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Ongoing margin migration of Ice Stream B, Antarctica
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ABSTRACT. The rate of margin migration of an ice stream can be determined using
repeat measurements of the surface velocity profile within the marginal shear zone. The
method relies on the assumption that the velocity profile is a characteristic feature of the
margin, and that this profile is shifted laterally as the margin migrates. Application of the
method to Icc Stream B, Antarctica, indicates that the southern margin is moving out-
ward into the inland ice at a rate of at least 9.7± 1.1m a-I.

INTRODUCTION

The mass balance and stability of the 'Vest Antarctic ice
sheet are, in large part, determined by the dynamics of the
large ice streams that drain it. The ice streams of the Siple
Coast are the most extensively studied, and it has been found
that they can undergo significant changes over relatively
short time-scales of lOayears or less. The rapid motion of
Ice Stream C stopped some 100years ago (e.g. Alley and
Whillans, 1991),and there have been significant changes on
Ice Stream D in the past few centuries (Hodge and Doppel-
hammer, 1996).Significant changes have also occurred on
Ice Stream B (Alley and Whillans, 1991;Clarke and Bentley,
1995).More recent changes in the width and speed of Ice
Stream B have been documented by Bindschadler and Vorn-
berger (1998);they were both rapid and oflarge magnitude.

It has been shown that the margins of at least some ice
streams play an important role in ice-stream dynamics by
supporting much of the downslope load (Echelmeyer and
others, 1994;Scambos and others, 1994;.Jackson and Kamb,
1997;Whillans and Van der Veen, 1997;Harrison and others,
1998).The thermomechanical stability and migration of
these margins, and thus of the width of an ice stream, has
been discussed theoretically by Jacobsen and Raymond
(1998).They find that the width of an ice stream is likely to
vary at rates of one to a few tens of m a-I. Such width vari-
ations are directly coupled to the mass balance of the ice
sheet through the ice-drainage nux, and specific knowledge
of ongoing changes is necessary as input to any calculation
of the present balance.

The position of the shear margin of an ice stream is
reasonably well defined on a large scale, such as in satellite
or aerial photographs. However, resolution of the "true"
margin in these images is probably limited to about 100-
300 m, which is insufficient for determining migration rates
over short time-scales. Similarly, detailed field mapping of
crevasses at the edge of the marginal zone is limited by
changes in surface snowcover and by ambiguities in defining
specific crevasses and their length; this method probably has
a resolution of about lOam. Hamilton and others (1998)have
used a somewhat more accurate method, involving crevasse
curvature, to determine the rate of margin migration on Ice
Stream B; they find an outward rate of 7-30 m a-I.

\Ve have presented an indirect method for determining
the outward migration of one margin of Ice Stream B.That
method was based on the diffusion of cold winter tempera-
tures into the ice beneath the heavily crevassed shear mar-
gin (Harrison and others, 1998),and it indicated that the
margin at this location was moving outward into the ice
sheet (the "l.:nicorn", Fig. I) at an average rate of about
7.3± 1.5m a-lover the last half-century. This rate of out-
ward migration is similar to that of Hamilton and others
(1998),but it is in the opposite direction and slower than
the migration at the same location sometime in the past cen-
tury or two as estimated by Clarke and Bentley (1995).

In this paper we present a method for directly measuring
the ongoing migration of an ice-stream margin. The basic
concept of this technique is that, as the ice-stream margin
moves sideways, there is a concomitant lateral shift in its
characteristic velocity profile (Fig. 2).This velocity profile is
one of the "signatures" of ice-stream flow, with an abrupt in-
crease from the slow ice-sheet regime to the fast flow of the
ice stream, and the position of the peak transverse velocity
gradient "marks" the edge of the ice stream. Because of this
large velocity gradient, outward migration of the margin
would cause apparent accelerations at spatially fixed trans-
verse positions along the profile, and any two consecutive
measurements of the velocity profile could be used to deter-
mine the lateral migration of the shear margin, as shown
schematically in Figure 2. In this method we thus take the
shape of the velocity profile to be defined in a Lagrangian
sense with respect to the ice-stream margin: it is not fixed in
space. \Ve also require that the ice-stream velocity be rel-
atively steady in time, as we arc interpreting local accelera-
tions as being caused by a lateral shift in the margin.

This method is applied to velocity data from the same
location on Ice Stream B as discussed by Harrison and
others (1998).The resulting migration velocity is in good
agreement with the value they determined. \Ve also present
detailed ice-thickness measurements through the marginal
zone of the icc stream, as these are needed to check the va-
lidity of one of our central assumptions in this analysis.
These depths will also prove useful for detailed forcc-
balance and flow modeling of this ice stream.
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Fig. 1. Map showing location q/prqfile and various sites listed
in Iable 1. A10dified from Vornberger and TVhillans (1986)
and Shabtaie and Bentle.y (1988).
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Here we focus on a limiled seclion of the marginal zone
extending from within thc Unicorn to about 1.8km into the
Dragon, denoted the "S" profile (Figs 1 and 3). This limited
profile, with total length about 2.5 km, travcrscs across the
arcuatc crcvasscs and into, but not across, the chaotic sub-
zone. The sampling borehole of Jackson and Kamb (1997)
and four of the boreholes discussed by Harrison and othcrs
(1998) arc locatcd along the S line, as indicated in Figure 3.

Fig. 3. Map rif marker locations relative to the structure rif the
margin and thefixed coordinate ~ystem. Open circles are bore-
holes discussed ~yJackson and Kamb (1997) and Harrison
and others (/998): C Chaos; LL, Lost Love; D, Dragon Pad;
ST, Stage. Azimuth qf the y axis is S77 0 W ( True), which is
equal to the azimuth of the local margin.

Unicorn

vVc scek to determine the present speed of migration of the
ice-stream margin relative to a fixcd (geographic) coordi-
nate system, and in the following we define "inward" to be
in thc direction from the slow-moving inland icc, which we
call the "ice-sheet" flow rcgime, into the ice stream, and
"outward" to bc from the ice stream to the ice sheet. In our
example, we focus on Ice Stream B2 in the vicinity o[Up-
stream B camp (UpB). The "ice sheet" in this region (i.e.
the slower-moving "inland ice") is thc Unicorn, which is
actually a peninsula (or island) of the inland ice of\Vest
Antarctica (Fig. 1).This feature is bordered on thc south by
Ice Stream BI and on the north by B2, and these two slreams
coalesce at its lower end. The Unicorn is not a large-scale
feature like ridge Be or Siple Dome (Fig. 1).

The marginal shear zone of lee Slream B2 at this
location (the "Dragon") consists of three distinct sub-zones.
There is an outer zone of large arcuate crevasses some
/100 m long, followed by a 2 km wide zone of chaotic crevas-
sing. The transition between these two zones is diffuse, and
fully chaotic conditions exist only inward of the first 150m
or so of the second zonc (Fig. 3). The innermost sub-zone
consists of somcwhat organized and widely spaced "shear"
crevassing; it is also about 2 km wide. The complete trans-
verse profile of surfacc velocity from the Unicorn, across
the Dragon and extending to the center of the ice stream
has been discussed in detail by Whillans and others (1993)
and Echelmeyer and others (1991).The longitudinal velocity
shows a marked incrcasc from 2 m a-Ion the Unicorn to
about 430 m a-] near the center of the ice stream, with most
of the increase occurring within the shear margin itself.
lVlaximum transversc shcar strain rates are about 0.7 a- \
and thcy arc localized wilhinlhe zone of chaotic crevassing.

SETTING AND MEASUREMENTS
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Fig. 2. Schematic drawing rif the longitudinal surface velocity
acrossan ice-stream margin at two times (va and vIJ. A shift
.6.X Iv! in the prrifile gives an apparent change in velocity .6.v
at ajixed position x.
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and where time zero is taken to be 0000 h on IJanuary 1994.
Additional markers were placed up- and downstream of

the transverse profile at selected locations (Fig. 3) for evalu-
ation of the surface strain-rate field about the profile. The
baeksight for all surveys was located at marker 121 (station
21ofWhillans and Van der Veen (1993)and station DG37 of
Hamilton and others (1998)).

In December 1993,20 marker poles were placed in the
firn at locations spaced about every ]()()m across this trans-
verse section by a roped field party traveling on skis. Retro-
refiecting prisms were mounted on most of the poles, so that
future surveys would not require reoccupation. The markers
were surveyed from a base station (SI7) using a I s theodolite
and an accurate (±2 mm + I ppm) electronic distance
meter. Surveys of the complete profile were performed on 6
December 1993,18January 1994and 17January 1995.These
dates define two epochs, 6.to and 6.tl, over which the
velocity was calculated. These two velocities (va and 'VI)

are the mean velocities over these time intervals, and,
assuming that the velocity is constant over each epoch, they
apply at the mid-times to and tl, where

Table I. Coordinates and velocities ofselected stations shown
in Figure 1

..lVofes: Local azinluths are in degrees relative to true north, and coordinates
are in \Vorld Geodetic System 1984. GPS surveys were made in.January
1994 andJanuary 1995 (~second epoch in text).

* Located at station Z20 of I. M. Whillans (personal communication, 1995;.

Margin
azimuth

rna

LongitudeI.atitodeStatinn

S17 83°34'40" S 138'08'59" W 2.76 ± 0.10 ]\"77W S77W
(origin) (yaxis)
Ul 83°~W44"S 138'05'51" W 2.04±O.10 ]\"67W S77W
(backsighti
OutB 83°37'01"S 138°03'31"W 0.52 ±0.12 N56W
Fishhook fr1°40'46" S 138"22'28" W 1.60±O.16 S65W
p 83°33'58" S 13r17'53"W 1.80±0.13 N41W S82W
K 83'33'W'S 136°36'17" W 3.06 ±O.l6 N59W S87W
UpB 83°29'20" S 138'23'26" W ·123.5±0.3 S75W
(1994-95) *
Leverett 8.,\"19'17"S 143°49'56" W Fixed
Gl.Nunatak

and 6.to = 43.021 d
and 6.tl = 364.014d

to = day - 3.858

tl = day 199.660

Absolute velocity of base station; orientation of the
margin and profile

Our method requires the absolute velocity of thc icc. To
accomplish this, we used geodetic global positioning system
(GPS) methods to determine the absolute positions of our
base station and backsight. To minimize the errors in this
absolute velocity determination, we established a fixed bench-
mark on the closest bedrock to our survey site, which was a
nunatak on the Ross Ice Shelf near the mouth of Leverett
Glacier, 204km to the south (Fig. I).Dual-frequency GPS re-
ceiverswere run simultaneously at the sites [or about 6 hours
inJanuary 1994and again in 1995.The azimuth ofthe baseline
from SI7 to 121was also determined during each o[ these two
surveys, as well as a third time using static GPS methods
between the two points. These three measurements enable us
to quantify the rotation rate of the profile accurately.

The long-baseline GPS data were processed by NT. Chin
of the U.S. National Geodetic Survey using precise orbits.
The estimated accuracy of the solution was a few tenths of
a ppm, or about 0.06m for our relatively short 204 km base-
line. This leads to an estimated error of 0.1m a-I for the
absolute velocity of the base station. The velocity of the
backsight relative to SI7 has a better accuracy because of
the short distance involved; it is about 0.01m a I. As shown
inTable I, the base station is moving at about 3 m a-I, direc-
ted into the ice stream at an angle of about 26° to the mar-
gin. The baeksight 121is moving in at a somewhat steeper
angle, but slightly slower because it is a few hundred meters
further away [rom the eHectsofiee-stream drag.

Velocitiesof a fev\!other points on the Unicorn and at the
1994-95 location ofUpB (Fig. I) were also determined using
static GPS methods from 121 in 1994 and 1995; they arc
shown in Figure 1and listed inTable 1.The associated errors
are dominated by the error in the absolute velocity of 121.
All of the points on the Unicorn arc moving slowly, with
speeds which indicate an ice-sheet fiow regime, supporting
our assumption that the Unicorn is part of the inland ice.

The 1994-95 speed at UpB is 423 m a-I. This is 4% lower

than the speed measured at this station in 1984-85 by
Whillans and Van der Veen (1993).However, the physical
station was 4 km upstream at the time o[ their survey. The
longitudinal velocity gradients of Hulbe and Whillans
(1997)indicate that this part of the ice stream has a longitu-
dinal extension of somewhat more than 10:1 a- t, and there-
fore the 1994-95 speed at the 1984-85 position would
actually be about 420 m a-I. This observation of a 22 m a I
decrease in speed at UpB agrees well with that ofHulbe and
Whillans (1997)for the period 1984-85 to 1991-92, and indi-
cates a continuing slowdown of this part of the ice stream.
The effectof this slowdown on our analysis of margin migra-
tion is discussed below.

The velocities listed inTable I can be compared with those
at nearby locations given byWhillans and Van der Veen (1993)
and Hamilton and others (1998).At 121,Whillans and Van der
Veen (1993)found a speed of 1.5± 0.5m a-I, while Hamilton
and others found 1.98± 0.02 m a-I. Our site Fishhook is close
to station 72 ofWhillans and Van dcr Veen, where they found
a speed of 1.7± 0.5rna - \ and our site K is close to their sta-
tion 71,where they measured 2.9± 0.5m a I.The agreement
between their speeds and ours (seeTable I) is good at all these
locations.

GPS methods were also used to determine the orienta-
tion of the shear margin. The positions of the margin at the
S profile and on lines located about .')km upstream and
5 km downstream of S were determined by skiing from the
Unicorn through the arcuate crevasses and about 150m or
so beyond, passing through a region of heavy but not yet
fully chaotic crevassing. The party continued until all [our
members agreed that the erevassing had become "fully
chaotic". A static GPS measurement was then made relative
to our base station. Full chaos occurred at S9 along the S
profile. \Vhile this method was somewhat subjective, we
found that the transition to fully chaotic conditions could
be identified reliably to within about ±20 m. The margin
has a slight curvature along the Unicorn, as is shown on
the maps of Vornberger and vVhillans (1986).We used our
three measurements to constrain this curvature (0.4"kml

)

and its local tangent to about ±0.2c
. The local tangent we
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term the "azimuth of the margin" at S (Table I). Similar
measurements were made near P and K (Fig. I;lible I).

\Ve take the y axis to be parallel to the azimuth of the
margin and directed approximately along flow.x is taken to
be normal to this margin and directed into the ice stream
from the Unieorn (approximately north), and z is vertically
upward. Thc origin is defined to be the position of the base
station (SI7) at the time of the first survey. Explicit informa-
tion regarding the coordinate system is given in Table I and
Figure 3. Because our base station moved and the baseline to
the backsight rotated relative to the fixed yaxis, we defined a
local coordinate system on each ofthe survey dates, and then
applied a rotation and a translation to these coordinates to
place thcm in our fixed system. Our GPS surveys indicate
that the rotation rate of the backsight baseline was constant
over the survey period, so we made a linear interpolation of
the azimuth to thc dates of our profile surveys. \Ve also
assumed that the velocity of SI7 was constant, thus enabling
a linear interpolation of its translation.

Velocityalong the Sprofile

to estimated errors of about 0.20and 0.12mal in the absolute
velocities over the two time periods. ~either of these two
error estimates ineludes a contribution due to errors in the
azimuth of the baseline; these are discusscd scparately
below.

In general, the longitudinal velocity, vY' is large relative to
these errors, and the pattern shown in Figure 4a appears to
be relatively smooth. Except for the markers on the Unicorn
(stake numbers ?,:SIS),the transverse component, "ux, is much
smaller than "Uy (Fig.4b). On the Unicorn there is only a small
increase in vy as the margin is approached, but once the arcu-
ate crevasses are entered (near SIS) the speed rapidly in-
creases. In this sense the shear margin of the ice stream
begins at about SIS.

The markers near SI7 move into the ice stream at about
I m a-I. Inward of this, the pattern of transverse velocity is
determined by departures of the profile layout from linear-
ity along the x axis (Fig.4b): slight oflSetsof the markers up-
and down-glacier from the x axis (Fig. 3) give rise to small
positivc or ncgativc transvcrsc-flow components, respective-
ly. In part, this is due to the curvaturc of thc margin
(0.40 km ') about our fixed x axis.

The components of velocity for each marker were cal-
culated for the two epochs; they are shown in Figure 4a
and h. Propagation of errors in the angle measurements
(±2"), the distances (±O.004m) and tilt of the poles
(±o.OIm for to and ±0.02-0.04 m for ~t 1, depending on the
surface conditions at each marker) gives an estimated accu-
racy for the velocities of the different markers relative to SI7
ofO.L'i-0.22and 0.0.'i-0.08mal for ~t(J and ~tl, respective-
ly. Including the errors in the absolute velocity of SI7 leads
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Strain rates

The velocity gradient 8vy/8x is shown in Figure 5. Our
mcasurcmcnts show that the other gradient, 8vx/8y, is
small in this region ("-D.00la \ so the value shown in Fig-
ure S is approximately twice the shear strain rate, E.r~"The
accuracy of 8vy/8x is about 0.001a-I. Arcuate crevassing
cxtends from SIS to about SIl, where 8vy/8x rapidly in-
creases from 0.02 to about 0.10a-I. Fully chaotic conditions
exist where 8vy/8x is in the range 0.12-0.14a-I.

In the rest of this analysis we consider only the longitu-
dinal component of flow. Unless nceded for clarity, we omit
the "ii' subscript (v ~ vy).

Becausc we did not reset our markers to their original
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Fig. 5. Histogram showing the transume gradient of the
longitudinal velocity, 8vy / 8x.

Fig. 4. ( a) Longitudinal component ( vy) and ( b) transvme
component (vx) Qf surftce velocity across the S prrifile. vy is
shownJor both epochs ( ~to and ~td while Vel isshown onfy
for the longer epoch, ~tl. The inset in (a) shows an enlarge-
ment rif the two longitudinal velocity curves~with the curve
from ~to being below thatfrom ~tl.
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Ice thickness

Lateral changes in icc thickness are important in determin-
ing the velocity field of valley glaciers, and our modeling

The shear strain rates determined from these measure-
ments agree well with one-half the gradient shown in Figure
5, again because ov,:I oy is small. The principal horizontal
strain rates, which arc often used in the analysis of erevas-
sing, are oriented at about 45Q to the x axis, and their mag-
nitudes are approximately equal to (1/2)ovy/ox because the
normal strain rates are so small. Thus the relation between
the magnitude of the transverse velocity gradient shown in
Figure 5 and the arcuate and chaotic zones that was dis-
cussed above holds for these principal strain rates as well.
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VELOCITY DIFFERENCE BETWEEN THE TWO
EPOCHS

Difference in velocity

shows that such changes can affect the fine structure of an
ice stream's velocity field, in particular the shape of the
velocity profile that we have assumed is fixed. Airborne iee-
radar soundings ofShabtaie and Bentley (1988) and Retzlaff
and others (1993) indicate that the thickness of Icc Stream B
varies by 200 m or so across the ice stream near UpB. How-
ever, the necessarily large scale of their surveys and presen-
tations makes it difficult to define the fine-scale structure of
the marginal zone, which we require. To this end we made
ground-based monopulse radar measurements along the S
transect, continuing on to the center of the ice stream. The
results (Fig. 6) indicate that at this location the ice stream fills
a shallow trough that is 300 m, or 30%, deeper near the
center than at the southern margin. Beneath the arcuate
and chaotically crevassed zones ("'2.5 km wide) the thick-
ness varies by about 120 m. It is important to take these thick-
ness variations into account when calculating force balances
(e.g. Jackson and Kamb, 1997; Harrison and others, 1998) or
modeling the details of icc-stream £1ow,and they will be used
in our analysis below.

Fig. 6: Surface and bed topograp~)!across Ice Stream B2 along
an ex.tension of the Sprofile through UpB. Errors in ice depth
are about ±30 m and those in suljace elevation are ±l m rela-
tive to Ups. (Rlevatio71 qf UpB is approximately 360 m
abo/ie the ellipsoid.) Vertical exaggeration is 15: 1.

The uncorrected difference between these two velocities,
8v == VI - VO, is shown in Figure 7. The diflerence is small
within the Unicorn, and increases to about 0.8 mal ncar
SII to S8. Inward of this, corresponding to the fully chaotic
zone, there is significant scatter in Su. These velocity differ-
ences are to be compared with the estimated errors in 8v,
which arc about O.l5-0.23m a \ depending on location. The
differences in the transverse velocities (vx) are small
« ±0.2 mal) and scattered about zero.

To check for the effects of any misalignment of x relative
to the normal of the shear margin, we rotated the coordi-
nate system by ±10° and recalculated 8v. The results are
nearly identical to those in Figure 7, and thus we are assured

Velocities for both epochs are shown in Fig'ure 4a. There
appear to be slight differences between the two curves; these
are amplified in the inset figure. At most locations the later
velocities (vi! arc larger than the earlier ones (vo), which is
what we wOllld expect i[the margin is moving outward.

(1)fg = (1/ tlt)(l1 -10)/10.

positions between the two velocity surveys, the velocity of a
marker is subject to spatial changes in the velocity ficld. It is
necessary to correct for these changes before an accurate
comparison ofvo and VI at a fixed position can be made; this
requires the horizontal strain-rate field.

The markers that were placed up- and downstream of
the S profile (Fig. 3) define three "diamonds" within which
we can calculate the horizontal components of the strain-
rate tensor. Each of the diamonds had major axes of about
1km, or one ice thickness. Diamond I was centered about
the origin, which is on the uncrevassed Unicorn; II was
centered at X ,,-,500 m within the arcuate crevasses; and III
was centered at ;T "-' 1400 m within the fully chaotic zone.
They were each surveyed three times.

The diamonds were not oriented precisely along the co-
ordinate axes, nor were they composed of strict right angles
between equal-length sides. To account for this we cal-
culated the average rate of elongation (i.e. the normal
strain-rate component) along each major axis and along
each pair of sub-parallel sides within the figures. Along the
sides, two each oriented at nominal angles of 45 0 and 1350 to
the x axis, we averaged the elongation rate of the two sub-
parallel sides, and also determined their mean angle e with
respect to x. The elongation rate fg over time tlt of a line
segment with original length 10 and final length 11 is

Tensor component rotation then gives an expression for each
of the four average fg'S in terms of the three horizontal strain-
rate components (En fy, f.ry) in the x,y-coordinate system
defined above. These four relations were solved for the three
unknown strain-I' ate components using normal equations
(Schigolev, 1965). The resulting strain rates are strictly
applicable to the centroid of each diamond; these centroids
were close to the x axis. Strain rates were measured over
both tlto and tlt1, and they were found to be similar; this is
probably because the markers did not move appreciably
relative to the size of the diamonds. The accuracy of the
normal strain-rate components is about 0.5 x 10-3 a - 1.

The results of these measurements show that within the
Dragon fy and f,r are relatively constant at 3.0 x 10 :,a 1 and
~ 1.5x 10 3 a ..[, respectively. Their magnitudes decrease to
zero within the Cnicorn. These are similar to the values
found by Whillans and others (1993) in the same region
using repeat aerial photogrammetry. In a later section we
require Ey as part of a correction to 'Vj (x); for this we use
the following fit to our measured values (x in m):

f - { 1.5 + 0.003x 10-3 a-I x E [-500,500] (2)
y:- 3.0 10-3 a-I x> 500
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Fig. 1 Uncorrected (8v == VI - Va) and corrected (6.v,
Hquation (5) ) diffirence in longitudinal velocify between the
two epochs.

-600

ent velocity increase 6.v at each marker. The magnitude of
6.v is governed by the local shape of the profile, or 8vy/ ax:

(6)

(5)

_ 6.v (avy)-1V/vl-- -
6.7 ax

6.v = -(Dvyjax)6.X/vl'

This shift is assumed to occur at a uniform rate V/vlover a
time interval 6.7 == t1 - to = 203.518 d. (Strictly speaking,
6.7 should be the difference between the times at which the
midpoints of the two displacement vectors are reached, but
because the strain rates are nearly constant and because the
correction terms in Equation (4) are small, these times very
nearly correspond to the mid-times of the two epochs.)
Then, allowing for a change in sign so that outward migration
is positive, 6.XM = - V/vl6.7, or

18001200600
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Fig. 8. Calculated marl',ln migration rate, V/vl . Error bars
were calculated using Equation (7). Dashed line is the aver-
a/ie value/or 815 to 86.

\Ve have calculated the apparent migration rate from Equa-
tion (6) using the data shown in Figures 5 and 7.The results
are shown in Figure 8. V/vlis positive almost everywhere, im-
plying that the margin is indeed migrating outward. The
rate is nearly uniform from SIS to about S6, with a mean of
9.7ma-1 and a standard deviation of l.7ma-1

. Inward of
about S6 the calculated migration rate is erratic. It is also
erratic at points located within the Unicorn; because of the
large errors involved, as described next, these values are not
shown.

The two velocities va and VI are spatial averages over two
different regions of the surfaee. \Ve assume that the position
at which each of these velocities applies is the midpoint of the
line segment between the two points surveyed at the begin-
ning and end of each epoch. This effectively assumes that the
velocity was constant over each epoch, and that the strain
rates are constant along the displacement vectors, as sup-
ported by our measurements.

The midpoints of each marker's path during 6.to and
6.t1 are at different locations within the velocity field, and
before the velocity difference between the two epochs can be
used as an accurate measure of margin migration we must
correct for along-path velocity gradients. vVe take the
velocity Va to be the base value for comparison, and thus
need only correct VI. The midpoint of the second epoch, at
which 1)1 applies, is displaced by components
(6.xmid,6.Ymid) from the midpoint of the first epoch, each
of these components being equal to the SUln of one-half the
displacement over 6.to plus one-half that over 6.t1:

1
6.xmid = - [6.x(6.to) + 6.x(6.t1)]

2
1

6.Ymid = :2 [6.y(6.to) + 6.y(6.tJ)J.

Correction of velocity difference for non-zero strain
rates

that the magnitude of fJv does not depend on our choice of
coordinate axes.

where (J" fl." is the estimated error in the corrected velocity
difference and (J"{)v!D:r is the error in the veloeity gradient
(::::::1x 10-3 a-I). In most cases, the error in the corrected
velocity difference is dominated hy the error in the first
epoch's velocity (0.15-0.23 m a -1) because the short time in-
terval (0.12 a) amplifies the surveying errors. Errors in the
correction terms (Equation (4)) are small, and those in VI

(relative to S17) are about 0.050.08 m a-I.
There is one additional source of error in 6.v that must

be considered, that due to uncertainty in the rotation of the
baseline. As mentioned earlier, the vector from our survey
base (SI7) to the backsite (121) was surveyed using geodetic
GPS methods. Three such surveys indicate that the baseline
was rotating at a constant rate, and this rotation was ac-

Two corrections to VI are necessary: one [or longitudinal
and one for transverse motion in the velocity field. The cor-
rected velocity difference, 6.v, is:

. av,}
6.V = VI - VA - Ey6.Ymid- a; 6.Xmid , (4)

where Ey is obtained trom Equation (2) and Dvy/ Bx from Fig-
Llre 5. The correction for motion along x is generally in the
range ±0.07 m a \ while along Y it is about 0.01-0.33 m a -I
depending on the position within the shear margin. This cor-
rected velocity difference is also shown in Figure 7, where we
see that the corrections do not alter the patterns in the
velocity difference, nor do they significantly affect its magni-
tude. In particular, the scatter in 6.v inward ofS8 remains.

CALCULATION OF MIGRATION VELOCITY

As shown in Figure 2, an outward shift 6.XM( < 0) in the
velocity profile with respect to the markers causes an appar-

The error in 1I:\:L, denoted aV"l , is given by
!

crv,! = VM [e:~r+(;:,}v;~Xrr (7)
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counted for in the calculations. If, however, the rotation
between two surveys was in error then this would introduce
a systcmatic error in all coordinates calculated using that
baseline. In particular, if there were an error of 16" in the
basdine azimuth at the intermediate surveyor about 130"
in that of the final survey, then the calculated migration
rates would be indistinguishable from zero.

\Ve have investigated possible error sources in this base-
line azimuth, including instrument centering, pole tilts, the
CPS solutions and the optical surveys to the backsight. The
combined uncertainty is about 5", which is much less than
the limiting values stated above. Combining all the possible
error contributions gives (J!::,v = 0.15-0.27 m a \ depending
on the distance from S17.

Equation (7) shows that when the vclocity diflcrence
and/or the velocity gradient are small then the error in the
migration rate will be large. These conditions occur at mar-
kers situated on the Unicorn (S19· S16; see Figs 5 and 7), and
at these locations the estimated errors are 2::40 mal! The
results from these slow-moving sites are thus highly inaccu-
rate, and we therefore consider only those at S15 and in-
ward. The estimated errors, including a possiblc systematic
error in the baseline azimuth, are shown by the error bars in
Figure 8. Inward of about S14 (from within the arcuate cre-
vasscs into thc chaotic zonc) the errors are on the order of
3.5 m a-I; these are smaller than the calculated migration
ratcs.

DISCUSSION

The results of our measurements indicate that the margin is
migrating outward into the Unicorn at about 9.7 ± 1.1m a- \
where we have taken the average rate from S15 to S6 and
estimated thc standard error as the typical error in
VII! ( rv3.5 m a- \ which includes a possible systematic error
in the baseline azimuth) divided by vn where n is the num-
ber of points from SIS to S6.

'1\\70 of thc kcy assumptions in our analysis are that the
velocity profile is a characteristic feature that is transported
with the margin, and that there has been no temporal
change in the overall speed of the icc stream during the
period of measurement. That the shape of the velocity
profile was nearly identical between the two surveys and
that the profile did not move far (either laterally or longi-
tudinally) rdative to the scale of the margin gives support
to the validity of the first assumption. That the calculated
migration velocity was approximately constant over much
of the profile also supports this analysis.

The validity of the first assumption also depends on the
basal topography of the marginal zone, and the associated
ice thickness. It is likely that the velocity profile would
reflect any abrupt steps in ice thickness that occur within
the marginal zonc, such as thosc found near the wall of a
C-shaped valley glacier. A lateral shift in the margin rela-
tive to this rough basal topography would cause a change
in the shape of the velocity profile. Ice thickness does change
across the Dragon (Fig. 6), but maximum side slopes of the
bed arc on the ordcr of 1.50 or less. Thus, significant changes
in thickness occur only over 400 m or so, which is much
broader than the distance over which the margin moved
during our study. Thus our interpretation is unlikely to be
affected by these variations in thickness.

There is an increascd scatter in the measured D.v's and

Echelm~ver and Harrison: A1argin migration ollee Stream R

the calculated migration rates inward of S6 (Figs 7 and H).
These markers are well within the zone offully chaotic cre-
vassing. Here the crevasse blocks on which the markers were
situated are relatively small and they may rotate somewhat
independently of their neighbors. However, the increased
scatter may also be due in part to a failure of our assumption
of a constant velocity structure within the margin. As the
margin migrates laterally, the physical properties of the ice
that it encounters, and its history of deformation and crevas-
sing, may vary locally. Something similar was noted in our
study of borehole temperatures (Harrison and others, 1998).
In that case the interpretation of the data from a borehole
ncar Sl (Fig. 3) \vas much less well constrained than that
from the borehole at S7. Both of these studies seem to incli-
cate that conditions arc not static within the fully chaotic
zone of the shear margin, which is not surprising given the
nature of the surface. They may also indicatc that conditions
within the arcuate crevasses and the zone of transition to
full chaos are more nearly constant.

The assumption of no temporal variations in ice-stream
velocity has been addressed by McDonald and \Vhillans
(1992), Harrison and others (1993), Hulbc and Whillans
(1997) and our recent CPS measurements. The first two
studies showed that there are no large variations in the
speed of this ice stream over seasonal or shorter time-scales.
However, our recent measurements, and those ofHulbe and
\Vhillans, indicate that the ice stream near UpB, II km in-
ward of the Unicorn and ofS17 ~Fig. 1), has, in fact, slowed
since 19H4-H5. Bindschadlcr and Vornberger (199H) have
also observed a recent and dramatic slowdown of nearly
50% over 30 years near the mouth of Ice Stream B, some
300 km downstream.

Our measurements, together with those of Hulbe and
Whillans (1997), suggest that the deceleration has heen con-
stant at about 0.50/0·a-], and we could expect a decrease over
D.r of about 1.1m a ] at UpB. If this slowdown were afIccting
the entire ice stream, then we would expect Losee a decel-
eration across our profile, the magnitude of which decreascs
towards the Unicorn. As an example, if we assume a simple
power-law velocity profile (n :x width \ then S2 and SlO
would have slow·ed during D.r by ahout 0.33 and (Ul m a I,

respectively.
Imposing such a decrease in speed across our profile

would increase the calculated outward migration rate, as it
would require the corrected velocity difference to be corres-
pondingly larger to account for the slowdown. The apparent
migration rates would be then be increased by about
2-7 mal. However, because of the uncertainty in this cor-
rection for our specific profile, we do nOLapply it, and simply
state that our calculated rates are likely to be minimum
values, with an additional systematic error due to this un-
known correction for ice-stream slowdown.

Comparison with other values

The magnitude and direction of margin migration that we
have calculated applies to one location on Ice Stream B
during a single year (1994). It is interesting to compare this
result with values obtained by other methods; these lalter
results are usually averages over decades to centuries.

Harrison and others (1998) estimated the margin migra-
tion rate at two points on the S profile using the penetration
depths of cold winter temperatures helow the chaotic cre-
vassing. At S 7 (their "Lost Love" site) they found Lhat the
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margin has migrated outward at a rate of 7.3± 1.5mal over
the last 50 vears or so. Hamilton and others 119981also esti-
mated a migration rate at this location of 7~30 r~ a-I using
crevasse curvature. These calculations are independent of
those presented here, yet the results agree to within the sta-
ted uncertainties. This agreement indicates that the migra-
tion rate near UpB may have been fairly constant since at
least 1950.

Clarke and Bentley (1995) determined the burial depth
of a relic shear margin on the Unicorn ncar OutB (Fig. 1).
From this burial depth and an estimate of past accumulation
rates they found that the margin of Icc Stream B2 at nearly
the same location as our measurements appears to have
migrated in the opposite direction (inward) at a much faster
rate (~100 m a I) during the last century or two.

Observations at other points on Ice Stream B and on
other ice streams indicate that there have been significant
changes in thcir margins in the past (e.g. Alley and Whillans,
1991: Hodge and Doppelhammer, 1996; Jacobel and others,
19%). Some of these changes appear to have occurred rel-
atively quickly. A measurement of the recent migration of
one margin of Ice Stream B near its mouth \vas made by
Bindschadler and Vornberger (1998). They observed a 4 km
displacement of the marginal shear zone between two satel-
lite images made 29 years apart, indicating an average out-
ward migration rate of 137m a-I during the past three
decades.

All of these observations support the theoretical work of
.Jacobsen and Raymond (1998), wbich shows that ice-stream
margins could be relatively unstable features. The out ward
migration rates predicted by Jacobsen and Raymond are on
the order of 1-10 m a-I, similar to the rate we have measured,
but significantly less than that observed by Bindschadler and
Vornberger (1998). The diflerenee between the observed
migration rates indicates that there is a delicate balance
bet ween the influx of cold ice, the shear heating within the
margin and conditions at the bed. If the different estimates
of migration rates are indeed representative of the different
epochs and different locations, then it is clear that significant
spatial and temporal variations in margin migration are pos-
sible, and this phenomenon warrants further examination.

Significance

Unfortunately, we did not make analogous measurements
on the northern margin of Ice Stream B2 (the "Snake"),
and thus we cannot say whethcr the ice stream is widening
or merely migrating to the south as a stream of constant
width. (However, analysis of crevasse shapes possibly indi-
cates that the Snake is not presently migrating (personal
communication from I. vVhillans, 1998).) If the Snake were
moving outward at a similar rate then there would be a
~20 mal increase in width occurring at the same time as
a ~2 m a 2 decrease in speed (Hulbe and Whillans, 1997,
and our measurements). The observed increase in width
would not compensate for the decrease in speed, and the
overall icc flux through this section of Ice Stream B would
be decreasing. This could have important consequences for
the present mass balance of the \Vest Antarctic ice sheet,
especially if other ice streams are undergoing similar
changcs.

The decrease in the speed ofIce Stream B is also interest-
ing in light of the possible increase in ice-stream width and
thc mechanics of icc streams. l\1easurements and modeling
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suggest that drag along the margins supports a large part of
the total downslope load of the ice stream (e.g. Echelmeyer
and others, 1994;Jackson and Kamb, 1997;Whillans and Van
del' Veen, 1997; Harrison and others, 1998). If we make the
extreme assumption that all of the support comes hom lat-
eral drag, then a small relative change in width, liW /lV,
would cause a relative change in center-line speed, live/ve,

approximately equal to (n + l)liW /W, where n is the
flow-law exponent (n ~ 3). For this part of Ice Stream B
(lV "" 30 km) this leads to a velocity increase of 0.27% a \
or 1.1m a-2. This is a small increase, but over a period of
5-lO years it should be measurable. Instead, the measure-
ments show a decrease in speed. Similarly, Bindschadler
and Vornberger (1998) observed a large decrease in speed
with an increase in width near the lower end of the ice
stream. These observations indicate that marginal drag
does not provide 100% of the total resistive drag and that
some of the downslope load is supported by a component of
basal drag that is changing over time. Of course, it may also
be that the icc stream is migrating southward as an entity
and not widening, in which case this interpretation is not
valid.

Additional remarks

There are two features of our analysis that can help guide
future applications of this method. First, the estimated errors
in liv and V\t are dominated by those in va. If the first epoch,
lito, was I year in duration instead of 0.12year, then the esti-
mated errors in liv would be 0.050.10 m a I and those in V\t
would be 0.5-0.7 m a \ all other factors (such as tilt errors)
being equal. Second, the results shown in Figures 7 and 8
indicate that the velocity profile need only extend through
the arcuate crevasses andjust into the.chaotic zone (~S8) to
provide reliable data for determining the migration rate. A
shorter profile such as this would permit the field crew to
forgo the dangers of the chaotic zone.

CONCLUSIONS

Repeat measurements of the surface velocity profile within
the shear margin of an active icc stream provide a method
[or determining the present speed and direction of margin
migration. The method is based on the assumption that the
detailed shape of the velocity profile is a characteristic fea-
ture of the margin itself, and that any inward or outward
migration of the margin is accompanied by a corresponding
lateral shift in the velocity profile. This assumption appears
to hold as long as the lateral shift in the margin is small rel-
ative to spatial changes in basal topography, except in the
zone of fully chaotic crevassing, where the fine structure of
the velocity field may be variable. The surveyed profile
should extend across the zone of arcuate crevasses and just
into the chaotic zone because large transverse shear strain
rates are required. Three surveys of this profile and its orien-
tation, preferably made at 1year intervals, provide adequate
resolution of migration speeds of a few to 100 mal.

\Ve have applied this method to the southern margin of
Ice Stream B2 ncar UpE. In 1994 the margin was moving
outward into the inland ice at a rate of at least 9.7 ±
1.1m a-I This is similar to the average migration rate over
the last 50 years determined at the same location by a differ-
ent method (Harrison and others, 1998). It is, however,
much slower than that determined at a location some
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:100 km downstream by Bindschad]er and Vornberger
(1998).

Accompanying this margin migration was a slowing of
the ice stream by about .1% over the last ]0 years. If the
migration can be interpreted as a widening of the ice
stream, then the slower speeds may indicate a temporal
change in basal drag across the ice stream.
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