continually uplifted until it too is
eroded away. Our estimate of a typical erosional profile for the
Transantarctic Mountains is shown in Figure 8 and, when cast as an
equivalentline load, amounts to 4+ 2 x 10" kg/m. This is a triangular
cross section that approximates the missing rock between the observed
topographic profiles and that of the flexure model shown in Figure
7b.This is an approximate estimate of erosion as no account is taken
of effects such as erosion from some of the large outlet glaciers or
possible subglacial erosion on the inland side of the Transantarctic
Mountains.

Endload . After the above two effects are taken into account, there
is still another 1 x 10'! kg/m of upwardly directed loading required
to produce the Transantarctic Mountains. This amounts to only 11%
of the total loading required. Cur interpretation of this load is that it
is a shoulder uplift mechanism as originally outlined by Vening
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Meinesz [Heiskanen and Vening Meinesz, 1958] and adpoted by,
for example, Zandt and Owens [1980]. Figure 13 schematically
illustrates the basis of the mechanism. A lithospheric section is
placed under tension until elastic failure occurs along an inclined
boundary. Because the lithosphere is buoyantly supported in the
asthenosphere, the lithospheric limb of the footwall is effectively
unloaded and will flex upward. The hanging wall, on the other hand,
now has extra mass and will therefore flex downward. Providing
there is complete decoupling between the hanging and footwalls,
they will be free to move as two independent, cantilevered beams.
Theloading P acting on each side of the inclined fault is [Zandt and
Owens, 1980]

P=05[(p/pXP,-p)]H tang M

where p_and p_are respective densities of the elastic plate and the
displaced substratum, & is thickness of the elastic layer, and ¢ = 90°
- dip of the fault.

Taking values of p_and p_ from table 2 and taking the dip of the
fault as say 60° and values of 4 of 100 and 25 km, gives respective
values for P of 18 x 10" and 1 x 10!! kg/m. The Vening Meinesz
effect is thus capable of producing a large end load if an effective
elastic thickness of about 100 km is maintained right to the eastern
edge of the East Antarctic plate. Our modeling of the uplift profile
(Figures 7 and 8) suggests, however, that this is not the case as the
effective T, of the Antarctic plate is required to drop off rapidly
within 130 km of its eastern edge. From Figure 8 the 50-km-wide
region over which the Vening Meinesz effect can be expected to act,
T,isin the range 5 to 50 km. Accordingly, the Vening Meinesz effect
w1II be acting on a zone with an effective average T of about 25 km,
and the induced end load will therefore be about 1 x 10! kg/m. A
similar end load, but downwardly directed, will act on the western
edge of the Ross Embayment.

A further difficulty with estimating the Vening Meinesz effect is
that (7) assumes complete decoupling between the hanging wall and
the footwall. In reality vertical forces may be exerted on the hanging
walls and footwalls by each other [Jackson and McKenzie, 1983],
and this will diminish their respective maximum displacements.

Ice load . Various workers have qualitatively speculated on the
role that the ice cap load plays on deformation beneath the ice and
within the Transantarctic Mountains [Grindley, 1967; Katz, 1982].
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Fig.13. Conceptual model of the Vening Meinesz rift model [after
Heiskanen and Vening Meinesz, 1958]: h is the thickness of the elastic
plate of density p . that is buoyantly supported by a weak fluid of density
p, (a) After the plate is placed vnder tension an inclined fault occurs
and (b) each limb of the plate acts as an independent, cantilevered beam
as shown. The load P arises from buoyancy forces as explained in the text
and acts equally, but in opposite directions, near the free edge of each limb
of the plate. The wavelength of induced flexure each side of the fault is a
function of the flexural rigidity for the elastic plate.
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Fig. 14. Two curves showing the displacement due to the ice cap alone. The curve with closed squares represents the effect of an
ice cap that starts 150 km from the coast, and the open squares are for an ice cap starting 80 km (present position)from the coastline.
Thus about 100 m of additional uplift at the coast is predicted to occur if the ice sheet edge retreats back 70 km from its present position.

A numerical analysis by Drewry [1983] of induced flexure suggests
thatthe presentday ice cap is depressing the Transantarctic Mountains
by about 500 m. Drewry assumed a continuous, constant rigidity
plate for his analysis. One of the proposals of this study, however, is
that both East and West Antarctica are separate plates with free
edges at their common boundary, and a quite different pattern of
induced flexure will result from a free-ended plate that is subjected
to an ice cap load. Figure 14 shows two curves for the flexural
displacement of East Antarctic lithosphere predicted by ice loading
only; the rigidity profile for the lithosphere is that shown in Figure
8. The two profiles show the effect with the ice edge 80 km from the
coast, which s its approximate position today, and with the edge 150
km from the coast. With its present position, the predicted effect of
the ice cap is to induce a small uplift at the coast of about 22 m, and
the hinge between uplift and subsidence will occur about 10 km
inland. If the ice edge were to be at 150 km from the coast, about 100
m of uplift would be predicted at the coast, and the hinge point would
move inland to about 100 km from the coast (Figure 14). Major
fluctuations in the East Antarctic ice sheet are thought to have
occurred during the late Cenozoic [Webb et al., 1984; Denton et al.,
1984]. Therefore the difference between the two displacement
curves (Figure 14) for the respective ice loads is significant as it
shows that as the ice sheet waned and expanded it would have forced
small amounts (=100 m) of uplift and subsidence, respectively,
within the Transantarctic Mountains. This would have the effect of
adding noise to uplift data for the Transantarctic Mountains and also
producing regional unconformities just offshore in the sediments of
the Ross Embayment. Overall, however, the present East Antarctic
ice sheet appears to have had only a small effect on uplift of the
Transantarctic Mountains.

In summary the three principal loads considered to drive the uplift
of the Transantarctic Mountains are thermal uplift, erosion, and an
isostatic end load. This list is not necessarily exhaustive. It is also
emphasized that while the amplitude for the total loading of 9 x 10!
kg/m (Figure 8) needed to produce and maintain the Transantarctic
Mountains is well constrained, the exact manner in which this is
partitioned amongst the three uplift mechanisms is less certain.

Timing of Extension and Uplift

How the thinner lithosphere of West Antarctica was created and
then placed against East Antarctica and at what time this occurred is
unclear. In particular, timing of rifting events, and possible strike-
slip faulting episodes, within the Ross Embayment is still speculative
[e.g., Schmidt and Rowley, 1986; Cooper et al., 1988]. Our analysis
suggests it will take about 70 m.y. for an average 1.5% density

contrast, associated with thermal conduction, to penetrate 50 km
beneath the edge of the Transantarctic Mountains and hence provide
the necessary thermal uplift. Such a timing falls within the 90-65 Ma
period for the initiation of extension within West Antarctica, as
proposed by Smith and Drewey [1984] on the basis of plate
reconstructions and magnetic anomaly dating.

A 70 Ma age for amajor thermal event in the Ross Embayment is
slightly earlier than the 50 Ma start of uplift within the Transantarctic
Mountains as proposed by Fitzgerald et al. [1986]. It is reasonable
to anticipate, nevertheless, a delay between the start of the West
Antarctic thermal event and initiation of uplift within the
Transantarctic Mountains as it would take several millions, or tens
of millions, of years for thermal conduction to sufficently weaken
the eastern edge of the East Antarctic plate, and thus set the uplift
process under way.

Alternative Models of Uplift

Smith and Drewry’s [1984] model for uplift of the Transantarctic
Mountains features East Antarctica overriding hot oceanic
asthenosphere at about 90 Ma with uplift following about 50 m.y.
later by a delayed phase change in the upper mantle. They find that
in order to get 4 km of uplift a slab of eclogite 30 km thick is needed
that will convertto alower-density form of basalt (or granulite) at the
crust-mantle boundary. This model is attractive in the sense that it
links together the major thermal event of the break up of Australia
from Antarctica, some 90 m.y. ago, and the beginning of uplift of the
Transantarctic Mountains at 40-50 Ma. There is, however, a
mechanical difficulty in distributing the uplift load close (=30 km)
to the crust-mantle boundary. From similtaneously modeling both
the gravity and flexural uplift profile we found it necessary to
constrain the low-density uplift mechanism in avolume thatextended
50km laterally beneath the Transantarctic Mountains, and to adepth
of at least 200 km (Figures 8 and 12).

Low-angle detachment faulting, or simple shear, is the most
recent proposal for development of the Transantarctic Mountains
and the western Ross Sea [Fitzgerald et al., 1986]. This model stems
from ideas developed by Wernicke [1985] for explaining low-angle
faulting and extension within the western United States. Central to
the concept is that the lithosphere fails along an oblique detachment
to produce an asymmetric uplift and subsidence of the lithosphere
(Figure 15). In contrast to the Vening Meinesz model of Figure 13
the fault plane, or detachment surface, dips in the opposite direction
so that the hanging wall exhibits the most uplift and the footwall
subsides. The principal problem of the simple shear model, with
regard to its application to the Transantarctic Mountains, is the small



10,328

uplift
t

hanging wall
o

>

7 Asthenosphere

footwall

STERN AND TEN BRINK: FLEXURAL UPLIFT OF THE TRANSANTARCTIC MOUNTAINS

SIMPLE SHEAR

Mantle Lithosphere

--100km

Fig. 15. Predicted structure associated with a simple shear model [after Buck et al., 1988]. Uplift on the hanging wall is due to
lithospheric thinning, and subsidence of the footwall is due to crustal thinning.

amount of uplift predicted for the hanging wall. For example,
numerical investigations show that, given reasonable extension
estimates, the maximum uplift of the hanging wall is only about
1000 m [Buck et al., 1988; Voorhoeve and Houseman, 1988; Issler
et al., 1989]. This is clearly insufficent to account for the observed
5000 m of uplift for the Transantarctic Mountains.

All of the above mentioned numerical investigations of simple
shear assume local isostatic compensation. Issler et al. do, however,
demonstrate the results of introducing an effective elastic thickness
of Te = 50 km into their model. They show that the footwall then
experiences the maximum uplift, the hanging wall subsides, and a
structure evolves that is effectively a Vening Meinesz model similar
to that shown in Figure 13.

Rigidity Versus Age of Lithosphere

Flexuralrigidity of continental and oceanic lithosphere appears to
be a strong function of the “effective thermal age *“ of the lithosphere
atthe time it was loaded [Karner et al., 1983; Willet et al., 1985], the
effective thermal age being the time since the last major metamorphic,
thermal or orogenic event. Laboratory experiments and theoretical
considerations indicate that rigidity is also a lesser function of the
time since loading and average lithospheric composition [Kusznir
and Karner, 1985]. More recently McNutt et al. [1988] show, from
work within continental thrust belts, an inverse dependence of
rigidity to applied bending stresses; the higher the curvature a flexed
plate is subjected to, the weaker it appears to be.

Figure 16a demonstrates the theoretical dependence ofrigidity on
just thermal age and lithospheric composition [after Kusznir and
Karner,1985]. As aquartz-rich lithosphere may appear weaker than
an olivine-rich one, and as crustal thickness largely controls the
relative quartz content of the lithosphere, the theoretical rigidity of
the lithosphere for a given thermal age will display some dependence
on crustal thickness as shown by the family of theoretical curves in
Figure 16a. Figure 165 contains the same curves of Figure 16a but
alsoincludes superimposed continental rigidity determinations from
other global locations. These data are from Table 1 of Kusznir and
Karner [1985] but exclude determinations derived from short term
(<10° year) loads. Also shown in Figure 16b are the two estimates of
flexural rigidity made in this study. The Ross Embayment estimate
of 4 £ 2 x 10?2 N m is plotted for a crustal thickness of 25 km,
implying an effective thermal age for the Ross Embayment of about
25 Ma. This anomalously young thermal age can be ascribed to
extension and rifting, within the western Ross Embayment that
seismic evidence suggestshas been pervasive from the early Cenozoic
to the present day. In contrast, the East Antarctic rigidity estimate of
10?5 N m is plotted (Figure 165) against a thermal age at loading of
450-600 Ma. This choice of thermal age is based on the Ross and
Beardmore Orogenies at 500-650 Ma [Adams et al., 1982] being the
last major orogenic event for East Antarctica, and loading beginning
at 50 Ma.

Figure 16b serves to highlight two important findings of this
study. Firstly, at the Transantarctic Mountains front there is a
Jjuxtaposition of two continental plates with vastly different flexural
rigidities and therefore strongly contrasting thermal characteristics.
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Fig. 16. (a) Log-Log plot of flexural rigidity against thermal age of

lithosphere at time of loading [after Kusznir and Karner, 1985]. Theoretical
curves for differing crustal thicknesses are given indicating the interplay
between quartz and olivine rheology and its effect on observed rigidity. The
dotted curves are 300°C and 600°C isotherms for thermo elastic models in
which the effective elastic thickness is controlled by an isotherm that defines
the elastic-plastic transition. (b) Also shown is a superposition of
observations of continental rigidities on the plot of Figure 16a. Data are
from table 1 of Kusznir and Karner [1985] but specifically exclude analyses
based on short-term (<10% years) loads. Also superimposed are two
determinations of flexural rigidity made in this study. Note that the rigidities
from the Ross Embayment and East Antarctica represent, respectively, the
lowest and highest values for continental rigidity for this data set. Specific
locations corresponding tothe numbers are (1) Ganges Basin, (2) Appalachian
Basin, (3) Williston Basin, (4) Andarko Basin, (5) Michigan Basin, (6) Gulf
Coast Basin, and (7) Molasse Basin.
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Secondly, East Antarctica appears to be one of the most rigid cratons
yet measured from a long term load.

CONCLUSIONS

Geological and crustal structure at and adjacent to the
Transantarctic Mountain front are interpreted in terms of lithospheric
flexure. A simple manner in which to explain both the magnitude and
wavelength of the uplift, and the observed dip on the Kukri Peneplain,
is with a Vening-Meinesz type rift model of two cantilevered,
independent beams. Such a model should be readily testable. For
example, East Antarctica is regarded as being almost aseismic
[Evison, 1967; Adams and Akato, 1986] but no microearthquake
surveys have yetbeen carried out within the Transantarctic Mountains
to investigate low-magnitude earthquakes. If crustal seismicity is
occurring within the Transantarctic Mountains, microeathquake
data could provide information on how extension and uplift within
the Transantarctic Mountains are manifested. With regard to crustal
structure, our model does not require a major change in crustal
thickness between the Wilkes Basin and the Transantarctic Mountains,
although lowered upper mantle seismic velocites beneath the
mountains would be expected. On the western Ross Ice Shelf we
would predict seismic reflection surveys to reveal a flexurally
controlled half-graben structure abutting the Transantarctic
Mountains, with several kilometres of Cenozoic sediments within
the graben.

The main findings of this study are summarized as follows:

1. The simplest model to account for both the uplift profile and the
observed gravity anomalies across the Transantarctic Mountains is
one where two lithospheric plates of vastly different effective
thermal ages are juxtaposed, and where no shear stresses are
transmitted across their common boundary.

2. Three principal uplift forces for the Transantarctic Mountains
are identified: thermal uplift, erosion and the Vening Meinesz uplift
effect.

3. The Transantarctic Mountain—-Wilkes Basin topographical
profile provides one of the clearest examples of continental litho-
spheric flexure induced by a long-term load. This is probably due in
part to the high rigidity of East Antarctica, which gives rise to the
long (=500 km) flexural half wavelength, and in part to the presence
of a long-lived ice cap that has slowed and evenly distributed the
erosion process.

4. The Wilkes subglacial basin is best explained as a flexurally
controlled basin produced as a form of regional compensation for
uplift of the Transantarctic Mountains.

5.Flexuralrigidities for East Antarctica and the Ross Embayment
are estimated to be about 1 x 10?° and 4 x 10?2 N m, respectively.
Corresponding lithospheric elastic thicknesses (T ) are 1 15+ 10km
and 19 + 5 km. These rigidity determinations are consistent with
effective thermal ages for the lithosphere within East Antarctica and
the Ross Embayment of about 600 Ma and 25 Ma respectively.
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