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In recent years, the development of the hot-water drilling
technique for rapidly drilling deep boreholes through cold ice
to the base of the antarctic ice streams has opened the possi-
bility to study the controlling mechanism for fast ice streaming
flow. This technique has been successfully tested and imple-
mented during the 1988-1989 austral summer (Engelhardt et
al. 1989, 1990; Kamb 1990). In the 1989-1990 austral summer,
six boreholes about 1,060 meters deep were drilled on ice stream
B (83.5°S 138.2°W). In this article, we report on the geophysical
experiments and observations made in these boreholes.

Sampling of subglacial material. Samples for studying the phys-
ical properties of bottom materials were extracted by four dif-
ferent methods. Two of them, the jet sampling technique and
the adhesion method, were already used in the previous field
season (Engelhardt et al. 1989). This year, two new devices
were added:
• The split-tube corer—a short, split piece of heavy tubing,

62 millimeters in diameter—is driven into the bottom sed-
iments using a heavy weight. The split tube can be readily
opened for removal of the core material. Samples of subgl-
acial sediment 0.2 meter long were obtained.

• The piston corer is 6.5 meters in overall length. The core
tube, 50 millimeters in diameter with piston to fit, is 3.5
meters long; the rest of the length is a piece of heavy steel
(Shelby) tubing to drive the corer into the bottom. Although
the piston corer is more difficult to handle than the other
sampling devices, this sampling technique proved to be highly
advantageous. Four cores were retrieved: lengths 1.3, 2.0,
2.0, and 3.4 meters.
Preliminary examination of the cores show the general char-

acter of the material. It is a glacial till—a pebbly, sandy, silty
clay with a wide range of grain sizes typical of till, and lacking
bedded structure. Clasts up to 5 centimeters in size are present;
they are mainly granitic, but metamorphic lithologies are also
present. Scarce shell fragments are visible macroscopically,

and microscopic organic remains (sponge spicules, diatoms,
etc.) are present though not abundant (Scherer 1989). The till,
therefore, is derived, at least in part, from open water marine
sediments. A wide variety of source materials has been mixed
together, as can be expected in a till.

The directly measured porosity of a sample from near the
top of the till is 40 percent. This value is high for a till and
probably indicates that the till has been dilated by recent shear.
A hydraulic conductivity of 2 x iO per millisecond was mea-
sured on a reconstituted sample. This low value, typical of
tills, precludes hydraulic conduction through the till layer as
a significant contribution to water flow at the base of the ice
stream.

Preliminary mechanical tests have been carried out on till
samples from which the coarser rock fragments (greater than
5 millimeters) have been removed. The shear strength is 0.02-
0.04 bar, varying from sample to sample. The till behaves like
a perfectly plastic material with this low failure strength. Be-
cause of the low hydraulic conductivity, the shear strength
measured on the core samples is probably close to the in situ
value under the ice stream. The strength of the till is so low
that the till should be deforming under the ice, if the basal
shear stress approximates the regional average value of 0.2
bar. In fact, the till is by a wide margin too weak to support
the average basal shear stress. Therefore, the mechanical sup-
port and stability of the ice stream are called into question at
the locality studied (Upstream B). The areal coverage of the
investigation must be widened to provide a set of represen-
tative basal conditions broad enough to account for overall
mechanical equilibrium of the ice stream.

Till thickness. The length of the longest core extracted from
the till shows that the till is at least 3.4 meters thick. The depth
of the till was sounded by using the hot-water drill, which
penetrates into the till by hydraulic action. The drill went 5
meters into the till without any indication of encountering a
consolidated, impenetrable bottom. In two boreholes the drill
stem penetrated at least its full length (3.6 meters) into the till
in the pull-down that occurs on breaking through the bottom
of the ice and into the basal water system, as described later.

Ice deformation, till deformation, and basal sliding. The mea-
surement of internal deformation of the ice, even the lower-
most part, cannot be carried out accurately enough in one short
field season. For this reason, one borehole was left filled with
antifreeze in the hope that it can be reentered and the ice
deformation can be measured in the next field season.

A tubular mechanical tiltmeter was drilled 0.5 meter into the
till and left there 4 hours; upon removal the tube was bent 2

80	 ANTARCTIC JOURNAL



centimeters from vertical, indicating this amount of relative
shearing movement over the 0.5-meter depth of penetration.
A piston core tube driven into the till for coring was left in
place for 6 hours. The 3.44-meter core tube was permanently
bent 39 millimeters from the vertical. Since the mechanical
strength of the till is low, only part of the till deformation has
probably been recorded in the bent tube. A careful interpre-
tation of the bending profile is needed to determine how much
can be inferred from the bending about shear deformation in
the till and basal sliding at the top of the till.

A measurement of basal sliding was undertaken by em-
placing a tethered stake into the till immediately below the ice
and observing the pull-in of the tether cable, which, if basal
sliding is occurring, should take place at the sliding rate. The
total pull-in was 22 centimeters, most of which occurred in the
first 2 hours. The result, taken at face value, would imply a
sliding rate of 1.5 meters per day, high enough to account for
the total motion of the ice stream.

The above results of the two types of observation of basal
sliding and sub-basal shear deformation are not consistent.
Further field measurements are needed to resolve this prob-
lem.

Basal water pressure. Pressure transducers at the base of the
ice could be installed in two boreholes. They monitor the water
pressure continuously over long periods of time, extending
long beyond the time when the borehole above is frozen shut.
The electrical connection to the surface is via an armored cable
that has proven to survive the ice pressure. A data logger
records the water pressure at a selected time interval from 5
minutes to 1 hour. The water pressure varies as the ice moves
over its bed. Sometimes short, very abrupt changes occur,
mostly to lower pressures, possibly caused by the formation
of cracks in the adjacent ice, into which water rushes and
freezes. Figure 1 shows the water pressure measured in bore-
hole 3 at the bed of the ice stream 1,030 meters deep at this
site. The water pressure varies around the flotation level of
91.5 bar at which the water pressure at the bed is equal to the
ice overburden pressure (Engelhardt et al. 1990).

Basal electrical conductivity. Electrodes at the bottom of two
pairs of boreholes were used to measure the electrical resis-
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Figure 1. Water pressure in borehole 3 from day 325 (21 November)
to day 345 (11 December). Water level drops are possibly caused
by formation of local cracks in the ice. The flotation level is at 91.5
bar.
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Figure 2. Water level drop in borehole 5 when the drill reached the
bottom of the ice and the borehole connected to the basal hydraulic
system. (m denotes meter. min denotes minute.)

tance between the boreholes. One pair of boreholes was 20
meters apart, another 500 meters. The resistance was measured
at time intervals of 5 minutes using a resistance bridge and
both alternate-current and direct-current methods. The pos-
sibility of electrode polarization was tested by applying a range
of voltages and measuring the initial time dependence of the
current. The overall resistance is low and the time dependence
is small. Electrode polarization does not seem to play a sig-
nificant role. The resistance between the boreholes 20 meters
apart was 300 ohms and between the boreholes 500 meters
apart 7,000 ohms. Depending on the assumed thickness of the
conducting layer (presummably the water-saturated till), an
electrical resistivity of the order of 30-50 ohm-meters is indi-
cated. Once laboratory measurements of the electrical con-
ductivity of the till are available, a thickness of the conductive
layer can be derived.

Basal hydraulic conductivity. The water level in the boreholes
during drilling stands at about 28 meters below the surface.
When the drill reached the bottom of the ice, the water level
drops rapidly to about 100-110-meter depth. Figure 2 shows
as an example the water level drop in borehole 5. About 2
cubic meters of water ran out of the borehole in less than 2
minutes. A hydraulic connection between the borehole and
the subglacial hydraulic system was quickly established, ca-
pable of accepting or delivering appreciable amounts of water.
Additional pumping of water into or out of the borehole did
not affect the water level.

Two boreholes were drilled 20 meters apart on a line per-
pendicular to the ice-flow direction. A third borehole was lo-
cated 60 meters up-glacier from the center between the two
boreholes. Electrodes were emplaced at the bottom of the down-
glacier boreholes. A salt solution was injected for 10 minutes
at the bottom of the up-glacier borehole. Two hours after the
salt injection, the resistance between the down-glacier bore-
holes dropped by an order of magnitude (figure 3). This in-
dicates a basal water flow velocity under the ice of 30 meters
per hour, which is much higher than the hydraulic conduction
that the till could accommodate, implying that the water is not
flowing through the till matrix but through open channels at
the ice-till interface.

Dedicated work was provided by our field assistants Harold
Aschmann, Matthias Blume, John Chadwick, Howard Con-
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Figure 3. Results of salt injection experiment is used to monitor
the basal hydraulic transport velocity. Two hours are needed for
salty water to travel from the injection borehole to a pair of bore-
holes 60 meters downstream where the arrival is sensed by a drop
in resistance between the boreholes.

way, Scot Duncan, Tomas Svitek, and Judith Zachariasen. This
work was supported by National Science Foundation grant
DPP 85-19083. Contribution No. 4896, Division of Geological
and Planetary Science, California Institute of Technology.
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During the 1987-1988 and 1988-1989 antarctic field seasons,
surface-based ice-radar profiling studies were done on ice
streams B and C by a collaboration between the U.S. Geological
Survey and St. Olaf College. The system used has been dis-

cussed by Wright, Hodge, and Bradley (1989) and Wright et
al. (in press) and the field program and preliminary results are
described by Hodge, Jacobel, and Wright (1989). In this article,
we summarize progress to date on the analysis of a portion of
these data acquired near the Upstream C camp (136°33'W 82°24'S)
in 1988-1989.

Data were acquired along two transverse profiles 95 kilo-
meters in length and 1 kilometer apart which extended across
the entire ice stream and into both marginal shear zones. Three
longitudinal lines 28 kilometers long and 1 kilometer apart
were profiled along the Ohio State strain grid, and a 5-by-12-
kilometer subsection of the strain grid was studied in detail
with profiles spaced approximately 1 kilometer apart. All data
on ice stream C were acquired at a 4-megahertz center fre-
quency of the short-pulse radar. Data densities were either 2
or 4 meters per recorded waveform with each record resulting
from stacking (adding) 8,192 individually digitized returns ac-
quired in the 2- or 4-meter interval. Figures in this report use
further data compression to fit profiles on a single page and
so do not depict the full resolution and details actually present
in the data.

Figure 1 shows a contour map and mesh diagram of ice
thickness beneath the center portion of the strain grid. Because
the surface elevations change by only a few meters in this area,
it is also a good approximation of the bedrock topography.
Overall relief is about 170 meters beneath ice which averages
about 1,000 meters in thickness. The transverse profiles which
intersect this grid show that it contains the highest bedrock
topography (shallowest ice) in this entire survey where thick-
ness ranges from 938 to 1,340 meters. Thus, the strain grid is
coincidentally located nearly in the center of a local bedrock
high which slopes upward in the direction of flow.
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