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Water storage and subglacial drainage conditions inferred 
frolll borehole tneasuretnents on Gornergletscher, Valais, 

Switzerland 
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ABSTRACT, M easurements of c ha nge in leng th of a borehole, or displacements of 
po les and of subg lac ial \\'ater press ure were combined with drain age tests and 
electrode tes ts in boreholes, in ex periments near the northern margin of Gornergle t
sc h er, Valai s, Switzerland, at th e upstream sid e of an overdeepe ning. The 
measurements sugges t that the subg lacia l drain age sys tem cons is ted of discrete 
co nduits at that locat ion, pres um a bly linked ca \'iti es on " e1ean" bedroc k, Changes in 
subglacial water pressure were followed by \'a ri a tions in subglacial water storage , 
toge th er with simil a r variations in el eva tion of a pole, The variati o ns in subglacia l 
wa ter storage ca used cha nges in cross-sec tions of su bglaci a l passagewa ys and th ereby 
cha nged the frequ e ncies of slug-test oscilla tions. Similar ex periments cond ucted near 
th e center line of th e g lac ier re\'t'a led different subglacia l conditions: impeded drainage 
through a sediment layer, and dilTerent depths of water levels in diflc re nt boreholes . 
These results are di sc ussed in rela tion to pre\'ious studies. 
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Comp ress ibiliti es o f roc k and \yate r, respecti\'eiy 
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INTRODUCTION 

Gornerg letseher, Valais, Swi tzerland, is on e of th e la rges t 
glac ie rs in th e Alps. It ex tends from an a l titud e of 4jOO m 
to 2150 m , th e present position of the terminus. Below th e 
confl uence of its t\l'O la rges t tributa ri es, Grenzgletscher 
and Gorn ergletsc her, th e g lacier nows through an 
overdeepe ning detected b y A. Si.isstrunk with seismic
renec lion methods in 1950 . (The bed con tour lines are 
reproduced by Bearth ( 1953 ) .) Th e present stud y was 
carri ed ou t on the upstream pa rt of this oyerd eepening 
(Fig. I ), in th e ab la tion a rea of th e glacie r. 

A number of inves tigations ha\-c been carri ed out on 
Gornergletscher, of which se\'e ral ha\'e bee n relatedlO th e 
su b-su rface drainage eond i tions, [or ins ta nce: 

T es ts on Rothlisberger 's (1972 ) th eory of steady 

a 

h 

234 

channel Oow. 

T es ts on unsteady 00\\' inc luding a natural experi
ment: a n outburst of the Gorner lake (R o thli sberger , 
1980; H . R o thlisberge r, unpublished data , 1979) . 

Record s of electrical cond uc tivity of th e ou t le t stream 
(Collins, 1979) . 

Seasona l d eve lopmet1l of subglac ia l dra in age and 
delivery of suspend ed sedim ent (Collins, 1989 ) . 

Seasonal \ 'a ri a tions of velocity (G . R . Elli ston, 
unpubli shed data; H. R o thli sberge r and othe rs, 
unpubli shed data, 1974) . 

Diurn a l varia tions of ve loci ty (T ken, 1978 ) . 

:\leasu remen ts of " 'a ter levels in boreholes a nd a pilot 
stud y on wa ter storage desc ri bed belo,,' (R othlisberger 
and oth e rs, 1979; H. R Olhli sberge r a nd others , 
unpubli shed da ta, 1979) . 

Dye tracing (Asclmanden a nd Leibundg ul, 1982 ). 

On th e whole, the res ults o f th ese studi es sugges t, or are 
com patible with , the notion of dra inage through a fe'" 
la rge (, 'R o thlisbergcr" ) channels, in contrast to neigh
boring Find ele ngletscher wh ere drainage is beli eved to 

ha\'e taken pl ace through numerous passageways or 
linked ca\· ities. The difference shows up in : 

Loca l differe nces of subg lacia l ",a ter pressure a t 

o 0.5 lkm 

Fig . J. ( a) ,\lap of StUdJI area 011 G'ornergletscher. Hem)), 
contours: swjace elevation il1 1988. Th ill contouTS: bed 
elellalioll ( ajia Siisstmllk ( Bearth, 1953) . In the study 
area, the bed is slight0' dee/ler tliall is illdicated b)' the bed 
contollrs.) COlltour interval 100 m. Crosses illdicale 
locatiolls oJ poLes P ,-P.I , surveyed in 1979. The localiolls 
of the magnetic ring ( Ai ) of hole J at site A , and oJ two 
hoLes at sile B are also shown. ( b) Elllarged section oJ (a) 
l.f'itlz bed con tOll I' Lines , obtained b)' mdio-echo sounding; 
cOlltollr interval 10 m. The Locations of borelzoles 1- 7, 
drilled ill 1992, are aLso shown . The arrow indicates the 
direction oJ movement oJ the pole ( Ai) at the sll1jace. 
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G orn ergletse he r , wh ereas simila r pressures we re 
obse rved at diffe rent locations on Find elengletscher. 

Smaller diurn a l vari a ti ons o f velocit y a t Gorn er
g le tsc her tha n a t Findelengletscher. 

Large phase shirts bet\l'een va ri a tions o f "subglacial " 
a nd " englac ia l" now a t Gorn ergletscher, but no phase 
shifts a t Find eleng letscher (Collins, 1979) ("englacia l" 
m eans here " in large cha nnels"; th e c ha nnels may w ell 
be located a t th e bed ) . 

In 1979, survey ing of poles indica ted th a t th e \'e rtical 
(upwa rd ) \'e locit y inc reased substa nti a lly during a peri od 
of stro ng melt , simil a r to the " uplift" obsen 'ed a t 
U n teraargletscher (Iken a nd others, 198 3). A pilot stud ), 
o f su bglacial \\" a ter sto rage, ini ti a ted by H . R bthli sberge r , 
sugges ted th a t th e in crease o f \ 'erti ca l \'e loc it y o f 
G o rn ergletscher was a pproxim a tely eq ua l to the ra te o f 
su bg lacia l \I 'a ter storage (here a nd in th e following, 
"subg lac ial wa ter sto rage" denotes th e \ 'o lume stored per 
unit a rea of the bed ). HO\I'e \'er, ce rta in problems were 
encountered in th e experim ental procedure. Th erefo re, 
a noth er a ttempt to d etermine subg lacial wa ter sto rage 
was m ade in th e present stud y, toge th er \\'ith o th er 
bo rehole im'es ti ga ti o ns of subglac ia l condi ti ons: elec trod e 
tes ts a nd slug tes ts , These ex periments a re desc ribed 
bel ow, 

MEASUREMENTS OF LARGE-SCALE WATER 
STORAGE AT THE BED 

In 1979 a pilot stud y on subglacial water storage was 
ca rri ed out on Go rn ergle tscher during a drilling ope ra 
ti o n , led by H , R b thlisberge r, Foll o wing hi s sugges tio n , 
R . Bindschadl er a nd one of th e present a uthors ca rri ed 
o ut th e following experim ent. 

A heatable (iron ) wire was a nchored at th e botto m of 
a bo reho le \\'hi ch nea rl y ex tended to th e g lacier bed . Th e 
di s ta nce of the upper end of th e wire from a reference 
ma rk o n a pole. frozen into th e ice, \\'as measured while 
th e wire was exposed to a ce rta in , cons ta nt tension, Before 
a reading was ta ke n the wire was h eated elec tri call y 
beca use it li'oze to the borehole wall between measure
me nts. The positi on o f the reference m a rk was sun'eyed 
with a prec ise th eodolite, Figure 2 shows the \'erti ca l 

[mm] vertical movement 
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300 
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150 

Ike71 alld others: Borehole measurements 0 11 CornergLetseher 

di splace m e n t of three po les P I, P2 and P :\; P 2 is the po le 
with th e re ference ma rk . Th e locati on o f th ese poles is 
shown in Fig ure I. 

Betwee n 29 l\fay a nd 4 June 1979, a period \I'hen 
mu ch sn o w m elted , both ho ri zontal a nd \ 'e rri ca l \'elociti es 
of th e po les increased, During these six d ays. pole P2 

mOl'ed upvva rd by 200111111 (Fig, 2), Th e o th er two poles 
ex peri enced Cl similar but less marked uplift. O\'e r the 
sa me peri od th e upper e nd of the \I'ire m O\'ed dowl1\\'a rd 
rela ti\'e to the reference m a rk, The di s ta nce \I'hich th e 
end o f th e wire mo\'ed co rrespond ed to a thickn ess 
increase (ve rti ca l exte nsio n) of the glac ier by abo ut 
100m111. (Th e- contributi o n due to a n increase in 
CUITa ture a nd tilt of th e hole was neglig ible.) Th e 
remaind e r o f the upwa rd di splacement o f th e pole is th e 
sum o f subg lacial w a te r storage a nd th e \'erri ea l 
component o f th e sliding 1110tion , th e la tt er ass umed to 
be small. Di scounting th e \ 'e rti ca l co 111 po nen t of th e 
sliding m o tio n, the e-qui\'a le l1l of a 100 mm thi ck wa ter 
laye- r seem s to ha\'e been stored benea th the glac ier. 
Howeve r , a problem was e ncountered wh e n the wire was 
melted free : if heated for too long, it melted deeper into 
the \\'a ll or th e hole a nd th ereby straig htened, Conse
q uen tI y, it s upper end co uld be pulled up a bi t more , 
H ea ting w as therefore kept to a minimum , but thi s 
problem sh eds some doubt o n the res ult. 

Th e expe rim ent w as repeated with a different 
techniqu e in 1992. A m ag neti c ring was a nc hored 10 m 
a bOl'C th e bed in a bo re ho le , The di sta nce between th e 
ring a nd a refe rence m a rk o n a pole a t th e surface was 
measured with a magne ti c probe 0 11 a ca libra ted cable. A 
li ght a nd so und are trigge red a t th e elec troni c device o n 
th e surface wh en th e pro be passes th e ring. Thi s 
equipm e nt is commercia ll y a \'a il a bl e, R e pea ted readings 
indi ca te to le ra nces o f 0 ,5- 1. 0 mm. Th e c umul a ti\'e 
cha nge in cl istall ce betwee n magneti c ri ng a nd reference 
ma rk , t::.l* , is plotted in Fig ure 3b as a fun c tion of tim e. 

Th e a ng ul a r displ ace m e nts of the refe re nce ma rk were 
su l'I'eyed a t leas t da i I y wi th a theodol i te, m o ull ted on a 
short , insul a tedlUbe \I'hi c h was cemented into rock a t th e 
north ern m a rgin , Ang ul a r di splacements we re cOl1\'e rred 
into eleva tio n cha nges a nd hori zo llt a l di splacements, 
based o n a few additi o na l meas ure m e nts with a n 
elect ro ni c di s ta nce mete r , Cumulative ch a nge in elel'a
li on \I'ith tim e is plotted in Fig ure 3a , Sta nd a rd cle\'ia ti ons 
of repea ted readin gs w e re in ge nera l equi\ 'a lent to 

100 horizontal velocity [mm h - 1J 

5~ ~===.'::::':4 .. ~~---i~l l 
20,5. 22 , 24. ' 26 ' 28, 30, 1.6, 2 , 4, 6, ' '8, 6, 7~ 

Fig . 2. ['ertieaL disjJlacement and ltorizontall'eloci[y oJ jJoLes PI PJ ill 197.9 , Error bars refer to re/Ho led readings . 
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Fig. 3. Varialions ill vertical displacement at the surface, 
sllbg/acial water storage and related quantities at site A, 
1992. (a) CumuLative verl ical displacement oj /Jole M , 
Llzs . (b) Cumulative change ill length of the borehole, 
betweeen a magnetic ring and pole M . T he magnetic ring 
was anchored 10 m above Ihe bed. (c) Inferred verlicaL 
component oj sliding motioll , assuming a bed slope oj -r 
( downhiLL) In sliding direction (Ap/JeluLi A) . ( d) 
Injerred change in sllbglaciaL water storage, Lls. (e) 
Va riations ill water leveL in two bore/zoles . Hole 3 was 
Located velY close to poLe NI ( Fig. 1 b). 

± I mm or less; an enla rged graph showing the tolerances 
is prese n ted in Appendix A. H orizonta l velocity is shown 
in Figure 4. 

The verti cal d isplacem en t, ~zs, of the reference ma rk 
on the surface, during time ~t, consists of th e change in 
thickn ess of th e glacie r by stra in , !:ld, the ve rtical 
componen t of the sliding motion (as it wo uld occ ur 
without wa ter storage ), !:l zb , and of subglacial wate l-

236 

4 r-------------------------------------~_, 

16 . 18 . 20. 2 2 . 24 . 26. 28 . 30. May 

Fig. 4. Horizontal component ojvelocity ofpole M . Dotted 
lines indicate toLerances, calculated from repeated readlllgs 
when available. 

storage, ~s : 

(1) 

~d can be eq ua ted with th e change in leng th of the 
bo rehole. !:ll* (Fig. 3b), because curvat ure a nd tilt of the 
hole rema ined negli gib le durin g th e 2.5 weeks of 
measuremen ts. !:lzb is give n by 

(2) 

where lid is th e deform a tiona l contribution to lis, the 
hori zo nta l velocity at th e surface, ~t is a time interval 
between measuremen ts a nd tan f3 is the slope of the bed in 
sliding direc tion (a mean \ 'alue O\'e r a di sta nce large 
enough to influence the direc tion of movem ent a t the 
height of th e m agneti c ring ) . 

Changes in bed eleva ti on a long the sliding pa th , ~Zb, 

have been inferred from Equ a ti on (2) , with lid = 
0.44 mm h I a nd f3 = _7°; the choice of the numeri ca l 
va lu es o f U d a nd f3 is di sc ussed in App endi x A. 
Cumula ti ve changes of !:lzb a re shown in Figure 3c. 
Fin all y, cha nges in subglacia l wa ter storage have been 
inferred from Equa ti on ( I); they a re plotted in Figure 3d. 

The va ri a ti ons in wa ter storage a re simila r to those in 
ele\'ation of th e reference pole (Fig. 3a). M oreover, they 
a re related lo the va ri a ti ons in subglacial wa te r pressure, 
depicted in Fig ure 3e as va ri a tions in depth of wa ter levels 
in boreholes. During a period of cold weather and 
snowfa lls, 20-23 ~ray, lh e wa ter le\'els dropped by some 
40 m. \\'ith a d elay of about I d , wa ter storage was also 
diminished ; th e release from sto rage was equivalent to a 
laye r of 25- 30 mm thickness. The wa ter pressure rose 
again fro m 23 to 27 May; sto rage increased from 24 to 29 
M ay. This d em onstra tes tha t th e type of sub g lac ia l water 
storage considered here is slower than storage in boreholes 
or moulins. Th e small diurn a l cycle of water storage, 
noti ceable on 30 and 31 M ay, is within tolera nces, bu t 
may well be real. 

In summa ry: In the period of obsen 'at ions the changes 
in subglacia l water sto rage a m ounted to abo ut 25 mm; 
they were th e m ain cause of simila r \'a ri a ti ons in eleva tion 
of the reference pole. Subglacia l water storage or release 
was a slow process, dri ve n b y variat ions in subglacial 
wa ter pressure but responding with a time lag. 

Com pa ri son of the presen t resul ts wi th ea rl ier fjndi ngs 
on uplift ra ises two ques tions. 'vVh y was the recorded 
varia ti on in water sto ra g e mu ch sma ll er in 1992 
(;::::2S mm ) than in 1979 (~ 100mm ) ? And h ow can the 
differences in ti me lag be understood? Th e present 
inves tiga ti on d emonstra tes a close co rrespond ence of 
variations in wa ler pressure a nd storage, with time lags 
of onl y abo ut I d . In con tras t, th e uplift observed in 1979 
was not (o llowed by a compa ra ble release wi thin the nex t 
two or three d ays (thereafter measurements were dis
continued ) . Similarl y, th e upli ft of U nteraargletscher, 
interpreted as wa ter storage (lken and others, 1983 ), was 
to a la rge ex tent prese rved till a utumn , except for very 
high ra les of upward \'e!oci ty which were fo llowed by 
phases of d ownwa rd \'elocity within a few d ays. 

The likely answer to th e first of these ques tions follows 
from th e r educed dyna mics of Gornergle tsc her: this 
glacier has thinn ed conside ra b ly since 1979 (a bout 30 m 
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111 the investigated area) , a nd the veloci ty m easured in 
spring 1992 was onl y a bo ut 50% of that in 1979 . T he 
la rge-scale variations in wa ter storage encountered here 
are mos t likely \·aria tio ns in the size of su bglacia l ca\·ities 
created b y the sliding m o tion . This expla na tion is, of 
course, n o t unequi vocal, in \·iew of th e exp erimental 
problem m entioned a bove. M oreover , the p ossibility of 
uphill sli d ing a t P2 but not at M ca nno t be completely 
dismissed . (If, howe\Tr , a substanti a l uphill slope were 
presen t at P 2 , short- term va ria tions in horizontal velocity 
wo uld cause noticea ble vari a ti ons in th e rate of H rtical 
displace m e n t; thi s is not the case. ) 

Differences in time lag or dura ti o n of storage are 
proba bly a consequence of different dra in age conditions 
of the storage spaces . In area A the drainage system was 
very effi c ien t , fj' ictiona l losses along su bg lac ial d rainage 
courses being qui te sm a ll (see below) . I n con tras t, 
drain age fr om boreh o les in a rea B w as imped ed . 
Dillicul ti es had also been encountered near P3 (in 1979 ) 
in at temp ting to drill holes which becam e conn ected with 
the su bglacia l d rainage sys tem . 

ELECTRODE TESTS 

T wo typ es of elec trode tests were carri ed o u t. I n the first 
type of tests, one elec trod e is brough t into contac t with 
roc k at the g lac ier margin , a nd the other is lowered into 
the boreho le while th e current is measured. Thi s method 
has bee n d esc ribed in d etail by H ae be rli a nd Fisc h 
( 1984) . T he circu it is ske tch ed in the inse t o f Figure 5. In 
our exp erim ent, th e vol tage so urce was a 300 V d ry 
ba t te ry. 

At site A th e current rema ined low un til the second 

A 

10 15 20 
c urrent [mAl 

Fig. 5. Eleclrode test ill a borehole al sile A : currenl as a 
junction oj deplh . II ·hen Ihe borelzoLe eleclrode ajJProached 
the bed, the currenl increased by all order qf magnilude. 
T he inserl is a sketch oJ l/ie circuil . 

elec trod e nea rl y to uch cd th e bed. With in th e las t meter, 
the cu rre n t increased by a n order of magni tu d e (Fig. 5) . 
At site B the current sta rted to increase well a bove th e 
bed , but th e increase of current at the bed was rela tively 
less ma rked (Fig. 6) . Th e records shown in Fi g ures 5 and 
6 arc representa ti\·e for a ll holes at sites A a nd B, 
respec tively. 

'vVe a ttr ibute the difference in cha nge o f current nea r 
th e bed a t sites A a nd B to a difference in d ebri s con tent of 

l ken and olhers: BorehoLe measuremenls on GomergLelscher 

depth [m) 
1',,,.,...,.--,-
l iB 

\ 
\ 
\ 

100 \ 
\ 
\ 
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I 
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200 i 
\ 
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I 
300- i --

3 20 / 
I 

340 - I 
360 J

1

' 

380 

400 \ '-- mr-
420 LLLLlTJ 

o 0.2 0.4 [mAl 
current-

Fig. 6. Elec/rode lesl in a borehole al sile B. W hen Ihe 
borellOle elect rode ajJjJroached the bed, the increase ill 
current was 111 11 ch more graduaL Ihan al sife A . JVote Ihe 
change il7 scale 011 the verllcal axis. Scales differfro7l1 Ihose 
ill Figure 5 . 

the basa l ice . This pres umption agrees with th e drill ing 
experi ence . \ Vhe n th e drill stem was recO\·ered fro m holes 
a t site A, it showed no scra tches, but a t site B it became 
scratched a nd ground . M oreover , a t cer tain d epths the 
drilling speecl was reduced , presuma bl y when th e dri ll 
passed debr is-co nta ining ice laye rs. Wh en th e drill 
reached its fin a l d epth in h oles a t site B, th e holes 
drained \'e ry slow ly. We susp ec t th a t th e drill pen e trated 
a debris laye r , one or a few d ec imeters thi ck, before it 
reached bedroc k. In contras t, ho les a t site A dra in ed ve ry 
qui ckl y, presum a bly throug h a linked-cavity sys tem on 
"clean" bedrock. The a bru p t cha nge in current here 
indica tes a sha rp boundary a t the bed. 

There is o ne problem with thi s interpre ta ti o n. I n 
general, one wo uld expec t a cl e bris laye r a t the bed of a 
sliding glac ier to be a better e lec tri ca l conduc to r tha n 
" clean" bed rock (site A). beca use of rela ti vely m o bile ions 
contained in the wa ter-sa tura ted d ebri s. This ex p ec ta ti on 
is not born e o ut by th e meas ured currents (Fi gs 5 a nd 6). 
The reason m ay be tha t ions b ecame washed o ut o f the 
sedim ent layers by the clean wa ter gushing fro m th e drill ; 
th e elec trod e tes ts were ca rri ed o ut immedi a te ly a fter 
d ri 11 i ng. 

The second type of elec trod e tes ts were measu remen ts 
of elec trical cond ucti vity of th e wa ter at the bo tto m of 
boreholes. This exp eriment was perfo rmed a t site A only. 
1kHz \·oltage so urces were conn ec ted with simp le two
conducto r elect rode pairs (p la tinum ), which h ad been 
ca lib rated in sal t solutions o f different concentra tio ns a t 
ooe. These elec trod e pairs we re insta lled a t th e bo tto ms of 
boreholes 5- 7 (Fi g. Ib). At 15 15 h on 18 M ay a solution 
conta ining 4 kg o f sodium ch lo rid e was pumped th ro ugh 
the dri ll hose to the bottom of h o le 3. (This a nd th e oth er 
holes a t site A had dra ined immedia tely a fter dri ll ing; 
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d ura bl e connec ti ons had been es ta blished ,,·ith the 
ubglacia l dra inage sys tem.) After one hour, 0 .4 m 3 of 

clea n wa ter was pumped into hole 3. As soon as th e sa lt 
so l u tion had been injec ted , th e elec tr ical conductivi ty was 
measured in holes 5- 7. ~o noticeable quantity of surface 
meltwa ter was flowin g in to th e holes. R eadings were 
ta ken continuously [or 4 h a nd sporadi ca ll y th ereafter, 
but no sign of a n a rri,·al of th e sa lt solution at one of th e 
holes was recorded. A possible expl a nation is tha t th e sa lt 
solu tion was routed th ro ugh discrete subglacial dra inage 
courses which did not pass a long a ny o[ the boreholes . 
This ex pl ana tion agrees with a concl usion draw n fro m the 
first type of tes ts. 

Th e elec tri cal conducti,·ity measured in holes flu ctu 
a ted in an irregula r way between 35 and 80 JiS cm I. 

During the experiment the wa ter pressure was rising, 
whi ch ensures tha t th e measured conductivity refers to 
undiluted subglacia l wa ter. In cidentally, Collins (19 79) 
es tima ted the elec tri ca l cond uc ti vity of "s ubg lac ia l 
wa ter" of Gornergletscher as 44 pS cm I. Based on this 
va lu e (which fa lls into th e aboyc ra nge ), C o llins 
d etermined the contributions of "englacial" and "su b
glacia l" fl ow to th e total di scharge of the outlet stream of 
Gornergletscher . 

SLUG TESTS 

Slug tests a re a sta nd a rd techniqu e in hydrogeology, 
a pplied in the investiga ti on of dra in age conditions. In 
th ese tes ts the na tura l height of the wa ter le, ·el in a 
borehole is perturbed. In the prese nt sLUd y this was 
ca rri ed out in two ways . Eith er a cylinder was submerged 
in the wa ter or the borehole a nd , a fter readjustmen t of the 
wa ter level, pulled up quickl y, or a wa ter contain er vvas 
emptied into th e hole. Es pecia ll y in this la tter, crude 
experiment, not onl y is a water qu a n tity added , but a lso a 
strong impulse is tra nsfe rred to th e water column in the 
borehole. The subsequent oscill a ti o n a nd readjustm ent of 
th e wa ter le, ·el were observed by fo llowing the mo tion of 
th e level with a floa t-switch, suspended from a cable. 
(l\!Io re precise and continuous d ata could have been 
o bta i ned wi th a sui ta bl e press u re transdu ce r , no t 
ava ilab le a t th a t tim e.) 

Obs ervations near the glacie r Inargin, s ite A 

H ere the slug tests induced a n oscilla ti on of th e wa ter 
level las ting severa l minutes. During some of th e tes ts th e 
na tura l height or the wa ter leve l cha nged gradually or in 
an irreg ul a r \,·ay , superimposed on the osc ill a ti on (Fig. 7) . 
T he peri od of oscilla tion was in th e ra nge of 30--45 s. Th e 
period decreased somewhat with ti me, i.e. the frequ ency 
increased (Fig . 8) . The loga rithmic decrement ,\ was not 
constant bu t tend ed to decrease with time. ,\ is defi ned as : 

,\ = In a(t) 
a(t + T) 

(3) 

where a(t) and a(t + T ) are two success ive amplitudes of 
osc ill a tions, a t timet and t + T . T is th e period. 

T es ts ca rried out by lifting the subm erged cylinder 
had no effec t in neigh boring boreholes . In contras t, when 
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ImJ depth 

27.5 \ 

27.6 \ 

27.7 

27.8 

27.9 

28 .0 ____ ~--~~--~~~~--~~~~--~~ 
50 100 150 200 250 300 t [sec] 

Fig . 7. Slug lesl in a borehole al site A; shown is the deplh 
qf water level vs time . The slug al lime 0 inducrd an 
oscillation. Superimposed was a gradual change in lite 
nalllral, unjJerturbed dejJth oJ water Level, indicated by Ihe 
line labeLed ha(t) ( 19 M ay 1992, 2035h). 

depth 
[m] 
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.20 
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.60 
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r\ 
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I \,,/\'-.J~ 
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Fig. 8. SLug lest al site A 011 23 )vl ay 1992, IIOOIz. A 
slight decrease in the period I!f lite oscillation is noliceable. 

a cas k with 100 I o[ wate r was emptied into one borehole, 
a slig ht oscilla tion of different frequ ency was induced in 
the nea res t boreholes to it, 17 m distant, but not in a hole 
at 23 m distance. Afte r the initial impac t, the oscilla ti o ns 
in th e two holes appeared to be independent of eae h 
other. 

The observa ti ons a r e summ ari zed in T a ble I, toge th er 
with som e numeri ca l results. 

Obs ervations near the center line, site B 

fn thi s a rea the drainage conditions were quite different. 
T he fi rst two holes, drilled at a distance of 8 m fro m eac h 
other, d ra ined very slowly and th e level did not quite 
reac h th e depth correspond ing here to o\·erburd en 
pressure. A third hole was elt·ill ed some 40 m northeas t 
of the first two holes, fu r th er away from the center of th e 
o\'e rdeep ening. An a tt empt was m a d e to improve 
dra in age conditions in thi s hole by enla rging its bo ttom 
part to a di ameter of a pproxima tely 0. 5 m (es tima te based 
on additi ona l input o f ho t water). H ere the water level 
dropped to a depth well below tha t corresponding to 
o,·e rburden pressure, bu t no t nea rl y as d eep as had bee n 
meas ured in a moulin a t the medial mora ine inJul y 1974. 

I n the enlarged h ole a few tests were carried out by 
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po urin g in 3 1 I o f wa leI' . An example is show n in F ig ure 9 . 

A firs l pa r t o f th e wa tcr in p ut a rri" cd at high " c loc it), a t 

th c water le"el a nd induced a sli g ht down ward di splace
m ent of th e la tte r. The ma in p a rt o f wa ter input pil ed up 

in th e ho le; subsequ entl v th e surplus in wa te r d rained 

g ra du a ll y . 
Before a n a lyz ing th ese o bserva ti ons, we will foc us on 

typical fea tures o f dirreren t ty p es o f osc ill a ting systems, as 

th ey sho\\' up in simple mod els. 

depth [m] 

54.4 

54.6 

54.8 

55.0 
~. ------------

0 20 40 60 80 100 120 140 160 
time [s] 

Fig . 9. De/Jlh 0/ waler Ifl'el during a crude slllg lesl ill Ihe 
mosl /JeI"vious borehole al sile B,' a buckel d 31 I oj [I'aler 
[('(IS emplied inlo the hole. The brokeJI line indi(a les Ihe 
gradllal, nalural rise 0/ [('([Ier leNI durillg Ihe n/Jerill7elll 
(25 J lllle 1993, I035h) . 

MODELS OF OSCILLATING FLOW 

V a ri o us model s will be co nsid e red w hi ch represe nt a 

" a ri e t)' of poss ible subglac ia l co nditi o ns in a n idea li zed 

\\·ay. Wc sta rt \\ 'ith a Illod el o f a sing le subg lac ia l c ha nn el 
a nd subseque ntl y genera li ze thi s situ a ti on. Sw ne a nd 

Cla rke ( 1993 ) ha " e ta ken a diffe rent approach ; th ey 
develop a th eo re ti ca l fra me\\'o l,k fo r th e ge ne ra l case of 
rad ia l no\\,. 

A \'c ry simple osc ill a tin g sys te m is sketched in Fig ure 
l Oa. It cons is ts o f th e water co lumn in the bo re ho le a nd a 

subg lac ia l c ha nne l which connec ts th e bo re ho le \\'ith a 

\ 'c ry la rge rcsc l'\ ·o ir. This rese n 'oir illustra tes th e condi
ti o n 0 (' (ollJlanl /Jlessllre a t loca ti o n C (Fig . lOa ) , a t th e cnd 

of th e subg lac ia l c ha nn el. Alte rna ti" ely, th e co nditio n of 
co nsta nt p ress ure co uld be rea li zed Iw conn ec tin g th e 

osc ill a ting sys le m with a subg lac ia l strea m o f la rge 

disc ha rge. 
T he equa ti o n o f' osc ill a ti o n w ill be deri\ 'ed fro m a 

ba la nce off'o rees ac ting on a n e le m e nt o f'unit cross-sec ti on 

a nd infini tes im a l leng th . eis, a li g ned in now direc ti on: 

[Jp du 
- [Js els + pgsin O'els + Pdt cls = 0 (4) 

whe re p is p ressure (press ures, i. e . com pressi\'e s t resses, a rc 

r ec ko ned n ega ti" e ) , p is th e d ens it y o f wa te r , 9 
( = +9 .8 Im s 2) is th e (a bso lute va lu c of) g rav ity, Cl' is 

th e a ng le be tween lhe ho ri zonta l a nd cls (0' is nega ti \'C 

a 

c 

l ken alld olhers: B orehole measuremenls 011 Comerglelsclzer 

b 

Fig. 10. (a ) Silll/Jlijied oJcilialillg S)'stem . Olllhe lejthand 
side , Ihe lower pari ofa borehole is shown; il isftlled willt 
waler 11/) 10 /!oilll If . The /lalllral, un/Jerlurbed heighl of 
waler lel'et is ho. III Ihe simple {'(lse, Sh011'1I here, the 
borelzole draills al Ihe bed, al B . illlo one lube oJ radius r 
cUlllleeled l('ilh a 100ge reservoir. s)'lIIboli;:.illg Ihe condilion 
of l'OlIJlall1 /mSSllre 01 C. (b) ."f special rase oJ branching 
of Ihe Jubglacial (Olldllil BC: re/lea led brallching al 
rli.)lrIllCfJ i11 ((ollslalll ) . All brallche.) are Ihoughl 10 have 
Ihe Jame u/{lill.1 7'. (c) PholograjJh oj former . 1I0W e.ljJosed. 
glarier bed 01 lIorlhel'll ilia/gill . Ileal' .• , . 

he re beca use cl s is directed d O\\'Il wa rd ) . a nd 11 ( = els/elt ) 
is th e , '(' Ioe ity o f' th e c1 cmcnt. 

Th e first term o f Eq ua li on (4) re prese n ts th e ne t fo rce 
res ulting from lhe diITcrence in p ressure act ing o n th e 

fro n t a nd rea r sur face of th e co n sid e red clement. Th e 

second te rm is th e compo nent o rth e 'vve ig ht orlhe e le m e nt 
in direc ti on els . Th e third te rm rep resents th e cha nge in 

m o m e ntum . [f th e <,C]u a ti on is ex p ressed in lerm s o f a 

coo rdin a te S\'stcm ji led ill s/)ace (o r in terms o f fi xed 

re fe re n ce points), th e third term is re pl aced acco rdin g to 
Equ atio n (4a ) : 

d'U (au [J'U ) 
fJ dt' els = p at els + us 'Uds . ( 4a) 

integra ti on or Equ a li o n (4) with res p ec t to s yields a n 

equ a ti o n o rig ina ll y d e ri \'(:'d by D. Be rn o ulli ( 1700 82 ) 
a n d trea ted exp li citl y in tex tbooks o f (luid d yna mi cs (e .g . 

HUlle r , 199 1) . W e s ta rt with a n integratio n between th e 

limits s = 0, a t A, a nd s = hI + ho, a t B , wh ere A a nd B 
a rc Ji'red ill space (F ig . lOa ): 

239 https://doi.org/10.3189/S0022143000004093 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004093


J ournal oJ Glaci%g)' 

8u(A ) 
- p(B ) + p(A ) - pg(hJ + ho) + p(hl + hO) -at 

p { 2 2} + 2 [u( B )] -[·u(A )] = 0 (5) 

wh ere ho is th e unperturbed h eight of the wate r co lumn in 
th e borehole, hJ is the devia tio n from th e unperturbed 
height (pos itive upward), u(A ) is th e Oow yelocity in the 
borehole (pos iti ve downward ) , and u(B ) is th e 0011' 
veloeity in th e subglacia l conduit, rela ted to u(A) by 
continuity: 

l' 2 
u(B) = u(A ) ---%- . 

l' 
(6) 

These veloci ties may also be expressed in terms of hI, the 
time deri va tive of hI : 

. 1'02 

u(B ) = - hJ - 2 . 
l' 

(6a) 

Integra ti on of Equa ti on (4) b e tween the limits B and C 
results in : 

EJu( B) p { 2 ? } -plC) + p(B ) + plEit + 2 [u(C) ] -[u(B )] - = O. 

(7) 

So far, no a llowance has been m ade for fri c tion a long the 
walls of the duc ts. In the smooth borehole, some 10 cm in 
diameter, fri ction is negli gibl e. In the subglacia l conduit, 
howe\'er , fri c ti on is to be accoun ted for by addi ng a term 
(sgn lil)I ~PFI to Equati on (7) . The dependen cy of l ~PFI 
on va ri ous p a rameters and o n th e type of flo w will be 
discussed below. Introducing (sgn lil) I ~PFI into Equa
ti on (7) and observing tha t u( C) = 0, we ge t: 

8u(B ) p 2 . 
-p(C)+p(B )+pl-;;) - - - [u (B )] - (sgn hd l ~PFI = O. 

ut 2 
(7a) 

Adding Equa tions (5) and (7a ) and ex pressing u(A ) and 
u(B ) in terms of hI (by Equation (6a)) yields 

p(A)-p(C) - pg(hJ + ha) - P 88~1 (hL + ha + l 1':22 ) 

p . 2 . 
- 2hl - (sgnh L)I ~PFI= O . (8) 

Th e leng th l of the subg lacia l co nduit a ppea rs in 
Equa tion (8) with a weighting factor 1'02jT2 , the ra ti o of 
the cross-sec tions of the bo reh ole and of the su bglacial 
channel. This is a consequen ce of the continuity condition 
(Eq ua ti on (6)) . By an ana logou s a rgument, each sec tion 
dx of a subglacia l oscill a ting system of variable cross
section A (x) is weighted with a facto r 7r1'02 / A (x) , and 
hence the to ta l weighted leng th of the subglac ia l sys tem is 

( 1 7rT0 2 

L = la A (x) dx . (9) 

Equa tion (8) may thus b e generali zed b y replacing 
l1'02/1'2 with L. In additio n , we insert p(A ) = 0 and 
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p(C) = - pgho. (Atm osph eri c press ure need n o t be 
accoun ted for, because it has access to the subglacia l 
dra i nage sys tem a t the terminus a nd elsewhere. ) The 
equa tion may be linea rized by neglec ting h L in the 
expression for th e rota l leng th of th e os~il~ating sys tem 
a nd by neglec ting th e small term (p/ 2) / h1- . \Vi th these 
a ltera ti ons and a fte r division by p(ho + L ) we fin a ll y 
o bta in 

(8a) 

This equa ti on is linea r if 6.PF is lin ear in li 1, i.e. in case of 
lamina! 0011'; in thi s case, there is a so lution 

where 

m= p(ho+ L ), 

X = lL1pr/h l l, and 

D= pg . 

The frequency 

(10) 

(11) 

d ecreases with increasing fri c ti on , a nd oscill a tions a re 
suppressed if 

( X)2 D - > - . 
2m - m 

In th e case of lamina r Oow con sid ered here, W does not 
ch a nge with time, in contrast to oscilla tions in 1.1I1;bulenl 
fl ow where the fric ti onal term is proporti onal to hI - . 

In th at case, the frequency increases with time and 
eventu all y approac hes the und a mped frequency, as can 
b e expec ted if one wri tes the fri c ti on a l term of turbulent 
fl ow as 

H e re the absolute va lue of the brac ket on the rig hthand 
sid e dec reases with time. 

The frequency o f' the undamped oscilla tion, Wo, fo llows 
fro m Equa tion ( I I ) wi th X = 0: 

(D~ 
Wo = V ~ = V h;+L = 

9 
1 7r1'02 

ha + f a A(l') dx 

(11a) 

Equ a ti on ( I l a ) will now be used to ca lcula te th e 
frequency of the fo llowing und a mped oscillating sys
tem s: (a) Oow in ro a sys tem o f' bra nching subglacial 
ch a nnels, and (b) radi al flow. 

(a ) The subglacia l cha nnel bra nches a t a distance ~l fr0111 
th e borehole, so th a t th ere a re th en two chann els, each 
of cross-sectio n 7r1'2 These ch a n nels branch aga in after 
a nother di sta nce ~l and so on , as sketched in Figure 
l Ob. The very frequent bra nching implies th a t the 
fl ow velocity is negli gible a t a di stance of a few ~l 
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from th e borehole, i. e ., th e wate r has a rri \'ed In th e 
"\'e ry la rge resen 'oir of consta nt pressure" . 

Th is sys tem has an u nda m ped freq uency 

WO.a = ~( 9 ) with V (ho + L) 

(b) W a te r fl ows radially fro m the boreho le, either into a 
sediment laye r beneath the glac ier or into a na rrow 
gap between glacie r so le and bedrock with inte r
spersed contac t zones which limi t water lIow to a 
frac tion F o[ the g lacier bed. Simil a rly, the kinemati c 
porosity nk (( vo lum e of circul a ting water)/( tota l 
volum e of sediment )) of the sedim ent laye r is a 
m eas ure of the cross -sec tion of wa ter now through the 
sedim ent. Uthe ga p , or sediment laye r , has a thickness 
b, th e c ross-section of fl ow a t a dista nce R is 

A(R) = 2R7rbF (gap) (13a) 

or 

(sediment) . (13b) 

Inse rting A(R) from Equation ( 13a) [or A(x) in to 
Equ a ti on ( I l a ) , we obtain an ap proxima te expressio n 
fo r th e undamped frequency: 

WO.b ~ 
9 

( l RI 7rr02 ) 

ho +,." 2R7rbF dR 

9 

(hO + r02 In RI) 
2bF ro 

(14) 

H ere, Ri is the di s ta nce from th e borehole whe re th e 
water press ure rem a in s consta nt. 

I n the case ora sediment layer, F in Equa ti on (14) 
is replaced by nk. Equation ( 14) sli g htl y overes timates 
the und a mped frequency , because th e subglacial fl oyv 
is no t strictl y in radial di rect ion bu t fo ll ows a winding 
pa th a round grains or contac t a reas. 

The conditions for vario us types o f d amping a re 
bri efl y sun'eyed in Appendi x B. 

SHORT-TERM STORAGE DURING SLUG TESTS 

If the tested boreho le has effi cient connec tions with ot her 
boreholes or nea rb y moulins, storage wi ll occ ur in th ese 
pipes, a nd a S\'s tem o[ co upled oscill a tions \I·ill fun ction. 
This situ a ti on was no t encountered in th e ex periments at 
Corne rg lc tscher. Other poss ible storagc spaces are basal 
water film s, linked-cavity sys tems o r basa l sedim ent 
layers. For the short duration of slug tes ts these storage 
spaces a djust th eir volum e essenti a ll y elastica /o', Th e 
elas ti c compress ibiliti es of water ((31 ~5 X 10 IO Pa I) 
a nd o f rocks or gra i ns (e .g . quartz, (3, ~ 2 x 10 II Pa - I) 
a re, however, quite sm a ll a nd can in ge ne ra l be neglec ted. 
M ore important a re storage cha nges whi ch a re due to 
cha nges of ha pe: 

Iken and others: Borehole measurements on Gornelgletsclzer 

(a ) Elast ic sto rage changes in subglacia l water sheets or 
in terconnected cavities can be es timated b y ass uming 
th a t th e change in wa te r pressure a ffec ts a circu la r 
area o[ th e glacier so le with radius ~ . Th e maximum 
defl ec tion, ,0,.D, in the center is then 

(15) 

(Tim os h e nko and Coodi e r , 1982, p.403 ) . H ere 
v ~ 0.33 is Poisson 's rati o, and E ~ 9 .6 X 109 Pa is 
the clastic modulus of ice . The corresponding \'olume 
cha nge ,0,.V is approximate ly 

(16) 

For example, the \'olume c ha nge of a ca\'ity with a 
rad ius o[ I m amounts to 1.5 cm3 if th e wa ter press ure 
cha nges b y 0.1 bar (104 P a ) or, equivalently, i[ the 
water level changes by a pproximately 1 m. This shows 
that e las ti c storage during slug tests is very small in 
commo n linked-cav ity sys te ms, but ca n play a ro le in 
"shee ts" of large la teral ex tent. I n slug-tes t oscilla
tions, c las ti c storage wou ld tend to ma ke the max ima 
sharper and the minim a blunter. 

(b) In a sediment Layer a cha nge of pore pressure causes a 
cha nge in contact stress be tween grains a nd a change 
in sha pe o[ the grains. \lVith increas ing pore press ure 
the g ra ins assume a more round ed shape which is 
acco m pan ied by a growth o f pores. The cor res ponding 
\'o lum e c ha nge of th e sedim ent layer, neglec ting th e 
compress ibility of \I'ater and o[ the grains, is gi\'C n by 

,0,. V 
-=a,0,.p 
V 

(17) 

where ,0,.p is the change in pore press ure, a nd et is th e 
compressibi lity of the porous substance . For sand , [or 
exampl e, et is in the range 10 7 to 10 9 Pa I , a nd is thus 
one to th ree orders o f m agnitud e la rge r than th e 
compress ibilit y of wa ter. S to rage changes induced by 
slug tes ts wou ld still be yery small. H owever. in 
com bi na t ion wi th a low pc rmeabi I i ty of th e sediment 
a nd correspondingly small seepage \'e loc ity , this type 
ofsLOrage can a lter th e recovery curve. \ 'V e will return 
to thi s point in the nex t sec tion. 

INTERPRET ATION OF SLUG TESTS 

Site A 

Some insig ht follows imm edi a te ly from the obseryations. 
The increase of freq uency w ith tim e, as well as th e 
vari ability o[the logarithmic d ec rement (Equation ( 10)) , 
sugges ts th a t th e osc ill a ting now was not la minar but, a t 
leas t in pa rt , turbulent. Th e observation that slug tests in 
one boreho le were in genera l no t felt in th e others may 
poin t to discrete su bg lac ia l d ra i nage pa th s. Fu rth er 
informatio n can be drawn from the obse rved frequency. 
After th e firs t two or three osc illati ons the frequency 
stayed a pproximately constant , a nd presumably a p
proac hed the undamped fr equ ency, Wo . Numerical 
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modelling (Appendi x C; T a bl e I ) supports this presump
tion. By equa ting th e measured frcqu ency with th e 
undamped one, th e "weighted length" of the subglacia l 
p a rt of the osc illating sys tem can be inferred from 
Equ a tion ( 11 a ) . In T able I the res ults of this ca lcul a 
ti on , values of 

a re li stcd , toge ther with th e length of the wa ter co lumn in 
th e bore hole, ho, and the frequen cies. Obyiously, th e 
va lues of L are substanti al; they amount to about lOO m. 
For this reason, dra inage through a sediment layer with a 
thi ckn ess b:::: 0.1 m can be exclud ed as a possible 
subglacial drainage sys tem a t this tes t site. T o see this, 
we evaluate the second summ and of the denomina tor in 
Equ a ti on (14), where F is replaced b y nk : 

L = ro2 In(Rl) . 
2bnk ro 

For example, we ass ume a kinem atic porosi ty nk = 0. 3, a 
borehole radius ro = 0.05 m, b = 0.1 m , constant press ure 
a t a distance Rl = 100 m. With th ese va lues we obta in 
L = 0. 3 m, a far too small qua ntity. Th e result is 
insensiti ve to th e choice of Rl. On th e other hand , th e 
p ossibility of drain age through a thin wa ter film with a 
thi ckn ess b S Imm cannot be exclud ed on these 
g rounds. In thi s case, however , d a mping would likely 
prevent any oscillations. For illustra tion , we consider the 
case where th e max imum rate of Oow from the borehole 
is Q = 0.00 I m 3 

Si, the borehole ra dius near the bed is 
RF = ro = 0.05 m , the film thickness is b = Imm, the 
roug h ness R, = 0.1 a nd the fraction of the glacier sole 
no t in contac t with the bed is F = 0. 5. At a di sta nce 
R = 0.1 m from th e borehole th e R eynolds number is 
R e ~ 3200 (by Equ a ti on (B 11 )) whi ch indica tcs 
turbul ent fl ow. The head required La d rive the Oow 
th roug h the film is thcrefo re calcula ted from Equa tion 
(B12 ) , and amounts in thi s exampl e to 3.6 m. In the 

ac tua l tcs ts, however , the fri ctional loss o f head was 
definit c ly sm a ll e r. (Th e ass um cd d isc ha rge o f 
Q = 0.001 m 3 s 1 correspo nd s to the maximum velocity 
observed sh ortly after triggering th e oscilla tions (e.g. Fig. 
7). At th a t stage the m aximum amplitud e was only 
about 0 .2 m. ) Another r eason for rejectin g the h ypothesis 
offl mv th rough a thin film ofl arge la tera l ex tent foll ows 
from the a bscncc of typical featu res of elas tic sto rage in 
the records of oscilla ti ons: m axima a nd minima have a 
simil a r sh a pe (Figs 7 and 8 ) . 

Th e slug tes ts indica te that subglacia l drain age near 
th e glacier m argin was no t accomplished as sheet fl ow or 
fl ow through sediments. On the contra ry, subglacial 
drainage must have taken pl ace a long di screte paths, 
eith er through a linked-cavity network o r through 
branching conduits. This res ul t agrees with a prelimin
ary conclusion drawn from the conducti vi ty experiments. 
T he appeara nce of th e form er glacier bed (Fig. 10c), the 
observed type of water storage and th e a bsence of debris 
in the basal ice all point to the samc conclusion. Th e 
subglacia l passageways must have been n umerous, since 
all boreholes drained imm edi a tely. 

Ano ther in teres ting fact is revealed by comparing th e 
weighted length L of the subglacia l d rain age sys tem with 
long-term subglacial water storage, .6.8. There is a distinct 
trend of d ecreasing L with increasing sto rage (T able I ) . 
Prima ril y, this finding refl ects the increase of cross-secti on 
A(x) of th e subglacia l dra inage sys tem (Equ a ti on (9)) 
with increasing water storage. This is wh a t one would 
expec t in view of the interpretations give n here. In 
principle, a decrease of L may also be caused by a 
dec rease of th e length [ of the subg lacia l con necti on 
between the borehole and the location where the press ure 
is consta n t (Equa tion (9)) . Such a variation of I with 
va rying wa ter storage seem s unlikely in case of a single 
chann el connected with th e borehole. On the o ther hand , 
in the m od el of a branching system, i. e . a linked-cavity 
sys tem , i t is conceiva ble th a t th e typi cal length of 
branches, .6.[ (Eq uation ( 12)) , decreases as wa ter storage 
increases a nd subglacia l cavities and linking branches 
becom e m ore numerous. 

T able 1. N[easuTed and calculaled quantities, related la oscillalions in a bOTehole near glacier margin 

D ate 

23 M ay 
23 M ay 
20 M ay 
19 M ay 
19 :M ay 
19 M ay 

T ime 

h 

1750 
1100 
0900 
1400 
201 2 
2035 

ho 

m 

130.0 
126 .5 
147.0 
154. 0 
164.0 
164. 0 

w(t > 3T ) Wo 

0.140-0 .1 45 
0. 170-0.1 80 0. 163 

0. 174 0. 170- 0. 173 
0.209 0.205 
0.1 98 0. 193 

0.1 96-0.199 0.1 95-0 .1 98 

ho, na tu ra l heigh t of water co lumn in borehole (to ta l length of hole: 192 m). 

2.55- 3 
2.6- 3.6 
1. 5- 1.9 
1. 6- 2.3 
2.3-3.2 

w(t > 3T ), frequency inferred d irec tl y from records, disregarding the first three oscillations. 
Wo, und amped frequency determined b y numeri ca l me thod (Appendix C ) . 

L 

m 

353 ± 18 
212 ± 3 1 
185 ± 7 

75 ± 4 
93 ± 6 
89 ± 5 

. 2 
8, d a mping constant for turbulent Oow, d etermined numerically. 8 is d efined by 8 = l.6.pFI/[p(ho + L )h1 ]. 

L , weighted length of subglacial pa rt of oscilla ting system (Equation (9 )) . 
.6.8, cha nge of subglacia l water storage from dat um (Fig. 3). 
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.6.8 

mm 

- 11 
- 7 

+ 13 
+ 17 
+ 17 
+ 17 
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Fig. 11. D epletioll CIIrves Jo r differenl !),/JeS of drainage 
]rom a borehole. ( a) Adjusted e;\/Jerimenlal de/Jletioll 
ClIrve, based all data de/Jicted in Figure 9 (s lug tesl at site 
B ) . The gradual nalural rise oJ the waler level has been 
elimillated. The ujJfJer part oJ the solid line is all 
e.1 trapolalion , assuming lital the lolal amount qf poured
ill a:ater was added gently and installtaneous0' at Ihe waler 
sUlface i1l Ihe hole. ( b) Theoretical depleliol7 {l/rves Jor 
lamillar }low ( doff ed lilies ) and turbulent flo w ( broken 
line) out oJ the borehole at its boLfolll . . \ '0 storage. The 
dijJerelll doff ed lilies rifer 10 different illitial velocities, 
h1 (o) . [nilial velocities ha ve beell chosen, so that all 
approl'imaleJit with the adjllsted eX/Jerimelltal ClIrve ( Ihill 
solid line, as in (a)) was obtained. (c) Dotted lines de/Jiel 
radial laminar flo w through uniform sediment layer of 
unlimited laleral extellt. Storage by (elastic) change in 
pore volume of sediment is allowed Jor . The Ihickness oJ the 
sediment layer is here b = 0. 1 Ill. Curve a: I( = 0.04 
ms I; "y = /0 --'. Curve b: K = 0.02117j·-- 1; "y = /0-4 

Curve c: K = 0.02m s I; "y = 10 6
. The tit in solid line is 

Ihe same as in ( a) . 

Iken and others: Borehole measurements on Conwgletscher 

Site B 

For a quantitative evalua ti on of the reco\'ery curye (Fig. 
9 ) it is necessar y to correct for th e g rad ual a rri val o[ 
water at the water surface in the borehole and to 
compensate [or the sli ght increase of th e natural heig ht 
of water level in th e glacier whic h occurred during th e 
ex p e rim ent. Th e r es ulting d ep letio n CLIr\'e , w hich 
corresponds afJ/Jro ~illlate0' to a n i nstan ta n eo us, gen ti e 
\\'a ter additi on o [ 3 1 I a t th e water surface in the ho le, is 
sh own in Fig ure II a a nd indi cated b y a thin so lid lin e in 
F ig ure II b a nd c. 

In the fo llowing, this curve wi ll be compared to 
theoret ica l pred ic tions [or different types o[ subg lacia l 
fl ow regimes. In view of the cruden ess of th e experiment 
a nd o f the necessar y adjustments, thi s ana lysis can no t 
cleseribe th e ac tu a l process exac tl y. H owever, it will make 
clear in what way th e different dra in age types a ffec t th e 
depl e ti on curve . 

Accelera tions a re negligible in th e present ex periment; 
hence, th e pressure drop, Llpp , acco unting for fri ction a l 
e nergy diss ipatio n is simply 

- LlpF = pg(hc - hI)) = pg [ho - (h1 + ho)] = -pgh, . 

L alllillarjlow ill subglacial S)'stem draining Ihe borehole 
In th is case, the relat ionshi p betwee n head a nd ve locity 
(Equations (B2) , (B4), (B9) a nd (B9a )) is linea r ; it is 
conyeni ent ly wri tte n as 

h1 (t ) h ,(t) 
h, (O) 1;1(0) 

(18) 

hI (0) a nd h'i (0) are the initi a l \'a lu es of head a nd ye locity. 
respecti\·e ly. Th ey refer to th e in stant t = 0 when the 
water quantity is added to the wa te r surface in the hol e, 
a nd when th e p e rturba ti on h, is a t a maximum. 
Separation o[ \'a r iables and in tegra ti o n yields 

(19) 

This fun ction is p lo tted for three reaso nab le \'a lu es of 
17,1(0) (comparab le to that in F ig ure Il a ) with d o tted 
lin es in Figure II b. (DifTcrent initi a l \ 'eloc iti es corre
spond to differe n t fri ction factors a nd geome tri es, as 
o u tlined in Appe ndix B. ) Th e c un'e b in Fig ure lIb 
agrees quite \"'el l with the " meas ured " curve fo r sm a ll t; 
for la rge t, however , the predi c ted d ev iat ions h1 (t ) a re 
LOO sma ll . 

R ough turbulence ( Equatiolls ( E3), ( E 5) 01' ( E7)) 
rf we ass um e th a t th ere was no subg lac ia l fl ow ,n th e 
\ 'icinity of the boreho le o th er than th a t induced by th e 
slu g expe riment , vv e ca n write 

[1;'1 (t)f 
[lit (0)]2 

(20) 

1 n teg ra tion of Eq u a ti on (20) a nd rearra ngemen t of te rms 
results in 

(21) 
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J ournal oJ (;laeio log), 

or 

A gra ph of thi s fun ction is shown in Figure lib \'\'irh a 
broken line, Ob\'iously, th ere is no agreement with th e 
" measured" cur\,e, Tt follows from Equa ti on (2 1) tha t 
h1 (t ) becomes zero a fter the finit e time tf = 2(h 1(0)/ 
h1(0), in contras t to wha t was o bsen 'ed , 

Laminar jlow wilh elaslle slorage 
As outlin ed a bm'e, clas ti c sto rage may be influ cnti a l if 
dra inage occ urs through a sedimcnt layer or, a t hi gh 
wa ter prcssure, through a n ex tended sheet be tween 
g lacie r sole a nd bed. Th e r a te of sto rage per unit 
volum e s, is pro porti ona l to thc ra te of change in hea d , 
h(R. t): 

or, by continuity, 

oh 
s=- S s 

ot 

oh _ K (02h 1 Oh) - +- - +--EJt - Ss EJR2 RoR' 

Here Ss is th e spec ifi c stora ti\'ity, \\'hi ch is gi\'en by 

Ss = pga 

(23) 

(24) 

(25) 

if the compress ibilit y of wa tc r a nd of th e g rains is 
neglec ted . 11: is th e hydra uli c conduct i\ 'it )' of th e 
sedim ent. 

Carslaw a nd J aege r (1988, p. 342 ) pro\'id e a n a na lyti c 
so lu ti on of Eq ua ti on (24), a pplying to borehole dra inage 
into a uniform sedime11l laye r of g iven thi ckness, b, and 
unlimited la tera l ex tent: 

(26) 

where 

,= 
r02 

F (u) = [uJo(u) -,Jl (u)]2 + [uYo(u) -,Yl (u)f , 

ro is the borehole radius a t th e wa ter surface, TF is the 
borehole radius in the sediment layer (, ' filter" radius), 
and I n and Y" a re Bessel fun c tio ns of the first a nd second 
kind , respec ti\'ely, and of o rd er n. 

Graphs of h1(t )/h1(0) vs time, according to Equa ti on 
(26) and for different values of , and K , are shown in 
Figure 12c wi th dotted lin es , Th ese curves di ffer from 
th ose refer ring to lamina r fl ow wilholll storage (Fig . II b) 
by a la rger ra te of dec rease of hI (t ), immedia tely a fter the 
initi a ti on of th e slug and by a sm a ll er rate of d ec rease of 
h1(t) a t a la ter stage , Th e reason is tha t, immedia tely 
a ft er th e slug, water fl owing fro m the borehole is no t onl y 
tra nsferred through the sediment but also a bsorbed by 
storage . At a la ter stage, a t lower pressure, wa ter is 
released from storage and th us adds to th e fl ow o u t of the 
hole, 

Th ere is a reasona bl e ag reement be twec n th e 
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m easured a nd a ca lcul a ted c un'c in Figure 11 c, 
na mely cunT c. \Ve thus conclude th a t the consid e red 
holc dra ined by la min a r flow with storage. Soluti o n 
(26 ) m ay be interpre ted eith er as flow th roug h a 
sedim ent layer o r as fl ow throug h a thin but ex tend ed 
"sh ee t" with intersp e rsed contac t areas , On the basis of 
th e present ex perim ent a lone, it is n o t possible to d ec id e 
whi ch of these m od els is approp,-ia te. ,H owe\'er , the 
elec trod e tes ts, th e exp e ri ences during drilling a nd the 
m od era te height of w a ter pressure m a ke th e ex istence of 
a sediment laye r seem more likel y. A ssuming a sediment 
laye r of, say, b = 0.1 m thickness, Equ a ti on (26 ) or 
Fig ure lie , curve c, sugges ts th a t K = 0,0 2 I11 s~ ' a nd , 
~ 10 6 or , with To/rF= I /5, Ss=2x I0 7 m '. 
( In c r eas in g b b y a fac to r a w o uld res ult in 
K * = (l / a) K a nd S s' = (l /a)Ss .) 

The inferred h ydra uli c conducti vity is quite large; it 
corresponds to th a t of coa rse sand or g ravel. On the o ther 
hand , the spec ifi c . to ra ti\'ity, Ss ~ 10 7 111 " is sm a ller 
th a n on c would expec t for subglacia l sediments, This m ay 
indica te tha t an ass umption of th e a na lytic Solu tion (26) 
c1 0es no t apply in the present case, th e unlimited la tera l 
ex tent of'th e sedim ent layer. Ac tually, the constant head , 
ho, m ay be atta ined a t a short distan cc from the borehole, 
e.g . if a large stream. intersec ts th e sediment laye r. Th e 
eva lua ti on done here, assuming a n essenti a ll y unlimited 
ex tent of the sedim ent layer, would then res ult in too 
la rge a conducti vity a nd too sma ll a stora ti vity, as is the 
case. 

CONCLUSION 

Th e combina tion o f different borehole experim ents has 
shown th at two kinds of subglacia l dra inage sys tems a rc 
ac ti\'e benea th Gorne rglctscher. 

.K ear lite margin, a t th e ups trea m sid e o f a n 
overd eepening, dra in age courses w c re di sc rete p assa
gevvays, presum a bly linked caviti es o n e1 ean bedrock , 
a nd w ere numerou s a nd dura ble. S lug tes ts trigge red 
lo ng -las ting oscill a ti o ns, in whi ch p a rt of th e subg lacia l 
dra inage sys tem p a rti cipa ted , with prima ril y turbu
len t [Jow, Th e oscillations werc h a rdl y noti cea bl e in 
n earb y boreh o les, but th e p e rvi o usness of th e 
subglacia l dra in age sys tem was eviden t in n earl y 
eq u a l wa ter leve ls in diffe ren t bo reholes and in 
si m ul ta neous c1i u rna l va ri a tions. 

During the period of fi eld studi es in May 1992, 
subglac ial \\'a ter sto r age changed by the equi valent o f a 
25 mm thick wa tel- laye r, Th f' vari a ti ons in water sto rage 
were similar to varia tions in elevation of a pole, except 
th a t a steady ra te of eleva tion cha nge was superimposed 
on the la tter. Storage changes wer e accomplished by 
cha nges in cross-sec ti on of the subg lacial passageways (a 
slow process, like g rowth or shrink age of subglac ial 
cavities ), which w er e evident in va ri a ti ons o f th e 
freC[ uenc), of th e slug-tes t oscilla ti ons. Storage cha nges 
co rresponded to vari a ti ons in subgl ac ia l wa ter press ure 
with a time lag. 

j\'ear Ihe celller line , drainage o f the boreholes was 
imped ed . Slug tes ts (ca rri ed out in one borehole) caused 
no osc ill ations but were merely foll owed by a g radu a l 
recovery of th e p erturba ti on . \ Va te r fl ow from th e 
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borehole into the subglacia l drainage sys tem was la minaI', 
with storage accomplished by c last ic deform a tions. 
Probably the water fl owed through a sediment layer. 
and wate r was stored in va ri a ble pore space. The ab rupt 
stop of the drill adva nce, as well as the elect rode tests, 
sugges ts th at bedrock \I' as reached and that the sed imen t 
layer between glacier so le a nd bedrock was thin . The 
latter concl usion is uncerta in but, ifit is correct. a certa in 
amount of bed separation ca n be expected at boulders 
and bedrock humps sticking out of the sed im ents; bed 
separation plays a rol e in Collins' ( 1979 ) interpre tation of 
his cond ucti vi ty measuremen ts. It wou Id a lso pro\'ide an 
easy exp lanation of seasonal uplil't which InlS simil ar to, 

but somewha t sma ll er than , that obsen'ed near the 
margin. 

The picture eme rg ing from these fragm e ntary 
observations a nd interpretations is of a poorly inter
con nec ted subglacial drainage sys tem nea r the center 
line. Proba bly a fe\l' large drainage channe ls di\'erL 
m eltwater from moulins, and co ll ect water [i-o m wide
spread sed imen t layers and tempora rily shrinking 
caviti es . Presumably this typ e of drainage sys tem is 
more common beneath Gornergletscher than the well 
interconnected sys tem near the margin ; it is r espons ible 
for some typi cal feat ures of the dynam ics and h yd ro logy 
of the glac ier. 

The few and simple tests d esc ribed here have pro\'ided 
insight into th e basa l cond iti ons of Gornergletsc h er. Slug 
tests, which require littl e effort, pro\'Cd to be espec ia lly 
inform ati \'e. Based on them a lone, it was possible to 
exclude now through films or seepage through sediments 
as rele\'ant drainage types at the base 0[' the glac ier near 
th e margin. The slug tests a lso sugges ted tha t large-sca le 
subglacia l water sto rage \I'as accompli shed by gro\l·th of 
cross-sec ti ons of ca\' it )' sys tem s. ~,Jore tests a re desirable 
on the cen tra l part of th e g lac ier: penetrometer tests, 
probing, ana lysis 0[' uplift, imprO\'ed slug tes ts and 
measurements of possibl e sedimelll deformation, fo r 
instance, as d esc ribed by fi sch er a nd Clarke ( 1994) . . \ 
prob lem in th e determination of su bglacial \I'a ter storage 
is posed by th e poorly known inclin at ion 0(' th e bed in 
sliding direction , a mean inclin a ti on O\'er a not \I'e ll
known distance . An a pproximate \'a lue ca n be est imated 
by means of a sensiti\'ity study and compari son with 
water press ure . 
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APPENDIX A 

TOLERANCES OF INFERRED CHANGES IN SUB
GLACIAL WATER STORAGE 

:\T umerica l \'a lu es or \\',Her storage , ll. s, a re inferred [i-om 
m easured changcs in de\'ation of the refe rence pole , ll. zs, 
and rrom changes in e levation or the m agnetic ring, ll.zb, 
by Equations ( I ) and (2). (For simplic ity \\'e disrcgard 
here the di sta nce or 10 m bet wec n the magnetic ring and 
the g lacier sole. ) 

(1) 

with 

(2) 

Stalldard de\' iati o ns of tJ. zs , obtained from repeated 
read i ngs of' \'erti ca l a ng les, arc shown as error bars in 
Figure 12. In gene ra l, th ese dc\'iations are less than 
± I mm. Diurnal var ia tions in vertica l displacements 
displayed between 30 ~ lay and I Jun e a re probably rea l 
a nd not a resu lt or diurnally \' aryin g refract ion 
cond it ions. This is conclud ed from the abse nce 0[' any 
diurna l variations between 15 and 19 ;\ l ay , a period with 
clear sky during wh ich one mig ht ex pert diur n a l 
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JOllmal of Glacioiog)! 

I::,.Zs [mm] 
30 

20 

O~~~~~~-L-L~~~~~l-L-L-L-~ 
16. 20. 24. 28. May 1992 

Fig. 12. Vertical dis/liacemenl of Ilole AI vs lime. Enor 
bars indica te standard deviations oJ re/leafed readidngs . 

\'aria ti o ns in refract ion. (\N e sugges t tha t diurn a l 
\'ariations in surface elevation d evelop a long with the 
seasonal d e\'e lo pment of th e subglac ia l drainage sys tem. ) 

~Zh is inferred from Equation (2). Numerical values 
ofueI (deformational contribution to surface velocity ) and 
(3 (bed slope ) h ad to be estim a ted. Therefore, we ha\'e 
exa mined the effec t of varying these para m ete rs over a 
reaso na b le range. 

An a pproximate val ue of deformat ion a l velocit y. 
Ud = 0.44 mm h - I , is obta ined by assuming that the 
slidin g ve locity was neglig ible during a per iod of 
minimum surface velocity, o n 27 M ay (Fig. 4) . Varying 
UeI betwee n 0 a nd 0.55 mm h 1 has but a small e ffec t on 
~s . Th is is ill ustra ted in Fig ure 13a. 

The bed inclination in sliding direction cannot be 
inferred from Fig ure I b for th e fo ll owing reaso ns. First, 
th e veloci ty vector nea rly parallels a stee p slop e. A small 
change in azimu th is therefore acco mpa nied b y a la rge 
change in inclina ti on. lV[o reover, the az imuth of the 
sliding moti o n m ay differ from that of the surface motion; 
in fact, the surface \'e\oci ty vecto r is likely to be rotated 

water storage [mm] 
50~-------------------------------------. 

o 

a 
15. 

[mm] 
20 25. May 30. 1. 3. 

50.-----------------------~~--------, 
f3 = -lO>-_~~_r-

~,~~/~/~< . ............ . 
.. ..... 

-50 

246 

b 
15. 20. 25. May 30. 1. 3. 

Fig. 13. Sensi/ivi~v oJ calculated waleI' storage to changes 
ill ( a) assumed valllesoJUeI. NJeanbedsiojJe: (3= - ;0 . 

( b) Bed slolle, (3. UeI = 0.44 mm It I 

clockwise by a sm a ll a ngle with respect to the sliding 
direction at thi si te, because of ice now towards the 
m argins in the ablation area . Secondly, the distance ove r 
which th e bed slo p e shou ld be ave raged is not kn o wn. 
H owever, it will be seen that a reason ab le \'alue of th e bed 
slope in sliding direction is within the range of (3 = _ 2° to 
(3 = _ 100. The effec t of \·a rying (3 over this range IS 
d ep icted in Fig ure I b . For (3 = _ 2°, water storage IS 

continuously d ec reasing; for (3 = _ 100, water storage is 
a lmost continu o usly increasin g. Both situations a re 
unlikely in vievv of the snowm elt conditions in 1992. 
Th e p eri od 15- 19 M ay was th e first p eriod of strong m elt. 
It was foll owed by a cold period with snowfa lls and sub
fr eez ing temperatures. These variations in weat her 
conditions are re nected in the varia ti ons of water level 
in boreholes (Fig . 3e) . Assum ing an interm ediate bed 
slo p e of _60 or - r results in variations of storage which 
a r e in reasonable agreement with variations in weather 
co nditions or wa ter le\'e l, we ha\'c adopted (3 = -r . The 
cho ice or a consta nt value of(3 is justifi ed because the total 
d is ta nce mm'ed during the observation period amounted 
to I m . Small bedrock undula ti o ns a re not felt at a 
di s ta nce of 10 m abo\'e the bed, the location of the 
m agneti c ring. Note th at the amplitude oJ fluctuations of 
water storage superimposed on the general trend is fa irl y 
un a ffec ted by th e choice of (3. 

APPENDIX B 

CONDITIONS FOR VARIOUS TYPES OF DAMPING 

( I ) Lamillar now through olZe subglacia l cha nnel of radius 
1'. The pressure g radi ent a long th is channel is 

aPF 8'rJ 
8x = 1'2 V, (El) 

a nd the press ure drop along the tota l leng th l of the 
su bglacial ch a nnel is 

87] 
t.PF = 2v,l 

l' 

or, by continuity (Equation (7)) , 

8'rJ 1'0
2 

. 1'02 
. 

-~PF = -2 9 lh1 = 8'rJ -, lh l · 
l' 1'- 1'" 

'rJ is the dynamic viscosity of water. 

(2) One chan nel of r a dius 1', rough turbulence: 

. pr04 . )? 
- flPF = (sgnh1)f r - 5 l(h1 -

41' 

where fr is the fri ction factor. 

(B2) 

(B3) 

(3 ) Cylindrical subglacia l cha nnel branching at distances 
~l , 2,0.1 , .. . n~l, .. .. Lamina'!' flow: 
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(4 ) Bra nching subglac ia l channel sys tem, rough turbulence: 

(B 5) 

Th e simplifying ass umption of ro ug h turbulence in a ll 
bra nches on which Eq ua ti on (B5 ) is based , is not qui te 
rea li sti c: in bran ches, sufficiently fa r away fi'om the 
bo rehole, the flow will be ex trem ely slow and la mina r. 
H owever, since m o re than 50% of th e tota l fri c ti on al 
drag stems from flow through the first two sec tions 6.l , 
th e a bove s implifi cat io n d oes no t introdu ce a 
su bsta n tia l erro r. !\t[ore importa n t is the fri c tio n al 
loss (of pressure) caused by bra nching and o ther 
cha nges in the size of cross -sec tion . The loss a t a 
ta pered enla rgem ent of a duc t with mean fl ow velocity 

U l is gi\'en by 

(B6) 

where Al is th e cross-section of the duct before the 
enl a rgement, A 2 is the size o f the enl arged cross
sec ti on (e .g . Ba rn a , 1969 ) a nd ](E is a fac to r 
depending o n geometry, e.g . J(E ~ 0. 2 for ta per
a ngles in th e ra nge of 4- 8°. The loss a t a bra nching 
ca n be ex pressed by an eq ua tio n of the same form as 
Eq ua ti on (B6 ) with ](E replaced by a slightl y la rge r 
facto r J(B. Thus, in our model o f success i\"e bra nc hing 
wc obtain a 10101 press ure dro p 6.PB due to losses a t 
eac h bra nching which is equ a l to: 

(B7) 

(5 ) L a min a r fl ow in radi a l direc ti o n thro ugh a wa te r Glm 
a t the glac ier base (de :-1a rsil y, 1986, cha pter 4 . 1) 
with interspersed contact a reas: 

w here Q is th e to ta l fl ow thro ug h the frac ti on F of a 
cylindri cal secti o n of the subglac ia l aquifer. 

As long as th ere is no sto r~ge, Q is ind epend ent of 
R, which is ass um ed here. Q is then rela ted to th e 
cha nge in height o f wa ter le\·el in the hole by 

Integra tion o f Equ a ti on (B8 ) with respec t to R 
gives: 

wh ere th e integration limits a re Ri, th e distan ce fro m 
th e hole where pressure remains consta nt, and R F , th e 
radius of the bo rehole a t th e glac ier base. 

Iken and others: B orelzole measurements on Gomerglelscher 

If a sediment laye r is present beneath th e glacier a 
simila r equati on a ppli es: 

. Qpg (Rl) 6.PF = -(sgn hd--ln - . . 
27rbI< RF 

(B9a) 

H er e J( is the hydrauli c conducti\·ity . 

(6) Turbule nt flo\1' in ra di a l direc ti on thro ugh a wa ter 
film b etween ice a nd bed: 

oh 
oR 

(sgn U) Q2 

.) (3.8) (2R7rbF)- 16 bgln R r 

(BI0) 

where R I" is the ro ug h ness deGned as R r = El Dh , E is 
the m ean height o f ro ughness elemen ts of bed rock and 
glacie r so le, and DJ I is the hydra uli c dia meter of the 
film . In case of a thin film of large la te ra l ex tent , D h is 
esse nti a ll y equal to 2b. Equa tion (BlO ) d esc ribes th e 
"ve r y ro ugh turbul e nt " regim e a nd a ppli es if 
Rr > 0 .035 and if th e R eynolds numbe r 

Re = QDhP 
2FR7rb7) 

(Bll) 

is g rea ter than 2300, (d e Marsil y, 1986, cha pter 4 .1 ) . 
If storage is neglec ted , Q is ind ep endent of R, a nd 

integr a ti on of Equ a ti o n (BlO) yields 

( 1 1) .. ) ( 3 0 0 3.8) (sgn n)p -R - -:- Q- 64b F-7r- In- . (B12) 
F R , Rr 

In case or a basal sedim ent laye r , fl ow near th e 
bo re ho le may a lso be turbulent , d e pe nding on th e 
R eyn o lds number R(, fo r flow thro ug h porous media : 

(B13) 

wh e re cl is the g ra in di a meter (d e 1\Ia rsil y, 1986 , 
p.74 ) . Flol\' becom es turbulent fo r Rc> 100; th e 
transi t io n regime corresponds to th e ra nge 1 < Re 
< 100. We will no t co nsid er turbulent fl ow through 
sedim e nts here fUrLh e r, because this fl ow lype was 
pro b a bl y not encou n te red in rh e prese n t ex peri men ts. 
Thi s type of fl ow is included in a comprehensi\ "C 
trea tm ent of slug tes ts inducing radi a l fl m ,· (Stone a nd 
C larke, 1993 ). 

APPENDIX C 

NUMERICAL ANALYSIS OF DATA 

Frequ e ntl y, th e na tura l heig ht of vva te r level cha nged 
during th e slug ex perim ent (Fig. 7). Th ese cha ngcs we re 
elimin a ted by fillin g a reg ress ion polyno mi a l to th e curves 
depi c tin g th e mean heig ht o f water leve l as a fun cti on of 
tim e (ho(t ) in Fig. 7) a nd su b trac ting ho(t ) from th e da ta . 
The redu ced da ta, h*(t ), a re th en centered on h* = O. 

On th e assumptio n th a t da mping is turbulent, th e 
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differenti a l equa ti on of th e oscill a ti on is n on-linea r: 

dh1 . ?? Tt + (sgn h1 )8h1- + wo- hi = O. (C l ) 

This eq ua ti on corres pond s to Equa ti on (8 ) with 

and 

Wo 
2 = -h---=9'--l-?Jc"2 

0+ r2 

(C2) 

(C3) 

It was so lved numericall y using th e N AG sub-routine 
D02EBF (a Fortran cod e) and va rying the damping 
consta nt, 0, and the und a mpecl frequ en cy, Wo, until a 

reasona ble agr eement with the m easured oscillations was 
ac hieved. F or example, Fig ure 14 shO\\"s the reduced data 
poin ts, h*(t ), toge ther with the numeri cal so lution, 
referring to th e experiment on 20 M ay, 0900 h. 

i "r ~ 0.0 
() 
ro 

~ 
:0 - 0.2 . 

o 

. -~ o~l 
50 100 150 200 250 300 

ti me [sI 

Fig. /4. Oscillation of water level in bore/zole 2 ( Fig. /b) 
after slug test Oil 20 }\Il ay, 0900 17. Curve, numerical 
solution of Equation (Cl ) for suitable choice of constants. 
Circles, reduced data points, h*(t ). 
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