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The relationship between subglacial water pressure and 
velocity of Findelengletscher, Switzerland, during its 

advance and retreat 
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ABSTRACT. Findelengletsche r, Switzerl a nd , ad\'anced abo ul 250 m betwee n 1979 
and 1985, a ndl-e treated thereafte r. Subglae ial water pressure, SUI-face v(" loeity and surface 
strain rate 'wer e determined a t se \'eral sites. The measurements were made ea rlv in the 
melt seasons o f 1980, 1982, 1985 a nd 1994 and in the autumn of 1983 and the v\:inler o f' 
1984. Changes of surface geometry were assessed from aeri al photog raphs. 

The es tima ted basal shea r stress changed little between 1982 a nd 199+, :'\e\'erthcless, 
large changes in the relationship of subglacia l wa ter press ure and surface velocit y were 
obsen 'ed, which cannot be reconciled \I ith the n1.os t commonl y used sli dil1O' la\\' unless it 
is modifi ed substanti all y. Considerati on of poss ible reasons indicates that a change in the 
subglacial dra inage system occ urred, probably invoh 'ing a cha nge in the deg ree of cavit y 
interconnec tio n . Iso lated ca\' iti es damp the \'a ri a tions in sliding veloc ity that normally 
res ult from cha nges in water pressure, because the pressure in isolated caviti es decreases 
as the sliding sp eed increases. In contras t, by tra nsmitting water-pressure Ouctuations to a 
larger area of th e bed, interconnected ca\'iti es a mplify the eflect of wa ter-pressure 0 uc tu a­
ti ons on sliding sp eed. Thus, we suggest that a n observed decrease in veloc ity (for a g iven 
water press ure ) between 1982 a nd 199+ was a consequence of' a dec rease in the intercon­
nectedness o f the subglacial cavil y system. 
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mea n bed rock 
p Tee dcnsit y (917 kg m ~) 
Tb Basa l shear stress (bar) 
Tb ~rca n basa l shea r stress as determined from a fo rce 

balance ( l1a l-) 
Tb.i Basal shea r stress in zones with interconnected cavities 

(bati 
Td Dri\'ing stress (Td = - pgH ~:;) (bar) 

No te: I bar = 100 kPa . 

1. INTRODUCTION 

Combined measurements 0 (' glac ier motion and hydro­
logica l parameters have been ca rr ied out on seve ral g laciers. 
They ha\'e shown di stinct rela tio nships between \'clocity 
a nd subglac ial wa ter pressure or efTective pressure (e.g, Iken 
a nd Bindsehad ler, 1986; Boulton a nd Hindmarsh, 1987; 
C la rke and Gerin , 1989; Hooke a nd others, 1989; j a nsson, 
1995) or betwee n , 'elocil y and waler storage (Kamb and 
o thers, 1985, 1994; M eier and others, 1994). Such investiga­
ti o ns help to tes t a nd adjust sliding theories a lld stimulate 
new developme11ls. 

The advance and retreat o[ Findelenglctsc her, Switzer­
land, provided a n opportunity to inves ti gate the rela tion­
ship be tween subglac ia l water pressure and \,( Iocity of the 
g lac ier duri ng di fferenl phases of its dynam ics. These d i ffe 1'­

ences in dynamics a rc usua ll y assumed lO be caused by 
ch a nges in basal shea r stress. I n the present case, however, 
the basa l shear stress remained essenti a ll y unch a nged 
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du ring aciYa nce and retreat. \ Ve conclude tha t the subglacia l 
dra inage system ehanged during th e adva nce. This res ult 
poims to the imporlance of subglac ia l dra inage conditi ons 
fo r the mecha ni sm of advance (perh aps no t o nl y in th e case 
of Findcleng le tsc her) and puts it in perspeClil"(, with surgcs. 
Thc disc uss ion of wha t cha nged and how thi s change 
a ffected the sliding I'e loc it y constitutes th e ce ntra l pa rt of 
thi s paper. 

Findelcng letsc her is a temperate , 'a ll ey g lac ier, about 
8 km long (Fig, la ), It has a broad acc umul at ion a rea I\'hich 
dra ins into a na rrow I'alley sect ion in which the prcsent 
stud y was carri ed out (Fig, Ib ), The g lac ier noli's ol"(' r 
selTra l steps where mel t wa le r di sappears i 1110 crel'asses 
before a ny la rge streams ca n fo rm. Poli shed bedrock is ex­
posed in front of th e terminus, o n a broad ri egei. This bed­
rock shows undul ati ons with " wa,'eleng ths" of a fe\\' tens of 
metres a nd a mplitudes of 0.1 - 0.5 m, The debri s eOlTr is thin 
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Fig. I. ( a) ,liaj)(V Fillde/englets(hn The sectioll betu 'eellthe 
l'n tirallines sh01(l.[ the stllr!..Ji area, B, J) and E illdirate the 
locatiolls qJ)oles, referred to in J~~£tll re 3. The jJositiolls if the 
terminlls ill 1.977 ([nd 1.986 are SIz OW II , Stlj)j)led areas ([re 1111 -

glacieri.ced /)arts if the draill age basin , ( b) ,I/a/) if stll({l' 
area. Th in cOlltollrs: JllIJare elel lat ion (10111 inten'als). He{/lJ' 
(onto urs: bed elevation (20 111 illlerNt/s: dataJrom radio -echo 
SOlllldillgS ~Y H. -p 11 ochter, 1II1/)ublished, 1.982), Crosses are 
surve),ed poles. arranged in th ree trall,f1Ierse lili es b. {' alld d: 
triangles are Sllrl'lJ' tations, . "~lIn beril1g if the /)oles alollg a 
jnq[ile isJrom sOll th to lIorth startillg with I. Rectangle P, P:! 
Ps P,I l'eferS to the sertioll qf the glacierJor which the mmll 
basal shear stress was calcula ted. 

o r abse nt , a nd numerous former subglac ia l cav ities can be 
recogni sed by lhe presence o f a brownish prec ipita te, A 
stud y of sub g lac ia l waleI' pressure a nd I'cloc it y oflh e g lac ier 
by Iken and Bindsc hadlcr (1986) suggested tha t sllbg lac ia l 
cavities a re a lso a dominant feature beneath the study a rea, 

Betl\'ee n 1965 a nd 1970, a nd especia ll y be twee n 1976 a nd 
1981, mass-ba la nce del'iati ons from the 57 year mean I'a llle 
were mostl y pos itive on selTra l g lacie rs in th e Alps (L e trc­
g uill y, 198--1-; H aeberli a nd oth e rs, 1993). Around 1980, selTra l 
(sm a ll ) glacie rs ach 'a nced, In 1979 Findclengletscher sta rted 
a rapid ach-a nee; it adl'anced a to ta l di sta nce of 250 m , 130 m 
du r ing the first 3 yea rs. The IT locity of th e entire I'a ll ey 
section increased considerabl y d u I·i ng th e adl 'a nce; in th e 
winter of 1979 RO the ice a long th e northern m a rgin was 
shea red ofT from the I"a lley wa ll in much the same way as is 
com monly observed on surging g lacie rs, The adl'a nce las ted 
until 1986 a nd was followed by a re treat. 

Severa l inves tigati ons halT been ca rri ed out on 
Findelengletscher which a rc pe rtin ent to th e present stud y. 
Since the beg inning of the 20 th century, th e pos itio n of th e 
te rminus has bee n m onitored by the Swiss Glacier Commis­
sion, These d a ta show a cO lllinuo lls retreat o f" the terminus 
since 1923, exce pt fo r a bri ef ha lt be tween 196R and 1972 
a nd for th e 1980 86 ach 'ance, Aeri a l photographs were 
ta ken by th e Sw iss Topographi c Institute in 1977 a nd, a t our 
request, halT bee n ta ken a nnua ll y since 1980, These photo­
g raphs halT been ('\'a lua ted a t \'r\\\', ZLlrich (unpubli shed 
surface elCl'ati o ll d a ta from H, Basch, 1977, 1980- 85, 199--1-), 
a nd prOl' ide d a ta o n changes in surface geometr y. The di s­
cha rge of" th e te r m ina l stream is reco rded by th e powe r com­
pany G rande Di xe nce SA during the melt seasons. These 
reco rds hmT Iwc n made m'a il a hl c to us. "ll'i1ccr tests hm'e 
been ca rri ed o ul by sel'{' ra l ill\ 'es t igato rs during o ur drilling 
o perati ons (unpubli shed info rm a ti on from l\L Brugm a n, 
from c:. l\la th cz a nd fromT ~Ioc ri ; ~Ioer i a nd Leibundg ut , 
1986). Typica l rea tures or th ese trace r tes ts we re multiple 
pea ks o[ conce ntra tion in th e o utl e t st ream a nd rcl a tilTly 
lo ng Iral'C ltilll es be twee n th e po int ofir~j ec ti o n a nd the tcr­
minus. Trace rs, ir~j ec t ed into ho rc ho les which wc drill ed in 
the willlcr of 1 98c~, were de tected a t th e terminus OI'er 
selTra l I\TC' ks ( l\l oer i i1 nd Leihundg ut , 1986); somc res ults 
o f th a t study a rc o utlined later, Coli ins (1979) sta rt ed record­
ing so lute concc ntrati on in th e o utl e t stream of Findelen­
g le(scher in 1977, Compa rin g these reco rds with th ose or 
neig hbouring Cornergletsehcr, he no ticed cha l-acte ri sti c 
difTerences: Th e so lut c concentra ti o n in the oLltl et stream of 
Findelenglc tschcr was much la rge r, a nd the da il y m ax im a 
o f" so lute load co inc ided with those o f th e di scha rge. In co n­
tras t, th e da il y m ax ima of so l lite load a rr ived shortly a fter 
the minima of di scha rge a t the terminus ofG orn erg le tscher. 
Based on a m i x i ng m odel, Co li i ns a na l yzed th e composi ti on 
o rth e termin a l streams a nd concluded th at the mcltl\"ater o f" 
Findelenglrtscher was routed subg lae ia ll y, in close contact 
'with th e becl; in o th e r worcl s, th e wa ter was fl owing through 
numerous sma ll s ubglac ia l eo nd u its, o r cal'it y ne two rks. 
Collins a nd hi s g ro up hm'e continued th eir hydrological in­
' Tstiga tions on Finclelcnglctseher LIp to th c present. 

In the ea rl y l1l elt season of 197:1 a pilot stud y of short­
term I'eloc it y I'a ri a ti ons was carried out on Fi ndelen­
g lelseher (Tken, 1978). This stud y revea led a marked diurna l 
cycle, sugges ting tha t th e sliding l 'Cloc it y reacted sensitilTly 
to ya ri ati ons in subglae ia l wa te r press ure, For thi s reason 
Findelenglrtscher was chosen fo r a first study of th e rela ti on­
ship of sub g lac ia l water pressure a nd (sliding) veloc it y. 
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2. MEASUREMENTS AND EXPERIMENTAL 
RESULTS 

2.1. Short-term observations 

Ea rl y in the melt seasons of 1980, 1982, 1985 and 1994 severa l 
boreholes lVere drill ed to the glacier bed in the study a rea. 
Up to and including 1985 a good connecti on with th e sub­
glacia l drainage system was established in approxim ately 
every third borehole. In these holes the depth to wa ter was 
recorded. In 1994 fa r fewer boreholes connected, a nd long 
records are ava il able from only two holes. The \'elociti es of 
stakes along three profil es, b, c a nd d (Fig. Ib ), were sur­
veyed a t short inten ·als. The results of these measurem ents, 
carried out between mid-May a nd mid-June, a re sum­
marised in Figure 2. The velocity shown is that of pole C3, 
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Fig. 2. Horizontallleloci£J' of pole C3 as ajunclion of sub ­
glacial waler jJressllre in differen l years. 'Valer pressure is 
given as dejJth to waler ( mean vallle of de/)ths in several 
holes ). T he curve at Ihe lop of lizeJigure refers 10 the data in 
the ear£v mell seasons of1980 ( crosses) and 1982 (circles). 
Fi.lled circles: seal/er ofdeplhs to water in diJJerent holes was 
small. and veloC£ry variations were similar at /)rofiles b, c and 
d. OjJen circles: lmga scat/er. T he cluster q/lmge circles are 
da taJrolll Ihe spring of 1985, and the symbols at the bollom of 
Ihejigure are dataJroll7 the s/Jring of 1994 ( circles: b~fore 2 
J une: tria l/gles: {ifter 2 J une }. The vertical, dashed lines in ­
dicale the dej)tizs of the water swface which correspond to the 
overburdm jnesSllre. ( At /Joie C3, the ice de/lth was 163 m il1 
1982, 165 m in 1985. and N 717l in 1994.) T he three short, 
IlOri;:onlal lines 0 11 the left of the Jigure de/)ict.jrom tot) to 
botlom, the velocities measured in Ihe autumn in 1982, 1985 
and 1993. 
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a pole near the centre line. The de pth to wa ter is a mean 
value of depths in sever a l hol es; during the advance, and 
early in the melt season, the depth to wa te r was simil ar in 
different holes. J\,[ore de ta iled res ults from 1985 and 1994 
a re desc ribed in the Appendi x; the 1982 results were pub­
lished by Iken and Bindschadler (1986). From mid-lVIay to 
mid-June seve ra l period s of high and low wa ter pressure a l­
terna ted (more than 10 in 1982). Ne\'e rtheless, all data points 
for a g iven time period cluster, as shown in Figure 2. 

2.2. Seasonal observations 

From 1979 to 1987, and again in 1993 a nd 1994, year-round 
measurements of the vclocity of two or three poles a long 
the centre line were carried out. T he results a re presented 
in Fig ure 3. The mea n \'elocity as well as the amplitude of 
seasona l velocity va ri a tions gradua ll y decreased between 
1981, when (spring) velociti es seem to have atta ined a max­
i m u m, a nd 1994. The vcl ocit y decreased rapidly each yea r in 
June, a t the culmination of the melt season, and sta rted to 
increase in October when meltwater producti on ceased. 
~1arked increases of velocity occ urred during win ter. An 
excepti on to this is the recent res ul t a t the termi nus (pole 
E), a ft er severa l yea rs of retreat. 

Two poles, located on the northern side of proIi le b, were 
surveyed a t monthl y o r longer inte rvals. The sun'eys 
showed that the northern pa rt of the glacier mm'ed essen­
ti all y as a rigid block a fter the ice sheared off from the north­
ern va ll ey wall (Fig. 4). This type of "block flow" continued 
until 1994. 

\ Va te r le,'e!s in bore holes, obseryed early in the melt 
season (M ay andJune), were essellli a ll y equ al in 1982, 1985 
and 1994. In mid-May, water levels were typicall y 50 m 
below surface and in mid-June 70- 80 m b elow surface, with 
superimposed vari ati ons. (The celllre-line ice depth in the 
study a rea was approx imately 165 m be tween 1980 and 1985 
and 147 m in 1994). A few measurements in boreholes d rill ed 
in the a utumn of 1983 indicated a depth to water of 80-
110 m. At that time, in contras t to the spring data, wa ter 
leyels were quite different in different boreholes. In early 
~1a rch 198·J., at an a ir temperature of - 15°C, two holes were 
drill ed in the study a rea. The second hole was drill ed illto a ll 

old moulin. When the drill reached the bed, both holes 
drained immediately to a depth of 55 m below the surface. 
Until April the water levels rose to 50 m below the surface. 

\ Ve review here, bri efl y, the results of tracer tests carri ed 
out in these holes by M oeri and Leibundg ut (1986). The dyes 
(rhod a mine B in one hole a nd uranin in the other) were in­
se rted through the drilling hoses to the hole bOlloms on 2 
and 3 IVfarch 1984. After each injec ti on, 1.5 m 3 of water was 
pumped through the hoses. The dye inserted into the first 
hole sLa rted to appear a t the terminus 86 h a fter il~ ect i on; a 
first concentration m aximum arrived a fter 137 h, COlTes­
ponding to a veloc ity of 3.1 x 1O-~l m s I. A second max i­
mum was observed 4 weeks later when the di scha rge 
increased a littl e. The d ye inj ected into the second hole 
(moulin ) appea red a t the terminus a fte r 3.5 h. The concen­
tratio n max imum occ urred at 7.5 h, corresponding to a 
veloc ity of 0.055 m s I. D ye from both holes could be de­
tec ted continuously for the next 6 weeks! The di scha rge of 
the te rminal stream a mo unted to some 70 I s I during these 
tes ts. It was slowly dec reasing with time and consisted 
la rgely of ground water. 

A sun ey of the discharge reco rds (courtesy of Grande 
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Fig. ,r T'elocit il's q!/Joles all trallsverse jnqfiles band c durillg different /miods q!t imf, , \ ote the t ransvem uf/oci~v gradients 011 the 
right ( lIorthem ) side qftheglarier where the ire alollg t/ie nungin had sheared qfJJrom the l'allf'.-J' wall. 

Dixenee SA ) \\'ith respect to ce rtain peculiariti es in our 
w' locity record s, such as relative ly high ve lociti es in Septem­
ber in 1983 andI98'~ in comparison with 1982, did not reveal 
indications or unusual d ischa rge e\'cnts in these yea rs. 

st resses o\'Cr the a rea P ,P:! P:l P, (Fig. Ib ). R ele\'ant pa ra m­
eters a re listed inl-able I; the y include the vclocity ora pole 
(C-l) in the ce J1lre or th e area, the strain rates, the dri\ 'ing 
stresses and the caicu lated mean basal shear stresses [or 
each period considered here, 

3. BASAL SHEAR STRESSES 

Th e g lacier geo metry in 1982, 1985 and 199+ and the m eas­
ured \'elocities we re used to estim ate the mean basa l shear 

The slrain rales arc determined at the midpoints of the 

sides of the rectangle. Thc negati\'C sign o[ (Du i CiY)ri"bl indi­
cates that velocities were still increas ing nonh or pole C3. 
This is beca use or the shea r zo ne a long th e northern ma rg in 
as noted. The strain ratcs on the Ierthand side increased 

Table 1. f ;>loriO" 51 rain rates, meml Ire thickness, dril'illg slress and mean basal shear stress!or diffe ren I /miods 

l'rriori 1,locil )' (W; ) lip (g;)dow lL (0") iiii ri /-',hl 
(iI") J!i \pfl 

H - 7( \ 7'i: 

III <1 a I I bar bar a a 111 

1:1 26 'd a,' 19H2 IG7 n,o:> (1.08 O,OS (LlI 157 1.7U 1.1 
2(j 28 i\ 1<1\' 1982 180 O,OG 0.07 157 1.70 
I + JUIlC 1982 160 om om 157 1.70 
8 9 JUlle 1982 157 0,07 om 157 1.70 
1+ 17 .Julle 19S2 139 0.07 0.06 0,07 O,2fl 157 1.70 1.2 
2 ~' .JlIn L' 1985 102 O,OS O,OG 0,0:) n,n 159 1.i2 1.1 
G 13Jull (, 1 99~ 52 O.OS O.()(i (WI 0,11 1+1 i.(iG 1.3 

i'\0[(': subscripls .. up ..... do\\'n·', "r ip;hl" a nd "!ell" reil'!' 10 the dilTClioll or 11011', Blank 'pa('('s: no d"la m 'a il "ble, Slresses a rc p; i',(,1I ill 

bars (I bnr = 100 kPa ). OlhC'rcxplallaliollsarep;i\'cll illlbc I(,Xl. 
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slightl y with increas ing velocity. This sig nifi es a higher lat­
era l drag a t times of higher \"clocity. In contras t, longitudi­
nal stra in ra tes did not show a ny systematic va riation" 

The driving stresses, TeI, were calculated fro l11 thf' rf'lation 
TeI = -pgH(oh/ox) where H is the mean ice thickness a nd 
oh/ox the surface slope oyer the recta ngle. These dri\"ing 
stresses rem ained fairl y consta nt during the a d\'a nce (1980 
(not shown), 1982, 1985) a nd the ret rcat (1994). Between 
1982 a nd 1985 the glacier geometry remained unchanged 
0\'('[ a length o f about 1 km up- and down-g lacier from the 
a rea of interest. This shows that \"irtually no detectable 
geometry change occurred over a length corresponding to 
about 12 times the ice th ickness" Between 1985 a nd 1994 the 
glacier thin ned by an average of 16 m in ou r a rea of study; 
the effec t on the dri\"ing stress, hOlVe\'er, was nea rly com­
pletely compensa ted by an increase in surface slope. The 
\'a lues for the surface ele\"ation are quite acc urate. The ele­
\'a tions of over 750 points in the recta ngle P1P~P3 P1 were 
measured , each reading better tha n 0.2 m. 

The absence of systematic \"ariations in th e 10ngilUdina l 
strain ra tes a nd in the dri\"ing stresses sugges ts that the hasa l 
shea r stresses may not ha\"e varied greatl y. To quant ify this, 
the m ethod de\"eloped by Va n derVeen a nd \ Vhi lI ans (1989) 
was used to ca lculate mean basa l shear stresses, Tb, in the 
area o f interest. The computational sche m e had to be 
ex tended to take the important la teral drag into account. It 
was ass umed that the st ra in ra tes decrease lin earl y with the 
velocities as one goes down from the surface towards the bed 
of the g lacier" For simplicit y the glacier bed was replaced by 
an inclined plane. Truffer (1995) showed that a n ass umed 
error of 20% in the strain rates leads to e rrors of less th a n 
10 % in the shea r stresses. 

Tabl e 2 shows the sig nificance of the different terms in 
the forcc balance in M ay 1982. C learl y, late ra l shear forces 
play a Illuch more important role in the de te rmination of 
the basal sh ear stress tha n do longitudinal force grad ients. 
The slight vari a tion in calcul ated basal shear stresses (Tabl e 
I) co rresponds essentia lly to thc variations in lateral drag. 

Th ere are some difficulti es inherent in this force-b alance 
method, but under the ass umptions stated abO\"C, wc expect 
to get a good idea of the tempo ral changes of thcse mea1l basal 
shear stresses. ~o significance is allac hed to the absolute 
\'a lues of these shea r stresses, as they depend very much on 
the flow law pa rameters used in the calculation.' Ve a rc only 
concerned with changes of these values" An important result 
is that there is a slight decrcase in basa l shea r stress at times 
of highe r yclocities. This seem s counterintu itiye a nd will be 
di sc ussed later. 

Table 2. COlltributions if the diffirentJorce com/Jonenls to the 
driving stress, Td 

fJgH 3/(~ (= -TeI) 

Basa l shea r stress 
~orlllaliscd lalcra i tangrllt.ia i force . It'll 

(so ulh side 
:\orma lised laleral Langclllia l force. rig hl 

(nor[ h ) side 

DifTe rencc in norm alisccl lo ngi ludinal 
fo rce 

LlO 100% 

1.11 65°-'(1 
()}5 H % 

0"27 I.'i % 

0" 11 fi % 

Note: Thc forces are normalised wilh the basal plane (benealh P I P~ P) I ) 

and a rc lhus in u ni ls of bars (I bar = 100 kPa "The numbers rekr lO lhe 
period 15 26 r-la y 1982" 
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4. SLIDING LAWS 

A brief re\"iew of sliding laws which allow (or bed separation 
will he useful b efo re we discuss o ur results" 

An empi ric a l law of the form 

Tb" 
Hb = C N" (sliding law 1) 

h as been proposed by Budd and others (1979) a nd Bind­
schadlrr (1983). H ere Ub is the sliding \"elocity, 17 is the fl ow 
law exponent, T b is the basa l sh ea r stress, and N is the effec­
ti\"e stress (oyerburden pressure, Po, minus water pressu re, 

PI\" )' C and cl a rc su itable constan ts" 
This law accounts for the power-law depend ence on 

basal shear stress (\ Vee rtman, 1957); it refers to the case when 
regelarion is neg ligibl e. In additi o n, sliding law I a llows for 
unstable sliding when the glacier becomes afloat (N = 0). 
The law m ay b e regarded as a sp ecial (and simple) case of 
a sliding law d e rived by Fowler (1987) for genera l bedrock 
beds which a rc composed of simila r undulat ions of di flerent 

scales" 
On gently undulating bedrock (l ike that now exposed in 

front of Findele ng letsc her ) a slid i ng instabilit y can occur at 
a water press ure less than overbUl-den pressure. This critical 
pressure, Pc, is g iven by: 

Tb 
Pc = Po - tall (3 . (1) 

H ere (3 is the a ngle between the mean bed and a li ne tangent 
to the steepes t stoss face rs) of undulati ons (Iken, 1981). The 
concept of critical pressure appli es for any bedrock of con­
stant mean slope, subj ect to the conditions that pressurised 
water has access to all low-press ure zones atlhe bed and that 
no tange nti a l u-acr ions exist along the bedrock undulat ions. 
\\Then the water pressure ri ses beyond Pc, the g lacier slides 
upward along the steepest stoss face rs) of bed undulati ons 
with accelerating \"elocit y. The instability at a water pres­
sure Pc < Po is n o t a ll owed for by sliding law 1. On e wou ld 
expect to find a term (Pc - p". ) rather than (Po - PI\" ) in a 
sliding law which recogn ises thi s instabi lity. 'Vc have there­
fore derived a n approx imate sliding law, valid for a sinu­
so idal bed of amplitude a a nd w<welength f a nd a water 
pressure \'C ry close to the critical pressure, Pc: 

<:.Tb Po - PI\" A o 11 1 ( ) (11 - 1)/ 2 

Ub ;:::::: (7) 11 + 12211 + 11[210(,, - 1)/ 2 Pc - PI\" 

(sliding law 2) 

H ere A is th e r a te factor of the fl ow law. The ri ghthand side 
of sliding law 2 does indeed h m 'e the expected (Pc - p,, ) 
term in the d en om inator. This m eans that law 2 a llows for 
the sliding instability at PI\" = Pe (or N = tb/ tall (3, rat her 
than N = 0). The deri\"at ion o f sliding law 2 will be pub­
I ished sepa ra tely. 

5. DISCUSSION 

5.1. Outline of the probleIll 

An unexpected result of the m easurements on Findelen­
gletscher is the very different velocities in different years at 
Il earl y the sam e basa l shea r stress. In fact, the basal shear 
stress was eyen slightly lower in 1982 when the \'eloeity was 
higher. The lower Tb is attributed to increased drag along 
the left ma rg in. But how can a n equal or lower basal shear 
stress induce a hig her \'e!ocity? It was not simply a n eflect of 
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a hig h (e r ) wat er press ure . This is olwio us from Figure 2. 

Comparing \"('Iociti es in two differe nL yea rs at the same 

water press ure (or e fTce ti\ "(' stress), th e velocit y in 1982 is 

far larger th an in 1985, d espite a lowe r b asal shear stress in 

1982. This secms to di sagree wiLh both sliding la\\'s I a nd 2, 

a nd wi th co mlllon sen se. The o nl y way to se ttle thi s problem 

is to postul a te a cha nge in the conditi o ns a t the glac ier b ed. 

Th e fo ll owing obsen 'ations g ive a hint o f what may hm'e 

cha nged beneath the g lacier: 

In 199·1, wh en \"('Iocity was quite inse ns iti\ "(' to \ 'a ri a tions 

in water pressure (Fig. 2), far fewe r b o re holcs co nn ec ted 

wit h th e subglacia l dra inage system th a n in 1982 o r 1985, 

e\"(' n though thr ho les werc drilled a t the sa me locati o ns 

as before. 

A change in subglac ia l conditions seems to ha\"(' 

occ urred on a day, 2 June 199-\-. wh e n a high water pres­

sure was recorded in a well-connected hole (hole 2 in 

Fig ure 5). :\Iote th a t different symbols a re used in Fig un:-

2 b e fore a nd a fte r thi s cvent. 

Thesc obsrrnltions suggest tha t it w as the subglacial 

drainage sys tcm which c h a nged , and th at it cha nge-d in suc h 

a way tha L watC"r-prrssurc \ 'ar ia tions a fTccLed a sma ll er p a rt 

orthe g lac iC"r be-d in 1994 th a n in 1982 o r 1985. 

\\' h a t a rc thc implica t io ns of Lhese o bsen 'a ti ons for the 

sliding laws? In slid ing la\\" lthe consta nt C (a nd possibl y cl ) 
can b e see n as represeming basal conditi o ns. Changes in the 

subg lae ia l drainage system \\"Quld Lhercfore ent a il changes 

in C. On e- co uld still nl.a ke usc of law I o \"e r pcriods during 

Ho rilon ta l VelOCity [ mm h-'] @ 
16 ,---,----,---,---,---,---, 

j;~ I ~r 
1:-,-_-,-1_-,-1_ ~-,-_,----l ~ ~_2 ............ ...ru 
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which subg laeia l co nditi o ns re m a ined uncha nged , if such 

p eriods exist. I nform ati on o n thi s iss ue can be obta ined by 

plo tting the ra ti o of \'c1ocities in diffcrent yea rs \ 's wate r 

prcss ure. In Fig ure 6 this has been clone for the raLio o f 

\"Clocities in 1982 a nd 1985, u S2/ uS3' In \ ' iew of the large 
amplitude 0 (" seasona l a nd diurnal velocity variations oC 
Findeiengle tscher, onc may ass ume th at th e d e fo rm ationa l 

contribution of th e surface \"ci oc ity is rel a Live ly sm a ll. 
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Thcreforc, the ratio of surface velocities m ay be approx­
ima te ly equated with the rati o of sliding velocities, 
ub,82/ub,85' According to sliding law I, the laller is givcn by 

Ub.82 _ C(82) (Tb(82)) IL 

Ub.S5 - C (85) T\)(85) 
(2) 

If wc ass ume d is constant, insert Tb = Tb and accept that Tb 
did not vary much (a conclusion drawn in section 3), it fol­
lows that 

U S2 C(82) 
US5 ~ C(85) . 

This ratio increases with increasing water prcssu re (Fig. 6), 
implying that C is a function of water pressure: 

C = C(p,,) . (3) 

This function was diffcrent in different yea r s. 
Onc could arrivc at the same conclusion by plot ti ng 

other velocity rat ios, e.g. u82/u9", a nd a lso by assuming a 
more general sliding functi on 

u" = C'<P(N)\[J(Tb) (slidillg law3) 

whcre C' is a constalll, <P is a function of N, a nd \[J is a func­
tion of Tb. In conclusion: neither sliding law I (with d con­
stan t) nor sliding law 3 is suitable for describing thc 
dynamics of th is glac ier, unl ess the constant C is replaced 
by a term which va ri es with water pressure. Law 2 differs 
from thi s type of function and could pcrhaps be adjusted to 
fit Figure 6. NC\'erthel ess, it is a lso inapplicable because it is 
bascd on the ass umption that pressuri sed water has access to 
aLl low-prcssure zoncs of the bed. 

This outline shows that changes in th c subglacial drain­
agc system played a dominant role in the changes in 
dynamics. Before di scuss ing the situat ion at Findcl en­
gletschcr in detail, wc wi ll gi\ 'e an ovcrview of possiblc 
ch angcs of subglacia l conditions. 

5.2. Mechanism.s of changes of subglacial conditions 

As mentioned abovc, there is reason to bel icve th at the 
mOlion of Findelengletscher is predomina ntly by sliding 
over bcdrock. Thercfore, wc foll ow Kamb (1987) a nd con­
sider a subglacial dra inage system consisting of caviti es, ori­
ficcs and "R" (Rbthli sberger) channels. 

A varicty ofehangcs may take placc in this system: 

destruction of R channels and dcvelopment of a I inked­
cavity system 

des truction of cavity systcm and form a tion ofR channels 

development of one or a few la rge R cha nnels instead of 
numerous small oncs (Rbthlisbergcr, 1972) 

formation or dccay of interconnections between cavities 

changes in the proponion of bed sepa ration 

changes in water storage. 

The last three processes a re closcly rel ated, but there is no 
comple te correspondcnce betwcen thcm. All of these pro­
cesses affect thc sliding conditions direc tly or indirectly. 

Thcre is an interdep endence of cavity formation and 
basal sliding: while thc developmelll of a cm' ity system 
causes an increase in the sliding velocity, a high sliding 
velocity is favourabl c for the stability of the cavit y sys tem. 
On the other hand, la rge discha rges promote the formation 
of R channels, causing a dcc rease in water pressure a nd de-
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struction o f the cavity systcm. K amb (1987) de rived a stabil­
ity index d c pcnding on discha rge, water press ure, sliding 
\'C locity a nd some other parameters, which ind icates 
whether a cavity system or a sys tem of R channels should 
ex ist. 

Weertman (1964) pointed out that isolated a nd inll'Tcon­
lIected caviti cs may coex ist. Isolated cm'itics co llect basal 
and intern a l meltwater and thereby increase in size and 
pressure as long as the water sto red with in them has a pres­
sure less tha n overburden pressure. Howe\'er, as proposed 
by \ \'ecrtm a n a nd il1\ 'estigatcd qua Illitat i\'e!y by Lliboutry 
(1976, 1979), sLlch cm'iti es connect with the subg lacia l drain­
age system from time to tim e. Hence, on average, the)' at­
tain a pressurc less than overburden and a lso less than the 
pressure m ax im a in the subglac ia l drainage sys tem. Isolated 
and interconnected cavities ha \'C quite diffcrent effec ts on 
the sliding velocity: the morc ca\'iti es th a t arc connected 
with the suhglac ia l drainage system, the la rger is the pro­
portion of the glacier sole w hich is exposed to changes in 
pressure in the system, and the larger is th e effect of a 
water-pressure change on thc sliding \'Clocity. In contrast, 
isolated caviti es damp variations in the sliding vclocity. If, 
for example, the water pressure in the subglac ia l drainage 
system, and conseq uently th e sliding \'eloc ity, increases, the 
pressure in isolated ca\·iti es drops. Under thi s condition iso­
lated cavities act like "sti cky spots" wh ich impede the sliding 
motion . On the other ha nd, isolated cav ities maintain a 
lubricating effect when thc pressure in the subglac ial drain­
age dec reases and when the interconnec ted caviti es are 
shrinking. Therefore, a process which causes isolated cm'­
iti es to become interconnec ted will cause a n inc rease in am­
plitudes of seasonal as well as diurnal \'Cloc ity var ia ti ons. 

A change in the deg ree of interconnection a lso causes a 
redi stributio n of basa l shea r stress: when velocity is inn'eas­
ing, zones with isolated cavities require a la rge proportion of 
the (spatia lly) m'eraged basal shear stress in order to keep 
up with th c increase of sliding \'eloc it y which is trigge red 
at the inte rconnected cavitics by rising water press ure. 
Thus, if fo rmerl y isolated cavities become interconnec ted , 
the numbe r of "sticky spo ts" is reduced and thc proportion 
of the average basal shear st ress which is a\ 'ail able at inter­
connected ca\'ities will increase accordingl y. In thc foll owing, 
we wi ll the refore distingui sh between Tb, thc average basa l 
shear stress as inferred from the force bala nce, and Th.i , the 
mean basa l shear stress in zones with "perfectly intcrcon­
nected" ca\·ities. Theories of sliding with b ed separation 
ass ume th a t pressuri sed basa l water is instantaneously and 
sufficie ntly a\ 'a il ablc at all low-pressu re zones of the bed/ice 
interface. Therefore these sliding laws could desc ribe the 
glaeicr dyn amics successfull y if they we re formulated with 
Th.i rather th an Tb· Tb.i ho'wevcr, is highl y \ 'ari ablc and not 
known. 

In the fo llowing wc wi ll consider processes wh ich influ­
ence the degree of interconnection. Therc arc two types of 
interconnec tions. The fi rst (ra re) I ype is al igned in the 
down-g lacicr direction a nd passes throug h zones of high 
contac t pressure betwecn ice a nd bedrock. Such intercon­
nections a rc essentia lly sm a ll R channels. They readil y 
become obstructed when the water discharge ceases, as 
during a p e riod of cold weather. They a re a lso hampered 
by the slidi ng motion which carries them away from thc 
cav iti es and into zones of high ice pressure. 

Thc o ther type (forming the m~orit y of interconnec­
tions) is located in zones of m oderate conta ct pressure (less 
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tha n ove rburden ); these interconnections tend to be a ligned 
ac ross the glacier (\Va lder, 1986). Such "transverse interconnec­
tions" develop when bed sepa ration increases. Bed sejJamtion, 
on the o ther hand, is a n increas ing fun ction of water pres­
sure a nd sliding ve locity (o r Th. i ). A change in WaLer pressure 
in a dra inage channel need not, however, be followed by a 
corresp onding change in bed separa tion if the transfer o f 
wa ter from the channel is insuffi cient a nd the loca l adjust­
ment o f press ure del ayed by water sto rage. Access of water 
to g rowing ca\·iti es will be easier if numerous small sub­
glacial R channels, ra th er than a few la rge ones, ex ist; if 
abunda nt water is sto red subglacially; a nd ifmany intercon­
nections a lready exist. 

fl aler storage is equi\ 'a lent to cav ity volume times th e 
numbcr of ca\·iti cs per unit area. Both cavity vo lume a nd 
the number of interconnec ted cm'iti es incrcasc gradua ll y 
following an increase in wa ter pressure a nd bed separation. 
Obviously, the interconnected system tends to spread fas ter, 
the m ore widespread it already is. A sp cc ia l situati on ari se 
in winter, a fter a co ll apse of ex isting R channels due to a 
cessati on of surface meltvva ter input: g roundwater and basal 
(and internal) meltwa ter cannot then dra in free ly, and sub­
glac ia l storage and consequently subglac ia l water pressure 
sta rt to ri se aga in . (On a n undulating bed, as considered 
here, the steady-sta te cavity volume is a definite fun ction of 
wa ter pressure and si iding velocit y or local basal shea r stress 
(e.g. Lliboutry, 1968; Ike n, 1981).) Groundwater emerges pre­
suma bly over loca li sed zones beneath the g lac ier and fl ows 
along ce rta in paths. The extent to which thi s water ca n be 
reta ined at the glac ier so le a nd sto red in g rowing ca\ 'iti es, 
instead of escaping through remnants o f R channels, de­
pend s no t onl y on the state of destructi on of the R channels, 
but a lso on the stage of development of the interconnec ted 
ca\'it y system: the more extensi\'e the la tter, the be tter the 
g round water nux can be ta pped and stored. 

In the abo\'e outline wc haw desc ribed severa l of the 
processes which modify the ubglac ia l dra inage sys tem and 
thereby innuence the sliding \·eloc ity. Some of these pro­
cesses bea r the potemi a l fo r initiating instabiliti es. 

The re a re some other changes at the g lacier base which 
may influence glac ier dynamics. Cha nges in the sedime nt 
content in the basal icc or in the cavit y ne twork arc two pos­
sibiliti es. It is not elea r, howe\'er, how these changes a rc 
accomplished and whe the r they a lter the dynamics in a 
way which can be compa red to the cha nges at Findele n­
gletscher. Other possible mecha ni sms include changes in 
fri cti o n between bedrock a nd debri s a t the glac ier so le 
(H a ll et, 1981), or cha nges in water content a nd viscos ity in 
the basal ice (DU\'al , 1977). The form er mecha nism would 
provide a n increase in fric ti on if the rate oflongitudinal ex­
tension, Dui ox, were to increase. This was not observed on 
Findelengletscher between 1982 and 1985. The latter me­
cha ni sm should show cumulative effec ts when the sliding 
vcloc it y increases, which was not obse rved. 

5.3. Interpretation of results 

Some of the processes desc ribed in the preceding subsection 
ha\'e a n ob\·ious co rresp ondence with the observed changes 
in (sliding) veloc it y a nd water pressure. 

\Ve inLerpret the decrease in velocity a nd water pressure 
during the melt season as being caused by the fo rm ati on of 
R channels at the ex pense of parts o f the linked-cavity 
system . The observation th at the wa ter levels in different 

boreholes were similar in spring but became differenl in 
autumn is consistenL with thi s interpretati on, as in the 
autumn some holes may have been located closer to then ex­
isting R ch a nnels than others. On the other hand, the 
increase in velocity and pressure over winter is taken as ev i­
dence of the obstructi on of R channels a nd the gradual 
growth of a linked-cavity system. The ex istence of a linked­
cavit y system ea rl y in the mel t season has been inferred from 
reco rds of water press ure a nd short-term \"Clocity vari ati ons 
(Iken and Bind schadler, 1986). Additional e\·idence for the 
development of a linked-cavity system follows from the 
obsen 'ati on of extensiw subg lac ia l storage of dye during 
the trace r test carried out in la te winter (M oeri and Lei­
bundgut, 1986). On the other h and, thi s tracer test a lso 
showed th a t some remains of an R channel, which had 
dra ined wa ter from a moulin in the preceding summer, still 
ex isted in la te winter, together wi th the cavit y system. 

The fun ctiona l relationship between wa ter pressure and 
velocity (Fig. 2), obserw d ea rl y in the melt season, is inter­
preted as being the effec t o f a temporally \ 'a rying water 
press ure in interconnected caviti es (referred to by some 
authors as "hydraulic j ac king" ). It is very p robable that a n­
other effec t was superimposed : a \'a ri ation of the spati a l 
extel1l of the il1lerconnected cavity system (i.e. a va ri ati on 
of the numbe r of interconnectio ns). Additional ( transverse ) 
interconnecti ons may ha\"C fo rmed at high wa ter pressure 
and closed ofr at low water pressure. This va ri ation Ill ay be 
res ponsibl e fo r the intraseaso na l va ri ation in the parameter 
C in sliding law I, di sc ussed a bove (Fig. 6; Equa tion (3)). On 
the other ha nd , the limited extent of the illlerconnecled 
system wo uld likewise expla in why no sliding instability 
occ urred a t wa ter pressures less than overburcl en press ure; 
sliding law 2 predicts such a n insta bility for gentl y undulat­
ing beds. Th e bedrock now exposed in front o f Findelen­
gletsc her has such a shape. 

Bes ides the regul ar cha nges in the degree ofint erconnec­
tion of subglac ia l cm' iti es within one season, there were 
changes from one yea r to a no ther as demonstrated by Fig­
ures 2 and 3. Here wc will foc us on the dec rease in velocities 
(and C va lues ) between 1982 a nd 1985. Wha t may ha\"C 
caused thi s decrease~ Conditio ns such as seasona l va ri a ti ons 
in run-off, subglac ial I·va ter pressure and mean basal shear 
stress, Tb, do not secm to have cha nged significantl y. In fac t, 
Tb may even have increased a littl e from 1982 to 1985. The 
\'eloc it y wa te r-pressure fe edbac k mecha ni sm, mentioned 
abm'e, does no t provide a n ex pl a nati on either: despite sub­
sta nti al differences in veloc iti es in the autumns of 1981 and 
198..J· (and 1993) a nd even la rge r difTcrences in the foll owing 
winters, the water pressures measured early in the mclt 
seasons of 1982 and 1985 (a nd 1994) were essenti a lly equal. 
(This obsen 'ati on demonstra tes that the water pressure was 
controll ed a t thi s time, not by the' sliding \"Cloc it y, but by the 
remains of R channels which were appa rentl y not com­
pletely obstructed. These rem a ins ofR channels were prob­
abl y loca ted downstream of the study a rea a nd, to some 
extent, beneath the stud y a rea. They controll ed the ri sc in 
water pressure between the open-channel fl ow zone nea r 
the terminus and the study a rea, where the wa ter level was 
typicall y about 55 m below surface in earl y spring.) What 
may, howeve r, have differed in 1982 and 1985 is the deg ree 
of interconnec tion of cav iti es. These considera tions lead us 
to propose the foll owing hypothesis. 

III the late 1970s, R channels were only pa rtiall y ob­
·tructed o\'er winter and to some ex tenL rc-established 
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during the melt seasons a long the coul-ses of the preceding 
year. T n the early stage of the advance, howeyer, pcrhaps in 
the winter of 1979- 80, a maj or change was introduced: th e 
established, a rborescent subglacial cha nnel system, co n­
ducting meltwater from the numerous m oulins and crevasse 
fi elds o f Findelenglctscher to large R channels, was 
des troyed cntirely following a substa nti a l increase in the 
sliding velocity. In the subsequent melt season, numerous 
"indep endent" R channels developed a long new courses. 
This ch a nge in the subglac ia l drainage sys tem is depicted 
schem a ti ca ll y in Figure 7. The sma ll R cha nnels were more 
readil y obstructed during the winter tha n the former la rge 
ones. (Channels with di ameters that are sma ll compa red 
with the scale of bed undul at ions may become obstructed 
as soon as they a rc mO\'ed to the stoss face of the next bed­
rock hump.) This situation was fa\ 'oura ble for the rapid 
de\ 'elopment of an extensive interconnected ca\'ity system 
(Fig. 7c) shortl y after the termination of surf ace melt water 
i npul. This system could now captu re groundwater a t 
numerous locati ons, resu lting in extensive water storage. 
As a consequence, the sliding \'clocity increascd more 
strongl y over winter than in the preceding years. 

Fig. 7 Scheme rif jJresumed changes of subglaeial drainage 
s.-ystem. Circles are mOl/tins, lines are subglacial R channels, 
and shaded areas are zones covered with interconnected cav­
ities. ( a) and ( b) Prior to advance ofglacier ( e) and ( d) 
During ra/Jid advance. ( a) and ( () Early melt seasoll . (b) 
and (d) Late slimmer. Toward the end ql the advance, silua­
tions (a ) and ( b) gradually redeve/0INd. 

In the [oll owing years, not a ll o[ the sma ll R channels 
were re-established , because of the tendency to form m ai n 
a rteri es (Rothli sberger, 1972, equation 11 ). Thus, from yea r 
to yea r the number of indi\'idual R cha nnels dec reased , 
and the form er a rborescent system (Fig. 7a a nd b) gradua ll y 
redeveloped. At the same ti mc, the a rea cO\'ered by i Iller­
connec ted cav iti es decreased, as did the sliding \·elocity. 
This hypothes is prO\'ides an explanati on [or the dec rease in 
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w locity be tween 1982 and 1985 despite the apparel1ll ack of 
any dec rease in mean basal shea r stress, Tb . At first sight it 
may seem surpri sing that the efIcc tive pressure, Po - P\\', 
obsen'ed in early spring, did not increase significantl y 
between 1982 a nd 1985, while the groundwa ter di scha rge 
became m ore concentrated in fewer R channels. Away from 
the terminus, howeve r, Po - PII' varies with Ql/ (-ln ), where Q 
is the (g roundwater) di scha rge through a n R channel and n 
is the now-law exponent (Rothli sberger, 1972, equati on 21). 

In summar y, the conditions in the ea rl y m elt seasons of 
1982 and 1985 seem to ha\'C differed in the following quanti­
ties: number and size of cavities, sliding \ 'eloc ity, a nd Tbi. 

A point that remains to be disc ussed is the slight 
decrease in a utumn \'eloc ities from year to year between 
1980 and 1983 and after 1985. The hypothesis of a dec reas ing 
degree of interconnect ion expla ins the dec rease in annual 
\'clocity maxima but not the decrease in minima. On the co n­
trary, shear stress bring approxim atcly consta nt, onc has to 
assume in addition, lhatmore water remained stored in iso­
lated ca\ 'iti es in the au tumn during the ea rl y 1980s than 
later. This m eans that interconnections were closed off 
before ca\·iti es could dra in. Indeed, downstream intercon­
nenions (which a rc essentiall y small R cha nnels) a re elosed 
off more readily when the sliding \'clocity is high . There is 
some experimental e\· idence for the breakdown o[intercon­
necti ons in autumn: measurements of water pressure car­
ried out in September 1983 indicated different water b 'e1s 
in different boreholes. 

The above hypothes is is based on the ass umpti on th at a 
maj or ch ange occ urred in the subglac ial dra inage system at 
the beginning of the adva nce, presumably as a consequence 
o[ an inc rease in sliding velocity. This raises the question 
what may have caused thi s increase. Thickness changes 
along the centre line between 1977 or 1979 a nd 1985 were 
within the ra nge 0- 3 m, except at the \ 'e ry snout ( lken, 
1995). Along the margins of the funnel-shap ed zone, up­
stream of the stud y a rea, the thickness increase visible in 
the autumn of 1979 may have been sli ghtl y la rger. Whil e 
such thi ckn ess changes arc insignificant in the va lley sec tion 
of the glac ier where the ice is thick, they may h ave caused a 
substa nti a l change in \'cl oc ity in the thin, wide, funn el­
shaped zone upstream of the study a rea. The corresponding 
change in longitudina l st ress gradient may have caused the 
first increase in sliding veloc ity in the va lley section a nd 
thereby have trigge red the hypo thes ised change in the sub­
glacia l dra inage system. No \ 'elocity or stra in-ra te data a rc 
a\'a il abl e from before the autumn of 1979, so the above 
explana tion remains hypo thetical. 

The o nl y a lternati\ 'e explanati on we can think o[ is 
based on the assumption th a t the mea n basal shea r stress, 
Tb , was slightl y la rger in the a utumn of 1981 th an in the 
autum n of 1984, in contras t to the situation in the 1982 and 
1985 melt seasons (Table I). This ass umption is not totall y 
unreasona ble, because the velocities (and h ence surface­
strain ra tes, especially latera l drag) were not very difTcrent 
in the autumns of 1981 a nd 1984, and the glacier geometry 
was about the same in both years. Thus, if, indeed, Tb was 
slightly la rge r in the autumn of 1981 than in the autumn of 
1984, a feedback mechani sm m ay have come into operation 
in the fo ll owing way: the larger basal shear stress caused 
larger (spa ti a l) pressure variations a long the undulating 
ice/bed interface, favo uring ca\'iry formation. The more ex­
tensive the cavity system became, the more water from 
ground water sources co uld gradua ll y be captured and 
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m ade a\'a il able fo r furth er cm' it y g rowt h. In thi s way a m ore 
extensiw cavit), system may ha \'C de\'eloped in the la te 
winter of" 1982 tha n in 1985. This m ore ex tensive cay ity 
sys tem would enable a higher sliding velocit y, des p ite th e 
lack of any difference in basa l water pressure a nd the e \'en 
smaller mean basal shea r stress in th e spring of" 1982. The 
process outlined does, ho\\,e\'er, depend in an ex tremel y sen­
s it i\'C \\'ay on the m ean basa l shear stress ex istin g in th e 
a utumn. 

6. CONCLUSIONS 

The data co llec ted during thi s stud y suggest that cha nges in 
the degree o f" illlercollnerlioll between subglacial cavities 
played a major role in the dyna mics of Findeleng le tseher. 
These changes m od ifi ed the \'Cloeit y- water-pressure rel a­
tionship during the (short ) period o f high \'Cloeity in spring 
as well as between different yea rs. 

Ea rly in the melt season, the degree of"int erconnee ti o n of 
ca\' iti es (not on ly th eir size ) seem ed to \'ary as a regul a r 
('unc ti on of" \I'a te r pressure. This was d emonstrated \~ ' ith o ur 
data in terms of sliding law I, with a constant ex po ne nt d: it 
was ShO\\'ll tha t the parameter C was 1101 constant but yaried 
as a f"unction o f water press ure. The oft en used procedure of" 
fittin g thi s sliding law to experime nta l dat a by choos ing 
suitable constant va lues of"C a nd cl sho uld therefore be ques­
ti oned. So far, the-ore ti cally deri\'Cd sliding laws reler to the 
conditi on of" il1\ 'ari ablv "perfect" inte rconnections; fo r this 
reaso n they cannot desc ribe the actu a l rela ti onship bet ween 
wa ter pressure a nd sliding \·elocity. 

The degree o f intercon nect ion is rela ted to subg lac ia l 
water sto rage. Thi s III ay link resu lts o f th e present stud y with 
t hose obta ined by K a mb a nd others (l99+) a nd .r-. fe ier a nd 
o thers (199+): their im'Cstigations demoll stra ted the 
imporl ance of" subgla cia l \I 'a ter storage fo r the dyn a mics or 
Columbia G lac ie r, Alaska, 

\\'e int erpre t the large anllua l \ 'a ri a ti ons in \I'a te r pres­
su re a nd \Tlocit y of Findelellgletscher as being la rge ly a con­
sequence or cha nges bet\\'e('n a linked-ca\'it y sys tem in 
winter a nd ea rl y summer and an R-cha nnel system in late 
SUll1mer a nd a utumn. Remna nts o r R cha nnels probably 
did , ho\\'e\'Cr, still ex ist in late \I' inte r, a nd apparentl y se t a 
li mit to the over-winter increase in water pressure a nd 
\T loc it)'. 

Another important iss ue is the result that the substa nti a l 
decrease in \ 'C locit y obsen 'C cI be tween 1981, the peak 0(' 

ach-a nce ac ti\'it y, a nd 1985 was accompa ni ed by a sig nifi­
ca nt cha nge in neith er surface geome try nor surrace stra in­
ra te g radi ents. Thi s unexpec ted res ult suggests th a t thi s 
long- term cha nge in \'Cloeit y refl ec ted a cha nge in subg lac ia l 
conditions. Th e ex p la nati on tha t we propose is a cha nge in 
the- type of R-cha nn el sys tem: presuma bl y, a system or m a ny 
sm a ll R channels was established in the summer a rte r the 
\ 'C r y beginning or the ad\·a nce. Subsequentl y, a system o r 
((-wcr a nd la rge r R cha nnels cb'Cloped , step by step. during 
the summers (th e times of maximum meltwater produc­
tion ) of 1981 85. R e m nallls of th e R-channel system \I 'C IT 
presen 'Cd during th e seasons in which the cm' it y sys tem 
dominated the subg lac ia l drainage. The difrerent type o rR­
cha nnel system was the sta rting-po int ror a different 
development or subg lae ia l ca\'iti es a nd interconnec tions 
over the winter. This ta kes us bac k to the important ro le o r 
cavit), interconnec ti o ns. The concept o r "iso lated" \'s " inte r-

connec ted" ca\'iti es, presented by Weertman (196+), may d e­
serve more a ttenti on in ('uture studi es. 
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APPENDIX 

DATA BASE FOR FIGURE 2 

I n Figure 5, velocity va riati ons o f two poles, C2 a nd C3, a re 
shown together with vari ati ons in water le\"els in bo reholes. 
Figure 5a depic ts data from 1985, and Figure 5b d a ta from 
1994. Simila r g raphs for 1980 a nd 1982 a rc included in a 
prior publicatio n (Iken and Bindschad ler, 1986). 

In 1985 m os t boreholes had good connectio ns with the 
subglac ial dra inage system. The differences in water levels 
in different holes (Fig. 5a) are a m easure of the uncerta inty 
in the mean va lue depicted in Fig ure 2. 

In 1994 only two holes, located near poles C3 a nd B4, 
connected with the subglaeia l drainage system for a sufTi­
ciently long time. H ole I, near C3, had a poor connec tion: 
m eltwater fl owing into this hole from the snow cover caused 
a ri se in wa te r level. ' Vater levels recorded in thi s hole were 
co rrected approx i mately by means of pum pi ng tests and 
es timates of the natural meltwa ter di scharge through the 
hole; the corrected level is shown in Figure 5 b. The water 
levels in these two holes differed qu ite a bi t; however, the 
m ajor variations a re simila r. 

In 1985, velociti es of poles were determined by survey 
with theodoli tes a t intervals of a few hours. Dista nces of 
poles from the survey stations were measured with a n elec­
tronic distance meter. The uncerta inti es in the veloc ities 
were, in genera l, within ± Imm h l. 

In 1994 the positions of poles were determined with a 
precise globa l pos itioning system (Leica 200). I nstrumental 
errors of pos itio n, relative to a fixed station, are supposed to 
be within ± 10 mm iffour satelli tes a re in view. In genera l, 
we have calcula ted mean veloc iti es O\'er periods of 0.5 d in 
o rder to keep velocity errors sm a ll. Therefore, var ia ti ons in 
velocity of shorter durati on cannot be noticed. H owever, 
marked vari a tions in water pressure often las ted several 
days. Reactions o f the sliding ve locit y to these pressure vari­
a tions wo uld have been detected if present. 
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