
fast ice-stream movement across the ice plain. Analysis of the
character of the diffraction shows that the diffractor roughness
must be on the order of a few meters vertically with slopes on
the order of 10 percent and that the form of the diffracting
surface, i.e., the base of the ice, changes little during at least
10 meters of movement. These facts imply that the ice must be
deforming the bed to a depth of several meters.

Large bottom crevasse (?). Additional radar profiling during the
1987-1988 season at Downstream B camp on the ice plain of
ice stream B revealed a long, continuous diffractor above the
bed (Novick and Bentley 1990). Thirteen transects across the
feature show a nearly hyperbolic shape indicating an approxi-
mately linear diffractor oriented parallel to the direction of ice
movement. The diffractor is 60 meters above the bed on the
transect farthest upstream and grows higher until it is over 100
meters above the bed on the last transect 12 kilometers down-
stream from the first. This suggests that the feature is at least
24 kilometers long. The returns from the diffractor increase in
strength downstream. We believe the primary source of the
returns is the apex of a bottom crevasse. Small but consistent
deviations from the hyperbolic form and the fact that the am-
plitudes of the returns are stronger on one side of the feature
than the other indicate that there are also some returns from
at least one flank of the crevasse. These characteristics suggest
that the crevasse is not symmetrical about a vertical axial plane.

Surface and bed elevation maps from airborne radar sounding. Dur-
ing austral summer 1988-1989, 14,000 kilometers of airborne
radar data, consisting of six gridded blocks (figure) with line
spacing of 5 x 5 kilometers (block b), 10 x 10 kilometers (blocks
a and c), 5 x 20 kilometers (blocks 10 and 20), and 10 kilometers,
one way only (block e), were collected over the upstream por-
tions of ice streams A, B, and C and the intervening "ridges"
using a modified SPRI Mark IV 50-megahertz radar mounted
in a Twin Otter aircraft (Lord, Retzlaff, and Bentley 1990). Hor-
izontal and vertical positions were recorded respectively from
the inertial navigation system and pressure altimeter in the
aircraft. Ground control was provided by ties to Ohio State
University's satellite-surveyed ground stations. A linear drift
in the inertial navigation system was assumed and corrected
for; the drift rates were evaluated from the closure in position
at the end of each flight. Ice thicknesses were determined from
computer-picked arrival times of the surface and bottom reflec-
tions, and surface elevation was calculated from the aircraft's
recording radar altimeter. Crossover errors for surface elevation
were minimized in a least-squares sense by applying a height
correction to each flight line. Elevations were made absolute by
the ties to the ground stations. Residual crossover errors indi-
cate standard errors in surface elevation and ice thickness of 4

meters and 30 meters, respectively. The maps are generally
similar to pre-existing reconnaissance maps, but they show
much more detail.

Dating the shutdown of ice stream C. That same season, our
GSSI SIR-8 short-pulse radar system was deployed on five pro-
files across the buried shear margin of ice stream C (figure) to
detect the depth to buried surface crevasses (Retzlaff and Bent-
ley 1990). A density-versus-depth curve from a seismic short-
refraction experiment was used to calculate a curve of radio-
wave velocity versus depth that was in turn used to convert
radar-echo times to depth. After correcting the profiles for re-
gional variations in accumulation rate along ice stream C, we
found that there is no significant difference in the time of cre-
vasse burial at the four downstream locations (profiles 1-4). All
four profiles give a shutoff time for the ice stream of 130 ± 20
years ago. The profile farthest upstream (profile 5), however,
indicates an age of burial about half that of the other profiles.
This indicates more recent activity for the upstream end of ice
stream C; in fact, visible surface crevasses occur along one of
its margins. Variations in depth to buried crevasses within in-
dividual profiles were found to correlate with surface slope; we
believe that is because the slope affects the local accumulation
rate.

In a separate short-pulse radar experiment, a 700-meter-
square grid near Upstream C camp was profiled. To determine
the nature and orientation of the buried crevasses, individual
crevasses were correlated from line to line within the grid. A
primary set of buried subparallel crevasses oriented very nearly
along the axis of the ice stream was found. Whether the cre-
vasse orientation on this grid is representative of a more exten-
sive region is uncertain.

This work was supported by National Science Foundation
grant DPP 86-14011. This is contribution number 518 of the Uni-
versity of Wisconsin at Madison, Geophysical and Polar Re-
search Center.
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Analysis of seismic
and gravity studies
on the Siple Coast

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

In 1990, we continued to analyze seismic and gravity data
from the 1988-1989 field season at Upstream C camp on ice
stream C. (For location see the figure in Bentley, et al., Antarctic
Journal, this issue.) Three papers on this work were presented
at a meeting of the American Geophysical Union in December.
A summary of our findings follows.

Bed softness from phases of seismic reflections. The phases of
seismic compressional waves reflected off the bed of ice stream
C and ridge BC, recorded from high-resolution profiles shot in
1988-1989, indicate lateral changes in the basal boundary con-
dition (Atre and Bentley 1990). In a zone 20 kilometers wide
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under the ice stream, the reflection is mostly reversed in phase
(figure 1), a finding that indicates a bed with an acoustic imped-
ance less than that of the ice. The porosity of a water-saturated
sedimentary material would have to be nearly 40 percent to
yield an impedance less than that of the ice—this is appropriate
to a dilated till. On both sides lie zones that show no phase
reversal, a finding that implies an acoustic impedance higher
in the bed than in the ice. One of the latter zones, 15 kilometers
wide, is on the central, rough-bedded part of the ice stream;
the other extends from the former shear margin onto ridge BC.
The higher acoustic impedance implies a lower porosity (about
35 percent or less). This finding in turn suggests that the ma-
terial is lodged till. There is an abrupt change in the basal
boundary condition at the inner boundary of the former shear

margin as delineated by radar observations. The phase of the
reflected wave reverses over a distance of a few hundred me-
ters, from reversed on the ice-stream side to unreversed on the
ridge side. Within the 20-kilometer zone of phase reversal, a
few isolated regions have reflections that show no phase re-
versals or have very low amplitudes (the latter implies a near
match in acoustic impedance). These regions may be similar to
"sticky spots," i.e., sources of stress concentrations such as
those found by Whillans (1987) on ice stream B.

A serious difficulty arises with the explanation of reversals
and nonreversals in phase in terms of dilatancy (and presumed
deformability) of the bed when a similar analysis is made of
the reflections beneath ice stream B. There, nearly the entire
bed, including the spot where a dilated bed was first revealed

NO-PHASE-REVERSAL ZONE

F-1 PHASE-REVERSAL ZONE
0 Up  Camp

Ridge BC Camp

FORMER
SHEAR MARGIN

Axis of Ice stream C

Ridge BC

True South

0	10
Grid South	 Scale (km)

Figure 1. Diagrammatic map showing zones of phase reversal and no phase reversal in seismic reflections from the base of ice stream C.
The map runs from the central ice stream (left) across the shear margin (box at right center) onto ridge BC (right). Small elongated boxes
show locations of seismic profiles. Letter-number combinations are profile designators. (km denotes kilometer.)
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by seismic velocity measurements (Blankenship, et al., 1987),
shows no phase reversal, a finding that indicates a higher
acoustic impedance than in the ice, i.e., a lodged till by the
criterion applied on ice stream C. We do not yet have an expla-
nation for this paradoxical result.

Seismic anisotropy in the ice. There are many indications of
seismic anisotropy in the ice of ice stream C and ridge BC. The
velocity of compressional waves estimated from reflection and
refraction studies conducted during the 1988-1989 field season
varies from 3,754 to 3,884 meters per second (Anandakrishnan
et al. 1990). The maximum velocity from long refraction shoot-
ing is only 3,815 ± 5 meters per second, which is significantly
less than the value (3,850 meters per second) expected for iso-
tropic ice at -24 °C, the estimated temperature at the depth of
the velocity maximum (approximately 100 meters). The occur-
rence of shear-wave splitting from nearby microearthquakes
also shows that the ice is anisotropic. Wide-angle reflection
profiles reveal a change in compressional-wave velocity as a
function of angle of incidence, a change that can only be ex-
plained by strong anisotropy. Furthermore, the required crys-
talline fabric changes drastically from place to place (figure 2).
The fabric on ridge BC appears to be a simple distribution
within a vertical cone, as would be expected theoretically (Alley
1988). On ice stream C, the varying patterns are difficult to
explain in detail, but they probably arise as a result of complex
stress regimes associated with the abrupt cessation of rapid
movement (Alley personal communication).

Subglacial crustal structure. In January 1989, a reversed seismic
refraction profile 63 kilometers long was shot along a line from
Upstream C camp on ice stream C to ridge BC (Munson, An-
andakrishnan, and Bentley 1990). Explosive charges ranged in
size from 300 to 700 pounds. In addition, gravity measurements
were made at 1-kilometer intervals along the same 63-kilometer
line.

3950

ANGLE OF INCIDENCE (deg)
Figure 2. Examples of seismic wave velocity versus angle of inci-
dence for two different locations on ice stream C. The open circles
refer to a profile at x 34200 (see figure 1), the full circles to a profile
at x 3600. The repeated-hump character of the latter arises from
basal topography. (deg denotes degree. ms- 1 denotes meters per
second.)

3.81
0 (2.0)___________

5iIIIf 

0

0

5.9

	

10-	6.85

	

15	
7.0

0
20-F

	

0	10	20	30	40	50	60
DISTANCE (km)

Figure 3. Crustal model derived from the forward modeling of seis-
mic and gravity data. The numbers in the left-hand column are P-
wave velocities in kilometers per second; those in the right-hand
column are densities in megagrams per cubic meter. The velocity
in parenthesis is assumed. (km denotes kilometer.)

Forward modeling of the seismic refraction and gravity pro-
files resulted in a three-layer model beneath the ice (figure 3).
In the top layer, the compressional-wave velocity is less than in
ice. Seismic reflection measurements indicate that the velocity
in this layer varies from 1.6 to 2.3 kilometers per second; these
are typical velocities for unconsolidated sediments. If we as-
sume that the velocity is 2.0 kilometers per second, then we
are led to the assumption that there is a layer about 100 meters
thick beneath the center of ice stream C. This layer thickens to
500 meters grid northeasterly toward the margin of ice stream
C. In an apparent graben beneath ridge BC, the layer is about
2.5 kilometers thick.

In layer 2, the velocity varies from 5.65 kilometers per second
at the top to 5.9 kilometers per second at the bottom. The
thickness of the layer decreases from 5 kilometers beneath ice
stream C to 2 kilometers beneath ridge BC. In the third and
deepest layer, velocity ranges, top to bottom, from 6.85 to 70
kilometers per second; the thickness, determined from wide-
angle reflections, is approximately 6 to 8 kilometers. Modeling
of the gravity anomalies revealed a full graben structure (ap-
proximately 10 kilometers wide and 2.5 kilometers deep) be-
neath ridge BC that may be a result of continental rifting.

This work was supported by National Science Foundation
grant DPP 86-14011. This is contribution number 519 of the
University of Wisconsin at Madison, Geophysical and Polar
Research Center.
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