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Ice stream B, West Antarctica, contains rafts, which are
blocks of ice kilometers in size that look like inland ice but
move with the ice stream (Bindschadler et al. 1987; Shabtaie,
Whillans, and Bentley 1987; Whillans, Bolzan and Shabtaie
1987). Patterns of crevasses and velocities also suggest that
behavior may be quite different in regions of the ice stream
separated by short distances (Whillans et al. 1987). The ice
stream appears to be growing headward, with inland ice col-
lapsing into the ice stream (Shabtaie, et al. 1988), and it appears
likely that the rafts and irregular behavior are related to a dis-
continuous transition from inland to ice-stream conditions.

Key factors in ice streaming are basal lubrication and ice
softness. Raft formation might be related to an irregular onset
of basal lubrication, or to localized switches in ice softness.
Field and theoretical studies recently have concentrated on
basal lubrication of west antarctic ice streams (e.g., Engelhardt
et al. 1990), but not as much attention has been focused on ice
softness. On the other hand, because the rafts are visible at the
surface in ice 1,000 meters thick, ice conditions almost certainly
play a role in their formation, whether or not discontinuous
basal lubrication is important. In parallel with other groups
working in West Antarctica, first under the auspices of the Siple
Coast Project and now as the West Antarctic Ice Sheet Initiative,
I have begun theoretical studies to learn how important the
variations in ice softness might be and what studies might be
done to characterize these variations.

As reviewed by Alley (1988) and Budd and Jacka (1989), de-
formation of a crystal of ice is much easier parallel to its basal
plane than perpendicular to it. In a sample containing many
crystals, a stress component will cause rapid deformation if it
produces a large average resolved shear stress on the basal
planes of the grains (soft ice), and a stress component will cause
slow deformation if it produces a small average resolved shear
stress on the basal planes of the grains (hard ice). Softness is a
tensor property; a crystal that is soft to one component of a
stress tensor may be hard to a different component.

In addition, deformation of a polycrystalline sample causes
the basal planes to rotate relative to the external stress axes. In
the absence of externally applied rigid-body rotations, the basal
planes of grains rotate so that their normals, the c axes of the
grains, move away from tensional axes and toward compres-
sional axes. In the case of simple shear, the addition of a rigid-
body rotation causes c axes to cluster between the tensional
and compressional axes where the resolved shear stress on the
basal planes is a maximum.

For stress states without externally applied rigid-body rota-
tions, the c-axis rotations in response to deformation cause the
ice to become progressively harder if the stress field does not
change. This process is self-limiting, however. If stresses are
increased to continue the deformation, then strain energy is

stored in the sample (in the form of dislocation tangles,
subgrain boundaries, etc.). When the stored strain energy be-
comes large enough, new, strain-free grains form and grow into
the strained matrix in a process called recrystallization. Re-
crystallization occurs after small cumulative strains (typically 1
percent; Budd and Jacka, 1989) at sufficiently large stresses but
may not be initiated even after very large strains if the stress is
so low that diffusional processes prevent storage of strain en-
ergy (Alley in press).

In recrystallization, new grains are observed to nucleate at
orientations in which the resolved shear stresses on their basal
planes are high, making the ice softer. In addition, the removal
of dislocation tangles softens the ice. The onset of recrystalli-
zation typically increases the strain rate (softens the ice) by
three to ten times or more for constant stress and temperature
(Budd and Jacka 1989).

Work now in progress on samples from the Byrd Station,
West Antarctica, ice core, jointly with A.J. Cow of the U.S.
Army Cold Regions Research and Engineering Laboratory, in-
dicates that no recrystallization is occurring in at least the up-
per half of the core (Alley in press; Cow and others 1991), and
similar conditions are expected upglacier of ice stream B. Seis-
mically observed fabrics on ice stream B indicate, however, that
recrystallization is occurring there (Blankenship, Alley, and
Bentley 1989; Alley, Blankenship and Bentley 1989). Thus, as
ice flows from inland into the ice stream, the stresses and cu-
mulative strains become large enough to initiate recrystalliza-
tion and soften the ice significantly.

Longitudinal stresses and strain rates are known to vary
greatly from place to place in inland ice, in response to bedrock
topography or differential lubrication (Whillans and Johnsen
1983). As the head of an ice stream migrates into inland ice,
the large stretching stress of the ice stream is superimposed on
these variable stretching stresses forced by bedrock conditions
or basal lubrication. It then is likely that the stress threshold
needed to initiate recrystallization and soften the ice does not
migrate smoothly upglacier; rather, it probably jumps upglacier
over time from one region of high stress to another. The ice
bypassed by the jump then would be incorporated into the ice
stream while still behaving as inland ice, and would be a raft.

Although unproven, I hypothesize that raft formation will
occur whenever an ice stream grows into inland ice with sig-
nificant basal topography or spatially varying basal lubrication
(Alley 1990). This is a similar hypothesis to the stress-softening
model of Whillans, Boizan, and Shabtaie (1987), and both
models may contribute to the observed behavior. If my hypoth-
esis is correct, then during raft formation we should find an
inland-type c-axis fabric on the raft, surrounded by an ice-
stream-type recrystallization fabric.
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The orientation of glacial striations on nunataks and clast
composition in tills in the southwestern Fosdick Mountains
region (76°30'S 145°W) indicate that during the most recent ice
high-stand when these nunataks were ice covered, the princi-
pal glacial flow direction was from southeast to northwest,
nearly perpendicular to the present drainage direction inferred
from the topography and flow features on the ice surface. The
Fosdick Mountains and the Phillips Mountains 15 kilometers to
the north, trend east to west and are separated by the Balchen
Glacier which now flows from east to west. The Crevasse Valley
Glacier, south of the Fosdick and Chester Mountains, now
flows from east-northeast to west-southwest. In the course of
studying bedrock geology in the Fosdick and Chester Moun-
tains region of Marie Byrd Land during the 1989-1990 and 1990-
1991 austral field seasons (Kimbrough et al. 1990), we measured
glacial striations on the relatively flat summit ridges of nuna-
taks between the Chester Mountains and Fosdick Mountains
and in the eastern Fosdick Mountains. These striae trend 115-
1200 on the nunataks between the Chester and Fosdick Moun-
tains and 150-160° on outcrops in the eastern Fosdick Moun-
tains. On the southern part of Bird Bluff, we observed roche
moutonée with long axes parallel to striae on the rock surfaces
and steep sides facing northwest, indicating that ice flow across
these outcrops was from southeast to northwest (figure).

Unconsolidated till and talus deposits were observed along
the base of steep cliffs all along the northern side of the Fosdick
Mountains. Typically these consist of cobbles to boulders of
rocks found in the adjacent outcrops. Till deposits that contain
clasts not locally derived mantle parts of Neptune Nunatak,
Mount Corey, and nunataks east and southeast of Bird Bluff
(figure). All of these deposits are characterized by subrounded
and tooled clasts of Swanson Formation and Bird Coast granite.

Clasts of the Swanson Formation are medium gray, slightly
cleaved, fine-grained sandstone or argillite. These sedimentary
rocks are thin to very-thin bedded, and the sandstones appear
to be quartzose. The Swanson Formation crops out widely
south of the Fosdick Mountains but nowhere to the north
(Wade, Cathey and Oldham 1977a, 1977b, 1977c, 1978; Wade
and Couch 1982; Adams 1986; Bradshaw et al. 1983, 1991).
Other locally derived clasts are present in all of these deposits.

In two places along the northern side of the Fosdick Moun-
tains till deposits with exotic clasts were found (figure). A cin-
der cone northeast of Mount Avers is mantled with colluvium
interpreted to include minor reworked till; this surficial deposit
consists mostly of cobbles and boulders of the underlying basalt
but includes about 10 percent rounded clasts of Fosdick gneiss
and Byrd Coast granite. In addition, the fine-grained matrix of
this deposit includes 10-20 percent of feldspathic grus, similar
to that observed on weathered surfaces of Byrd Coast granite.
The talus and till deposit in the wind scoop at the north end of
Mount Lockhart contains boulders of basalt with acicular,
glomerophyric plagioclase and sparse olivene. Although this
basalt resembles that found at the cinder cone northeast of
Mount Avers, numerous other basalt outcrops are found in the
eastern Fosdick Mountains (Wade, Cathey, and Oldham 1977b;
Kimbrough et al. 1990), and these boulders could have been
derived from up-glacier. The exotic clasts found in till deposits
on the north side of the Fosdick Mountains could have been
derived from rocks exposed along the Balchen glacier up slope
from their present location.

Colluvium consisting of weathered Byrd Coast granite that
mantles Mount Corey contains small angular fragments of bas-
alt, uniformly distributed over the north side of the nunatak.
These are interpreted as air-fall tephra derived from an erup-
tion at one of the volcanic centers in the Fosdick Mountains.
This interpretation requires that the most recent eruptions in
the Fosdick Mountains post-date ice-high stands during which
Mount Corey and nearby nunataks were ice-covered. Available
potassium-argon dates from volcanic rocks in the Fosdick
Mountains are as young as 3.4±0.3 million years at Mount
Perkins (LeMasurier and Rex 1982), providing a minimum ex-
posure age for Mount Corey if these are indeed the youngest
volcanic rocks.

Because Swanson Formation has not been observed to crop
out north of the Fosdick Mountains, the simplest explanation
of these observations is that when the outcrops where the stria-
tions are found were most recently under the ice, glacial flow
was to the northwest and carried clasts of Byrd Coast granite
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