
39

ABSTRACT

The relative roles of fluvial versus glacial processes in shap-
ing the landscape of Antarctica have been debated since the 
expeditions of Robert Scott and Ernest Shackleton in the 
early years of the 20th century. Here we build a synthesis of 
Antarctic landscape evolution based on the geomorphology of 
passive continental margins and former northern mid-latitude 
Pleistocene ice sheets. What makes Antarctica so interesting 
is that the terrestrial landscape retains elements of a record of 
change that extends back to the Oligocene. Thus there is the 
potential to link conditions on land with those in the oceans 
and atmosphere as the world switched from a greenhouse 
to a glacial world and the Antarctic ice sheet evolved to its 
present state. In common with other continental fragments of 
Gondwana there is a fluvial signature to the landscape in the 
form of the coastal erosion surfaces and escarpments, incised 
river valleys, and a continent-wide network of river basins. 
A selective superimposed glacial signature reflects the pres-
ence or absence of ice at the pressure melting point. Earliest 
continental-scale ice sheets formed around 34 Ma, growing 
from local ice caps centered on mountain massifs, and fea-
tured phases of ice-sheet expansion and contraction. These 
ice masses were most likely cold-based over uplands and 
warm-based across lowlands and near their margins. For 20 
million years ice sheets fluctuated on Croll-Milankovitch fre-
quencies. At ~14 Ma the ice sheet expanded to its maximum 
and deepened a preexisting radial array of troughs selectively 
through the coastal mountains and eroded the continental 

shelf before retreating to its present dimensions at ~13.5 Ma. 
Subsequent changes in ice extent have been forced mainly by 
sea-level change. Weathering rates of exposed bedrock have 
been remarkably slow at high elevations around the margin of 
East Antarctica under the hyperarid polar climate of the last 
~13.5 Ma, offering potential for a long quantitative record 
of ice-sheet evolution with techniques such as cosmogenic 
isotope analysis.

INTRODUCTION 

Our aim is to synthesize ideas about the evolution of the 
terrestrial landscapes of Antarctica. There are advantages to 
such a study. First, the landscape evidence appears to extend 
back beyond earliest Oligocene times when the first ice 
sheets formed. Thus events on land may potentially be linked 
with atmospheric and oceanic change as the world switched 
from a greenhouse to a glacial world and saw the develop-
ment of the Antarctic ice sheet. This helps in establishing 
correlations or leads and lags between different components 
of the Earth system as a way of establishing cause and effect 
in global environmental change. Second, the evidence of 
landscape evolution can be used to refine models of Earth 
surface processes and their interaction with the wider global 
system (e.g., by linking conditions in the terrestrial source 
areas with the marine record of deposition). Third, there are 
analogies in the Northern Hemisphere of similar-size former 
Pleistocene ice sheets where the bed is exposed for study. 
The glaciological body of evidence and theory built on such 
a base over 150 years is helpful in assessing the nature of the 
inaccessible topography beneath the Antarctic ice sheet. As 
such it can illuminate interpretations of subglacial conditions 
and the dynamics of the present ice sheet. 

The crux of any reconstruction of landscape evolution 
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in a glaciated area is the extent to which ice sheets have 
transformed a preexisting fluvial topography. For 150 years 
there has been debate between those highlighting the erosive 
power of ice and those indicating its preservative capacity. In 
1848 Charles Lyell, on his way over the formerly glaciated 
eastern Grampians of Scotland to receive a knighthood from 
Queen Victoria, wrote in his diary, “Here as on Mt Wash-
ington and in the White Mountains the decomposing granite 
boulders and the bare surfaces of disintegrating granite are 
not scored with glacial furrows or polished.” Such observa-
tions subsequently led to the idea of unglaciated enclaves 
that escaped glaciation completely (e.g., in Britain: Linton, 
1949; and in North America: Ives, 1966). In Antarctica, 
scientists on the early 20th-century expeditions of Scott and 
Shackleton debated the issue, with Taylor (1922) arguing that 
the landscape was essentially glacial in origin but cut under 
earlier warmer glacial conditions, and Priestley (1909) argu-
ing that glaciers had modified an existing fluvial landscape. 
The debate has continued; some argue for dissection of the 
Transantarctic Mountains by glaciers since the Pliocene (van 
der Wateren et al., 1999) while others point to the important 
role of fluvial erosion at an earlier time (Sugden and Denton, 
2004).

This paper contributes to this debate by outlining the 
main variables influencing landscape evolution in Antarc-
tica and then developing hypotheses about what might be 
expected from both a fluvial and a glacial perspective and 
the interaction of the two.

WIDER CONTEXT

East Antarctica consists of a central fragment of Gondwana 
and is surrounded by rifted margins (Figure 1). The initial 
breakup of Gondwana around most of East Antarctica took 
place between 160 Ma and 118 Ma. The separation of India 

and Antarctica took place first, while the separation of Aus-
tralia from Antarctica took place in earnest after 55 Ma. Tas-
mania and New Zealand separated from the Ross Sea margins 
at around 70 Ma. West Antarctica comprises four separate 
mini-continental blocks: Antarctic Peninsula, Thurston, 
Marie Byrd Land, and Ellsworth-Whitmore, thought to be 
associated with extensional rifting. The drift of the conti-
nents opened up seaways around Antarctica and changed 
ocean circulation and productivity. A long-held view is that 
this permitted the development of the Antarctic Circumpolar 
Current, which introduced conditions favorable for glacia-
tion (i.e., cooler temperatures and increased precipitation) 
(Kennett, 1977). In addition, recent climate modeling studies 
have suggested that a reduction in atmospheric greenhouse 
gases may have played an important role in the triggering 
of Antarctic glaciation (DeConto and Pollard, 2003; Huber 
and Nof, 2006). Critical dates for the development of ocean 
gateways are ~33 Ma, when a significant seaway opened up 
between Antarctica and Australia (Stickley et al., 2004), and 
~31 Ma, when Drake Strait between the Antarctic Peninsula 
and South America became a significant seaway (Lawver 
and Gahagan, 2003).

The stepwise glacial history of Antarctica has been 
pieced together from marine records. Ice sheets first built 
up at ~34 Ma and their growth was marked by a sudden rise 
in benthic δ18O values (Zachos et al., 1992). On land on the 
Ross Sea margin of Antarctica, beech forest similar to that 
in Patagonia today gave way to scrub forest and this change 
was accompanied by a progressive shift in clay minerals 
from smectite, typical of forest soils, to chlorite and illite 
characteristic of polar environments (Raine and Askin, 2001; 
Ehrmann et al., 2005; Barrett, 2007). Glaciation for the next 
~20 million years was marked by ice volume fluctuations 
similar in scale to those of the Pleistocene ice sheets of the 
Northern Hemisphere. These fluctuations are demonstrated 
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FIGURE 1 The location of Antarctica 
within Gondwana. The reconstruction 
shows the fragmentation of the supercon-
tinent at 120 Ma (modified from Lawver 
et al., 1992).
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by strata from 34 Ma to 17 Ma cored off the Victoria Land 
coast near Cape Roberts (Naish et al., 2001; Dunbar et al., 
forthcoming), high-resolution isotopic records from near 
Antarctica (Pekar and DeConto, 2006), and by ice-sheet 
modeling forced by reduced atmospheric CO

2
 levels and 

contemporary orbital insolation changes (DeConto and 
Pollard, 2003). During the same period, the Cape Roberts 
record shows a progressive decline in meltwater sediments 
accumulating offshore and a vegetation decline to moss tun-
dra, both indicating progressive cooling. A second stepwise 
cooling of Pacific surface waters of 6-7°C accompanied by 
a glacial expansion occurred in the mid-Miocene at ~14 Ma 
and is indicated in the marine isotope record (Shevenell et al., 
2004; Holbourn et al., 2005). This event is also recorded in 
the transition from ash-bearing temperate proglacial deposits 
to diamict from cold ice in the Olympus Range of South 
Victoria Land at the edge of the South Polar Plateau (Lewis 
et al., 2007). Geomorphic evidence indicates that the present 
hyperarid polar climate of interior Antarctica was established 
at this time, along with the present structure of polar ocean 
circulation. Subsequent increases in ice-sheet volume, such 
as occurred in the Quaternary, involved ice thickening at the 
coast in response to a lowering of global sea level (Denton 
et al., 1989).

LANDSCAPE EVOLUTION: THE FLUVIAL SIgNAL

Hypothesis

One can predict in qualitative terms the landscape that would 
accompany the separation of a long-lived continent such 
as Gondwana. There would be integrated continental-scale 
river networks similar in scale to that of the Orange River in 
South Africa and the Murray River in Australia. Presumably 
these Antarctic rivers would have developed in a semiarid, 
seasonally wet climate, especially those in the interior of the 
supercontinent far from the sea. The rifted margins would 
have been subjected to fluvial processes related to the evolu-
tion of passive continental margins. This has been the focus 
of much research in recent years and is well summarized by 
Summerfield (2000). Beaumont et al. (2000) developed a 
coupled surface process-tectonic model of passive continen-
tal margin evolution at a classic diverging rift margin (Figure 
2A). The main feature is the uplift of the rifted margin inland 
of a bounding fault running parallel to the coast. The uplift is 
a result of thermal buoyancy and crustal flexure in response 
to denudation near the coast and deposition offshore. Erosion 
is stimulated by the steep surface gradients created by the 
lower base level as the rift opens up. Mass wasting and riv-
ers with steep gradients carve a coastal lowland and valleys 
into the upland rim. A seaward-facing escarpment forms at 
the drainage divide. Preexisting rivers may keep pace with 
the uplift and traverse the escarpment and allow dissection 
to spread behind the escarpment. Subsidiary erosion surfaces 
may form in response to lithological contrasts in rock type 
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FIGURE 2 (A) Typical landscapes of a passive continental margin 
as modeled by Beaumont et al. (2000), using a numerical coupled 
tectonic-earth surface process model of landscape evolution. The 
new base level creates a pulse of erosion and associated rock uplift 
that leads to a staircase of coastal erosion surfaces separated by 
escarpments and incised river valleys, some of which may maintain 
their valleys across the escarpment crest. (B) Geomorphic map of 
the Convoy Range and Mackay Glacier area, showing the staircase 
of seaward-facing escarpments, erosion surfaces, dissected moun-
tain landscapes near the coast, and the dendritic valley patterns 
radiating from a high point in the Coombs Hills. Principal faults 
parallel to and at right angles to the mountain front are taken from 
Fitzgerald (1992).
SOURCE: Sugden and Denton (2004). The model in (A) simulates 
the field evidence in remarkable detail.

and in response to secondary faults that develop parallel to 
the coast. Observations on other Gondwanan margins sug-
gest that most erosion occurs within 10-20 million years 
of the rift opening up (Persano et al., 2002). Subsequently, 
cooling and crustal flexure may cause subsidence and the 
seaward ends of the valleys are flooded by the sea. 
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The model applies to idealized young rift margins, and 
there are often more complex relationships affecting other 
continental margins of Gondwana (Bishop and Goldrick, 
2000). Factors such as time elapsed since rifting, proximity 
to the rift, inherited altitude of the margin, tectonic down-
warping, and crustal flexure can all affect the amplitude of 
the topography and the evolution of any escarpment. 

Antarctic Evidence

Figure 3 shows a reconstruction of the continental river pat-
terns inferred to exist if the Antarctic ice sheet is removed and 
the land compensated for isostatic depression by full flexural 
rebound. The map is based on the BEDMAP reconstruction 
of subglacial topography with a nominal resolution of 5 km 
(Figure 4) (Lythe et al., 2001). Sea level is assumed to lie 
at –100 m to represent the subsidence associated with the 
crustal cooling and flexure of mature passive continental 
margins. The reconstruction is based on hydrological model-
ing methods for cell-based digital elevation models whereby 
water is deemed to flow to the lowest adjacent cell. There are 
many uncertainties, not the least of which is that large areas 
have little data, but a sensitivity analysis suggests that models 
forced by a range of different assumptions yield a network 
that is essentially similar from run to run (Jamieson et al., 
2005). The reconstruction shows that there are integrated 
networks leading radially to major depressions at the coast, 

such as the western Weddell Sea, Lambert, Wilkes Land, and 
Oates Land basins. The dendritic pattern of the network, the 
centripetal pattern of flow from the subglacial Gamburtsev 
Mountains, and the topological coherence of the tributaries 
are demonstrated by bifurcation ratios that are representa-
tive of other river basins, such as the Orange River in South 
Africa (Jamieson et al., 2005). These observations imply a 
fluvial signature in the subglacial landscape on a continental 
scale. 

Such a conclusion is reinforced by investigation of the 
valley patterns on mountain areas rising above the present 
ice-sheet surface. Good examples of former fluvial valley 
systems now occupied by local glaciers exist in the Trans-
antarctic Mountains. The valley networks of several basins 
in northern Victoria Land have been ordered according to 
fluvially based Horton-Strahler rules (Horton, 1945; Strahler, 
1958) and the dendritic pattern and hierarchical relationships 
between valley segments, and variables such as cumulative 
mean length are typical of river networks (Baroni et al., 
2005). The Royal Society Range shows a similarly dendritic 
network radiating from one of the highest summits in Ant-
arctica at over 4000 m (Sugden et al., 1999).

The landforms near the coast of the Antarctic passive 
continental margin are well displayed in the relatively gla-
cier-free area of the Dry Valleys and adjacent Convoy Range 
(Figure 2B). Many features expected of a fluvial landscape 
are present. These include erosion surfaces rising inland from 
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FIGURE 3  Reconstruction of the 
continental-scale river patterns beneath the 
present ice sheet. We assume that the land 
is isostatically compensated and that sea 
level is 100 m lower than today. The model 
uses the BEDMAP subglacial topography 
at a nominal cellular scale of 5 km (Figure 
4). BEDMAP data are from Lythe et al. 
(2001).
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the coast and separated by escarpments, a coastal piedmont, 
an undulating upper erosion surface dotted with 100-450 m 
inselbergs, a seaward-facing escarpment 1000-1500 m in 
height, and intermediate erosion surfaces delimited by 
lithological variations, notably near horizontal dolerite sills. 
Sinuous valleys with a dendritic pattern can also be found. 
Most run from the escarpment to the sea, but others, such as 
that occupied by Mackay Glacier, breach the escarpment and 
drain the interior through tributaries bounded by additional 
escarpments. In detail the valleys have a sinuous planform, 
rectilinear valley sides with angles of 26-36°, and often 
lower-angle pediment slopes in the valley floors (Figure 5). 
The floor of the southernmost Dry Valley, Taylor Valley, is 
below sea level toward the coast, where it is filled with over 
300 m of sediments of late-Miocene to recent age (Webb 
and Wrenn, 1982).

The erosion of the coastal margin has been accompanied 
by the denudation of a wedge of rock thickest at the coast and 
declining inland. This is displayed in the coastal upwarping 
of basement rocks and in the denudation history indicated 
by apatite fission track analysis. Both lines of evidence agree 
and point to the denudation since rifting of 4.5-5 km of rock 
at the coast falling to ~1 km of rock at locations 100 km 
inland (Fitzgerald, 1992; Sugden and Denton, 2004). The 

fission track analyses suggest that most denudation occurred 
shortly after 55 Ma.

The evidence presented above is powerful affirmation 
that the normal fluvial processes of the erosion of a pas-
sive continental margin explain the main landscape features 
of three mountain blocks of the Transantarctic Mountains 
extending over a distance of 260 km. In these cases it is 
the fault pattern and the position of the drainage divide that 
are the main controls on topography and determine the dif-
ferences in the landscapes of each block. It is not possible 
to apply the model of passive continental margin evolution 
to other sectors of East Antarctica without more detailed 
evidence, but similar landscapes occur in the Shackleton 
Range (Kerr and Hermichen, 1999) and in Dronning Maud 
Land (Näslund, 2001). One exception is the Bunger Hills and 
Vestfold Hills sector of East Antarctica east of the Lambert 
Glacier, where there is no escarpment. The matching piece 
of Gondwana is India, which separated early, and a longer 
and more complex evolution of the rift margin may explain 
the lack of an escarpment today. 

It seems reasonable to argue that the framework of 
passive continental margin evolution applies to Antarctica 
and that in many areas a major pulse of fluvial erosion and 
accompanying uplift was a response to new lower base levels 

FIGURE 4 The present-day subglacial 
topography of Antarctica. BEDMAP data 
are from Lythe et al. (2001).
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FIGURE 5 George Denton and David Marchant in Victoria Valley, Dry Valleys, a typically fluvial landscape with rectilinear slopes and a 
shallow pediment slope leading to the valley axis. The slopes have escaped modification by overriding ice.

following continental breakup. Since breakup took place at 
different times, the stage of landscape evolution will vary 
from place to place in Antarctica. Furthermore, where large-
scale tectonic features such as the Lambert graben disrupt the 
continental margin, they are likely to focus the fluvial system 
in a distinctive way (Jamieson et al., 2005). 

LANDSCAPE EVOLUTION: THE gLACIAL SIgNAL

Hypothesis

The beds of former Northern Hemisphere mid-latitude ice 
sheets form the basis of understanding how glaciers trans-
form preexisting landscapes. There are differences in that the 
Antarctic ice sheet has existed for tens of millions of years 
rather than a few million, but there are important similari-
ties in that the North American ice sheet was of similar size 
and volume as the Antarctic ice sheet, and in that both have 
fluctuated in size in response to orbital forcing during their 
evolution, albeit to varying extents. 

At the outset it is helpful to distinguish two scales of 
feature: Those that reflect the integrated radial flow of the 
ice sheet at a continental scale when it is close to or at its 
maximum and those that reflect the local and regional flow 
patterns as ice flows radially from topographic highs. 

The key to landscape change by large ice sheets is the 

superposition of a continental-scale radial flow pattern on the 
underlying topography. Such patterns are easily obscured by 
local signals but one can identify the following:

•	 Erosion in the center and wedges of deposition 
beneath and around the peripheries (Sugden, 1977; Boulton, 
1996);

•	 Continental shelves that are deeper near the conti-
nent and shallower offshore as a result of erosion near the 
coast, often at the junction between basement and sedimen-
tary rocks (Holtedahl, 1958);

•	 Radial pattern of large 10-km-scale troughs that 
breach and dissect the drainage divides near the coast and 
may continue offshore (e.g., in Norway, Greenland, and Baf-
fin Island) (Løken and Hodgson, 1971; Holtedahl, 1967); 

•	 Radial pattern of ice streams with beds tens of km 
wide, streamlined bedforms in bedrock and drift, and sharply 
defined boundaries (Stokes and Clark, 1999); and

•	 Radial pattern of meltwater flow crossing regional 
interfluves, as revealed, for example, by the pattern of eskers 
in North America (Prest, 1970).

Local and regional patterns also display radial configu-
rations and reflect multiple episodes of reduced glaciation. 
Distinguishing features of marginal glaciation are corries or 
cirques, the dominant orientation of which, northeast facing, 
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is determined in the Northern Hemisphere by slopes shaded 
from the sun and subject to wind drift by prevailing westerly 
winds (Evans, 1969). Stronger local glaciation typically 
builds ice caps on mountain massifs with ice flow carving 
a radial pattern of troughs, so well displayed in the English 
Lake District and Scotland, for example. 

Clearly there will be a complex interaction between 
local, regional, and continental modes of flow depending on 
such factors as climate, ice extent, and topographic geometry. 
We attempt to model this complexity in Figure 6 by showing 
various stages of evolution of the Antarctic ice sheet using 
GLIMMER, a three-dimensional thermomechanical ice-
sheet model as described by Payne (1999) and Jamieson et 
al. (forthcoming). The intention is to illustrate the range of 
different ice-sheet geometries that would be expected at vari-
ous stages of Croll-Milankovitch glacial-deglacial cycles. 
The model is run for an arbitrary 1 million years with stepped 
temperature changes every 50 kyr falling from present-day 
Patagonian values to present-day Antarctic values. This tim-
escale is designed to allow the ice to achieve approximate 
equilibrium at all times and to allow the isostatic response 
of the bedrock to reach a balance with these fluctuations 
in ice thickness. Patagonian climate statistics are used to 
simulate the climate inferred from vegetation associated with 
the initial glaciation of Antarctica (Cape Roberts Science 
Team, 2000; Raine and Askin, 2001). Modeled precipitation 
follows the pattern of net surface mass balance derived by 
Vaughan et al. (1999). At the beginning of the model run, 

maximum coastal precipitation at sea level is scaled up to 2 
m per year, four times that of the present day. The maximum 
then falls linearly to 0.5 m per year by the end of the model 
run. Mean annual temperatures fall from 7°C at sea level to 
present values of –12°C through the model run. Melt rates 
under warmer climatic conditions are calculated using a 
positive degree-day model (Reeh, 1991) whereby ablation 
is proportional to the number of days where temperature is 
above the freezing point. Diurnal variability is accounted 
for by using a normal distribution of temperature with a 5°C 
standard deviation. The pattern of mass balance used to drive 
ice growth is shown in Figure 7.

The bed topography is derived from BEDMAP (Figure 
4) (Lythe et al., 2001) and is flexurally rebounded to com-
pensate for the lack of an ice sheet. The use of an isostati-
cally compensated present-day topography ignores tectonic 
movements and means that the results of the modeling 
become more uncertain as one goes further back in time. 
However, there is less risk in East Antarctica, where the main 
topographic features were established by Oligocene times. 
For example, geological evidence in the form of basement 
clasts in Oligocene strata cored off the Victoria Land coast 
(CIROS-1 drillcore) (Barrett et al., 1989) and Cape Roberts 
(Cape Roberts Science Team, 2000) suggests that the Trans-
antarctic Mountains had been eroded deep enough to form 
a significant feature by Oligocene times. Furthermore, the 
Gamburtsev Mountains are considered to be a Pan-African 
feature with an age of 500 Ma (van de Flierdt et al., 2007). 
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FIGURE 6 Model of the Antarctic ice 
sheet, generated using the GLIMMER 3-D 
thermomechanical model and the stepped 
transition from a Patagonian-style climate 
to the present polar climate. The four stages 
(A-D) illustrate the range of variability to 
be expected as the Antarctic ice sheet ex-
perienced many Croll-Milankovitch glacial 
cycles during its early evolution.
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FIGURE 7 Present-day accumulation 
is used to drive a simulated Antarctic ice 
sheet (Vaughan et al., 1999). Profile X-Y 
shows that under a Patagonian-style regime 
(grey line) there are zones of increased ac-
cumulation at high altitudes. Accumulation 
is discontinuous because of high levels of 
ablation across much of the continental 
lowlands. The present-day accumulation is 
shown by the black line.

The different stages of growth illustrate the principal 
pattern of glaciation of Antarctica. Initial growth is in coastal 
mountains, such as in Dronning Maud Land, along the Trans-
antarctic Mountains, in the West Antarctic archipelago, and 
in the high Gamburtsev Mountains in the interior. The ice 
spreads out from these mountain centers, first linking the 
main East Antarctic centers and then the West Antarctic cen-
ters. The model is deliberately simple but it suffices to show 
that glaciation starts preferentially in maritime mountains 
and in interior mountains if they are high enough. It also 
serves to illustrate the complexity of the changing pattern 
of flow as different ice centers merge and ice flow evolves 
from locally radial to continentally radial. The subglacial 
landscape of Antarctica can be expected to consist of a 
palimpsest of landforms related to these local, regional, and 
continental stages, while eroded material will experience a 
complex history of temporary deposition and changing flow 

paths before being delivered to the coastal margin by the 
continental ice sheet.

Antarctic Evidence

The evidence of continental radial patterns of erosion is 
spectacular. The Lambert trough, which is 40-50 km across 
and 1 km deep, drains 10 percent of the East Antarctic ice 
sheet. It is coincident with a graben and is comparable to, 
but deeper and longer than, the North American equivalents, 
such as Frobisher Bay in Baffin Island. And then there is the 
spectacular series of troughs cutting through the Transant-
arctic Mountain rim. Webb (1994) has previously suggested 
that the Beardmore trough, 200 km long, 15-45 km wide, 
and over 1200 m deep, exploited a preexisting river valley. 
Unloading due to glacial erosion may have contributed to 
isostatic uplift of the adjacent mountains (Stern et al., 2005). 
Offshore there are continuations of such troughs incised 
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into the continental shelf of both East and West Antarctica 
(Wellner et al., 2001). Other troughs, such as that running 
parallel to Adelaide Island on the Antarctic Peninsula, have 
exploited the junction between basement and sedimentary 
rocks (Anderson, 1999). A series of ice streams flow into the 
Ross Sea and Weddell Sea embayments. They are underlain 
by deformable till and, in the case of the Rutford ice stream, 
by streamlined bedforms (Smith et al., 2007). There is also 
growing evidence of radial outflow of basal meltwater (Evatt 
et al., 2006). Hundred-meter-deep rock channels and massive 
staircases of giant potholes represent large-scale outbursts of 
subglacial meltwater across the Transantarctic Mountains 
rim in the McMurdo area (Denton and Sugden, 2005; Lewis 
et al., 2006). 

There is also evidence of local and regional glacial 
landforms. Early studies of the subglacial Gamburtsev 
Mountains revealed characteristic trough overdeepening and 
the presence of hanging valleys, pointing to a local glacia-
tion (Figure 8). The glacial landscapes of Dronning Maud 
Land too were created by local mountain glaciation and not 
the present ice sheet (Holmlund and Näslund, 1994). Recent 
geophysical surveying has demonstrated the presence of 
lakes in overdeepened troughs radiating from the Ellsworth 
Mountain core (Siegert, pers. comm., 2007). Overdeepen-
ing in the topographically constrained part of a fjord, and 
the rock threshold at the point when the trough opens out, 
are well-known characteristics of fjords in the Northern 
Hemisphere (Løken and Hodgson, 1971; Holtedahl, 1967). 
Similar features are found to radiate from uplands now below 
sea level in the Ross Sea embayment (De Santis et al., 1995; 

Sorlien et al., 2007). In these latter cases the troughs are 
revealed by seismic survey. In the McMurdo Dry Valleys area 
of the Transantarctic Mountains a phase of local glaciation is 
represented by troughs identified on the inland flank of the 
mountains (Drewry, 1982) and troughs exploiting sinuous 
river valleys, such as the Mackay Glacier. Finally, the com-
pact wet-based glacial deposits (the Sirius Group deposits) 
distributed at high elevations along 1000 km of the Transant-
arctic Mountains in the Ross Sea sector represent glaciation 
centered on the mountains (Denton et al., 1991, 1993). The 
deposits are characterized by local lithologies and the till 
components contain striated stones and a matrix typical of 
glacial erosion under warm-based ice. Some of these deposits 
incorporate remains of Nothofagus (southern beech) forest 
representative of a cool temperate environment. 

LANDSCAPE EVOLUTION: THE COMBINED SIgNAL

Hypotheses

It is possible to relate subglacial landscapes to the processes 
by which glaciers modify preexisting topography. A simple 
classification scheme recognizes landscapes of areal scour-
ing with abundant evidence of glacial scour; those of selec-
tive linear erosion where troughs dissect plateaus; those with 
no sign of glacial erosion and devoid of glacial landforms; 
and depositional landscapes composed of till and meltwa-
ter deposits (Sugden, 1978). The differences are related 
to whether the basal ice is at the pressure melting point. A 
key assumption is that ice erodes effectively when the base 
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FIGURE 8 An early reconstruction of the 
landscape of the subglacial Gamburtsev 
Mountains based on the analysis of radio-
echo sounding data. The arrows pick out 
diagnostic glacial features such as overdeep-
ening and hanging valleys presumed to have 
been formed by local mountain glaciation 
(modified from Perkins, 1984).
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is at the pressure melting point because sliding takes place 
between the ice and bedrock, permitting several processes 
to entrain bedrock and to deposit material. Such a situation 
explains landscapes of areal scouring, the linear erosion of 
troughs, and zones of deposition. The converse is that when 
the basal temperature is below the pressure melting point 
there is no sliding at the ice and rock interface. In such situ-
ations ice can be essentially protective and leave little sign 
of erosion. There is debate as to how protective the ice may 
be (Cuffey et al., 2000), but recent work on cosmogenic 
isotope analysis demonstrating the age of exposure and the 
time buried beneath ice has shown that the hypothesis holds 
in many areas of the Northern Hemisphere (Briner et al., 
2006; Stroeven et al. 2002).

Armed with these observations it is possible to hypoth-
esize about the landscape beneath the Antarctic ice sheet 
and suggest local, regional, and continental patterns. The 
numerical model of ice-sheet growth can be used to predict 
the changing pattern of glacial erosion during glacial cycles. 
Figure 9 shows the distribution of basal ice at the pressure 
melting point during stages of regional and continental gla-
ciation. The regional pattern shows how the peripheries of 
the regional ice sheets are warm-based near their margins 
and inland to the vicinity of the equilibrium line where the 

ice discharge is highest and generating most internal heat. 
These will be the areas of glacial erosion. The influence of 
topography is clear in that warm-based ice is focused on the 
depressions and major valleys where ice is thicker and flows 
faster. These low-lying areas at the pressure melting point are 
also those in which subglacial lakes might accumulate. What 
is striking is the way this zone of peripheral warm-based 
ice and erosion is a wave that sweeps across the landscape 
as the ice sheet grows to its continental maximum. At the 
macroscale the zone of warm-based ice is more extensive 
around the continental margins, especially in the vicinity 
of the main preexisting drainage basin outlets. Under both 
scenarios the ice over the main uplands remains below the 
pressure melting point.

From the above we can predict that the landscape in 
lowland areas of the Antarctic ice sheet will be underlain by a 
landscape of areal scouring. This relates both to the presence 
of ice at the pressure melting point and to the progressive 
erosion of rock debris by radial outflow of ice at different 
scales. Interaction between local and ice-sheet maximum 
flow directions and rock structure will determine the rough-
ness and degree of streamlining of landforms. Flow in the 
same direction under both local and continental modes will 
favor elongated streamlined bedforms, perhaps with plucked 
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There is no A and B in the file.
Maybe B and C become A and B.

FIGURE 9 Modeled distribution of basal ice at the pressure melting point during intermediate and full stages of Antarctic glaciation (letters 
correspond to snapshots in Figure 6). Erosion, thought to be associated with sliding under such basal conditions, is concentrated toward the 
ice-sheet margins and at the beds of major outlet glaciers. A wave of erosion accompanies the expansion of local and regional ice to a full 
continental ice sheet.
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lee slopes, while complex flow changes will leave an irregu-
lar pattern. Areal scouring will be clearest on the lowlands 
and diminish upslope on upstanding massifs where summits 
may show no sign of glacial modification. This latter pat-
tern reflects the effects of topography on the basal thermal 
regime and implies that the ice remained cold-based during 
local, regional, and continental stages of glaciation. Judging 
by the geomorphology of glaciated shields of the Northern 
Hemisphere, erosion will have removed some tens of meters 
of material, much of it initially as weathered regolith. This is 
sufficient to modify but not erase the preexisting river land-
scape, as argued for northern Europe (Lidmar-Bergstrom, 
1982). However, given the longer duration of glaciation in 
Antarctica one would expect a greater depth to have been 
removed. The products of this erosion will be deposited 
offshore. 

Antarctic Evidence

There is no direct evidence of areally scoured landscapes 
beneath the ice sheet. However, there are many observa-
tions from around the margins of Antarctica to indicate that 
such landscapes are likely to be widespread. Areas formerly 
covered by an earlier expanded ice sheet display extensive 
landscapes of areal scouring. This includes oases in East 
Antarctica, such as the Amery Oasis bordering the Lambert 
Glacier (Hambrey et al., 2007); the Ross Sea area where 
the scouring is most prominent near sea level and can be 
traced to elevations of 1000-2100 m along the Transantarctic 
Mountains front (Denton and Sugden, 2005); the inner parts 
of the offshore shelf in many parts of West Antarctica; and 
the offshore shelves surrounding islands off the Antarctic 
Peninsula and sub-Antarctic islands (Anderson, 1999). In 
all these situations meltwater channels testify to the activity 
of basal meltwater. Whereas all these observations are con-
sistent with the view that warm-based ice occurred beneath 
thicker parts of the ice sheet when it was more extended and 
in maritime environments, what is surprising is that striated, 
scoured rock surfaces also define trimlines around mountains 
protruding above the ice sheet, even in the interior, such as 
the Ellsworth Mountains (Denton et al., 1992). The implica-
tion of shallow surface ice at the pressure melting point is 
that surface climatic conditions must have been within a few 
degrees of freezing point and thus several tens of degrees 
warmer than at present.

Landscapes of selective linear erosion are common 
in the mountainous rim of East Antarctica. In many areas 
glacial troughs are clearly delimited and excavated into 
a landscape-preserving fluvial valley form, often bearing 
diagnostic subaerial weathering forms such as regolith 
and tors. Such a description would apply to the landscapes 
bordering the Lambert Glacier (Hambrey et al., 2007), the 
Shackleton Mountains (Kerr and Hermichen, 1999), exposed 
escarpments in Dronning Maud Land (Näslund, 2001), the 
mountain blocks of the Transantarctic Mountains in Victoria 

Land (Sugden and Denton, 2004), and the plateaus of the 
Antarctic Peninsula area (Linton, 1963). As in the Northern 
Hemisphere such a description also applies on the scale of 
individual massifs. For example, upstanding nunataks in the 
Sarnoff Mountains of Marie Byrd Land are bounded by lower 
slopes with clear evidence of glacial scouring and yet their 
summits have retained an upper surface with tors, weathering 
pits, and block fields. In this case cosmogenic isotope analy-
sis demonstrates that the mountains have been covered by ice 
of several glacial maxima and that weathering has continued 
sporadically in interglacials for ~1 million years (Sugden et 
al., 2005). The selectivity reflects the difference between 
the thicker, converging ice that scours as it flows round the 
massif and the thin diverging ice covering the summit that 
remains cold-based during each episode of overriding. 

The implication of the above is that the hypothesis 
relating glacial modification of a preexisting landscape to 
the presence or absence of warm-based ice may be helpful 
in describing and understanding the landscape evolution 
of Antarctica. When the basal thermal regime remains the 
same beneath both local and full ice-sheet conditions, then 
the glacial transformation, or lack of it, will be clearest. 
What is exciting about the present time is that cosmogenic 
isotope analysis offers the opportunity to quantify such 
relationships. 

CHRONOLOgY OF LANDSCAPE EVOLUTION

A number of dates help firm up the relative chronology of 
landscape evolution. Early studies of offshore sediments 
in Prydz Bay established the presence of fluvial sediments 
below the earliest glacial sediments, the latter dated to ~34 
Ma (Cooper et al., 1991; O’Brien et al., 2001). The location, 
structure, and nature of the sediments suggest that the depos-
its have been derived from rivers flowing along the Lambert 
graben. Probably the deposits began to accumulate when rift 
separation began around 118 Ma (Jamieson et al., 2005). 

Some large glacial troughs were cut by late Miocene 
times. In the Lambert Glacier area the offshore sedimen-
tary evidence points to an ice sheet that discharged from a 
broad front on the offshore shelf until the late Miocene but 
experienced a switch to deposition within the overdeepened 
Lambert glacial trough subsequently. Ice-sheet model-
ing suggests that the deepening of the trough changed the 
dynamics of glacier flow and ablation to such an extent that 
calving velocity could match ice velocity and that the glacier 
was no longer able to advance through the deep water of 
the trough (Taylor et al., 2004). The implication is that the 
trough was excavated deeply by the late Miocene. Similar 
relationships occur in the glacially deepened mouths of the 
Dry Valleys in the McMurdo Sound area. Microfossils at 
the bottom of the Dry Valleys Drilling Project (DVDP-11) 
drillcore at the mouth of Taylor Valley are late Miocene in 
age (Webb and Wrenn, 1982). Marine shells deposited in a 
fjord in the glacial trough of Wright Valley are Pliocene in 
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age and overlie a till of >13.6 Ma (Hall et al., 1993). These 
age relationships in glacial troughs related to ice flow from 
the interior of Antarctica demonstrate that they were cut by 
the late Miocene.

There is evidence from the McMurdo Sound area that 
the Antarctic ice sheet overrode marginal mountains and 
extended to the outer shelf at its maximum in the mid-Mio-
cene. The case is argued out in a series of detailed papers in 
the Dry Valleys area, the key chronological fixes of which 
are:

•	 There is clear evidence that ice overrode all except 
perhaps the highest mountains in the Royal Society Range 
in the form of ice scouring on cols and subglacial meltwater 
channels that cross the mountains. The direction of flow is 
conformable with models of ice expansion to the outer edge 
of the offshore shelf (Sugden and Denton, 2004). 

•	 40Ar/39Ar dating of in situ volcanic ash deposits 
overrun by such ice and those ashes deposited on till sheets 
associated with such overriding ice constrains the event to 
between 14.8 Ma and 13.6 Ma (Marchant et al., 1993). 

•	 Landscapes of areal scouring molded by the maxi-
mum ice sheet in front of the Royal Society are older than 
12.4 3 ± 0.22 Ma, the age of the oldest undisturbed volcanic 
cone known to have erupted onto the land surface (Sugden 
et al., 1999).

•	 40Ar/39Ar analyses of tephra show that the major 
meltwater feature represented by the Labyrinth in Wright 
Valley predates 12.4 Ma and that the last major outburst 
occurred some time between 14.4 Ma and 12.4 Ma (Lewis 
et al., 2006). 

•	 3He ages of individual dolerite clasts in meltwater 
deposits from the overriding ice sheet reveal exposure ages 
between 8.63 ± 0.09 and 10.40 ± 0.04 Ma. Allowing for ero-
sion, they are calculated to have been exposed for ~13 Ma 
(Margerison et al., 2005).

As yet there are few comparable terrestrial dates else-
where in Antarctica, but it is worth drawing attention to 
work on the flanks of the Lambert Glacier in which there is 
biostratigraphical evidence of a pre-late Miocene phase of 
glacial erosion and deepening, followed by a 10-million-year 
period of exposure (Hambrey et al., 2007). It is tempting to 
equate the deepening to the same ice-sheet maximum.

In the McMurdo Sound area it is possible to establish 
that a phase of warm-based glaciation occurred before the 
mid-Miocene overriding ice. The critical evidence is that 
warm-based tills in the high mountains bounding the Dry 
Valleys, and indeed the Sirius Group deposits, have been 
modified by overriding ice. Typically there are erosional 
patches excavated into a preexisting till with material 
dragged out down-ice (Marchant et al., 1993) and ripple 
corrugations with a spacing of 25-50 m that are a coherent 
part of the overriding meltwater system (Denton and Sugden, 
2005). One important fix on the switch from warm-based to 

cold-based local glaciation has been reported from the Olym-
pus Range in the McMurdo Sound area of the Transantarctic 
Mountains (Lewis et al., 2007). Here a classic warm-based 
till with meltout facies is overlain by weathered colluvium 
that is itself overlain by tills deposited by cold-based glaciers. 
The minimum date of transition is fixed by volcanic ashes 
interbedded between the two sets of tills and has an age of 
13.94 Ma. Such a transition beneath small local glaciers 
is argued to represent an atmospheric cooling of 20-25°C. 
Moreover, the transition occurs before one or more major 
ice-sheet overriding events in the same area. 

DISCUSSION

Here we attempt a synthesis of landscape evolution of 
Antarctica, based mainly on terrestrial evidence (Table 1). 
Inevitably the hypothesis is based on partial information and 
is biased toward the data-rich McMurdo Sound area of the 
Transantarctic Mountains. Nevertheless it seems helpful to 
try and generalize more broadly.

An early pulse of fluvial erosion was associated with 
the breakup of Gondwana and the creation of new lower 
base levels around the separating continental fragments. The 
timing of the pulse varied with the time of base level change 
around each segment. Erosion removed a wedge of material 
from around the margins of East Antarctica and the smaller 
continental fragments of West Antarctica. Escarpments 

TABLE 1 The Chronology of Landscape Evolution in 
Antarctica Based Mainly on Terrestrial Evidence

>55-34 Ma  Passive continental margin erosion of coastal 
surfaces, escarpments, and river valleys, removing 
4-7 km of rock at the coast and 1 km inland since 
rifting. Cool temperate forest and smectite-rich 
soils, at least at coast.

34 Ma Initial glaciation of regional uplands with 
widespread warm-based ice, local radial troughs, 
and tills. Climate cooling.

34-14 Ma  Local, regional, and continental orbital ice-
sheet fluctuations associated with progressive 
cooling, declining meltwater, and change to 
tundra vegetation. Local warm-based glaciers in 
mountains.

~14 Ma  Expansion of maximum Antarctic ice sheet to edge 
of continental shelf linked to sharp temperature 
decline of 20-25°C. Change from warm-based 
to cold-based local mountain glaciers. Selective 
erosion of continental-scale radial and offshore 
glacial troughs and meltwater routes.

13.6 Ma to Present Ice sheet maintains hyperarid polar climate. Slight 
thickening of ice-sheet margins during Pliocene 
warming in East Antarctica. Outlet glaciers respond 
to sea-level change, especially in West Antarctica. 
Extremely low rates of subaerial weathering. 
Glacial erosion restricted to outlet glaciers and 
beneath thick ice.
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and erosion surfaces formed and were dissected to varying 
degrees by fluvial erosion. The degree of dissection increased 
with the complex geometry and small size of each fragment 
and was more pronounced near the coast. The interior of East 
Antarctica was characterized by large river basins, presum-
ably more arid in the interior than at the coast. The climate 
was sufficiently warm to support beech forests around the 
coast. Soils contained the clay mineral smectite, derived from 
the chemical weathering associated with forests.

Around 34 Ma declining atmospheric carbon dioxide 
and the opening of significant seaways between Antarctica 
and the southern continents were factors in bringing the two 
conditions necessary for glaciers: cooling and increased 
precipitation from circumpolar storms. Glaciation began 
in a Patagonian-type climate, at least in the Transantarctic 
Mountains, and was centered on maritime mountains of East 
and West Antarctica and high continental mountains in East 
Antarctica. The record from the Cape Roberts cores of fluctu-
ating ice-sheet extent, which is supported by marine oxygen 
isotope records, points to a dynamic ice sheet responding 
to orbital fluctuations in the same way as the Pleistocene 
ice sheets of the Northern Hemisphere. The preexisting 
regolith was progressively removed from the continent to 
create a subglacial landscape of areal scouring, probably in 
a complex series of flows as glacier extent and flow direc-
tions oscillated between an interglacial and ice-maximum 
state. Modeling suggests a wave of erosion was associated 
with each expansion of ice from the mountain centers. The 
presence of warm-based local glaciers in the Transantarctic 
Mountains suggests relatively warm interglacial periods.

The terrestrial record agrees with the marine record in 
pinpointing a sharp temperature decline associated with the 
expansion of the Antarctic ice sheet over its continental shelf 
at ~14 Ma. Perhaps the expansion was triggered by a change 
in ocean circulation or declining atmospheric carbon dioxide. 
Perhaps it too could have been related to the internal dynam-
ics of the ice sheet in that earlier glaciations had deposited 
shoals on the offshore shelf, reduced calving, and allowed 
the ice to advance to the outer edge, behavior well known in 
the case of fjord glaciers (Mercer, 1961). 

The mid-Miocene maximum ice sheet eroded troughs on 
a continental-scale, cutting selectively through the mountain 
rim, deepening the interior parts of the offshore shelf (and 
subsea basins?) in West Antarctica. Land surfaces covered by 
thin diverging ice remained essentially unchanged. Perhaps 
the offshore deepening was such that in cycles of growth and 
decay the ice could no longer advance to the shelf edge, as 
demonstrated by the behavior of the Lambert Glacier. Alter-
natively the change in ocean and atmospheric conditions 
after the mid-Miocene maximum to a hyperarid polar climate 
may have deprived the ice sheet of moisture. But after ~13.6 
Ma the ice retreated to its present continental lair, at least 
in East Antarctica, and remained essentially intact. Coastal 
fjords were filled with shallow marine Miocene sediments. 
The retreat and subsequent stability of the full ice sheet and 

its associated polar climate is demonstrated on land by the 
remarkably low erosion rates in the Transantarctic Mountains 
as revealed by 39Ar/40Ar dating of volcanic ashes and cones, 
by cosmogenic isotope analysis, and by the preservation of 
fragile deposits and buried ice (Brook et al., 1995; Ivy-Ochs 
et al., 1995; Summerfield et al., 1999; Marchant et al., 2002). 
Offshore the growth and decay of the maximum ice sheet 
is demonstrated by a widespread unconformity and dating 
evidence of a retreat of the ice in the Ross Sea area after 13.5 
Ma (Anderson, 1999).

The implication of the above is that fluctuations of 
the Antarctic ice sheet in the Pleistocene are forced by 
changes in sea level. In East Antarctica the fluctuations 
are relatively minor. Outlet glaciers thicken and advance 
seaward in response to a lowering of sea level in the North-
ern Hemisphere, as demonstrated in the case of the outlets 
flowing through the Transantarctic Mountains (Denton et 
al., 1989). Slight thickening occurs in Mac Robertson Land 
(Mackintosh et al., 2007), but the ice does not extend far 
offshore (O’Brien et al., 2001; Leventer et al., 2006). In 
agreement with such a limited expansion, the coastal oases 
of the Bunger Hills and the Larsemann Hills appear to have 
remained ice-free during the last glacial cycle (Gore et al., 
2001; Hodgson et al., 2001). In West Antarctica the Pleisto-
cene behavior is markedly different. Here ice appears to have 
extended to the edge of the continental shelf and occupied 
deep troughs extending ~100 km from the present coast 
(Bentley and Anderson, 1998; Ó Cofaigh et al., 2005). In 
this case and following Mercer (1978), one can surmise that 
the grounded ice streams occupying the topography below 
sea level between the individual massifs are especially sus-
ceptible to sea-level changes.

It is interesting that the ice sheet achieved its present 
profile in Mac Robertson Land 6000 years ago (Mackintosh 
et al., 2007). This is the time when global sea level had 
largely completed its recovery following the final disap-
pearance of the North American ice sheet. The coincidence 
supports the view that Antarctic ice fluctuations in the Pleis-
tocene are a response to sea-level changes driven primarily 
by the Northern Hemisphere ice sheets.

WIDER IMPLICATIONS

The thrust of this overview is that information about the 
evolution of passive continental margins and the processes 
and forms associated with mid-latitude Northern Hemisphere 
ice sheets is a useful guide for reconstructing the evolution of 
the landscape in Antarctica. At present there are insufficient 
constraints to do more than outline possibilities in a quali-
tative way. Nonetheless even a preliminary view provides 
some insights into the debate about the relative importance 
of fluvial and glacial agents of erosion. Further, there seems 
ample scope for a focused modeling exercise increasingly 
founded on quantitative field data.

What is also encouraging about the emerging terrestrial 
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record of landscape evolution is that the main stages match 
the records obtained from deep-sea and inshore cores. At 
present, given the uncertainties associated with each dat-
ing technique, it is not possible to be sufficiently precise to 
establish cause and effect and thus understand better the links 
between the ocean, atmosphere, and ice sheet in influencing 
or responding to environmental change. 

One important implication arising from this overview 
is the realization that fragile features in the landscape can 
be very old, whether they have been protected beneath ice 
or subject to a hyperarid climate with minimal erosion. It is 
possible for striations and moraines to survive for millions of 
years. Thus, it is possible that features such as trimlines with 
striations and associated moraines may date from glaciation 
prior to the mid-Miocene. Pleistocene changes in ice eleva-
tion may be indicated only by a sparse scatter of boulders. 
If so, then reconstructions of former Pleistocene ice thick-
nesses based solely on trimline and striation evidence can 
be misleading. 

It is worth reflecting on the richness of the record of 
landscape evolution in Victoria Land. At least in part this 
must be due to ease of access and proximity to the perma-
nent base of McMurdo Sound. If so, there is the prospect of 
equally rich archives in other parts of Antarctica. The chal-
lenge is to develop and explore these further to improve our 
understanding of landscape evolution and its contribution to 
the wider sciences. 
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