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Estitnation of hydraulic properties of subglacial till frotn 
ploughtneter measurements 
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ABSTRACT. Force va ri ations on a "ploughmeter" and lluctuations in subglacia l wate r 
pressure have been measured in the same borehole a t Storglaciaren, Sweden, to il1\"Csti­
gate hydraulic properties of the basa l till layer. A strong inverse co rrela ti on of the prcssu re 
and force records, in conjunction with a significant time lag betwee n the two signa ls. sug­
ges ts that pore-wa ter press ures direc tly affect the strength of the till. Va ri a ti ons in sub­
glacial watr r prrssllre res ult in po tenti al gradients across the wa ter- ti 11 interface a t t hc 
bottom of the bo re hole that drive pressure waves downwa rds throug h the till laycr whcn 
the borehole water level is high a nd back upwards w hen the water level is low. Ana lys is o f 
the propagation velocity of thi s pressure wave i,:dicates that the hydra uli c diffusivit y o r 
Storglaciaren till is in the range 1.9- 3.6 x 10 b m 1 s \ in good agreement with est im a tes 
o?ta ined in the l ab Cl~a lOry. Hl dra Lllic conducti vit y values.associated Wit}l these ?irfusi\ '­
lU es are between 10 . and 10 m s a nd thus are we ll wltllln the range of va lues for othc r 
glacial tills. 

INTRODUCTION 

Several instruments have been designed to stud y the in-situ 
mechanical properti es and defo rma ti on of till bencath 
g lac iers. Among the most successful of these h ave been 
plough meters, stce l rods that a re dri ven \'ertically into the 
till bed through boreholes and tha t bend elas tically as they 
a rc dragged through the till during basal motion (Fischer 
and Cla rke, 1 99 '~, 1997; Hooke a nd o thers, 1997). Bending of 
the rod is measured with strain gauges, a llowing the force 
on the instrument to be determincd and the mech anical 
properti es of the till to be estima ted. 

In thi s stud y, wc use the record from a ploughmeter to 
obta in a n in-situ es timate of the hydraulic diffusivity and 
conducti\'it y of till beneath Storglaeiaren. A consistent lag 
betwee n water-pressure flu ctu ations measured in a bo rchole 
a nd the force on the plough meter is interpreted to refl ect the 
time required [or the water-pressure wave to p ro pagate 
through the po res of the till to the depth of the ploug hmeter. 
The change in p ore-water pressure at depth affec ts the till 
strength and thereby changes the force on the instrument. 
Standard diffusion theo ry is used to calculate the hydra ulic 
di [Tusivit y of the till from thi s lag, a nd laboratory measure­
ments of the till compress ibility a re used lO estima te t he co n­
ducti\ 'it y from the diffusivity. Our results a re then 
compa red with those of other studies. 

* Present address: Department of Geological and 
Atmospheri c Sciences, Iowa Sta te U ni versity, Ames, Iowa 
50011 -3210, U. S.A. 

CHARACTERISTICS OF STORGLACI.AREN 

Storg laeia ren (Fig. I) is a small poly- th erm al \'a ll ey glacier, 
situ a ted in the Kebneka ise IVla ssif of no r thern Sweden. A 
transverse bedrock ridge, or ri egcl, d i\·ides the ablati on a rea 
into two parts with a sm a ll er O\'e rdccp cning 0 11 the down­
glac ier side and a la rge r O\ 'erdeepened basin on the up­
g lac ier side. Crevasses over the ri cge l, a long the sides a nd 
ove r the head\\"a ll a t thc up-glacier end o f thi s o\'erdeepen­
ing constitute prim ar y input points [o r wate r to the eIl­
glac ia l a nd subglacia l dra inage sys telll o f th e glac ier. Traccr 
studies (H ooke and o thers, 1988; Seabe rg and others, 1988; 
Hock and H ooke, 1993; H ooke and Po hj o la, 199+) ha\'e de­
monstra ted that wa ter pass ing th ro ug h thc o\'erdeepeni ng 
emerges in Nordj a kk , a stream that nonll a ll y carries a neg­
ligible sediment load. \ Va ter that enters the g lac ier by way of 
crevasses and moulins o\'er the ri egel exits th rough Sydj <:'i kk 
stream which is much dirtier. The diffe rence in sedime nt 
concentrati on is taken to ind icate th a t wa ter in Sydj a kk 
stream movcs a conside rable di stance along the bed, whil e 
tha t in Nordj akk is la rgely englacia l. 

From observations of the dirt conten t o f the two stream s, 
it is clea r that there is a fund amenta l difTerenee in the d ra in­
age sys tem of the lower a nd upper parts o f the abl ation area. 
Th e sec tion down-g lacier [i'om thc r iege l drai ns large ly sub­
g lac ia lly through a well -defin ed conduit system (H ock a nd 
H ooke, 1993). Water press ures ill boreho lcs vary sign ifica n t ly 
in res p onse to cha nges in the input ra te of water at th c 
g lac ier surface (Hooke a nd others, 1989). I n additi on, th e 
surface velocity of thc g lac ier was fo und to correla te well 
with va riations in subg lacia l water press ure Uansson, 1995). 
In contras t, the main dra inage sys tem through the over­
deep ening up-glac ier from the r iegel is englac ial (H ooke 
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a nd Po l~ o l a, 1994). Although th ere is a subsidia ry drainage 
system be t wre n the ice and the bed acting pa rallel to the en­
g lac ia l system , most of the wa ter appears to p ass through 
thi s overdeep ened section eng lacia ll y and does not affec t 
the base of the glacier. Water pressures were fo und to be rel­
a ti \"Cly consta nt and a\'e raged 80- 90% of the overburden 
press ure (H ooke and others, 1989). 

Elect rica l res istivity measurements (Bra nd a nd others, 
1987), seismic studies (unpubli shed data of]. Pae tz), direct 
sampli ng th rough boreholes (unpubli shed d ata of N. R. 
Ive rson), bore hole-video investigati ons (Pohjo la, 1993) and 
measurements using instruments insta lled a t the bottoms of 
bore holes (Iyerson and others, 1994, 1995; H ooke and others, 
1997) suggest that throughout the overdeepening the glacier 
is underl a in by a di scontinuous layer of till, 0.2- 0.5 m thick. 
Hooke (1991) suggested that this till layer is not flu shed from 
the glacier so le, because of the lack of significant subglacial 
drainage. It is beneath this pa rt of the glacier where the 
measurements d iscussed here were made. 

OBSERVATIONS 

As pa rt o f' a study to desc ribe the rheology of deforming till 
beneath StOl-glaciaren (H ooke a nd others, 1997), l5 holes 
we re drill ed th rough the g lacie r roughl y 350 m up-glacier 
from thc ri egel duringJuly 1995 (Fig. I). At thi s site, the ice 
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was "-'125 m thi ck. \ Vith onc excepti on, a ll boreholes dra ined 
a t le\'el s between 8 a nd 65 m below the glacier surface as the 
drill presumably intersected conduits in the englacia l dra in­
age system. The one hole that did no t drain remained fu ll of 
,va ter e\'en when the dril l reached the bed. Water press ures 
recorded in three of these holes tracked each other closely 
a nd thereby a re consistent with thc idea that the boreholes 
a rc interconnected through a network of englacial conduits 
(H ooke and Pol~ola, 1994). 

T\\·o holes were instrumented with ploughmeters to 
measure the streng th of the subg lac ia l till. Figure 2 shows 
roughl y 70 days of obsen 'ati ons fo r ploughmeter 95 PL-1 
a nd press ure transducer 95P-I , bo th recorded in the same 
bo rehole. We estimate that th is ploughmeter was inserted 
",0.13 m into the basa l till. Va ri a ti o ns in the ploug h meter 
ig nal (Fig. 2a ) arc il1\'Crsely co rrela ted with flu ctuati ons in 

subglacial wa ter press ure (Fig. 2b ) such that high fo rces 
experienced by the plough meter coincide with low wa ter 
pressures and vice versa. The fo rce on the ploug h meter 
co uld have been influenced by the velocity with which the 
plough meter was dragged through the till (Fischer and 
C la rke, 1994). To check this possibility, the velocity of a stake 
drill ed into the surface of the glacier near our study site was 
measured over th e same time period (Fig. 2c) and showed no 
co rrelation to the pl oughmeter reco rd. Ass uming tha t meas­
ured vari ati ons in surface velocity refl ect variations in the 
ra te at which ice slides over the ti ll (as opposed to ra tes o f till 
dc/o rmation ) (Ive rson and others, 1995; Hooke a nd others, 
1997), thi s lack of correlation be tween force on the plough­
meter and glacier sliding suggests tha t the force was not in­
Ouenced significantly by the rate a t which the p loug h meter 
m oved through the till. 

3 10 17 24 31 7 14 21 28 4 11 
JUL AUG SEP 
1995 

Fig. 2. Time series qf (a) force aj)plied 10 the Lowennost sec­
tioll if the plouglzmeler (95PL-l), (b) slIbgLaciaL water p res­
swe (95P-i) and ( c) swface velocil)!. 

STRENGTH OF THE DEFORMING TILL 

The strength of a deforming g ra nul a r material can be de­
rived from th e fami li a r Mohr- Cou lomb fai lure c riteri on 
(Mitchell, [976, p. 283; Head, 1994, p.204) 

T = C + Pc tan cp (1) 

which relates the yield strength T a t which a materia l begins 
to cleform irrecove rably to the cohes ion c, the effecti ve pres-



sure Pe (the difference between the overburden pressure 
a nd the pore-wa ter pressure ) and the angle of internal fric­
tion cp. Once deforming, the sediment may either dil a te or 
contract, but eventually the sediment volume and fri cti on 
angle become steady (Skempton, 1985) and the sediment is 
said to reach its res idua l state. Cohes ion becomes neglig ibl e 
in the residu al st ate (Mitchell , 1976, p. 313; H ead, 1994, 
p. 210), so Equation (I ) reduces to 

T,. = Pe t an cp ,. (2) 

where CPr is the residual friction angle. According to Equa­
tion (2), the res idua l strength Tr of the deformin g sediment 
increases with increasing effec ti ve pressure or dec reas ing 
pore-water press ure. If subglacial water press ure is ta ken as 
a proxy indica tor fo r pore-water pressure, Equation (2) is 
consistent with the obse rved inverse relati on of wate r pres­
sure and ploughmeter res ponse (Fig. 2a and b), w hich sug­
gests that increased water pressures weaken the till , 
res ulting in less force on the plough meter. 

With knovvledge of the po re-wa ter press ure in the till 
layer, the oyerburden pressure (from the ice thickness ) a nd 
the angle of internal friction, we can ca lculate th e r esidua l 
strength of Storglacia ren till from Equation (2). This resi­
dual strength can fllrther be used to compute the force that 
the ploughmeter experiences as it is dragged throug h the 
till. rf this calculated force is in good agreement with that 
measured in the fi eld (Fig. 2a ), we have support for our 
a ss umption that the Mohr- Coulomb condition (Equ a tion 
(2)) adequately desc ribes the streng th of Storglaciaren till. 
Th e measured mean subglacial water press ure (Fig. 2b) is 
about 1.05 MPa (wa ter-column height of 105 m) fo r th e in­
terval 5 July- l7 August, so the effecti\·e pressure is 
,,-,0.1 MPa at the base of the "-' l25 m deep borehole. Then 
with cP,. = 25.5 (H ooke and others, 1997), Equatio n (2) 
yields a residua l streng th T,. ~ 48 kPa. For compa ri son, the 
fo rce F plotted in Figure 2a is rela ted to T,. by 

F = --!a(2 ~ 7r)T,. lZ (z' - zg )dz' (3) 

(Fischer a nd Cla rke, 1994, equations (14) and (15)). H e re, a is 
the radius of th e pl oughmeter (16 mm ), Zg is the di sta nce 
from the tip of the ploughmeter to the point where the stra in 
gauges we re bonded (0.1 m) and z denotes the d epth to 
which the ploug hmeter is immersed in the till layer 
(0.13 m). The integra l term sums the bending m oments 
applied to the cnd of the ploughmeter as it is dragged 
through the till. It is these moments that are sensed by the 
strain ga uges bonded to the ploughmeter. The mean va lue of 
F for the interva l 5 Jul y- 17 Aug ust from Fig ure 2a is 
,,-,800 N, so T,. derived from the plough meter readings is 
"-'49 kPa, in good agreement with the value calcula ted from 
the known Pe and fri c ti on angle. 

ESTIMATION OF HYDRAULIC PROPERTIES 

Having now shown that the plough meter res ults a rc consis­
tent with those based on other da ta, wc proceed to use these 
results to estimate the hydra uli c properti es of the till. 
Ass uming tha t pl oughmeter 95PL-l and pressure trans­
ducer 95P-l were insta lled in a borehole which is not well 
connected to the subgl acial draina ge system, flu ctuations in 
the borehole wate r level refl ec t \·ari a ti ons in the wa ter pres­
sure in the englacia l conduit system. When the water level 
ri ses, the water at the base of th e borehole becomes over-

Fischer and ollt n.>: Hydraulic jJro/JelI ies qfsllbglacial t ill 

pressurized with respect to the water in the pore space of 
the underlying till layer. Simila rl y, upo n a drop in wate r 
le\·el, there is a local under-pressuri zation a t the base of th e 
hol e. A potenti al g rad ient therefore exists ac ross the water 
till interface at the bottom of the boreh o le that re\·erses tem­
porally in accordance with the water-level fluctu ations. As a 
result, we expect that a water press ure wa\·e is initi a ted a t 
the base of the boreho le and that this wa \'e migrates down­
wards through the underlying till laye r when the water lc\"('1 
is high and back upwa rd s when the wa ter lc\·rl is 10\\·. Fluc­
tua tions in pore-water pressure in the till layer should lag 
those reco rded with th e pressure transduce r in the borehole 
as it ta kes time for the pressure W3\·es to propagatE' th ro ug h 
the till. Because pore-water press ures directly afTect the 
streng th of the till (Equa tion (2)), \·ari a ti ons in the force res­
ponse of the ploughme te r should a lso lag those in subglac ia l 
wa te r press ure. Ca lcu la t ion of the cross-correlation be twee n 
the record of plough m e ter 95PL-I (Fig. 2a) and the record 
of pressure transduce r 95P-l (Fig. 2b ) for different time 
shifts ranging from - 2 d ays to +2 days (Fi g. 3) suggests th a t 
thi s time lag is ,,-, 0.22 d ays. Note tha t thi s a nd any of th c 
time-se ri es analyses th a t follow arc based on the inten ·a l 5 
July- 17 August, thus avoiding any mathem atica l difTi culti es 
associa ted with the d a ta ga p. 

I-
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-0.8 

-2 -1 0 2 
LAG (d) 

Fig. 3. Cross-correlatioll betu.'eentliejorce recorded ~) ' jJlollgh­
meter 95PL-l ( Fig. 2a ) and the slIbglacial u'ater /msslIre re ­
co rded ~J' pressure trall.lr/llr{'} 95P-1 ( rig. 2b ) f or different 
time shifts. 

\Ve follow the a na lyses of Founta in (1994) and Hubba rd 
a nd o thers (1995) to i nvesliga te qua ntita ti\ "Cly the perme­
ability of subglaeia l till on the bas is of the speed of wa ter­
press ure waves as th ey propagate through it. A hypothetical 
a rra ngement is to represent the glac ier bed as a semi-infinite 
solid with the Z axis p os iti\"C downward (Fig. 4). A stead y 
wa te r press ure is assumed at infinity a nd the pressure \·a ri a­
tion a t the base of the boreholc is treated as a boundar y co n­
dition a t the till- water interface. If thi s dri ving pressu re 
\·ari es as a harm onic function of lime, wc ca n apply results 
from sta ndard diffusio n theo ry (e.g. C a rslaw and J aege r, 
1959) to relate the propagati on ,'eloe ity of the pressure wm"(' 
to the frequency of the initi ating press ure flu ctuati ons a nd 
the hydraulic diffusiyity of the till th rough which the wave 
passes. The pressure flu c tuations a rc propaga tf:'d into the till 
laye r with velocity (C a rslaw andJaeger, 1959, p. 66) 

v =~ = ,hwD 
t 

(--! ) 

where D is the hydra uli c diffusivity o f the till and w is th e 
a ng ula r frequency o f the peri odic bo undary concliti o n. 
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Fig. 4. DifiniLion sketclzJor Equation (4) showing Lhe glacier 
bed rejJresenLed as a semi-ilifinite solid. 

H ere, t is the time at which the pressure max im a (or min i­
ma) arrive a t a di stance z from the bottom of the borehole 
(Fig. 4). Solving Equation (4) for D gives 

Z2 
D =-2wt2 . 

(5) 

The hydraulic diffusi\'ity is a parameter that couples trans­
mi ssion and sto rage properties of the till, expressed as the 
rati o of h ydraulic conductivity J{ to speci fic storage Ss 
(Freeze and Cherry, 1979, p. 61) 

J{ 

D = Ss ' (6) 

Physically, Ss represents the \ 'olume oflVater released from 
storage by a unit \'olume of till when a unit decline in 
hyd raul ic head occurs. A decrease in hydraulic h ead induces 
a decrease in pore-water pressure, allowing the water to ex­
pand, and an increase in effective pressure, cau sing the till 
to compact. The amount of water that is released from 
storage ca n therefore be described by (Freeze a nd Cherr y, 
1979, p.59) 

(7) 

where Pw is the densit y of water, g is the acceleration due to 
g ra\' it y, n is p orosity and et a nd (3 a rc compressibi lity coeffi­
cients for the porous medium and the fluid , resp ectively. In 
the geo tech n ica l I i terat ure, the compressibilit y Cl! of a gran­
ul ar materia l is expresscd as the change in voids ratio de 
caused by the change in effective pressure dPe (Freeze and 
Cherry, 1979, p. 54) 

clej(l + eo) 
et= --'----'----'-

clPe 
(8) 

where eo is the initial voids ratio. The value of Cl! is smaller at 
sma ller voids rati os, because equal increments in effective 
pressure result in progressively smaller decreases in voids 
ratio as the most efficient (dense ) packing geometry for the 
till is approached. The value of O~ also depends on the grain­
size of the ma teri al. Values of Cl! range from 10 10 Pa I in 
coarse sand a nd g ra\'cl to 10 6 Pa I in clay a nd silt (Freeze 
a nd Cherry, 1979, p.55). 

Thr dominant periods in the \'a riations of the force on 
the ploughmeter (Fig. 2a) a nd the subglacial water press ure 
(Fig. 2b) a re ofse\ual days. Both time seri es were a nalyzed 
for thei r frequenc y content by taking the Fourier transform 
(Press a nd others, 1992, p.50l) and the power spectral densi-
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Fig. 5. Power spectml densityJunctionsJor (a) the plough­
meter record shown in Figure 2a and (b) the subglacial 
water-pressure record shown in Figure 2b. Pre-/Jrocessing of 
tlte time series included removing the trend and offset b)i 
subtmcting out a regresslOn line ]allowed b)i jJadding the 
resulting data with .<.eras up to the next power rif 2. 

ties were estimated using the periodogram method (Press 
and others, 1992, p. 550). ' Vc sec that for both the force- and 
pressure-power spectral densit y functions (Figure 5a for the 
95PL-l data and Figure 5b [or the 95P-l data ) most of the 
energy is contai ned in the frequency range 0.05-0.2 d- I

. For 
these low frequencies, the two power spectra agree quite 
well; two c1ol11.inant peaks that are present in both sp ectra 
at frequencies 0.175 and 0.09d I indicate that the plough­
me ter elea rl y responds to water-pressure variations with 
periods of 5.7 and 11.1 days, respectively. Pressure- and 
ploughmeter-force variations with frequenci es larger than 
~0.2 d I are of significantly smaller amplitudes. Further­
more, thc two sp ectra do not agree as well in thi s higher fre­
quency range; a noticeable peak in the power spectrum of 
the 95P-l data (Fig. 5b), which indicates a water-pressure 
forcing with a frequenc y of 0.42 d I, is not apparent in the 
response of the ploughmeter (Fig . .'la). 

In the following, we will ass ume that the depth to which 
the pressure wave has to propagate corresponds to the inser­
tion depth of the ploughmetcr. Our thinking is that it is only 
when the press ure wave reaches the tip of the instrument 
that the till becomes weakened within a sufficienLly thick 
layer for the ploughmetcr to exp erience reduced forces. 
Clearly, the plough meter response scales with the integral 
of the force along its length (Fischer and Clarke, 1994). How­
ever, as indicated earlier, the ploughmeter response is not 
sensitive to high-frequency water-pressure fluctuations, sug­
gesting that pressure fluctuations felt at smaller d epths do 
not affect the ploughmeter, which supports the above 
assumption. Therefore, substituting z = 0.13 m (inse rtion 
depth of ploughmeter; Fig. 4), t = 0.22 days (Iag from the 
cross-correlation analysis; Fig. 3) and w = 0.65- 1.27 X 10- 5 

S- I 

(corresponding to frequencies ranging from 0.09 to 0.175 d I, 

where w = 27r times the frequency; Fig. 5) into Equation (.1), 
we compute hydraulic diffusi\'ity values D for Storglaeiaren 
till between 1.9 x 10 6 and 3.6 x 10- 6 n/ S- I. 

Consolidation tests conducted on a basal till sample col­
lected from a trench dug into the margin of Sto rglaciaren 
(Baker and Hooyer, 1996) provide the data necessary to 
determine et (Equation (8)). In these tests, the effective pres­
sure on water-saturated till in a ring-shear device (Iverson 
and othcrs, 1997) was increased, and the consequent reduc­
tion in specimen thickness was m easured as pore water was 
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Fig. 6. ResllltsJromJil'e different col/solidation tests ( ST4, 
ST 3, S T 2, ST9 and STlO) conducted 0 11 a basal till sample 
]rom Stolglaciiiren. 

squeezed out of the specimen through p ermeable pl atens. 

The va lue o f de was de te rmined from th e to ta l reducti on in 

thickness a ft er consolidation had stopped a nd from meas­
urements o f thc \ 'oids ra lio a t th e conc lusio ns of the tes ts. 

~Icasured \ 'a lues of the compress ibility a re reduced with in­

crcas ing efTcrt i\ "C pressure (Fig. 6), owing to the decrease in 
the \'o ids ra ti o with efTec ti\ 'C pressure. The two la rgest \ 'alues 
of eompress ibility in Fig ure 6 rcsulted from \ 'C r y high initi a l 

\ 'oids ra tios, which a rc unlikel y subglae ia lly. Considering, 

th erefo re, o nl y the other values, compressibilities o f 
1- 5 x 10 7 Pa I arc probably mos t appropri a te for Sto r­

g lacia ren till. 

\ Ve can now approximate the range of hydra ulic conduc­
ti\ 'iti es assoe ia tcd with the inferred diO'usiviti es by ca icula t­

ing \'<dues of spec ifi c storagc from Equa ti on (7). For 
f3 = +1- x 10 III Pa I a nd n = 0.22- 0.2+ (h 'C rson a nd others, 

1997), wc obta in S, = 1-5 x 10 :I m I, H cnce, from Equati o n 

(6), th c res u Iti ng hydra ulic co nduct i\'i t y ra ngc for Sto r­
g l ac i ~l re n ti 11 is J{ = 10 9 10 Hm s I, 

CONCLUDING DISCUSSION 

In thi s p a p e r, wc hm'C shown how hyd ro logica l pa ramctcrs 
nccessa r y to cha rac te ri ze po rc-wa ter fl ow through sub­

g lac ia l till can be determined from th e pro pagati on \'Clocit)' 
of pressure Wa\'CS throug h this matcri a l. \ Vc have bascd our 
ana lysis o n standa rd diffusion th eory a nd ha\ 'C th erefo re 

bec n a bl e to rel atc the time lag bct\\'ecn thc fluctu ations in 

wa te r lc\ 'C1 rcco rdcd in a borehoic a nd t hc force va ri ations, 

as mcas ured with a plo ug hmcter, to th e hydra uli c diffusivit y 
and hydra ulic co nducti\ 'ity of the subglac ia l ti ll laycr. Wc can 

comparc o ur in-situ cstima tes to those obta ined pre\'iously 

from lab o ra tory studi cs using a Storglac ia ren till sample 
('Table I). From consolida tion tes ts, h'crso n a nd o thers (1997) 

wcre a blc to dcri\ 'e hydra ulic difTusi\ 'it )' \ 'alues in the ra nge 
D = 1.5 3.8 x 10 (i m2 s I. Thi s rcsult is in cxcellent agreemcnt 

with th a t d e termined in thi s stud y. HO\ve\ 'C r, ea rli er tests with 

a fa lling-h cad perJ11ea me te r resulted in hydra uli c eonducti\ '­
it )' \ 'a lues b c tween 1\- = 1.3 x 10 7 and -1,.7 x 10 Ii m s I (h'Cr­
SO il a nd o th crs, 199+; Ba ke r and Hooye r, 1996), whi ch a rc onc 

to two o rdc rs of magnitude la rger th an th e va lues obta incd 
hcre, \Vhile o ur cstim a tcs o f hydraulic conciucti\ 'ities arc 

well within the rangc o f conducti\'it y \ 'a lucs for typical 
g lac ia l ti li s (1 0 12 10 (i m s I; Freezc a nd C he rr y, 1979, p. 29), 

those frolll the labora tory stud y a rc typica l o f D a rcia n fl o\\' 

throug h a silty sa nd. The la b o ra tory result is th e refore eo n-

FiSc/leT and others: 1 {vdra 11 lic /m/lerties qjsllbgiarialtill 

Table I. Re/Jo rted values qj /~Jldra ll lic (OllduCliz 'i{J' Jor slIb ­
gLacialt ills 

Ihriralltic L vcatiol/ SOllra 
('ollrillcliz'i!)' 

ill S 

10 7 10 " S LOrg lac ia ren h'c rso ll and (lI her:-: 199 1. 
! Ia boratory sludy Ba ker a nd HoO\'c r 199G 

10 7 10 I Sou l h Cascadc Glac ier Fo untai n 199+ 
ill-silU stud y 

10 7 ID I 
H a Ul G laci'T cL \ ro lJ a Hn bbard a nd o thers ]99,'i 

in-silu ,tudy 

10 I ' Ii 'apridge Glacier Stone and C larke 19t)3, 
in-sillllc"ts Stone ancl mhers 1t)97 

10 I Gornc rgletsrhcr Ikcn and others 19()6 
in-sit u tests ) 

10 " Tbp riclgc Glac ier \I 'adding-lOn a nd C larke 1'l'l,1 
( in-silu le'ISi 

10 1~ 
10 " FI'l,(,z(' a ncl C hern ' 1979 

sistcl1l with the finding tha t till fi-o m beneath the m a rg in of 

Sto rglac ia ren is a clay-poor sedimcnt a nd consists la rgely of 

silts a nd sa nds ("'% clay, 21 % silt a nd 75 '1., sa nd; Ba ker and 
H oo),e r, 1996). 

The fa ll i ng-hcad permcam e te r tes ts were conducted on 

a sample o r ti II rrom below the ri ege l, wh ereas the bo reho ic 

utili zed fo r o ur tests was abO\ 'C the ri ege l. Thus, the signifi­
ca nt difference be tween the la bo rato ry and in-situ estim ates 

of hyd raul ic conducti\'it \' co uld be due to a d i fTcrcncc in com­

pos ition a nd tex ture of the till a bo\'(' and belo\\' the ri egel. 

Water fl o\\'ing through the wcll-defin ed subglacia l conduit 
system in the sec ti on of Storg lac ia ren dO\\'Il-g lac ier of th e 

ri egel may ha\'C flu shed out clay pa nicics. As a res ult , thi s 

"coa rsc" subg lacia l till layer is likely to ha\ 'C a hi gher 
hyd raul ic conducti\'it y tha n the till bene;) t h t hc o\'CTdce p­

ening up-g lacie r from th e ri egcl , where th e fin e m a teria l 

has not bee n 1'C lllo\'Cd by wa te r fl ow, beca use o f the lac k of 
sig nificant subg lae ia l dra inage. Altcrna ti\ 'C ly, o ur lo\\' in­

situ es tim a tes o f hydrauli c concluc ti\ 'it )' may a lso pa rtl y be 
a res ult of ac ti\ 'C shca r defo rm a ti o n of the sedime nt laye r be­
ncath Sto rg lac ia ren (h 'crson a nd o thers, 1995; H ooke a nd 
o thers, 1997). D efo rm a ti on of subg lac ia l scdimcnt s can res ult 

in thc ori enta t io n of pa rticles with i n the sediment pa ra ll el to 

th e directi on o f principa l stra in ( l\lurray a nd D O\\'Clcs\\'C 11 , 

1992).This p a rti c le a lignlllcntlca d s to a nisot ropic h \'Clraulic 
co nducti\'iti cs as wa tcr throug h-fl ow \\' ill be facilita ted pa r­

a llel to the pl a n e of deform a ti o n ( typica ll y in the do\\'n­

g lacier and cross-g lacicr direct io ns) a nd reta rd ed p erpen­
dicul a r to thi s pla nc. In contras t, pa nicle ali g nmcnts in a 

remolded sample in the labo ra to r y a rc pres um a bl y ra ndom, 

Thus, th c hyd ra uli c co nductivity in a rClllo lded sediment 

sample mig ht be cx pectcd to b e la rger tha n tha t l1orlll a l to 
the shea ring direction ill a de fo rming scclimellll aye r. 

:- lost p revi o us in-situ estima tes o f the hydra ulic co nduc­

ti\'it y or subg lac ia l materi a l difle r significa ntl y fro m ours 
(Table I). By a na lyz ing ave rage wa ter Iew'ls a nd na t ura I \'a r­

iati ons in wate r le\'eI8 obse rved in borehoics drill ed to th e 

bed of South C ascade Gl acie r, Fo unt a in (199+) dcrin'd hy­

draulic conductiv it y valu es fo r th e subglacia l materi a l 
(10 7 10 I 111 S I) th a t a rc be tween onc and fi \'e o rders of 

magnit ude la rgc r tha n our esti m a tes, These hi gh values \\'(' IT 

interprctcd as b c ing indicati\ 'C o f slIbg lacia l \\'a ter fl o \\' a long 
the ice scdiment intcrrace in a dditi on to \\'ithin the sed i­

ment. Ana lyses o f the propagati o n \ '(' Iocit y and the a llenll a-
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ti on of diurnal pressure waves passing through the basal ma­
teri a l between a subglacia l channel a nd a transverse profi le 
of bore holes at H a UL Glacier d'Aroll a (Hubbard and o thers, 
1995) yielded equa lly high conductivity values. However, 
thi s latter study furth er indicated tha t the subglacia l sedi­
ment layer is characteri zed by a systematic trans"erse va ri a­
tion in hydraulic conducti vity as it appea red that values 
drcrrast'd exponenti a ll y with di stance from the channel. 
This finding suggested that fine materi a l had been removed 
from sediments more effi cientl y dose r to the subglacia l chan­
nel than further away and therefore SUppOrLS our interpreta­
ti on that subglac ial water Oow in the conduit system of the 
lower ablati on a rea ofStorglaciaren has the capacity to Oush 
out cl ay pa rticl es. Response tests in boreholes that wcre con­
nected to the subglacia l dra inage system on Trapridge 
Glacier (Stone and C larke, 1993; Stone and others, 1997) 
a nd on Gornergletscher (Iken and others, 1996) resulted in 
hydraulic conducti vity va lues that a re typical of Da rcia n 
fl ow th ro ugh coarse sands or g ravels (1 0 I I m S- I). Stone 
and Clarke (1993) demonstrated tha t the obser\'Cd hydrauli c 
responses of the connected water system a re consistent with 
a highl y transmiss ive and water-sa turated macroporous 
zone ove rl a in by glacier ice and res ting on a sediment sub­
strate haying a low permeability. In contrast, " 'adding ton 
and Cl a rkc (1995) conce11lrated attenti on on the uncon­
nec ted water system beneath TJ'apridge Glacier and , aga in 
using the response of water-fill ed boreholes, obtained in-situ 
determinations of the hydraulic conducti vity (1.35-7.0 x 10 9 

m s 1) which are simila r to " alues found in this study. 
In summ ary, our estimate of the till conductivity is sig­

nificantl y smaller tha n those from labora tory tests on a Sto r­
g lac ia rcn till sample and from some o ther in-situ estim a tes 
of the conductivity of till beneath other g laciers (Table 1). 
However, it is likely th at these other measurements have 
been made on till that has been washed by subglacial water 
flow. Our results a re consistent with in-situ measurem ents 
m ade in hydrauli call y isolated pa rts of g lacier beds where 
water fl ow and consequent winnowing a re expected to be 
less effecti,·e. 
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