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Abstract Landscape evolution of the Antarctic continent
since the breakup of Gondwana has been controlled in the
first order by changes in the location and configuration of
plates. Following breakup, Antarctica moved toward its
present polar location, and became geographically and then
thermally isolated, which led to the development of the
present-day hyper-arid, cold polar climate. The thermo-
tectonic history of the Transantarctic Mountains (TAM) can
be constrained since the Jurassic using apatite fission-track
thermochronology to delineate timing and patterns of
exhumation events that occurred in the Early Cretaceous,
Late Cretaceous, and Cenozoic. These exhumation events
are related to regional tectonic events: (1) the initial breakup
between Australia and Antarctica in the Early Cretaceous;
(2) the main phase of extension between East and West
Antarctica in the Late Cretaceous accommodated on low-
angle extensional faults; (3) propagation southward of
seafloor spreading from the Adare Trough into continental
crust underlying the western Ross Sea in the early Cenozoic,
which likely acted as the trigger for the flexural uplift of
East Antarctic lithosphere to form the TAM.

Landscape evolution of the TAM has been constrained
using a combination of geomorphology, thermochronology
to constrain the exhumation history, dating of ash deposits
and surface exposure dating, as well as offshore drilling.
Landscape evolution of the Dry Valleys block in Antarctica
is a good example of the interaction of tectonics and climate.
Following the onset of uplift of the TAM and change in base-
level beginning in the early Cenozoic, escarpment retreat,
formation of planation surfaces, and downcutting by fluvial
systems with relatively little subsequent glacial modification
produced a landscape that has changed very little in the last
c. 15 m.y.

Keywords tectonics; landscape evolution; Antarctica;
Transantarctic Mountains; West Antarctic Rift System

INTRODUCTION

The vast majority of the Antarctic landscape is presently
undergoing extremely slow change and modification as
>98% of the Antarctic continent is covered by ice. The
development of this landscape since Gondwana breakup was
ultimately controlled by the tectonic evolution of the
Antarctic plate, beginning with rotation and translation of
the West Antarctic microplates and formation of the Weddell
Sea. The rifting of continents away from Antarctica,

beginning with Africa and proceeding in a clockwise
direction around Antarctica, led to the physical isolation of
Antarctica. This physical isolation, plus the present polar
position of Antarctica, led to development of seaways and
the circum-Antarctic current, thermal isolation, climate
change, and the present-day cold polar environment (Lawver
et al. 1992). While there is little doubt about the nature of
the landscape today, controversy surrounds aspects of
Neogene landscape evolution, especially the timing of the
transition from “warm” dynamic ice sheets to the present
cold, hyper-arid environment with a cold, stable ice sheet
(e.g., Miller & Mabin 1998).

The objective of this paper is to present an overview into
a number of factors controlling the development of the
Antarctic landscape and the tectonic evolution of parts of
Antarctica. This will include the major stages in the breakup
of Gondwana, the tectonic evolution of the West Antarctic
Rift System (WARS) and the TAM, and the erosional history
of the Dry Valleys block during the Cenozoic. This paper
will concentrate on the tectonics and landscape evolution
of the Dry Valleys block, as most information from along
the TAM is available from this area. As such, one must be
cognisant that as the Dry Valleys block is presently free of
through-going outlet glaciers, it may not be completely
representative of the rest of the TAM.

GONDWANA: CONFIGURATION AND BREAKUP

The fit of the large continents within Gondwana is well-
established (e.g., Lawver et al. 1998) as three continents,
Australia, India, and Africa, fit well against the present-day
rifted margins of Antarctica (Fig. 1A). Africa and South
America fit tightly together across a closed Atlantic Ocean.
The Gondwana reconstruction is less well constrained along
the Transantarctic margin of East Antarctica, where there is
considerable uncertainty over the number and position of
some of the microplates within the West Antarctic region
(e.g., Dalziel & Elliot 1982; Storey 1996; Storey et al. 1998).
The Ellsworth-Whitmore Mountains crustal block (EWM),
Antarctic Peninsula, Thurston Island, and Marie Byrd Land
are generally accepted as the main West Antarctic
microplates. The Haag Nunatak, Berkner, and Filchner
microplates are also used in reconstructions (e.g., De Wit et
al. 1988), and Marie Byrd Land can be thought of as
comprising a west and east portion (Divenere et al. 1996).
Paleomagnetic data, geometry, and geological constraints
are used to constrain the fit of these microplates. As Antarctic
Peninsula, Thurston Island, and Marie Byrd Land contain a
large proportion of subduction-related rocks, these blocks
are retained in approximately their present location along
the paleo-Pacific margin of Gondwana in the majority of
reconstructions (e.g., Lawver et al. 1992). To obtain their
Gondwana pre-breakup positions, the Antarctic Peninsula
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is rotated anticlockwise from its present-day position with
respect to East Antarctica and located along the western
margin of the southern portion of South America. The
Thurston Island block is rotated (Grunow et al. 1991) into
its pre-breakup position, and the two microplates of Marie
Byrd Land are restored along a strike-slip fault (Divenere
et al. 1995). Campbell Plateau, Chatham Rise, and North
and South Islands of New Zealand can be reconstructed to
Marie Byrd Land.

The initial rifting stage in the breakup of Gondwana (Fig.
1B) involved right-lateral transtension as East Gondwana
(Antarctica, Australia, India, New Zealand) and West
Gondwana (South America and Africa) moved apart with
stretching beginning in the north and propagating southward

(Lawver et al. 1992). Initial breakup was also associated
with plume-generated magmatism and rotation and
translation of microplates. Plume-related magmatism, with
a head likely located in southeastern Africa (Cox 1988; White
& MacKenzie 1989; Storey 1996), led to the emplacement
of huge within-plate mafic and felsic magmatic provinces
in many Gondwana continents as well as Antarctica. The
mafic part of the magmatic province forms a long linear belt
from Australia (Tasman province), through Antarctica (Ferrar
and Dronning Maud Land provinces) to South Africa (Karoo
province). Ar/Ar dating in these provinces gave dates of
175 ± 18 Ma (Tasman; Hergt et al. 1989), 177 ± 2 Ma
(Ferrar; Heimann et al. 1994), and 182 ± 2 Ma (Karoo;
Hooper et al. 1993). This short eruption time is similar to
other continental flood basalt provinces. Granites contem-
poraneous with this basaltic volcanism and considered to
be rift-related occur in West Antarctica (Storey et al. 1988)
and southern South America (Chon-Aike or Tobífera
province) (Gust et al. 1985). As the long linear nature of the
basaltic rocks exposed in the Ferrar and Tasman provinces,
subparallel to the Pacific margin of Gondwana at that time,
is not compatible with classic circular plumes, Cox (1988)
proposed a hot line rather than a hot spot. Elliot (1992)
suggested that Jurassic magmatism occurred along a number
of rifts that intersected at the Dufek Massif. Zones of
weakened lithosphere were postulated to propagate away
from nodes of magmatism (e.g., Dufek Massif, Beardmore
Glacier region, southern Victoria Land (SVL)), providing
pathways for lateral migration of magmas derived from
lithospheric sources. More recently, Storey & Kyle (1999)
suggested that the Weddell Sea region was the site of a large
Gondwana megaplume causing domal uplift and formation
of a triple junction. In this case, production of magma
batches, due to different degrees of plume-lithosphere
interaction, migrated along zones of crustal weakness to form
the various large igneous provinces. It has even been
suggested that before breakup, this Gondwana breakup
plume may have caused or expedited formation of the early
Mesozoic Gondwanide foldbelt, due to the buoyancy of a
hot plume acting on the downgoing slab and causing it to
flatten (Dalziel et al. 1999).

The Weddell Sea area is the focus for rotation and
translation of the microplates such as the EWM, a displaced
part of the Gondwanide fold belt. The EWM has a structural
trend perpendicular to the TAM and has long been considered
to have rotated into its present position (Schopf 1969).
Although the original position of the EWM is controversial,
it most likely originated from near southeastern Africa (e.g.,
Curtis & Storey 1996). Rotation of West Antarctic
microplates must have been accomplished by c. 165 Ma (the
time of opening of the Weddell Sea), and rotation of the
EWM was finished by 175 Ma (Grunow et al. 1987), before
translation of the EWM into their present position. Rotation
of microplates did not apparently involve the production of
oceanic crust (Marshall 1994) but may have occurred as
block rotation with controlling faults concealed beneath
Mesozoic sedimentary basins in the Weddell Sea (Storey
1996). A good example of a sedimentary basin that formed
during the initial rifting stage is the Latady Basin on the
east side of the Antarctic Peninsula (Rowley et al. 1983).
Stretching also occurred in the Ross Embayment (WARS)
during initial stages of Gondwana breakup, as shown by
Jurassic tholeiitic magmatism (Ferrar Dolerite and

Fig. 1 Gondwana tight fit reconstruction and breakup model.
Continent and microplate positions are from Lawver et al. (1992,
1998) with other information from Storey (1996). AP, Antarctic
Peninsula; TI, Thurston Island; MBL, Marie Byrd Land; CR,
Chatham Rise; CP, Campbell Plateau; SNZ, southern New Zealand;
NNZ, northern New Zealand; LHR, Lord Howe Rise; WS, Weddell
Sea.
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Kirkpatrick Basalt) (Elliot 1992), as well as extension
between the Lord Howe Rise and northern New Zealand
(Lawver et al. 1992).

The continental margins around Antarctica young in a
clockwise direction, starting in the Weddell Sea, which
formed initially as a back-arc basin in the Late Jurassic (Fig.
1B) (Lawver et al. 1991). In the Early Cretaceous (Fig. 1C),
the Gondwana breakup stress regime changed from
dominantly north–south between East and West Gondwana
to dominantly east–west with the two-plate system being
replaced by a multiple plate system (e.g., Lawver et al. 1992).
This change in stress regime dramatically affected the
tectonics of the region. For example, there was large-scale
ductile deformation concentrated along shear zones in
gneissic and magmatic rocks in the Antarctic Peninsula
(Storey et al. 1996), and existing sedimentary basins such
as the Latady Basin underwent thin-skinned deformation and
inversion (Kellogg & Rowley 1989). Separation also began
between India and Antarctica in the Early Cretaceous
(Lawver et al. 1991). Initial stretching began between
Australia and Antarctica in the Early Cretaceous (Stagg &
Willcox 1992), but seafloor spreading did not begin until

c. 95 Ma (Cande & Mutter 1982; Veevers et al. 1990). By
c. 110 Ma, the microplates of West Antarctica had nearly
reached their present location with respect to East Antarctica.
By the Late Cretaceous, Antarctica had reached its final polar
location and configuration, and the final stage of breakup
was completed when New Zealand (Campbell Plateau) rifted
from Marie Byrd Land at 84 Ma (e.g., Stock & Molnar 1987;
Lawver et al. 1991).

TECTONIC EVOLUTION OF THE WEST
ANTARCTIC RIFT SYSTEM AND THE
TRANSANTARCTIC MOUNTAINS

Architecture and tectonic evolution of the WARS
The WARS encompasses the Ross Sea, the area under the
Ross Ice Shelf, and part of the area under the West Antarctic
Ice Sheet (Fig. 2). Except for the area under the Ross Sea,
the WARS is not that well known, although recent airborne
geophysical surveys (e.g., Bell et al. 1998) are beginning to
delineate more features of this huge rift system. A series of
asymmetric basement grabens (North Basin, Victoria Land

Fig. 2 A, Map of the Trans-
antarctic Mountains and West
Antarctic Rift System. Structural
features along the TAM and in the
West Antarctic Rift System are
from Tessensohn & Wörner
(1991), Fitzgerald (1992),
Fitzgerald & Baldwin (1997), and
Salvini et al. (1997). DAZ =
Discovery accommodation zone
from Wilson (1999). Basin posi-
tions in the Ross Sea (light grey)
are from Davey & Brancolini
(1995) and includes North Basin
(NB), Eastern Basin (EB), Central
Trough (CT), and the Terror Rift
(TR) lying within the Victoria
Land Basin (VLB). The approx-
imate outline of the Wilkes sub-
glacial basin is shown inboard of
the TAM in a dot pattern. West
Antarctic microplates are after
Dalziel & Elliot (1982); see Fig.
1 for abbreviations. B, General-
ised crustal profile A–A! (in A)
across the Ross Sea is after
Cooper et al. (1991). Early rift
grabens lie beneath regional
unconformity U6 (heavy line).
Late rift-faults and intrusive rocks
deform the VLB and some small
basement grabens. Note intra-
basement reflector (dashed line)
on eastern edge of VLB, possibly
a detachment fault extending
under the entire basin. DSDP site
270 is projected onto this cross-
section.

A
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Basin, Central Trough, Eastern Basin) separated from each
other by basement highs (Coulman High and Central High)
underlie the Ross Sea (e.g., Davey & Brancolini 1995). The
sedimentary basins of the Ross Sea have been formed by
crustal extension since Gondwana breakup. Basin formation
began with development of a rift zone associated with
Jurassic tholeiitic magmatism, subsidence, and possible
strike-slip motion in the Ross Sea coeval with emplacement
of Jurassic magmatic rocks in the TAM (e.g., Schmidt &
Rowley 1986; Elliot 1992; Wilson 1993). However, the main
phase of extension (and hence crustal thinning) in the
WARS between East and West Antarctica was in the Late
Cretaceous between c. 105 and 85 Ma (Lawver &
Gahagan 1994, 1995). Post-early Oligocene extension has
only occurred within a narrow zone within the Victoria
Land Basin (e.g., Cooper & Davey 1985; Cooper et al.
1987, 1991).

The total amount of extension between East and West
Antarctica within the Ross Embayment is poorly constrained.
The magnitude of extension has been estimated by a variety
of methods: (1) plate reconstruction (e.g., Stock & Molnar
1987); (2) simple one-layer stretching models assuming an
initial pre-extension crustal thickness (c. 35 km) compared
to the measured present crustal thickness (17–27 km)
(Fitzgerald et al. 1986; Lawver & Scotese 1987; Behrendt
& Cooper 1991; Bentley 1991; Cooper et al. 1991; Davey
& Brancolini 1995), suggesting c. 400 km of extension; (3)
paleomagnetic studies (Divenere et al. 1994), which suggest
a substantially greater amount of extension (c. 440–
1820 km). However, paleomagnetic constraints are
hampered by the lack of correlative mid-Cretaceous poles
and by the large uncertainties on rotation amounts between
West Antarctic microplates and East Antarctica, reducing
the precision when determining the amount of the
translation between East and West Antarctica (Luyendyk
et al. 1996). Most reconstructions (e.g., Cooper et al. 1991;
DiVenere et al. 1994) use estimates of c. 100% when
removing the post-mid-Cretaceous extension between East
and West Antarctica.

The mechanism of extension in the Ross Embayment
during Late Cretaceous extension is not well known, as this
area of extended crust is now completely submerged.
Regional crustal architecture, plus characteristics of
basement and sedimentary breccia at DSDP site 270 (Ford
& Barrett 1975), are consistent with rocks having undergone
progressive deformation during exhumation along low-angle
detachments (Fitzgerald & Baldwin 1997). Fitzgerald &
Baldwin (1997) suggested that Cretaceous extension
between East and West Antarctica was accommodated
predominantly by detachment faulting. Metamorphic
basement recovered at DSDP site 270 has been both ductilely
and brittlely deformed and sedimentary breccia is locally
derived, formed by erosion of previously brecciated ductilely
deformed basement (Ford & Barrett 1975). Angular clasts
within the syn-tectonic breccia contain ductile fabric that
had been subsequently overprinted by brittle deformation,
and the breccia itself has also undergone brittle deformation.
The basement thus records an apparent temporal progression
of ductile to brittle deformation that is also found in footwalls
of major detachment faults, formed as the originally deep
(5–15 km) lower plate rocks are drawn outward and upward
from beneath the brittlely extending upper plate. Apatite
fission-track data from calc-silicate gneiss recovered from

site 270 has a mean age of 103 ± 11 Ma, suggesting that
this rock was exhumed in the mid Cretaceous during regional
extension. Recently dredged mylonitic gneisses from west
of Cape Colbeck, Edward VII Peninsula, also have fission-
track and 40Ar/39Ar rapid cooling ages of mid–Late
Cretaceous age (Baldwin et al. 2001), suggesting rapid
exhumation at that time. However, these dredged samples
appear to have a history more closely aligned to western
Marie Byrd Land. There, subduction-related tectonics, active
for most of the Paleozoic and Mesozoic, switched abruptly
to extensional tectonics following subduction of the Pacific-
Phoenix spreading centre at c. 105 Ma (e.g., Weaver et al.
1992, 1994). Approximately 20 m.y. of extensional tectonics
in New Zealand, Marie Byrd Land, and the Ross Embayment
followed (Bradshaw 1989; Lawver & Gahagan 1994), before
seafloor spreading began between Marie Byrd Land and
Campbell Plateau at c. 84 Ma (e.g., Mayes et al. 1990).
Cretaceous extension in New Zealand associated with
fragmentation of the Gondwana margin led to development
of the Paparoa metamorphic core complex (Tulloch &
Kimbrough 1989), exhumed rapidly at c. 100 Ma. At about
the same time, metamorphic rocks in the Fosdick Mountains
metamorphic complex were also exhumed from mid-crustal
depths (Richard et al. 1994). While described by some as a
metamorphic core complex (Weaver et al. 1992), the Fosdick
Mountains lack the low-grade metamorphic overprint and
the structural relationships of ductile to brittle deformation
in lower plate and upper plate rocks similar to other core
complexes (Luyendyk et al. 1996).

Architecture and tectonic evolution of the TAM
The TAM define the western edge of the Mesozoic–Cenozoic
intracontinental WARS and the eastern margin of the East
Antarctic Craton. This is a boundary that has experienced
repeated tectonism since rifting during the Neoproterozoic,
followed by transpression and subduction-related mag-
matism in the Mid–Late Cambrian. Terrane accretion and
further transpression in the middle Paleozoic moved the
convergent margin oceanward, before rifting processes
began again beginning with Jurassic tholeiitic magmatism
accompanying initial Gondwana fragmentation (e.g., Elliot
1975; Dalziel & Elliot 1982; Dalziel 1992). The TAM thus
define a fundamental lithospheric boundary that has a
profound crustal anisotropy due to these repeated cycles of
tectonism. The TAM stretch for c. 3500 km across Antarctica
(Fig. 2), are typically 100–200 km wide, and reach elevations
locally in excess of 4500 m. Structurally, the TAM can be
envisaged as a series of simple asymmetric tilt blocks,
typically with a longitudinal dimension of a few hundred
kilometres. The blocks are divided by transverse structural
features such as transfer faults, grabens, or in a few more
complicated areas, by accommodation zones, typically with
these transverse structural features being occupied by major
outlet glaciers (Gould 1935; Fitzgerald 1992; Wilson 1999).
The front of the TAM, the Transantarctic Mountain Front
(TMF, Barrett 1979) is a zone of major normal faulting, with
the onland portion typically extending c. 20–30 km inland
from the coast, with 2–5 km of displacement down to the
coast (Fig. 3). The TMF does not coincide with the entire
area coastward of the frontal escarpment of the TAM; rather,
the TMF seems to extend approximately one-half to three-
quarters across the region from the coast toward the frontal
escarpment.
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The overall geology of the TAM is relatively simple (e.g.,
Elliot 1975). Regional basement is composed primarily of
late Proterozoic–Cambrian metamorphic rocks and
Cambrian–Ordovician granitoids of the Granite Harbour
Intrusive Suite. Basement was deformed during the
Cambrian–Ordovician Ross Orogeny that preceded and
accompanied intrusion of granitoids. Exhumation of the
basement following the Ross Orogeny produced the low-
relief Kukri Peneplain (Gunn & Warren 1962) or Kukri
Erosion Surface (KES), which is unconformably overlain
by Devonian–Triassic glacial, alluvial, and shallow marine
sediments of the Beacon Supergroup (Barrett 1991). In the
Jurassic, sills of the Ferrar Dolerite dated at 177 ± 2 Ma
(Heimann et al. 1994) intruded basement and sedimentary
cover contemporaneous with their extrusive equivalent, the
Kirkpatrick Basalt (e.g., Elliot 1975). There is a c. 160 Ma
gap in the onland geologic record between the Jurassic
tholeiitic magmatism and the late Cenozoic alkaline
volcanism of the McMurdo Volcanic Group (LeMasurier &
Thomson 1990). In a few places along the range, for example
the Taylor Valley (Fig. 3), Miocene and younger shallow
marine sediments are present, indicating that c. 400 m of
subsidence occurred before deposition of these marine

sediments (Sugden et al. 1995a). The outcrop pattern of the
TAM reflects its simple tilt block structure as Kirkpatrick
Basalt is limited to the inland flank of the range, whereas
basement representing deeper crustal levels is exposed
primarily along the coastal sector extending inland, usually
only along major outlet glaciers. There are exceptions to
this simple outcrop pattern. For example, in the Miller Range
near the Nimrod Glacier, basement is present on the inland
flank of the range, and in northern Victoria Land (NVL) the
geology is dominated by the accretion of terranes since the
late Cambrian (e.g., Stump 1995 and references therein).

The faulting across the TMF is poorly documented as
faults in general are difficult to find (e.g., Wilson 1995;
Turnbull et al. 1999) especially within the granitic basement.
Beacon Supergroup rocks have been found downfaulted to
the coast in only one place along the TAM, Cape Surprise
in the central TAM (Barrett 1965; Miller et al. 1999).
Recently, Beacon Supergroup rocks have been drilled
offshore SVL at a depth of 825 m below seafloor in the Cape
Roberts drillhole #3, indicating some 3 km of offset relative
to Beacon Supergroup strata inland (Cape Roberts Science
Team 2000). The ridge east of Mt Doorly in SVL (Fig. 4)
records step-faulting across the TMF, in general down to

Fig. 3 Generalised geological map of SVL. Geology and location of faults and lineaments are after Gunn & Warren (1962), McKelvey
& Webb (1962), Warren (1969), Findlay et al. (1984), Gleadow & Fitzgerald (1987), Fitzgerald (1992), and Wilson (1995, 1999).
Offshore faults are from McGinnis et al. (1985), Damaske et al. (1994), and Barrett et al. (1995). Approximate “rock uplift” contours
(marked by black dashed lines with rock uplift amount in kilometres from 4.5 to 2.5) for the Dry Valleys block are modified from
Fitzgerald (1992); see Fig. 4.
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the east (coastward) across faults with throws from 10’s to
100’s of metres. The cumulative offset along the Doorly Spur
is 800 m, with c. 2 km of throw across the onland portion of
the TMF from the axis of maximum uplift to the coast
(Gleadow & Fitzgerald 1987; Fitzgerald 1992). This offset
compares to a cumulative offset across the TMF in the central
TAM near Cape Surprise of 3–5 km (Barrett 1965; Miller et
al. 1999). The strike of faults within the TMF in SVL is
NNE through NE (Wilson 1995), oblique to the NNW strike
of the TAM there, indicating that extension across the TMF
is not orthogonal but includes a component of right-lateral
strike-slip movement as well (Fitzgerald 1992; Wilson 1992,
1995). The rift margin, at least in SVL, is therefore an en-
echelon array of oblique slip faults with an accompanying
set of linking transverse structures. Wilson (1995)
determined from fault kinematic solutions two regimes
during the Cenozoic—a dominantly normal-sense phase
occurring first, followed by a later phase of dominantly
dextral shear. The timing of this strike-slip motion is difficult
to constrain, especially from onland information, as it is
known in SVL only to postdate faulting which has a
dominantly normal (i.e., dip-slip) sense of motion (Wilson
1995). Salvini et al. (1997) proposed a tectonic model based
on seismic interpretation of structures in the Ross Sea,
linking these with onshore northwest–southeast structures
crosscutting NVL. In their model, regional northwest–
southeast dextral strike-slip faults overprint an older
Mesozoic extensional event (i.e., the main phase of extension
in the Late Cretaceous) which formed the main north–south-
trending basins in the Ross Sea (Davey & Brancolini 1995).
In the early Cenozoic, subsidence and magmatism were
localised in the western Ross Sea (e.g., Davey & Brancolini
1995 and references therein), accompanying the initial uplift
of the TAM (e.g., Gleadow & Fitzgerald 1987). This was
followed by reactivation along northwest–southeast faults
forming pull-apart basins, positive and negative flower

structures, and push-up ridges caused by the northwest–
southeast right lateral motion beginning c. 30 Ma and
continuing to the present.

Uplift and exhumation history of the TAM
Because of the onland geologic gap in the TAM of c. 160
m.y. since the Jurassic, plus the fact that coring of the
adjacent sedimentary basins in the Ross Sea has penetrated
sediment only as old as late Eocene (Barrett 1996; Cape
Roberts Science Team 2000), the uplift history of the TAM
has to a large part depended upon the application of apatite
fission-track thermochronology (AFTT). Fundamental to
applying AFTT to this problem has been the sampling
strategy employed, with the collection of vertical sampling
profiles across the TAM, and the identification of an
exhumed apatite partial annealing zone (PAZ) within those
vertical profiles. The recognition of exhumed PAZs in these
vertical profiles (Fig. 5), with the identification of a “break
in slope” representing the base of an exhumed apatite PAZ,
allows better constraints on the timing, amount, and rate of
exhumation (e.g., Gleadow & Fitzgerald 1987; Fitzgerald
& Gleadow 1990; Brown 1991). A break in slope marks the
transition from a time of relative thermal and tectonic
stability to a time of rapid cooling due to exhumation.
Periods of exhumation in the TAM are usually separated by
definitive periods of relative thermal and tectonic stability.

Before proceeding with discussion of the uplift and
exhumation history of the TAM, one should be cautious of
using thermochronology to constrain “uplift”. Thermo-
chronologic systems such as AFTT record cooling, they do
not record exhumation, rock uplift, nor surface uplift (see
England & Molnar 1990; Summerfield 1991; Fitzgerald et
al. 1995). We assume that the cooling recorded within such
systems is a result of exhumation, which may be caused by
a change in base level due to rock uplift or basin subsidence.
Rock uplift must exceed exhumation in order to generate

Fig. 4 Overall structure of the TAM in the Dry Valleys area
shown using rock uplift plotted across the TAM in comparison to
a geological cross-section (A-A! as marked in Fig. 3). Cross-section
is modified from a cross-section originally in McKelvey & Webb
(1962). Geological symbols as for Fig. 3, except Beacon
Supergroup (light grey) and Ferrar Dolerite sills (white lines on
black background) have been separated. Diagram is modified from
Gleadow & Fitzgerald (1987), with additional data from Fitzgerald
(1992). Position of faults is from field mapping along the ridge
east of Mt Doorly or from the offset in AFT ages. As faults offset
a partial annealing zone formed before the early Cenozoic onset
of “rapid” exhumation, faults must be Cenozoic in age.

Fig. 5 AFT profile from Mt Barnes (eastern end of Kukri Hills)
showing the “classic” shape of an exhumed PAZ (gentle slope with
confined track length distributions indicative of significant
annealing). The “break in slope” defines the transition (55 Ma)
from a time of relative thermal and tectonic stability to a time of
“rapid” exhumation (steep slope with confined track length
distributions indicative of rapid cooling), which defines an apparent
exhumation rate.
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surface uplift resulting in the formation of mountain ranges.
However, cooling information can reasonably be interpreted
as providing information about exhumation, and combining
thermochronologic with geologic constraints may allow
constraints about rock uplift and surface uplift to be derived.
Surface uplift is the displacement of the Earth’s surface with
respect to a fixed reference frame such as mean sea level or
the geoid. Rock uplift is the displacement of rock with
respect to mean sea level or the geoid. Exhumation is erosion
and/or tectonic denudation resulting from displacement of
rock with respect to the Earth’s surface. Surface uplift is
equal to rock uplift minus exhumation (England & Molnar
1990; Summerfield 1991).

Since the Cambrian, the greatest amount of exhumation
along the TAM occurred following the Ross Orogeny when
metamorphic and granitic basement forming the core of a
subduction-related mountain belt was eroded as much as 15–
20 km (Capponi et al. 1990) to form the remarkably subdued
KES. However, erosion to form the KES had little to do
with the formation of the TAM as we see them today.
Subsequent to the formation of the KES, the sediments of
the Beacon Supergroup were deposited along the axis of the
present TAM. The tectonic setting of the Beacon Supergroup
has been described as a back-arc terrain (Dalziel & Elliot
1982) and a foreland basin (Collinson 1991), although it is
apparent that the tectonic setting varied in space and time
(Barrett 1991). The depositional basins of the Beacon were
flanked by highstanding topography on either side, implying
that since the close of Beacon sedimentation there has been
a topographic reversal (Barrett 1981), as the TAM are now
highstanding while the regions on either side are basins.

The situation in the TAM is similar in part to the
topographic reversal in the southwest United States in the
middle Tertiary following the Laramide Orogeny. Paleo-
current directions in early Tertiary alluvial “rim gravels” and
finer grained equivalents along the Mogollon Rim of the
Colorado Plateau indicate a source to the south (Peirce et
al. 1979), which was at that time a highland due to crustal
thickening, thrusting, and magmatism accompanying the
Laramide Orogeny. Subsequent to the deposition of the “Rim
Gravels,” a topographic reversal has occurred. The region
to the west and  south is now the Basin and Range Province,
a lowland brought about by extension and crustal thinning
in the mid Tertiary, firstly by extension along low-angle
detachment faults and then high-angle basin and range
faulting (Spencer & Reynolds 1989). In this analogy, the
TAM would occupy the location where the “rim gravels”
are, and the WARS would represent the Basin and Range
Province. One difference is that the Colorado Plateau-Basin
and Range Province system has topographic reversal on only
one side, whereas in Antarctica, the areas of the Ross
Embayment and Wilkes subglacial basin have both
apparently undergone topographic reversal.

Vertical changes or uplift along the TAM as a result of
Jurassic magmatism is still poorly constrained. There was
probably some surface uplift from inflation of the crust due
to intrusion of dolerite sills and extrusion of basaltic flows,
and there was at least 500 m of relief in the TAM as recorded
by basaltic flows in the Allen Hills area (Elliot 1992).
However, the uplift to form the present-day TAM has
occurred since the Jurassic. AFTT records three main periods
of exhumation along the TAM since the Jurassic, with
exhumation periods initiated in the Early Cretaceous, Late

Cretaceous, and early Cenozoic (Fig. 6). In overview, these
three episodes of exhumation appear relatively uniform
along the range, but in detail, trends and subtleties emerge
that may have an important bearing on the tectonic
evolution of the range. The major period of exhumation
accompanying rock uplift that formed the TAM we see
today began in the early Cenozoic (Gleadow & Fitzgerald
1987; Fitzgerald & Gleadow 1988; Fitzgerald 1992). The
TAM can be thought of as the erosional remnants of the
upturned flexure of strong East Antarctic lithosphere that
started to form in the early Cenozoic. However, the edge
of the flexure is a fault zone (TMF) rather than a single major
lithospheric-penetrative fault, as has been suggested (Stern
& ten Brink 1989).

In NVL, the onset of Early Cretaceous exhumation is
poorly constrained but began at 125–110 Ma and is of 1–2
km magnitude, as shown by AFT age profiles from the
Admiralty Mountains (Redfield 1994). Regional AFT data
from NVL indicate that the early Cenozoic exhumation
began at c. 55 Ma (Fitzgerald & Gleadow 1988). Along the
southeast coast near Mt Murchison and the mouth of the
Tucker Glacier, exhumation since the early Cenozoic is
c. 9 km, although across most of NVL the amount of
exhumation is c. 4 km, decreasing westward. A mid-
Cretaceous thermal event at c. 100 Ma, termed the Rennick
Thermal Event and associated with formation of the Rennick
Graben, has reset Rb-Sr and K-Ar dates in Jurassic magmatic
rocks, partially reset AFT ages, and produced anomalous
paleomagnetic pole positions in Jurassic rocks (e.g., Kreuzer
et al. 1981; Elliot & Foland 1986; Fitzgerald & Gleadow
1988; Fleming et al. 1993; Schäfer & Olesch 1998). Profiles
collected from peaks near the Priestley and Campbell
Glaciers inland from Terra Nova Bay record Late Cretaceous
exhumation (Balestrieri et al. 1994, 1997), indicating that

Fig. 6 Schematic diagram showing the variation of exhumation
events along the TAM at different localities; see text for details.
SCG, Scott Glacier area; BDM, Beardmore Glacier area; SHG,
Shackleton Glacier area; SVL, southern Victoria Land; TNB, Terra
Nova Bay; NVL, northern Victoria Land. A relative scale only is
shown for exhumation as the amount of exhumation at any one
locality (e.g., Dry Valleys; see Fig. 4) will vary across the range.
Early or Late Cretaceous exhumation are not always present
throughout an area (e.g., Scott Glacier region; see Fitzgerald &
Stump 1997).
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exhumation there began at c. 85 Ma, and was c. 1.1 km in
magnitude at Mt Nansen. Nearer the Terra Nova Bay coast,
exhumation begun in the early Cenozoic is evident in the
AFT data, although at Mt Monteagle AFT ages appear to
have been reset by the mid-Cenozoic Meander Instrusives
(age 38 Ma) (Balestrieri et al. 1997).

In SVL, Cretaceous exhumation has only been revealed
in a few vertical profiles in the Kukri Hills (Fitzgerald 1995).
Although the onset of this Cretaceous exhumation is poorly
constrained, it began at c. 100 Ma and appears to continue
through to the early Cenozoic in these few localities, but at
quite a slow rate of c. 63 m/m.y. In contrast to the pattern of
Cenozoic exhumation, which is always greater nearer the
coast decreasing inland, this Cretaceous exhumation  appears
to be greater on the western (inland) side of the Kukri Hills,
decreasing towards the coast until it is undetectable near
the coast. Numerous vertical profiles from near the inland
edge of the TMF clearly indicate the onset of early Cenozoic
exhumation at c. 55 Ma (Gleadow & Fitzgerald 1987;
Fitzgerald 1992), typically in the order of 4.5 km near the
inland edge of the TMF.

In the central TAM, studies have been undertaken in the
Nimrod-Beardmore Glaciers region, near the Shackleton
Glacier, and along the Scott Glacier. In the Beardmore
region, Early Cretaceous exhumation is seen in a profile from
Moody Nunatak indicating the onset of exhumation at
c. 115 Ma. Along the Beardmore Glacier, exhumation begun
in the early Cenozoic (50 Ma) dominates (Fitzgerald 1994),
and is c. 5.5 km in magnitude at the Cloudmaker c. 70 km
inland, but greater at the coast. There is no recorded
Cretaceous exhumation in the Shackleton Glacier region.
However, early Cenozoic exhumation begins at c. 50 Ma in
this region close to the coast, but near the inland flank of
the TMF it begins at c. 40 Ma (Miller et al. 1999). In the
Scott Glacier region, periods of exhumation begin at c. 125,
c. 95, and at c. 45 Ma (Fitzgerald & Stump 1997). Early and
Late Cretaceous exhumation in the Scott Glacier region is
in the order of 1–2 km each, depending on location, whereas
exhumation since the early Cenozoic is c. 6.5 km at the coast
decreasing to c. 3 km, c. 50 km inland where the frontal
escarpment is reached.

Two subtle temporal trends in the TAM Cenozoic
exhumation patterns are apparent. Firstly, exhumation
appears to have begun earlier in Victoria Land than farther
south along the TAM. The onset of early Cenozoic
exhumation is c. 55 Ma in NVL and SVL, c. 50 Ma in the
Beardmore Glacier area and the Shackleton Glacier, and
c. 45 Ma in the Scott Glacier region. This trend is subtle
within the precision of the data, and the location of the AFT
age profile with respect to the coast may also influence the
record of when early Cenozoic exhumation at a particular
location is recorded. This is because the onset of exhumation
may get younger inland, as well as southward. This inland
younging trend may be apparent in the Shackleton Glacier
when the break in slope is c. 50 Ma near the coast and c. 40
Ma at Mt Munson near the frontal escarpment, as defined
by the northern wall of the Prince Olav Mountains (Miller
et al. 1998). This same trend is also seen along the Kukri
Hills in SVL (Fitzgerald 1995). This inland younging trend
is most likely the result of escarpment retreat at a rate of c.
2 km/m.y., with the retreat rate apparently slowing
dramatically c. 10 m.y. after the onset of early Cenozoic
exhumation.

Relationship of exhumation in the TAM to regional
tectonic events and models for the uplift of the TAM
The trends and patterns of Early Cretaceous, Late
Cretaceous, and Cenozoic exhumation recorded along the
TAM (Fig. 7) provide constraints and ideas for tectonic
models that can then be tested using other techniques. The
fact that there are distinct exhumation events through time
within the TAM suggests that different mechanisms of uplift
are responsible. To date, almost all studies have concerned
themselves with mechanisms that attempt to explain or
model the major period of exhumation of the TAM,
correlative to the onset of uplift of the present-day TAM,
begun in the early Cenozoic.

Early Cretaceous exhumation recorded in the Admiralty
Mountains in NVL is most likely related to the initial
stretching between Antarctica and Australia, which began
at c. 125 Ma (Stagg & Willcox 1992). The Rennick thermal
event at c. 100 Ma has been associated with the formation
of the Rennick Graben as a failed rift (Roland & Tessensohn
1987; Fleming et al. 1993). Formation of the Rennick Graben
is related to the initial seafloor spreading between Antarctica
and Australia, which began at 95 ± 5 Ma (Veevers et al.
1990) or c. 95 Ma (Cande & Mutter 1982). Initial spreading
between Australia and Antarctica was very slow (4.5 mm/
yr) until c. 45–49 Ma (Cande & Mutter 1982; Veevers et al.
1990). Other Early Cretaceous exhumation events along the
TAM are more problematic in their relationship to regional
tectonics given their greater distance from Australia-
Antarctic seafloor spreading. In addition, in both SVL
(Fitzgerald 1995) and the Nimrod-Beardmore region
(Fitzgerald 1994) Early Cretaceous exhumation appears to
be greater in magnitude on the inland flank of the TAM. In
the Nimrod-Beardmore region, the greater magnitude of
exhumation on the inland flank of the TAM may be related
to the apparent folding of the KES into a broad southerly
plunging syncline. This syncline has a north–south-oriented
axial trace through the Bowden Névé, with c. 2 km of relief
on the flanks (Barrett et al. 1970; Barrett & Elliot 1973).
The age of this syncline is most likely Cretaceous (Fitzgerald
1994). However, rather than being a syncline sensu stricto,
the synformal shape of the KES (which was originally
inferred from extrapolation of Beacon Supergroup
stratigraphy) may simply appear to form a syncline due to
Cretaceous uplift on its western (inland) flank followed by
Cenozoic uplift on its eastern (coastward) flank. If this is
the case, then subsequent erosion following block tilting (up
to the west) along the inland flank of the TAM in the Early
Cretaceous may be what is being recorded by the AFT
profiles at Moody Nunatak and the Kukri Hills. What
regional tectonic event caused this Cretaceous exhumation
is difficult to ascertain. However, it is either related to the
initial phase of the main period of extension in the WARS
(more likely) or incipient extension to form a proto(?)-Wilkes
Land Basin (less likely), possibly in association with
Rennick faulting as an inboard right-stepping en-echelon rift
system to the Rennick Graben. It must have been an en-
echelon feature as the Rennick Graben most likely extended
through to the Ross Sea before being cut-off by Cenozoic
uplift of the TAM (Cooper & Davey 1985). The postulated
Cretaceous proto-Wilkes Basin was then later overprinted
by Cenozoic flexure of the eastern edge of the East Antarctic
Craton that gives the Wilkes Basin today its characteristic
shape (Stern & ten Brink 1989). This tectonic scenario is by
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necessity speculative; however, the asymmetry of Early
Cretaceous exhumation, while subtle, allows the suggestion,
and it is a concept that is testable. Early Cretaceous
exhumation at the southern end of the TAM in the Scott
Glacier region may be related to rock uplift within the EWM
(Fitzgerald & Stump 1997). Rock uplift there may have been
caused by early rifting within the WARS between EWM and
Marie Byrd Land as the EWM moved into its present
position with respect to East Antarctica, which occurred
sometime between 175 and 110 Ma (Grunow et al. 1991).

Late Cretaceous exhumation (i.e., exhumation initiated
after 97 Ma) along the TAM and revealed in AFT profiles at
Terra Nova Bay and the Scott Glacier is most likely related
to the main phase of extension between East and West
Antarctica. This main phase of extension has only been
constrained as between 105 and 85 Ma (Lawver & Gahagan
1994, 1995). Initiation of extension between East and West
Antarctica followed on from subduction of the Pacific-
Phoenix spreading ridge along the Pacific margin outboard
of New Zealand and then Marie Byrd Land. Subduction of
the spreading ridge led to extension in New Zealand
(Bradshaw 1989) and the switch from subduction-related
magmatism in Marie Byrd Land to rift-related anorogenic
magmatism at c. 100 Ma (Weaver et al. 1994). As a result of
this ridge subduction, continued divergent motion between
the Pacific and Antarctic plates resulted in New Zealand
being transferred from the Antarctic plate to the Pacific plate
as a new spreading ridge, the Antarctic-Pacific ridge,
developed between New Zealand and Antarctica (Lawver
& Gahagan 1994; Davey & Brancolini 1995). The
subduction of the Phoenix-Pacific spreading centre along
the Pacific margin of Gondwana leading to Late Cretaceous
extension in the WARS is similar to the tectonic situation
along the western coast of the United States in the Oligocene
when the Pacific-Farallon spreading centre was subducted
off the western United States leading to widespread
extension in the Basin and Range Province (Atwater 1970;
Coney 1987). It is thus possible that Late Cretaceous
exhumation in the TAM is a result of upper plate block
movement above low-angle detachment faults (Fitzgerald
& Baldwin 1997). Fitzgerald et al. (1986) proposed that the
mechanism for the main phase of uplift of the TAM
beginning in the early Cenozoic was related to differential
partition of strain into different lithospheric levels under the
Ross Embayment and TAM, with strain partition accom-
modated on low-angle detachment faults. The Fitzgerald et

Fig. 7 Paleogeographic reconstructions of WARS and TAM
region in the Early Cretaceous (100 Ma), Late Cretaceous (80 Ma),
and early Cenozoic (50 Ma) (after Lawver et al. 1992), showing
the tectonic evolution of the region. “Uplift” events accompanying
recorded exhumation along the TAM are shown in a solid pattern
with ages shown indicative of initiation of exhumation for that
region. Cenozoic exhumation gets younger to the south along the
TAM and also from the coast inland. Extension directions (after
Davey & Brancolini 1995 and Cande et al. 1998) are shown by
double headed arrows, dashed where extension had just ceased.
See text for the relationship of exhumation along the TAM to
regional tectonic events. Abbreviations as for Fig. 1 and 6, plus
Phx, Phoenix plate; Pac, Pacific plate; T, Tasmania, STR, South
Tasman Rise; BT, Bounty Trough; GSB, Great South Basin; IB,
Inselin Bank; EWM, Ellsworth-Whitmore Mountains crustal block;
RG, Rennick Graben; VLB, Victoria Land Graben; TR, Terror Rift;
EB, Eastern Basin; NB, North Basin; CT, Central Trough; AT,
Adare Trough.
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al. (1986) model is invalid as the mechanism for Cenozoic
uplift of the TAM because that model was developed when
it was assumed that the timing of uplift of the TAM and the
timing for the majority of extension in the Ross Embayment
was synchronous. However, it is now known that the main
period of extension in the Ross Embayment was in the Late
Cretaceous rather than the early Cenozoic. In addition, that
model also fails as “nett” rock uplift generated by
detachment models for passive margin development (Lister
et al. 1991) is in fact much less than that recorded in the
TAM in the Cenozoic. However, “nett uplift” generated by
detachment models is similar to the amount of exhumation
recorded in the TAM during the Early or Late Cretaceous.
Exhumation in the Late Cretaceous is only seen in two
regions along the TAM (Terra Nova Bay and Scott Glacier
region), possibly because appropriate crustal levels that
contain low-temperature thermochronologic evidence for
Cretaceous exhumation has been eroded off the front of the
TAM by later Cenozoic exhumation. Cretaceous exhumation
along the Kukri Hills in SVL, initiated at c. 100 Ma, may
actually be more closely related to the Late Cretaceous
extension within the WARS than Early Cretaceous
exhumation observed in either NVL, the central TAM, or
Scott Glacier. This is because exhumation in one profile in
the Kukri Hills continues through the Late Cretaceous to
the Early Cenozoic.

Since the major phase of the uplift of the TAM, initiated
in the early Cenozoic, was discovered (Fitzgerald et al. 1986;
Gleadow & Fitzgerald 1987), relating it to a regional tectonic
event has always been difficult and unsatisfactory. The
Eocene was a time of major plate reorganisation in the Indian
Ocean. Spreading in the Tasman Sea ceased at c. 55 Ma, but
rapid spreading between Antarctica and Australia did not
begin until c. 45 Ma (Cande & Mutter 1982). Cenozoic
extension occurred between East and West Antarctica, but
was limited to the Terror Rift within the Victoria Land Basin
on the western side of the Ross Embayment (Cooper et al.
1991). However, recent geophysical observations in the
Adare Trough (Cande et al. 1998; Cande 1999), a prominent
graben and fossil spreading centre c. 100 km northeast of
Cape Adare in NVL, offer perhaps the first reasonable
explanation for why the TAM were uplifted beginning in
the early Cenozoic and why the uplift along the TAM appears
to get younger to the south. Magnetic anomalies in the Adare
Trough indicate spreading between East and West Antarctica
occurred at least from 40 to 28 Ma, as synthetic models
matched the observed magnetic anomalies if a spreading rate
of 12 mm/yr between chron 18 (40 Ma) and chron 10 (28
Ma) is assumed. Spreading occurred east of the Inselin Bank
in the Inselin Trough from 61 to 55 Ma, but jumped west of
the Inselin Bank to the Adare Trough at chron 24 (53.5 Ma)
(Cande et al. 1998; Cande 1999). Although magnetic
anomalies in the Adare Trough have only been found back
as far as 43 Ma, detailed ship-track coverage required to
resolve the complete history of the Adare Trough, the Balleny
Corridor, and related features is as yet far from complete
(S. Cande, J. Stock pers comm. 1999). As there appears to
be no significant fanning of anomalies in the Adare Trough,
it is possible that a similar amount of extension, at least 144
km, also took place in the western Ross Sea.

Recent geophysical models for the uplift of the TAM all
describe the uplift of the TAM as a lithospheric flexure of
strong East Antarctic lithosphere (Stern & ten Brink 1989;
van der Beek et al. 1994; Busetti et al. 1999). The Stern &

ten Brink (1989) model for TAM uplift, plus its subsequent
modifications (Bott & Stern 1992; ten Brink et al. 1993,
1997), model the TAM as a flexural uplift of strong East
Antarctic lithosphere incorporating rift-related heat sources,
erosion, and the Veining-Meinesz uplift effect to raise and
maintain the TAM. In addition to the uplift driven by mantle
density differences under the TAM versus the WARS, Bott
& Stern (1992) demonstrated that tensional stresses resulting
from low densities could also produce additional flexural
displacement across a range-parallel master fault. The other
geophysical models explain the uplift of the TAM as due to
flexure of the strong East Antarctic lithosphere, but as a result
of lithospheric necking rather than faulting (van der Beek
et al. 1994; Busetti et al. 1999). The Stern and ten Brink
flexural model requires a trigger that causes a lithospheric
break along the TAM and hence the initiation of flexure of
strong East Antarctic lithosphere against the weaker WARS
lithosphere, in effect changing a continuous plate model into
a broken plate model. Ten Brink et al. (1997) suggested that
this trigger was a result of transtensional motion along the
front of the TAM in the early Cenozoic. However, the
kinematics of the TMF following initiation of uplift indicate
that faulting there was dominantly normal-sense shear
followed by dominantly dextral strike-slip oblique shear
(Wilson 1995), and strike-slip motion did not begin along
the TMF until c. 30 Ma (Salvini et al. 1997). Thus, as a
trigger for initiation of early Cenozoic uplift, transtension
in the early Cenozoic may not apply. It is suggested here
that a more logical trigger for the initiation of the uplift of
the TAM is the propagation southward of seafloor spreading
from the Adare Trough into the continental crust under the
western Ross Sea. The initiation of the exhumation of the
TAM in Victoria Land as determined by AFT profiles (c. 55
Ma) occurs about the same time as spreading jumped from
east of the Inselin Bank to west of the Inselin Bank (53.5
Ma) (S. Cande, J. Stock pers comm. 1999). Thus, it is
suggested that as continental extension propagated
southward, the timing of the initiation of uplift of the TAM
also became younger. The relative timing of these events
appears to fit the kinematic regime along the front of the
TAM, which while admittedly still poorly constrained,
nevertheless is consistent with the following scenario.
Seafloor spreading in the Adare Trough, initiated in the early
Cenozoic, propagated southward into the Victoria Land
Basin and along the front of the TAM. This continental
extension, localised to basins along the front of the TAM,
provided a mechanism for lithospheric decoupling of East
Antarctica from the WARS and a trigger for the initiation of
uplift of the TAM as a lithospheric flexure. Initial uplift of
the TAM was thus accompanied largely by rift-perpendicular
extension, consistent with a dominantly normal sense, shear
kinematic regime in the TMF. This stress regime sub-
sequently changed to dextral strike-slip at c. 30 Ma. At about
the same time as this apparent stress change, seafloor
spreading stopped in the Adare Trough (c. 28 Ma) (Cande
et al. 1998; Cande 1999).

LANDSCAPE EVOLUTION AND EROSION RATES
IN THE DRY VALLEYS BLOCK OF THE
TRANSANTARCTIC MOUNTAINS

The rates of erosion and landscape evolution of the Dry
Valleys block in SVL has been addressed via a variety of
approaches: thermochronology, geomorphology, the
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presence and age of surficial ash deposits and Pliocene cinder
cones, the preservation of Miocene ice, and surface exposure
age dating. In the summary below, discussion of glacial
deposits such as the Sirius Group and its role in constraining
landscape evolution is avoided as much as possible, as the
age of those deposits based on recycled diatoms is
controversial and unsubstantiated (e.g., Harwood & Webb
1998; Miller & Mabin 1998; Stroeven et al. 1998).

The geomorphology of the Dry Valleys block is well
presented in a paper by Sugden et al. (1995a). Landforms
can be generally summarised as planation surfaces,
rectilinear slopes of 26–36°, and valleys that were originally
cut by streams and modified by rivers (Fig. 8). There are
three main planation surfaces: (1) An upper surface with
relief of 10–30 m contains inselbergs that are often flat
topped and bounded by rectilinear slope. The upper surface
has a prominent, steep, coastal-facing escarpment. (2) The
intermediate surface contains inselbergs near this escarp-
ment, which are erosional remnants of the upper surface,
progressing into buttes with increasing distance from the
escarpment. (3) The lower surface is mainly cut into granite
nearer the coast. Sugden et al. (1995a) considered that the
origin of the landforms was relict from an earlier fluvial
environment but with subsequent minor glacial modification.

Constraining the age of the landforms in the Dry Valleys
depends largely on the age of unweathered ash deposits that
rest on desert pavement and in sand-wedge troughs under
thin (1–2 cm) ventifact pavements. These ash deposits are
most likely all from the adjacent Erebus Volcanic Province
and give laser fusion 40Ar/39Ar ages on sanidine and volcanic
glass of 4.33 ± 0.07 to 15.15 ± 0.02 Ma (Marchant et al.
1993, 1996). Ashes with ages of 7 and 11 Ma are also found
on rectilinear slopes in Arena Valley, implying little slope
development since emplacement of ash. The age of the ashes,
their unweathered nature, and the surfaces they rest on
indicate little landscape modification since they were
deposited and the maintenance of a hyper-arid climate since
at least 15 Ma (Marchant et al. 1993, 1996). In support of
this interpretation, volcanic ash dated at 8.1 Ma has been
found preserved in thin glacial till overlying glacier ice in
Beacon Valley. In order for this ice to have remained
undisturbed and to have avoided sublimation, stable cold
polar conditions have existed since at least 8 Ma (Sugden et
al. 1995b). Based upon the mutual truncation of rectilinear
slopes truncating faults and TMF fault zones crosscutting
valley benches, Sugden et al. (1995a) suggested that faulting
across the TMF was coeval with downcutting to form the
Dry Valleys. Thus, faulting across the TMF had ceased by

Fig. 8 Distribution of main
landscape types together with the
pattern of river valleys in the Dry
Valleys block (modified from
Sugden et al. 1995a) along with
representative 21Ne cosmogenic
surface exposure ages (and
erosion rates) from Summerfield
et al. (1999) and Schäfer et al.
(1999). Ages (and erosion rates)
at each sample locality are either
averaged from several samples
where several ages are almost the
same, or a range of ages or erosion
rates is given. In general, exposure
ages are older (with lower erosion
rates) on the upper erosion surface
of Sugden et al. (1995a) and
younger on the rectilinear surfaces
(with slightly higher erosion
rates). The minimal 21Ne exposure
ages of Schäfer et al. (1999) on
deposits of the Sirius Group
indicate these deposits cannot be
Pliocene in age.
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the time that erosion to form the Dry Valleys was over at
c. 15 Ma.

Cosmogenic surface age exposure dating is a relatively
recent and powerful tool for constraining landscape
evolution, especially in the Quaternary, sometimes back to
Pliocene times, but rarely as far back as the Miocene. To
determine a “surface age”, zero erosion must be assumed
since the exposure event. However, as this is not true in the
majority of situations, a “surface exposure age” should be
considered a minimal age only. In some circumstances,
information about the rates of erosion can be obtained. In
SVL, a number of studies have used exposure dating to
“date” boulders on the Sirius Group, determine rates of
erosion on that deposit, and to further constrain the glacial
history of the region (Brook & Kurz 1993; Brook et al. 1993,
1995a,b; Ivy-Ochs et al. 1995; Bruno et al. 1997; Schäfer et
al. 1999). Other studies have determined rates of erosion on
the upper planation surface and the rectilinear slopes
(Summerfield et al. 1999). Although exposure ages for the
Sirius Group deposits have been found as old as 10 Ma,
minimum ages of 2–6 Ma are more prevalent, but all data
indicate low erosion rates of <0.25 m/m.y. Likewise, for the
planation surfaces, erosion rates are low, <0.15 m/m.y., with
typical minimal 21Ne exposure ages of 4–5 Ma. Minimal
21Ne ages for rectilinear slopes are younger, typically <2.5
Ma and with erosion rates of 1 m/m.y . The old minimum
cosmogenic surface exposure ages on Sirius Group deposits
indicate that it cannot be as young as late Pliocene as
suggested by the age of recycled diatoms (e.g., Webb et al.
1984; McKelvey et al. 1991). It has been suggested that the
apparent young appearance of the TAM suggests dramatic
surface uplift since the Pliocene, with surface uplift rates in
the order of 1 km/m.y. (Behrendt & Cooper 1991). However,
Wilch et al. (1993a, b), by dating cinder cones, determined
that surface uplift at the mouth of the Taylor Valley since
c. 2.5 Ma was limited to <300 m. In addition, Bruno et al.
(1997) found that the variation in production rate of
cosmogenic nuclides with elevation within the TAM suggest
minimal surface uplift in the last few million years.

Mean surface elevation and relief present in the TAM
before the onset of early Cenozoic in the TAM is poorly
constrained, thus making estimates of rock uplift or surface
uplift since then also poorly constrained. Estimates of pre-
early Cenozoic mean surface elevation have ranged from
500 m (Gleadow & Fitzgerald 1987; Fitzgerald 1992) to
1200 m (Sugden et al. 1995a). In Fig. 4, an estimate of 700 m
(ten Brink et al. 1997) is used. Constraints on the amount of
exhumation since the early Cenozoic are more reliable as
they are based on AFTT and do not require constraining the
early Cenozoic land surface elevation. Rates of exhumation
in the Dry Valleys have been estimated from the AFT data,
which indicate an average rate since the onset of early
Cenozoic exhumation of c. 100 m/m.y. (e.g., Gleadow &
Fitzgerald 1987). This average exhumation rate has been
determined from sites such as Mt Doorly and Mt England
just east of the inland edge of the TMF. Within this average
rate, episodes of faster and slower exhumation, beyond either
the precision of AFTT or younger than that time period
covered by the AFT data, are to be expected. Rates of
exhumation also vary across the TAM, decreasing inland as
the overall amount of rock uplift decreases. In detail,
exhumation rates also vary depending on the location and
other factors such as the presence of valleys and ridges. The
slope of the AFT profile under a break in slope gives an

apparent exhumation rate, but only if advection of isotherms
during exhumation has not modified the slope of the profile.
The effects of advection cause one to initially underestimate
the true exhumation rate soon after the initiation of
exhumation (Peacock 1995) and then overestimate the true
exhumation rate once steady state is reached (Stüwe et al.
1994; Mancktelow & Grasemann 1997). This is not normally
a problem in the TAM as the “rapid exhumation” under the
break in slope is actually quite slow, <300 m/m.y., so that
advection has not modified the slope of the profile (Brown
& Summerfield 1997). Thus, at Mt Barnes, the average rate
of exhumation since 55 Ma is 82 m/m.y. (Fig. 9), but the
measured rate from 55–42 Ma from least squares regression
is c. 120 m/m.y. Modelling of confined FT lengths from
profiles like Mt Doorly also indicate that the initial 10–15
m.y. of exhumation was likewise more rapid, up to twice as
fast as the average (Fitzgerald 1992, 1994). However, beyond
this, the AFTT gives little control on exhumation rate.
Information on erosion rate using cosmogenic surface
exposure ages only extends back to c. 10 Ma, and by
inference from geomorphic arguments and the presence of
ash deposits, to c. 15 Ma. Attempts have been made to extend
the cosmogenically determined erosion rate back to 20 Ma
by assuming “uplift rates” (Schäfer et al. 1999), but these
assumed uplift rates are poorly constrained.

CONCLUSION

On a first-order scale, the landscape evolution of Antarctica
has been controlled by tectonics associated with the breakup
of Gondwana and the dispersal of continents as Antarctica
moved to a polar location. Continental dispersal led to the
development of the circum-polar current (e.g., Kennett 1978;
Lawver et al. 1992), the establishment of continental
glaciation with ice sheets growing to the continent margin
in the early Oligocene, development of the East Antarctic
Ice Sheet in the Miocene, and the present-day cold polar
hyper-arid environment (e.g., Barrett 1996 and references
therein). Along the TAM, the landscape evolution, especially
in Cenozoic times, is a result of the interaction of tectonic
and climatic influences. Tracking the timing and patterns of
exhumation along the TAM using thermochronology, while
still relatively rudimentary in scope and coverage, has
allowed the tectonics of the region to be better delineated,
especially the relationship of the exhumation history of the
TAM with regional tectonic events. Exhumation events in
the Early Cretaceous can be related to either initial stretching
between Australia and Antarctica or at the other end of the
TAM to tectonics probably involving the translation of West
Antarctic microplates and early extension within the WARS,
although these later events are still unclear. In addition, there
are subtle Cretaceous exhumation patterns that may suggest
possible extension within the Wilkes subglacial basin lying
along the inland flank of the TAM, or early extension within
the WARS. The Late Cretaceous exhumation events in the
TAM are most likely related to the main phase of East–West
Antarctic extension, possibly due to block tilting associated
with extension along low-angle detachments (Fitzgerald &
Baldwin 1997).

Whereas in the past, the relationship of early Cenozoic
uplift of the TAM to regional tectonic events has been
problematic, the discovery of Eocene–Oligocene seafloor
spreading in the Adare Trough (Cande et al. 1998), and its
possible extrapolation south into continental crust along the
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front of the TAM, provides a trigger for flexural uplift of
the TAM. Subtle trends within the Cenozoic exhumation
patterns along the TAM suggest that the initiation of uplift
gets younger to the south, probably associated with the
propagation of extension southward. Cenozoic exhumation
patterns across the TAM suggest that the initiation of uplift
gets younger inland, most likely due to escarpment retreat.
Kinematics within the TMF are dominantly normal sense
shear from the onset of uplift until c. 30 Ma. At c. 30 Ma,
the stress regime changes to dextral strike-slip (Wilson
1995), which is about the same time as seafloor spreading
(and hence the suggested continental extension to the south
along the front of the TAM) ceases in the Adare Trough.

The average rate of exhumation since the early Cenozoic
within the TAM, in the order of 100 m/m.y., is very slow
compared to most tectonic regimes. However, the initial rate
of exhumation was probably about twice that rate for the
first 10–15 m.y. By c. 36 Ma, the TAM had undergone
enough erosion to expose granitic basement, which was then
eroded and deposited off Butter Point in SVL where it was
cored in the CIROS-1 drillhole (Barrett et al. 1989). Between
c. 40 and 15 Ma, we have little information about the
exhumation history other than that inferred from offshore
drillholes, but overall the rate of exhumation probably started
to slow slightly as the climatic regime cooled and continental
glaciation started to develop. However, at c. 15 Ma or earlier,
the rate of erosion dropped dramatically as a hyper-arid cold
polar environment developed. The onset of early Cenozoic
uplift of the TAM (plus an associated drop in base-level in
the adjacent Victoria Land Basin) was followed by
escarpment retreat, formation of planation surfaces, and
downcutting by fluvial systems (Sugden et al. 1995a). The
present-day landscape has relict characteristics of this fluvial
environment, with relatively minor glacial modification and
extremely low erosion rates since c. 15 Ma. Thus, landscape
development within the Dry Valleys as well as faulting across

the TMF was largely complete by c. 15 Ma (Sugden et al.
1995a). However, tectonic activity is still ongoing within
the TMF, as shown by the widespread McMurdo Group
alkaline volcanism, c. 400 m of subsidence in the Miocene
at the mouth of the Taylor Valley followed by c. 300 m of
surface uplift in the Pliocene, and minor faulting in the
Quaternary (Jones 1997).
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