
Acoustic impedance and basal shear stress beneath four
Antarctic ice streams

David G.VAUGHAN, Andrew M. SMITH, P. Chandrika NATH, Emmanuel LE MEUR
British Antarctic Survey, Natural Environment Research Council, Madingley Road, Cambridge CB3 0ET, England

E-mail: d.vaughan@bas.ac.uk

ABSTRACT. The acoustic impedance of the subglacial material beneath 7.2 km profiles
on four ice streams in Antarctica has been measured using a seismic technique. The ice
streams span a wide range of dynamic conditions with flow rates of 35^464 m a^1. The
acoustic impedance indicates that poorly lithified or dilated sedimentary material is ubiqui-
tous beneath these ice streams. Mean acoustic impedance across each profile correlates well
with basal shear stress and the slipperiness of the bed, indicating that acoustic impedance is
a gooddiagnostic not only for the porosity of the subglacialmaterial, but also for its dynam-
ic state (deforming or non-deforming). Beneath two of the ice streams, lodged (non-deform-
ing) and dilated (deforming) sediment coexist but their distribution is not obviously
controlled by basal topography or ice thickness. Their distribution may be controlled by
complex material properties or the deformation history. Beneath Rutford Ice Stream,
lodged and dilated sediment coexist and are distributed in broad bands several kilometres
wide, while onTalutis Inlet there is considerable variabilityover much shorter distances; this
may reflect differences in the mechanism of drainage beneath the ice streams. The material
beneath the slow-moving Carlson Inlet is probably lodged but unlithified sediment; this is
consistent with the hypothesis that Carlson Inlet was once a fast-flowing ice stream but is
now in a stagnant phase, which could possibly be revived by raised basal water content.The
entire bed beneath fast-flowing Evans Ice Stream is dilated sediment.

1. INTRODUCTION

The processes that allow ice to stream are the most important
processes in controlling the overall configuration of ice
sheets. If streaming were absent, the surface elevation of
much of both the East and West Antarctic ice sheets would
be many hundreds of metres higher than it is today (Vaughan
and Bamber,1998), and the Laurentide ice sheet would prob-
ably have been considerably thicker (Boulton andJones,1979).
Furthermore, the apparent rapidity with which these pro-
cesses can change (Retzlaff and Bentley, 1993; Clarke and
others, 2000) suggests that they will be important to the
future evolution of theWest Antarctic ice sheet.

Ice streams generate only moderate, or even low, driving
stresses but achieve high flow velocities. This relationship
implies that the restraining force generated by basal and
marginal drag is also low. While we should not overlook
the processes that reduce drag through shear margins, there
is considerable evidence that for streaming to develop, basal
lubrication must be present. Two processes provide such
lubrication: sliding of the ice over its bed, resulting from
the presence of free water between the ice and rock beneath
(Rose, 1979; Cuffey and others, 1999), or deformation in a
layer of soft sediment beneath the ice (Alley and others,
1986). These processes are, however, poorly understood and
appear in ice-sheet models as gross, heuristic parameteriza-
tions. A recent review of the numerical modelling of ice
sheets (Hulbe and Payne, 2001) identified that `̀ the glaring
omission of subglacial processes from large-scale ice sheet
models must be addressed before modellers can start to
address the wealth of data becoming available’’.

In this paper, we describe new investigations of four
Antarctic ice streams using seismic techniques. The ice
streams (Rutford Ice Stream, Carlson Inlet, Talutis Inlet and
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Fig. 1. Location map of Antarctica showing the ice streams on
which data were collected.
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Evans Ice Stream) feed Ronne Ice Shelf (Fig. 1), and are all
clearly delineated in European Remote-sensing Satellite-1
(ERS-1) synthetic aperture radar (SAR) images (Fig. 2), but
they exhibit awide range of flow conditions, from non-stream-
ing (¹35 m a^1) to fully streaming (¹460ma^1). Despite their
names, each of these ice streams can be considered to have

characteristics of both outlet glaciers and ice streams. Although
only the southwestern boundary of Rutford Ice Stream has
exposed rock outcrops, all four flow in deep troughs (Doake
and others, 1983) and so may in some ways be considered
outlet glaciers. However, they also have clear linear shear
margins and so may also be considered to be similar to ice
streams. For convenience, we use the term ice streams, exclu-
sively, to refer to these glaciers.

2. LOCATION OF SITES AND CHARACTER OF THE
ICE STREAMS

Between December 1999 and February 2000, we collected
data along four 7.2 km profiles in Antarctica during the Mil-
lennium Seismic Safari (Vaughan and others, 2000). These
were the `̀CSLOline’’, ¹15 km upstream of the grounding line
on Carlson Inlet, the `̀CFAS line’’, ¹16 km upstream of the
grounding line on Talutis Inlet, the `̀ SHIN line’’, 6^10 km
upstream of the grounding line on Rutford Ice Stream, and
the `̀ EVAN line’’, 12^22 km upstream of the current best esti-
mate of the grounding line on Evans Ice Stream.

2.1. Carlson Inlet (CSLO line)

In satellite images, Carlson Inlet (Fig. 2a) appears to have
many characteristics typical of an ice stream; however,
Frolich and others (1989) measured Carlson Inlet as flowing
at around 7 m a^1 in its upstream parts, and that measure-
ment was extrapolated using SAR interferometry to show
that, whatever its history, Carlson Inlet is not currently
streaming. Indeed it flows at less than one-tenth of the speed
of its neighbour Rutford Ice Stream (Frolich and Doake,
1998). Frolich and others (1989) also calculated that Carlson
Inlet is frozen to its bed, although this has since been dis-
puted by Smith (2000).

Carlson Inlet occupies a deep linear trough in the bed
(Doake and others, 1983), and it does have smooth linear
margins that may well be relict of a period of more rapid
flow (Fig. 2a). Since it appears so similar to Rutford Ice
Stream, it is tempting to hypothesize that Carlson Inlet is a
formerly active ice stream (Frolich and others, 1989) which
has perhaps only recently switched off, in a similar manner
to Ice Stream C, Antarctica (Retzlaff and Bentley, 1993).
There is, however, no direct evidence for this. Indeed,
ground-penetrating radar (GPR) data collected in the mar-
gin between Carlson Inlet and Fletcher Promontory in 1995
showed no evidence of buried crevassing, which could have
indicated when Carlson Inlet was active; only that it has
probably been inactive for more than ¹300 years.

2.2.Talutis Inlet (CFAS line)

Talutis Inlet is an ice stream that flows at intermediate
speed through the slow-moving ice of Carlson Inlet (Fig.
2a). Little was known about this ice stream prior to the pres-
ent investigations, but it was suspected to be intermediate
between, fully stagnant and fully streaming conditions.

2.3. Rutford Ice Stream (SHIN line)

Rutford Ice Stream (Fig. 2b) is a `̀ typical Antarctic outlet
glacier’’ (Doake and others, 2001). It flows at up to 400 m a^1

in a deep trough in the bed (Doake and others, 1983). The
determinations of acoustic impedance described below sup-
plement earlier data collected on the Tyree, Young and New

Fig. 2. ERS-1 SAR subscenes of locations for new seismic
profiles. (a) CFAS and CSLOlines onTalutis Inlet and Carl-
son Inlet. (b) SHIN line on Rutford Ice Stream. (c) EVAN
line on Evans Ice Stream. In each frame, the arrow indicates
the direction of ice flow, and the approximate grounding line
determined from SAR interferometry is shown by the dotted
line. The highly fractured shear margins bounding Rutford
and Evans Ice Streams appear light in the SAR imagery due
to increased backscatter from the fractures. (Grounding line
for Evans Ice Stream is shown courtesy of E. Rignot
(NASA/Jet Propulsion Laboratory, Pasadena, CA).)
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lines, respectively ¹45, ¹60 and ¹95 km upstream of the
grounding line (Smith,1997a,b).

2.4. Evans Ice Stream

Evans Ice Stream (Fig. 2c) is a wide and rapidly flowing ice
stream with several distinct tributaries which coalesce 50^
100 km above the grounding line (Bamber and others, 2000).
The grounding line itself has proved difficult to map, even
using satellite interferometric SAR data to detect tidal flex-
ing (personal communication from E. J. Rignot, 2001) ö a
method that has been successful elsewhere (Goldstein and
others, 1993; Schmeltz and others, 2001). It is thus probable
that the grounding line of Evans Ice Stream is complex
and sinuous, a result of the subdued subglacial topography
in this area.

3. SEISMIC TECHNIQUES

The seismic techniques employed in this study allow meas-
urement of the acoustic impedance of the material directly
beneath the ice, and this property allows discrimination of
its mechanical state. Earlier papers have described the tech-
niques in detail, as applied to both Antarctic ice streams
(Smith, 1997a, b) and glaciers in Svalbard (Smith and
others, 2002). Our techniques were not significantly differ-
ent to those described in those papers and so are only sum-
marized below.

At three sites alongeach profile we used a long-record shot,
with sufficient source energy and recording time to acquire
the primary echo and first multiple echo from the bed. The
source for these long-record shots was a 2 kg cast primer
(Pentolite) placed in a 20 m deep hole which was then filled
with snow. The echoes were recorded on 24 vertically
oriented geophones with a natural frequency of 40 Hz. The
geophones were buried with a horizontal spacing of 10 m
and a maximum offset of 270 m. For each trace from the
long-record shots, we measured the ratio of energy in the
primary and first multiple echoes, and from this calculated
the basal reflection coefficient. Using this method to calcu-
late the reflection coefficient means that the degree of
energy coupling between shot and the firn, and attenuation

in the bulk of the ice column, need not be known, as these
values cancel in the calculation (Smith, 1997a). From the
reflection coefficient and an assumed acoustic impedance
of the basal ice (3.336106 kg m^2 s^1) (Atre and Bentley,
1993; Smith, 1997a) we then calculated the acoustic impe-
dance of the subglacial material.

The measurements of acoustic impedance obtained
from the long-record shots were then extrapolated along
the entire 7.2 km line by reference to the energy of the pri-
mary bed reflection determined along migrated single-fold
seismic reflection profiles (Fig. 3). For these reflection
profiles, we needed to image only the primary bed reflec-
tion, and so used smaller charges (300 g cast primers) in
20 m deep snow-filled holes. These profiles also yielded the
ice thickness.

In the calculationof acoustic impedance, we took account
of the low-velocity surface ice (determined in a separatewalk-
awaysurvey), spherical spreading and acoustic attenuation of
the ice (assumed to be 0.21610^3 m^1) (Smith, 1997a). The
estimate of the uncertainty in acoustic impedance was
derived from the variability in the traces recorded from each
shot. Only the mean of acoustic impedances for each shot is
shown in Figure 4, and so each should be considered as the
mean value over the portion of the bed sampled by a single
shot (¹125 m).

4. ANCILLARY MEASUREMENTS

During the seismic surveys, ancillary measurements were
also made to help characterize the ice flow and to calculate
the driving stress and basal shear stress for each glacier.The
results are presented inTable1.

4.1.Velocity

A global positioning system (GPS) receiver was used to col-
lect static data (L1-only) continuously for several days at a
stake at the centre of each seismic profile. The data were
broken into ¹1day segments, and then processed without
reference to a static receiver, but using precise ephemeris
and GPSurvey software. Linear regression of the 1day posi-

Fig. 3. Reflection seismic sections. (a) CSLOline; (b) CFAS line; (c) SHIN line; (d) EVAN line. Ice flow is into the page.
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tions yielded a meanvelocity anduncertainty for the middle
point on each seismic profile (Table1).

4.2. Strain rate

At least three times, the positions of two stakes towards either
end of the seismic profile were measured in relation to the
central stake using the stop^go kinematic GPS technique.
The relative displacement of these eccentric stakes allowed
us to calculate the lateral strain rate along the seismic profile
(Table 1). These data show that none of the ice streams has
significant deformation on the central portion between their
shear margins: they all move largely by plug flow.

4.3. Surface gradient

For three of our seismic profiles (CSLO, CFAS, SHIN) we

completed 5 km kinematic GPS sorties, up and down the
direction of flow from the central stake. The surface eleva-
tion data collected during these sorties were used to cal-
culate the surface slope of the glacier (Table 1). On the
EVAN line we used two digital elevation models of the area
(Bamber and Bindschadler, 1997; Liu and others, 1999) to
estimate the surface slope.

4.4. Planimetric dimensions

Other dimensions of the ice streams near the seismic profiles
shown in Table 1 were derived directly from ERS-1 SAR
images (Fig. 2) of the area. These included the width of the
ice stream between the shear margins, and the width of the
shear margins themselves, taken to be equal to the width of

Fig. 4. Results of the four seismic profiles. a, c, e and g show profiles of topography, including surface elevation (filled circles) from
optical survey of shot locations and basal elevation calculated from surface elevation and seismic ice-thickness measurements. b, d,
f and h show profiles of calculated acoustic impedance (zb).The range of acoustic impedances compatible with the measurements
is shown by the width of the shaded area.This range was determined from the variance of acoustic impedances calculated for each
shot. Also shown are the likely limits for the acoustic impedance of sediment with porosity 0.3 (lodged) and porosity 0.4 (dilated)
given by Atre and Bentley (1993); along with an interpretation of the likely distribution of lodged and dilated sediment on each
profile, based on these values. Note: the apparently low derived acoustic impedance for the section, 0^2000 m, on EVAN line
implies high porosity, perhaps approaching that of water (1.46106kg m 2̂s 1̂).
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the bright margins in ERS-1 SAR images (Vaughan and
others,1994).

4.5. Crevassing

The seismic method we used to determine the subglacial
acoustic impedance is valid only if the acoustic attenuation
of the ice does not vary along the profile. Significant scatter-
ing by surface or subsurface crevasses would invalidate this
assumption. To check for the presence of crevasses, we col-
lected coincident profiles using a Pulse Ekko 100 GPR
system capable of imaging the top few tens of metres of the
ice sheet (Nath andVaughan, in press). These data revealed
crevasses only on the last 2 km of the EVAN line. As shown
below, there does not appear to be any significant distortion
of the acoustic impedance over this area.

4.6. Calculation of basal shear stress

Using the ancillary data shown inTable 1, we estimated the
mean basal shear stress beneath the ice streams using a
stress balance applied to the width of the glacier.We assume
that the driving stress, ¼d, as given by Paterson (1994) and
calculated for the measured values at the centre of each
profile, acts uniformly across the width between the shear
margins, 2A. This is opposed by a mean basal stress, Tb,
and side-wall restraint transmitted through the true-left

and true-right shear margins, ¼mleft and ¼mright, respec-
tively. Thus

2A»gH sin ¬ ˆ 2A½b ‡ H¼mleft ‡ H¼mright ; …1†
where H is the glacier thickness and » is the density of ice.

We calculated ¼mleft, and ¼mright using the measured
velocity difference across the margin and the width of the
margin to give the mean shear strain rate in the margin.
From this strain rate and the power flow law, with tempera-
ture-dependent coefficient given by Paterson (1994, p.85^
97), we calculated the shear stress transmitted across the
shear margin. To account for likely softening of marginal
ice, we applied an enhancement factor (cf. Jackson and
Kamb, 1997). In line with earlier estimates, we chose
enhancement factors of 1 for the margins of CSLO and 3
for the others which have higher strain rates. In fact, the cal-
culated mean basal shear stresses are not particularly sensi-
tive to the choice of enhancement factor, since in each case
we found that the vast majority of the total resistance to the
driving force results from the basal restraint (seeTable 1).

5. DISCUSSION OF DATA

For each seismic profile, we derived the acoustic impedance,
which is the product of compressional wave velocity and
density. Several authors (Atre and Bentley, 1993; Smith,
1997a,b) have argued that this material property can indi-
cate the mechanical state of the subglacial material. Smith

Table 1. Data derived from seismic investigations and ancillary measurements for each of the lines investigated

EVAN line SHIN line CFAS line CSLO line

Lat./long. of centre of line 76³04’31’’S,
76³45’33’’ W

78³17’06’’ S,
83³20’07’’ W

77³37’45’’ S,
81³14’09’’W

77³40’10’’ S,
82³00’01’’W

Date of occupation 15 Jan.2000 11Dec.1999 2 Jan. 2000 20 Dec.1999
Mean ice thickness (m) 1584 2016 1920 1630
Downstream surface slope (%) 0.0029 0.005 0.0039 0.0068
Width between shear margins (km) ¹70 ¹20 ¹12 ¹17.5
Width of shear margins (km) 2.5 3, 5 1.5, 2.5 3, 0.5
Velocity of central stake (m a^1) 464§30 399§5 180 §19 36 §22
Velocity of eccentric stakes (true-left, true-right as % of velocity at

central stake)
94.1,100.0 100.1, 98.6 99.6, 95.7 98.8,102.0

Mean acoustic impedance across line (106 kg m^2 s^1) 2.77 3.41 3.97 4.13
Standard deviation of acoustic impedance across line (106 kg m^2 s^1) 0.39 0.26 0.65 0.33
Uncertainty in acoustic impedance (106 kg m^2 s^1) 0.58 0.03 0.38 0.52
Calculated driving stress (kPa) 40 53 66 97
Calculated basal restraint as % of driving stress 97 91 83 99
Calculated mean basal shear stress across line (kPa) 39 49 55 97

Table 2. Comparison of the inferred conditions beneath each of the seismic profiles

EVAN line SHIN line CFAS line CSLO line

Subglacial material Dilated sediment across the
entire line

Mostly dilated sediment, but
with probable patches of

lodged sediment

Mostly lodged, but with a few
areas dilated

Lodged material across the
entire line

Dominant flow mechanism Deformation of subglacial
sediment

Deformation of subglacial
sediment

Mixed deformation of sublacial
sediment, and sliding

Deformation of ice

Interpreted character of
glacial flow

Fully streaming with pervasive
subglacial deformation

Fully streaming, but with
significant areas of non-

deforming bed

Intermediate flow with small
fraction of subglacial

deformation

Non-streaming flow
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(1997a, b) proposed that the porosity of subglacial sediment
could be estimated from acoustic impedance, and noted
that the laboratory measurements reviewed by Atre and
Bentley (1993) gave likely ranges of acoustic impedance
3.65^3.9 (106 kg m^2 s^1) for lodged (non-deforming) sedi-
ment with porosity 0.3, and 3.0^3.4 (106 kg m^2 s^1) for
dilated (deforming) sediment with porosity 0.4. It is likely
that acoustic impedance exceeding 56106 kg m^2 s^1 would
result from rock that is evenpartially lithifiedand that mater-
ial below this figure is not likely to be lithified. Following
Smith (1997b), we have used these values to interpret the
likely state of the subglacial material beneath each of the
profiles we have investigated. The results of this interpret-
ation are shown in Figure 4 and summarized inTable 2.

We conclude that lodged sediment is probably ubiqui-
tous beneath the CSLO line (Carlson Inlet) and underlies
all but a few small areas beneath the CFAS line (Talutis
Inlet). The SHIN line (Rutford Ice Stream) appears to be
underlain by broad areas with three distinct bed types: one
is lodged sediment, another is very likely dilated sediment,
and the last has intermediate acoustic impedance, which
probably indicates dilated sediment but appears to be dis-
similar to the rest of the profile. The EVAN line (Evans Ice
Stream) is entirely underlain by dilated sediment. This
interpretation agrees with the gross pattern that we expect,
the more rapidly flowing glaciers being underlain by
increasing proportions of dilated sediment. For each ice
stream, the interpretation is entirely in agreement with the
previously assumed character and inferred flow mechanism
of the ice stream, and we believe that this, in itself, confirms
the seismic technique as an effective tool for determining the
presence of dilated and lodged sediment beneath glaciers
over a wide range of different flow conditions. However,
closer examination of the data yields further conclusions.

5.1. Mean acoustic impedance

Both our measurements of the velocities of the eccentric
stakes (see Table 1) and other studies that used SAR inter-
ferometry to map velocity variations on these glaciers (e.g.
Rignot, 1998) indicate that these ice streams show little lat-
eral deformation inside their shear margins. This implies
that we may consider the central parts of the ice stream as
responding to driving and restraining forces as approxi-
mately rigid bodies.This implies that there may be substan-
tial local imbalances between driving stress and basal
restraint: balance may only be achieved over length scales
similar to the ice-stream width. We thus expect that the
mean acoustic impedance along each line (as an indicator

of the mean basal conditions) will correlate with the mean
basal shear stress across the full width of the ice stream.

The mean acoustic impedance for each of the lines is
given inTable 1, along with basal shear stress. Basal slipperi-
ness, defined as the ratio of basal ice speed to basal shear
stress, can be calculated from the data inTable1, and similar
data from the other seismic profiles on Rutford Ice Stream
(Smith,1997a) are given inTable 3.There is a moderate cor-
relation between mean acoustic impedance and basal shear
stress (r2 ˆ 0.59), but there is much better correlation
between mean acoustic impedance and basal slipperiness
(r2 ˆ 0.80; Fig. 5). For completeness, a measurement of
acoustic impedance made at Upstream B on Whillans Ice
Stream (formerly Ice Stream B) using a different seismic
technique (Blankenship and others, 1987) is included in
Table 3. This measurement is not, however, included in the
regression since this measurement sampled only a small
area of bed and does not represent a mean over the full
width of the ice stream but rather a small portion of the
bed. However, an additional problem remains in reconcil-
ing our data with those from Upstream B. Force-balance cal-
culations at Upstream B suggest a much lower basal shear
stress than on Evans Ice Stream, which we interpret to be
entirely underlain by dilated sediments.

We take the quality of the correlationbetween basal slip-
periness and mean acoustic impedance (r2 ˆ0.80) as confir-
mation that the basal drag beneath ice streams is highly
dependent on the porosity of the material immediately
below the ice and that this is a strong control on the ice-

Table 3. Results from measurements ofacoustic impedance on Rutford Ice Stream from surveys by Smith (1997a, b), with basal shear stress
values calculated using the methodology given in section 4.6, and Whillans Ice Stream (formerly Ice Stream B; Blankenship and others,
1987) for which a near-zero basal shear stress has been estimated (Harrison and others, 1998;Whillans and others, 2001)

Glacier Glacier velocity Style of glacial flow Interpreted subglacial conditions Acoustic impedance Basal shear stress

m a^1 106 kg m^2 s^1 kPa

New line, Rutford Ice Stream 310 Ice stream Basal sliding 3.88 78
Young line, Rutford Ice Stream 368 Ice stream Mixed deforming bed and glacial

sliding
3.63 35

Tyree line, Rutford Ice Stream 370 Ice stream Mostly dilated sediment, but with
patches of basal sliding

3.19 35

Upstream B camp,Whillans Ice Stream 420 Fast ice stream Deforming bed 2.8^3.4 ¹0

Fig. 5. Measured mean acoustic impedance vs calculated slip-
periness (ratio of subglacial deformational velocity to basal
shear stress). R2 ˆ 0.80.
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stream velocity. Furthermore, this indicates that, in addition
to being a good diagnostic for the degree of porosity and
hence dilatancy of the subglacial material, acoustic imped-
ance can give a strong indication of the dynamic state of the
material and potentially the maximum shear stress it can
sustain.

5.2.Variability in acoustic impedance

Although the mean acoustic impedance for each line is the
significant variable for comparison to the overall basal shear
stress, the variability within each line is also of interest.

The two lines, CFAS and SHIN, which appear to show
coexisting lodgedand dilated sediment are particularly inter-
esting (Fig. 4d and f). Both show abrupt jumps in acoustic
impedance, from values that we take to be lodged sediment
to those we take to be dilated sediment. With the possible
exception of part of the SHIN line (0^3 km), which yields
the lowest acoustic impedance that we would expect to be
associatedwith dilated sediment, there are few areas in which
the acoustic impedance appears at intermediate values.

Neither surface nor bed topography along these lines is
well correlated with the distribution of dilated sediment,
and nor is the distribution of dilated sediment correlatedwith
the ice thickness. Similarly, we have found no particular cor-
relation between the distribution of dilated sediment and the
hydraulic potential calculated across the transverse profile
using the formulae given by Flowers and Clarke (1999),
although to investigate this thoroughly we would have to cal-
culate hydraulic potential over an area rather than along a
profile. This noted, for the present we find no particular evi-
dence that subglacialwater is being directed into areas of low
hydraulic potential. This may imply that the distribution of
lodgedanddilated sediment is a function not simply of topog-
raphy, but, perhaps of the material properties of the sub-
glacial layer, or its deformation history. Furthermore, our
profiles and those presented by Smith (1997a,b) show trans-
itions from lodgedto dilated sediment over a short horizontal
distance, indicating that any intermediate state, if present, is
not widespread.

Beneath Rutford Ice Stream (SHIN line), there appear to
be generally wide zones (¹2000 m) in which distinct basal
conditions occur. This suggests that there are large areas
where the sediment is uniformly dilated, but also a substan-
tial area where the sediment remains lodged.This interpret-
ation has implications for the pattern and mechanism of
water transport beneath Rutford Ice Stream. OnTalutis Inlet
(CFAS line), however, there is considerably higher spatial
variability that indicates narrow zones of dilated sediment
beneath the ice stream, perhaps maintained by relatively
localized areas of water.

6. CONCLUSIONS

We have applied a remote technique that allows spatially
detailed mapping of material properties at the base of ice
streams. These observations provide a comparative view of
the basal conditions beneath Antarctic ice streams flowing
at a variety of speeds by a variety of dominant flow mechan-
isms. We conclude that:

Each of the ice streams visited appears to be underlain
by material with acoustic impedance typical of dilated
to poorly lithified sediment, even though similar meth-
ods showed that glaciers in Svalbard (e.g. Smith and

others, 2002) and slow-flowing ice in Antarctica (Smith,
2000) were underlain by material with much higher
acoustic impedances.

The mean acoustic impedance across these ice streams
correlates well with the calculated slipperiness of the
bed, indicating that acoustic impedance is not only a
gooddiagnostic for the porosity of the subglacialmaterial,
but also a strong indicator of its dynamic state.

Beneath two ice streams, lodged (non-deforming) and
dilated (deforming) sediment coexist. The distribution
of sediment types is not obviously controlled by basal
topographyor ice thickness, and our data do not indicate
that the distribution is controlled by hydraulic potential.
The factors controlling the distribution may thus be
complex material properties or a function of the sedi-
ment deformation history. However, the transitions
between sediment types do appear to occur over short
horizontal distances, supporting the idea that the trans-
ition from lodged to dilated sediment is essentially a cat-
astrophic transition.

The material that underlies the stagnant portions of
Carlson Inlet has acoustic impedance indicating that it
is lodged sediment. This is entirely consistent with the
hypothesis that Carlson Inlet was once a fast-flowing
ice stream, is now in a stagnant phase, and might be
revived by slightly raised basal water content.

Beneath Rutford Ice Stream (SHIN line), the overall
driving stress is balanced by lodged and dilated sedi-
ment distributed in broad bands across the ice stream,
and, even though each is 42000 m wide, this apparently
causes at most only a couple of per cent change in ice-
flow speed at the surface.

To understand more fully how subglacial conditions con-
trol glacier flow, we must consider similar measurements
over an even wider range of glacial conditions which include
portions of the ice sheet frozen to its bed and outlet glaciers
flowing over crystalline bedrock, and consider further how
measurements of acoustic impedance can be used to distin-
guish between the various models of ice-stream flow.
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