
nearly zero (Whilians and Van der Veen in press). We were
transported to and from this site by Twin Otter aircraft based
at Upstream B.

From Dragon Camp, further strain grids were established
to accomplish the following:
• To measure the strain due to stresses transmitted to the

nearly stagnant ice from the ice stream. (The answer will
require a resurvey next year.)

• To test whether an unusual, narrow curving ridge on Sys-
teme Probatoire d'Observation de la Terre (SPOT) imagery
(Merry and Whillans in press) really exists and to measure
strain and vertical velocity associated with it. (It is present
and seems to be the edge of a terrace. Maybe it marks the
level of the ice sheet before the ice stream next to it
formed. Motion will be detected on resurvey next year.)

• To study the opening and rotation of one crevasse and the
behavior of its bridge.

• To set very deep stations in the firn for determining verti-
cal motion of the ice sheet (following Elliot, Strange, and
Whillans 1991).

The program at the Dragon Camp took 17 days.
Safety procedures were refined by two mountaineer

guides. All travel was conducted in trains of Ski-doo-Nansen
sled-Ski-doo, with personnel roped in. Distances between
each Ski-doo and sled were about 15 meters. In severe terrain,
three Ski-doos and a sled were used. Drivers were connected
to engine-kill switches. They usually wore protective helmets
with face guards. The lead driver was tied into the Nansen
sled and the trailing driver to his or her own Ski-doo. A recog-
nized weakness of the system is that the trailing driver would
end up hanging beneath the Ski-doo in a crevasse, but no
good remedy was devised. To protect the tow rope from acci-
dental damage due to being overrun by the trailing Ski-doo,
the rope was sheathed in PVC pipe about 1 meter long and a

4-liter plastic bottle was placed at the forward end to prevent
the tip of the pipe from digging into the snow. Bungee cords
pulled the pipe upward when tow tension was released so
that the pipe did not jam under the Ski-doo. A low profile
wooden box filled the space behind each driver. This blocked
holes in the rails that drivers might otherwise catch with their
feet during a fall. The box also provided a convenient site for
lashing down safety ropes. In addition to using ropes to con-
nect the train during travel, we used ropes arranged so that
foot forays were possible by unhooking more rope held by
bungee cords to the Ski-doo box. Refresher courses were held
to ensure that all personnel were comfortable with proce-
dures. As it turned out, there were no dangerous incidents
involving crevasses.

Field party members were Pete Brailsford (mountaineer-
ing guide), Christina Hulbe, Jack Kohler, John McNamee
(mountaineering guide), Toni Schenk (second half of season),
Charles Toth (first half of season), and Ian Whillans. This
research was supported by National Science Foundation
grant OPP 90-20760.
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Vertical temperature profile of ice stream B
HERMANN ENGELHARDT and BARCLAY KAMB, Division of Geological and Planetary Sciences, California Institute of

Technology, Pasadena, California 91125

T
he vertical temperature profile through ice stream B has
been measured near Upstream B Camp (83.5°S 138.1°W)

in several hot-water-drilled boreholes, using temperature
transducers and thermistors. A preliminary temperature pro-
file was given previously (Engelhardt et al. 1989, 1990). The ice
thicknesses were 1,035 meters (m) and 1,057 m in boreholes
500 rn apart, transverse to flow of the ice stream.

In our first temperature-transducer string, emplaced in
1988-1989, the sensors in the lowest 110 m did not survive the
ice pressure. In the 1991-1992 field season, a new thermistor
string was emplaced to measure the lowest 167 m in a 1,057-
m borehole. In 1992-1993, a thermistor string was placed in

the upper 120 m of the ice stream near the 1,057-rn borehole.
To protect the thermistors from the ice pressure, they were
encapsulated in small thick-walled copper tubes with electri -
cal feed-throughs and were tested and calibrated in a high-
pressure vessel.

The temperature in boreholes that were drilled with hot
water needs time for equilibration to reach the undisturbed
temperature of the ice. During drilling, the ice next to the
borehole is warmed by the heat loss through the hot-water
drilling hose in addition to the heat of drilling itself. Freeze-in
of the sensors in the upper part of the water-filled borehole in
colder ice (approximately -25°C) occurs within a few hours,
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the length of time depending on how long the borehole was
kept open by repeated re-reaming; near the bottom, however,
where the ice is warmer, complete freeze-up takes several
days. On at least three occasions, we re-drilled a borehole
after freeze-up and found the lower part still open, showing
that it took more than 3-4 days to freeze up. A calculation
shows that a borehole of 15 centimeters (cm) diameter in ice
at an initial undisturbed temperature of -5°C, should require
about 78 hours to freeze up completely.

Carsiaw and Jaeger (1959) give an analytical solution for
the temperature in a solid that is warmed by an instantaneous
line source of heat. For cylindrical geometry the temperature
decays proportionally to the inverse time:

T_T0=-Qi (1)
4trK t

where To is the undisturbed temperature; Q is total heat
released; Kis the thermal conductivity.

If the heat input is extended over a certain time span and
is uniform, Lachenbruch and Brewer (1959) give an equation
that better describes the initial temperature decay:

T_To=-i-1n_-L-	 (2)
42rsK t-s

where s is the time span of the heat input.
For longer time s, equation (2) converges to equation (1).

For nonuniform heat input, s is not well defined.
Humphrey (1991) uses a numerical model to determine

the temperature decay around an initially water-filled bore-
hole. It requires knowledge of the initial and boundary condi-
tions in the borehole.

The thermal history of a borehole during drilling and
reaming, and sometimes re-drilling and re-reaming several

-2
0
a

0	 0.05	 0.1	 0.15
1/time (days-1)

Figure 1. Temperature measurements in borehole 91-1 at 87 m
(upper curve) and 167 m (lower curve) above the bed of the ice
stream. The dashed line is the straight extrapolation to infinite time
(1/t=0) from the measurements during 20 days after freeze-in. The
circles are measurements 1 year later.

times, is complicated and does not correspond to the simple
initial conditions assumed in the derivation of equation (1) or
(2). The theoretically predicted inverse time dependence is
not well followed during the initial stages of freeze-in. Proba-
bly, the sensor often freezes in while adjacent parts of the
borehole are not yet frozen, a situation that adds a further
complication to the temperature-vs.-time variation. Com-
plete freeze-in is marked observationally by a kink in the tem-
perature-vs. -time curve, when the temperature starts to drop
more rapidly because the latent heat in the water, comparable
to the heat applied during drilling, has dissipated. About 10
days after freeze-in, the temperature-vs.-1 /time curve (taking
time=0 at freeze-in) becomes straight and an extrapolation to
infinite time is justified. Figure 1 shows two examples, where
the temperature was measured during the initial 20 days and
then a year later (1/t=0.003 days- 1). The error in temperature
from extrapolating short time records may be 0.5-1°C. For
example, the temperature of the sensor at 87 m above the bed
was -4.34°C after waiting 1 year; whereas a temperature of
-4.8°C would have been obtained by extrapolating the short-
term record. The difference between short-term and long-
term measurements is only about -0.1°C for the sensor at 167
m (figure 1). Therefore, it is necessary to measure the temper-
ature initially as long as possible, at least 10 days but, prefer-
ably, remeasure each sensor 1 year later, if it survives.

A string with six thermistors was emplaced in borehole
91-1 at 5, 15, 25, 45, 87, and 167 m above the bottom on 5 Jan-
uary 1992. One year later, in January 1993, the temperature
could be remeasured three times, with identical results. The
results show that the bottom of the ice stream is at the pres-
sure melting point, -0.7°C, and that the vertical temperature
gradient in the ice near the bottom is -0.041°C/m, much
steeper than the geothermal gradient, an indication that
shear heat is being generated at the bed. A typical geothermal
temperature gradient for granitic continental crust is about
-0.02°C/rn (Robin 1983, p. 8).

On 12 December 1992, a thermistor string was emplaced
in the upper part of borehole 92-2, at depths of 32.5, 52.5,
72.5, 92.5, 112.5, and 132.5 mbelow the surface of the 1,057-rn
deep ice stream. The temperature was measured 24 times in
39 days. A temperature-vs.-1/t plot for a sensor at 132.5 rn
below the surface (924 m above the bed) is shown in figure 2
with t=0 at freeze-in of the borehole. After 8 days the points
follow a straight line that can be extrapolated to infinite time
(14=0) to get the undisturbed temperature. We will attempt
to remeasure the sensors in 1993-1994 to permit comparison
of the equilibrated and the extrapolated temperatures.

In figure 3 we show, in one plot, all of our equilibrated
and extrapolated temperature determinations. Results from
the bottom sensors in borehole 91-1, below 167 m, are shown
as crosses. These temperature measurements are the most
reliable, because they span a whole year. The open circles are
the earlier measurements made with temperature transduc-
ers in borehole 88-3. Measurements were carried out for 16
days and the results extrapolated (Humphrey 1991). The
upper thermistor string in borehole 92-2 yielded the values
given as crosses above 925 m. Included are two temperature
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ing, and subsole shear deformation less the latent heat of
basal melting provides the lower boundary condition for a
steady state. The differential equation, governing the vertical
temperature gradient q=9T/oz is given by (Radok et al. 1970,
equation 4)

(3)
az haz h	9z

The solution for the temperature gradient that satisfies both
the upper and lower boundary conditions is given by (Radok
et al. 1970, equation 12)-25

0	 0.05	 0.1	 0.15	 0.2
1/time (days-1)

Figure 2. Temperature in borehole 92-2 at 925 m above the bed.
The measured temperature curve ends 39 days after freeze-in. A

	

straight line through the measurements permits a reasonable	where
extrapolation to infinite time. The dashed line points to an
equilibrated temperature of -24.6°C.

qq,eY2+2i.SA-iF(y)	 (4)

y2 = Z	 (5)

measurements in an open hole above the firn-ice boundary,
to which the water level rose during drilling. The firn temper-
ature at a depth of 20 m and 30 m below the surface was
-25.2°C and -25.1°C, shown as stars. Because of air convec-
tion in the open borehole, these temperatures are probably
somewhat too high.

The temperature profile can be evaluated, using the
steady-state temperature assumption, where the temperature
of the ice at a given height in a vertical column, fixed in space,
does not change with time (Robin 1955; Radok, Jenssen, and
Budd 1970). This model includes changes in surface tempera-
ture, as the ice flows down from higher elevations, where the
temperature normally is lower. Basal temperature gradient
due to the geothermal heat flux, shear heating by basal slid-

'*.1000
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0
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Ice Temperature (CC)

Figure 3. Vertical temperature profile of ice stream B. The symbols
represent observed temperatures; the solid line is a theoretical
steady-state temperature profile; the dashed line is a theoretical
curve from Lingle and Brown (1987).

and

12=21ch_	 (6)
a

F(y) is Dawson's Integral defined by

F) = e1 e
T)dr	 (7)

a is the accumulation rate, a is the surface slope, h is the ice
thickness, K is the thermal diffusivity, X is the vertical temper-
ature gradient in air, which would be positive for surface tem-
peratures increasing with decreasing altitude, q, is the basal
temperature gradient, and u is the horizontal ice velocity.

The temperature can be obtained by numerical integra-
tion starting at the bottom, that is, at the pressure melting
point Tb=-0.7°C.

The line drawn through the measured points in figure 3 is
the theoretical curve, using the following parameters for a
best fit: a=0.15 m per year, a=0.0015, X=-0.0004 0C/m. The
accumulation rate thus obtained compares with the measure-
ments on ice stream B by Alley and Bentley (1988), who finds
at Upstream B Camp a=0.09 m per year. There is no indica-
tion that colder ice from higher elevations is incorporated
into the ice as one would normally expect. On the contrary, ?
is negative, implying that the mean annual surface tempera-
ture increases with elevation. This temperature is confirmed
by measurements on the west antarctic ice sheet and is
caused by temperature inversion over the Ross Ice Shelf
(Bentley et al. 1964, p. 3). From the sparse data over the ice
streams, a temperature gradient X of -0.00045 0C/m can be
obtained. The temperatures upstream of Upstream B are
between -23.3°C and -24.4°C, slightly but definitely warmer
than the near surface temperature of -25.5°C at Upstream B
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(figure 3). This unusual reversed temperature dependence
with altitude clearly leads to the absence of colder ice below
the surface. This absence and the basal heat generation create
the peculiar situation that ice stream B is relatively warm
compared to other ice masses flowing down from higher alti-
tudes at lower temperatures, for example Jakobshavns Isbr,
where ? = 0.0070CIm (Echelmeyer et al. 1992).

For comparison, in figure 3 we included the temperature
profile (dashed line) calculated by Lingle and Brown (1987).
This profile is calculated for a location about 20 kilometers
downstream from our boreholes. It is not immediately clear
what it is about the Lingle and Brown temperature modeling
calculation that causes the considerable discrepancy with
observations because the basal and surface temperature
boundary conditions are correct.

The relative warmth of west antarctic ice streams may be
a factor in the very existence of the ice streams and could con-
tribute to the possible instability of the west antarctic ice
sheet.
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Temperature measurements in the margin of
ice stream B, 1992-1993

KEITH ECHELMEYER and WILLIAM HARRISON, Geophysical Institute, University ofAlaska, Fairbanks, Alaska 99775-0800

T
he low shear stress at the bottom of ice stream B suggest-
ed both by soft subglacier sediment samples acquired by

the California Institute of Technology near Upstream B Camp
(Engelhardt et al. 1990) and by recent theoretical analyses of
transverse profiles of velocity across the ice stream
(Echelmeyer et al. in preparation; Van der Veen and Whillans
in preparation) indicates that the margins of the ice stream
probably play a significant role in the dynamics of flow, per-
haps exerting more drag on the ice stream than does the bed
itself. This situation would require a relatively large shear
stress at the margins of the ice stream—large enough that the
effects of shear heating should be detectable by temperature
measurements at several hundred meters depth. The most
important unknowns are the rate of convergence of ice into
the ice stream (which controls the residence time of the ice in
the active part of the margins), the stability of the positions of
the margins, and the shear stress itself. We are examining
these unknowns using a program of temperature measure-
ments in the margins and a surveying program to improve
our knowledge of the rate of convergence of the ice into the

ice stream. The work began near Upstream B Camp in the
1992-1993 austral summer.

Severe crevassing in the margins posed a major challenge
to drilling operations, which were performed with the Califor-
nia Institute of Technology's hot-water rig. We used a careful
program of probing and subsurface exploration of buried
crevasses to find a safe route for the drill rig, then operated as
close to the south margin of the ice stream as possible. From
this point about 1,700 meters (m) of hot-water hose was
dragged into the chaotic crevasses of the margin, where the
drilling was performed with a light hose-handling winch and
a single heater, which was used to boost the temperature of
the water arriving from the distant drill rig.

Three holes were drilled, one each at the remote, interme-
diate, and pad sites. The first was in the chaotically crevassed
portion of the margin, the third at the site of the main drill rig
about 1,800 m closer to the center of the ice stream, and the
second at a site roughly halfway between the other two. In the
preliminary results (shown in the figure), the temperatures
have been corrected to an accuracy of about 0.5 Kelvin or bet-
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