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Weak bands within Ice Stream B, West Antarctica

C.L. HuLgg,” I. M. WHILLANS
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ABSTRACT. Kilometer-scale variations in ice velocity and surlace topography are
used to investigate the style of glacier deformation in the main body of Ice Stream B, West
Antarctica. The pattern is very different from that reported for other glaciers. For the
250 km” area studied on Ice Stream B, most of the observed deformation occurs within
two narrow bands, in which there is large across-flow compression and slow lateral shear-
ing. T'he bands underlie valleys in the ice-surface topography. Measured upward displace-
ment of ice adjacent to the rapidly compressing bands appears to be linked to the creation
of the ice stream’s topography. The most likely cause for the ohserved pattern of strain
rates and surface topography, and their changes over time, is deformation guided by long-
itudinal bands of ice with an aligned crystal fabric.

INTRODUCTION

It is usually supposed that the strength of ice varies in a sim-
ple way with position in a glacier. Ice strength decreases
with depth and perhaps also close to the lateral margins of
a glacier. This view allows large-scale modelling of ice flow
using concepts of continuum mechanics (c.g. Paterson, 1981;
Hutter, 1983). Many tests of these concepts have been made
on glaciers and ice streams. Examples of such studies on
temperate glaciers include a straight section of Athabasca
Glacier, Alberta, Canada (Raymond, 1971) and over a riegel
under Storglaciaren, Sweden (Hooke and others, 1989). Tests
have been made on polar glaciers at Dye-3 in southern
Greenland (Van der Veen and Whillans, 1990); along the
Byrd Station strain network in the interior of the West Ant-
arctic ice sheet (WAIS; Whillans and Johnsen, 1983); and on
Barnes Ice Cap, Canada (Hooke and Hanson, 1986). A new
test, by Whillans and Van der Veen (1993h) on Ice Stream B,
West Antarctica (Iig. 1), produced unexpected results that
called into question some assumptions about spatial varia-
tions in ice strength and flow, especially that these varia-
tions are primarily in the vertical direction.

Patterns in surface strain rate and surlace slope on Ice
Stream B are unusual (Hulbe and Whillans, 1994). The pat-
terns do not appear to be caused by flow over or around
basal topographic features or sticky spots. Force-budget
analysis of the surface strain rates produces negative basal
drag in some areas, which is physically improbable (Whil-
lans and Van der Veen, 1993h). Furthermore, topographic
features are not advecting downstream at the speed of sur-
rounding ice, as would be expected if they were similar to
Bindschadler
and others, 1987). Instead, the surface topographic leatures

ralts identified elsewhere in West Antarctica

are slowly migrating up- and across-glacier. None of the
usual explanations for horizontal variations in strain rate
seem appropriate for the Iee Stream B data.

Present address: Department of Geophysical Sciences,
University of Chicago, 5734 5. Ellis Avenue, Tllinois
60637, U.S.A.

https://doi.org/10.3189/5002214300003495X Published online by Cambridge University Press

CRARY
ICE RISE

Fig. I. Map of West Antarctica. lee streams are shaded and
labeled, A—E. The study is conducled near the “UpB camp™
on Ice Stream B. Surface contour interval is 200 m.

Here, precision Global Positioning System (GPS) meas-
urements of an extensive strain grid near the UpB camp are
used to address more thoroughly the nature of unusual flow
patterns first identified by Whillans and Van der Veen
(1993h). The work is more thorough because the new grid is
much larger and because relative vertical velocities are
obtained in addition to horizontal velocities. The ecarlier
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strain grid of Whillans and Van der Veen (1993b) is incorpo-
rated into the present grid, allowing time-changes in strain
rate and topography to be observed.

Some analyses of the present data are given in Hulbe and
Whillans (1994). That report deseribes the GPS-survey
method and presents the strain rates and vertical velocities,
It secks, but fails, to explain the measured strain-rate gradi-

ent and surface slope patterns in terms of sticky spots (sites of

extra basal friction or partial blockage of flow). Here those
results are re-evaluated and new comparisons are made with
older strain-rate and surface topographic observations. A
more straightforward model is proposed. It involves hori-

zontal variation in ice strength, and accounts for more of

the observations than did Hulbe and Whillans (1994).

FLOW CHARACTERISTICS

Velocity gradients and surface topography from surveys
conducted in late 1964 and late 1985 (used by Whillans and
Van der Veen (1995h), referred to as 1984-85), and late 1991
and late 1992 (1991-92) are used to analyze ice flow. Survey-
ing methods and errors are discussed in Appendix L Topo-
graphies for the large strain grid measured in 1991 and for
the smaller grid measured in 1984 are shown in Figure 2.
Gridpoint velocities and positions are tabulated in Hulbe
(1994). Plots of the velocity gradients for the entire strain
grid are in Hulbe and Whillans (1994). Here attention is di-
rected toward the two sites of most extreme velocity varia-
tion, shown in Figures 3 and 4.

Local reference frames are defined such that compari-
sons arc made with respect to the same portion of the bed.
The @ axis of the coordinate system used to plot the data lics
along the long axis of the grid and is positive down-glacier.
The y axis is perpendicular to the x axis and is positive to-
ward the southern (glacier-left) shear margin. Velocity gra-
dients are calculated in a coordinate system (1,t) that is
more significant to glacier low. The longitudinal (1) axis is
rotated to be parallel to ice flow, 10° clockwise from the =
axis. The transverse (f) axis is perpendicular to the [ axis

and is rotated 107 clockwise from the y axis. Both coordinate
systems are fixed and do not translate or rotate with ice
motion.

Topography of the snow surface

There is considerable surface reliel” within the study area.
Peak-to-trough vertical distances are about 30m over
10 km. Three features are of particular interest. They are
an up-glacier hill, at (z, y) = (-1, =7) to (—15, —8) km; a
neighboring up-glacier valley at (x, y) =~ (—15, —6) km (in
Figs 2 Etop panel) and 3a); and a down-glacier valley, at
(w, y)= (1, -9.5) km (in Figs 2 (top panel) and 4a). None
of the th(‘(‘ features have corresponding basal relief

(Retzlall and others, 1993; Novick and others, 1994).
Changes in topography over time

Both the up-glacier hill and down-glacier valley have moved
during the 7 year interval between survey pairs (cl. upper
and lower panels, Fig. 2). The up-glacier hill has moved at
least 1km glacier-leftward and 2 km down-glacier. The axis
of the down-glacier valley has migrated up-glacier and/or to
the glacier-left about L5 km (it is not possible to discern the
preeise direction of migration, because the [eature is linear
and diagonal to the direction of ice flow). The two features
are now closer together. The glacier-right lanks of the down-
stream valley and the valley to the glacier-right of the up-
stream hill must both have moved vertcally upward to
achieve the observed changes in topography.

Evolution of the topography may also be evaluated using
measured vertical velocity of the ice-stream surface. The
relative vertical motions of grid poles are available for the
1991-92 interval. A vertical velocity anomaly is defined as
the difference between observed vertical velocity and verti-
cal velocity predicted for steady ice flow through surface
features. It is calculated assuming zero vertical displace-
ment for a site where the surface slope is very small (Figs
3b and 4b). For most of the grid, the anomaly is near-zero,
indicating that the features are fixed with respect to the bed
(stationary waves in ice flow). However, extra motion is as-
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Fig. 2. Ice surface topography in 1991 and 1984, with respect to the same portion of the bed. Dols indicate the positions of survey
markers in the strain grid. Contour interval s 2 m. Contours in the 1984 map are difference in height from the “07 meter contour.
Contowrs in the 1991 map are height of the snow surface above the ellipsord ( WGSE4). The “A’ “B”, and “C™ lines are along y =

8, 9 and —10 km, respectively.
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Fig. 3. Surface topography and velocity patterns in the up-glacier hill and valley area. A hypothelical aligned-crystal ice band is
shaded in each panel. { a) 1991 surface topography, as in Figure 2. (b)) Vertical velocity anomaly, the difference between observed
vertical component of velocity and the product of ice speed and local surface slope. Isotach interval is 0.5 m a " Positive velocities
are uprard. (¢) Longitudinal stretching (0w /O1). Isoline interval in all velocily gradient maps is 0.5 % 10 *a ' (d) Trans-
verse extension (Ous /). () Lateral shearing ( O/t ). (f) Flowline turning (D, /O ). Variations in turning with respect
(o the regional leftward turning of 2 x 10 * a ' are indicated by arrows. Stippling indicates siles that the flow tends to “avoid”:
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Fig. 4. Topography and velocity patterns in the down-glacier valley area. Panel descriptions are the same as in Figure 3.
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soctated with the migrating topographic features. The
glacier-right flank of the up-glacier valley is being displaced
upward, by as much as Ima '. In contrast, its glacier-left
flank is moving relatively downward, as much as Ima '
The down-glacier valley also has an anomalous negative
vertical velocity on its glacier-left flank and floor. The sim-
plest interpretation is that ice on the glacier-left sides of the
valleys 1s moving relatively downward while ice on the
glacier-right is moving relatively upward.

The changes observed over the 7 year (topographic
comparison) and | year (vertical velocity anomaly) inter-
vals are consistent. Ice on the glacier-right sides of both val-
leys 1s moving upward over time for both time-spans. This
contrasts with the expected pattern due to the advection of
ice rafts, which have been observed elsewhere in the WAIS
(Bindschadler and others, 1987; Whillans and others, 1987,
1993). Rafts advect at the speed of surrounding ice. The to-
pography near UpB is either stationary or moving contrary
to ice flow.

Velocity

The direction and magnitude of ice motion changed
between the 1984-85 and 1991-92 surveys. The 1991-92
along-grid (x) and across-grid (y) components of velocity
are about 420 and ~47ma ' at the up-glacier end of the
erid, and about 430 and 16 ma ' at the down-glacier end.
Along-grid velocity has decreased since 1984-835, by about
15ma 'at the down-glacier end of the grid and somewhat
less, about 8ma ', up-glacier. Across-grid velocity has
become less negative (slower flow toward the center of the
ice stream), by as much as 20ma ', at the down-glacier
end of the grid, but the difference is nearly zero up-glacier.
The combined result is that ice motion is more to the
glacier-left in the down-glacier end of the grid and has slo-
wed by about 5% (velocity error < 1%), while at the up-
glacier end there is a decrease in speed hut no change in
direction.

Longitudinal stretching (Ju;/9l)

Longitudinal (along-flow) normal strain rates are exten-
sive. There are large variations on the several kilometer
scale (Figs 3¢ and 4c¢). The variations do not correspond to
changes in surface slope, as would have been expected were
they due to flow over a basal obstruction (Whillans and
Johnsen, 1983). Time-changes in longitudinal stretching are
shown in Figure 5.

The grid-wide pattern of relatively more and relatively
less extension has remained fairly constant over time (lig.
5). Magnitudes have decreased by about 20%. An exception
is found along the glacier-right flank of the up-glacier hill
(A—B lines ~—13.5 km; B-C lines ~—13.5 to —15.5 km). The
overall decrease in stretching is due to the larger decrease in
along-grid velocity occurring at the down-glacier end of the
grid.

Transverse compression (Ju; /Ot)

Transverse (across-flow) normal strain rates are negative
due to across-flow compression as the ice stream narrows
(Vornberger and Whillans, 1990). Superimposed on this are
local variations, most notably the large compression con-
centrated in narrow bands at the sites of the surface valleys
(Figs 3d and 4d). A simple topographic relaxation model

380

https://doi.org/10.3189/5002214300003495X Published online by Cambridge University Press

0 R ST ERE. I TTTTTVRITITT I By
-10 0
x (km)

Fig. 5. Profiles of longitudinal stretching, Ow; /0L in 10 “ a .
along transects between the A and B, and B and C lines. Gra-
dients are calculated al the centers of quadrilaterals formed
using four adjacent grid points, and are plotted at the x direc-
lion midpoints of the quadrilaterals. Dashed and solid lines
refiresent the 1984 85 and 1991-92 observations, respectively.
The x axis (in this and Figs 4 and 6) corresponds to the ©
axis on the topographic maps ( Fig. 2). There is an overall
decrease in stretching of about 20% . This is due to the larger
decrease in along-grid velocily occurring at lhe down-glacier
end of the grid. The pattern of relatively more and relatively
less strelching has remained fairly constant. An exception, at
2= 4 km, s on the glacier-right flank of the up-glacier hill.

suggests that the topographic variation does not account
for the local variations in compression (Hulbe and Whil-
lans, 1994). That model sought, but failed, to reproduce the
surface topography from observed strain rates using both
linear and non-linear relationships between topography
and transverse compression and a range of ice viscosities.
Strain rates in the valleys are too compressive to be caused
by surface relaxation alone.

Time-changes in topography and in transverse compres-
sion are correlated. In the down-glacier end of the grid, the
location of maximum compression (most negative du; /Ot)
has moved up-glacier (Fig. 6, B-C lines, from ~-0.5 to
—1.5 km). This is the same as the movement of the down-
glacier valley (Fig. 2). Only the glacier-rightward edge of
the upstream band of rapid compression is measured in both
the 1984-85 and 1991-92 studies. Here too, migration of
topography and sites of rapid transverse compression ap-
pear to be connected. The up-glacier hill moved to the
glacier-left between surveys, and compression increased
leftward (ahcad) of it (Fig. 6, A-B lines ~—14 through

16.5 km) and decreased rightward of it (in its wake) (Tig.
6, A=B lines ~—10 through — 14 km; B C lines ~ 9 through

16.5 km). In both the down-glacier and up-glacier cases,
the correlation between surface valleys and extreme com-
pression is preserved as the valleys migrate.

Lateral shearing (Ju;/0t)

Lateral shearing, the across-stream gradient of along-flow
velocity, is largest (most negative) near the margin, and
approaches zero at the kinematic center line of the ice
stream. The gradient of the shear strain rate is not simple,
as would be expected il ice strength and basal resistance
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o 1991-92 than in 1964—85. Exceptions are found along the A
J and B lines profile. Up-glacier (more negative ), where a
—a] glacier-lefi-facing slope has become a glacier-right-facing
. a slope, shearing has slowed. Down-glacier, where a surface
et valley has deepened, shearing has remained about the same.
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a with the opposite sign to the change in lateral shearing
TR (Fig. 7). Together, these changes indicate little difference in
] the shear strain rate, [(Ou;/Ot) + (Duy/91)]/2, but a faster
_7_: | counterclockwise rotation of ice within the ice stream.
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Fig. 6. Profiles of transverse compression, Ouy /0L, in 10" a ", 5 A&B
Local compression maxima have migrated in the same sense as . ]
surface lopographic features ( see Fig. 2). 5
L
were spatially homogeneous. Instead, there are several ‘s ]
zones where the spatial gradient in shearing is very small: - 37
from (z, y = (=16, =6) km to (z, y) = (—10, =5) km in Figure =N
n ¢ - ™ a5 _|
3e, and from (z, y) = (-2, -10) km to (z, y) = (2, —8) km in 2
Figure 4e. A possible interpretation is that ice within these 1
narrow (about 2 km wide) zones is especially strong in the L&
direction of shear. ] e
Time-change in lateral shearing is shown in Figure 7. =
This velocity gradient becomes faster over time, which is cur- ]
e e S ; 6
ious in light of the grid-wide decrease in ice speed. Evidently, 3
time-changes in ice velocity are not spatially uniform. 5 3
Flowline turning (Ju;/dl) " -
b .
The along-llow gradient of across-flow velocity describes i 5]
the change in across-flow motion as one proceeds down- L~
glacier. This flowline turning is generally to the glacier-left = 2]
(counterclockwise) within the strain grid arca. The pattern 4
of relatively more or relatively less glacier-leftward turning L]
suggests that flow avoids two sites, (@, y)=2(-15, —8) km in .
Figure 3f and (x, y) &~ (3, -9) km in Figure 4f. Glacier-left O e T T
of the sites, turning is relatively more leftward (more posi- E o
tive values of du, /9l). Glacier-right of the sites, turning is x  (km)
relatively more rightward (less positive duw, /OL). Fig. & Profiles of flowline turning, Oy /Ol in 10 " a s
Time-change in flowline turning is shown in Figure 8. Glacier-leflward ( southward) turning has increased for both

This velocity gradient also becomes faster over time but profiles.
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HORIZONTAL VARIATIONS IN ICE STRENGTH

Spatial variations in strength in an ice stream may be due to
variations in such properties as ice temperature or crystal
orientation fabric. Shear margins located up-glacier could
cause either kind of variation. Horizontal temperature gra-
dients can result from strain heating within a margin.
Simple calculations for the glacier-left shear margin of Ice
Stream B (the Dragon) indicate a warming of 3—4 K that
would persist for hundreds of years after the shear margin
becomes inactive (Whillans and others, 1993). A second
cffect of shear is ice crystal alignment. Laboratory experi-
ments and numerical modelling (Kamb, 1972; Van der Veen
and Whillans, 1994) find that simple shear creates a fabric in
which the ¢ axes of ice crystals are aligned perpendicular to
the plane of dominant shear. Field observations made near
nunataks of the Ser-Rondane Mountains, East Antarctica,
differ from those results (Fujita and Mae, 1994). Iee samples
collected there have ¢ axes that are aligned but oriented
~ 45" from the down-glacier direction and presumed domi-
nant shear direction. Regardless of which type of alignment
occurs, the alignment will persist until new strains develop
anew [abric; the threshold strain for recrystallization is 40—
50% (Jacka and Maccagnan, 1984). Loss of crystal align-
ment by recrystallization would require ~ 100 years at the
present study area, where strain rates are typically 2-3 x
10 > a " Thus, long after a margin becomes inactive, ele-
vated temperature or crystal alignment can persist within
the ice.

Warmer ice is weak in all directions. It is subject to faster
transverse compression and lateral shearing than adjacent,
colder ice. No special longitudinal (along-flow) stretching is
expected in a warm ice band, hecause colder (stfl) ice
blocks on either side would act as stress guides, carrying
the longitudinal normal stress. If the weak ice band is not
vertical, transverse compression may causc stiffer ice on
the hanging-wall side of the band to be displaced upward
with respect to the block on the other side of the band.

A band of ice with an aligned crystal fabric is weak only
to shear along the basal planes, perpendicular to ¢ axes. The
band is easily deformed in that direction and is strong in
others. For example, if ¢ axes are aligned across flow (basal
planes parallel to flow), the band is weak to lateral shearing
but strong to transverse compression. If the ¢ axes are not
quite horizontal, transverse compression may result in rela-
tive vertical displacement of adjacent blocks.

Two bands of special deformation are identified in the
study area (shaded in Figures 3 and 4). Transverse compres-
sion is especially fast (Figs 3d and 4d) and the gradient in
lateral shearing is very small across the up-glacier and
down-glacier surface valleys (Figs 3¢ and 4¢). That combi-
nation implies ice that is weak in the transverse (across-
glacier) direction, while it is strong to shear (Fig. 9). The in-
terpretation may be that the bands mark ice with a crystal
fabric in which ¢ axes are diagonal to the flow direction,
similar to the situation found near the Sor-Rondane Moun-
tains (Fujita and Mae, 1994).

Changes in ice-stream topography over time indicate
that the bands ol aligned-crystal ice must be inclined. Hills
will grow both vertically and laterally as displacement pro-
ceeds along an inclined band. In the present study area, the
glacier-left side of cach valley is moving relatively down-
ward while ice on the glacier-right side is moving relatively
upward. It appears that ice to the glacier-right of the bands
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Fig. 9. Cartoon of a band of aligned-crystal ice. The analysis
indicales crystals are aligned such that the band is weak to
transverse compresston and strong to lateral shear. Transverse
compiession causes the upper block to move upward (up-in-
cline ) relative to the lower block.

is being “pushed” up and to the left, over the aligned-crystal
ice bands. This is similar to displacement of lithospheric
blocks along a reverse fault, although in the ice stream there
may be no diserete fault discontinuity. The direction of dis-
placement implies that the bands dip toward the center of
the glacier. Strain-rate changes between 1984-85 and 1991
92 are compatible with this interpretation. In both
locations, the rates of transverse compression have
decreased where stronger overriding ice supplanted an
aligned-crystal band (Fig. 6). At the upstream site, lateral
shearing has decreased slightly (Fig. 7) where the boundary
between aligned-crystal and stiff ice has been replaced by a
stiff ice hill.

The surface expression of an aligned-crystal band
should change with time and down-glacier motion. The por-
tion of the band exposed at the surface should narrow due to
progressive overriding as adjacent ice is pushed up-dip.
Consistent with this prediction, both the upstream and
downstream surface valleys, which overlic the bands, nar-
row downstream, as do the regions of rapid transverse com-
pression and slow lateral shearing. The proposed bands of
aligned crystals seem to be overridden by adjacent ice.

DEEP STRAIN RATES

Deep strain rates can be inferred by considering volume
continuity. This approach is practicable because the GPS
surveying techniques used in this study yield precise vertical
velocities. The principle of the calculation is that in order to
conserve volume, transverse compression, for example,
must be balanced by longitudinal and vertical extension.
In general, these quantities, measured at the surface, do
not balance one another. The imbalance is a measure of
how much deep strain rates differ from measured surface
strain rates. A method is developed in Appendix 2 to com-
pute ice motion at depth using measured surface strain rates,
vertical velocity, slope, and ice thickness. The resulting
“deep divergence difference”, Aéy, is the additional deep
strain rate required by continuity.

The deep divergence difference so calculated is shown in
Figure 10. It is limited to the portion of the strain grid for
which precise ice-thickness data are available (from Novick
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Fig. 10. Deep divergence difference, computed as discussed in
Appendix 2. Isoline interval is 0.5 1077 a ', Sites of large
divergence ( large positive values ) are beneath the hypothetical
aligned-crystal ice bands.

and others, 1994). Variations in transverse compression dom-
inate the caleulation. This is deduced from the similarity
between Figures 3d and 4d and Figure 10. Large positive
values of deep divergence difference around (a,y) = (-1,
“9km and (x.y) = (-15, ~5.5) km indicate sites of deep
spreading. The negative anomaly at (2, y ) = (—13, —6.5) km
in Figure 10 suggests a destination for ice moving away from
the positive anomaly to its glacier-left. That is, heneath the
zones of rapid surface compression there is deep spreading,

The pattern of deep divergence difference is most readily
interpreted in terms of lateral volume transfer. Relatively
large spreading is occurring beneath both of the proposed
aligned-crystal ice bands. 1o the glacier-right of the up-
stream aligned-crystal band, which is a site of anomalous
upward motion at the surface, the calculated deep diver-
genee difference is negative, indicating deep convergence.
This site of negative divergence is the likely destination for
ice moving away from the positive divergence beneath the
band. This action supplies volume to the upward displace-
ment of the adjacent ice block. The pattern is possibly the
same for the downstream band, but that band is oo close
to the edge of the grid to determine the destination of deep
ice. Deep ice seems to be moving from beneath the special
bands to beneath uplifting ice.

DISCUSSION

The proposed model of aligned crystal bands explains most
of the relationships among strain rates, vertical velocities,
and ice-surface topography and changes over time. The
bands suggested in Ice Stream B are weak in the across-llow
direction and strong to lateral shear. They are possibly
inclined toward the center of the ice stream. leading to
along-incline displacement of ice and the creation of hills
and valleys in the surface topography. The bands may have
originated with the coalescence of up-glacier tributaries,
Bands with aligned-crystal fabrics acquired in tributary
shear margins would now be incorporated into the main
body of the ice stream. A strain history like that at Sor-Ron-
dane would account for the present erystal orientation: the
bands are soft to transverse compression because crystals
have ¢ axes oriented about 45° to the transverse direction,
The importance of aligned-crystal bands to ice flow, and

ice-flow models, depends on scale. In this study, bands of

aligned ice crystals appear to dominate local variations in
strain rate and surface slope (over several-kilometer dis-
tances). Analyses of the budget of forces on a horizontal scale
similar to the ice thickness require that these bands be identi-
fied and accounted. Whillans and Van der Veen (1993h) did
not do that in their Ice Stream B force-budget calculation
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but assumed, as has been usual, that ice strength varies only
with stress and temperature, which is taken to vary only with
depth. Neglect of the possibility of spatial variations in ice-
crystal alignment may account for the unusual values of basal
drag, including negative values, they computed.

On the broad scale, bands of aligned ice crystals also
affect assessment of the budget of forces, The shearing rate
is at least two times slower and transverse compression is at
least two times faster in the bands than in the surrounding
ice (Figs 3 and 4). A reasonable guess for the fraction of spe-
cial-strength ice is 10% (the fraction of the strain grid that
overlies such ice ). The gross-scale shearing rate is thus about
5% smaller (10% of two times larger strain rates) than if the
aligned-crystal bands were absent. This error is small com-
pared with other uncertainties in the use of a constitutive
relation for ice. Thus, the bands do not dominate the
broad-scale mechanics, so the usual approaches taken in
modeling studies are not affected.

There is some similarity between the bands discovered
here and the variable-strength banding proposed elsewhere
for deep ice (Hooke and Hanson, 1986; Cunningham and
Waddington, 1990). Though the banding in those examples
is thought to be in near-horizontal layers and at a much finer
scale than the bands identified in Iee Stream B, the effect is
similar. Deformation is concentrated in weaker zones, while
boudins of stiffer ice survive with much less strain. Some of
the topographic highs in the ice stream, like the up-glacier
hill (Fig 3) or the hill near the UpB camp (Fig. 4), may be
large boudins that have formed and continue to be
deformed by the processes suggested here.,
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APPENDIX A
STRAIN GRID SURVEYS

The small strain grid was installed and surveyed in Novem-
her 1983 and resurveyed in late 1984 and again in late 1985.
The expanded grid was surveyed in November and Decem-
ber of 1991 and of 1992. The 1980s surveys were made using
clectronic distance measuring instruments (EDMIs) and
pressure altimeters (Whillans and Van der Veen, 1993b).
The more recent work was done using phase-tracking GPS
surveying (Hulbe and Whillans, 1993). Relative velocities
hetween adjacent gridpoints from both EDMI and GPS sur-
veys are repeatable to 00lma ' The accuracy of relative
heights measured by pressure altimetry is within 2 m. Rela-
tive vertical positioning by GPS surveying is repeatable to
0.01 m/1000 m (baseline lengths ranged from | to 5 km).
Absolute velocities are determined using long-distance
satellite tracking. Long-time TRANSIT'satellite (Doppler)
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observations at station “3307 ((z,y) = (=10, —9) km) and
station “01”at the UpB camp site ((z,y) = (3,—7) km) have
been made on many occasions (Whillans and Van der Veen,
1993a). TRANSIT-determined positions of the stations in
1984 and 1985 are used to calculate their 198483 velocities.
Stretching between stations 01 and 330, calculated from
their absolute velocities, agrees with stretching determined
from the strain-grid (relative velocity) surveys. The velocity
of station 330 is used as a reference from which absolute
velocities of other gridpoints are determined. Error of the
198485 absolute velocities is about 1.0ma ' (1¢). The
1991-92 velocity of a long-duration GPS tracking station,
“Z207 (294 m from station 01), is determined relative to a
GPS receiver on rock at McMurdo Station, on Ross Island.
The solutions are L1/L2 (“ion-free”) double differences,
with precise orbits (personal communication from M. Sche-
newerk, National Geodetic Survey). Z20 is the reference
from which other gridpoint velocities are calculated. The
error in the 1991-92 absolute velocities is within 04ma '
(1o).

Baselines measured by satellite tracking may be misor-
iented due to uncertainty in satellite orbits. Misorientation
of the grid in one or more of the surveys would result in an
artificial rotation of the grid in either the 198485 or 1991
92 calculations or the comparison between the two, and
produce misleading results, most especially flowline turning
(Ouy /O1). The absolute positions of stations 330 and 0,
located at opposite ends of the grid, are known to within
Im (1) (McDonald and Whillans, 1992; Whillans and
Van der Veen, 1993a). Those points are used to constrain
the 1980s grid positioning. Thus the maximum possible rota-
tion is very small, +1m at either end of the grid. Errors re-
ported in satellitc navigation messages arc used to
determine misorientation error for the 1990s GPS surveys.
Satellite-range accuracies vary from 2.8 to 32 m. A rule of
thumb (Wells, 1987) is:

o] _ |dr|
o]  p

where |db| represents the magnitude of the length error due

(A1)

to misorientation, b represents the observed baseline length,
|dr| represents the satellite-range error, and p represents the
range to the satellite (20 000 km for GPS). For every baseline
solution, there will be an error |db| for cach GPS satellite in
view. Because the GPS satellites are distributed around the
sky, range errors will be in different directions and tend to
cancel. The rule of thumb provides an estimate of the max-
imum possible orientation error by supposing that the orbits
of all satellites have errors that point in the same direction.
Considering one satellite, a 5km baseline and a satellite po-
sition error of 32 m, an upper limit for |db| is 0.008 m. That
value is on the order of the GPS vector repeatabilities. The
rotation error is less than 0.002 m/1000 m. The net effect for
the comparison between 198485 and 1991-92 observations
is a possible horizontal misorientation of £ I'm.

A limited number of EDMI baseline measurcments was
made for comparison with GPS observations. EDMI dis-
tances (about 1 km) in November 1991 are shorter than those
measured with GPS, by 2 x 107> m. We have been unable to
identify the source of the discrepancy. Tt could lie with
either measurement technique or human error in the EDMI
work. Similar tests in December 1993 find no consistent
difference between EDMI- and GPS-measured baselines. If
the discrepancy noted in 1991 between GPS and EDMI
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baselines applies to both the 1991 and 1992 surveys, it does
not affect gradient calculations made using only GPS meas-
urements. If, however, the discrepancy is only with the 1991
distances, there would be a 1% artificial difference between
GPS- and EDMI- (]f-nud strain rates (based on a typical
strain rate of 2 x 10 *a ). That difference is small compared
to the strain-rate changr:h (up to 28%) discussed here.

APPENDIX B
HORIZONTAL DIVERGENCE AT DEPTH

An ohjective of measuring surface strain rates is to estimate
strain rates and stresses deep in the ice stream (e.g. the force
budget method of Van der Veen and Whillans, 1989). Typi-
cally, such calculations assume that the ice is 1sotropic and
the rate factor (ice strength) varies only with depth. Neither
assumption seems appropriate for the UpB data. Here, a
more simple kinematic approach is taken in which deep
strain rates arc inferred by requiring ice-volume conserva-
tion.

The calculation is based on comparison of measured
surface strain rates with strain rates needed to achieve full-
thickness volume balance. Full-thickness vertical strain rates
are estimated from along-flow gradients in ice thickness,
surface velocities and slopes, basal melting and surface ac-
cumulation. Any imbalance between horizontal strain rates
measured at the surface and estimated vertical strain rates is
attributed to strain rates at depth.

Incompressibility of ice is expressed in terms of 1'101'mal
strain rates, ¢, in a Cartesian coordinate system (z, 3, 2

‘;.r.r + éyy i é:: =0. (A2)
The x and y axes arve horizontal, and the vertical, z, axis is
positive upward. Volume balance of a column of ice is
obtained by integrating Equation (A2) from the base,
z = b, to the surface, z = h, of the column:

h
/ (Ere + €y + é:2)dz=0. (A3)
Jb
This is arranged into horizontal and vertical terms:
h -h
/ (F'_;-_,- +€y)dz = —/ €xdz, (A4)
Jb b
which are considered separately.
Vertical strain rate, €.., is readily integrated:
h
/ €dz = u.(h) — u,(b), (A5)
Jb

being the difference between vertical velocity at the surface,
u.(h), and the base, u.(b), of the ice stream. Computation of
vertical velocity is considered later.

Integration of the horizontal strain rates necessitates a
means to account for deep divergence, the object of this ex-
ercise. Horizontal divergence, (€., + €y ). 1s considered to
be the sum of the divergence measured at the surface, €
and a deep divergence anomaly, Aéy(z,y)F(z). Horizontal
variations in the anomaly Aéq (i, y) are separated from ver-
tical variations, F (z):

(xe + éyy) = é(z.y) + Ada(, y) F(2). (A6)

The deep strain rate difference, Aé,, is the amount by which
deep divergence must differ from surface divergence to
achieve volume conservation. The shape function is equal
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to zero at the surface, but selection of its value at depth is
somewhat arbitrary. The separation of the deep divergence
difference into horizontal (z,y) and vertical (z) variations
simplifies the interpretation of the anomaly pattern. As
shown below, F has mainly a scaling effect.
Applying Equations (A5) and (A6) to Equation (A4)
vields
h
eH + €4 F(z)dz = u-(b) — u.(h)

Jh

(AT)

at any horizontal location (z, y). Ice thicknessis H = h — b,
Equation (A7) is solved to find the deep divergence differ-
ence:

—6H + u.(h) — u.(b)
I F(z)dz '

This is our object. Note that the functional form of F(z)
affects the scale but not the pattern of horizontal variation
of Aéq.

Vertical velocities, u-(h) and u.(b), are linked to slopes
and accumulation or melt rates. At the upper surface, verti-

Af}d =

(A8)

cal velocity is determined by the rate of new snow accumu-
lation, da; the rate of change of surface clevation (the
“vertical velocity anomaly” discussed in the section “Flow
Characteristics™), h; and flow up or down the surface slope,
the product of horizontal velocity and slope, u, (9h/dx) and
t,(Oh/dy). The combined effect is:

Ol
w.(h) =—da+ h+u, (h)g (,);

Vertical velocity at the hase is described by a similar
relation, inwhich the basal [reeze rate, f(negative for melt),

+ uy,(h) (A9)

changes in basal elevation, b, and flow along the basal slope,
w, (Db/0x) and w,(Ob/dy), are considered. The combined
effect is:

PR b b
() = f — b+, (b) — + u,(b) — (A10)

O HA ey
By any model for the ice stream, vertical shear stresses are
very small, so, to a good approximation, u, (h) = u,(b), and

ty(h) 2= u,(b), and the surface and base horizontal velocity
terms may be combined. Gathering the 2 components:

Oh b oh  ob
w,.(h)— I .',.(D)EJ = u,(h) (8, — I)

we(h) (T)H 2

Similar equations may be written for the y components.
Applying these, the difference between surface and basal
velocity is:

R ot oOH
ws(h) — ,(b) = —d+ b — f+ b+ u,(h) (,)‘J_‘F u_,,(h)w.
(Al1)

which is used in Equation (A8) to compute deep divergence
difference.

Measurements required to calculate deep divergence
difference are available for about half the UpB strain grid.
Horizontal velocities, strain rates and the rate of change of
surface clevation (the vertical velocity anomaly) are from
the strain grid surveys discussed in this study. Ice-penetrat-
ing radar observations (Novick and others, 1994) provide ice
thicknesses (these data limit the region for the calculation).
Accumulation rates are caleulated from time-changes in the
exposed height of strain-grid marker

poles (unpublished
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data). Basal freeze/melt rates are unknown but are probably
less than 0.02ma ' (Alley, and others, 1986) and are neglec-
ted. There are no data available to determine the rate of
change in basal shape, b. For simplicity, we assume the shape
of the bed is not changing.

As noted above, the selection of F(z), a function that de-
scribes the depth variation of the horizontal divergence, is
arbitrary. It is sometimes assumed that the ice stream con-
sists of an upper cold layer and a lower, warmer, layer (cf.
Lliboutry, 1995; Whillans and Van der Veen, 1995). One
might expect no significant flow variation in the cold “lid”
of the ice stream; that is, F(h > z > h — ¢H) = 0, where ¢
represents the fraction of the ice thickness that is cold. The
nature of F(z) in the deep, warm ice is unknown. For sim-

plicity, we select a depth variation function such that
]; F(z)dz = 1. A different value would scale the results in
Iigure 10 accordingly.

Measurement errors affect the confidence in calculated
deep divergence difference, 4. Relative velocities and strain
D and 003x10 %a”,
respectively. Uncertainties in ice thickness and relative

rates are accurate within 0014 ma

thickness change are conservatively estimated to be 10m
and 0.5m/1000 m, respectively. Exposed pole length meas-
urement errors combine to produce an accumulation rate
error of about 0028 ma . Using those values, a typical
error in Aég is 02 x 10 *a ', or about 10% of the computed
divergence.
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