In addition, a series of 16 slug tests were performed in
6 of the boreholes over a period of one week in early
June. The slug tests were performed at various times
of the day and in different weather conditions to help
investigate the temporal changes in the system. Re-
sponses varied from an overdamped slow drain to an
underdamped oscillatory response. Analysis of the slug
tests in correlation with data retrieved from down-hole
sensors provides valuable insight into the development
of subglacial and englacial hydrologic systems as well
as spatial and temporal changes that occur.
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Recent work on basal motion of wet-based glaciers
has focused on the role of debris, either entrained in ice
sliding over bedrock or in a water-saturated layer divid-
ing ice from rock. In the first case, debris in contact
with bedrock is known to add resistance to basal mo-
tion but is thought to account for only a minor fraction
of basal shear stress. Deformation of wet sediment sep-
arating ice from rock is thought to commonly reduce re-
sistance to basal motion, although controversy persists
regarding whether resistance to such deformation is vis-
cous or predominately frictional and rate-independent.

During two spring field seasons, we have conducted
experiments with instrumented hard and soft beds be-
neath Engabreen, a temperate glacier in Norway where
the Svartisen Subglacial Laboratory provides human
access to the bed beneath 220 m of ice sliding at 0.1-0.2
m/d. In one experiment, a smooth granite tablet (0.09
m?2) was installed flush with the bedrock surface so that
debris-charged basal ice (2-11 % debris by volume) slid
across it. The shear traction on the tablet, total nor-
mal stress, water pressure at the tablet surface, and
upward heat flux were measured. In the other experi-
ment, a trough (2 m x 1.5 m x 0.5 m deep) was blasted
in the rock bed and filled with 2.5 tons of simulated till.
Instruments recorded shear (tiltmeters), dilation and
contraction, total normal stress, and pore-water pres-
sure. Pore pressure was manipulated by feeding water
to the base of the till with a high-pressure pump, op-
erated in a tunnel in rock 4 m below the bed surface.

Inconsistent with the leading abrasion theory, shear
traction on the rock tablet during two consecutive field
seasons was about 100 kPa and depended sensitively on
effective normal stress, which fluctuated in response to
water-pressure variability. Deformation of till required
low effective normal stresses associated with high pore-
water pressures, highlighting the frictional nature of
till. Shear strain decreased downward in the bed due to
increasing friction with depth and the consequent sup-
pression of force imbalances on individual grains (Iver-
son and Iverson, 2002, J. Glaciol, no. 158). Overall,
results from both experiments indicate that rock fric-
tion associated with both abrasion and till deformation
may play a major role in resisting basal motion of wet-
based glaciers.
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In the past two decades, retreat of the Menden-
hall Glacier near Juneau, Alaska has exposed a bedrock
ridge spotted with ’siltskins’, patchy coatings of
calcite-cemented clay to sand-sized lithic grains. Coat-
ings range from 0.5 to 20 mm thick and occur in two dis-
tinct morphologies. Striated siltskins are thin, located
mainly on stoss faces, and preserve local striation direc-
tion. Thicker, corrugated skins preserved on lee faces
consist of parallel microridges elongated downslope.

Thin section analysis shows that siltskins consist of
a basal, calcite-rich layer overlain by microlaminated
layers of calcite-cemented lithic grains. Microstrata
in layers of corrugated siltskins display complex inter-
nal structures including wavy microlaminae, truncated
cross-bedding, convolute forms, and pockets of larger
grains. SEM/EDS analysis of siltskin laminae and sur-
faces show laterally persistent Ca/Si differences. Iso-
topic values of AO8 and AC!3 ranged from -19.52 to
-12.74 and -6.18 to -3.44, respectively in five samples of
cement, consistent with deposition from subglacial wa-
ters of varying isotopic concentrations and with deriva-
tion of carbon from inorganic sources.

Regelation processes probably caused precipitation
of the basal calcite layer from ice enriched in Ca. After
the basal layer reached a limiting thickness, deposition
of microlaminae of the upper layer dominated. The rel-
atively thick corrugated siltskins we studied are deposi-
tional features enhanced by erosional processes. Wave-
lengths of parallel microridges generally range from 1
to 10 mm and apparently formed as sediment-rich wa-
ter dripped or oozed down lee slope rock faces. Ice-rock
separation, flow energy, and the amount and grain size
of transported sediment controlled the layering and de-
positional forms.

Deposition of siltskins depended on macro-scale
processes in the glacier system, outcrop-scale features
of the rock ridge, and micro-scale interactions of the
ice, bedrock, and thin films of water in the regelation
layer. Siltskins probably formed when a subglacial cav-
ity system was active on the rock ridge, probably within
the last 60 years. Siltskins provide clues about how
micro-scale hydrologic processes interact with larger-
scale subglacial systems.
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One the most common characteristics used to iden-
tify melt-out till is the presence of dewatering struc-
tures, or sorted sediment zones formed during melt-
out. However, calculation of the pore water discharge
required to sort sediment (critical discharge) and 1-
dimensional modeling of melt-out suggest that geother-
mally driven melt-out produces insufficient water to
sort or transport sediment. Assuming pore water pres-
sure within the till equals total pressure on the system,
I use geotechnical data from the clayey Kewaunee For-
mation till of eastern Wisconsin to determine the crit-
ical discharge of the till. This till can transport up to
1.6 m3 of water/year/m? without pore water pressure
exceeding total pressure. Measured melt rates from val-
ley glaciers and estimated melt rates for ice sheets pro-
duce 2 to 3 orders of magnitude lower discharge than
the maximum discharge that can pass through the pore
space of Kewaunee Formation till. Using basic laws of
soil mechanics, I constructed a 1-dimensional model of
a geothermally melted, stagnant ice block to analyze
pressure distribution during melt-out and to determine
the conditions under which dewatering structures can
form. During every model run, the pore water pres-
sure within the till never exceeded the total pressure
in the till. This suggests that an additional source of
water is necessary to form dewatering structures. The
additional amount of water needed would require rapid
melting of the ice block, which contradicts field obser-
vations of debris covered, stagnant ice existing for long
periods of time (e.g. 10s to 1000s of years). Therefore,
the majority of the water must come from an external
source if dewatering structures are to form. Thus, cal-
culation of critical discharge and modeling of stress dis-
tribution during melt-out argue that even low perme-
ability, clayey till can dewater without forming sorted
dewatering structures. This suggests that the use of
dewatering structures as a criterion for recognition of
melt-out till may be invalid, and that the lack of dewa-
tering structures in till does not need to be explained
by a lodgement or deforming bed genesis.
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Forty years ago, John Nye was one of the leaders
who introduced the rigors of classical physics to glaciol-
ogy. His elegant treatments frequently took advantage
of the then recent discovery that ice could be approxi-
mated as a plastic material. With this viewpoint, Nye
was able to explain the shape of ice sheets and glaciers,
to predict the expected pattern of stress and veloc-
ity within a glacier, and to derive the advance and
retreat of a glacier from the record of accumulation
and ablation. These advances have given generations
of glaciologists tools to interpret the excellent observa-
tional record of glacier behavior and variation. In the
1980s, glaciologist, weaned on these works of Nye and of
other similarly adept colleagues, carried their lessons to
‘West Antarctica to study ice streams, the vast conveyor
belts of ice that discharged nearly as much Antarc-
tic ice as the much larger East Antarctic ice sheet.
Ice streams were a glaciological conundrum. Despite
the gently sloping surface, these broad features roared
along, moving fastest when the gravitational impetus
was least. After two decades of research, ice streams
still have not given up all their secrets, yet much is
now known. Internal deformation is negligible. Basal
friction is frequently nil leaving the shattered margins
as the primary means to avoid rapid wastage of the ice
sheet. Within the margins, the resistive force results
from a delicate balance of heat and evolving ice fabrics.
Nevertheless, the bed beneath an ice stream cannot be
ignored. It is ultimately the state of the underlying ma-
rine sediment that determines whether the ice stream
can slide at all. There too, the heat balance is crit-
ical with an influx of water required to keep the bed
wet enough to let the streams glide along. Ice stream
research has been the portal through which glaciolo-
gists have seen and identified the complexities of West
Antarctic ice sheet dynamics. Remarkably, nearly all
time scales seem important. Ice stream positions in
past millennia conform to radically different flow pat-
terns while on the scale of hours an ice stream’s motion
is halted completely, then released to move at surge-
like speeds, in tempo with the tides. Explaining these
complexities constantly reminds us that the rigorous
physics applied to ice so effectively by Nye still work.
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Snow packs are made up of snow layers, each dif-
fering in physical and microstructural properties from
those above and below. The sequence and character-
istics of the layers affect the electromagnetic, ther-
mal, physical and mechanical properties of the pack.
Layer boundaries are also important in determining the
strength of the pack and the transport of air, water and
heat through it, though relatively little attention has
been focused on the nature of the boundaries them-
In general, layers are used (some times tac-
itly) as the basis for spatial extrapolation of proper-
ties, with the assumption that layers are laterally ho-
mogenous. On ice sheets and large glaciers, this as-
sumption may be valid, but in seasonal snow covers

selves.

the layers vary laterally at multiple scales (10_1 to
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