
In summary, sticky spots on the bed of an ice stream can be
caused by several mechanisms. The form drag of any large bedrock
bumps could be significant. Geophysical surveys can identify such
bedrock bumps, and model calculations can then estimate the
stresses involved. Regions of thin or zero till might create sticky
spots but would collect water from their surroundings and increase
their lubrication, limiting the maximum shear stress. Water-
pressure measurements in boreholes might detect such sticky
spots. Surface highs, which are readily detected through radar
altimetry from aircraft or by surface surveying, also might cause
sticky spots, but would be limited by the same mechanism.

It is worth noting that if the water supply to an ice stream were
turned off from upglacier, the lubrication mechanism for thin-till
regions would no longer act efficiently. Without such lubrication,
characteristic velocities over any such sticky spots would be
greatly reduced, and the ice stream might even stop. It is
interesting to speculate that such a mechanism might have contrib-
uted to the stoppage of ice stream C, which occurred in the last
century or two (Shabtaie and Bentley 1987).

This work was supported in part by National Science Founda-
tion grants DPP 89-15995 and EAR 90-58193.
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Evidence from the Northern Hemisphere (e.g., Dowsett and
Cronin 1990) and the Southern Hemisphere (Prentice et al. in
review; Hodell and Venz in press) has been inferred to suggest

that the last time that the global climate was significantly warmer
than today was during the early Pliocene, 3 to 5 million years ago
(Crowley 1991; Denton, Prentice, and Burkie 1991). The behavior
of the antarctic ice sheets and the antarctic climate during this
time potentially constitutes a test case for their variability during
warmer-than-present global climates anticipated for the future.
Numerous outcrops of Neogene till occur throughout the
Transantarctic Mountains (e.g., Mayewski and Goldthwait 1985;
Denton, Prentice, and Burkie 1991) and indicate that multiple
glaciations characterized this time. Significant uncertainty as to
the timing, nature, and climatic setting of these Neogene glacia-
tions still exists (e.g., Denton et al. 1984; Webb and Harwood
1991).

One of the best studied Neogene tills is the semiconsolidated
Sirius Formation. The characteristics and distribution of Sirius
till have been primarily interpreted as reflecting "dwarf" ice
sheet glaciation over lower-than-present ancestral Transantarctic
Mountains (Webb et al. 1984, 1986) and massive overriding east
antarctic ice sheet glaciations (Mayewski and Goldthwait 1985).
A late Pliocene age for the Sirius Formation of approximately 2.5
million years ago was based on the inferred early Pliocene age of
marine diatom assemblages enclosed at a few locations (e.g.,
Webb and Harwood 1991; Barrett et al. 1992). However, morpho-
logical and sedimentological evidence suggested ages up to 25
million years ago, or latest Oligocene (e.g., Brady and McKelvey
1979; Barrett and Powell 1982).

Unconsolidated glacial drifts in the McMurdo Dry Valleys of
southern Victoria Land have been the basis for a very different
Neogene glacial history. The unconsolidated drifts from the
mountains of the McMurdo Dry Valleys suggest overriding ice
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sheet glaciation, but radiometric dates on these drifts suggest that
overriding glaciation dates to the Miocene (Ackert 1990; Marchant
1990; Sugden, Denton, and Marchant 1991). Unconsolidated
drifts in the valleys of the McMurdo Dry Valleys have been
interpreted to reflect expansions of the east antarctic ice sheet
dating to the early Pliocene (Prentice 1982; Hall 1992; Wilch et al.
1992; Prentice et al. in review). These expansions had to be minor
to be consistent with the interpretation of unconsolidated drifts
from the mountains.

Webb and Harwood (1991) suggested thatearlyPliocenewarmth
preceded deposition of the Sirius Formation. The occurrence of in
situ wood fragments of Nothofagus, southern beech, in Beardmore
Glacier Sirius sediments at 86 S and the inclusion of marine dia-
toms support this hypothesis. Miocene and Pliocene warm inter-
vals have also been inferred from dated marine deposits in the
McMurdo Dry Valleys (e.g., Webb 1972; Ishman and Rieck in
review; Prentice et al. in review). In sharp contrast, a variety of
evidence, including desert pavements and alpine glacier drift in
the McMurdo Dry Valleys, has been inferred to indicate continuous
polar desert climates through the early Pliocene (Marchant et al.
1989, submitted; Hall 1992; Wilch et al. 1992).

There are important conflicts between the aforementioned
hypotheses for antarctic glacial history during the Pliocene. On
the basis of Sirius Formation interpretations, the early Pliocene
was characterized by warm climates and a dynamic ice sheet. It
featured ice sheet collapse and subsequent ice sheet overriding.
On the basis of unconsolidated drift interpretations, the early
Pliocene was dominated by polar climates and a stable ice sheet.

These hypotheses concerning climate and ice sheet variability
have important implications for antarctic ice sheet behavior
under warmer climates than today's and warrant more-detailed
investigations. Very few in-depth studies of semiconsolidated
Sirius deposits have been performed so far aside from studies of
those in the Beardmore Glacier area (e.g., McKelvey et al. 1991).
Our project is to study sediments previously assigned to the
Sirius Formation in the McMurdo Dry Valleys region and relate
them to the unconsolidated drift deposits there. Here we report
some preliminary results (Stroeven, Prentice, and Borns 1992)
from Mt. Fleming, southern Victoria Land (16010' E 7T34 5),
which features an outcrop of semiconsolidated till assigned to the
Sirius Formation by Harwood and Webb (1986). It is the proxim-
ity of this Sirius-related deposit to relatively well studied uncon-
solidated drifts in Wright Valley and the adjacent Asgard Range
that challenges a detailed study at this outcrop.

Mt. Fleming lies at the head of the ice-free expanses of the
Asgard Range and Wright Valley. The mountain is isolated from
neighboring massifs by the east-trending Wright Upper and Taylor
Glaciers which lie to the north and south, respectively. The ice-free
expanses of the McMurdo Dry Valleys region to the east contrast
markedly with the polar plateau directly west of the mountain.

Mt. Fleming has a northeast-southwest divide and is flanked
by cirque-like depressions facing northeast. In the depression on
the northwest side, Bockheim (1983) recognized four deposits
ranging in age from early Pliocene to late Holocene. The south-
eastern flank features a more extensive ice-free morphology and
shows that a fossil valley floor at 2,000 meters, paralleling the
mountain range, is cut by a northeast-trending cirque. A Sirius-
like glacial drift, here referred to as the Fleming Upper Valley Drift,
outcrops on a molded wall of the fossil valley floor (figure 1).

The Fleming Upper Valley Drift (figure 2) is a semiconsolidat-
ed dark gray till covering sandstones of the Feather Conglomer-
ate of the Beacon Supergroup (Pyne 1984). The diamicton ap-
pears to be a pebbly mud (Taylor and Faure 1983). All clasts may

I/
Figure 1. Mt. Fleming mass if viewed from east-northeast. Wright
Upper Glacier and the Air Devron Six Icefails are seen In the
foreground, Horseshoe Mountain in the background. The
southeastern flank of Mt. Fleming, here clearly visible on the left of
the main water divide, shows the relatively smooth fossil valley
floors in the background and the valley floors cut by a cirque-lllçe
depression in the foreground. The Fleming Upper Valley Drift covets
the fossil valley wall closest to plateau ice levels. Photograph taken
by the U.S. Navy on 14 September 1959.

be locally derived Beacon Supergroup sandstones, siltstones,
shales, and coal (Taylor and Faure 1983). A number of welt-
striated and molded pebbles occur in the till. Elongated pebbles
with a long-to-intermediate axis ratio in excess of 2:1 were mea-
sured for till fabric. A comparison between excavation site till
fabrics and surrounding surface till fabrics showed no appre-
ciable offset (figure 3a-b). We conclude that surface pebble
orientations represent the overall till fabric. The fabrics of larger
elongated surface pebbles and boulders were measured at sev-
eral locations (figure 3c-d). At four locations, well-striated sur-
face boulders were exposed; they showed clear signs of ice-flow
direction through rat-tail striations. Rat-tail striations are ero-
sional remnants of relatively resistant minerals that, on glaciated
rock surfaces, taper in the direction of flow.

All indicators of the ice-flow suggest a uniform north-north-
east to south-southwest trend. However, it is the rat-tail striation
data that indicate flow from the north-northeast. The compaction
of the till, the abundance of molded and striated clasts, the
consistent ice-flow directional indicators, and, in places, the
subglacially deformed bedrock all suggest that this till was
posited subglacially by wet-based ice.

We consider it unlikely that the Fleming Upper Valley Drift
was deposited by an ice sheet. A variety of experiments with
models of the antarctic ice sheet on the present topography
(Prentice, Fastook, and Oglesby in review) invariably indicate
that ice sheet flow would be from the southwest in this area.
Hence, we think that the Fleming Upper Valley Drift was depos-
ited by local ice, a conclusion reached by Taylor and Faure (1983)
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for this deposit based on the absence of Precambrian fields per
grains, and by Mercer (1968,1972) for far southerly Sirius depos-
its. A critical assumption is that the topography during this
glaciation was nearly that of the present day. Brady and McKelvey
(1979,1983) suggested that nearby till, which they assigned to the
Sirius Formation, was deposited by an ice sheet flowing from the
northwest. To explain this, they inferred a different drainage
pattern. They envisaged a late Oligocene to middle Miocene
system of ice drainage from the northwest into the area of interest.
Glacial erosion concurrent with mountain uplift turned the ice
drainage toward the east (Brady and McKelvey 1983). If the
Fleming Upper Valley Drift is of great antiquity, the use of
present-day topography to infer glaciation style and iceflow
direction may be erroneous.

If the Fleming Upper Valley Drift was deposited by local ice
from the north, it is unlikely that it flowed over the present local
topography. We suggest that the glacier depositing the drift was
generated on higher ground. At present, Mt. Fleming is sepa-
rated from Shapeless Mountain (160'24' E 77*26'S) by the Wright
Upper Glacier. Shapeless Mountain shows a high mountain/
plateau morphology that we envisage once included Mt. Fleming.

:cestral
could have flowed from an ice cap that covered parts of the

 Mt. Fleming-Shapeless Mountain massif, but not over
the present topography. The ancestral upper Wright Valley could
not have been as prominent a feature as the valley of today. We
01 4 ggest that significant localized erosion has been concentrated
- that valley since the Fleming Upper Valley Drift was deposited.

If valid, central Wright Valley glacial-geologic evidence can
constrain the timing of the glaciation that deposited the Fleming
Upper Valley Drift. The Fleming Upper Valley Drift has to
predate the carving of the upper Wright Valley to the present
level. The most recent time that the upper Wright Valley could
have been cut to the present level was during the last major
glaciation of the valley. On the basis of the dated Hart ash
(McIntosh, personal communication), Prentice et al. (in review)
concluded that the last glaciation of Wright Valley, the Peleus
glaciation, occurred prior to 3.9± 0.3 million years ago. A maxi-
mum age for the Peleus glaciation comes from underlying Pros-
pect Fjord pecten shells, 17Sr/ 111Sr dated to 5 ± 1 million years ago.
We suggest that the glaciation that deposited the Fleming Upper
Valley Drift predated 3.9± 0.3 million years ago, the minimum
age of the last glaciation of Wright Valley.

The inference that local alpine glaciation is responsible for the
Fleming Upper Valley Drift has an important climatic implica-
tion. It is that the inferred wet-based ice conditions reflect a
warmer-than-present climate. To be more specific requires deter-
mining the elevation of the mountain range at the time of depo-
sition. However, we have no maximum age for the glaciation
depositing the Fleming Upper Valley Drift.

Assuming similar topography and local glaciation, the glacial
climate had to be different from that of the present in order to
create subglacial melting conditions at high altitudes ( approxi-
mately 2,000 meters above sea level). Precipitation, the limiting
factor for ice growth today, must have been high enough to
maintain a high-elevation ice source. Higher temperatures cre-
ated favorable conditions for basal melting and ice wastage.
These conditions were apparently not favorable for east antarctic
ice sheet growth beyond today's limit. The summer high tem-
peratures might reflect a nearby warmer-than-present ocean,
which represents an ample moisture supply. Such conditions
may have existed during the three fjord episodes presently known
from Wright Valley over the last 9 million years (Prentice et al. in
review).

ED Fleming Upper Valley drift
elevated relative to immediate surrounding
Dolerite-rich surface
elevated relative to surrounding drift

[J Sandstone-rich surface
elevated relative to surrounding drift

LU Fleming sandstone
highs

] Desert pavement	 1j
Fi g. 3a-b

Figure 2. Preliminary map of the surface geology of the Fleming
Upper Valley Drift (see figure 1). The Fleming Upper Valley Drift
covers Fleming sandstone. The deposit is a thin veneer, and its
surface morphology is Interpreted to reflect bedrock structures. The
surface morphology is characterized by two northeast-southwest
parallel ridges. Both ridges have a dolerite-rich surface cover, or, in
places, a sandstone-rich cover. The Fleming Upper Valley Drift
outcrops around the two ridges and is free of continuous dolerite- or
sandstone-rich debris. Three units cover the dark gray, compact
pebbly mud: a stained pebbly sand unit, the previously mentioned
dolerlte and sandstone boulder surface cover, and a desert pavement
that covers the northeastern most patch of the Fleming Upper Valley
Drift. The drift covers an estimated 0.5 square kilometers.

We are indebted to Michael Heifer, Christian Schluchter, and
Geoffry Simonds for assisting in practical and scientific ques-
tions, Dave Harwood for friendly and useful in-field discussions
and for collecting two ice samples, and Steve Dunbar and Sue
Iversen for fieldwork. Helpful comments by D. Marchant im-
proved the manuscript. We thank the Antarctic Devron Six
Squadron for excellent field support. This work was supported
by National Science Foundation grant DPP 90-20975.
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