
tion patterns were observed on different 
cooling cycles. With more oblate plasmas, 
the same pattern was observed each time. A 
very oblate plasma resembles the planar 
geometry considered by Dubin and O'Neil 
(9, 1 O), in which a stack of bcc (1 10) planes 
was predicted to have the lowest energy 
when there are about 60 or more ~lanes .  For 
some cases with fewer planes, a stack of fcc 
(111) planes has lower energy. In a time- 
resolved diffraction pattern from a plasma 
having a = 0.38 (Fig. 6) ,  the most intense 
diffraction spots form a rectangular array, 
consistent with a bcc lattice oriented along 
a (1 10) direction, that is, a stack of (1 10) 
planes. Weaker diffraction spots, forming a 
hexagon, are also seen. These appear at the 
lowest temperatures. The expected posi- 
tions of the spots for the {220} Bragg reflec- 
tions of an fcc lattice oriented along a (1 11) 
direction, that is, a stack of (1 11) planes, 
are at the vertices of the hexagon overlap. 
An ideal hexagonal close-packed lattice, 
oriented along the [001] direction, would 
generate the same hexagonal spot pattern. 
However, it would also generate another 
hexagonal spot pattern at a smaller radius, 
which is not observed. 

Simulations of ion vlas~nas show hexae- 
c, 

onal patterns resembling fcc (1 11 ) planes 
on the lavers nearest the surface 17). The 
hexagonal diffraction pattern in ~ l g :  6 could 
be the result of scattering from surface lav- - 
ers, and the rectangular pattern could result 
from scattering from the central region. 
Some spots in Fig. 6 do not match either 
the rectangular grid or a hexagonal lattice. 
They map be due to scattering from a tran- 
sition region that is neither bcc nor fcc. - 
Further examination of oblate plasmas with 
different thicknesses mav enable the transi- 
tion from surface-domihated structure to 
bulk behavior in a finite, strongly coupled 
OCP to be studied. 
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Changes in the West Antarctic Ice Sheet Since 
1 963 from Declassified Satellite Photography 

Robert Bindschadler* and Patricia Vornberger 

Comparison of declassified satellite photography taken in 1963 w~ th  more recent satellite 
imagery reveals that large changes have occurred in the region where an active ice 
stream enters the Ross Ice Shelf. Ice stream B has widened by 4 kilometers, at a rate 
much faster than suggested by models, and has decreased in speed by 50 percent. The 
ice ridge between ice streams B and C has eroded 14 kilometers. These changes, along 
with changes in the crevassing around Crary Ice Rise, imply that this region's velocity 
field shifted during this century. 

O n e  of the major uncertainties in the 
Intergovernmental Panel on Climate 
Change's projection of future sea level is 
the uncertain behavior of the West Antarc- 
tic Ice Sheet (1). It was much larger during 
the last glacial ~naximum 20,000 years ago, 
and its retreat since then has been rapid at 
times (2) .  Current behavior does not indi- 
cate that it is now retreating rapidly, but 
areas of rapid change have been discovered 
and the potential for unstable behavior re- 
mains under study. 

The thick West Antarctic Ice Sheet is 
grounded on a submarine bed contained in 
an extensional rift basin coated with thick 
marine sediments and is subject to high 
geothermal heat flow (3) .  Discharge of 
West Antarctic ice is dominated by rapid- 
ly moving ice streams. These ice streams 
feed floating ice shelves; the transition 
from grounded to floating ice occurs at the 
"grounding line." Occasionally ice shelves 
ground, forming ice rises that the ice shelf 
must flow around. Between ice streams, 
the ice accumulates to form higher eleva- 
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tion ridges that slowly flow laterally into 
the ice streams across heavily crevassed 
shear margins. 

Declassified intelligence satellite pho- 
tography (DISP) recently made available 
affords a direct view of the ice sheet's con- 
figuration in the early 1960s, greatly ex- 
tending the limited surface observations 
made during the International Geophysical 
Year in 1958 to 1959. Here, we analyzed 
changes in the mouth of ice stream B: from 
the downstream tip of ridge B/C (between 
streams B and C) to the area just down- 
stream of Crary Ice Rise (Fig. 1) (4).  

The DISP data were collected on 29 and 
31 October 1963 (5). The DISP frames we 
used were 4 inch by 5 inch (10.16 cm by 
12.7 cm) contact negatives, which we 
scanned at 600 dots per inch to convert 
them to digital form. They were collected 
by the cartographic camera onboard a Co- 
rona mission satellite and have a ground 
spatial resolution of about 150 m. Our sec- 
ond data set is a mosaic of two images from 
the advanced very high resolution radiom- 
eter (AVHRR) collected on 12 November 
1980 and 8 December 1992. These images 
were obtained from the U.S. Geological 
Survey (USGS) World Wide Web site as 
part of an Antarctic mosaic and have a 
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5 . 1 .  Location map of study area. Ice streams A, 
B, and C are shown along with their grounding 
lines. Shaded areas indite locations shown in 
Figs. 2 and 3. Ice flow is generally from upper left 
toward lower right. 

ground spatial resolution of 1100 m (6). 
Finally, we used a series of panchromatic 
Satellite Pour l'observation de la Terre 
(SPOT) images collected between 23 Jan- 
uary 1989 and 12 February 1992 that pro- 
vide a ground spatial resolution of 10 m (7). 

The DISP and AVHRR data were co- 
registered by locating seven common points 
circumscribing the study area (one each on 
Crary Ice Rise and ridge B/C, one at the 
confluence of ice streams A and B, and four 
in the Transantarctic Mountains). We ap- 
plied a two-dimensional linear warping 
function to the DISP image to match it to 
the AVHRR imagery. The mean residual of 
this fit at the control points was 1 km. The 
SPOT image mosaic was co-registered to 
the DISP image by using three commonly 
identifiable points on Crary Ice Rise. The 
accuracy of the DISP-SPOT co-registration 
is about 500 m and includes the fact that 
the SPOT mosaic was made by matching 
features that may be moving. 

The northern side of ridge B/C in the 
DISP and AVHRR images (SPOT data do 
not cover the ridge) maintained its shape, 
but the tip of the ridge retreated 14 km 
(area 1) and the northern margin of ice 
stream B (south side of ridge B/C) migrated 
4 km (area 2) (Fig. 2). 

Erosion of ridge B/C took place at a 
maximum rate of 447 2 34 m/year at its tip 
during the 29.1 years between images. This 
is considerably faster than the previously 
measured rate of grounding-line retreat at 

Fyl. 2 Co-registered DISP, AVHRR, and SPOT imagery in the vicinity of the mouth of ice strew B. Ice flow 
is approximately from right to left. (Bottom right) Tracings of particular features from DISP (dotted lines), 
AVHRR (solid line), and SPOT (dashed lines). Areas identii by circled numbers are discussed in text. 

ice stream C of less than 30 m/year (8). Ice 
downstream of the tip is likely floating, and 
the large number of crevasses indicates that 
the ice is rapidly accelerating as it flows 
northward (left side of Fig. 2). 

The width of an ice stream, in combina- 
tion with its speed, determines the rate of 
ice discharge. In contrast to mountain gla- 
ciers, which flow within a rock valley, ice 
streams are bounded by ice. The position of 
an ice stream margin represents a delicate 
balance between the advection of cold ice 
from the ridge into the ice stream (which 
will tend to narrow and slow the ice stream) 
and the generation of shear heating within 
the margin that will warm the ridge ice and 
tend to widen the ice stream. Recent mod- 
els of these competing processes have sug- 
gested that margins will migrate at rates of 
from less than 1 m/year to 10 m/year (9). 

Our measurement indicates that the 
margin migrated at an average rate of 137 + 
34 m/year, an order of magnitude faster 
than models have predicted. This high rate 
may mean that the advection rate of cold 
ice was smaller than expected or that the 
base outside the ice stream was precondi- 
tioned to sliding conditions. Repeat mea- 
surements of velocity across the margin 300 
km upstream have suggested that the mar- 
gin is widening but at a much slower rate of 
10 m/year, which is more in line with mod- 
els (10). Burial depths of an inferred an- 
cient ice stream margin near this upstream 
site suggest a sustained migration of the 
margin into the active ice stream at a rate of 

100 m/year, beginning 180 years ago and 
ending 120 years ago (I I). 

If the ice stream's motion is dominated 
by resistance at the side of the ice stream, 
an increase in width would produce an in- 
crease in speed because the driving force is 
increased with no increase in resistance. On 
the other hand, if basal resistance domi- 
nates, the speed should not change. As 
discussed below, the ice stream decelerated, 
suggesting that other factors are changing as 
well. 

Two flow stripes within the mouth of 
the ice stream that are associated with a 
feature known as ice raft A (area 3) are also 
identified (Fig. 2). This raft is visible on the 
SPOT imagery as an oval-shaped feature 
about 15 km long. These form lines main- 
tained their shape from 1963 to 1989 and 
moved downstream -20 km. Ice raft A in 
the SPOT image is more than 150 km from 
the nearest control point, but because the 
Crary Ice Rise image and the ice raft A 
image were acquired less than a year apart, 
the overall position error in the mosaic is 
probably less than 500 m. Thus, the average 
velocity is 770 2 20 m/year. This is sub- 
stantially faster than the direct in situ mea- 
surement of 47 l m/year made between 1984 
and 1985 and other in situ measurements 
made adjacent to ice raft A that confirm 
this feature has recently moved at the same 
speed as the surrounding ice stream (to 
within error) (12). If velocity decreased 
linearly with time, the flow speed in 1963 
was 967 m/year, twice the 1984-1985 
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SPOT 

Fig. 3. Co-registered DISP, AVHRR, and SPOT imagety of Craty Ice Rise line). Areas identified by circled numbers are discussed in text. Lightly shaded 
area. Ice flow is generally from right to left. (Bottom right) Tracings of particular area indicates Crary Ice Rise. Hatched and darkly shaded areas indicate 
features from DISP (dotted lines), AVHRR (solid lines), and SPOT (dashed positions of a rotated ice block in DISP and SPOT imagety, respectively. 

speed. The average rate of deceleration is 
2.4% per year, close to the rate of 20% over 
the decade from the mid-1970s to the mid- 
1980s inferred by earlier work and signifi- 
cantly extending the duration of this be- 
havior (13). Such high rates of change in 
velocity greatly complicate the calculation 
of mass balance of the ice sheet when field 
measurements collected over many years 
are used. 

In the Crary Ice Rise region (flow is 
toward the left), a succession of crevasses 
formed by the shearing of ice have moved 
past either side of the rise. These continue 
to the edge of the ice shelf 500 km away 
(Fig. 1) and indicate that the ice rise has 
been persistent and that it has affected the 
flow of the ice shelf for more than 800 years 
(the time required for ice at the rise to 
reach the shelf front) (14). Over this entire 
distance, the only crevasses occurring be- 
tween these two separate crevasse trails are 
the two intersecting crevasses immediately 
downstream of the ice rise (Fig. 3, arrows 

and the 1980 (AVHRR) data, the resultant 
velocity of 590 rn/year provides an estimate 
that the initial formation of these crevasses 
occurred 21 years before the DISP data 
(that is, in 1942). A constant acceleration 
model would double this time estimate to 
42 years (in 1921). These dates are close to 
the 50 years estimated for the time when a 
large mass of ice separated from the north- 
eastern side of the ice rise (15). 

Fracturing accompanied the generation 
of crevasses at the edge of the confined 
embayment of the ice rise lee (area 5). 
Many of these same blocks can be identi- 
fied in the DISP photograph. This com- 
parison (Fig. 3) shows that the blocks are 
being rotated by the flow of ice past the 
ice rise. The initial formation of these 
blocks took place shortly before the 1963 
DISP photography. Aerial photography of 
Crary Ice Rise confirms that crevassing 
within and extending from the embay- 
ment was present by 1947 (16). Earlier 
observations do not exist. 

flow of ice stream B (18). This shift in flow . , 

would increase the amount of ice passing 
north and east of Crary Ice Rise, causing 
increased shear and fracturing of the ice in 
the formerly protected lee of the ice rise. 
Arrival at the ice rise's downstream end of 
flow disturbances generated at the mouth of 
ice stream C would be delayed by the time 
it takes the intervening ice to adjust to an 
altered flow Dattem. It is ex~ected that the 
timing of changes at the ice rise would 
~ostdate ice stream C's shutdown. 

These observations, although illustrating 
the dramatic changes that are occumng in 
one area of West Antarctica, do not resolve 
the ovemding question of the stability of 
the West Antarctic Ice Sheet. However, 
the 50% decrease in velocity in less than 
three decades cannot be explained solely by 
a slight widening of the ice stream and 
underscores the fact that large changes in 
velocity can occur with even small changes 
to either the external forcines exerted on - 
the ice sheet or its internal dynamics. 
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Penny Ice Cap Cores, Baffin Island, Canada, and 
the Wisconsinan Foxe Dome Connection: 

Two States of Hudson Bay Ice Cover 
David A. Fisher, Roy M. Koerner, Jocelyne C. Bourgeois, 

Greg Zielinski, Cameron Wake, Claus U. Hammer, 
H. B. Clausen, N. Gundestrup, Sigfus Johnsen, 

Kumiko Goto-Azuma, Takeo Hondoh, 
Erik Blake, Mike Gerasimoff 

Ice cores from Penny Ice Cap, Baffin Island, Canada, provide continuous Holocene 
records of oxygen isotopic composition (S180, proxy for temperature) and atmospheric 
impurities. A time scale was established with the use of altered seasonal variations, some 
volcanic horizons, and the age for the end of the Wisconsin ice age determined from the 
GRIP and GISP2 ice cores. There is pre-Holocene ice near the bed. The change in 6"0 
since the last glacial maximum (LGM) is at least 12.5 per mil, compared with an expected 
value of 7 per mil, suggesting that LGM ice originated at the much higher elevations of 
the then existing Foxe Dome and Foxe Ridge of the Laurentide Ice Sheet. The LGM 6180 
values suggest thick ice frozen to the bed of Hudson Bay. 

T h e  Penny Ice Cap on C~unberland Pen- 
insula, Baffin Island, is the southernmost 
major ice cap in Canada. During the Wis- 
consin Ice Age, the ice cap was connected 
to Foxe Dome (1, 2) (Fig. 1A). Field evi- 
dence suggests that during the Holocene, 
the position of the central ridge of the 
thicker southeastern part of the Ice cap was 
stable (3). Presently, the central r~dge has a 
maximum surface elevation of 1900 meters 
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above sea level (masl) (Fig. 1B). 
In spite of relatively high melt (4) ,  we 

established Holocene chronologies for 6180 
and ice chemistry. The proximity of the 
core to Baffin Bay and the major glaciolog- 
ical changes that occurred during the Ho- 
locene make this core an important record. 
The Wisconsinan ice has sections of low 
6180 and high calcium concentrations. In 
particular, the episode attributed to the 
LGb1 [18 thousand years ago (ka)] suggests 
origins deep inland on the Foxe Dome and 
~ o x e    id^; of a Laurentide Ice Sheet dorn- 
inated by Hudson Bay ice frozen to its bed. 

Two ice cores 16 km apart reached the 
bed of the Penny Ice Cap. The 333.78-m 
P95 core was drilled on the central ridge 
(1900 masl) (Fig. 1B); we analyzed 6180, 
calcium and sodium concentrations, and 
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The value of 6180 (5) in precipitation is 
negative and is related to a site's location in 
the water cycle (6,  7). For high-elevation 
polar ice masses, the site's air temperature 
plays a role, as can its elevation. Time series 
derived from ice-core 6180 have the flow 
effect included, whereby older (deeper) ice 
originated from higher up a flow line, which 
may have been evolving. Presently, P95 and 
P96 are close to or at the local highest point 
(Fig. 1B), so recent ice has local origins in 
both cores. ECb1 is a measure of solid-ice 
conductivity (8) and is mainly controlled 
by pH. Calcium (concentration [Ca2+], 
measured in nanograms of Ca2+ per gram of 
ice) is mostly from airborne mineral dust, 
and the sodium (concentration [Nat]) is 
primarily from sea salt (9, 10). 

The ice temperature at a depth of 15 m 
measured by Holdsworth 2 km down-ridge 
from P95 was - 14.4'C (1 1 ) .  Under present 
conditions, the calculated bottom tempera- 
ture for P95 is -8OC (1 2 ) ,  so there is little 
chance that basal melting occurred during 
the Holocene. At  the P95 and P96 sites, 40 
and 80% of the accumulation, respectively, 
melts and refreezes (4). The accumulation 
rate at P95 as determined from the depth of 
the 1963 bomb layer is 0.37 m (ice equiv- 
alent) per year, and the rate determined 
from the depth of the volcanic layer depos- 
ited by the 1783 A.D. Laki event is 0.36 
miyear. The Laki-derived accumulation for 
P96 is 0.188 m/year. At P95, the modern 
6180 is -24.23 per mil; modern 6180 at 
P96, however, is -23.37 per mil. There is 
scouring of winter snow at the P96 site in 
half of the winters. If the cold (low 6) 
winters of P95 are numerically removed 
(13), the resulting stratigraphy resembles 
that for P96 (Fig. 3) ,  and the average 6 
shifts from -24.23 to -23.5 per mil, which 
is close to the average for the P96 site. The 
average accumulation at P95 drops 39% 
when the deep winters are numerically re- 
moved. This sort of episodic scour biases the 
differences between the sites to the cold 6 
years (Fig. 4). This episodic scour is differ- 
ent from the more continuous scour seen in 
drier snow areas (14). 
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