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In this article, we report on analyses of seismic data collected
around Upstream C camp during the 1988-1989 austral sum-
mer (Bentley et al., 1989).

Microearth quakes. Microearthquake activity near Upstream C
camp, monitored on a 7-by-4-kilometer array, was character-
ized by swarms of events separated by quiet periods. (There
are some indications that during the "quiet" periods there were
many events too small to activate the automatic trigger on the
seismic array.) The events within a swarm occurred within
seconds of each other, but the epicenters of those events were

separated by up to 3 kilometers. All of the events were within
20 meters (the error of location) of the bed. Most events have
essentially the same fault-plane solution, consistent with low-
angle thrust faulting with the upper slab (the ice stream) mov-
ing in a direction approximately 300 to the left of downstream.
Spectral analysis indicates fault radii of 10 ± 5 meters and slips
of 50 ± 30 millimeters.

From the total activity, we estimate that at least 5 percent,
and perhaps substantially more, of the ice stream motion is
due to slip on faults. This is in striking contrast to ice stream
B, where the energy released by microearthquakes was found
to be only 1 part in 1010 of the total energy dissipated by the
ice stream (Blankenship et al. 1987a).

Seismic refraction studies. Secondary arrivals from the mi-
croearthquakes provided information about the Earth structure
beneath ice stream C. Figure 1 is a travel-time plot formed
from the P-wave seismograms for 15 microearthquakes. The
first arrival, marked P. is directly from the source; the second,
marked PrP, is refracted along the top of a layer with an ap-
parent wave velocity of 5.3 kilometers per second. We have
successfully modeled these arrivals by the Earth structure shown
in figure 2. Thus, between the seismograph array and the
microearthquake foci, these data suggest that ice stream C is
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Figure 1. Travel time plot for microearthquakes near Upstream C. See figure 2 for explanation of the arrivals marked P and PrP and for the
model used to generate the fitted lines. (ms denotes milliseconds. m denotes meter.)
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Figure 2. Diagram of the Earth model used to generate the travel-
time lines shown in figure 1. The source is removed from the bed
for clarity; sources actually were at the interface within the error
of measurement. (m denotes meter. km/sec denotes kilometers per
second.)

underlain by a low-velocity sedimentary layer whose thick-
ness, based on an assumed velocity of 2 kilometers per second,
is 400 ± 30 meters.

Analysis of the 1988-1989 long refraction profile, which was
shot from the center of the ice stream to ridge BC, gives similar
but somewhat conflicting results. The data recorded on the ice
stream, using the central line of the microearthquake array,
indicate that the sediment layer beneath the ice is only about
100 meters thick under that line (figure 3). Since both data sets
are good and the microearthquakes, which occur off the re-
fraction line, sample a somewhat different portion of the bed,
we conclude that there must be rapid variations in layer thick-
ness beneath this part of the ice stream, which is characterized
by a relatively high bed of considerable relief (Bentley, et al.,
Antarctic Journal, this issue, figure 2). The refraction results
yield a wave velocity beneath the sediments, 5.65 kilometers
per second, that should be close to the true velocity since the
refraction profile was reversed. The lower apparent velocity
from the microearthquake analysis is consistent with a sedi-
mentary layer that is generally thicker where the microearth-
quakes occur than under the array. Efforts to reconcile these
data continue.
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Figure 3. Ray-path diagram and travel-time plot for the Upstream C end of the long-refraction profile. "SW" and "NE" are grid directions.
The rest of the profile extends grid northeastward to ridge BC. The microearthquake array used for recording lies between 0 and 7.5
kilometers. Solid circles denote observed travel times; travel times indicated by open squares and continuous lines are calculated from
the ray-path diagram. Numbers in the lower diagram are wave velocities in the corresponding layers; parentheses denote an assumed
velocity. (km denotes kilometer. sec denotes second.)
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Grid northeastward, under the smoother, deeper part of the
ice-stream bed, the sediment layer thickens to 500 meters (fig-
ure 3). A deeper layer with a wave velocity between 6.0 and
6.2 kilometers per second is also indicated by the data.

In the ice itself, the maximum wave velocity is an anoma-
lously low 3,813±3 meters per second, more like velocities in
ice shelves than in the inland ice (Robertson and Bentley 1990).

Seismic reflection experiments. The seismic reflection experi-
ments on ice stream C and the neighboring part of ridge BC
(from Upstream C to ridge BC, figure 2; Bentley, et al. 1989)
were designed to map the characteristics and extent, if any,
of a subglacial layer that might once have been like the de-
formable debris layer beneath ice stream B (Blankenship et al.
1987b; Engelhardt et al. 1990). The two profiles processed to
date show that the ice-sediment interface under ice stream C
is very different from that under ice stream B. The base of ice
stream B is strikingly smooth, particularly parallel to flow,
whereas the base of ice stream C is rough; irregularities typ-
ically have a wave length on the order of half a kilometer and
amplitudes on the order of 10 meters. The ice thickness changes
by as much as 200 meters over a distance of 7 kilometers (see
Bentley, et al., Antarctic Journal, this issue, figure 2). As around
Upstream B camp, however, the bed is smoother along flow
than across flow.

Both vertical and wide-angle reflections show the presence
of a subglacial layer that varies in thickness from 0 to 15 meters.
As at Upstream B, the lower boundary of the layer appears to
be at a nearly uniform depth beneath the ice in the direction
of flow but to vary in depth across flow. The phases of the
reflections imply that this layer has an acoustic impedance
slightly less than that of the ice, as does the deformable layer
beneath ice stream B. In contrast, lodged till or solid rock would
have an acoustic impedance greater than in the ice. This sug-

gests that there is still a soft layer beneath ice stream C even
though the ice stream is inactive. If our analysis is correct, it
implies that the shut-down of ice stream C (at least around
Upstream C) cannot be attributed to removal of deformable
sediments—more likely, it was loss of water pressure in the
sediments that was responsible. We speculate that pressure
loss was non-uniform, and that the irregularities in the ice-
bed interface along flow developed while only portions of the
bed were mobile.
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Radar fading-pattern experiment. During the 1987-1988 austral
summer, a fading-pattern experiment was performed near the
end of the season at Down B camp, on the ice plain of ice
stream B (Bentley, Blankenship, and Moline 1988). It consisted
of repeated radar reflection profiles run precisely over a 1-
kilometer line of negligible ice-bottom relief at a very low ve-
hicle speed (approximately 2 kilometers per hour) to delineate
the detailed character of the bottom returns. The line was at
an angle about 20° to the flow direction. The purpose of the
experiment was to determine the differential movement rates

between the surface and bed of the ice stream at a location on
the ice plain. Eighteen transects were completed over a period
of 8 days.

Figure 1 is a comparison of two radar-reflection images of a
35-meter section of the line. Of particular interest is the tran-
sition area at flag 330 where a strong return becomes abruptly
weak in a distance of about a meter. Such transitions occur
several times along the 1-kilometer line. There was no dis-
cernable change in the surface location of these transition zones
over the duration of the experiment. Since the basal reflection
pattern moves with the base of the ice, this allows us to place
an upper limit on the differential motion between surface and
base of the ice of 0.1 meters per day, 7 percent of the 520-
meter-per-year velocity of the ice stream. This means that dif-
ferential shear strain in the ice is no more than this (an expected
result) and that the base of the ice is moving without change
in configuration with or through a yielding bed (which could
be water).

Airborne radar. During the 1988-1989 austral summer, air-
borne radar was flown in gridded blocks, 110 kilometers on a
side, over much of the upstream portions of ice streams B and
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