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Variations in basal conditions on Rutford Ic e Streatn., 
West Antarctica 
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ABSTRACT. Seismic reOecti on data fro m two lines o n Rut/o rd lee Stream a re pre­
sented and are compa red with data alread y publi shed from a third line on the ice stream. 
The' a mplitude and phase of the rel1ections have been used to investigate the properti es of 
the sub-ice materi a l. Multiple reOections on long record-l eng th data a ll owed ca librati on 
of the reOection coeI1ic ient a t the ice-bed interface a nd determination of the aco ustic im­
pedance o f the bed m a teria l. The cha racteri stics of the bed m a teria l \'a ry both a long and 
ac ross the ice stream. The a \'Crage aco~s tic im.peq a l~ce o f thc bed ma teri a l ac(ross th~ 
glaCI er at the upstream IIlle IS 3.88 x 10 kg m - s . 1 hi s dec reases to 3.19 x 10 kg m -
s 152 km furth er dow nstI-eam. These \'a ILles a re withill th e J'a nge which is typical of soft 
sediments. Us ing aco usti c impedance as a n indica tor of sub g lacia l porosit y, som e a reas of 
the ice-stream bed a re interpreted as dil a tant water-satura ted sediments undergo ing per­
\'as ive d eform ation. ]n o ther a reas, the bed is not deforming a nd basa l sliding m ay be a 
more important process. The proportion o f the ice-stream w idth o\Tr which bed deform a­
ti on occurs increases dovvnstream. 

ICE-STREAM FLOW AND BASAL CON DITIONS 
oOw 

Ice stream s dra in as much as 90% of the icc o f the Anta rctic 
ice shec t (l\ [organ a nd o thers, 1982) a nd 0 0 \\' at w loc ities 
\\'hi ch a re typica ll y one to two orders of m ag nitude greater 
tha n tha t o f the surrounding ice shee t. Ice-strea m Oow is 
large ly controll ed by fri c tion at the sides a nd at the bed , 
with basa l conditi ons rela ti\ 'ely more importa nt toward s 
the ce ntre o f the ice stream (Frolich a nd Doake, 1988; Echcl­
meye r a nd others, 1994). The fas t ice now wh ich is observed 
at the surface or a n ice stream is belin'ed to be assoc ia ted 
\\'ith three poss ible processes occurring a t the base: basal 
sliding; deformation of a so ft subglacia l bed ; a nd deforma­
ti on o f a region of so ft ice forming the lower pa rt of the ice 
colum n. These three processes pres uma bl y occ ur in differ­
ent pro po rti o ns beneath differelll ice st rea m s a nd glaciers 
a nd m ay a lso \'a ry spati ally within a n ice strcam. 
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Th ere is littl e fi eld evidence as to whic h of these three 
basal processes actu a ll y occur benea th present-day ice 
stream s a nd in what propo rti ons. Two ice streams where 
some ev ide nce of the basal conditi ons ex ists a re lee Stream 
B in Wes t Anta rctica andJa kobsha\'lls Isbn!:: in Greenla nd. 
Seismic sunTys prO\ 'ided evidence for a so ft defo rming bed 
beneath Ice Stream B (Fig. I) (All ey a nd o thers, 1986, 1987; 
Bla nkenship a nd others, 1986, 1987b), which was confirmed 
by subsequeIll drilling (Engclhardt a nd o thers, 1990). In 
contras t, temperature pro fil es suggest tha t de formation of a 
thick laye r o f rela ti ve ly so ft basa l ice contributes signifi­
ca ntl y to the fas t fl ow o f J a kobshav ns 1sbrd' (Tkell a nd 
others, 1993). Unlike se ismic surveys on Ice Stream B, those 
on J a ko bshav ns Isbrd' did not detec t a ny clea rl y defin ed sub­
ice laye r (C larke and Echelmeyer, 1996). 

Rutfo rd Ice Stream is a fast-fl owing g lac ier (Fig. I) which 
dra ins ice into the ROllne Ice Shelf The d yna mics orits ice 

Fig. 1. Loralion map sliOlC'ing RlltJord Ire Strealll and olher 
jJ/aces menlioned illlhe 11' \ 1. 

11 0 \\' hm'e been desc ribed in a number of pa pers (Stephen­
son a nd D oa ke, 1982; Doake a nd others, 1987; Froli eh and 
others. 1987, 1989; Frolieh a nd D oake, 1988). Ice vel ocity is 
high (300400 m a I; Frolich a nd others, 1989) a nd basa l 
shea r stress is low (a round 40 kPa; Froli ch a nd D oake, 
1988), so th e ice stream is not froze n to the bed a nd the basa l 
ice is proba bl y close to the pressu re-melting po int. Acti\ 'e 
seismic surveys we re ca rri ed o ut on Rutfo rd Ice Stream 
during the 1991 92 a nd 1992- 93 li ekl seasons (Smith , 199+) 
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with the aim of investigating the basal cha rac teristi cs a nd 
processes and in panicular whcther basa l sliding or soft­
bed dcformation was predominant. Smith (1997) presented 
the res ults from one seismic refl ecti on line. T\\·o more seis­
mic refl ection lines a re presented a nd interpreted here. 

CHOICE OF SITES FOR THE SEISMIC SURVEYS 

During the 1992- 93 field season seismic re fl ecti on data were 
collec ted along two lines, New Line and Young Linc (Fig. 2), 
perpendicul a r to thc ice-flow direction. Figurc 2 also shows 
the stake positions of pa rt of the sun·ey net work reportcd in 
a number of papers (D oake and others, 1987; Frolich and 

. others, 1987, 1989; Frolich and Doa ke, 1988). The suryey d a ta 
show that the characteristi c fas t ice fl ow is already well es­
tablished in the region of the seismic lines (Doa kc a nd 
others, 1987). The p attern of surface features seen on sa te llite 
images suggests that the upstream seismic line (New Line) 
is positioned about ha lfway down the length of the ice 
stream. New Line was 12.6 km long a nd Young Line was 
3.7 km long. Young Line is sitll a tf'd in a wide arf'a or rela­
tively smooth and level surface topogra phy seen on satellite 
images. Surface g laciological measurements in thi s a rea 
(Frolich and others, 1987) indicate th a t basal shear stress is 
low « 40 kPa ) and that the ice-flow velocity is ro ug hl y 
constant at a round 366 m a 1 New Line was situa ted 
40 km further upstream. Satellite im ages show that the sur­
face topography in the region of New Line is much m ore un­
dulating, pres umabl y reflecting a rougher ice-stream bed. 
Basal shea r stress and longitudinal surface slope a rc higher 
(Frolich and oth ers, 1989); ice-flow velocit y is lower (a round 
310 m a I) and the longitudinal \'elocity g radient in thc area 
is positive (Frolich and othf'rs, 1989). Figure 2 also shows the 
position of the seismic line presented by Smith (1997). This 
line was not named in th at source, but here it is call ed Tyrec 
Line. 

Fig. 2. Lo..yout of the main seismic riflection lilies ( labelled 
white lines) on Rutford Ice Stream, 1991 92 and 1992-93 
fl'eld seasons, suj)erimposed 017 Landsat satellite image. ( 7jme 
Lme was /msented by Smith (1997) but was 1I0tnamed il7 that 
work.) Black dots mark some of the stake j)ositiolls of the slIrve.J1 
network ( Doakr and othen, 1987; Frolich and others, 1987, 
1989; Frolich and Doake, 1.988). 
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SEISMIC ACQUISITION AND DATA PROCESSING 

Seismic reflection surveys 

The acquisition parameters a nd data processing were the 
same for both New and Young seismic refl ec ti on lines. The 
seismic source was 300 g or high explosive, pl aced in 20 m 
deep holes produced with a sm a ll hot-wa ter d rill. Shots were 
spaced at 120 m intcrvals a nd wc re detec ted by 24 vertica ll y 
ori entated geopholl es (na tura l frequency 40 H z) at 10 m 
spacing. This produced single fold data with refl ec tion 
points sp aced 5 m apart on th e bed. OfTsc t from the shot to 
the first geophone was 30 m. The rccording instrument 
(BISON 9024) sampled ever y 0.2 ms. 

The d a ta were acljusted for slight \'a ri a tions in the shot 
depths a nd also [or the surfa ce topography, a ss uming that 
the thickness of the Ern was constant along eaeh line. A 
normal m.oye-out correction was applied , which accounts 
[or the differcnt di sta nces rrom a given shot to each ol the 
24 geophones. A predictive decollvolution filter was 
designed fo r cach shot and applied to rem ove the surface 
ghost rcl1 ection (thi s is ene l-gy which travels upwards from 
the shot before bouncing off the surface and going down­
\~'ard s , a short time after the initi al downward-tra\'elling 
shot energy; see Fig. 3). Th e coeHicients and the predi ction 
distance [or the deconvolution filter were desig ncd such tha t 
the ice- bed refl cc tion was not alt ered. Fina lly, the data were 
migrated to collapse numcrous hyperbolas (Smith, 1994) 
and to p os iti on refl ec ti ons correctly. 

Bed 

Fig. 3. D iagrammatic r(~y -j)a ths JOT iCl~bed rriflectioll (q, 
ice- bed glwst (TI ghost ) andJiTst ice multiple (12)' 

Wide-angle and shallow refraction surveys 

At a number O[ sites a long both New Line a nd Young Line, 
seismic wide-angle and sha ll ow-rdraction surveys were 
conducted to complement the rel1 ec tion data, as di sc ussed 
later. The wide-angle exp eri ments reco rded data from 
source- receiver olTse ts ranging from 10 m to over 4 km, 
using charge sizes of 750- 2250 g. For the shallow-rdraction 
surveys, sm a ll surface so urces (either a single detonator or a 
50 g cha rge ) were recorded o ut to source- recei\'er offse ts of 
440 m, to provide inrorm a tion on the veloc ity and density 
struct urc or the upper 100- 120 m or snow a nd firn. 

THE SEISMIC REFLECTION DATA 

Ice-bed reflections 

The two final processed se ismic refl ec tion sec ti ons are pre­
sented in Figure 4. The a rrival labell ed TI (after Crary a nd 
others, 1962) is thc refl ection rrom the base or the ice. Along 
both lines, this refl ec tion is usua ll y easy to identify, indicat-
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Fig. 4. Processed seismic reJZeclLOlI seclions.!or (a) . \ ew Line alld (b) JOIIlIg D lle. (. \ ate the different hori::,olllal and l'f rtical 
scales.) 11 is the ice-bed rejZectiolZ. J I j,llIlarks the jJositiolls qfthe lcide-allgle .1 11 I"l'f) '.1. Bo\ 011 . \ elt' Lille SIIOU 'S the sectioll enLarged 
in Figure 5. T hefirst part oJ a normal /)olari~J' reJ7ection is lchite (/lIIJilled); tlll'.fir.lt /Jart oJa rez'm;ed polarifl' reflectioll is black 
(.filled). 

ing a sig nifica I1l aco ustic impedance co ntras t a t the ice-bed 
interface. The aco ustic impeda nce, Z, of a medium is 
de fin ed as: 

iI1lCl'secting New Line a nd perpendicu la r to it ( th at is, pa r­
a ll el to the ice 11 011' direct io n ). The acq ui sitio n parameters 
for thi s add iti o na l line werc slightl y different to those for 

Z=pV (1) 

where p is its densit y and V is its se ism ic \ 'C loc it y. If'the 
aco usti c impedance of the bed (Zh) is g reate r than th a t of' 
th e ice (Zj), the pola rity of the res ulting I 1 reOect ion \,'ill be 
norma l. Conversel y, if Zb is less tha n Zj the resu lting 11 re­
Oec ti on will be reve rsed in pola rit y. Th t: po la rit y of the ice 
bed reOections was de termined by compa ri sons with direct 
waves and with reOectio ns from ice- wa ter interfaces, both 
of which ca n be predi c ted. The TI reO ec ti o n for a ll or New 
Line a nd for most orYoung Li ne is norm a l p olar it y. Fo r the 
eastern end of Young Line, the 11 reOec ti on is 1'C \'Cl'sed in 
polarit y. Yo ung Line had iJ een d i\'ided into wcstern and eas t­
ern sectio ns on this basis (Fig. 4-b). 

In a number of places a long both Ncw Line and \ ou ng 
Line, the normal polarit y 11 reOection is followed after 10-
20 m s by anot her strong, norm al pola rit y a rri\ 'a l (labell ed 
TI' in Fig ure 5). It is not ob\·ious wheth er thi s la ter arr i\'a l is 
a reOec ti on from within the bed or else a reOec ti on from a n­
other part of the ice- bed interrace, off to o ne side of'th e re­
Oec ti o n I i ne, A short seism ic reOecti o n line was acq uired, 
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FIg. 5. Elllm;[{ed sectioll qf ice bed reJ7ection on . Veil ' Line. 
where it illtersects leith the seismic refleclioll line /Jaralfello 
iceflolt'. 1 1 iJ the earlier rejZectioll; 11' i.r the later one. 
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New a nd Young Lines, resulting in a poorer-qua lit y sec tion . 
H owever, stud y of the 11 a nd I I ' refl ections before and a fte r 
migration (Fi g. 6) shows that, a t leas t at thi s point on New 
Line, both these arri va ls come from the ice- bed interface. 
One a rri" a l (V ) comes from the interface directly below 
the intersec ti on of the two seismic lines, whereas the other 
(I I) comes from a sloping pa rt of the interface, just down­
stream of th e intersec tion. The simila rity between these 
two a rriya ls at this p oint a nd where they occur elsewhere 
along ~ew Line suggests tha t they usua lly represent two 
reflecti ons from the ice- bed interface. 
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Fig. 6. Pari !if the seismic rif/ection section, parallel to iceJlow 
which intersects. Vew L ine. (Jpper sectioll is before migration; 
lower section is afterwards. lceflow isJrol71 right to left. 

Th ere a re strong simil a riti es between thi s pattern oft\"o 
a rriya ls (11 and 11) on New Line and a similar pattern in 
places on Young Line (below \ VA in Figure 4 b, for example ). 
This might be taken to suggest that, on Young Line too, bo th 
the arrivals come from the ice- bed interface. Howeve r, 
Young Line is much elose r to Tyree Line (12 km away) tha n 
to New Line (40 km ), a nd a reIlection survey p f' rpendicul a r 
to Tyree Line (sec Smith, 1996, fig. 3b ) showed a ver y 
smooth, level bed, very different to that in Fig ure 6. H ence, 
although it is likely that the 11' reflecti ons on Young Line do 
come from the ice- bed interface, thi s conclusion ca nnot ye t 
be proved. 

In the follo" 'ing a na lysis the I1 refl ecti ons are studied in 
detail. The 11' refl ecti on has not been used in the ana lysis 
because of possible corruption by energy immediately fo l­
lowing rl• Eve n where the 11' arri" al is actua lly the o ne 
which is directl y beneath the seismic line (as in Fig. 6), this 
is not considered to compromise the a na lys is, as the refl ec­
ti on po ints on the bed a re close to each other and show 
refle cti ons of si mi la r streng ths. 
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l ee th ickness and bed e levat i on 

Ice thickness was calculated using a seismic veloc ity deter­
mined in the following way. R eduction of the sha llow-refi'ac­
tion seismic experiments, following the method of Kirchner 
and Bentley (1990), gm'e a mean seismic "elocity of 2839 m s I 

for the snow and (irn in the upper 100 m of the ice column 
(Smith and Doake, 1994). A mean seismic "elocity for the rest 
of the ice column of 38+lm s I was calcul ated from Kohnen's 
(1974) temperature "eloc ity relationship. This calculation 
ass umed a constant temperature in the upper half of the ice 
column (-27°C;J enkins and Doa ke, 1991; persona l communi­
cation from R. M. Frolich, 1996), foll owed by a li nea r increase 
in temperature to the pressure-melting point (- 1.5°C) at the 
base. The seismic "eloc ity in the ice column is acc urate to ± 
15 m s I; ice thicknesses are accura te 10 ± 7 m. Surface eb 'a­
tion above sea le"el (based on the WGS 72 geoid model) was 
determined by Doppler satellite sun'eying (accuracy ± 5 m) 
at selec ted locations, combined with standard optical survey 
techniques. Ice thickness on Ne w Line ranges from 2335 m at 
the western end ofrh e line to 2036 m close 10 the middl e. Bed 
elevation is lowest (- 1839 m ) and highest (- 1540 m ) at these 
two points, r espectively (the equ a l surface clc"ation at these 
two points is coincidenta l). The ice- bed interface of Young 
Line is smoother. Ice thickness is greatest (2190 m ) at the 
western end and least (2121m) close to the eastern cnd . 
Corresponding bed cb 'ations at these points a re - 1880 and 
- 1798 m, resp ectively. 

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 streng th of the reIlecti on from 
the ice- bed interface (the re flection coeffi cient ) and some of 
the aco ustic properti es of the b ed materi a l. The method for 
doing thi s is described in de tai l by Smith (1997) and is pre­
sented briefl y here. 

Reflectio n coeff ic ient a t t h e ice-b ed interface 

The energy El of an ice- bed interface reflection I1 (the 
energy of a wavelet being the sum of the squared amplitude 
values ) is g iven by (Roethli sberger, 1972): 

E EoR 2 - 2o/; (2) 
J = 4h 2 c 

where Eo is the initi al energy of the seism ic wayelet at the 
source, R is the refl ecti on coeffi cient at the ice- bed inter­
face, ice thickn ess is h, and a is the attenua tion within the 
ice. Record leng ths (or the wide-angle surveys were suffi­
cient to record the first ice multiple refl ection (12; Figs 3 
and 7). Assumi ng lhat the reIlection coefficient at the 
snow- a ir interface is I, Equation (2) can be used to give 
the cha nge in energy be tween the II and 12 refl ections 
(Roe th I isberger, 1972): 

(3) 

where E2 is the wavelet energy of the 12 reIlecti on. Wave let 
amplitudes (and hence, energ ies ) on the wide-angle data 
were measured by identifying the high-a mplitude centra l 
lobe and the adjacent lobe o n each side. Zero-crossings at 
the start a nd end of these three lobes were useclto delineate 
the wave let. 
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Smith (1997) presented a comp il a tion o f allenua ti o n 
d ata from a number of s ites. Attenuati on is related to th e 
ice tempera ture. Est ima ting th e mean ice-column tempcr­
a ture o n Rutford Ice Strea lll lO be -20°C suggests tha t the 
correc t a ttenuation \"<11 ue there is 0.21 x 10 :1 m t (sec 
Smith, 1997, table I). An erro r in the estilll a ted tIIca n ice 
temperature (it co uld be warmer than - 20°C but is unlikel y 
to be co lder ) wo uld lead to a n underestim a te o f the attellu a-
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tion va lue. H owe ' Tr, a mean ice-column temperature up to 
SOC warmer tha n that estilll a ted (the error is unlikely to be 
greater th a n thi s) would lead to the mag nitude of the cal­
cul ated re fl ecti o n coeffi cients being too low by less tha n 
10%. Smith (1997) a lso showed tha t, even with unrealisti­
ca ll y high a nd low attentua ti o n esti mates, the interpretati on 
of refl ecti on coe ffi cients a nd d e ri" ed aco ustic impeda nce 
va lues rema ins unaffected . 

Equati o n (3) is strict ly onl y \"a l id for a re fl ectio n perpen­
dicula r to a pl a ne interface, so o nl y data from geophoncs re­
la ti'Tly e10se to the shots were uscd (max illlulll ofEe t 
4-60 m), co rres po nd ing to a Illax imum incide nt a ngle of 
a round 6 . At each wide-ang le site (two sites o n New Line 
a nd one on Yo ung Linc; Fig. 4-), El / E2 was Illeasured from 
16 se pa ra te seismic traces (8 traces from each of two shots ), 
a nd a mean value caleula ted . Using Equ ati o n (3), mea n 
\"a lues of R2 were then caleul a ted fo r each of the wide-angle 
sites. From these, R was determined, the sign bc i ng g i" en by 
the obsen -cd p o lar it y of the I t refl ec ti on. 

Knowing the refl ecti on coeffi c ient a t the pos itio ns of the 
wide-angle sites, the way it cha nges a long the refl ec ti on line 
can be ca leul a tcd using the \"<lri a ti o n in refl ectio n strengths 
a long the line. For each shot o n th e seismic refl ectio n lines, 
the I t wavel e t o n a ll 2"1- cha nne ls was a, 'eraged a nd its 
energy (Et) I11casured. Knowing R a t a wiele-a ngle site 
a ll ows a va lue 0 (' Eo to be ca lcula ted ('rom Equ ati on (2), 
usi ng a va l ue fo r Et measured fro m the re fl ec ti on I i ne at that 
point. It is necessa ry to ass ume tha t the initi al energy is the 
same for each shot on the refl ec ti o n line. Althoug h thi s is un­
likely to bc stri c tl y co rrect, as the coupling of the shots with 
the rirn will ha,'c "a ri ed to some ex tent, it is reasonable to 
ass ume th a t, fo r t.h e m~ority o f shots, the initi a l energy im­
parted to the rirn \\'ill be simil a r. The consistency of the 
st rength of bo th the It renecrio n a nd the surfacc ghos t 
(before it was reIllO\"CCI) be twee n aclj ace nt shots supports 
thi s ass umpti o n. R can then be ca lcul atcd for each shot on 
thc seismic renect ion lines. Calcul a ted refl ect ion coe ffi cient 
, 'alues of th e ice bed interface a long Ncw Line a nd \ o ung 
Line a re g i\"en in Figure 8. 
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An estim ate of the acc uracy of the deri,'ed refl ec tion 
coefficient "a lues in Figure 8 can be obtained from the two 
wide-angle sites on New Line. At each site, 16 traces were 
used to calcul ate the refl ecti on coefficient, gi"ing a total of 
32 separatc estim ates of the refl ecti on coefficient along the 
bed of New Line, from which a mean value was calcul ated. 
The resulting es tima te of the rms error in the refle ction 
coeffi cients was ~~:~7~ . A simila r error "alue was calc ulated 
for Young Line, frolll 16 traces at the single wide-angle site. 

Acoustic impedance of the bed: calculation and errors 

The reflection coeffici ent is related to the aco ustic impe­
dances of the ice and the bed (Zi and Zb. respeCli'Tly) by: 

R =Zb-Zi. (4) 
Zb+Zi 

Using the refl ection coefficient data presented in Fig ure 8, 
the acoustic im pedance of the bed m a terial, Z", can be ca l­
c ulated from Equation (4) if the aco llstic impedance in the 

6 SW 

5 

4 

ice Zh, is known. Atre and Bentl ey (1993) di scussed the esti­
mation of Zi in some detail, wit h pa rticular reference to Ice 
Stream B, coneluding that a value of (3.33 ± 0.04) x lOCi kg 
m 2 s 1 was the best estima te. Basa l ice temperatures on Rut­
ford Ice Stream and lee Stream B a re expec ted to be simil a r 
and the seismic refl ections from the beds of the two ice 
stream s were of simila r frequencie (200- 300 H z; Atre and 
Bentle y, 1993), so Atre and Bentl ey's value for the aco ustic 
impedance in the ice, Zj , is used here. It is expected ro vary 
littl e later a ll y (Atre and Bentl ey, 1993). The acoustic impe­
dance of the bed along New Line and Young Line can thus 
be calculated (Fig. 9a a nd b). The resulting values a re 
simil ar to those which arc typica l of so ft , water-saturated 
sediments. 

The main sources of error in the calcula ted acoustic im­
pedance va lues are the likely errors in th e refl ec tion coeffi­
cient and the assu med seismic "elocities within the ice. 
These combine ro give a n rms error in the acoustic impe-
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dance of the bed of - 0:15 x 10 kg m - s (where Zb > Zi ), 
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Fig. 9. Acollstic imjJedanCf o/the bed along ( a) . \ eU' Line, ( b) loung Line and ( c) 7jree Line ( modified/rom Smith, 1997). The 
band5labelled "Till" ( 5haded) and "l ee" (white ) and the range5 cif poro5iljl value5 are taken/ram dire and Bentley (1993). 
Vertical bar 5how5the aco1l5tic impedance cif the bed at one site on ice Stream B ( Blankfll;/lIj) and others, 1987b). The 5atellite 
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though the error ca n occasio na ll y be more tha n thi s where 
the mag nitude of th e refl ec ti o n coeffi cient is hi g h. The ca l­
culated refl ection coeffi cients m ay a lso include a n unknown 
systematic error resulting from a n uncierestim a te of the a t­
tenuation va lue within the ice. Th is is unlikely to be g reater 
tha n 10 % a nd , as it would lea d to the magnit ude of refl ec­
tion coeffi cients being under estimateci , wo uld imply th at 
bed acoustic impedance \ 'alues differ from those in the ice 
by e\'en g rea ter amount s th a n a rc shown in Fig ure 9. This 
means th a t the int erpre ta tion which follows is \ 'alid even 
where the rms error is high a nd e\'en if th ere is a n unkn ow n 
systematic error arising from the estimated a ttenuati on 
value. The o\Tra ll conclusion s a rising from the interpreta­
tion can therefore be treated with confidence. 

INTERPRETATION OF THE ACOUSTIC 
IMPEDANCE DATA 

Relationship b etween a c ous tic impedance and sedi­
ment poros ity 

Figure 9 a lso includes likely acoustic imped a nce \ 'alues for 
ice and fo r wa ter-satura ted ti ll. The range o f \'alues for till 
has bee n ta ken ri-om da ta compiled by Atrc a nd Bentley 
(1993) a nd includes both d eforming a nd non-deformin g 
(lodged ) till. Atre a nd Bent ley (1993) show how t he acoustic 
impedance of li kely ti ll m ateria l \'a ri es fo r po rosity \'a lues 
between 0.3 and 0.45 (see Atre a nd Bentl ey, 1993, fi g. 12). 
Thi s range of porosit ies is ex p ec ted to be pa rti cu la rly rele­
va nt to subglacia l sedimellts. L odged basal til l has a poros­
it y of ::; 0.3, whereas shca r deforma ti on o f satura ted 
sed imcnts ca uscs di lati on and a n increase in porosity to 
a round 0.+ (Boulton and D ent, 197+; Boulto n a nd Olhers, 
197+; Bo ul to n a nd Pa ul, 1976). Po ros ity ca n thus IX' used to 
d ist ing ui sh be tween deforming a nd lodged subglac ia l ti ll 
(e.g. A ll ey a nd others, 1986, 1987). Corresponding porosit y 
ranges, takcn from At re a nd Bentley (1993), are included in 
Figure 9. Smith (1997) proposed th at subglac ia l sediment 
porosi ty can be es t i ma ted from acoust ic impedance. 
A lthoug h thi s is not a wel l-constra ined rela ti onship it is 
good enoug h to disting uish be twcc n poros it y \'a lues or 0.3 
and 0.+. H e nce, the aco ustic impedance ca n be used to di s­
ting uish be twee n lodged t ill a nd ti ll which is dil a ted and 
deform i ng. 

New Line 

The acoustic impedance o f t he bed a long New L ine (Fig. 
9a ) is a lways g reater th an th a t o f th e ice and is m os tly g reat­
er th a n or close to the top uf the range fo r till. Implied por­
osity is m os tly 0.3 or less. It is therefore un like ly th at thi s 
ma teri a l is d eforming to a ny sig nifi cant degree. Icc-stream 
fl ow may be in fl uenccd mo re by basa l sliding th a n by sub­
glacia l deform ation at thi s site. Figure 10 (m odifi ed from 
Smith, 1997, fi g. 7) presents a compi lation of measured \"t1ucs 
of\'C locit y a nd densit y fo r satura ted , poro us sed illl ents a nd 
poorl y li thifi ed sedimenta r y rocks. Figure 10 a lso includes a 
I i ne of consta nt acoustic i mped a nce de term i ned from th e 
c1\'erage value a long :\Iew Line (Table I). Where th is line in­
tersec ts the region of \'alues fo r secliment s a ncl rocks shows 
that the bed of New Line is n o t only at the upper end of the 
ma in ra nge of \'a lues fo r sed im ents but a lso a t the bOllom 
end of the ra nge fo r sed imenta r y rocks, Consid e r ing th e so ft 
sediment ident ifi ed elsewhere beneath Rutfo rd Ice Stream 
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(Smith, 1997) a nd a lso beneath o ther ice streams (Bla n ken­
ship a nd oth ers, 1986; Engclha rdt a nd others, 1990; C larke 
a nd Er hrlmeye r, 1996), the bed m a te r ia l on New Li ne is 
likel y to be lodged till rath er th a n poorl y lit h ifi ed sed i­
menta ry roc k. Th e d a ta ill Fig ure 10 suggest th at the average 
seismic \'cloc it y in the top few m e tres of the bed m a terial is 
a r ound 1750 2100111 s I 

Young Line 

Th e becl of Yo ung Line has two di stinct secti ons (Fig. 9b): a 
wes tern sec ti o n with relati ve ly hi g h acoustic imped a nce, 
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and an eastern section with a much lower aco ustic impe­
d a nce, mostly less than that for ice and at the lower end of 
the range for till. Implied poros ity for the high er-impe­
d a nce, western section is 0.3 or less, and the a\'erage aco ustic 
impedance (Table I) is very simil a r to that for New Line, as 
shown by the curve of the consta nt acoustic imped ance 
labelled "Young Line (W)" in Fig ure 10. This suggests a 
similar in terpretation for the western secti on to that for 
New Line, namely, a bed oflodged till with an average seis­
mic velocity of a round 1750- 2100 m 1 in the top few m etres 
of the bed. Acousti c impedance fo r the bed on th e eastern 
section of Young Line is much less than that in th e west (see 
the line labelled "Young Line (E ) " in Figure 10). Implied 
porosity is around 0.4 or above. Such high porosity is be­
lieved to be possible only during sediment deformation 
(All ey and others, 1986), so the eastern sec tion of Young Line 
is interpreted as deforming subglacia l sediment. This inter­
pretation is supported by the fae t that the average acoustic 
impedance for the eastern part of Young Line is even less 
tha n that reported for the till b eneath Ice Stream B (Fig. 
10; Table I), which is beli eved to be deforming (Blankenship 
and others, 1987b ). Seismic velocity in the bed m atcri a l of 
the eastern section appca rs to be a round 1500 1700 111 s I. 

Variations in bed characteristics between the three 
seisIllic reflection lines 

Smith (1997) prcscnted a deta il ed a na lys is of Ty ree Line 
(Fig. 2), which can be divided into four sections, A-D (Fig. 
9c ). Two sections, A and C, havc a low aco ustic impcd ance 
which is believed to indicate subglacial deformation. These 
t wo sections a re sepa rated by a nother sec tion, B, with a 
much higher aco ustic impedance, except for a short section 
oflow impedance, referred to as "the bump". In sec tion B, ice 
flow is beli eved to be infiuenced m ore by basal sliding than 
by subglacial deform ation (Smith, 1997). The bump is 
believed to be simil a r to the two sec tions of sub glacia l dcfor­
ma tion (sections A and C). A fourth secti on, D, has an 
acoustic impedancc between tha t for sec ti on B and th at for 
the other sections, but is still believed to exhibit subglacial 
deform ati on. Lines of constant aco ustic impeda nce for 
secti ons B and D and for the m ean of A, C and the bump 
a re ineluded in Fig ure 10. 

The pattern of acoustic imped a nce is very simila r on 
Young Line (Fig. 9 b) and on that p a rt ofTyree Line which 
sp ans sec tion B and the bump (Fig. 9c). The highest p oints 
on both lines show low aco ustic imped ance values. OnTyree 
Line thi s point (the bump) is interpreted as a m ound of 
deforming sedi111ents, tentati vely ca lled a subglacia l drum­
I in (Smith, 1997), resting on a ha rder substrate. A lthough the 
eOlTPsponding eastern secti on of Young Line does not ap­
pear to lie directly upstream of the bump (sce satell ite im age 
in Figure 9), it is clearly possible th a t these two could be a 
continuous sub-i ce feature. The western section of Young 
Line has a simil a r acoustic imped a nce to section B ofly ree 
Line, as well as to a ll of New Line (Fig. 10). Hcnce, a lthough 
Young Line is relatively short (3.6 km ), the fact tha t it is situ­
a ted close to Tyree Line sugges ts th a t the pattern of aco ustic 
impedance at the bed beyond bo th ends of Young Line 
could be simila r to that seen on Ty ree Line. The bed in the 
region of both these lines (Young a nd Tyree) therefo re has 
a reas where significant subglacia l deform ati on is occurring 
and other a reas where it is not. 

The similia rities between Young Line and Tyree Line 
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sugges t that the bounda ri es between th e a reas of different 
bed character are aligned roughly in the direction of ice 
flow. Assuming that the highest point on Young Line and 
the bump on Tyree Line a re parts of a straight, c011linuous 
feature, then thi s feature is ori entated approxim ately 100 to 
the ice-flow direction. A second estima te of the orientation 
of b ed features, relative to the flow direction, can be made 
from the hyperbolas which remain on the seismic sections 
(Fig. 4; Smith, 1997, fi g. 3). The fact th at a number of hyp er­
bolas remain on the seismic sec tions after migrati on could 
be due to features which are not perpendicular to the seis­
mic line. R e-migration of the sections using a progressively 
higher velocity value can be used to estimate what the 
diffe rence in orientation might be. The migration velocity 
(11;11) required to collapse a hyperbola is related to the angle 
be tween the seismic line a nd the strike of a feature (O!) by: 

V 
1I;n =-- . 

eosO! 

In this way, it was determined that some of the features at 
the bed could be orienta ted up to 150 to the directi on of the 
seismic line. Atre and Bentley (1994) found similar orienta­
ti ons of bed features (up to around 20°) on the ice pla in of 
Ice Stream B. 

The pattern of acoustic impedance on New Lin e is 
clearly different to that on bothTyree Line and Young Line. 
Along most of New Line, there is no evidence for pervasive 
subglaeial sediment deformation. It is therefore simila r to 
only the relatively high-impedance pa rts ofTyree Line (sec­
tion B) and Young Line (western section ). Further down­
stream , at Tyree and Young Lines, sediment deform ation 
occurs across a significant proporti on of the ice-stream 
width (a lmost three-qua rters of the width of Tyree Line). 
Smith's (1997) analysis ofTyree Line concluded that signifi­
cant vari ati ons in bed cha racteri stics occurred across the 
width of the ice stream . The comparison between Tyree 
Line, Young Line a nd New Line sh ows that significant 
a long-flow vari ations in bed cha racteristics also exist on 
Rutfo rd Ice Stream. 

COIllparison with ice-bed reflections on Ice StreaIlls 
BandC 

Atre a nd Bentley (1993, 1994) found that seismic refi ecti ons 
from the bed ofIce Streams B and C (Fig. 1) vari ed between 
normal and reversed pola rity. They a lso fo und that, qualita­
tively, the reversed-pola rity refi ections ranged from strong 
to weak, whereas the normal-pola rity ones, beneath Ice 
Stream B at least, were weak. Atre and Bel1lley (1993) con­
cluded that refi ection polarity alone cannot disting uish 
between a dil ated, deforming bed and an undil ated, nOI1-
deforming one. I n contras t to fe e Stream B, the strength of 
both normal- and reversed-polarity refl ections from the bed 
of Rutford Ice Stream varies from strong to weak. The quan­
tita tive analysis of refl ection strength shows that the acoustic 
imped ance of some pa rts of the bed of Rutford Ice Stream is 
too high for the bed m a terial to be deformin g. Combining the 
refl ec tion polarity ana lys is with a quantitative amplitude 
ana lysis therefore allows the distinction be tween deforming 
and non-deforming bed s to be be made. 

Atre and Bentley (1993) suggested tha t some of the varia­
tions in acoustic impeda nce at the bed of Ice Streams B and 
C could be due to rela tively minor cha nges in the porosity 
and/or sediment typ e of a dil atant, deforming bed. This 
m ay a lso explain some of the vari ations seen within the 
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low-impeda nce parts of the bed of RUlford Ice Stream ( the 
difTerence be tween sec tions C a nd D on Tyree Line, for 
example). H owe\'er, such minor changes are insufTi cient to 
(,xplain the hig h-impeda nce pa rts of the bed of' RULford Ice 
Stream. These can be explained by relat ively la rge changes 
in the porosity a nd the degree of deform ation of the sub­
glacial sediments. 

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

Three possible basal processes a rc belie\'ed to be associa ted 
with the fas t fl ow of ice streams: (I) pen'asi\'e soft-b ed defor­
m ation, (2) deform ation of a basa l layer of soft ice at the 
press ure-melting point, and (3) sliding of ice O\'e r the bed, 
whether lubrica ted by water or not. The concept o f "s ticky 
SPOLS" (e.g. Alley, 1993) is a way of desc ribing the spaLial 
\'ari ability of basa l co ndiLi ons. These basal processes a re 
not necessa ril y mULuall y indep endent, but exa mples ex ist 
where each process is beli e\'ed to be dominant. Soft-bed de­
form ati on is believed to be importa nt on the Siple Coast ice 
streams in \ VesL Amarniea, althoug h it is acee pLed tha t the 
full ex planation o f ice-stream fl ow there is not simple a nd 
requires \'a ri a ti o ns in basal fri ct ion (Kamb, 1991; A ll ey, 
1993; Ana nda kri shnan and Bentley, 1993; Ananda krishnan 
a nd Alley, 1994; M aeAyeal and o thers, 1995). Seismic sur­
\ 'eys show a lodged till a t the bed oO a kobshm'ns Isbra::, \ Vest 
Gree nl and (C larke a nd Echelmeyer, 1996). However, e\-en 
though the ice a t the bed oCJa kobshavns Isbra:: is a t th e melt­
ing point, basal sliding appears not to be importa nt a nd the 
fas t ice fl ow can be ex plained by dcformationwithin a laye r 
of soft basal ice (Iken a nd others, 1993; Clarke a nd £ ehel­
meye r, 1996), h 'C rson a nd others (1995) showed tha t p er iod s 
of high ice \'e1ocity on Storglaciaren, Sweden, were rela ted 
to high water pressure and low rates of deform atio n in the 
bed, leading them to conelude that enha nced ice m o tion 
was the result o f reduced coupling be tween the ice a nd the 
bed, a ll owing sig nificant basa l sliding to occur. 

The d ifTcrent cha racteristics in the se ismic d a ta from 
Rutford lee Stream ha\'C been used to identify areas where 
pen'asin: bed deformation is occ urring. Pel'\'asi\'e deform a­
tion requires at leas t some deg ree of coupling between the 
ice and the bed to maiIlla in deformation with in the sedi­
mcnt a nd th e dila ti on which results from it. H ence, basal 
sli ding is believed to be less imponantth an bed defo rm a tion 
in these areas. \\' here the bed is interpreted as lodged till , 
coupling of the ice with the bed is insufficient to mobilise 
the bed materi a l to a ny significa11l deg ree. Hence, sliding is 
more likely th a n bed deformation. The seism ic data ca nnot 
es tablish how impona Ill deform a tion of the basa l ice may 
be. Howe\'er, the low basa l shear stress suggests th a t it is un­
likely to be the m <'Uo r component o f ice fl ow, H ence, under­
sta nding why the difTerences in bed character istics occur 
a nd whether these differences a rc rel a ted to \'ari at ions in 
basa l fri cti on is in'lpo rtan tto understa nding the ice-stream 
fl ow. The differe nces bctween a reas of the bed wh ic h a rc 
deforming a nd those which a rc no t might be expected to be 
refl ected in the pa ttern of ice flow obsen'ed a t the surface, 
Upstream a nd downstream of the se ismic lines, tra nsverse 
\'elocit y profi les a l-e smooth and undisturbed (Fro lich a nd 
others, 1989), suggesting little co rrelation with the ide ntifi ed 
pa ttern of basal vari a tions. H owever, whi lst the longitudi­
na l surface velocit y a t New Line is accelerating, it becomes 
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consta nt before Yo ung a nd Tyree Lines, possibl y refl ecting 
the a long-flow cha nges in basal conditions. Unfortunate ly, 
the surface \'eloc ity field a long the seismic lines is not known 
well enough to a llow a de ta iled comp a ri son of basal var ia­
tions a nd ice fl ow, but it is interesting to note that there is no 
clea r correlation bet ween the difTerent sec ti ons identified at 
the bed and the surface features on satellite images. 

Fo r part of an ice stream to ex hibit deformati on of a di­
la ta nt, saturated sediment at the bed requires the p resence 
of a suitable sed iment suppl y and the presence of water a t 
high press ure - hig h enough to a lmost equal the over­
burden press ure but not enough to ac tua ll y fl oat the ice. 
The subglacial sed ime l1l is mobilised be neath much o[TYl-ee 
Line, but not beneath ~ew Line, so th e conditions of sedi­
ment suppl y, waler supply or efTective press ure (the differ­
ence between the ice-ove rburden a nd the water press u re ) 
probably change o\,er the inten'ening 52 km. Although 
other factors (roughness o r the ti ll surface, for example ) 
may a lso influence the degree of defo rm a tion, they arc prob­
abl y of lesse r importa nce. 

Sediment supply 

The a reas of sub glac ia l ddormation a rc ev idence that th e re 
is a suppl y of at leas t some deformable sedimcnt beneath 
Rutfo rd fce Stream, It is possible that thi s repre. ents the 
tota l a mount of sedime nt which is a\'ailable. At the other 
ex tre me, it is poss ible tha t the whole of th e ice-stream bed 
represents a source of sed iment which is a\'a il able to be 
mobi li sed (ifnot a lrea d y m obil e) under suit able conditio ns. 
Th is latter conditi on is considered more likely on the bas is 
of the aco ustic impedance of the bcd material (Figs 9 a nd 10; 
Table 1). All of New Line a nd parts ofbo th1yree and Young 
Lines have relati\'cl y hig h aco ustic imped a nce va lues. How­
e\'e r, these \'alues arc st ill low relative to o ther rock types, 
eve n poorl y lithifi ecl o nes. There is probably \'ery little 
difTcrenee between secl iments classified as lodged till a nd 
those classified as weak secl imentary rocks, in terms of how 
eas il y th ey ra n be eroded, lll obili sed a nd deformed, The 
implicati on is there fo re tha t the ice-st ream bed beneath a ll 
of the se ismic lines wou ld be relati\'cly easil y deformed , 
given suitable conditi o ns. it seems likely, though not ce r­
tain, th at lack of a\ 'a il a ble sed iment is no t the reason fo r 
the differences in bed c haracte ristics. 

Water supply 

There a re a number of reasons why a lac k of water at the ice­
stream bed is considered \'ery unlikel y. T he fast flow of 
Rutfo rd Ice Stream and low basal shea r stress indicate that 
the ice is not froze n to the bed and tha t the base lllUSt be 
close to the pressu re-melting point. Sources of heat a t the 
bed include geotherm a l heat fl ow, strain-h eating due to de­
fo rm a tio n within the ice (o r the bed ) a nd fri cti on as the ice 
slides o\ 'C r the bec\. It is likely th at the ice a t the bed is melt­
ing a nd supplying water to whate\'er subg lac ial drainage 
system m ay be present. This is supported by the fact that 
water h as been found a t the beds o f other ice stream s 
(Engel ha rdt and others, 1990; Iken a nd o thers, 1993). 

Effective pressure 

Lt follows that the clifTercnces bet ween the bed beneath New 
Line a nd that beneath Tyree and Young Li nes are probably 
related to the amounts a nd distribution of subglacia l water 
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a nd the press ure of this water a t the ice- bed inte rface. For 
deform atio n to occur, the clTec tive pressure must be low, 
but not ze ro. As deformati on occurs along m uch of 1")Tee 
Line, the crrec ti\·e pressure the re must be low. If the bed 
materi a l beha \"Cs as a ?-. lohr- C o ulomb mater ial (Boulton 
a nd H indm a rsh, 1987), the effec tive prcssure must be of a 
simila r order o f magnitude to the basa l shcar stress (10-
+0 kPa at Tyree Line; Frolich a nd others, 1987) for deforma­
tion to occ ur. 

Beneath New Line there is n o c\·idence for d efo rmation . 
H owe\"Cr, the seismic data cannot show wheth er this is 
because the e fTccti\ ·e pressure is too low or too high. If the 
effec tive pressure is zero the ice can li ft offlhe bed , rcmO\·ing 
a ny coupling across the ice- bed interface a nd preelud ing 
deformation. If, however, th e e ffective pressure is too high, 
some shear ing ofth c bed may occur but it is no t expected to 
be pen ·as ive a nd will not be a ssociated with di la tion or a 
significant increase in porosit y. Either of these two possibili­
ti es would be consistcnt with the interpretati o n of the seis­
mic data , but the high basal shea r stress a t Ncw Line 
(a round 100 kPa; Frolich and others, 1987; person a l commu­
nication from R . ~l. Frolich, 1996) suggests tha t the efTcctive 
pressure the re is relati\"Cly high a nd decreases downstream. 
This dec rease could be associated with the acc umulati on of 
meltwater a nd /or changes in the basal dra in age system. 
Alternativel y, e fTec ti \"(~ pressure a t Ne\\" Line could be rela­
ti\ ·ely low, with thc basal shear st ress distr ibuted over loca­
li sed sti cky sp ots, pa rticul a rl y as bed topog raphy in the 
region of New Linc is relati\ ·ely rough (Fig. 4a). Basal water 
pressure m ay a lso be very \·a ri a bl e on a relati\ ·ely small sca le 
(Murrayand C la rke, 1995). There is still consider a ble unce r­
tainty in the p a ttern of d lective press ure at the ice-stream 
bed. 

CONCLUSIONS 

The bed of Rutford Tec Strcam in the region of the scismic 
sun·eys consists of scd iments (o r, in placcs, p ossibly poorl y 
lithificd sedimentary rock). The characteristi cs of the bed 
\·ary both a long and across the ice stream. In some areas, 
the sediments a rc d il ated and are undergoing p ervasive de­
form ati on. In other areas, there is no evidence for deforma­
tion, and basa l sliding may b e a more impo rt a nt process. 
Seismic velociti es within th e d eforming sedime t1ls a rc esti­
mated to be in thc range 1500- 1700 m s i, whereas in the 
non-deforming sediments they a re estimated to be around 
1750- 2100 m s i. The proportio n of the ice-stream width ex­
hibiting bed deformation increases downstream (Fig. 11). 

The average aco ustic imped a nce \·alue across New Line 
is 3.88 x 106 kg m 2 s i. Across 1");ree Line, 52 km furth er 
downstream , it is 3.19 x 10(; kg m 2 s i . The d ownstream 
changes in bed characteri sti cs may be rela ted to \·ari ations 
in the effec tive pressure, thoug h it is still poss ible that other 
factors (e.g. sediment grain-size distribution, d egree of lit hi­
ficati on, bed roughness, dra inage system) a rc a lso invok ed. 
Alley (1993) suggested that a n ice stream lVith sp a ti all y \'ari­
able basa l fric ti on might beha \"C in a fund a m enta ll y differ­
ent way to onc with uniform drag. Vari ations in the basal 
cha racteri stics of Rutford Tce Stream may be associated 
with fund a mental changes in the basa l bound a r y condition 
a nd with different amounts o f basal fri cti on. If so, it is diffi­
cultLO say a t present whethe r thi s is refl ec ted in the surface 
velocity field. Further work is needed to inves tiga te any re-
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Fig. /1. Areas cfbed deformation and basal sliding inteljJ1·eted 
Jrom the acoustic impedance data showing downstream and 
cross-stream variations. Dashed lines show /Jossible correla ­
tions between the different sites ( th~y are 1I0t meant to imJJ£Y 
ice flow lines).1jree Line modiJiedJi'Oll1 Smith (19.97). 

la ti onship between \ 'a ri ations in basa l conditions a nd basa l 
fl-ic ti on. One p oss ible way to do thi s would be to dep loy pas­
sive seismic monito r ing arrays, which ha\·e been used suc­
cess fu lly in Anta rctica on Ice So-cams B and C (Bla nken­
ship and others, 1987 a; Ananda krishnan and Bentley, 1993; 
An andakrishna n a nd All ey, 1994). Us ing thi s technique, it 
m ay be possible to determine to wha t degree the different 
sections of the ice-stream bed a re associated with varying 
a mounts of basal fri cti on. 
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