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Abstract

Ž .In this study, we investigate the thermo-mechanical controls on the formation of the Ross Sea basin Antarctica and the
Ž .uplift of the adjacent Transantarctic Mountains TAM rift shoulder, which started in the Late Cretaceous and continued until

the present time. Quantitative forward modelling has been performed along three 700 to 800 km long East–West offshore
profiles, extended inland to the front of the TAM. The modelling is constrained by an extensive database of multichannel

Ž . Ž .seismic MCS , refraction seismic, Ocean Bottom Seismographs OBS , and gravity data. MCS data is tied to well
stratigraphy from DSDP leg 28, CIROS-1 and MSTSS-1. Quantitative estimates of uplift of the TAM are provided by
previous work on apatite fission track analysis.

We incorporate the finite strength of the lithosphere in basin formation models using the concept of the level of necking.
ŽLateral variations of necking level and associated bulk rheological properties with necking levels ranging from 15 km in the
.northernmost, to 20 km in the central and 23 km to the southernmost profiles are required to explain the observed crustal

Ž . Ž .geometries. High values of effective elastic thickness more than 30 km and pre-rift lithospheric thicknesses 220–230 km ,
indicating a cold lithosphere in a pre-rift cratonic setting, are consistent with elevation of the rift shoulder.

The western parts of the profiles appear to have unusually high stretching values without the development of oceanic
crust. Inferred average values of stretching factors vary from 2.3 to 2.8, equivalent with extension in the Ross Sea of 115%
to 140%. The modelling result for the uplift of the TAM predicts a late Cretaceous tectonic uplift of about 1.5 to 2.0 km, and
a Cenozoic uplift of about 1.3 km restricted to southern Victoria Land. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The evolution of the West Antarctic Rift System
Ž .WARS and the uplift history of the Transantarctic

Ž .Mountains TAM rift shoulder are closely con-
nected with the climatic and glacial history of the
Antarctic continent. Questions relating to either tec-
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tonic quiescence or activity of the rift system during
the late Neogene have major implications on Antarc-
tic Ice Sheet dynamics. Studies from one area within

Žthe TAM the Dry Valleys, Denton et al., 1991;
.Sugden et al., 1995a indicate that these mountain

ranges have been a tectonically inactive passive mar-
gin since the mid Miocene, while studies from other

Žregions the Beardmore Glacier region, McKelvey,
.1991; Webb and Harwood, 1991; Webb et al., 1984

suggest that they are an active rift flank which has
undergone a fairly recent episode of tectonic uplift.
This paradox could be resolved once it is realized
that along-rift variations in lithospheric structure may
produce contrasting behaviour of different regions

Žwithin the rift flanks Van der Wateren and Hind-
.marsh, 1995; Van der Wateren et al., 1996, 1999 .

In this study, we address the thermo-mechanical
evolution of the western part of the Ross Sea, part of

the WARS, to constrain its effect on Ross Sea rifting
dynamics. A major obstacle for a detailed reconstruc-
tion of the post-rift history of this basin system has
been the uncertainty range in the timing and duration
of rifting, as well as the stratigraphy of the sediments
in the basins. However, the quality of existing data
sets is sufficient to allow us to investigate the effects
of first-order spatial variation in pre-rift lithospheric
structure, and to quantify the kinematics of multiple
rifting.

2. Basin configuration and tectonic setting

The WARS, with an area exceeding 3000=750
km covers large parts of the Ross Sea and the

Ž .Weddell Sea, Fig. 1 . It is bounded to the west by
the TAM, the largest rift shoulder of the world, with

Fig. 1. The Antarctic continent, subdivided into the cratonic areas of East and West Antarctica, separated by the Cenozoic WARS and the
TAM rift shoulder.
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Table 1
Ž .Amount of denudation and tectonic uplift indifferent sectors of the TAM inferred from Apatite Fission Track Ages AFTA

Area Place of uplift Age of uplift Amount of Amount of tectonic Rate Erosion Reference
Ž . Ž . Ž . Ž . Ž .Ma denudation km uplift km mrMa km

Ž . Ž .Northern Victoria Land CentralrNorthern part ;50 ;5 2.0 Brown, 1991 ;200 Fitzgerald and Gleadow 1988
Ž .Northern Victoria Land Western part ;50 ;1.2 Fitzgerald and Gleadow 1988
Ž .Northern Victoria Land Southeastern coast ;50 ;10 ;400a Fitzgerald and Gleadow 1988

Ž .Northern Victoria Land Mount Nansen Late Cretacecous Balestrieri et al. 1994a
Ž . Ž .Wilson Piedmont Glacier SVL Mount Doorly ;55 ;4.8–5.8 ;100 ;4–4.5 Fitzgerald 1992
Ž . Ž .Wilson Piedmont Glacier SVL Mount Termination ;55 ;6.3 ;100 ;4–4.5 Fitzgerald 1992

Ž .axis of max uplift
Ž . Ž .Granite Harbour SVL Mount England ;50 ;4.5–5.5 ;100 ;4–4.5 Fitzgerald 1992

Ž . Ž . Ž .Wright Valley SVL Mount Doorly ;50 4.8–5.3 1.2 Brown, 1991 100"5 Gleadow and Fiztgerald 1987
Ž . Ž . Ž .Dry Valleys SVL Mount Jason )50 1.4 Brown, 1991 Gleadow and Fiztgerald 1987
Ž . Ž .Scott Glacier South Pole Mount Griffith EarlyrLate K Stump and Fitzgerald 1992
Ž . Ž .Scott Glacier South Pole Fission Wall Massif EarlyrLate K Stump and Fitzgerald 1992
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elevations of more than 5000 m, separating West
Antarctica from East Antarctica. Uplift of the TAM

Žoccurred from the Late Mesozoic to Cenozoic Table
. Ž1 . The eastern flank of the Rift System the Amund-

.sen–Bellinghausen flank, Marie Byrd Land is less
defined comprising a graben and horst topography
Ž .LeMasurier and Rex, 1983 with some peaks at
3000–4000 m. In Marie Byrd Land, faulting and
bi-modal volcanism began in the Oligocene
Ž .LeMasurier, 1990 . It has been estimated that this
rift flank was affected by about 2.2 km of uplift in

Ž .the last 25 Ma Behrendt et al., 1991 .
ŽWell data in the Ross Sea, DSDP Leg 28 Hayes

. Ž .and Frakes, 1975 , MSSTS-1 Barrett, 1986 and

Ž .CIROS-1 Barrett, 1989 recovered glacio-marine
Ž .sediments from Middle Eocene Hannah, 1994 to

present. As none of these wells are deep enough to
constrain the beginning of the rifting, different argu-
ments have been used by different authors to infer
that rifting probably started in late Mesozoic. Ac-

Ž .cording to Lawver et al. 1994 , rifting started about
100 Ma because prior to that time the Ross Sea, the
adjacent area of the Marie Byrd Land and the conju-
gate margin of the Campbell Plateau were arranged

Žalong the Pacific margin of Gondwana see also
. Ž .Lawver and Gahagan, 1994 . Fitzgerald et al. 1986

inferred a Late Cretaceous age consistent with the
oldest sediments of the Great South Basin of New

Fig. 2. Geological outline of the Ross Sea–Victoria Land area, and location of the three modelled profiles and the main sedimentary basins,
Ž .the Victoria Land Basin, Central Trough and Eastern Basin, separated by structural highs. The depocentres contain late Cretaceous ? to

Ž .Palaeogene sediments Fig. 6 . The 600 m bathymetry contour approximately demarcates the shelf break of the margin. Solid lines are
Ž .Precambrian to Palaeozoic faults which are reactivated during the Neogene Salvini and Storti, 1999 . Generalized rock outcrop in solid

Ž . w Ž . Ž . Ž . Ž .colour Craddock, 1972 . Data from Risk and Hochstein 1974 , Decker and Bucher 1982 , Sato et al. 1984 , Blackman et al. 1987 ,
Ž .xDella Vedova et al. 1992 .
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Zealand, the conjugate margin of the eastern Ross
Ž .Sea Grindley and Davey, 1982 . Apatite fission

Žtrack ages from the TAM Stump and Fitzgerald,
.1992; Balestrieri et al., 1994b indicate a first cool-

ing episode during the Late Cretaceous. Break-up
between the eastern Ross Sea and the conjugate
margin of Campbell Plateau, according to Lawver et

Ž .al. 1994 occurred at ;85 Ma. Break-up between
Australia and Antarctica started around 95 Ma, but

Ž .rapid separation began in the Eocene Veevers, 1988 .
The western Ross Sea broke up from Tasmania, at

Ž . Ž;53 Ma Hinz et al., 1990 or at ;40 Ma Lawver
.et al., 1992 .

ŽThe TAM are regarded by some workers Denton
.et al., 1991; Sugden et al., 1995a,b as part of a

tectonically stable passive margin. However, the Ross
Sea is a continental shelf, which was affected by
tectonic activity related to the break-up from the
Campbell Plateau and from TasmaniarAustralia, as
well as by the Cenozoic activity of the WARS.
These two processes led to the development of pas-
sive margins along the shelf break of the Northern
Basin and the Eastern Ross Sea, and epicontinental
basins separated by structural highs running north–

Ž .south across the area towards the ocean Fig. 2 .
Ž .Fitzgerald et al. 1986 estimated a crustal exten-

sion in the Ross Embayment, using a one-layer
extensional model, of about 25%–30%, or close to
200 km, by assuming a crustal thickness of 35–40

Ž .km prior to rifting similar to that in East Antarctica
and a present-day average crustal thickness of 25–30

Ž .km. In the Victoria Land Basin VLB , actual exten-
sion may be as much as 50%, with possibly as much
as 70% beneath the central rift. Lawver and Scotese
Ž .1987 , in their Gondwana reconstruction, assumed
that the crust between East Antarctica and Marie
Byrd Land has undergone as much as 100% exten-
sion.

3. Uplift and denudation of the TAM: previous
models and constraints

In southern Victoria Land, apatite fission track
analyses produced evidence of episodic denudation
in different blocks of the TAM, from the Cretaceous

Ž . Ž .to the Cenozoic Table 1 Fitzgerald, 1994 . Differ-
ential block movements have been active along the

ŽTAM front Fitzgerald, 1992, 1994; Stump and
.Fitzgerald, 1992 providing different amounts of up-

lift at different times.
The tectonic history of northern Victoria Land

appears to be quite different. Denudation of the area
Žstarted at around 50 Ma Fitzgerald and Gleadow,

.1988 . The amount of denudation varies from 5 km
in the central and northern parts of northern Victoria
Land, to 3–4 km in the western part, whereas to the
southeastern coast denudation has been estimated to

Ž .be about 10 km Fig. 3 . An episode of late Creta-
ceous denudation has been recognized in the area
between Drygalski Ice Tongue and Mt. Melbourne
Ž .Balestrieri et al., 1994a .

Ž .Tonarini et al. 1995 point out that the seemingly
young fission track ages in parts of northern Victoria
Land may be the result of rift-related thermal events
in the coastal area of Northern Victoria Land, be-

Ž .tween Campbell and Mariner Glaciers Fig. 2 . They
suggest that the thermal anomaly produced by the
relatively large plutons in this region may have reset
the apatite fission-track systems in the surrounding
rocks. Thus, early Eocene denudation inferred by

Ž .Fitzgerald and Gleadow 1988 could reflect the age
of Cenozoic intrusions. In other sectors of the TAM,
not affected by Cenozoic igneous activity, major
denudation events are recorded at late Cretaceous

Žtime Fitzgerald and Gleadow, 1988; Stump and
.Fitzgerald, 1992; Balestrieri et al., 1994a , associated

with the Early Rift Phase of the Ross Sea.
Different hypotheses have been proposed to ex-

plain the uplift of the TAM. Smith and Drewry
Ž .1984 attributed the uplift to the delayed effects of
an anomalously hot asthenosphere forming under
West Antarctica during the Late Cretaceous, moving
toward the East Antarctic craton.

Ž .Fitzgerald et al. 1986 proposed a simple shear
model with a shallow crustal penetrative detachment
zone dipping westward beneath the TAM front. The
localisation and asymmetry of this detachment
zone and its unusually deep level expression are
attributed to a profound crustal anisotropy inherited
from an early Palaeozoic collision along the present
site of the mountain range. Geochemical studies
ŽKalamarides and Berg, 1991; Kalamarides et al.,

.1987 indicate that the composition of the lower
Žcrust under the Ross Sea is quite different lower in

.silica and more basic from that under the TAM,
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Ž .Fig. 3. Tectonic sketch map of Victoria Land modified after Capponi et al., 1993, and Balestrieri et al., 1994b with amount of denudation
Ž .based on apatite fission track data Gleadow and Fitzgerald, 1987; Fitzgerald and Gleadow, 1988; Fitzgerald, 1992; Balestrieri et al., 1994a .

suggesting a discontinuity and presumable suture
Ž .probably Early Palaeozoic or Precambrian age in
the lower crust between the TAM and the Ross
Embayment.

Ž .Stern and Ten Brink 1989 and Stern et al.
Ž . Ž .1992 considered the uplift as the result of: 1
thermal uplift due to the advance of the low-density
mantle of West Antarctica 50 km beneath the East

Ž .Antarctic Plate during the last 70 Ma; 2 regional
isostatic rebound following erosion of the mountain

Ž .ranges; and 3 isostatic uplift of the footwall of a
major normal fault across the lithosphere, and subsi-

Ž .dence of the hanging wall Stern et al., 1992 . Ten
Ž .Brink and Stern 1992 suggest that underplating of

the crust may also explain some of the uplift of the
margins, although the link between volcanism and
permanent uplift is unclear.

Ž .On petrological evidence, Berg et al. 1989 argue
that part of the uplift of the TAM has been thermally
driven. The thermo-barometry yields very high tem-

Ž .perature 9008C–10008C in the middle and lower
crust. These high temperatures and the shape of the
geotherm clearly indicate that advection rather than
conduction was the dominant heat-transfer mecha-
nism in the lower and middle crust of this rift
environment. The lower crust of the Ross Embay-
ment appears to consist of extremely basic layered

Žcumulates, many of which are ultramafic Berg,
.1991 . Therefore, the geophysically determined base

of the crust may actually represent an intra-crustal
Žtransition from mafic to ultramafic cumulates Berg

.et al., 1989 . The absence of associated inclusions of
mantle lherzolite at Ross Embayment sites indicates
that these ultramafic cumulates come from the lower
crust and not from ‘‘pockets’’ in the upper mantle
Ž .Berg et al., 1989 .

ŽHeat flow in the Drygalski Basin 98–100
2 . Ž 2mWrm , and in the Terror Rift 79–89 mWrm

Ž .Fig. 2 is twice the normal value, and appears to be
a regional feature related to Cenozoic rifting and
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Ž .flank uplift Della Vedova et al., 1992 . High heat
flow is consistent with petrological studies suggest-
ing very high geothermal gradients in the upper

Ž .crust, 608C–1008Crkm Berg,1991 .
Several authors regard the anomalous thermal

conditions over the entire Ross Embayment as indi-
cators of high temperatures at shallow depths mainly
in the young rift areas. Uplift of the TAM is then

Žexplained by a thermal plume mechanism Behrendt
.et al., 1991; Behrendt, 1999 . They conclude that the

reduced crustal thickness, high tectonic subsidence,
rift related volcanism affecting the VLB, and the
presence of flexural-type features in the wider Ross

Ž .Sea rift area Stern and Ten Brink, 1989 are all in
favour of a thermal origin for the uplift of the TAM
Ž .Della Vedova et al., 1992 . On the other hand, the
small volume of magmatic material present in the
region is difficult to fully reconcile with the mantle

Žplume hypothesis P. Armienti, personal communica-
.tion .

Ž .Berg 1991 suggested that the extremely high
geothermal gradient requires an active continental-
rifting environment and that simple drifting of the
lithosphere over passive, previously heated astheno-

Ž .sphere Smith and Drewry, 1984 would not elevate
lower crustal temperatures and would not explain the
very high heat flow.

Ž .Van der Beek et al. 1994 modelled the uplift of
the TAM of the last 60 Ma with a kinematic model

Žincluding lithospheric flexure and necking Kooi et
.al., 1992 . This study indicated that flexural uplift, as

Ža result of lithospheric necking necking depth z sc
.30 km , could be a plausible mechanism even in the

presence of a partly thermal support of the TAM.
The strongly negative residual isostatic anomalies

Ž .over the Ross Sea basins see Fig. 4 suggest that the

Ž .Fig. 4. Gravity map obtained merging offshore Free Air Gravity Anomaly data Zanolla et al., 1995 and onshore Bouguer Gravity Anomaly
Ž .data Reitmayr, 1994 . Contour interval is 5 mgal.
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whole system is in an upward state of flexure with a
strong component of mechanically supported uplift.
Modelling shoulder uplift using only thermal uplift

Žrequires an excessive mantle thinning Van der Beek
.et al., 1994 , leading to strongly negative free air
Ž .anomalies about y100 mgal . At the same time,

this model is not capable of explaining the large
subsidence in the VLB.

Considerable spread in inferred effects of elastic
Ž .thickness estimates EET has been reported, with

EET values ranging from approximately 115 km and
20 km for East Antarctica and the Ross Embayment,

Ž .respectively Stern and Ten Brink, 1989 , to 40–50
Žkm and 20 km for these areas Van der Beek et al.,

.1994 .

4. Topography and geology of the Ross Embay-
ment

The Ross Sea covers an area of 750,000 km2,
with an average water depth of ;500 m. Unlike
low-latitude continental shelves, the Ross Sea shelf
has a reverse slope from the shelf break at about 600
m to maximum near-coastal depths of 1500 m adja-

Ž .cent to the TAM front Fig. 5 . The present sea floor
morphology is largely shaped by Neogene advances
and retreats of major ice streams following approxi-
mately SSE–NNW-trending troughs which generally
do not coincide with the structural grain of the rift
system.

The depocentres contain early-rift sediments prob-
ably dating from the late Cretaceous to Palaeogene
Ž .Fig. 6 . Separated from them by the widespread

Žunconformity U6 Hinz and Block, 1984; Brancolini
.et al., 1995a,b; De Santis et al., 1999 , Neogene

sediments overlie these early-rift sediments and the
basement highs. Onshore and offshore volcanic ac-
tivity in the western Ross Sea dates from the mid

ŽEocene and continues until today Tonarini et al.,
.1995 .

The westernmost depocentre, adjacent to the
TAM, is the VLB. It measures 150=400 km, and,
with a maximum sediment thickness of more than 14
km, is the deepest basin in the Ross Sea. The Terror
Rift, along the central axis of the VLB, is reactivated
by Cenozoic tectonic and magmatic activity. To the

east of the VLB, the Coulman High stretches from
south to north across the Ross Sea, merging to the
North with a topographic feature that projects into
the ocean. In the northern part, west of Coulman
High, lies the passive margin of Northern Basin. The
Northern Basin, separated from the VLB by the
Coulman High, coincides with the very prominent

Ž .Polar-3 magnetic anomaly Bosum et al., 1989 . East
of Coulman High, a deformed area with horsts and
basins separates the southern and northern Central
Trough. They are shifted about 100 km in a dextral
sense with respect to each other. This dextral dis-
placement occurs along a lineament, which parallels
major NW–SE trending Neogene dextral transten-

Ž .sion structures in the Ross Embayment Fig. 2
Ž .Salvini and Storti, 1999; Salvini et al., 1997 . The
Central High, a broad and undeformed area, termi-
nates in the Iselin Bank at the Pacific margin. The
Eastern Basin, the widest basin of the area, shallows
towards Marie Byrd Land in the east. The depocentre

Žin the Eastern Basin occurs on the inner shelf Pro-
.file 3, Fig. 6 , while the outer shelf is characterized

by basement high structures, resembling the basin
and range style of the western rift flank in Marie

Ž . ŽByrd Land LeMasurier and Rex, 1991 Profile 1,
.Fig. 6 .

The TAM are built of Precambrian and Palaeo-
zoic rocks and overlain by Devonian to Triassic
continental to shallow water deposits of the Beacon
Supergroup. The sedimentary rocks are extensively
intruded and overlain by the Jurassic Ferrar Super-
group dolerites and basalts. The only rocks younger
than Beacon and Ferrar are glacial and glaciomarine
deposits of the Neogene Sirius Group. Most of the
mountain ranges are above 2000 m elevation with
maximum elevations of more than 4000 m in moun-
tain ranges in Victoria Land closest to the Cenozoic
rift margin.

The structural grain of the TAM is dominated by
NW–SE trending structures of the Palaeozoic Ross

Ž .Orogeny Fig. 2 . These are inherited weakness zones
which have been reactivated by late Cenozoic
transtensional movement, probably connected with
oceanic fracture zones between Australia and north-

Žern Victoria Land Salvini and Storti, 1999; Salvini
.et al., 1997 . The David Glacier, flowing out into the

Drygalski Ice Tongue, occupies a very deep trough
Ž .up to 1700 m bsl . It coincides with a major tectonic
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Ž .Fig. 5. Bathymetric map of the Ross Sea Davey, 1995 . Shelf break is approximately at 500–600 m. The morphological SSE–NNW basins
and highs, shaped by Neogene advances and retreats of major ice stream, generally do not coincide with the structural basins and highs.
Maximum water depth of 1500 m is located near the coast.

boundary separating northern and southern Victoria
ŽLand, termed the David Fault Salvini and Storti,

.1999 .
To the west of the TAM is the Wilkes Basin,

which is more than 500 m bsl and covered by up to 3
Ž .km of ice. Ten Brink and Stern 1992 suggest that

the Wilkes Basin is a hinterland flexural basin,
formed by regional isostatic response to uplift of the

TAM, although it may be the result of other pro-
cesses as well.

5. Geophysical database and constraints on Moho
distribution

More than 30,000 km of multichannel seismic
Ž .MCS profiles have been acquired in the Ross Sea
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Ž .Fig. 7. Depth to basement map obtained merging offshore depth converted multichannel seismic data Brancolini et al., 1995a,b with
Ž .onshore sub-ice topography Drewry, 1983 .

since the early 1980s by different institutes: BGR
Ž . Ž . Ž .Germany , IFP France , JNOC Japan , JS-MAGE
Ž . Ž . Ž .Russia , OGS Italy and USGS U.S.A. . Interpre-
tation of the multichannel data, tied to well data of

Ž .DSDP Leg 28 Hayes and Frakes, 1975 , MSSTS-1
Ž . Ž .Barrett, 1986 and CIROS Barrett, 1989 has been
carried out in the Antarctic Offshore Acoustic

Ž . ŽStratigraphy ANTOSTRAT Project Brancolini et
.al., 1995a,b , an international co-operative project

that involved the institutes collecting MCS data on
the Antarctic margins. The Ross Sea Project pro-
duced thematic maps of the interpreted horizons,

Žgravity and bathymetric maps Brancolini et al.,
. Ž .1995a,b Figs. 4, 5 and 7 . The depth converted

basement and Moho depths provide important con-
straints for the modelling.

We merged depth converted basement offshore
Ž .modified after Brancolini et al., 1995a with the

Ž .Fig. 6. Geological interpretation of the three modelled profiles. See Fig. 2 for location . The depocentres contain early rift sediments dating
Ž .from the late Cretaceous ? to Palaeogene. Neogene glacial and glacio-marine sediments unconformably overlie these sediments and the

Ž . Žbasement highs. Interpretation of Moho depth solid line from refraction and OBS data Makris et al., 1993; O’Connell and Stepp, 1993;
. Ž . ŽMcGinnis et al., 1985; Cooper et al., 1997; Trey et al., 1997 and from 2.5-D Coren et al., 1994, 1997 and 2-D gravity models Facchin,

.1997 .
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Žonshore sub-ice topography Drewry and Jordan,
.1983 . The basement map shows the main depocen-

Žtres in the Ross Sea, with maximum depth about 14
.km in the VLB. The onshore part of the map shows

the prominent NW–SE trend related to the reacti-
Ž .vated basement structures Salvini and Storti, 1999 .

ŽInformation about the crustal structure Moho
.depth, Fig. 8 is derived from refraction seismic

Žprofiles in the Central Trough Moho depth 17 km,
. ŽMakris et al., 1993 and McMurdo Sound 21 km,
.McGinnis et al., 1985 , and from the ACRUP refrac-

tion profile along latitude 768S from the southern
Ž .Central Trough Cooper et al., 1997 to the Eastern

Ž .Basin Trey et al., 1997 and 2.5-D gravity modelled
Ž .Moho map Coren et al., 1994, 1997 . Moho depth at

the transition of the TAM to the Ross Sea, estimated

from an offshore–onshore refraction profile in the
Mount Melbourne area, is about 20 km near the

Žcoast to about 25 km 40 km inland O’Connell and
.Stepp, 1993 , and from 2-D gravity modelled Moho

Ž .of the TAM-VLB area Facchin, 1997 .
Ž .The data were compiled in the Moho map Fig. 8

Ž .using a Laporte 1962 algorithm for gridding and
contouring. Where no data was available for the
modelled profile inland at the TAM front, we as-
sumed a Moho depth of 40 km in agreement with

Ž . Ž .Stern and Ten Brink 1989 and Berg et al. 1989 .
The Moho shape roughly mirrors the N–S trending
morphology of the sedimentary basins.

Ž .Offshore Free Air Zanolla et al., 1995 and on-
Ž .shore Bouguer gravity data Reitmayr, 1994 were

Ž . Ž .merged in one map Fig. 4 using the Laporte 1962

Ž . Ž . Ž .Fig. 8. Moho map modified after Coren et al., 1994, 1997 derived from 2.5D Coren et al., 1994 and 2D Facchin, 1997 gravity models,
Ž .and refraction data McGinnis et al., 1985; Makris et al., 1993; O’Connell and Stepp, 1993; Cooper et al., 1997, Trey et al., 1997 .
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algorithm for gridding and contouring. Inland, the
most conspicuous feature in the Bouguer map is a an

Ž800 km long trough-shaped anomaly less than y250
.mgal trending parallel to the west coast of the Ross

Sea with its centre some 100 to 150 km inshore. To
the north, it terminates at two major gravity lows
coincident with the deeply incised Rennick and Lillie

Ž .Glaciers Reitmayr, 1994 . Offshore, free air gravity
Ž .anomalies Zanolla et al., 1995 are dominantly neg-

Ž .ative up to y60 mgal in the VLB . Positive anoma-
lies, up to q30 mgal, occur in the Northern Basin
and the northern and southern Central Trough, where
the Moho depth is only 17 km.

Three depth converted E–W MCS profiles
Ž .Brancolini et al., 1995a were chosen for our analy-

Ž .sis see Fig. 2 for location , running from the Victo-
ria Land coast eastward along latitudes 758S, 768S
and 778S, respectively, perpendicular to the extent of

Ž .the main tectonic structures Fig. 2 . These E–W
Ž .profiles Fig. 6 are obtained merging seismic lines

collected by different institutes:

- Profile 1: IT90AR-61, IT90AR-79, IT89A-24 and
BGR-011;

- Profile 2: USGS 407 and BGR-004;
- Profile 3: IT90AR-69, USGS 403, USGS 404,

BGR-002 and IFP 207.

The profiles were extended on land to model the
ŽTAM front using basement Drewry and Jordan,

.1983; Pocknall et al., 1994; Sugden et al.,1995a and
Ž .ice topography Drewry, 1983 .

6. Tectonic modelling

ŽWe used a 2-D numerical model Kooi et al.,
.1992, Spadini et al., 1997 , which simulates the

thermal and mechanical behaviour of a thinned litho-
Ž .sphere see Table 2 for model parameters . Flexural

compensation mechanisms and multiple stretching
events of finite duration have been incorporated into
the model.

We applied a pure shear model to the three pro-
files, Profile 1 along 758S, north of the Drygalski Ice
Tongue, Profile 2 along 768S, south of the Drygalski
Ice Tongue, and Profile 3 along 778S, west of Gran-

Ž .ite Harbor Fig. 2 and 6 . The profiles were divided

Table 2
Model parameters

Parameter Value Definition

c 35 km initial crustal thickness
T 08C surface temperature0

T 13308C asthenosphere temperaturea
y7k 7.8=10 thermal diffusivity
y5a 3.4=10 8C thermal expansion coefficient

y2g 9.8 m s gravitational acceleration
y3r 2800 kg m surface density crustal rockc
y3r 3330 kg m surface density mantle rockm
y3r 2700 kg m sediment grain densitys
y3r 1030 kg m water densityw

f 0.55 sediment surface porosity0
y1c 0.55 km compaction depth constant

into boxes of 10 km width. For each box, a crustal
thinning factor b has been calculated, as defined by
the initial crustal thickness divided by the crustal
thickness observed from seismic profiles.

We assumed an initial crustal thickness of 35 km.
Two phases of rifting were adopted: the first one

Ž .from 100 Ma to 85 Ma Lawver and Gahagan, 1994
and the second phase as inferred from AFTA from

Ž60 Ma to Recent Behrendt et al., 1991; Fitzgerald,
.1992 .

Model parameters are listed in Table 2. A 13308C
Žisotherm adiabatic melting temperature of olivine at

.100 km depth defines the base of the lithosphere.
ŽTranscurrent tectonics in the VLB Salvini and

.Storti, 1999; Spadini et al., 1998 is incorporated by
Ž .lateral heat flow Cochran, 1983 .

Sediment compaction is taken into account using
an exponential porosity–depth relation:

F sF eyc z 1Ž .Ž z . 0

Ž .Sclater and Christie, 1980 , where F is the sedi-0

ment surface porosity, c is the compaction depth
constant and z is depth.

To characterize the mechanical properties of the
extending lithosphere, three parameters were incor-
porated: the level of necking z , the effective elasticc

Ž .thickness EET and the pre-rift lithospheric thick-
ness L . We calibrated the model with observedo

lithospheric geometry to obtain the best combination
of parameters for the best fit between the predicted
crustal configuration and the observed geometry of
the basement and the Moho. This approach was also
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used to quantify the relative amounts of thinning
during the Cretaceous and the Cenozoic rifting
episodes, respectively, constrained by the thickness
of the sediment packages deposited during these two
time slices. Another goal of our modelling approach
is the prediction of the amount of tectonic uplift
related to the formation of the basin as a conse-
quence of a flexurally supported rift shoulder effect.

( )6.1. EffectiÕe elastic thickness EET

The EET controls the flexural response of the
lithosphere and its associated vertical motions during
the syn-rift and post-rift basin evolution. The EET
reflects a thermally controlled lithospheric rheology.
EET is usually defined in terms of the depth of a

Žgiven isotherm Watts et al., 1982; Burov and Dia-
.ment, 1995 , predicting an increase of EET with

post-rift cooling.

6.2. Pre-rift lithospheric thickness

The thickness of the pre-rift lithosphere is a pa-
rameter difficult to define a priori. For this reason,

we carried out a sensitivity analysis in order to test
the effects of this parameter on the final geometry of
the basin. Since we consider a uniform pure shear

Žmechanism of extension crustal stretching s
.subcrustal stretching the initial crustal thickness of

the lithosphere directly controls the amount of up-
welling of mantle material and thus, the regional
isostatic response. This affects the regional subsi-
dence of the plate and has a strong influence on the
amount of syn-rift subsidence.

6.3. LeÕel of necking

The level of necking is a kinematic parameter
reflecting the finite strength of the lithosphere during

Žextension Braun and Beaumont, 1989b; Weissel and
.Karner, 1989; Kooi et al., 1992 with pronounced

implications for rift shoulder development and
basin-fill.

The level of necking can be defined as the level in
the lithosphere which does not move vertically dur-
ing extension and thinning in the absence of external

Ž . Žforces i.e., gravity, buoyancy forces Braun and
.Beaumont, 1989a,b . Models invoking a shallow level

Fig. 9. Schematic illustration of the concept of lithospheric necking with a finite flexural rigidity during extensional basin formation
Ž .modified after Braun and Beaumont, 1989b; Kooi et al., 1992 . Panels show the relationship between pre-rift strength distribution, level of
necking incorporated into kinematic modelling and the regional response of the lithosphere to extension. Upper panel: extensional basin

Ž .formation in cratonic lithosphere with lithospheric strength concentrated in the subcrustal mantle part of the lithosphere, leading to a deep
level of necking. An upward state of flexure is induced, leading to development of a flexurally supported rift shoulder. Lower panel:
extensional basin formation in Alpine thick lithosphere, characterized by a relatively shallow level of necking and downward state of
flexure, resulting in flexural downwarped rift flanks.
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of necking predict a smoother basement topography
and less subsidence of the basin, while a deeper level
of necking predicts stronger basin subsidence and a
smoother Moho shape.

Due to isostasy, a deep level of necking produces
upward flexural rebound on rifting and pronounced
rift shoulder uplift, whereas shallower levels of neck-
ing will reduce rift shoulder uplift, or will produce

Ž .downwarped rift flanks Fig. 9 , converging ulti-
mately towards the flexural loading model of a litho-

Žsphere with zero strength during extension Braun
.and Beaumont, 1989b .

Kinematic modelling of lithospheric extension can
Ž .incorporate this concept Weissel and Karner, 1989 ,

predicting a surface depression with a depth S:

Ss 1y1rb z . 2Ž . . Ž .c

The inferred level of necking z yields insight inc

the role of pre-rift rheology on extensional basin
Ž .formation Cloetingh et al., 1995 . Several interpreta-

tions have been given to connect the level of necking
to a physical boundary in the lithosphere, differing in
terms of the relationships between necking depth
levels in the lithosphere and the presence or absence
of strong layers in the pre-rift lithosphere. These
layers can support the largest stresses during exten-
sion, and therefore control the deformation of the

Žlithosphere Lobkovsky and Kerchman, 1991; Cloet-
. Ž .ingh et al., 1995 . Kooi et al. 1992 related the level

of necking with the zone of maximum lithospheric
strength located at the depth of the brittle–ductile

Ž .transition. According to Van der Beek et al. 1995 ,
the level of necking represents a level in the crust
where faults sole out, roughly corresponding to the
level of intracrustal detachment zones, while Spadini

Ž .et al. 1995 suggested that the level of necking
represents the effective equivalent of the response of
a multilayered rheology with a couple of strong
layers in the crust and upper mantle.

7. Modelling results

We present the results of our modelling in the
form of a best fit of the predicted overall crustal
configuration to the available data as well as by a
sensitivity analysis. To this aim, we compare pre-

dicted and observed basement and Moho distribu-
tions for the three profiles. Figs. 10–12 show the
mapped top of the pre-rift basement and the position
of the Moho for each of the modelled sections. As
discussed, the thickness of the crust prior to rifting is
difficult to measure because of the long complex
tectonic history of the region. For crustal thicknesses
of 40 and 45 km, the predicted relative amount of
syn-rift subsidence is substantially increased, for
which feature there is little evidence on seismic

Fig. 10. Crustal configuration predicted for different pre-rift litho-
spheric thicknesses. Level of necking and EET assumed are from
best fit models. Grey heavy line indicates observed basement and
Moho. The pre-rift lithospheric thickness controls the regional
subsidenceruplift of the crust. All profiles show a best fit with a

Ž .‘‘cold’’ model 220 or 230 km .
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Fig. 11. Crustal configuration predicted for different depths of
Ž .necking. The base of the pre-rift lithosphere 13308C is assumed

at 230 km for Profiles 1 and 3, and at 220 km for Profile 2. Grey
heavy line indicates observed basement and Moho. The depth of
necking controls the difference in depth between basins and highs.

Ž .The best fit level of necking solid line varies from 15 km in
Profile 1, to 20 km in Profile 2 and 23 km in Profile 3. Lateral
variation in depth of necking suggests lateral variations in me-
chanical properties.

profiles. We therefore adopted an initial thickness of
35 km for modelling the three profiles.

Below, we investigate the effects of variations of
the following key parameters, depth of necking,
EET, pre-rift lithospheric thickness, and distribution
of stretching factors in space and time. This is
followed by a brief discussion of the implications for
syn-rift shoulder uplift.

7.1. Pre-rift lithospheric thickness

The pre-rift lithospheric thickness controls the
regional subsidence of the plate. For high values of
pre-rift lithospheric thickness, subcrustal thinning
which produces uplift compensates subsidence due
to crustal thinning. High values for initial pre-rift

Fig. 12. Crustal configuration predicted for different EET. The
Ž .base of the pre-rift lithosphere 13308C is assumed at 230 km for

Profiles 1 and 3, and at 220 km for Profile 2. Grey heavy line
indicates observed basement and Moho. The level of necking

Ž .comes from the best fit model Fig. 11 . The EET controls the
regional subsidence. In this model, there is a little difference
between EETs2008C and EETs4008C. Best fit is for a 4008C
EET for Profile 1 and for Profile 2, and EETs5008C for Profile
3. High values of EET are consistent with the presence of the
TAM rift shoulder.
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Ž .lithospheric thickness 220 to 230 km correspond
with an initial cool lithosphere, whereas a low value

Ž .for pre-rift lithospheric thickness 120 km corre-
sponds with a warm initial state of the extending
lithosphere. Levels of necking and EET correspond

Ž .with the best-fit models Figs. 11 and 12 . The
Ž .results from the modelling Fig. 10 of the pre-rift

lithospheric thickness show as best fit, a ‘‘cold’’
lithospheric model, with the 13308C isotherm located

Ž .around 230 km Profiles 1 and 3 and 220 km
Ž .Profile 2 in depth. The difference in predicted
basement depth and Moho between the best fit

Ž .‘‘cool’’ model 220 to 230 km and the other
‘‘warm’’ and ‘‘intermediate’’ pre-rift scenarios is
very robust. The discrepancies between the ‘‘warm’’
and ‘‘intermediate’’ and the ‘‘cool’’ basement and
Moho shapes, particularly under the Ross Sea basins
are much higher than any possible error in the
observations. Note that the differences between the
‘‘cold’’ and the ‘‘warm’’ models are large, not only

Žat the margins, where boundary conditions e.g.,
.plumes, not taken into account in our modelling can

play a substantial role, but also along the entire
transects.

7.2. LeÕel of necking

Adopting pre-rift lithospheric thicknesses of 230
Ž .km base at 13308C for Profiles 1 and 3, and 220

Ž .km for Profile 2 see Fig. 10 , we have varied the
Ž .level of necking from shallow 7.5 to 15 km , inter-

Ž . Ž .mediate 15 to 23 km , to deep levels 25 to 30 km .
As illustrated in Fig. 11, the level of necking has a
pronounced influence on the syn-rift subsidence of
the Ross Sea basins, directly controlling the differ-
ence in depth between highs and basins. The crustal
configuration predicted for different levels of neck-
ing, shows a progressive southward deepening.

The best fit for the northernmost Profile 1 is
obtained with a necking depth of 15 km, whereas in
the southern part of the basin the necking depth
appears to become deeper, converging to values of
20 km and 23 km for Profiles 2 and 3, respectively.
In all profiles, the VLB appears to be the area that is
most sensitive to necking depth variations. Mod-
elling results indicate a lateral variation in depth of
necking that produces the best fit with basement and
Moho topographies. E–W variations of necking ap-

pear to be present as well. In the Southern Central
Ž .Trough Profiles 2 and 3 the local best-fit level of

necking seems to be shallower than the regional
basinwide level of necking. The local best fit for
Profile 2 is 15 km while the regional one is 20 km.
Similarly, in Profile 3 the local best fit is again 15
km and the regional one is 23 km. Lateral variation
in necking depths suggests lateral variation in me-
chanical properties of the lithosphere during exten-
sion.

The differences in predicted basement and Moho
depths between the best-fit models and the other
considered scenarios vary between 4 and 5 km near

Ž .the centre of the VLB Fig. 11 , which is larger than
possible errors in the observations.

7.3. EET

Fig. 12 illustrates the effects of variations in
effective elastic plate thickness on predicted crustal
configurations along Profiles 1, 2 and 3. Adopting a
pre-rift lithospheric thickness of 230 km for Profiles
1 and 2, and 220 km for Profile 2, and best-fit

Ž .necking depths see Fig. 10 , we display crustal
configurations for EET values controlled by

Ž .isotherms of 2008C, 4008C and 5008C Fig. 12 . The
models appear to be relatively insensitive to this
variable: different isotherms tested do not show sig-
nificant variation of the predicted regional subsi-
dence. Like for the level of necking, variations in the
EET parameter have a most pronounced effect for
the VLB where it appears to be possible to discrimi-
nate between the 4008C and 2008C EET. The best fit
is obtained for an EET corresponding with an
isotherm of 4008C in Profiles 1 and 2, and 5008C in
Profile 3.

Adopting the base of the lithosphere at an isotherm
of 13308C, the effective elastic thickness before the
onset of rifting corresponds to values of 33 to 86 km
for EETs corresponding with isotherms of 2008C and

Ž .5008C, respectively see Table 3 .

7.4. Distribution of stretching factors

The total stretching factors, which we calculated,
have been produced by the two main phases of

Ž .rifting 100 to 85 Ma and 60 Ma to Recent . The
total thinning factor is given by the products of the
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Table 3
Summary of model results
L : pre-rift lithospheric thickness, z : necking depth, EET: effec-o c

tive elastic thickness, b : stretching factor, b s b ) b1 2

L z EET8C b b b0 c 1 2
Ž . Ž . Ž .km km km

Ž .Profile 1 230 15 400 69 1–3 3.5 2.3
Ž .Profile 2 220 20 400 66 1–4 )5 2.8
Ž .Profile 3 230 23 500 86 1–3 )5 2.4

two partial thinning factors, bsb ) b . Our mod-1 2

elling indicates that the western part of the profiles
Ž .VLB has been strongly affected during both the

Ž .first and the second rifting phases Fig. 13 .
Along Profiles 1 and 2, the second rift phase

appears to affect only the area up to 150 km from the
Ž .coastline VLB , while in Profile 3 this phase in-

volved structures more than 400 km away from the
Ž .coastline VLB, Coulman High and Central Trough ,

affecting the sediments in this area.
The increasing values of b in the eastern part of

Ž .Profiles 1 and 2 Fig. 13 are due to the transition to
the oceanic domain. The oceanic area, not shown in

Ž .profiles Fig. 13 , was taken into account in the
numerical modelling in order to avoid boundary
effects. For this area, we chose a maximum b factor
of 5.38, which is a suitable value to simulate subsi-

Ž .dence of oceanic crust Keen and Beaumont, 1990 .
For the first phase of rifting in all profiles, we

find a maximum b value coinciding with the VLB.
It reaches a value of 3 in Profile 1 and 4 in Profile 2.
High b values are found in Profile 2 around 300
km, corresponding to the Central Trough and in
Profile 3, around 570 km corresponding to the East-

Ž . Ž .Fig. 13. Distribution of b factors crustal thinning of the first rifting phase 100 to 85 Ma, dark shading and total b distribution including
Ž . Ž .the second phase 60 to 0 Ma, light shading . The western part of the profiles VLB has been affected more intensively during both the first

and the second rifting phases. In Profiles 1 and 2, the second rift phase affected only the area up to 150 km from the coastline, while in
Profile 3 this phase involved structures more than 400 km away from the coastline including VLB, Coulman High and Central Trough.
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ern Basin. Minimum b values are located in Profile
1 between 200 an 300 km and between 400 and 500
km corresponding to the Coulman High and Central
High, respectively. In Profile 2, minimum b values
of about 2, like in Profile 1 are located around the
Coulman and Central Highs. In Profile 3, the loca-
tion of the minimum b value is again at the Coul-
man and Central Highs, but is less than 2 for the
Coulman High. For the second rifting phase, stretch-
ing is concentrated in the western sector, with very
high values of b : 3.5 in Profile 1, more than five in
the same area in the other profiles, and up to 10 in
the central VLB. Average b values of about 2.3 for
Profile 1, 2.8 for Profile 2 and 2.4 for Profile 3,
correspond to a total extension of about 115%–140%
in the Ross Sea.

7.5. Tectonic uplift of the rift shoulder

Fig. 14 shows two predicted TAM surfaces, the
surface at 60 Ma, and at the present time, adopting
the estimates of pre-rift lithospheric thickness, neck-
ing depth, EET and stretching distribution listed in
Table 3. In all profiles, the first rifting phase pro-
duces a tectonic uplift ranging from 1500 to 2000 m.
As our models focused on the controls of pre-rift
lithospheric mechanical properties on the kinematics
of basin formation, we refrained from modelling the
post-rift subsidence and associated shoulder erosion.
As demonstrated by a comparison between a pre-
dicted syn-rift shoulder topography and current to-
pography, considerable inland migration of the rift
shoulder has occurred since its formation. This is
consistent with inferences from fission track studies.

In Profiles 1 and 2, the two surfaces coincide,
indicating no tectonic uplift in these parts of the
TAM during the last 60 Ma. Cenozoic tectonic uplift
is indicated in Profile 3 with a maximum value of
about 1300 m, about 15 km inland from the coast.

Apatite fission track data from southern Victoria
Ž .Land Fitzgerald, 1992 , indicate 6 km of maximum

Ž .total denudation and 4.5 km of erosion Table 1
about 15–20 km inland from the coast, while Brown
Ž .1991 , backstacking the fission track data, calcu-
lated at 1.2–1.4 km of tectonic uplift. The back-
stacked value is consistent with our model prediction

Ž .along Profile 3 Fig. 14 , where a tectonic uplift of
about 1.3 km has been estimated for the second
phase of rifting. Our prediction of Cenozoic tectonic

Fig. 14. Prediction of tectonic uplift of TAM up to 60 Ma and up
to the present time. In all profiles, the first rifting phase produces
uplift ranging from 1500 to 2000 m. The second rifting phase
produces uplift only in Profile 3, with a maximum of ;1300 m.
In Profile 1 and 2, the two surfaces coincide, indicating no
tectonic uplift in these areas during the last 60 Ma. Differences
between elevation of the observed and the predicted rift shoulder
are due to erosion.

uplift does not preclude a thermal component in the
evolution of the TAM.

Our modelling corroborates previous findings that
the presence of marked rift shoulder topography in
the TAM area appears to be a combined result of
strong pre-rift lithosphere and deep levels of necking
and substantial erosion, leading to strong erosion

Žinduced rebound of the rift shoulder Van der Beek
.et al., 1994 .

8. Discussion

Ž .Our modelling Fig. 10 yielded similar values of
best-fit pre-rift lithospheric thicknesses for all three
profiles ranging from 220 to 230 km. This suggests
that the pre-rift lithosphere has a fairly homogeneous
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structure along the strike of the rift. This relatively
large pre-rift lithospheric thickness indicates that rift-
ing started in a cold cratonic lithosphere. These
results are compatible with the estimate of a 150–250
km thermally thick lithosphere at the TAM front
Ž .Ten Brink and Stern, 1992 .

The three profiles do not show significant EET
variations. In the eastern area of the Ross Sea,
pre-rift EETs range from 30–35 km to 66–86 km for
isotherms of 2008C and 4008C–5008C, respectively.
In the western sector, the EET is better constrained,
yielding an EET corresponding with an isotherm of

Ž .4008C to 5008C. Stern and Ten Brink 1989 esti-
mated an effective elastic thickness of 19"5 km in

Ž .the Ross Sea. Van der Beek et al. 1994 , using
models where the EET is defined by the 4008C–
4508C isotherm, found EETs ranging from ;20 km
within the basin to more than 40–50 km inland, for
the period around 60 Ma. Flexural rigidities corre-
sponding with these values range from 7.1=1022 to
5.7–11.1=1023 Nm, respectively. These results
suggest a thermal event, reducing the EET, during
the first rifting phase.

The best fit solution for variations in necking
level varied from 15, 20 to 23 km from the northern
to the southern profiles. These values are regional
solutions, but in all profiles a shallower level of
necking appears to give a better fit for the Central
Trough, which is the shallowest of the Ross Sea
basins. This shows that lateral variation in mechani-
cal properties of the lithosphere produces different
basin geometries. The Central Trough is the only
basin with a positive gravity anomaly due to the

Žshallow Moho supported by gravity as well as re-
.fraction data underlying a relatively thin sedimen-

tary sequence. The average necking depth values
suggest that even if the TAM are partly flexurally
supported, thermal effects have contributed to uplift
of the flank.

The Ross Sea lithosphere shows a striking varia-
tion in mechanical properties. Anomalously high b

factors, up to 10, have been inferred for the VLB.
An average b value of 2.3 to 2.8 leads to an
extension of about 115%–140% in the Ross Sea
area. High values of b have been used by Van der
Beek et al., 1994, to model the rift shoulder of the

Ž .TAM, and high b values b)5 have been calcu-
lated for other rifts.

In the Ross Sea, the calculated amount of stretch-
ing cannot be resolved on the seismic lines. In
several extensional basins and passive margins, such

Ž .as the Gulf of Lions Burrus, 1989 and the North
Ž .Sea basin Ziegler, 1983; White, 1990 , the amount

of upper crustal extension as measured from normal
faults offset is about two times smaller than the
inferred and observed amount of crustal thinning.

Petrological studies in southern Victoria Land
Ž .Berg, 1991 suggest that the geophysically-de-
termined base of the crust may actually represent an
intra-crustal transition from mafic to ultramafic cu-
mulates, so the real Moho could be deeper and
consequently the amount of vertical stretching lower
than calculated. Part of the TAM uplift can be
attributed to advection in the lower and middle crust
Ž .Berg et al., 1989 , while associated material flow
from the VLB may have reduced crustal thickness of

Žthe basin. See also Burov and Cloetingh, 1997, for a
discussion of the feedback of rift shoulder erosion

.and lower crustal flow.
The modelled flank uplift shows a Cretaceous

tectonic uplift of 3–4 km in all profiles. In Profiles 1
and 2, tectonic uplift has been predicted for the
Cretaceous only. This agrees well with AFTA data
from the area of Profile 1, north of the David
GlacierrDrygalski Ice Tongue, indicating only Cre-

Ž .taceous cooling Balestrieri et al., 1994a,b .
The area around the David Glacier has a low

Ž .relief topography max. elevation 2300 m compared
Žto the southern and northern areas max. elevation)

.4000 m where Cenozoic uplift has been recognized.
This area, informally named the Prince Albert block
Ž .van der Wateren et al., 1996 , is a topographic and
structural low between the Dry Valleys block and
northern Victoria Land. Field observations and cos-
mogenic isotope measurements indicate that this area
has remained low until the late Neogene, when
valley downcutting into a CretaceousrCenozoic ero-
sion surface began. A combination of erosional re-
bound and tectonic uplift produced the present to-

Žpography of isolated nunataks remnants of the ele-
.vated erosion surface separated by deep glacial val-

Ž .leys van der Wateren et al., 1996, 1999 . Differen-
tial movement of crustal blocks may also be the
result of Neogene transtension in the Ross Embay-

Žment Van der Wateren et al., 1999; Wilson, 1999;
.Salvini and Storti, 1999 .
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9. Conclusions

Results from lithospheric modelling suggest that
Ross Sea rifting affected a cold cratonic lithosphere
with a pre-rift lithospheric thickness of approxi-
mately 230 km. Modelling of the EET shows that
rifting features are not very sensitive to this parame-
ter in the basin area. EET ranges from 30–35 km to
66–86 km. Only in the VLB, it is possible to con-
strain the EET value to the 5008C isotherm.

Estimates of b factors and the amount of exten-
sion for the two phases of rifting indicate that the
first phase of rifting affected the entire area and that
the second phase was confined to the western sector,
in agreement with seismic interpretation. Thinning

Ž .factors are quite high up to 10 in the VLB : average
Ž .b values of 2.3 to 2.8 from Profile 1 to Profile 3

produced 115 to 140% extension in the Ross Sea
area from the Late Cretaceous to Recent.

Lateral necking level variations from 15 km in the
north to 23 km in the south indicate different me-
chanical properties of the lithosphere before and
during rifting. Lithosphere with an intermediate value
of necking can flexurally support a rift shoulder,
which explains the striking topographic differences

Ž .between the Dry Valleys block west of Profile 3
Žand the Prince Albert block west of Profiles 1 and

.2 .
Predictions of tectonic uplift of the TAM indicate

a Late Cretaceous uplift of about 3–4 km, with a
flexural support component, while indications of
about 1.3 km of Cenozoic tectonic uplift were found
only for the southern area, in agreement with back-

Ž .stacked AFTA Brown, 1991 . Evidence of Late
Cretaceous uplift was found in the area north of the

ŽDavid GlacierrDrygalski Ice Tongue Balestrieri et
.al., 1994a,b , in agreement with field observations

and cosmogenic isotope measurements indicating that
the Prince Albert block, surrounding the David
Glacier, was an area of low topography until the Late

Ž .Neogene Van der Wateren et al., 1996, 1999 .
Our model results strongly indicate that differen-

tial movement of regions within the TAM rift shoul-
der is related to contrasting mechanical properties
along the strike of the WARS. Thus, the topography
presently flanking the offshore basins may have been
more dynamic during the Neogene than has been

Ž .suggested by Denton et al. 1991 and Sugden et al.

Ž .1995a,b . Different regions show a different re-
sponse to late Neogene transtension and to varying
rates of glacial erosion. This explains why some
regions within the TAM rift shoulder may have been
topographically stable since the mid Miocene while
others have experienced late Neogene surface uplift
ŽVan der Wateren and Hindmarsh, 1995; Van der

.Wateren et al., 1996, 1999 .
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