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ABSTRACT. Seismic reflection data from two lines on Rutford Ice Stream are pre-
sented and are compared with data already published from a third line on the ice stream.
The amplitude and phase of the reflections have been used (o investigate the properties of
the sub-ice material. Multiple reflections on long record-length data allowed calibration
of the reflection coefficient at the ice—bed interface and determination of the acoustic im-
pedance of the bed material. The characteristics of the bed material vary both along and
across the ice stream. The average acoustic impedance of the bed material across the
glacier at the upstream line is 3.88 x 10°kgm s ' This decreases to 319 x 10°kgm *
s ' 52 km further downstream. These values are within the range which is typical of soft
sediments, Using acoustic impedance as an indicator of subglacial porosity, some areas ol
the ice-stream bed are interpreted as dilatant water-saturated sediments undergoing per-
vasive deformation. In other areas, the bed 1s not deforming and basal sliding may be a
more important process. T'he proportion of the ice-stream width over which bed deforma-
tion occurs increases downstream.

ICE-STREAM FLOW AND BASAL CONDITIONS
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Ice streams drain as much as 90% of the ice of the Antarctic

ice sheet (Morgan and others, 1982) and flow at velocities
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tion of a region of soft ice forming the lower part of the ice Ice Stream C

column. These three processes presumably oceur in differ- Ross
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ent proportions beneath different ice streams and glaciers e
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and may also vary spatially within an ice stream.
There is litde field evidence as to which of these three

basal processes actually occur beneath present-day ice =
streams and in what proportions. Two ice streams where B0k
some evidence of the basal conditions exists are lee Stream
B in West Antarctica and Jakobshavns Isbra in Greenland.
Scismie surveys provided evidence for a soft deforming bed Fig. I. Location map showing Rulford Ice Stream and other
beneath Ice Stream B (Fig. 1) (Alley and others, 1986, 1987;
Blankenship and others, 1986, 1987h), which was confirmed

places mentioned in the text.

by subsequent drilling (Engelhardt and others, 1990). In
contrast, temperature profiles suggest that deformation of a
thick layer of relatively soft basal ice contributes signifi-
cantly to the fast flow of Jakobshavns Isbra (Iken and
others, 1993). Unlike seismic surveys on Iee Stream B, those
on Jakobshavns Isbra did not detect any clearly defined sub-
ice layer (Clarke and Echelmeyer, 1996),

Rutford Ice Stream is a fast-flowing elacier (Fig 1) which
drains ice into the Ronne Ice Shelf. The dynamics of its ice
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flow have been described in a number of papers (Stephen-
son and Doake, 1982; Doake and others, 1987; Irolich and
others, 1987, 1989; Frolich and Doake, 1988). Ice velocity is
high (300-400ma % Frolich and others, 1989) and basal
shear stress is low (around 40 kPa; Frolich and Doake,
1988), so the ice stream is not frozen to the bed and the basal
ice is probably close to the pressure-melting point. Active
seismic surveys were carried out on Rutford Ice Stream
during the 199192 and 199293 field seasons (Smith, 1994)
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with the aim of investigating the basal characteristics and
processes and in particular whether basal sliding or soft-
bed deformation was predominant. Smith (1997) presented
the results from one seismic reflection line. Two more seis-
mic reflection lines are presented and interpreted here.

CHOICE OF SITES FOR THE SEISMIC SURVEYS

During the 1992-93 field season seismic reflection data were
collected along two lines, New Line and Young Line (Fig. 2),
perpendicular to the ice-flow direction. Figure 2 also shows
the stake positions of part of the survey network reported in
a number of papers (Doake and others, 1987; Frolich and
.others, 1987, 1989; Frolich and Doake, 1988). The survey data
show that the characteristic fast ice flow is already well es-
tablished in the region of the seismic lines (Doake and
others, 1987). The pattern of surface features seen on satellite
images suggests that the upstream seismic line (New Line)
is positioned about halfway down the length of the ice
stream. New Line was 126 km long and Young Line was
37 km long. Young Line is situated in a wide area of rela-
tively smooth and level surface topography seen on satellite
images. Surface glaciological measurements in this arca
(Frolich and others, 1987) indicate that basal shear stress is
low (<40kPa) and that the ice-flow velocity is roughly
constant at around 366 ma . New Linc was situated
40 km further upstream. Satellite images show that the sur-
face topography in the region of New Line is much more un-
dulating, presumably reflecting a rougher ice-stream bed.
Basal shear stress and longitudinal surface slope are higher
(Frolich and others, 1989); ice-flow velocity is lower (around
310 ma ') and the longitudinal velocity gradient in the area
is positive (Frolich and others, 1989). Figure 2 also shows the
position of the seismic line presented by Smith (1997). This
line was not named in that source, but here it is called Tyree
Line.

Fletcher Promontory

E—- e . 4
86w 78°00's

Fig. 2. Layout of the main seismic reflection lines {labelled
white lines) on Rutford Iee Stream, 1991-92 and 199293
Sield seasons, superimposed on Landsat satellite image. { "Dyree
Line was presented by Smith (1997) but was nol named in that
work.) Black dots mark some of the stake positions of the survey
network ( Doake and others, 1987: Frolich and others, 1987,
1989: Frolich and Doake, 1988).
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SEISMIC ACQUISITION AND DATA PROCESSING
Seismic reflection surveys

The acquisition parameters and data processing were the
same for both New and Young scismic reflection lines. The
seismic source was 300 g of high explosive, placed in 20m
deep holes produced with a small hot-water drill. Shots were
spaced at 120 m intervals and were detected by 24 vertically
orientated geophones (natural frequency 40 Hz) at 10m
spacing. This produced single fold data with reflection
points spaced 5m apart on the bed. Offset from the shot to
the first geophone was 30m. The recording instrument
(BISON 9024) sampled every 0.2 ms.

The data were adjusted for slight variations in the shot
depths and also for the surface topography, assuming that
the thickness of the firn was constant along each line. A
normal move-out correction was applied, which accounts
for the different distances from a given shot to cach of the
24 gcophones. A predictive deconvolution  filter was
designed for cach shot and applied to remove the surface
ghost reflection (this is energy which travels upwards from
the shot belore bouncing ofl the surface and going down-
wards, a short time after the initial downward-travelling
shot energy; see Fig. 3). The coefficients and the prediction
distance [or the deconvolution [ilter were designed such that
the ice—bed reflection was not altered. Finally, the data were
migrated to collapse numerous hyperbolas (Smith, 1994)
and to position reflections correctly.

Shot 1,ghost Shot

1
I *
Ice

Bed

Fig. 5. Diagrammalic ray-paths for ice bed reflection (1),
ice—bed ghost (1, ghost) and first ice multiple (1.).

Wide-angle and shallow refraction surveys

At a number of sites along both New Line and Young Line,
seismic wide-angle and shallow-refraction surveys were
conducted to complement the reflection data, as discussed
later. The wide-angle experiments recorded data from
source-receiver ollsets ranging from 10m to over 4km,
using charge sizes of 750~ 2250 g. For the shallow-refraction
surveys, small surface sources (either a single detonator or a
50 g charge) were recorded out to source receiver offsets of
440 m, to provide information on the velocity and density
structure of the upper 100—120 m of snow and firn,

THE SEISMIC REFLECTION DATA

Ice-bed reflections

The two final processed seismic reflection sections are pre-
sented in Figure 4. The arrival labelled I, (after Crary and

others, 1962) is the reflection from the base of the ice. Along
both lines, this reflection is usually easy to identity, indicat-
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Smith: Vartations in basal conditions on Rutford Iee Stream
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Fig. 4. Processed seismic reflection sections for (a) New Line and (b) Young Line. ( Nate the differvent horizontal and vertical
scales.) 1 is the ice—bed reflection. WA marks the positions of the wide-angle surveys. Box on New Line shows the section enlarged
in Figure 5. The first part of a normal polarily veflection is white (unfilled ); the first part of a reversed polarity reflection is black

( filled).

ing a significant acoustic impedance contrast at the ice—bed
interface. The acoustic impedance, Z. of a medium is
deflined as:

Z=pV (1)

where p is its density and V' is its seismic velocity. If the

acoustic impedance of the bed (7)) is greater than that of

the ice (Z;), the polarity of the resulting I, rellection will be
normal. Conversely, il Zj, is less than Z; the resulting T, re-
llection will be reversed in polarity. The polarity of the ice
bed reflections was determined by comparisons with direct
waves and with reflections from ice water interfaces, both
of which can be predicted. The [ reflection for all of New
Line and for most of Young Line is normal polarity. For the
castern end of Young Line, the I reflection is reversed in
polarity. Young Line had been divided into western and east-
crn sections on this basis (g, 4h).

In a number of places along both New Line and Young
Line, the normal polarity I; reflection is [ollowed after 10
20 ms by another strong, normal polarity arrival (labelled
I,"in Figure 5). It is not obvious whether this later arrival is
a reflection from within the bed or else a reflection from an-
other part of the ice—bed interface, off to one side of the re-
flection line. A short seismic reflection line was acquired,
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intersecting New Line and perpendicular to it (that is, par-
allel to the ice flow direction). The acquisition parameters
for this additional line were slightly different to those for

Intersection with seismic line parallel to ice flow

o

Two way travel time (ms)

Fig. 5. Enlarged section of ice—bed rveflection on New Line,
where it interseels with the seismic reflection line parallel to
wee flowo. Ly is the earlier veflection; 1, is the later one.
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New and Young Lines, resulting in a poorer-quality section.
However, study of the I; and I} reflections hefore and after
migration (Fig, 6) shows that, at least at this point on New
Line, both these arrivals come from the icebed interface.
One arrival (I,) comes [rom the interface directly below
the intersection of the two seismic lines, whereas the other
(1)) comes from a sloping part of the interface, just down-
stream ol the intersection. The similarity between these
two arrivals at this point and where they occur elsewhere
along New Line suggests that they usually represent two
reflections from the ice—bed interface.
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Fig. 6. Part of the seismic reflection section, parallel to ice [Tow
which intersects New Line. Upper section is before migration;
lower section is afterwards. Iee flow is from right to lefl.

There are strong similarities between this pattern of two
arrivals (I, and [,") on New Line and a similar pattern in
places onYoung Line (below WA in Figure 4b, for example).
This might be taken to suggest that, onYoung Line too, both
the arrivals come from the ice—bed interface. However,
Young Line is much closer to Tyree Line (12 km away) than
to New Line (40 km), and a reflection survey perpendicular
to Tyree Line (see Smith, 1996, fig. 3b) showed a very
smooth, level bed, very different to that in Figure 6. Hence,
although it is likely that the I, reflections on Young Line do
come from the ice—bed interface, this conclusion cannot yet
be proved.

In the following analysis the I, reflections are studied in
detail. The I, reflection has not been used in the analysis
because of possible corruption by energy immediately fol-
lowing I. Even where the I)" arrival is actually the one
which is directly beneath the seismic line (as in Fig. 6), this
is not considered to compromise the analysis, as the reflec-
tion points on the bed are close to cach other and show
reflections of similar strengths.
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Ice thickness and bed elevation

Ice thickness was calculated using a seismic velocity deter-
mined in the [ollowing way. Reduction of the shallow-refrac-
tion seismic experiments, following the method of Kirchner
and Bentley (1990), gave a mean seismic velocity of 2839 m s :
for the snow and firn in the upper 100m of the ice column
(Smith and Doake, 1994), A mean seismic velocity for the rest
of the ice column of 3841 m s ' was calculated from Kohnen’s
(1974) temperature-velocity relationship. This calculation
assumed a constant temperature in the upper half of the ice
column (—27°C; Jenkins and Doake, 1991; personal communi-
cation from R, M. Frolich, 1996), followed by a linear icrease
in temperature to the pressure-melting point (-~ 1.5°C) at the
base. The seismic velocity in the ice column is accurate to +
15ms l_:_ ice thicknesses are accurate to + 7 m. Surface eleva-
tion above sea level (based on the WGS72 geoid model) was
determined by Doppler satellite surveying (accuracy +£5m)
at selected locations, combined with standard optical survey
techniques. Ice thickness on New Line ranges from 2335 m at
the western end of the line to 2036 m close to the middle. Bed
1839 m) and highest (-1540 m) at these
two points, respectively (the equal surface elevation at these

clevation 1s lowest |

two points is coincidental). The ice—hed interface of Young
Line is smoother. Ice thickness is greatest (2190 m) at the
western end and least (2121 m) close to the eastern end.
1880 and

Corresponding bed clevations at these points are
1798 m, respectively.

ICE-BED INTERFACE REFLECTION AND
ACOUSTIC PROPERTIES OF THE BED

The seismic sections for New Line and Young Line (Fig, 4)
can be used to calculate the strength of the reflection from
the ice—bed interface (the reflection coelficient) and some of
the acoustic properties of the bed material. The method for
doing this is described in detail by Smith (1997) and is pre-
sented briefly here.

Reflection coefficient at the ice-bed interface

The energy E) of an ice bed interface refleetion I, (the
energy of a wavelet being the sum of the squared amplitude
values) is given by (Roethlisberger, 1972):
By = Mo ot ()
4h?
where Eq is the initial energy of the seismic wavelet at the
source, R is the reflection coeflicient at the ice—bed inter-
['aco, ice thickness is i, and a is the attenuation within the
. Record lengths for the wide-angle surveys were sulli-
cient to record the first ice multiple reflection (I, Figs 3
and 7). Assuming that the reflection coeflicient at the
snowair interface is —1, Equation (2) can be used to give
the change in energy between the Ij and 1, reflections
(Roethlisberger, 1972):

El 4 2ah
B R

where F is the wavelet energy of the I, reflection. Wavelet

(3)

amplitudes (and hence, energies) on the wide-angle data
were measured by identifying the high-amplitude central
lobe and the adjacent lobe on each side. Zero-crossings at
the start and end of these three lobes were used to delincate
the wavelet.
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Fig. 7. Example of data_from one of the wide-angle surveys
showing the 1y and 15 reflections for a single shot. A low-pass
Stlter has been used to remove frequencies greater than 300 H:
Srom the traces showing the 1 wavelet. The amplitude of these
traces has been increased slightly relative to the 1, reflection,
Jor clarity.

Smith (1997) presented a compilation of attenuation
data from a number of sites. Attenuation is related to the
ice temperature. Estimating the mean ice-column temper-
ature on Rutford Ice Stream to be —20°C suggests that the
correct attenuation value there is 021 x 10 *m ' (see
Smith, 1997, table 1). An error in the estimated mean ice
temperature (it could be warmer than —20°C but is unlikely
to be colder) would lead to an underestimate of the attenua-

Smith: Variations in basal conditions on Rutford Ire Stream

tion value. However, a mean ice-column temperature up to
5°C warmer than that estimated (the error is unlikely 1o be
greater than this) would lead to the magnitude of the cal-
culated reflection coefficients being too low by less than
10%. Smith (1997) also showed that, even with unrealisti-
cally high and low attentuation estimates, the interpretation
of reflection coeflicients and derived acoustic impedance
values remains unaffected.

Equation (3) is strictly only valid for a reflection perpen-
dicular to a plane interface, so only data from geophones re-
latively close to the shots were used (maximum offset
460 m), corresponding to a maximum incident angle of
around 6°. At each wide-angle site (two sites on New Line
and one on Young Line; Fig. 4), E/E; was measured from
16 separate seismic traces (8 traces from cach of two shots),
and a mean value calculated. Using Equation (3), mean
values of B? were then calculated for each of the wide-angle
sites. From these, R was determined, the sign being given by
the observed polarity of the I, reflection.

Knowing the reflection coefficient at the positions of the
wide-angle sites, the way it changes along the reflection line
can be calculated using the variation in reflection strengths
along the line. For each shot on the seismic reflection lines,
the I} wavelet on all 24 channels was averaged and its
energy (1) measured. Knowing R at a wide-angle site
allows a value of Ej to be calculated from Equation (2),
using a value for £y measured from the reflection line at that
point. It is necessary to assume that the initial energy is the
same for cach shot on the reflection line. Although this is un-
likely to be strictly correct, as the coupling of the shots with
the firn will have varied to some extent, it is reasonable to
assume that, for the majority of shots, the initial energy im-
parted to the firn will be similar. The consistency of the
strength of both the I; reflection and the surface ghost
(hefore it was removed) between adjacent shots supports
this assumption. R can then be calculated for each shot on
the seismic reflection lines. Calculated reflection coefficient
values of the ice bed interface along New Line and Young
Line are given in Figure 8.
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Fig 8 Reflection coefficient ( solid lines) of the ice—hed interface along (a) New Line and (b) Young Line. Dashed lines are the

bed elevation profiles.
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An estimate of the accuracy of the derived reflection
coeflicient values in Figure 8 can be obtained from the two
wide-angle sites on New Line. At each site, 16 traces were
used to calculate the reflection coeflicient, giving a total of
32 separate estimates of the reflection coefficient along the
bed of New Line, from which a mean value was calculated.
The resulting estimate of the rms error in the reflection
coeflicients was if;::f_i . A similar error value was calculated
for Young Line, from 16 traces at the single wide-angle site.

Acoustic impedance of the bed: calculation and errors

The reflection coefficient is related to the acoustic impe-
dances of the ice and the bed (Z; and Zj, , respectively) by:

Ly — i
R=—w-—. 4
Zy+ 4 )

Using the reflection coefficient data presented in Figure 8,
the acoustic impedance of the bed material, Z;, can be cal-
culated from Equation (4) if the acoustic impedance in the

ice Zy,, is known. Atre and Bentley (1993) discussed the esti-
mation of Z; in some detail, with particular reference to Ice
Stream B, concluding that a value of (3.33 & 0.04) X 10° kg
m “s 'was the best estimate. Basal ice temperatures on Rut-
ford Tee Stream and Iee Stream B are expected to be similar
and the seismic reflections from the beds of the two ice
streams were of similar frequencies (200—300 Hz; Atre and
Bentley, 1993), so Atre and Bentley’s value for the acoustic
impedance in the ice, Z; , is used here. It is expected to vary
little laterally (Atre and Bentley, 1993). The acoustic impe-
dance of the bed along New Line and Young Line can thus
be calculated (Fig. 9a and b). The resulting values are
similar to those which are typical of soft, water-saturated
sediments.

The main sources of error in the calculated acoustic im-
pedance values are the likely errors in the reflection coeffi-
cient and the assumed seismic velocities within the ice.
These combine to give an rms error in the acoustic impe-

H25 o 108kgm s (where Zy, > Z)),
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Fig. 9. Acoustic impedance of the bed along (a) New Line, (b) loung Line and (¢) Iyree Line ( modified from Smith, 1997). The
bands labelled “Till” ( shaded) and “Ice” (white) and the ranges of porosity values are laken from Atre and Bentley (1993)
Vertical bar shows the acoustic impedance of the bed at one site on Ice Stream B ( B[mt/mr.;'hij; and others, 1987h ). The satellite
image with the line positions and corresponding acoustic impedance plots is the same as that presented in Figure 2 but has been

rotated 90" elockivise.
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though the error can occasionally be more than this where
the magnitude of the reflection coeflicient is high. The cal-
culated reflection coefficients may also include an unknown
systematic error resulting from an underestimate of the at-
tenuation value within the ice. This is unlikely to be greater
than 10% and, as it would lead to the magnitude of reflec-
tion coefficients being underestimated, would imply that
bed acoustic impedance values differ from those in the ice
by even greater amounts than are shown in Figure 9. 'This
means that the interpretation which follows is valid even
where the rms error is high and even if there is an unknown
systematic error arising from the estimated attenuation
value. The overall conclusions arising from the interpreta-
tion can therefore be treated with confidence.

INTERPRETATION OF THE ACOUSTIC
IMPEDANCE DATA

Relationship between acoustic impedance and sedi-
ment porosity

Figure 9 also includes likely acoustic impedance values for
ice and for water-saturated till. The range of values for till
has been taken from data compiled by Awre and Bentley
(1993) and includes both deforming and non-deforming
(lodged) ull. Atre and Bentley (1993) show how the acoustic
impedance of likely till material varies for porosity values
between 0.3 and 045 (see Atre and Bentley, 1993, fig. 12).
This range of porosities is expected to be particularly rele-
vant to subglacial sediments. Lodged basal till has a poros-
ity of <0.3, whereas shear deformation of saturated
sediments causes dilation and an increase in porosity to
around 0.4 (Boulton and Dent, 197} Boulton and others,
1974; Boulton and Paul, 1976). Porosity can thus be used to
distinguish between deforming and lodged subglacial tll
(c.g. Alley and others, 1986, 1987). Corresponding porosity
ranges, taken [rom Atre and Bentley (1993), are included in
Figure 9. Smith (1997) proposed that subglacial sediment
porosity can be estimated from acoustic impedance.
Although this is not a well-constrained relationship it is
good enough to distinguish between porosity values of 0.3
and 0.4. Hence, the acoustic impedance can be used to dis-
tinguish between lodged till and till which is dilated and

(lL‘I()l'llll Ilg.
New Line

The acoustic impedance of the bed along New Line (Fig.
9a) is always greater than that of the ice and is mostly great-
er than or close to the top of the range for till. Implied por-
osity is mostly 0.3 or less. It is therefore unlikely that this
material is deforming to any significant degree. Ice-stream
flow may be influenced more by basal sliding than by sub-
glacial deformation at this site. Figure 10 (modified from
Smith, 1997, fig. 7) presents a compilation of measured values
of velocity and density for saturated, porous sediments and
poortly lithified sedimentary rocks, Figure 10 also includes a
line of constant acoustic impedance determined from the
average value along New Line (Table 1) Where this line in-
tersects the region of values for sediments and rocks shows
that the bed of New Line 1s not only at the upper end of the
main range of values for sediments but also at the bottom
end of the range for sedimentary rocks. Considering the soft
sediment identified elsewhere beneath Rutford Ice Stream
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Fig. 10. Published values of density and seismic velocity for
sediments and rocks, compared with lines of constant acoustie
impedance determined for New Line and the various sections
of Young and Tyree Lines. Modified from Smuth (1997). Trian-
ales are from satwrated fresh-water sediments and from mar-
ine sediments, corvecled lo fresh-teater values ( following
Blankenship and others, 1987h ) where necessary. Sources are
Nafe and Drake (1963), Morgan (1969) and Hamilton
(1970). Open circles are from poorly lithified Cenozoic rocks
Srom drilltholes around MecMurdo Sound, Ross Sea ( Barrett
and Froggatt, 1978). Vertical bar is the velocily and density for
the bed of Ice Stream B ( Blankenship and others, 1987h ).
Shaded areas show the lower ends of typical ranges for sedi-
mentary rocks ( e.g. Gardner and others, 1974).

dable 1. Mean values of acoustic impedance in the different
sections of the bed

Location

Mean value of 2,

10" kg m B

New Line 3.88

Young Line

Whole line 3.63
Western section 3.93
Eastern section 292

Tyvree Line

Whole line 319
Sections A, Cand the bump 275
Section B 401
Section D 335
lee Stream B 308

" Blankenship and others (1987h .

(Smith, 1997) and also beneath other ice streams (Blanken-
ship and others, 1986; Engelhardt and others, 1990; Clarke
and Echelmever, 1996), the bed material on New Line is
likely to be lodged tll rather than poorly lithified sedi-
mentary rock. The data in Figure 10 suggest that the average
scismic velocity in the top few metres of the bed material is
—— I
around 1750-2100 ms .

Young Line

The bed of Young Line has two distinet sections (Fig. 9b): a
western section with relatively high acoustic impedance,
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and an ecastern section with a much lower acoustic impe-
dance, mostly less than that for ice and at the lower end of
the range for till. Implied porosity for the higher-impe-
dance, western section is 0.3 or less, and the average acoustic
impedance (Table 1) is very similar to that for New Line, as
shown by the curve of the constant acoustic impedance
labelled “Young Line (W) in Figure 10. This suggests a
similar interpretation for the western section to that for
New Line, namely, a bed of lodged till with an average seis-
mic velocity of around 1750-2100 m " in the top few metres
of the bed. Acoustic impedance for the bed on the eastern
section of Young Line is much less than that in the west (see
the line labelled “Young Line (E)” in Figure 10). Implied
porosity is around 0.4 or above. Such high porosity is he-
lieved to be possible only during sediment deformation
(Alley and others, 1986), so the eastern section of Young Line
is interpreted as deforming subglacial sediment. This inter-
pretation is supported by the fact that the average acoustic
impedance for the eastern part of Young Line is even less
than that reported for the till beneath Ice Stream B (Fig.
10; Table 1), which is believed to be deforming (Blankenship
and others, 1987h). Seismic velocity in the bed material of
the eastern section appears to be around 1500 1700 ms ',

Variations in bed characteristics between the three
seismic reflection lines

Smith (1997) presented a detailed analysis of Tyree Line
(Fig. 2), which can be divided into four sections, A-D (Fig.
9c). Two sections, A and C, have a low acoustic impedance
which is believed to indicate subglacial deformation. These
two sections are separated by another section, B, with a
much higher acoustic impedance, except lor a short section
of low impedance, referved to as “the bump” In section B, ice
flow is believed to be influenced more by basal sliding than
by subglacial deformation (Smith, 1997). The bump is
believed to be similar to the two sections of subglacial detor-
mation (sections A and C). A fourth section, 1), has an
acoustic impedance between that for section B and that for
the other sections, but is still believed to exhibit subglacial
deformation. Lines of constant acoustic impedance for
sections B and D and for the mean of A, C and the bump
are included in Figure 10.

The pattern of acoustic impedance is very similar on
Young Line (Fig. 9b) and on that part of Tyree Line which
spans section B and the bump (Fig. 9¢). The highest points
on both lines show low acoustic impedance values. On Tyree
Line this point (the bump) is interpreted as a mound of
deforming sediments, tentatively called a subglacial drum-
lin (Smith, 1997), resting on a harder substrate. Although the
corresponding eastern section of Young Line does not ap-
pear to lie directly upstream of the bump (see satellite image
in Figure 9), it 1s clearly possible that these two could be a
continuous sub-ice feature. The western section of Young
Line has a similar acoustic impedance to section B of "Tyree
Line, as well as to all of New Line (Fig, 10). Hence, although
Young Line is relatively short (3.6 km), the fact that it is situ-
ated close toTyree Line suggests that the pattern of acoustic
impedance at the bed beyond both ends of Young Line
could be similar to that seen on Tyree Line. The bed in the
region of hoth these lines (Young and Tyree) therefore has
arcas where significant subglacial deformation is occurring
and other areas where it is not.

The similiarities between Young Line and Tyree Line
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suggest that the boundaries between the areas of different
bed character are aligned roughly in the direction of ice
flow. Assuming that the highest point on Young Line and
the bump onTyree Line are parts of a straight, continuous
feature, then this feature is orientated approximately 107 to
the ice-flow direction. A second estimate of the orientation
ol bed features, relative to the flow direction, can be made
from the hyperbolas which remain on the seismic sections
(Fig. 4; Smith, 1997, fig. 3). The fact that a number of hyper-
bolas remain on the seismic sections after migration could
be due to features which are not perpendicular to the seis-
mic line. Re-migration of the sections using a progressively
higher velocity value can be used to estimate what the
difference in orientation might he. The migration velocity
(Vin) required to collapse a hyperbola is related to the angle
between the seismic line and the strike of a feature (@) by:
174

m = .
COS ¥

In this way, it was determined that some of the features at
the bed could be orientated up to 157 to the direction of the
seismic line. Atre and Bentley (1994) found similar orienta-
tions of bed features (up to around 207) on the ice plain of
[ee Stream B.

The pattern of acoustic impedance on New Line is
clearly ditferent to that on bothIyree Line and Young Line.
Along most of New Line, there 1s no evidence for pervasive
subglacial sediment deformation. It is therefore similar to
only the relatively high-impedance parts of Tyree Line (sec-
tion B) and Young Line (western section). Further down-
stream, at lyree and Young Lines, sediment deformation
occurs across a significant proportion of the ice-stream
width (almost three-quarters of the width of Tyree Line).
Smith’s (1997) analysis of Tyree Line concluded that signifi-
cant variations in bed characteristics occurred across the
width of the ice stream. The comparison between Tyree
Line, Young Line and New Line shows that significant
along-flow variations in bed characteristics also exist on
Rutford Ice Stream.

Comparison with ice—bed reflections on Ice Streams

B and C

Atre and Bentley (1993, 1994) found that seismic reflections
from the bed of Ice Streams B and C (Fig. 1) varied between
normal and reversed polarity. They also found that, qualita-
tively, the reversed-polarity reflections ranged from strong
to weak, whereas the normal-polarity ones, beneath Ice
Stream B at least, were weak. Atre and Bentley (1993) con-
cluded that reflection polarity alone cannot distinguish
between a dilated, deforming bed and an undilated, non-
deforming one. In contrast to Ice Stream B, the strength of
both normal- and reversed-polarity reflections from the bed
of Rutford Ice Stream varies from strong to weak. The quan-
titative analysis of reflection strength shows that the acoustic
impedance of some parts of the bed of Rutford Ice Stream 1s
too high for the bed material to be deforming. Combining the
reflection polarity analysis with a quantitative amplitude
analysis therefore allows the distinction between deforming
and non-deforming beds to be be made.

Atre and Bentley (1993) suggested that some of the varia-
tions in acoustic impedance at the bed of Ice Streams B and
C could be due to relatively minor changes in the porosity
and/or sediment type of a dilatant, deforming bed. This
may also explain some of the variations seen within the
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low-impedance parts of the bed of Rutford Ice Stream (the
difference between sections C and D on Tyree Line, for
example). However, such minor changes are insufficient to
explain the high-impedance parts of the bed of Rutford Ice
Stream. These can be explained by relativ ely large changes
in the porosity and the degree of deformation of the sub-
glacial sediments.

ICE-STREAM BED VARIABILITY AND THE CON-
TROLLING MECHANISMS FOR ICE-STREAM FLOW

Three possible basal processes are believed to be associated
with the fast flow of ice streams: (1) pervasive soft-bed defor-
mation, (2) deformation of a basal layer of soft ice at the
pressure-melting point, and (3) sliding of ice over the bed,
whether lubricated by water or not. The concept of “sticky
spots” (e.g. Alley, 1993) is a way of desc ribing the spatial

variability of basal conditions. These basal processes arc
not necessarily mutually independent, but examples exist
where each process is believed to be dominant. Sofi-bed de-
formation is believed to be important on the Siple Coast ice
streams in West Antarctica, although it is accepted that the
full explanation of ice-stream flow there is not simple and
requires variations in basal friction (Kamb, 1991 Alley,
1993; Anandakrishnan and Bentley, 1993; Anandakrishnan
and Alley, 1994; Mac; Ayeal and others, 1995). Seismic sur-
veys h]]t)\\ a lodged till at the bed of Jakobshavns Ishras, West
Greenland (Clarke and Echelmeyer, 1996). However, even
though the ice at the bed of Jakobshavns Isbre is at the melt-
ing point, basal sliding appears not to be important and the
fast ice flow can be explained by deformation within a layer
of soft basal ice (Tken and others, 1993; Clarke and Echel-
mevyer, 1996). Iverson and others (1995) showed that periods
of high ice velocity on Storglacidren, Sweden, were related
to high water pressure and low rates of deformation in the
bed, leading them to conclude that enhanced ice motion
was the result of reduced coupling between the ice and the
bed, allowing significant basal sliding to occur.

The different characteristics in the seismic data from
Rutford Ice Stream have been used to identify areas where
pervasive bed deformation is occurring, Pervasive deforma-
tion requires at least some degree of coupling between the
ice and the bed to maintain deformation within the sedi-
ment and the dilation which results from it. Hence, basal
sliding is believed to be less important than bed deformation
in these areas. Where the bed is interpreted as lodged till,
coupling of the ice with the bed is insufficient to mobilise
the bed material to any significant degree. Hence, sliding 1s
more likely than bed deformation. The seismic data cannot
establish how important deformation of the basal ice may
he. However, the low basal shear stress suggests that it is un-
likely to be the major component of ice flow. Hence, under-
standing why the differences in bed characteristics occur
and whether these differences are related (o variations in
basal friction is important to understanding the ice-stream
flow. The differences between areas of the bed which are
deforming and those which are not might be expected to be
reflected in the pattern of ice flow observed at the surface.
Upstream and downstream of the seismic lines, transverse
velocity profiles are smooth and undisturbed (Frolich and
others, 1989), suggesting little correlation with the identified
pattern of basal variations. However, whilst the longitudi-
nal surface velocity at New Line is accelerating, it becomes
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constant before Young and Tyree Lines, possibly reflecting
the along-flow changes in basal conditions. Unfortu nately,
the surface velocity field along the seismic lines is not known
well enough to allow a detailed comparison of basal varia-
tions and ice flow, but it is interesting to note that there is no
clear correlation between the different sections identified at
the bed and the surface features on satellite images.

For part of an ice stream to exhibit deformation of a di-
latant, saturated sediment at the bed requires the presence
of a suitable sediment supply and the presence of water at
high pressure — high enough to almost equal the over-
burden pressure but not enough to actually float the ice.
The subglacial sediment is mobilised beneath much of Tyree
Line, but not beneath New Line, so the conditions of sedi-
ment supply, water supply or effective pressure (the differ-
ence between the ice-overburden and the water pressure)
probably change over the intervening 52 km. Although
other factors (roughness of the till surface, for example)
may also influence the degree of deformation, the yare prob-
ably of lesser importance.,

Sediment supply

The areas of subglacial deformation are evidence that there
is a supply of at least some deformable sediment beneath
Rutford Tee Stream. It is possible that this represents the
total amount of sediment which is available. At the other
extreme, it is possible that the whole of the ice-stream bed
represents a source of sediment which is available (o be
mobilised (if not already mobile) under suitable conditions.
This latter condition is considered more likely on the basis
of the acoustic impedance of the bed material |( (Figs 9 and 10;
Table 1). All of New Line and parts of both'Tyree and Young
Lines have relatively high acoustic impedance values. How-
ever, these values are still low relative to other rock types,
There is probably very little
difference between sediments classified as lodged till and

even poorly lithified ones.

those classified as weak sedimentary rocks, in terms of how
casily they can he eroded, mobilised and deformed. The
implication is therefore that the ice-stream bed beneath all
of the seismic lines would be relatively easily deformed,
given suitable conditions. It seems likely, though not cer-
tain, that lack of available sediment is not the reason for
the differences in bed characteristics.

Water supply

There are a number of reasons why a lack of water at the ice-
stream bed is considered very unlikely. The fast flow of
Rutford Ice Stream and low basal shear stress indicate that
the ice is not frozen to the bed and that the base must be
close to the pressure-melting point. Sources of heat at the
bed include geothermal heat flow, strain-heating due to de-
formation within the ice (or the bed) and friction as the ice
slides over the bed. It is likely that the ice at the bed is melt-
ing and supplving water to whatever subglacial drainage
system may be present. This is supported by the fact that
water has been found at the beds of other ice streams
(Engelhardt and others, 1990: Tken and others, 1993).

Effective pressure

It follows that the differences between the bed beneath New
Line and that beneath Tyree and Young Lines are probably
related to the amounts and distribution of subglacial water
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and the pressure of this water at the ice-bed interface. For
deformation to occur, the effective pressure must be low,
but not zero. As deformation occurs along much of Tyree
Line, the effective pressure there must be low. If the bed
material behaves as a Mohr—Coulomb material (Boulton
and Hindmarsh, 1987), the effective pressure must be of a
similar order of magnitude to the basal shear stress (10
10 kPa at Tyree Line; Frolich and others, 1987) for deforma-
tion Lo occnr.

Beneath New Line there is no evidence for deformation.
However, the seismic data cannot show whether this is
because the effective pressure is too low or too high. If the
effective pressure is zero the ice can lift off the bed, removing
any coupling across the ice-bed interface and precluding
deformation. If, however, the effective pressure is too high,
some shearing of the bed may occur but it is not expected to
be pervasive and will not be associated with dilation or a
significant increase in porosity. Either of these two possibili-
ties would be consistent with the interpretation of the seis-
mic data, but the high basal shear stress at New Line
(around 100 kPa: Frolich and others, 1987; personal commu-
nication from R. M. Frolich, 1996) suggests that the effective
pressure there is relatively high and decreases downstream.
This decrease could be associated with the accumulation of
meliwater and/or changes in the basal drainage system.
Alternatively, effective pressure at New Line could be rela-
tively low, with the basal shear stress distributed over loca-
lised sticky spots, particularly as bed topography in the
region of New Line is relatively rough (Fig. 4a). Basal water
pressure may also be very variable ona relatively small scale
(Murray and Clarke, 1995). There is still considerable uncer-
tainty in the pattern of effective pressure at the ice-stream

bed.

CONCLUSIONS

The bed of Rutford Ice Stream in the region of the seismic
surveys consists of sediments (or, in places, possibly poorly
lithified sedimentary rock). The characteristics of the bed
vary both along and across the ice stream. In some areas,
the sediments are dilated and are undergoing pervasive de-
formation. In other areas, there is no evidence for deforma-
tion, and basal sliding may be a more important process.
Seismic velocities within the deforming sediments are esti-
mated to be in the range 15001700 ms | whereas in the
non-deforming sediments they are estimated to be around
17502100 m's . The proportion of the ice-stream width ex-
hibiting bed deformation increases downstream (Fig. 11).
The average acoustic impedance value across New Line
is 388 x 10°kgm *s | Across Tyree Line, 52 km further
downstream, it is 3.19 x 10° kgm 2s ! The downstream
changes in bed characteristics may be related to variations
in the effective pressure, though it is still possible that other
factors (e.g. sediment grain-size distribution, degree oflithi-
fication, bed roughness, drainage system) are also involved.
Alley (1993) suggested that an ice stream with spatially vari-
able basal friction might behave in a fundamentally differ-
ent way to one with uniform drag. Variations in the basal
characteristics of Rutford Ice Stream may be associated
with fundamental changes in the basal boundary condition
and with different amounts of basal friction. If so, it is diffi-
cult to say at present whether this is reflected in the surface
velocity field. Further work is needed to investigate any re-
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Fig. 11. Areas of bed deformation and basal sliding interpreted
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crass-siream variations. Dashed lines show possible corvela-
tions between the different sites ( they are nol meant to imply
ice-flow lines ). Tyree Line modified from Smith (1997).

lationship between variations in basal conditions and basal
friction. One possible way to do this would be to deploy pas-
sive seismic monitoring arrays, which have been used suc-
cessfully in Antarctica on Ice Streams B and C (Blanken-
ship and others, 1987a; Anandakrishnan and Bentley, 1993
Anandakrishnan and Alley, 1994). Using this technique, it
may be possible to determine to what degree the different
sections of the ice-stream bed are associated with varying
amounts of basal friction.
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