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The Dry Valleys region, near McMurdo Sound in the southwest corner of the Ross
Sea, displays a unique terrestrial record of multiple glaciations that involved complex
interplay between outflow glaciers from the east Antarctic ice sheet, local mountain
glaciers, and glacial marine incursions from the Ross Sea area. Although the geological
record of glaciation is fragmentary, the fossil content of the glacial marine rocks,
volcanic rocks intercalated with the glacial sequence, and freshwater lake sediments
have permitted dating of glacial events back to Miocene times.

Elsewhere in Antarctica, volcanic rocks that are thought to have been erupted either
over early glaciated surfaces, or under glaciers, provide a means for estimating when
Antarctic glaciation started. Dates range back to Oligocene times in west Antarctica,
and to early Miocene times in east Antarctica’s Transantarctic Mountains although
glaciological considerations appear to demand that glaciation started first in the latter
area. These dates compare well with those derived by stratigraphical methods from
sediment cores in the Ross Sea,

Evidence for fluctuations in the Antarctic ice sheet is widespread with at least two
glacial stands higher than the present one indicated at many places. The dating of
volcanic rocks at Gaussberg in east Antarctica shows that at least one major fall in ice
level has occurred in the past 5.5 x 10° years or so.

The Dry Valleys glacial geology record also shows that at least 400 metres of uplift
has occurred in the area since Miocene times. In addition some authors believe that the
surrounding Transantarctic Mountains have risen up through the Cainozoic ice sheet.
In the Prince Charles Mountains a preglacial erosion surface provides a datum against
which glacial erosion, and the possible consequential isostatic uplift can be measured; a
net uplift of 0.8 km is postulated. A similar glacial erosion related mechanism may
explain uplift recorded in other parts of Antarctica.

The Prince Charles Mountains also contain geomorphological features that might
constitute evidence for surging in the Lambert Glacier system. Along most glaciers in
the area the height of old moraines above the present ice level decreases with increasing
ice surface elevation. The Fisher Glacier area is anomalous in that the old moraines are
a constant height above the present ice surface; certain moraines in this area could also
be explained in terms of surging.

Intreduction

In a review of Antarctic glacial geology Nichols
(1964) stated: ‘If Arctowski's statement that the
Antarctic glaciers were formerly more extensive is
the first important milestone in the study of
Antarctic glacial geology, then Pewé’s discovery of
evidence for multiple glaciation (Pewé 1960) in the
McMurdo Sound area is the second’. This paper
reviews progress since Pewé’s study and is divided
into:

*This paper is based on material presented to the Royal
Metevrological Society (Australian Branch) Symposium on
Antarctica: Weather and Climate, Melbourne, May 1981.
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(a) the glacial geology record of multiple
glaciation in the Dry Valleys region near McMurdo
Sound;

(b) glacial geological features that give a time
frame to the development and variation of the
Antarctic ice sheet;

(c) the relationship between glacial erosion and
isostatic uplift;

(d) possible geomorphological evidence for
surging of Antarctic glaciers.
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The Dry Valleys glacial record

The Dry Valleys — the Taylor, Victoria, and
Wright valleys — in the Transantarctic Mountains,
west of McMurdo Sound, display a unique
terrestrial geological record of Antarctica’s
Cainozoic glacial history. They were discovered by
members of Scott’s 1901-1904 ‘Discovery’
expedition and were one of the features that led
those explorers to conclude that ice was once
developed in this part of Antarctica ‘on a greater
scale than at present’. This remained the view until
Pewé (1960) identified at least four major glacial
fluctuations in the Dry Valleys region each one
successively less extensive than the preceding one.
Pewé’s method was to map moraines, mainly those
in the Taylor Valley, and determine their relative
chronology by normal stratigraphic methods. Such
work would clearly present an incomplete record of
the local glacial history since any glacial pulse with a
lesser extent than a later one would not be
identifiable. Pewé suggested that the earliest and
most extensive glaciation that he recognised would
have been accompanied by an ice cover some 600
metres thick over McMurdo Sound, and associated
the height of glacial strandlines with ice levels in
areas from which the glaciers drained, that is with
ice levels in east Antarctica. He attributed the
glacial episodes he identified to eastward flowing
glaciers from the east Antarctic ice sheet.

Pewé’s work was followed by Nichols' (1964)
recognition that the Dry Valleys also contained a
record of marine and glacial marine incursions that
moved westwards from the Ross Sea area. At about
the same time the relations between certain volcanic
rocks in the Dry Valleys area and the glacial
sequence were defined; further, the inference was
drawn that the volcanic rocks were relatively young
and that the Dry Valleys glacial episodes could be
correlated with North American glacial periods.
The obvious next step was to date the volcanic rocks
and, by association, the glacial rocks with which
they occur. This work was done in the 1960s, and is
summarised by Denton et al. (1970, 1971), and by
Calkin and Bull (1974). It revealed that the glacial
record in the Antarctic Dry Valleys extended back
in time further than the northern hemisphere
Pleistocene ice sheets, with an initial glacial valley
cutting stage completed by around 4 million years
ago; at which time the east Antarctic ice sheet was at
a ‘full bodied’ size, comparable to that at present.
The chronological work revealed a fairly broad
framework of glacial events related to eastward
flowing glaciers emanating from the east Antarctic
ice sheet, a younger and more detailed sequence
related to westward glacial marine incursions from
the Ross Sea, and some information on alpine
glacier fluctuations in the Dry Valleys area (Fig. I).
Subsequent work has further refined the story
particularly the sequence of recent events. Hendy et
al. (1979), for example, report uranium series dates

— or ™U/®Th dates — on algal deposited
lacustrine carbonates somewhat akin to those now
forming in Lake Bonney (see Fig. 2), although they
disagree with the proposal of Denton et al. (1971),
that the alpine and continental glaciations are ‘out
of phase’. They attempt also to relate their dates to
world-wide climatic episodes and conclude that the
Taylor Glacier has advanced during the past three
interglacials (as determined from oxygen isotope
data), (see also Fig. 2). In a complementary study
Stuiver and Denton (1977) report radiocarbon dates
relating to deltas and strandlines left by a lake that
occupied part of Taylor Valley and was dammed by
an ice sheet grounded in McMurdo Sound. They
show that the lake maximum, and therefore the
maximum thickness of the ice grounded in
McMurdo Sound, was at about 17 000 years B.P.
(before present) and that the lake finally drained
about 6000 years B.P. These dates are comparable
to dates for the last northern hemisphere glacial
maximum and its retreat.

The surface geological studies undertaken in the
Dry Valleys in the late 1950s and 1960s led to the
creation in the early 1970s of the international Dry
Valley Drilling Project (DVDP) (McGinnis et al.
1972; McGinnis 1979); its main objective was to
extend geological sampling down into the older
subsurface succession. An important geological
result was the revelation that glacial marine
sedimentation in water about 600 metres deep was
in progress at the eastern end of the modern Dry
Valleys at least as early as the late Miocene,
probably between 7 and 10 million years ago (see
McKelvey; Webb and Wrenn). Effectively, DVDP
extended the Dry Valley glacial geology record well
back towards the late Oligocene onset of Antarctic
glaciation that had been deduced from the Deep Sea
Drilling Project holes in the Ross Sea area (Hayes
and Frakes 1975). As basement was not reached in
some of the more productive DVDP holes, there
seems every prospect that an even longer section
than that yet sampled by drilling is present in the
Dry Valleys. DVDP results also showed that uplift
of the order of 400 metres occurred in the eastern
Dry Valleys region in early to middle Pliocene
times, since deep water late Miocene glacial marine
rocks were uplifted and eroded prior to the
deposition of overlying shallow water environment
rocks in either early (Brady 1979a) or middle (Webb
and Wrenn 1982) Pliocene times. Wrenn and Webb
(1982), further show that this uplift was not uniform
across the Dry Valleys area and no doubt it was not
at a uniform rate. Armstrong (1978 p. 696) alludes
to other evidence for uplift in the Dry Valleys region
and suggests that it leads to a tectonic explanation
for the virtual disappearance from the Dry Valleys
of through flowing ice from east Antarctica. This
could explain the ice flow situation discussed by
Drewry (1980) and attributed by him to
climatological factors.
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Fig. 1 Summary of terrestrial age data, Antarctic Cenozoic glaciation (part 1).
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Fig. 2 Summary of terrestrial age data, Antarctic Cenozoic glaciation (part 2).
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The Dry Valleys region thus provides a complex,
but fragmentary, geological record of the
interaction between continental, marine, and local
alpine glaciation, volcanism, and large scale uplift
processes. In view of the common’ description of
Antarctica as a tectonically inert continent, the
extent of uplift in relatively recent geological times
is particularly notable.

The development and variation of the
Antarctic ice sheet

The Dry Valleys glacial geology record has not yet
been found to reach back to the Oligocene to early
Miocene date for the onset of Antarctic glaciation
that has been deduced from the sedimentological,
palaeontological and palynological record both
onshore and offshore (see Truswell 1982). Elsewhere
in Antarctica, however, there is evidence for
glaciation as early as the Oligocene and at other
stages before 10 m.y. (million years) ago. These
dates, taken at face value, appear to indicate that
glaciation started in west Antarctica before it did in
east Antarctica. Mercer (1978) argues against this
on glaciological grounds, pointing out that there is
evidence for an early temperate (or wet-based)
glaciation in east Antarctica; that the west Antarctic
ice sheet must be cold based because it rests upon a
land surface that is below sea level; and that a
temperate glaciation in east Antarctica would be
unlikely to be preceded by a cold based glaciation in
west Antarctica. The east Antarctic evidence for an
early, wet based glaciation consists of thick and
distinctive glacial deposits including lodgment tills
that are now preserved almost exclusively at
elevations of the order of 2000 m in the
Transantarctic Mountains (see Mercer 1972;
Barrett and Powell 1982; Brady and McKelvey
1979, in press; Brady 1979b; and Mayewski 1972,
1975) well above the valleys of modern outlet
glaciers. The age of these deposits has not been
determined directly.

Elsewhere certain volcanic rocks have provided
some control on the age of Antarctic glaciation (Fig.
1). The most clear cut examples are in the Jones
Mountains and on the Hobbs Coast in west
Antarctica, and in the Scott Glacier area of the
Transantarctic Mountains. In the Jones Mountains
Rutford et al. (1972) describe a glacial pavement
that is overlain by volcanic rocks that give an age of
at least 7 m.y.: glaciation was therefore in progress
in the Jones Mountains area by at least 7 m.y. ago.
Stump et al. (1980) describe a similar situation in
the Scott Glacier area, but there the minimum age
of glaciation is about 18.5 m.y. A slightly less
unequivocal situation is described from the Hobbs
Coast, west Antarctica by LeMasurier et al. (1979):
there, a glacial pavement is overlain by volcanic
rocks which have been dated, via a sample collected
some distance away, at 13 £ 2 m.y.

In all these examples, dating was carried out on
whole-rock samples collected from basalt flows a
few metres above or away from the glacial
pavement, and closely associated with modified
basaltic rocks, or hyaloclastites, that are considered
to be the result of sub-glacial eruption. Such
hyaloclastites can also be used to date glaciation in
particular areas.

This technique is used by LeMasurier and Rex
(1982), who describe hyaloclastites in a
discontinuous coastal belt, roughly 5000 km long
and 400 km wide, in west Antarctica. They conclude
that there is firm evidence for glaciation in west
Antarctica in Oligocene times (26—29 m.y. ago),
and discuss the subsequent regional volcanic,
tectonic, and glacial history, making special note of
significant vertical displacement of mountain blocks
since the formation of the west Antarctic ice sheet.
Although these west Antarctic glaciation-related
dates are older than any reported from east
Antarctica, Mercer’s (1978) glaciological argument
in favour of an earlier start to glaciation in east
Antarctica than west Antarctica should be noted, as
should his scepticism towards the interpretation of
dated hyaloclastite sequences. Hyaloclastites in the
McMurdo Sound-Dry Valleys region are briefly
discussed by Armstrong (1978) who reported a 13.2
m.y. date from near Koettlitz Glacier and a 15.4
m.y. one from Mount Morning: these dates support
the inference from DSDP and DVDP data that
glacial activity was in progress in the McMurdo
area by at least mid Miocene times; recent
corroborative evidence of Miocene marine glacial
activity comes from the McMurdo Sound
Sediments and Tectonics borehole through the Ross
Ice Shelf, a few kilometres from the Dry Valleys (B.
C. McKelvey personal communication).

Isotopic dating of volcanic rocks from Gaussberg
(90°E) on the east Antarctic coast can, by contrast,
be related to fluctuations in the Antarctic ice sheet,
The German expedition that discovered Gaussberg
in 1902 postulated a Pliocene (3—5 m.y.), or
immediately pre-glaciation (pre-Pleistocene), age
for Gaussberg because the mountain had once been
covered by ice that had striated bedrock and
deposited erratic boulders up to the 357 m high
summit. Soviet workers later reported potassium
argon (K-Ar) ages of 20 m.y. and 9 m.y. that were
clearly suspect. Recent K-Ar dating in Australia by
McDougall (personal communication) suggests that
the Gaussberg lavas were .extruded between 50 000
and 60 000 years ago and this age compares with the
fission track age of about 25 000 years determined
by Gleadow and reported by Sheraton and Cundari
(1980). Global sea levels — which are inversely
related to the amount of water in the Antarctic ice
cap — are thought to have been lower around 60 000
years ago than at present (Chappell 1978) and the
present site of Gaussberg would have been covered
by the east Antarctic ice cap. The glacial striae and
erratics on Gaussberg may have resulted from the
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glacial maximum that appears to have occurred in
Antarctica, and in the northern hemisphere, about
18 000 years ago. Bench-like structures on
Gaussberg may represent stages in the development
of, or retreat from, this glacial maximum; it is
possible that they could be related to subglacial
eruption conditions although this requires further
study.

Elsewhere, such as near the Beardmore Glacier
(Mercer 1972), near the Rennick Glacier (Mayewski
et al. 1979), around the Lambert Glacier basin
(Wellman and Tingey 1981), in the Pensacola
Mountains (Boyer 1979), and in Dronning Maud
Land, high level moraines indicate that glacier levels
were once higher, although dating of these old
moraines is not yet possible. The detailed study of
moraine textures reported by Bardin (1982) is
helpful for establishing local relative ages, but does
not permit dating of glacial fluctuations and their
correlation with palaeoclimatic data. Coastal
features such as the salt water lakes of the Vestfold
Hills hold out some prospect that glacial
fluctuations can be dated by such means as
magnetostratigraphy, fossil evidence, and
radiocarbon dating, but offshore marine sequences
would appear to be the best prospect for this.

The dating of volcanic rocks thus permits some
documentation of the onset of Antarctic glaciation,
and some elucidation of fluctuations in glacial cover
in such areas as the Dry Valleys. Elsewhere, glacier
strandlines and moraines demonstrate that glacier
levels have fluctuated, but timing of these variations
has not proved possible. Complications are
introduced by the possibility that tectonic uplift and
disturbance was triggered by, and continued during,
glaciation.

Glacial erosion and uplift

The influence of uplift in the glacial geological
record of various parts of Antarctica has been noted
in this paper and by other authors such as
Armstrong (1978). Wellman and Tingey (1981)
document the uplift consequences of glacial erosion
in the Prince Charles Mountains by using a
preglacial — but since glaciated — erosion surface
as a datum against which to measure both uplift and
erosion. They assume that the area was in isostatic
equilibrium before glaciation — as is indicated by
the flatness of the preglacial erosion surface — and
that there has been no subsequent change in crustal
structure. Ice thickness sounding and other field
observations have permitted mapping in the Prince
Charles Mountains of the remains of the preglacial
erosion surface (a), the present ice surface (b), and
the present, largely subglacial, rock surface (c). The
amount of glacial erosion, which is mainly
concentrated along glacier streams, is measured by
the difference between (a) and (c), and isostatic
uplift that would follow the removal of this amount

of rock can easily be calculated, although allowance
has to be made for crustal loading by the present ice
cap (b-c). In the Prince Charles Mountains the
amount of glacial erosion is about 1.5 km, and the
consequent net isostatic uplift about 0.8 km. These
results demonstrate that in areas where considerable
glacial erosion has taken place, the height difference
between ancient glacier strands and present glacier
levels is only a very rough measure of changes in
glacier volume (compare Tingey 1974).

In the Transantarctic Mountains some estimate
of glacial erosion can be made from the height
difference between relics of early wet-based
glaciation and the present glacier valley systems. In
the case of the ancient tillite described by Brady and
McKelvey (1979), this height difference is about
1000 m, that is, comparable to the height difference
noted in the Prince Charles Mountains and
discussed previously. Cainozoic uplift has been
documented over wide areas of the Transantarctic
Mountains and, for example, Webb (1979) relates
uplift of the Transantarctic Mountains area
(including the Dry Valleys) — the so-called Victoria
Orogeny — to depression of the Ross Sea
embayment and episodes in the deposition of the
sedimentary sequence sampled there in Leg 28 of the
Deep Sea Drilling Project. Katz (1982) uses similar
arguments to infer a mid-Cainozoic age for the
Victoria Orogeny while Denton (1979) and Brady
and McKelvey (in press) suggest that the
Transantarctic Mountains were uplifted through the
ice, probably in Miocene times. Perhaps vigorous
erosion during an early wet-based glaciation — such
as that to which the early and now high level glacial
deposits are attributed (see Mercer 1978) — may
have contributed to or triggered this uplift. In the
Prince Charles Mountains area Wellman and
Tingey (1981) postulate that glaciation developed
into a situation in which erosion was concentrated
along glacier streams where basal melting
conditions obtained and a thin and cold based
glacial cover mantled the upstanding relics of the
preglacial erosion surface. (There is no evidence for
an early wet-based glaciation in this area.) At
present, basal melting conditions are believed
(Allison 1979) to apply to much of the Lambert
Glacier system and the possibility — suggested by
mass balance considerations — that the Lambert
Glacier system has a propensity to surge would only
enhance the erosive power along the main glacier
streams. In the Transantarctic Mountains under the
carly wet based glacial regime there may well have
been an even greater propensity for surging and thus
enhanced erosion.

Possible surging of Antarctic glaciers

The concept that Antarctica’s ice sheet might have
surged (Wilson 1964) appears to have received
relatively little attention from Antarctic glacial
geologists, although it has been developed by
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glaciologists, notably those involved with numerical
studies. Its climatic implications have been explored
by various authors. On a smaller scale, surging of
the Lambert Glacier system was postulated on
theoretical grounds by Budd and Mclnnes (1978)
and from field evidence by Allison (1979). By
contrast Tingey (1974) had noted the predominance
of evidence for glacial recession in the area.

From a detailed study of barometric heights,
colour vertical aerial photographs, and field
observations, Wellman (1982) has deduced that an
anomalous glacial geological situation near the
Fisher Glacier, a major tributary of the Lambert
Glacier, could be explained in terms of surging. This
possibility is also mooted by Derbyshire and
Peterson (1978) in a geomorphic study of Mount
Menzies, which lies on the southern flank of the
Fisher Glacier. Wellman’s (1982) argument is based
upon his observation that there is: (i) a well
preserved old moraine throughout the Prince
Charles Mountains; (ii) that its height above the
upper limit of modern moraines generally decreases
linearly with increasing ice surface elevation from
200 m, where the ice surface elevation is also 200 m,
to zero at about the 1500 m ice surface level; and
(iii) that in the Fisher Glacier area the old moraine is
a constant 200 m above present moraine level from
where ice elevation is 400 m (at the Lambert/Fisher
Glacier confluence) to where it is 2000 m. Wellman
(1982) relates these non-standard conditions in the
Fisher Glacier area to possible surges of that glacier,
and suggests that such surges would raise the level of
the lower Lambert Glacier and Amery Ice Shelf,
and cause a ‘blocking back’ of tributary glaciers at
levels that decreased with increasing ice elevation. It
is not entirely clear why surging would necessarily
cause old moraine levels to be at a constant height
above modern moraine levels, unless the present
condition is in some way related to a very recent
surge. However, Wellman (1982) does draw
attention to other higher moraines that might be
attributable to surges. A prominent moraine on
Mount Ruker, for example, appears to be explicable
in terms of surging.

Wellman’s (1982) analysis was of necessity a
preliminary one, and it points to the need for more
geomorphological fieldwork in the Lambert Glacier
basin than has been possible to date, because field
operations were primarily aimed at geological
mapping of the bedrock. Elsewhere, Wilson (1978)
has suggested that there is geological evidence on
the eastern fringe of the Transantarctic Mountains
for surging of the west Antarctic ice sheet.

Conclusion

Detailed geological research, including field
mapping, drilling, and geochronological and
geochemical studies in the Dry Valleys area,
together with drilling through ice shelves, and at sea,
and the dating of volcanic rocks from widely

separated parts of Antarctica, have combined to
yield some insight into the history of Antarctica’s
Cainozoic glaciation. This history is summarised in
Figs. 1 and 2, from which it is evident that data on
the early glacial history are sparse, and that most
detail relates to only very recent geological times.

There is also abundant evidence that the glacial
cover on Antarctica was once more extensive than at
present, and limited circumstantial evidence for
large scale glacial surging, one of the more
controversial processes of Antarctic glaciation.
Terrestrial evidence does not permit dating of either
former glacial high stands — except perhaps at
Gaussberg — or possible surging, but further study
of the offshore geological record might. The
measurement of how much higher previous ice levels
were than present ones is confused by uplift of at
least some of the mountains on which old moraines
are preserved. Some of this uplift appears to have
been triggered by glacial erosion and may have
influenced glacier flow patterns by concentrating ice
flow into major ice streams. Thus, although
Antarctica is depicted by some authors as a
tectonically, or at least seismically, inert continent,
tectonic processes, some of them possibly induced
by glacial erosion, may have had an important
influence on the development of glaciation.

Any terrestrial geological record consists of
chance preservations that have survived the
generally destructive work of onshore geological
processes. As only about 3 per cent of the land
surface is exposed, the geological record in
Antarctica is particularly fragmented and the
terrestrial record of Cainozoic glaciation even more
sparse, Marine sedimentary deposits probably
contain the best record of Antarctic glaciation since
marine geological processes are generally less
destructive than continental ones; however, access to
them poses problems. Despite its limitations the
terrestrial record deserves much more study than
hitherto; nevertheless, marine geological studies,
including drilling, should be given long term
priority.
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