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ABSTRACT. A "tethered sta ke" appa ra tus is used to measure basal sliding in a bore­
hole on Ice Stream B, 'Nest Antarctica, a bout 300 km upstream (east) from its g rounding 
line near the head of the R oss lee Shelf. A meta l sta ke, emplaced at the to p of a layer of 
unfrozen till underlying the ice, is connected by a tether line to a metering unit that meas­
ures the te ther line as it is pulled out from the borehole by the sta ke as a res ult of basal 
sliding. The measured sliding motion includes a ny actual slip ac ross the ice- till interface 
and m ay include in additi o n a possible contribution from shear deformation o f till within 
about 3 cm of the interface. This 3 cm fi gure foll ows from a qua lita tive model of the move­
ments o f the stake in the co urse of the exp eri ment, based o n features of the reco rd of ap­
pa rent sliding. Altern a tive but less likely m odels wo uld inc rease the fi gure from 3 cm to 
10 cm o r 25 cm. In a ny case it is small compa red to the seismica ll y inferred till thi ckness of 
9 m. r-..1easured appa rent sliding averages 69% of the tota l m o tio n of 1.2 m d lover 26 day 
of observa tion if a 3.5 d ay peri od of slow appa rent sliding (8% of the tota l motio n) is in­
cluded in the average. The occurrence of the slow peri od ra ises the possibility that the 
sliding m otion switches bac k a nd forth be tween c. 80% a nd c. 8% of the tota l m o tion, on 
a time-scale of a few days. H owever, it is likely that the pe ri od of slow appa rent sliding 
represents instead a peri od when the sta ke go t caught on the ice sole. If the slow period is 
therefo re omilled, the indicated average ba a l sliding ra te is 83% of the tota l m otion. In 
either case, basal sliding predominates as the cause of the rapid ice-stream motion. In the 
las t 2 d ay of observati on the average appa rent sliding ra te reached 1.17 m d \ essentia ll y 
100% o f the moti on of the ice stream. If till deformation cO!1lributes significantl y to the 
ice-stream moti on, the contri buti on is concent rated in a shear zone 3 cm to poss ibly 25 cm 
thick a t the top of the 9 m thick till layer. These observati o ns, if applicabl e to the West 
Anta rcti c ice shee t in ge nera l, pose complicati ons in modcling the rapid ice-streaming 
moti on. 

INTRODUCTION MEASUREMENT TECHNIQUE 

The Wes t Antarctic ice streams (Bentl ey, 1987) move ~ I O-

100 times fas ter tha n the acUacent non-streaming ice shee t 
(Bindschadl er and Scambos, 199 1; Whill a ns a nd van der 
Veen, 1993). In the discuss ion of the cause of this rapid move­
ment the m a in current foc us is on shear deform ati on of un­
frozen, wa ter-saturated subglacial till (Alley a nd others, 
1986, 1987, 1989; l\IacAyea l, 1989, 1992; K a mb, 1991). The al­
tern ative poss ibility of r a pid basal sliding, prop osed origin­
a ll y by R ose (1979), has been di scounted theoretica lly 
(All ey, 1989). Althoug h the presence of soft basal till has 
been doc umented (Enge lh a rdt and other , 1990; Tulaczyk 
a nd oth ers, in press ), there has been no de tec ti on or meas­
uremelll o f e ither basa l si iding or the hypothesized shea r de­
form a ti on of the till. In thi s paper we present res ults o f 
measuring the basal sliding component of ice-stream 
motion, a nd thus indirec tl y a lso the till-defo rm ati on com­
ponent. The measureme nt is made on Ice Stream B in \ Vest 
Anta rc ti ca. 

The basal sliding mea ureme!1l is done in a boreholc drill ed 
through the ice to the top of the underlying unfrozen till by 
the hot-water j e t drilling method . To measure basa l sliding 
we use a "te thered sta ke" instrument that is simil a r in prin­
ciple to the "drag spool" sys tem desc ribed by Bla ke a nd 
others (1992, p. 395) a nd Bla ke a nd others (1994). A sta ke is 
dri\'en into the to p of the till a nd m oves away from the hole 
if there is a di scontinuity in m otio n a t the ice- till interface 
(Fig. I). The sta ke is a ttached by a nylon line (the " te ther" ) to 
a metering unit in the boreho le, which pays o ut the tether, 
meters the leng th payed out, a nd repon s thi s co unt to the 
surface via a n (a rm ored ) electrical cable. Th e tether 
(multi-stra nded nylon line of width 0.25 mm a nd strength 
7 kg) is fed from a storage spool in the metering unit, passes 
l ~ turns a round a sma ll metering spool (di ameter 14.6 mm ) 
and then down a nd out to the. ta ke. A schemati c di ag ram of 
thi s a rrangem ent is g iven in Figure 2, with principa l dimen­
sions of the instrument indicated. 

The na tu re and cause o f the rapid ice-stream moti ons is 
of i m erest a nd importa nce both as a fund a menta l featu re of 
glacier mechanics a nd because the rapid m otions may con­
t ribute to instability of the ice sheet, with poss ible conse­
quences in the rise of wo rld-wide sea leve l (All ey, 1990; 
Bindschad ler, 1991; MacAyeal, 1992; Alley a nd M acAyea l, 
1993). 

Rotati on o f the metering spool is sen cd by a R eed relay 
(Anonymous, 1997, p. 797), which is ac tuated by the mag­
netic fi elds o f two sma ll perma nent magnets m o unted on 
the rim of th e m etering spoo l a t oppos ite ends o f a di a meter 
(Fig. 2). As the spool rotates a nd the magnets in turn pass by 
the Reed relay, the output of the sensing circ uit jumps 
abruptly back a nd forth between the values 0.001 ± 0.001 
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Fig. I Geomet7Y qfthe tethered stake eX/Jeriment to measure basal sliding, (a) in the absence qf distributed shear in the subglacial 
till, and ( b) in the presence rifsuch slzem: Relative to afixed coordinate system the ice is moving to the lift by basal sliding and tiLL 
diformation. The diagrams show the position rifthe stake and the tether Line at a sequence riftimes 1,2, ... , 5 ( arbitr(1)1 time units ), 
in a coordinate system moving with the ice. At time J the stake hasjust been reLeasedfrom the metering unit alld has started moving 
towards the right relative to the ice; the top rif the stake moves at the sliding speed, which is indicated schematically by the upper 
open arrow at lower lift. Thefriction ill the tether pay-out system is assumed to be smaLL enough in relation to the tiLL strength that 
the tension in the tether Line does not cause the stake to tilt. In ( b), tilting qfthe stake is caused by the distributed shear difonnation 
in the till, with the sense shown by the pairrifhalf-headed arrows at lower right and by the open anows at lower lift. By the time the 
stake has rotated to a near-horizontal position ( time 5 in ( b) ) its motion relative to the ice includes the shear displacement Jimn 
the ice sole down to the level qfthe stake in the till. 

V a nd 1.05 ± 0. 15 V The voltagejumps, which we will here 
call "pulses", a re sp aced approximately 90° of spool rotation 
apart (four pulses p er revolution ). The circumference of the 
m etering spoo l is 46 mm, and each pulse therefore signa ls 
the pay-out of 11.5 mm of line (on average) ince the las t 
pulse. The output voltage is recorded by a data logger every 
2 min, which a llows sliding rates up to 8.3 m d I to be m eas­
ured, corres ponding to one pulse ever y 2 min. The frict ion 
of the storage sp ool a nd metering spool is very low, corres­
po nding to a very sm a ll resistance to pulling out the tether 
line; this resista nce has not been measured but wejudge it to 
be smaller than 0. 1 N. 

The metering unit also has the function of holding the 
sta ke whi le the asse mbly (metering unit plus stake) is low­
ered into the borehole, a nd then releasing the stake once it 
is pushed into the till by the weight of the metering unit 
a bove. The hold ing a nd release mechanism is shown in Fig­
ure 2. vVhen the stake comes to a stop in the till, the metering 
unit slide down over the ta ke's two retainer rods, a nd the 
latch pins slide a long the rods' bevelecl ramps, pushing the 
la tch pins outwa rd. When the pins have been pushed fa r 
en o ugh out, the spring-loaded balls snap into the g rooves 
in the pins, locking them in the op en position. vVhen the 
m etering unit is r a ised 6 cm, the stake, stuck in the sticky 
till, is not pulled up with it (because the la tch pins are open) 
and is released from the metering unit; it is now able to m ove 
siclewards ifbasal slid ing occurs. The release action is mon­
itored from the surface, because the raising of the metering 
unit to release the stake pull s out at least 4 cm of tether if the 
stake remains stuck in the till and is not pulled up with the 
metering unit. 

224 

As Figure I b shows, the te thered stake motion provides a 
good measuremen t of basa l sliding, with littl e contribution 
to the m easurement from sh ear deformatio n in the till , pro­
vided that the point of aLLachment of the te ther to thc stake 
is close to the top of the till. \Ve expect that emplacement of 
the sta ke in the ti ll by the m e thod desc ribed above wi ll place 
the stake approximately in thi s position. This expectation is 
based o n our ex perience in boreholes to the bed of' Ice 
Stream B, namely, that a blunt cylindrical object like the 
metering unit will pene trate under its own weight onl y a 
few centimeters into the till. A complication rela tive to Fig­
ure I is introduced by the retainer rods, wh ich stick up 10 cm 
above the tether at tachment point a t the top of the stake 
(Fig. 2). This requires tha t if the stake is vertical the attach­
ment point must be placed 10 cm below the ice in order tha t 
the retainer rods not catch on the basal ice as the sta ke 
moves away from the hole. H owever, in t he actual measure­
ment sequence described below the retainer rods probably 
did catch , as discussed in the section "Interpretati on". 

The tethered stake m e tering unit a lso contains a pres­
sure transducer, so th at vari a tions in basal water pressure 
can be fo llowed at the same time as basa l sliding. 

MEASUREMENTS IN ICE STREAM B 

In D ecember 1995, a basal sliding measurement sequence 
was ca rri ed out with the te thered stake in boreholc number 
95 -1, of depth 1026.8 m , a t 83.4551 oS, 137.7793° W. The 
location is 400 III from camp UpB '95 ("new UpB" ), with in 
Ice Stream B2 about 10 km north of its south m argin (Fig. 3). 
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Further deta il on the loca ti on has been g i\'en by Engelhardt 
a nd K amb (1997, fi g. 2a ). The ice-stream . urface \'e1ocity a t 
the boreholc locati o n is taken to be 1.18 ± 0.01 m d " based 
o n GPS measurements a t UpB '95 in :--.lovember 1991- No­
vember 1992 by Hu lbe (1994, p.74); nea rl y the same velocity, 
1.21 m d " was obtained by \\' hill a ns a nd others (1987) (see 
a lso Whillans a nd van der Veen, 1993) at nearby UpB '84 in 
1984- 86, indicating that the veloc it y is prac tically constant. 
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EngeLhardt and Aamb: B asal sliding of Ice Stream E, II'est Antarctica 

On the first attempt, the Slake did no t release \\·hen th e 
meter ing unit was ra ised , as desc ribed in th e las t section. On 
the second attempt, the sta ke was pla nted deeper by lower­
ing th e instrument fas ter into the til l. The release of the 
sta ke the n worked, as indicated by output pu lses received 
as the metering unit was raised. For the first 10 hou rs there­
aft er no pulses were rece ived, except fo r pul ses ge nera ted 
when the unit was rai sed , by amounts o f about I cm, which 
was do ne three additio na l times to tes t the unit for its res­
ponse. 

Starting at 0039 h o nJuli an Day O. D.) 345, sponta neous 
pulses began to be receiyed. The record o f te ther pay-out is 
given in Figure 4 as a function oCtime. It ran for 26 days a nd 
termina ted when the 21m oftcther line o rig inally \\'ound on 
to the storage spool was fully paid out. In the foll owing prc­
sentation of results, we genera ll y equate tether pay-ou t with 
basal s liding. The uncerta inties in do ing this are di scussed 
in the nex t section (" Interpretation" ). \ Ve use the words 
"appa re nt basa l sliding" where some pa rtic ular uncerta inty 
in the relation betwcen tether pay-o ut a nd sliding is 
invo lved. 

Fig ure.J. shows a n 8 d ay initi a l per iod or ra pid mot ion (c. 
0.9m d ', J.D. 345- 353), th en a 3.5 day slow period (e. 0.1 m 
d " J. 0. 353.5- 357), a n intermedia te p eri od (a\'C rage 
0.6 md ', J.D. 357- 359.4), and fin a ll y an 11 day period o r 
rapid m o ti on (c. 1.1 m d " J.D. 359.4- 371). I n the last 2 days 
of th e ex periment, the apparent sliding rate reached 
1.17 m d '. The rapid sliding moti ons a rc 75% to essentially 
100% o f the ice-stream surface moti o n o f 1.18 m d '. The 
a\'erage ra te of appa re nt sliding motion Crom J.D. 3.J.5.0 to 
370.9 is 0.82 III d ', which is 69'1'0 of the surface motion . 

Fo r compari son, the sliding rates m easured inTrap ridge 
Glacier, Canada, by Bla ke and others, (1994, p. 598) were in 
the range O.O.J. 0.08 m d 'and represented 50- 100% of th e 
surface m otion. 

Fig ure 5a gives th e apparent slid ing rate vs time, 
obta ined by differenti a tion of a eubi c-spline interpola tion 
of the data in Figure 4. Fig ure 5a shows tha t there is much 
j erk y m o ti on or else hig h-frequency no ise in the time inter­
vals between successive pu lses. This jerkiness or noise is 
great ly reduced by sm oot hing the cur ve in Figure 5a with 
a 0.5 d ay running mea n, which gi\-cs Fig ure 5b. However, 
e\'en w ith this smooth ing, pronounced variations in sliding 
rate a re indica ted in addition to the 3.5 day slow period 
noted a bO\-c. 

Fig. 2. Detailed features cif the tethered stake illstrument, 
shown sche171atical(y, with princi/Jal dimensions i1ldicated. 
The lower ha!! shows the stake in perspective view. alld the 
up/JeT ha!! shows in ortizograjJ/Zic section (somewhat sche­
matic ) the bollol11 /Jart cif the meterillg unit with the two bel l -

eled retainer rods, cif diameter 0.6 C/II, plugged into the 
holding-and-release mechanism. The cross -hatched rectangle 
adjacent to the magnet labelled . ~ \ 5" on the metering-sjJool 
rim shows schematically the locatioll cif the R eed rela)'. It is 
se/Jaratedjromthe spool and magnets b)l th e wall ( not shown) 
cif the pressure-tight case cif the ujJjm part qfthe lI1etering unit, 
which contains the electronics and the pressure-transducer 
boc£y. The latch pins are shown in the closed position, in which 
they hold the hook-shaped top ends of the two beveled retainfr 
rods and keep the stakeji'Oln drojJjJing awa)lJrom the meterillg 
unit un/iI the latch pins are flu shed open as described in the 
text. 
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Fig. 3. L ocation of borehole 95 -1 at which basal sliding meas­
urements were made (solid dot at 83.5 ° S, 138 ° W ). The in­
set at the upper left shows location of map frame relative to !he 
Antarctic continent. 

The contribution to the ice-stream motio n from shear 
deformation of till beneath the level accessed by the teth­
ered stake is simply the surface m otion minus the measured 
sliding ra te. The contribution of ice deformation to the 
motion is negligible. This fo ll ows because the basal shear 
tress is very low - 0.06 bar according to t he model of 

Echelmeyer a nd others (1994, fi g. 5), :::;0.08 ba r accord ing to 
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Fig. 4. Nleasured apparent sliding dis!ancejrom tether pay­
out in borehole 95 -/ as a flmction of time. The record starts 
with release cif the tethered stake at JD. 344.60. 3 cm cif ap ­
parent sliding produced artificially by raising the metering 
unit three times during the intervalJD. 344.6- 345.0 has been 
omittedfrom the record. 
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Fig. 5. Apparent sliding rate in borehole 95 -J over the time 
period of Figure 3: (a) ji-om time dijftrentiation if the record 
in Figure 4; ( b) after smoothing (a) with an 0.5 day running 
mean. 

J ackson and K a mb (1997, secti on 6). The co rresponding ice­
fl ow velocity calcu lated from the aoe fl ow law of Paterson 
(1994, p.97) is ::; 1.6 ± 10 ·1 m d 1. 

The pressure- transducer record (basal water pressure vs 
time) is given in Figure 6. The pressure scale (ordinate) is 
subj ect to a ca li bration problem. Our standa rd in-situ pres­
sure calibration of the instrument as it is lowered into the 
borehole was inadvertently omitted. A preliminary ca libra­
tion made much earli er, in the laboratory in Pasadena, does 
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Fig. 6. Basal water-pressure recordfrom the tethered stake in ­
strument in borehole 95 -1. The pressure scale ( ordinate) is as 
explained in the text. 
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not give the correct pressure when applied to the transducer 
output signa l a t two times when the pressure is known from 
independent measurement, namely at the sta rt of the run 
(onJ.D. 344) and near the middle of the run , on J.D. 355. 
The independent measurements were m ade by a pressure 
transducer that indicated the depth of the water level in 
borehole 95 -1 a nd, later, in boreho1c 95-2, which was located 
10 m from boreho1c 95-1 and doubtless connected to the 
same basa l water system. Th ese measurements, combined 
with the boreho1c depth , indicate basal water press ures of 
91.1 and 91.4 ba r, respectivel y, whereas the tethered-stake 
pressure transduce r with prelimina ry ca li bration indicated 
100 and 98 bar respectively, in error by about 10 % . The reli­
able values 91.1 and 91.4 bar a re close to the ice-overburden 
pressure of 91.2 bar, which is entirely typical of basal water 
pressure observed in boreholes in Ice Stream B (Engelhardt 
and Ka mb, 1997), whereas the erroneous values of 100 and 
98 bar would indicate an overpressure (excess of basal water 
pressure over ove rburden ) of 7- 9 ba r. Such a high overpres­
sure is seen on ly in boreholes that have not reached the bed 
a nd have not connected to the basa l water system ; upon con­
necti on, the overpressure a lways drops rapidly to nea r 0 
(max imum 0.3 bar) (Engelhardt and K amb, 1997, table 1). 
In this context, the maintenance of a 7- 9 ba r overpressure 
for 24 days, which the preliminary calibra ti on wou ld indi­
cate, is ex tremely doubtful , a nd in any case is ruled out by 
the re li able pressure values. Wc therefore use the reliable 
value 91.1 ba r as a calibration point and correct the preli­
mina ry ca li bration by adjusting the slope of the (linear) 
pressure vs o utput voltage relation so as to fit t he ca libration 
poin t. The res ult is Figure 6. 

In Figure 6, the near constancy of the indicated basal 
water pressure ( ~90 bar) over the periodJ.D. 3+4- 369 is 
consistent with a nearly constant pressure o f 91.1 - 91.3 ba r 
obsen'ed by borehole water-Ie" elmeasurem ent in borehole 
95 -1 dur ing the periodJ.D. 338- 3+4 that immediately pre­
ceded inserti on of the tethered stake. 1\ m~or exception to 
the nearly constant pressure is the 2 day interval of sub­
stanti a ll y reduced pressure sta rting on J.D. 350. Figure 6 
a lso shows three or four minor diurna l flu ctuations near 
the beginn ing of the record , minor irregula r fluctuations 
thereafter a nd two large but short drops in pressure at the 
cnd. 

About 10 km downst ream from borehole 95-1, a brief 
prelimin a ry measurement of basal sliding was made in 
borehole 89-5 on 5 J anua ry 1990 nea r camp UpB '84 ("old 
UpB" ). It was done with a non-electrical te th ered stake - a 
precurso r to the electrical tethered stake instrument des­
cribed above. Tether pay-o ut of 20 cm in 2.4 hours at an 
approx im ately steady rate of 2.0 m d I was observed, after 
which the pay-out stopped , presumabl y because the tether 
cable, which ran ri'om the bed to the surface, became frozen 
to the borehole wall. 

INTERPRETATION 

The tethered stake records in Figures 4 and 5 indicate that 
basa l slidi ng is the predominating process th a t contributes 
to the rapid ice-stream motion at the site studied. Severa l 
aspects of thi s conclusion need to be explored: 

I. In treating the tether motion as a measure of basal slid­
ing, we must be clear that this means basa l sliding sensu 
lato (5.1.) but not necessa rily sensu st ri cto (s.s.). Basa l slid-

Engelhardt and Kamh: Basal sliding of lee Stream B, /illest Antarctica 

ing s.s. is a sharp discontinuity between the motion of 
the ice mass and the top of the immediately subj acent 
till. Basa l sliding s.l. is sliding 5.5. plus whatever rela tive 
motion m ay occur across a thin shear zone in the till im­
mediately below the top. How thin this shea r zone has to 
be to qualify for inclusion in basa l sliding s. l. h as not 
been defin ed a nd would seem to be a matter of choice. 
Often in the g laciologieallitera ture the term "basal slid­
ing" is used to mean the full basal motion including the 
full contribution from sub-sole deformati on at a ll levels 
(Robin, 1986, p.490). \Ve prefer to restrict sliding s.l. to 
mean sliding s.s. plus any contribution from sub-so le 
shear tha t cannot be sepa ra ted from sliding s.s. by the 
resolution of our means of observation, which was 
des igned with the objective of minimizing thc sub-sole 
till shea r contribution that is included in the m easure­
ment. The thickness of the "inc lusion zone" in the till ­
the zone from which the included contribution com es ­
is here called the "inclusion thi ckness". In the tethered 
stake experiment, the inclusion thickness is approx­
imately the p erpendicula r di stance from the base of the 
ice to the tether attachment point on the stake. Ideally, 
this could be a few millimeters in the initial tethe r geo­
metry of Fig ure I but, because of the retainer rods (as 
discussed earlier ), the inclusio n thickness has to be 
increased to abo ut 10 cm if the take is nea r vertical. If 
the stake rotates to a horizonta l pos ition due to distribu­
ted basal shear in the till (Fig. I b ), the inclusion thi ckness 
increases further to approximately ha lf the sta ke length, 
about 25 cm. On the other ha nd , if the stake initiall y 
ex its the bo rehole in the way shown in Figure 7 (see 
below ), the inclusion thickness will be about ha lf the 
width of th e stake, 3 cm. 

2. 11 the sta ke is not emplaced deep enough in the till, it 
wi ll initia ll y be trapped in the borehole a nd will not 
begin to m ove away from the hole (Fig. 7). The tendency 
for thi s to happen is increa ed by the presence of the re­
ta iner rods st icking up above the top of the stake (Fig. 7). 
While the stake is trapped in thi s way, little or no tether 
li ne will be payed out. If the sta ke prot rudes down far 
enough in to th e till below the level of the base of the ice 
and, if there is basa l sliding o r till shea r, the sta ke m ay be 
rotated a nd tra nslated by the sliding or shearing motion 
and may ultimately exit the hole as shown in Figure 7b­
e. Such rota tion and exit is simil a r to what has actuall y 
been seen in the behavior of rocks at the bottom of bore­
holes in a sliding glacier (Engelha rd t and others, 1978, 
figs 2- 4). This, we infer, is wha t happened at the beg in­
ning of the tethered stake experi l1l ent. The ev idence for 
stake entrapment is the lack of tether movement in the 
first 10 hours after the stake was empl aced in the till. 
The lack of movement cannot be asc ribed to instrument 
malfunctio n, because four tests in which the me tering 
unit was raised I or a few centimeters showed tha t the 
instrument was active and the tether was taut. Th e sub­
sequent abrupt onse t of teth er pay-out indicated when 
the stake escaped from the hole and the registration of 
basal sliding started, accord ing to thi s interpre tation. 

3. The above interpretation impli es that once the stake 
escaped from the borehole it was very close to thc base 
of the ice (Fig. 7e), so that the inclusion thickness was 
abo ut 3 cm, as noted in item 1 above. A larger inclusion 
thickness - 10 or 25 cm as expla ined in item 1 - wo uld 
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Fig. 7 OJwlitative model of tethered stake movement in the course cif the basal sliding observations in borehole 95 -1. T he retainer 
rods at the top cif the stake ( Fig. 2) are shown. D iagrams (a), (b), .. . , (j) show schematically the configuration at successive 
times, analogously to 1, 2, ... , 5 in Figure 1. In (a) the stake has been emplaced at a higher than intended level and is trapped 
against the wall qfthe hole. In (b ) - ( d), lateral dragfrom the till, due to the basal sliding motion (arrows) and/or till shem; tilts 
the stake. In (e) the stake has escapedfrom the hole, and the tether reports the sliding motion as the stake slides along Ve1Y close to 
the base of the ice. In (j) the stake catches on aprotruding rock dast and hangs up; ltno longer reports thefuLL sliding motion. Later 
(not shown) the stake comes loosefrom the dast and moves on to the right, again reporting the sliding motion. 

be obtained if the retainer rod s caught only slightly on 
the borehole wall, or not at a ll , so that the stake escaped 
the borehole in a near-ve rtica l p osition (as in Fig ure I). 
H owever, catch ing only slightly would not exp la in the 
initial 10 hour p eriod of no-tether moti on, and for this 
reason we incline to accept instead the model in Fig ure 7. 

4. Another consequence of the closeness of the escaped 
stake to the ice is that the stake is subj ect to becoming 
caught and hung up against basa l rock clasts tha t may 
p rotrude down from the ice and plow through the till 
(Fig. 7f). Because of this p ossibili ty, the slow tether 
motion during J.D. 353.5- 357 can be interpreted either 
as a slow-down in actual basal sliding or else as a n art i­
fac t due to the stake getting temporari ly hung up against 
the sole. A fact consistent with the latter in terpre ta tion is 
the rather abrupt onse t of the slow apparent m otion as 
seen by the kink at J. D. 353.5 in the curve in Figure 4. 
The somewha t abrupt and j erky resumption of m ove-
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ment seen duringJ.D. 357- 359 in Figures 4 and 5 seem s 
consistent with multiple small hang-ups. 

5. From Figures 4 and Sa, it might appear that the tether 
m otion never went completely to zero during the 
3.5 day slow pel-iod , which might a rgue against the 
hang-up interpretation. In fac t, however, during J.D. 
353.3-356.7 there were eight intervals of time during 
which the tether repo r ted no appa rent m otion (less tha n 
1.1 cm ) for period s of 4 hours or more, including one such 
period of 13.5 hours. For practical purposes, the stake 
was completely stopped during these t imes. These fea­
tures are not reso lved at the scale of Figure 4 and a re 
suppressed by the sm oothing (spline) in Figure 5a. On 
J. D. 359, at the end o f the 2.4 day period of intermedia te 
appa rent sliding, there was a period of 6.4 hours during 
which only one pulse (1.1 cm of motion ) was reported; it 
can be seen in Figure 4 and probably represents another 
ha ng-up. 
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6. Because the initi a l part of the tether-motion reco rd (no 
moti o n for the first 10 hours) implies the type of sta ke 
movem ent shown in Fig ure 7, with the possibility of 
hang-up like that shown in Figure 71', a nd because we 
a re relucta nt to believe that the ice-streaming system is 
so unsta ble as to switch rapidly between states of almost 
exclusi\'e ly basa l si idi ng a nd almost exclusively till defor­
m a tion, we provi sionally conclude tha t the 3.5 day slow 
period is an artifact of sta ke hang-up on the so le as dis­
cussed abO\·e. In th a t case, the peri od (s) of hang-up 
shou Id be omitted in obta ining the average basal sliding 
rate from the data in Fig ure 4. An a\'e rage sliding rate of 
0.98 m d 1 (83 % of the tota l motion ) is obtained by aver­
aging the data from the time interva ls J.D. 345.0- 353.5 
a ndJD. 359.4- 370.9, which omits the 3.5 day slow period 
and t he succeeding 2.4 day period of intermediate ap­
pa rent moti on. 

7. The complex short-peri od vari ati o ns in m oti on such as 
those seen in Figure 5 are subj ect to the same ambiguit y 
of interpretation as to whether they represetll ac tual var­
ia tions in basa l sliding o r a re artifac ts due to irregular 
sm a ll hang-ups of th e sta ke on the base of the ice. On 
the o ther hand . the longer-period va riations (Table I) 
tha t took place o utside the time window of large slo'''''­
down (s) U.D. 353- 360) appear to be rea l \'a riations in 
sliding, not a ttributa bl e to sta ke ha ng-up. The prog res­
sive sli ght increase in sliding 5.1. (Ta bl e 1) suggests tha t 
during the course o f the experiment the sta ke worked 
its way downwa rd in a shea r zone in the til l, as it might 
do as a result of' co Il isio ns with rock c1asts protruding 
downward from the ice. Accord ing to thi s interpreta­
tioll , whcn the sliding ra te reached essentially the fu ll 
moti o n of Ll8 ± O.lm d I, at the end of the run, the 
stake reached the bo tto m of the till shear zone and there 
was no till defo rmati o n below thi s leyeL 

7able I. Sliding ra les averaged Ol 'er 2- 1- da)'s ( omilling the 
inlervaL]D. 353- 360) 

Tifllf i"/ffl'al 

JO 

:H5 3+8 
3+8 35~ 

%0 363 
:369.3 370.9 

: /r w oge Jlidilig ral r 

III cl I 

0.76 
0.97 
1.06 
1.17 

8. Altho ug h the basa l wa ter-press ure va lues (Fig. 6) a rc 
somewhat problema tica l because of the calibrati on co r­
rec ti o n that had to be a ppli ed, as di scussed in the las t 
sec ti o n, relati\ 'C \'a lues in terms of pressure increase o r 
dec rease a re probably indicated correctl y. If so, th e 
reco rd indicates a 2 d ay period of sha rpl y a nd substa n­
ti a ll y decreased press ure during JD. 350.5- 352.5. This 
press ure e\Tnt com es immediatel y befo re the 3.5 da y 
peri od of slow apparent sliding, which sta rtS at J.D. 
353.4. If this is a real slo w-down in sliding, then the cor­
rel a ti o n in time with the press ure e\'ent may indicate a 
causa l connecti on, the dec rease in wa ter pressure appa r­
entl y triggering the slow-down. H owever, what wc 
would ex pect to sce in a causal rela t io n wou ld be some­
thi ng di fTerent; i I' the causal rel ati o n i nvoh'es sedi men t 
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deform a tion, then the slow p eriod and the period of 
low wa ter pressure should occ ur together; if it involves 
pre sure-induced basal cav ita ti on, the slow p eriod could 
lag the low-pressure period but the onse t of slow slid ing 
should precede the termination of low pressure. It is 
therefore not elear that the correlation can be taken as 
a n indication that there was a real slow-down in sliding. 
A difTerent co rrelation be tween basal sliding variati ons 
a nd wa te r-pressure va ria tions was obsen -ed in Trapridge 
Glacier, C a nada, by Bla ke and others (1994, p. 596). In 
that case, peaks in press ure fo ll owed peaks in sliding 
ra te, which was interpreted in terms of a cause- effect 
rela ti on. In our case, little is known observationall y 
about the cause of the pressure f1 uctuations such as those 
in Figure 6 ( Engelhardt and K a mb, 1997, sec ti o n 5). 

9. The appa re nt sliding velocity of 2.0 m d 1 obsen 'ed in 
borehole 89-5 by the non-elec trica l tethered stake must 
conta in considerable erro r, because it considerabl y ex­
ceeds the surface moti on o f 1.2 m d I, but it nevertheless 
sugges ts ra pid basal sliding a t a location about 10 km 
from bore ho le 95-1. 

CONCLUSIONS 

From the obse rvations, it fo ll ows that basal sliding plays an 
important, a ppa rently predominating rol e in the rapid 
motion ofIee Stream B nea r UpB. The measured basa l sli d­
ing reported here is basal sliding sensu lato, wh ich m ay in­
clude a contribution from hea r deformation o f till close to 

the sole - how close dependi ng on detail s of how the teth­
ered sta ke b e haved in the experiment. The interpretive 
model or thi s behm'ior tha t we think is the correc t o ne (Fi g. 
7) implies tha t o nl y till shea r ta king place within about 3 cm 
of the sole can co ntribute to the m easured sliding. Alterna­
tiw models im'o hT an increase o f this fi gure fro m 3 cm to 
IO cm or 25 cm. \ \ 'c prefer the 3 c m model (Fi g. 7), because 
it can account fo r the lack or te ther pay-out during the first 
IO hours of the cx periment, which the other models cannot. 
The thickness o f a possible basa l till shear zone detectable 
from its contribution to basa l si iding - 3 cm , 10 cm or 
25 cm, depe nding on model is small compa red to the 
9 m thickn ess o f the till laye r inferred rrom se ismic obser­
\'ati ons (Rooney a nd others, 1987, fi g. 4, abscissa 4150 m). 
The predom i na nce of measu red basal slidi ng th us i mpl ics 
that the mecha ni sm of rapid ice-stream motio n, whether 
by basa l sliding sensu stricto o r till deformation, is concen­
trated at or nea r the top of the till instead of being spread 
more or less uniformly throughout the thickn ess or the till 
laye r as is som etimes ass umed in ice-stream m odels (e.g. 
Alley, 1990; K a mb, 1991). 

The extent o f predominance of'basal sliding depends on 
whether the slow appa relll sliding motion (a\T rage 0.07 m 
d I) obse rved fo r 3.5 days o ut of the full run of 26 days (Fig. 
"~) actua ll y re presents slow basal sli ding or is instead an a rti­
fact of the te the red stake ge tting hung up tempo ra rily on the 
bottom of the sliding mas.' . If it represents slow sliding, the 
a\'erage sliding ra te including the slow peri od is 69% of the 
tot al surface moti on of 1.18 m d \ and we arc presented with 
the rema rkable a nd perhaps dubious situati o n in which the 
basal motio n a ppea rs to switch back a nd forth , o n a time­
scale of a few d ays, between strong ly predomina ting basa l 
sliding (75- 100 % of the tota l m o ti on) a nd strong ly predo­
minating till d eformati on (c. 90 % of the tota l). The occur-
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rencc of a 2 day period of much reduced basal water pres­
sure immediately before the slow period may be a possible 
cause for a slow-down in sliding but the relati ve timing of 
eau se and effect differ significantly from what would be ex­
pected. 

"Ve think it more likely, however, tha t the period of slov" 
appa rent sliding was caused by temporary hang-up of the 
tethered stake on the glacier sole, according to the interpre­
tive model in Figure 7f. If so, the p roper measure of the 
average sliding rate is 0.98 m d 1,83 % of the total ice-stream 
motion. The likelihood of this interpretation is strengthened 
by its ability to expla in the period of slow apparent sliding 
without the need to conclude that the ice-stream mechanism 
switches rather rapidly back and forth between basal sliding 
and till deformation, which seems som ewhat improbable. 

Till deformation, calcul ated as tota l motion minus 
obse rved basal sliding, contributes on the average 
0.36 m d- I or 0.20 m d I to the ice-stream motion (31 % or 
17% of the total moti on), depending on which interpreta­
ti on is placed on the 3.5 days of appa rent slow sliding as 
di scussed above. 

The indicated predominance of basal sliding rul es out 
the attracti vely simple picture used in a number of ice­
stream model s, in which basal sliding is omitted (e.g. Alley 
a nd others, 1989; M acAyeal, 1989, 1992; K amb, 1991). This 
a ffec ts formul ation of the basal boundary condition 
(rela ti on between basal shea r stress and basal flow ve locity) 
and the longitudina l transport of till, including the continu­
ity condition on sources and sinks of till. The bounda ry con­
dition for ba a l sliding sensu stricto is bound to be very 
different from that for di stributed deform ation of till , 
because the physical processes taking place in the two me­
chanisms a re so different. On the other hand, if the basa l 
sliding (sensu lato ) consists mainly of deformation in a thin 
shear zone in the till immediately below the ice, then the 
process is not radica lly different from distributed deforma­
tion and the bounda ry condition m ay be simil ar. The m od­
cling problem is made considerably more complicated if the 
basal motion switches back and forth be tween basal sliding 
a nd distributed till deformati on. 

The applicability of the above conclusions to the ice 
streams as a whole depends on how representative the teth­
ered-stake observations in the si ngle borehole 95-1 a re of the 
motion occurri ng broadly over the base of the ice stream (s) 
a nd over extended lengths of time. This can be assessed only 
by more borehole observations. 
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