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The enigma of fast-moving ice streams is a central focus of the
West Antarctic Ice Sheet Initiative. Initial research focused on
why ice streams move rapidly. A likely answer has been found
in the low strength of water-saturated subglacial tills, which can
deform to allow ice motion (e.g., Alley et al. 1987; Kamb 1991).

This answer, however, makes us wonder why ice streams don't
move even faster. Something must be restraining the ice. It is
necessary to understand the nature of that restraint before predic-
tions about the future behavior of the ice streams can be made.

Restraint from ice-shelf back pressure or other gradients in
longitudinal stresses can be discounted for most of the length of
ice stream B and probably for similar ice streams (see review in
Alley and Whillans 1991). The driving stress for ice-stream flow
then may be supported on the bed (basal shear stress) or
transmitted through the ice-stream sides (side drag) to the beds
of the slow-moving ridges that separate ice streams. Side drag
depends on the rheology of ice. Basal shear stress may be
supported uniformly on the bed through the viscosity and yield
strength of subglacial till (e.g., Alley et al. 1987) or may be
supported locally on "sticky spots" where the lubrication is
reduced for some reason (e.g., Vomberger and Whillans 1986;
Kamb 1991).

For possible values of ice rheology and strain softening, the
restraint from side drag may be larger than, similar to, or smaller
than that from basal shear stress (e.g., MacAyeal 1992; Whillans
in review; Alley in review). It is not possible at present to exclude
till viscosity, sticky spots, or side drag from consideration. Of
these, sticky spots have been least studied, so our research team
at Pennsylvania State University has begun to study the theory of
ice-stream sticky spots.

I begin with the following assumptions:
• basal shear stress is significant beneath West Antarctica ice
streams;
• a deforming till lubricates most or all of the area of an ice-
stream bed;
• a distributed water system exists beneath an ice stream;
• the water pressure in this system decreases with increasing
shear stress (Robin and Weertman 1973);
• water flows down its potential gradient through this distrib-
uted system; and
• the sliding of ice over its substrate increases with water
supply.

One possible cause of sticky spots is the form drag of large
bedrock bumps, 0.1 meter to 1 meter or more in height. Ice is
believed to negotiate these primarily by enhanced creep, so that the
degree of lubrication of the ice-bump interface has little effect on the
ice motion (Weertman 1964). Evidence of the action of such features

is provided by the analyses by MacAyeal (1992) of the velocity da ta
of Bindschadler and Scambos (1991) from ice stream E. MacAy a!
(1992) found that regions of high basal drag on ice stream E
correspond to surface undulations that Bindschadler and Scam s
(1991) argue are caused by bedrock topography.

Bedrock features larger than a few meters can be imag d
directly using geophysical techniques (radar or seismics), ard
basal roughness caused by features in the 0.1-meter to 1-met r
range can be estimated from studies of radar fading patterns,
it should be possible to use geophysical techniques to estimate e
basal drag from large-scale basal roughness.

Beneath ice stream B, till is known to thin to less than e
seismic resolution of 2 meters in regions where seismic te -
niques detected no relief on the bed (Rooney et al., 1987). If tl te
lubricating till is indeed absent in these regions, they might
serve as sticky spots. However, if the Robin and Weertm
(1973) postulate is correct and such sticky spots collect lubricat-
ing water from their surroundings, then their stickiness is
necessarily limited.

A reasonable estimate from Robin and Weertman (1973) is th t
the pressure in a distributed, subglacial water system is reduc d
below the ice-overburden pressure by about three times the local
basal shear stress. The regional gradient for water flow on ice
stream B probably averages around 10 to 15 Pascal per meter,
with an average driving stress for ice flow of around 10 kiloPascal
or slightly more. A sticky spot with a shear stress of 50kiloPascal
larger than that on surrounding, lubricated regions would lower
the sticky-spot water pressure about 150 kiloPascal below that in
surrounding regions. If the sticky spot were located in the center
of the ice stream, which is 25 kilometers to 30 kilometers across,
this would create a local water-pressure gradient across the entire
ice-stream width with a magnitude as large as the regional
average along ice flow. The sticky spot thus would collect much
of the water flow from the entire ice stream and probably would
induce water flow upglacier into it as well. This would tend to
reduce lubrication on the rest of the ice stream and might stop it,
while greatly increasing lubrication on the sticky spot. It is thus
unlikely that a sticky spot of this type could support a shear stress
as large as 50 kiloPascal (Alley in review).

Detection of any sticky spots with large shear stresses ap-
proaching 100 kiloPascal would be possible through water-pres-
sure measurements in boreholes (Engelhardt et al. 1990); the low
water pressure induced by such a large shear stress would be
measurably less than in surrounding regions. The more likely
sticky spots with lower shear stresses would be harder to detect
in this manner. However, Rooney et al. (1987) show that the thin-
till regions where such sticky spots might occur occupy less than
2 to3percent of the bed of ice stream B, and a relatively low sticky-
spot shear stress on such spatially restricted regions may prove
unimportant to ice-stream dynamics.

Raised regions in the surface also can cause sticky spots at the
bed. This is because a high surface increases the ice pressure on
the bed. For given shear stress, this would cause the water
pressure in any distributed system beneath the surface high to
exceed that in surrounding areas. This in turn would cause water
to flow around the region beneath the surface high and would
decrease the lubrication beneath the surface high. However,
typical surface highs on ice streams have only a few meters relief,
increasing ice pressure on the bed by only a few tens of kiloPascal;
a shear stress higher than regional values by about 10 kiloPascal
or less then is sufficient to lower the water pressure to equal that
in surrounding areas. Sticky spots beneath surface highs thus are
not expected to be especially sticky (Alley in review).
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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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