
These observations and inferences outline the require-
ments for a basal model. Thermal state of the bed and inte-
grated water flux must be calculated. Sliding can be estimated
using a relation including cavitation, with cavitation increas-
ing with water supply and water pressure but limited by the
increase in water flux that occurs with increased cavitation. In
regions of soft subglacial materials, water pressure will affect
till properties and the mobilization of more till. Till continuity
is essential, because thicker till will bury more sticky bedrock.

The references cited here include candidate relations for
the low-stress-exponent till flow law, the sliding relation, the
till-generation relation, and the description of the water system
needed for a complete basal model. Much work remains to
choose among these candidate relations and then refine them.

This work was supported in part by National Science
Foundation grants OPP 89-15995, its continuation, and EAR
90-58193.
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Ice velocities near a relict flow feature on Siple Dome
R.W. JACOBEL, C.W. DORSEY, andA.M. HARNER, Department of Physics, St. Olaf College, Northfield, Minnesota 55057

A dvanced very-high-resolution radiometer (AVHRR)
magery of the western Ross Embayment shows a linear

feature crossing the northwest flank of Siple Dome, the ridge
separating ice streams C and D. Bindschadler and Vornberger
(1990) have tentatively identi9fied this as a possible relict ice
stream margin, traversing an area which today is interstream
ice. If this is the case, it would indicate a different configura-
tion of these ice streams in the past and have important
implications for the behavior of the west antarctic ice sheet.

In an effort to gain more information about this relict margin
feature, we have made enhancements of AVHRR imagery to
gain greater spectral resolution. We have also used repeat
Landsat thematic mapper (TM) scenes and the methods
developed by Bindschadler and Scambos (1991) to determine
surface-ice velocities at one location near the relict margin.

From the National Oceanic and Atmospheric Administra-
tion's archive of AVHRR imagery, we have selected five nearly
cloud-free images of the western Ross Embayment. Three of

ANTARCTIC JOURNAL - REVIEW 1994
62



the images were acquired at approximately the same Sun
azimuth and two others with the Sun approximately 900 and
1800 relative to this. Surface features illuminated at low Sun
angle may appear with high contrast in images recorded at a
particular solar azimuth, but other Sun positions can give use-
ful information about the feature as well. Working with band 2
data, we first coregistered all the images and then performed a
principal component analysis on the three with different solar
azimuths to extract brightness information common to them.

After several trials, we found that the best enhancement
of the surface features of interest came from using the first
principal component of the three images acquired at approxi-
mately the same solar azimuth. A subscene of approximately
380 by 260 kilometers (km) from this composite is shown in
figure 1. The image is centered on the Siple Dome and shows

the hypothesized relict margin feature striking diagonally
across the northeast flank of the dome, just right of center in
the image. Ice stream D enters the scene at the upper right
and flows into the Ross Ice Shelf near the upper center, while
ice stream C flows from right to left across the lower part of
the image. The relict margin feature appears to result from
flow out of ice stream C, across the Siple Dome divide and
into the Ross Ice Shelf adjacent to ice stream D. The enhance-
ment in this image over any of the individual scenes does not
result from improvement in spatial resolution, which is still
1.2 km per pixel, but because the original radiometric bright-
ness values are now mapped into a much larger range due to
the principal component analysis.

To study this feature in more detail, we have examined
Landsat TM imagery of the area. Figure 2 is a portion of one

Figure 1. Composite AVHRR image of Siple Dome and surrounding ice streams C and D made by extracting the first principal component of three
individual scenes at approximately the same Sun angle. Image size is 260 by 380 km; true north is toward the top. The prominent linear feature
crossing the northeast flank of Siple Dome is hypothesized to be a relict ice stream margin.
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TM scene showing the northeast corner of Siple Dome and
part of the ice stream D grounding line area. The image is
approximately 53 by 42 km on a side; true north is to the left.
The south margin of ice stream D trends from the upper right
toward the center of the image where it joins the Ross Ice
Shelf. A train of crevasses and buckled ice generated at this
shear margin continues diagonally across the image on the
floating ice. The Siple Dome relict margin feature enters the
image at the lower right trending parallel to the modern shear
margin and terminates where ice becomes ungrounded, right
of center in the lower part of the image. Long wavelength con-

trast changes in the image (for example, between the relict
margin and the modern ice stream D shear margin) are the
result of albedo variations due to new snow accumulation.
The TM scenes have been processed by combining bands 2, 3,
4, and 5, and then using a high-pass filter to remove most of
the edge-to-edge solar brightness differences (Bindschadler
and Scambos 1991).

Figure 3 is a 25-by-16-km subscene of the TM image in
figure 2 shown at full resolution. The heavily crevassed and
buckled ice zone running diagonally across the left side of the
image is the extension of the shear margin of ice stream D

1-igure 2. Landsat TM image of the northeast corner of Siple Dome and part of the ice stream D grounding line area. The south margin of ice
stream D trends from the upper right toward the center of the image where it joins the Ross Ice Shelf. The Siple Dome relict margin feature cuts
diagonally across the image at the lower right. Scene dimensions are approximately 53 by 42 km; true north is toward the left.
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flowing onto the Ross Ice Shelf. The relict margin, though
muted in this enhancement, runs diagonally across this lower
right portion of the image. Between this relict margin and the
modern shear margin of ice stream D (just right of center in
the image) is a small group of crevasses.

These crevasses have been located in two other images of
this area taken 2 years before and 2 years after the scene in
figure 3. Using the methods of Bindschadler and Scambos
(1991), we have coregistered all three images and then used a
pattern recognition algorithm to measure the displacements
of these crevasses. The resulting velocities are given in the
table. Because most of the uncertainty in the crevasse posi-
tions comes from the coregistration, the velocities for individ-

ual crevasses from each image pair show good agreement,
whereas the means for the 2- and 4-year intervals cluster
about slightly different values. This does not indicate a
change in velocity but simply that the ice here is moving at a
rate of 20 and 30 meters per year.

Using these same image pairs, we have measured veloci-
ties within ice stream D of greater than 500 meters per year in
agreement with results obtained independently by Scambos
et al. (in press). In contrast, ice in the interstream ridges
moves typically at a rate of less than a few meters per year.
Thus, at least one area of the ice within the hypothesized for-
mer relict ice stream channel is moving at speeds intermedi-
ate between those of interstream ridge ice and a modern ice

Figure 3. Landsat TM image of a subportion of figure 2 at full resolution. The scene is approximately 25 by 16 km; true north is to the left. A train
of crevasses can be seen inside the paleo ice stream channel, just west (above) of the relict margin feature (right of scene center).
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Velocities of crevasse cluster inside relict margin

20	 36
21	 31
22	 44
21	 27
21	 29
18	 31
21	 32

aln meters per year ±10. Mean 20.5 meters per year. Standard
deviation of the mean = 1.2 meters per year.
b ln meters per year ±14. Mean = 32.7 meters per year. Standard
deviation of the mean = 5.7 meters per year.

stream. This is an intriguing result, which if confirmed, sug-
gests that the configuration of the ice streams has been
altered dramatically in response to environmental change.

We are presently engaged in fieldwork to study the relict mar-
gin area using surface-based ice-penetrating radar to examine
the continuity of internal layers, and geodetic surveying to
measure ice velocities and strain rates.

We wish to acknowledge R. Bindschadler, M. Fahnestock,
1'. Scambos, and P. Vornberger, who gave us invaluable assis-
tance with the images and the software for obtaining veloci -
ties. This work was supported by National Science Founda-
tion grant OPP 93-00165 to St. Olaf College.
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Internal layer folding patterns from radar studies of
ice streams B and C

ROBERT W. JACOBEL and BEN J. GROMMES, Department of Physics, St. Olaf College, Northfield, Minnesota 55057

W
e have continued studies of the folding patterns of inter-
nal layers seen in ground-based radar studies of ice

streams B and C. The echoes from these layers arise from
changes in the dielectric properties of ice due to deposition of
debris on the ice surface. Therefore, the internal layers repre-
sent isochrones that can be analyzed to gain clues about ice
dynamics (Whillans and Johnsen 1983). In earlier studies using
data we collected in collaboration with the U.S. Geological Sur-
vey during the 1987-1988 and 1988-1989 field seasons (Wright
et al. 1990), we found that the folding patterns of internal layers
are not related to bed topography or to areas of high basal
shear stress—"sticky spots" (Jacobel et al. 1993). Instead, we
concluded that the folds are initiated as the ice transits from
the inland ice sheet to fast-streaming flow by some process
that is not yet well understood. Additional evidence placing the
origin of folding well upstream of the point of detection in the
ice streams was our observation of the tilting of axial fold
planes in the flow direction. Assuming that folds form with the
axial fold plane vertical and using the flow law, we calculated
that it would take on the order of several hundred years to pro-
duce the observed tilting, therefore placing the origin of the
folds many kilometers upstream (Jacobel et al. 1993).

Our recent work has focused on the three-dimensional
nature of the fold structures because we have found that there
is also considerable deformation in the direction transverse to
flow, and this deformation needs to be incorporated into an

understanding of ice-stream dynamics. Figure 1 shows two
intersecting radar profiles acquired at the downstream B loca-
tion, one approximately along the flow direction and the
other transverse to it. The same prominent fold in the internal
layers can be seen in both profiles. This can be the case only if
the actual fold structure trends oblique to the flow direction
and the profiles depict a projection of the fold on each axis.

In figure 1, the horizontal scales in each of the projec-
tions are different, and this information has been used to
determine the strike of the fold, which in this case is at
approximately 58 0 to the iceflow direction. Bed topography
on the ice plain at the downstream B location is essentially
flat, and the ice is only marginally grounded on a bed of
deformable till (Blankenship et al. 1988; Rooney 1988). Basal
shear stresses have been determined from an analysis of
strain rates by Bindschadler et al. (1987) and are found to be
very small. Variations in them are thus unlikely to be respon-
sible for producing the large folds we observe.

At the downstream B location, three-dimensional infor-
mation is limited to the region of the two crossing profiles
shown; however, at the upstream C location, we have radar
data from a grid of approximately 5 by 30 kilometers (km),
with 1-km spacing between the profile lines. Echoes from a
prominent internal layer have been identified in nearly all the
profiles at a depth of approximately 725 meters, and figure 2
shows a mesh surface depiction of this isochrone. This map is
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