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ABSTRACT. Force variations on a“ploughmeter”and fluctuations in subglacial water
pressure have been measured in the same borehole at Storglaciiren, Sweden, to investi-
gate hydraulic properties of the basal till layer. A strong inverse correlation of the pressure
and force records, in conjunction with a significant time lag between the two signals, sug-
gests that pore-water pressures directly affect the strength of the till. Variations in sub-
glacial water pressure result in potential gradients across the water till interface at the
bottom of the borehole that drive pressure waves downwards through the till layer when
the borehole water level is high and back upwards when the water level is low. Analysis of
the propagation velocity of this pressure wave 111(11( ates that the hydraulic diffusivity of
Storglacidren till is in the range 1.9-36 x10 "m”s ', in good agreement with estimates
obtained in the ldl)omun\ Hydraulic conductiv 1t\ values associated with these difTusiv-
ities are between 107 and 10 *m s ' and thus are well within the range of values for other

glacial tills.

INTRODUCTION

Several instruments have been designed to study the in-situ
mechanical properties and deformation of till beneath
glaciers. Among the most successful of these have been
ploughmeters, steel rods that are driven vertically into the
till bed through borcholes and that bend elastically as they
are dragged through the till during basal motion (Fischer

and Clarke, 1994, 1997; Hooke and others, 1997). Bending of

the rod is measured with strain gauges, allowing the force
on the instrument to be determined and the mechanical
properties of the till to be estimated.

In this study, we use the record from a ploughmeter to
obtain an in-situ estimate of the hvdraulic difTusivity and
conductivity of till beneath Storglaciiren. A consistent lag
between water-pressure fluctuations measured in a borehole
and the lorce on the ploughmeter is interpreted to reflect the
time required for the water-pressure wave to propagate
through the pores of the till to the depth of the ploughmeter.
The change in pore-water pressure at depth affects the till
strength and thereby changes the force on the instrument,
Standard diffusion theory is used to calculate the hydraulic
diffusivity of the till from this lag, and laboratory measure-
ments of the till compressibility are used to estimate the con-
ductivity from the diffusivity, Our results are then
compared with those of other studies.
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Geological  and

CHARACTERISTICS OF STORGLACIAREN

Storglaciaren (Fig. 1) is a small polythermal valley glacier,
situated in the Kebnekaise Massif of northern Sweden. A
transverse bedrock ridge, or riegel, divides the ablation area
into two parts with a smaller overdeepening on the down-
glacier side and a larger overdeepened basin on the up-
glacier side. Crevasses over the riegel, along the sides and
over the headwall at the up-glacier end of this overdeepen-
ing constitute primary input points [or water to the en-
glacial and subglacial drainage system of the glacier. Tracer
studies (Hooke and others, 1988; Seaberg and others, 1988;
Hock and Hooke, 1993; Hooke and Pohjola, 1994) have de-
monstrated that water passing through the overdeepening
emerges in Nordjakk, a stream that normally carries a neg-
ligible sediment load. Water that enters the glacier by way of
crevasses and moulins over the riegel exits through Sydjakk
stream which is much dirtier. The difference in sediment
concentration is taken to indicate that water in Sydjakk
stream moves a considerable distance along the bed, while
that in Nordjakk is largely englacial.

From observations of the dirt content of the two streams,
it is clear that there is a fundamental difference in the drain-
age system of the lower and upper parts of the ablation area.
The section down-glacier from the riegel drains largely sub-
glacially through a well-defined conduit svstem (Hock and
Hooke, 1993). Water pressures in boreholes vary significantly
in response to changes in the input rate of water at the
glacier surface (Hooke and others. 1989). In addition, the
surface velocity of the glacier was found to correlate well
with variations in subglacial water pressure (Jansson, 1995).
In contrast, the main drainage system through the over-
deepening up-glacier from the riegel is englacial (Hooke
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Fig. . Map of Storglaciiren showing surface and bed lopogra-
Pphy, locations of crevasse zones through which water enters the
englacial and subglacial drainage system, and the location of
the 1993 study site.

and Pohjola, 1994). Although there is a subsidiary drainage
system between the ice and the bed acting parallel to the en-
glacial system, most of the water appears to pass through
this overdeepened section englacially and does not affect
the base of the glacier. Water pressures were found to be rel-
atively constant and averaged 80-90% of the overburden
pressure (Hooke and others, 1989,

Electrical resistivity measurements (Brand and others,
1987), seismic studies (unpublished data of J. Paetz), direct
sampling through horeholes (unpublished data of N.R.
Iverson), borchole-video investigations (Pohjola, 1993) and
measurements using instruments installed at the bottoms of
borcholes (Iverson and others, 1994, 1995; Hooke and others,
1997) suggest that throughout the overdeepening the glacier
is underlain by a discontinuous layer of till, 0.2—0.5 m thick.
Hooke (1991) suggested that this tll layer is not flushed from
the glacier sole, because of the lack of significant subglacial
drainage. It is beneath this part of the glacier where the
measurements discussed here were made.

OBSERVATIONS

As part of a study to describe the rheology of deforming till
beneath Storglaciaren (Hooke and others, 1997), 15 holes
were drilled through the glacier roughly 350 m up-glacier
from the riegel during July 1995 (Fig. 1). At this site, the ice
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was ~125 m thick. With one exception, all boreholes drained
at levels between 8 and 65 m below the glacier surface as the
drill presumably intersected conduits in the englacial drain-
age system. The one hole that did not drain remained full of
water even when the drill reached the bed. Water pressures
recorded in three of these holes tracked each other closely
and thereby are consistent with the idea that the boreholes
arc interconnected through a network of englacial conduits
(Hooke and Pohjola, 1994).

Two holes were instrumented with ploughmeters to
measure the strength of the subglacial till. Figure 2 shows
roughly 70days of observations for ploughmeter 95PL-I
and pressure transducer 95P-1, both recorded in the same
borehole. We estimate that this ploughmeter was inserted
~(.13 m into the basal tll. Variations in the ploughmeter
signal (Fig. 2a) are inversely correlated with fluctuations in
subglacial water pressure (Iig. 2b) such that high forces
experienced by the ploughmeter coincide with low water
pressures and vice versa. The force on the ploughmeter
could have been influenced by the velocity with which the
ploughmeter was dragged through the till (Fischer and
Clarke, 1994). 16 check this possibility, the velocity of a stake
drilled into the surface ol the glacier near our study site was
measured over the same time period (Iig. 2¢) and showed no
correlation to the ploughmeter record. Assuming that meas-
ured variations in surface velocity reflect variations in the
rate at which ice slides over the till (as opposed to rates of till
deformation) (Iverson and others, 1995; Hooke and others,
1997), this lack of correlation between force on the plough-
meter and glacier sliding suggests that the force was not in-
Muenced significantly by the rate at which the ploughmeter
moved through the tll
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Fig. 2. Time series of (a) force applied to the lowermost sec-
tion of the ploughmeter (95PL-1), (b ) subglacial waler pres-
sure (95P-1) and (¢ ) suiface velocity.

STRENGTH OF THE DEFORMING TILL

The strength of a deforming granular material can be de-
rived from the familiar Mohr—Coulomb failure criterion
( Mitchell, 1976, p. 283; Head, 1994, p. 204)

T=c+ P.tan ¢ (1)

which relates the yield strength 7 at which a material begins
to deform irrecoverably to the cohesion ¢, the effective pres-



sure F, (the difference between the overburden pressure
and the pore-water pressure) and the angle of internal fric-
tion ¢@. Once deforming, the sediment may either dilate or
contract, but eventually the sediment volume and friction
angle become steady (Skempton, 1985) and the sediment is
said to reach its residual state. Cohesion becomes negligible
in the residual state (Mitchell, 1976, p.313; Head, 1994,
p- 210), so Equation (1) reduces to

T = Fotan ¢ (2)

where ¢, is the residual friction angle. According to Equa-
tion (2), the residual strength 7, of the deforming sediment
increases with increasing effective pressure or decreasing
pore-water pressure. If subglacial water pressure is taken as
a proxy indicator for pore-water pressure, Equation (2) is
consistent with the observed inverse relation of water pres-
sure and ploughmeter response (I'ig. 2a and b), which sug-
gests that increased water pressures weaken the ull,
resulting in less force on the ploughmeter.

With knowledge of the pore-water pressure in the all
layer, the overburden pressure (from the ice thickness) and
the angle of internal [riction, we can calculate the residual
strength of Storglacidren till from Equation (2). This resi-
dual strength can further be used to compute the force that
the ploughmeter experiences as it is dragged through the
till. If this calculated force is in good agreement with that
measured in the field (Fig. 2a), we have support for our
assumption that the Mohr—Coulomb condition (Equation
(2)) adequately describes the strength of Storglacidren ull

The measured mean subglacial water pressure (Fig. 2b) is
about 1.05 MPa (water-column height of 105m) for the in-
terval 5 July-17 August, so the effective pressure is
~01MPa at the base of the ~125 m deep borehole. Then
with ¢, = 25.5 (Hooke and others, 1997), Equation (2)
yields a residual strength 7, = 48 kPa. For comparison, the
force F plotted in Figure 2a is related to 7, by

(2 + w1 [
e i }ﬂ/ (2 - 2)d? (3)

Ly
&

(Fischer and Clarke, 1994, equations (14) and (13) ). Here, a s
the radius of the ploughmeter (I6 mm), z, 1s the distance
from the tip of the ploughmeter to the point where the strain
gauges were bonded (0.lm) and z denotes the depth to
which the ploughmeter is immersed in the till layer
(0.13m). The integral term sums the bending moments
applied to the end of the ploughmeter as it is dragged
through the till. It is these moments that are sensed by the

strain gauges bonded to the ploughmeter. The mean value of

F' for the interval 5 July-17 August from Figure 2a is
~B00N, so 7, derived from the ploughmeter readings is
~49kPa, in good agreement with the value calculated from
the known P, and friction angle.

ESTIMATION OF HYDRAULIC PROPERTIES

Having now shown that the ploughmeter results are consis-
tent with those based on other data, we proceed to use these
results to estimate the hydraulic properties of the tll
Assuming that ploughmeter 95PL-1 and pressure trans-
ducer 93P-1 were installed in a borehole which is not well
connected to the subglacial drainage system, fluctuations in
the borchole water level reflect variations in the water pres-
sure in the englacial conduit system. When the water level
rises, the water at the base of the borehole becomes over-
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pressurized with respect to the water in the pore space of
the underlying till layer. Similarly, upon a drop in water
level, there is a local under-pressurization at the base of the
hole. A potential gradient therefore exists across the water

ull interface at the bottom of the borehole that reverses tem-
porally in accordance with the water-level fluctuations. As a

result, we expect that a water pressure wave is initiated at

the base of the borehole and that this wave migrates down-
wards through the underlying till layer when the water level
is high and back upwards when the water level is low. Fluc-
tuations in pore-water pressure in the till laver should lag
those recorded with the pressure transducer in the borehole
as it takes time for the pressure waves to propagate through
the till. Because pore-water pressures directly allect the
strength of the till (Equation (2)), variations in the force res-
ponsc of the ploughmeter should also lag those in subglacial
walter pressure, Calculation of the cross-correlation between
the record of ploughmeter 95PL-1 (I'ig. 2a) and the record
of pressure transducer 95P-1 (Fig. 2b) for different time
shifts ranging from —2 days to +2 days (Fig. 3) suggests that
this time lag is ~0.22 days. Note that this and any of the
time-series analyses that follow are based on the interval 5
July—17 August, thus avoiding any mathematical difficulties
associated with the data gap.
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Fig. 5 Cross-correlation between the force recorded by plough-
meler 93PL-1 ( Fig. 2a) and the subglacial water pressure re-
corded by pressure transducer 95P-1 ( Fig. 2b) for different
time shifts.

We follow the analyses of Fountain (1994) and Hubbard
and others (1995) to investigate quantitatively the perme-
ability of subglacial till on the basis of the speed ol water-
pressure waves as they propagate through it. A hypothetical
arrangement is to represent the glacier bed as a semi-infinite
solid with the z axis positive downward (Fig 4. A steady
water pressure is assumed at infinity and the pressure varia-
tion at the base of the borehole is treated as a boundary con-
dition at the tll-water interface. If this driving pressure
varies as a harmonic function of time, we can apply results
from standard diftusion theory (e.g. Carslaw and Jaeger,
1959) to relate the propagation velocity of the pressure wave
to the frequency of the initiating pressure fluctuations and
the hydraulic diffusivity of the till through which the wave
passes. The pressure fluctuations are propagated into the till
layer with velocity (Carslaw and Jaeger, 1959, p. 66)

V=

?: %D (4)

where D is the hydraulic diffusivity of the till and w is the
angular frequency of the periodic boundary condition.
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BOREHOLE

Fig. 4. Definition sketch for Equation (1) showing the glacier
bed repiesented as a semi-infinile solid.

Here, 1 1s the time at which the pressure maxima (or mini-
ma) arrive at a distance z from the bottom of the borehole

{

(Fig. 4). Solving Equation (4) for D gives
g

i

2t

(5)

The hydraulic diffusivity is a parameter that couples trans-
mission and storage properties of the till, expressed as the
ratio of hydraulic conductivity K to specific storage S
(Ireeze and Cherry, 1979, p.61)

D=, (6)

Physically, S, represents the volume of water released from
storage by a unit volume of till when a unit decline in
hydraulic head occurs. A decrease in hydraulic head induces
a decrease in pore-water pressure, allowing the water to ex-
pand, and an increase in effective pressure, causing the till
to compact. The amount of water that 1s released {rom
storage can therefore be described by (Freeze and Cherry,
1979, p. 59)

S = pwgla +nB) (7)

where py is the density of water, g is the acceleration due to
gravity, n is porosity and o and 3 are compressibility coeffi-
cients for the porous medium and the fluid, respectively. In
the geotechnical literature, the compressibility o of a gran-
ular material is expressed as the change in voids ratio de
caused by the change in effective pressure d P, (Freeze and
Cherry, 1979, p. 54)

_de/(1 +e)

o= (l ])’

(8)
where e is the initial voids ratio. The value of cv 1s smaller at
smaller voids ratios, 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 «v also depends on the grain-
size of the material. Values of a range from 10 WEs i
coarse sand and gravel to 10 ° Pa ' in clay and silt (Freeze
and Cherry, 1979, p.55).

The dominant periods in the variations of the force on
the ploughmeter (Fig. 2a) and the subglacial water pressure
(Fig. 2b) are of several days. Both time series were analyzed
for their [requency content by taking the Fourier transform
(Press and others, 1992, p. 501) and the power spectral densi-
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Fig. 5. Power spectral densily functions for (a) the plough-
meler record shown in Figure 2a and (b) the subglacial
water-pressure vecord shown in Figure 2b. Pre-processing of
the time series included removing the trend and offset by
sublracting out a regression line followed by padding the
resulting data with zeros up to the next power of 2.

ties were estimated using the periodogram method (Press
and others, 1992, p. 550). We sce that for both the force- and
pressure-power spectral density functions (Figure 5a for the
95PL-1 data and Figure 5b for the 95P-1 data) most of the
energy is contained in the frequency range 0.05-0.2d ", For
these low frequencies, the two power spectra agree quite
well; two dominant peaks that are present in both spectra
at [requencies 0.175 and 0.09d "indicate that the plough-
meter clearly responds to water-pressure variations with
periods of 57 and lLldays, respectively. Pressure- and
ploughmeter-force variations with frequencies larger than
~02d " are of significantly smaller amplitudes, Further-
more, the two spectra do not agree as well in this higher fre-
quency range; a noticeable peak in the power spectrum of
the 95P-1 data (Fig. 5h), which indicates a water-pressure
forcing with a frequency of 042d ', is not apparent in the
response of the ploughmeter (Fig. 5a).

In the following, we will assume that the depth to which
the pressure wave has to propagate corresponds to the inser-
tion depth of the ploughmeter. Our thinking is that it is only
when the pressure wave reaches the tip of the instrument
that the till becomes weakened within a sufficiently thick
layer for the ploughmeter to experience reduced forces.
Clearly, the ploughmeter 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 depths do
not affect the ploughmeter, which supports the above
assumption. Therefore, substituting z = 0.13m (insertion
depth of ploughmeter; Fig. 4), £ = 0.22days (lag from the
cross-correlation analysis; Fig. 3) and w = 065-127 x 10 s
(corresponding to frequencies ranging from 0.09 1o 0.175 d ]
where w = 27 times the frequency; Fig. 5) into Equation (3),
we compute hydraulic diffusivity values D for Storglacidren
till between 1.9 x 10 * and 36 x10 “m?s "

Consolidation tests conducted on a basal till sample col-
lected from a trench dug into the margin of Storglaciiren
(Baker and Hooyer, 1996) provide the data necessary to
determine a (Equation (8)). In these tests, the effective pres-
sure on water-saturated till in a ring-shear device (Iverson
and others, 1997) was increased, and the consequent reduc-
tion in specimen thickness was measured as pore water was
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Fig. 6. Results from five different consolidation tests (ST4,
ST3, 8T2, 5T9 and STI0) conducted on a basal till sample

from Storglacidren.

squeezed out of the specimen through permeable platens.
The value of de was determined from the total reduction in
thickness after consolidation had stopped and [rom meas-
urements of the voids ratio at the conclusions of the tests.
Measured values of the compressibility are reduced with in-
creasing effective pressure (Fig. 6), owing to the decrease in
the voids ratio with effective pressure. The two largest values
of compressibility in Figure 6 resulted from very high initial
voids ratios, which are unlikely subglacially. Considering,

therefore, only the other values, compressibilities of

1-5%10 "Pa " are probably most appropriate for Stor-
glactiren till.

We can now approximate the range of hydraulic conduc-
tivities associated with the inferred diffusivities by ealculat-
ing values of specific storage from Equation (7). For
B=44x10 ""Pa 'and n =022-024 (Iverson and others,
1997), we obtain S, =1-5 %10 *m ' Hence, from Equation
(6). the resulting hydraulic conductivity range for Stor-
glaciziren till is & =10 "~10 "ms

CONCLUDING DISCUSSION

In this paper, we have shown how hydrological parameters
necessary to characterize pore-water flow through sub-
glacial till can be determined from the propagation velocity
of pressure waves through this material. We have based our
analysis on standard diffusion theory and have therefore
been able to relate the time lag between the fluctuations in
water level recorded in a borehole and the force variations,
as measured with a ploughmeter, to the hydraulic diffusivity
and hydraulic conductivity of the subglacial till laver. We can
compare our in-situ estimates to those obtained previously
from laboratory studies using a Storglacidren till sample
(Table 1). From consolidation tests, Iverson and others (1997)
were able to derive hydraulic diffusivity values in the range
D =15-38 x10 "m?s " This result is in excellent agreement
with that determined in this study. However, earlier tests with
a falling-head permeameter resulted in hydraulic conductiv-
ity values between K =13 x10 7 and 47 x10 "ms ' (Iver-
son and others, 1991; Baker and Hooyer, 1996), which are one
to two orders of magnitude larger than the values obtained
here. While our estimates of hydraulic conductivities are
well within the range of conductivity values for typical
olacial tills (10 210 “ms Y Freeze and Cherry, 1979, p.29),
those from the laboratory study are typical of Darcian flow
through a silty sand. The laboratory result is therefore con-
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Table 1. Reported values of hydraulic conductivity for sub-

glacial tills

Thdraulic Luocation Source

conduelivily

ms '

10710 ® Storglaciaren Iverson and others (1994,
(Taboratory study Baker and Hoover (1996

-t South Cascade Glacier Fountain (1994
(in=situ study

10 ~10 Haut Glacier d’Arolla Hubbard and others (1995

(in-situ study
10" Trapridge Glacier
[in-situ tests

Stone and Clarke (1993),
Stone and others (1997
10 1 Gornergletscher Iken and others (1996)
[in-situ tests)
Trapridge Glacier

[in-situ tests)

10 Waddington and Clarke (1995)

197"%=1p7 Freeze and Cherry (1979

sistent with the finding that till from beneath the margin of
Storglacidren is a clay-poor sediment and consists largely of
silts and sands (4% clay, 21 % silt and 75% sand; Baker and
Hooyer, 1996).

The falling-head permeameter tests were conducted on
a sample of till from helow the riegel, whercas the borehole
utilized for our tests was above the riegel. Thus, the signifi-
cant difference between the laboratory and in-situ estimates
of hydraulic conductivity could be due to a difference in com-
position and texture of the till above and below the riegel.
Water flowing through the well-defined subglacial conduit
system in the section of Storglaciiren down-glacier of the
riegel may have flushed out clay particles. As a result, this
“coarse” subglacial till layer is likely to have a higher
hydraulic conductivity than the till beneath the overdeep-
ening up-glacier from the riegel, where the fine material
has not been removed by water flow; because of the lack of
significant subglacial drainage. Alternatively, our low in-
situ estimates of hydraulic conductivity may also partly be
aresult of active shear deformation of the sediment laver he-
neath Storglaciiren (Iverson and others, 1995; Hooke and
others, 1997). Deformation of subglacial sediments can result
in the orientation of particles within the sediment parallel to
the direction of principal strain (Murray and Dowdeswell,
1992). This particle alignment leads to anisotropic hydraulic
conductivities as water through-flow will be facilitated par-
allel to the plane of deformation (typically in the down-
glacier and cross-glacier directions) and retarded perpen-
dicular to this plane. In contrast, particle alignments in a
remolded sample in the laboratory are presumably random.
Thus, the hydraulic conductivity in a remolded sediment
sample might be expected to be larger than that normal 1o
the shearing direction in a deforming sediment laver.

Most previous in-situ estimates of the hydraulic conduc-
tivity of subglacial material differ significantly from ours
(Table 1). By analyzing average water levels and natural var-
iations in water levels observed in boreholes drilled to the
bed of South Cascade Glacier, Fountain (1991) derived hy-
draulic conductivity values for the subglacial material
(10 10 *ms i') that are between one and [ive orders of
magnitude larger than our estimates. These high values were
mterpreted as being indicative of subglacial water flow along
the ice—sediment interface in addition to within the sedi-
ment. Analyses of the propagation velocity and the attenua-

321



Fournal of Glaciology

tion of diurnal pressure waves passing through the basal ma-
terial between a subglacial channel and a transverse profile
of borcholes at Haut Glacier d'Arolla (Hubbard and others,
1995) yielded equally high conductivity values. However,
this latter study further indicated that the subglacial sedi-
ment layer is characterized by a systematic transverse varia-
tion in hydraulic conductivity as it appeared that values
decreased exponentially with distance from the channel.
This finding suggested that fine material had been removed
from sediments more efficiently closer to the subglacial chan-
nel than further away and therefore supports our interpreta-
tion that subglacial water flow in the conduit system of the
lower ablation area of Storglaciiren has the capacity to flush
out clay particles. Response tests in boreholes that were con-
nected to the subglacial drainage system on Trapridge
Glacier (Stone and Clarke, 1993; Stone and others, 1997)
and on Gornergletscher (Tken and others, 1996) resulted in
hydraulic conductivity values that are typical of Darcian
flow through coarse sands or gravels (10 "~1ms . Stone
and Clarke (1993) demonstrated that the observed hydraulic
responses of the connected water system are consistent with
a highly transmissive and water-saturated macroporous
zone overlain by glacier ice and resting on a sediment sub-
strate having a low permeability. In contrast, Waddington
and Clarke (1995) concentrated attention on the uncon-
nected water system beneath Trapridge Glacier and, again
using the response of water-filled boreholes, obtained in-situ
determinations of the hydraulic conducuvity (1.35-7.0 x 10 -
ms ') which are similar to values found in this study.

In summary, our estimate of the till conductivity is sig-
nificantly smaller than those from laboratory tests on a Stor-
glaciiren till sample and from some other in-situ estimates
of the conductivity of tll beneath other glaciers ("lable 1).
However, it is likely that these other measurements have
been made on till that has been washed by subglacial water
flow. Our results are consistent with in-situ measurements
made in hydraulically isolated parts of glacier beds where
water flow and consequent winnowing are expected to be
less effective.
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