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ABSTRACT. The mechanical interaction hetween a glacier and subglacial sediment
can be observed using an instrumented rod that we refer to as the UBC ploughmeter. For
clast-rich sediments, the rate of collision between clasts and a rod dragged through these
sediments should be related to the glacier sliding rate. By assuming that proglacial meas-
urements of sediment granulometry represent the subglacial granulometry of ‘Trapridge
Glacier, Yukon lerritory, Canada, we have used ploughmeter results to obtain an esti-

mated sliding rate of ~45 mmd

. in good agreement with known rates. In addition, for

a subglacial material treated as a solid-liquid dispersion having a linear viscous rheology,
the iUl(L‘ of collision experienced by the 10d slu)uld be proportional to the effective sedi-
ment viscosity. Our estimate of ~20 % 10 Pas agrees well with previously derived

values.

INTRODUCTION

Glaciers and ice sheets on soft beds flow by some combina-
tion of ice creep, basal sliding and subglacial sediment de-
formation (Alley, 1989). It remains unclear what
processes control the partitioning between sliding and sedi-
ment deformation, and without new instruments and exten-
sive subglacial measurements it is doubtful that this question
can be settled. To this end, we have developed an instru-
ment, the UBC ploughmeter, to sense the mechanical inter-
action between a glacier and its bed (Fischer and Clarke,
1994). The essential idea is that a steel rod, with its tip pro-
truding into subglacial sediment, will bend elastically as the
tip is dragged through the sediment by movement of the
overlying ice (Iig. la), much as a stick bends if it is used to
inscribe lines on a sandy beach. The main body of the rod is
embedded in ice, while the tip is instrumented with strain
gauges that respond to bending in two mutually orthogonal
directions (Fig. 1b). Detailed information on the construe-
tion, calibration, installation and theory of this device is
given in Fischer and Clarke (1994). For the purpose of the
present paper it is only necessary to understand that the
ploughmeter measures the bending moment acting near
the rod tip and that this moment is influenced by the depth
of penetration, the sliding rate and bed properties.

For a homogeneous, fine-grained substrate, modelled as
a linear viscous fluid having viscosity g the force per unit
length F acting near the tip is approximated by

F=upUL (1)

where U is the relative velocity between rod and sediment
(here assumed to equal the basal sliding rate) and L is a
characteristic length scale (Fischer and Clarke, 1994). For a
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Fig. 1. (a) Schematic diagram of ploughmeter aperation. (b)
Arrangement of strain gauges near the tip of the steel rod.

heterogeneous or clast-rich sediment, a purely linear viscous
assumption is inappropriate and the concepts of mean free
path and clast-collision frequency suggest themselves. The
mean free path is the typical travel distance between clast
collisions; collision frequency is the inverse of the typical
time interval between collisions. Potential complicating fac-
tors are temporal variations in sliding rate and spatial var-
iations in bed granulometry.

OBSERVATIONS

During the 1991 summer field season, two ploughmeters
were installed at the bed of Trapridge Glacier, Yukon Terri-
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tory, Canada. The location and a detailed description of the
Trapridge Glacier study area are given in Clarke and Blake
(1991). Figure 2 shows roughly 60d of observation for
ploughmeter 91PL02. During the course of these measure-
ments, we collected data at 20 minute intervals. We estimate
that the ploughmeter was inserted ~0.15m into the basal
sediment. Figure 2a indicates the bending force applied o
the tip of the plounghmeter, and Figure 2b indicates the azi-
muth of the force with respect to the internal coordinates of
the ploughmeter. During the entire observation period,

AZIMUTH (deg)

SEP

1991

Fig. 2. Data from ploughmeter 91PLO2. (a) Force record in-
dicating force applied to the tip of the ploughmeter. (b) Azi-
muth of the force with respect to the internal coordinates of the
ploughmeter. Dashed line vepresents the slowly varying azi-
muth component ( see text for details ).

hoth the force record and the azimuth record display a
Jagged appearance with rapid and large luctuations. Varia-
tions in azimuth of the applied force could result from rota-
tion of the ploughmeter about its long axis, from temporal
variations in the direction of glacier flow, or from transla-
tional motion in a direction perpendicular to the glacier
flow. Because we believe that ploughmeters are firmly
gripped by glacier ice (Fischer and Clarke, 1994), it is un-
likely that they will undergo large and rapid back-and-forth
rotations within a borehole (Fig, 2b)."Ib further interpret the
data, we postulate that azimuth variations due to changing
glacier flow directions are generally long-term (cyeles of 1d
or more) and that variations due to cross-flow motion are
generally short-term (cycles of on the order of hours or less),
In our analysis, we used a Gaussian low-pass filter (cut-off
frequency = 0.074d ) to extract the slowly varying compo-
nent of the azimuth time series (dashed line in Fig. 2b) and
attributed this slowly varying component to changes in the
glacier flow direction. Any remaining high-frequency dis-
turbance on the azimuth record indicates non-zero cross-
flow motion. By aligning the slowly varying azimuth com-
ponent with the glacier flow direction, we can decompose
the net force values (Fig. 2a) into down-flow and cross-flow
components (Fig. 3)."To effect this decomposition we assume
that the principal direction of ploughmeter motion is down-
glacier.

INTERPRETATION

The jagged appearance of the force record (Fie. 2a) and the
- (nlnl o
lack of an apparent correlation between the records of
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Fig. 3. Decomposition into down-flow (upper trace) and
cross-flow (lower trace) force components of the data from
ploughmeter 91PLO2 shown in Figure 2.

down-flow and cross-flow force components (g, 3) suggest
that ploughmeter 91PL02 is interacting with a clast-rich
arca of the glacier bed. The basis for this suggestion lies in
the idea that the spikes in the data record are the result of
the ploughmeter colliding with individual clasts as it is
dragged through basal material. An alternative interpret-
ation is that the spikes reflect interactions with groups or
“bridges”of grains. During shearing of a granular material,
grain alignment can become sufficiently coaxial that the
resulting bridges support anomalously high shear and nor-
mal stresses (Hooke and Iverson, 1995). However, as these
bridges fail by crushing of the particles, there is a tendency
for the material to develop a self=similar size distribution in
which particles of the same size are separated from each
(Sammis and others, 1987).
arrangement of particles, intergranular stresses are more
uniformly distributed and the tendency for mechanical
1995),
Hence, because the particle-size distribution for Trapridge

other In such a spatial

heterogeneity is minimized (Iverson and others,

sediment was shown to approximate a fractal distribution
(Fischer, 1995) we prefer the interpretation of a ploughmeter
colliding with individual clasts.

To support our idea we simulated collisions between a
ploughmeter and individual clasts as the ploughmeter
moves through a heterogencous subglacial sediment. We de-
veloped a simple numerical model to describe the response
of a ploughmeter to such forcing by interaction with a syn-
thetic till. For simplicity, we only considered nearest neigh-
bour collisions. The model till was constructed by filling a
volume with spheres of different sizes. The spheres represent
clasts in a matrix of fine-grained solids and water-filled
voids. We assumed a porosity of 0.3 and a clast-size distribu-
tion that is based on the granulometry of a basal till from
Trapridge Glacier (Clarke, 1987). Only clasts of the seven
largest size classes were included in the model, correspond-
ing to spheres of diameters in the range 4-32 mm (Table 1).
Grains of smaller size were assumed to form the matrix of
fines. 1o achieve a random yet spatially fractal distribution
of clasts within the till, the spheres were arranged inside the
volume using a method similar to the way a dense conerete
is created. As a first step, the largest spheres were randomly
assembled. Subsequently, spheres of the next smaller size
class were placed into the voids left between the larger ones.
This second stage was then followed by adding vet smaller
spheres which fill the gaps between the first and second sets
of spheres. By recursively placing smaller spheres in between
the larger spheres, this filling process was continued until the
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Table 1. Parameters for model till
Crain diameter  Radius af sphere - Number per — Typical distance Volume fraction
untt volume
) Ry N d ¢
mm m mm

5.0 16.0 1279 61.59 0.073
4.5 1151 7146 51.98 0.047

~1.0 8.0 14326 4117 0.035
&5 5.66 34833 30.39 0.032
3.0 LO 86162 22,64 0.028
2.5 2.83 218 488 16.77 0.025
2.0 2.0 538 944 12.29 0.023

Fig. 5. Schematic diagram of “clast collision”™ model. The

verlical cylinder represents the ploughmeter moving through

smallest size class had been reached. The resulting cascades . 4
- subglacial sediment.

of smaller and smaller spheres filling the gaps between
larger ones is similar to the packing of circles in the fractal

Apollonian gasket (Fig. 4). R -, -
volume was assumed to be 015 m (Table 2). We view the

spheres as being suspended in a viscous medium. Thus, we
treat the synthetic till as a solid-liquid dispersion and cal-

culate the forces on the cylinder as it moves through this dis-
persion. Two parts contribute to these forces. The drag on
the cylinder is calculated using Equation (1). This force con-
tribution has only a component in the down-flow direction
and, assuming that the glacierslides at a steady rate, is cons-
tant with time. The calculation of the forces that arise from
collisions with the spheres is based on Stokes’ law

F = 6muRU (2)

which describes the total drag of a sphere of radius /2 mov-
ing through a viscous fluid at velocity U (Stokes, 1851). The
idea is that after impacting, the cylinder deflects the spheres
to the side, thereby pushing them through the viscous med-
ium. Because impacts are likely to be oblique with respect to
the direction of motion of the eylinder, these forces have
down-flow and cross-flow components.

Instead of considering the motion of a cylinder through
the luid we change the frame of reference and analyze the

uniform flow around the cylinder located at the origin

Lig. 4. Cross-sectional cut through the model till. The area (Fig. 6). Fluid flow is assumed to be directed along the r axis.
shown is 0.1m by O.I'm in size. The light shaded regions rep- The spheres in the model till move at the fluid velocity and
resent the matrix of fine-grained solids and watersfilled votds. follow a trajectory that corresponds to a streamline. Colli-
Inset shows a mathematically perfect Apollonian gasket sion between the cylinder and a given sphere occurs when
( adapted from Mandelbrot, 1983, p. 170). the streamline is such that the sphere is not carried far

enough around to clear the cylinder. If the velocity of the

The transverse motion of a vertical cylinder through the
volume represents the ploughmeter being dragged through
subglacial material (Fig. 5. The eylinder was taken to have a
radius of 16 mm (Table 2) which is consistent with the cross-

sectional dimension of the ploughmeter (Fischer and
Clarke, 1994). "1o account for the insertion depth of the
ploughmeter into basal sediment, the height of the model tll

Table 2. Parameters for “clast colliston™ model

Parameter Symbol Value Uit
Radius of cylinder R¢ 16.0 mm
Height of till volume her 0.15 m
Porosity of till n 0.3 Fig. 6. Uniform_fluid flow around a cylinder ( adapted from

Eskinazi, 1962, p. 286).
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Muid at infinity 1s U then the velocity field at any point P
can be expressed as (e.g. Eskinazi, 1962, p. 288)

v =U [(ﬁ:()_ — 1] cosf
&
= [(&> - 1] sin @
g

where Re is the radius of the cylinder, r is the length of the
position vector [or point P, and § denotes the angle between

(3a)

(3h)

rand the direction of fluid flow at infinity (Fig. 6). The total
velocity in the flow field is V* = v, + vy

When the eylinder and the sphere are in contact, 7 is re-
placed by the sum of the radii of the cylinder and the sphere.
It is the radial velocity component v, that causes the sphere
to be deflected from its original streamline. In order to cal-
culate the force components in the down-flow and cross-llow
directions we therefore have to decompose v, into its & and y
components (g 7),

Uy = U, CosH

(4)

vy = U, sind.

Hence, substituting Equation (3a) into Equation (1) yields

e T Re ’ o]
V=T [(R(' e Hs) 1] cos” 0 i
9 ('))

b= U[(R(RT(&,) = l] sin f# cosf

where Itg denotes the radius of the sphere. With reference to
Figure 7 we recognize that cosfl = x/(Re + Rg) and
sinf = y/(Re + Rs) and thus obtain two equations that
describe the motion of the sphere around the cylinder along
the x and y directions, respectively,

2

L _de U2 K Re ) IJ
Y dt (Re+ Rs)? |\Rc+ Rs

; :(Ly: Uz(t)y(t) K R¢ )2_1}
Y dt (Re + Rs)? |\Rc+ Rs '

The temporal evolution of the force components in the

(6)

down-flow and cross-flow directions that arise as the sphere
is being deflected from its original streamline can now be

casily calculated by substituting Equations  (6) into

Equation (2). However, these force calculations only ac-

Fig. 7. Velocity components on a sphere colliding with a eylinder.
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count for interactions that take place while the evlinder
and the sphere are in contact, and neglect any forces that
are exchanged hydrodynamically before the collision has
actually occurred. This “pre-collision” hydrodynamic inter-
action was simulated by ramping up the force components
proportionally to the distance by which the streamline is de-
flected from horizontal (Fig. 6).

In an attempt to describe the viscous hehaviour of the
synthetie till, it is useful to treat the solid-liquid dispersion
as an effective medium to which an effective viscosity can be
ascribed. If a small number of particles 1s added to a liquid,
its apparent viscosity increases as described by the relation
(Einstein, 1906, 1911)

5
L= g (] +§(:)

where ¢ is the volume fraction of the added particles
(e 1), it is the apparent viscosity of the dispersion, and
jto that of the suspending medium. Following the principles
of effective medium theory (Van de Ven, 1989, p.539), we
computed an effective viscosity for the model till by succes-
sive substitution. Algorithmically, this amounts to the fol-
lowing procedure. We start with the matrix of fine-grained
solids and water-filled voids and treat this initial dispersion
as a homogeneous material to which we ascribe a back-
ground viscosity pp Subsequently, we add the spheres of
the smallest size class to this material and calculate the
increase in apparent viscosity according to Equation (7),
We then regard the resulting “effective” dispersion with this
new effective viscosity as the homogeneous material for the
succeeding substitution step. This process continues until
the spheres of the largest size class have been added to the
dispersion. The associated final effective viscosity is what
we might refer to as bulk viscosity of the synthetic till and
is analogous to the apparent viscosity of subglacial sedi-
ments inferred from in situ or laboratory measurements
(Humphrey and others, 1993; Fischer and Clarke, 1994; Por-
ter and others, 1997). However, when analyzing the drag on
a sphere of a given size class we substitute the viscosity that
was calculated for this size class into Equation (2). The rea-
son for not substituting the bulk viscosity is that the sphere
moves in a “cage” formed by neighbouring spheres of the
next larger size class. Because the typical distance of these
neighbouring spheres is 3-4 times larger than the size of
the sphere under consideration ("lable 1), its motion is only
affected by spheres of the same and smaller size classes. The
[oregoing thinking represents a standard application of ef-
fective medium theory (Van de Ven, 1989, p. 539) and is not
original to this work.

As a first simulation (Fig. 8). we substituted a back-
ground viscosity pup = 1.0 x 10" Pas and a fluid veloetty
U/ = 0.04 m d " into our model equations. This background
viscosity corresponds to a bulk viscosity of the synthetic ll
(= 2.06 x 10'Y Pas which approximates values inferred
for Trapridge sediment (Fischer and Clarke, 1994). In our
analysis, the fluid velocity is equivalent to the translational
velocity of the cylinder (I = Ug ) and represents the differ-
ential velocity between ploughmeter and sediment which
can be seen as a proxy for the glacier sliding rate. A value
of 0.04md 'isa typical basal sliding velocity measured at
Trapridge Glacier (Blake and others, 1994).

Comparison of Figures 3 and 8 shows that the records
generated using our model display many of the features seen
in the real data. However, we note the lack of “broad” spikes
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Lig 8 Synthetically generated records of down-flow (upper
trace) and cross-flow ( lower trace) force components. Note
the similarity to Figure 5.

in the synthetically generated records of down-flow and
cross-flow force components (Fig. 8). The absence of broad
spikes could reflect the fact that clasts larger than 32 mm
in diameter were not included in our model all (Table 1).
Even though the largest clasts in a basal till sample from
Trapridge Glacier (Clarke, 1987) were of this size, evidence
from the ablation till in the forefield of the glacier indicates
that the basal sediment layer contains clasts as large as cob-

bles and boulders. The upper limit of clast diameter of

32mm, as determined by sedimentological size analysis
(Clarke, 1987), is likely to be artificial and results from a bias
towards smaller clasts during the sampling procedure. The
sampling involved filling a 0.008 m?® pail with “typical till",
excluding material too large to shovel (Clarke, 1987). Upon
closer inspection of Figure 3, we see that collisions with
larger clasts seem to have occurred mainly during the inter-
val 30 August-22 September, and that broad spikes are
mostly absent during the remaining time period. For this
reason we base the analyis in the following section mainly
on the second half of this force record.

ESTIMATION OF BASAL SLIDING RATE AND
SEDIMENT VISCOSITY

In the above section we have shown that the jagged appear-
ance of the force and azimuth record of ploughmeter
91PL02 (Fig. 2) can be interpreted as the ploughmeter inter-
acting with a clast-rich sediment bed whereby the spikes in
the data record indicate collisions with clasts. Il we assume
that the bed granulometry is spatially homogencous and
that temporal variations in sliding rate are negligible, the
velocity with which the ploughmeter moves through the se-
diment is proportional to the rate of collision with clasts. In
addition, assuming a linear viscous rheology for the sub-
glacial sediment layer, a change in till viscosity and plough-
meter velocity results in a proportional change in the
amplitude of the force records (Equations () and (2)).
Therefore, by comparing the frequencies and the total
power contained in the measured and synthetically gener-
ated force records (Figs 3 and 8), we are able to estimate
the glacier sliding rate and an effective sediment viscosity.
Suppose that ploughmeter—sediment interactions yield a
response 7(1). The frequency content of this response can be
represented by the power spectrum S( f) given by

S(f) = (R(H)R(f)) (8)

where R(f) is the Fourier transform of r(f) and angular
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brackets denote time averaging. If r(¢) is sampled at N
points over a time period 7, the total power of this time ser-
ies is given by

T N=1
) =7 [ bOPUEY I O

i=0

A reasonable starting-point is to generate synthetic
records of the force components in the down-flow and
cross-llow directions for some plausible values of till viscos-
ity ¢2° and glacier sliding rate U® (e.g. Fig. 8). We denote these
simulated times series by F3(f) and F}(t). We can now relate
these simulated time series to those that were obtained from
our field measurements (Fig. 3). Presumably the values of till
viscosity and sliding rate are different from those used in the
simulation, hence

g m
F,m(f) — !;PT F:(L'Hf/‘Um)
Hmi]‘m (10)
1 — sOrrs jm
F(t) = =5 BUHU™)

where g™ and U™ are the values that we seek to determine.
Note that a different sliding rate also causes the time axis to
be rescaled because of a change in the rate of collision. In-
troducing the dimensionless ratios o = U™/U" and
B = ™/ ut gives

FP(t) = afF;(t/a)

FR(t) = aBFy(t/a). i

Consequently, the power spectra of F*(t) and F}(t) are re-
spectively related to those for the simulated time series F7 (1)
and F;(t) by

< L a2 s

S2(f) = o' 825 af)

AT = 1 22 g

Sy (f) = o’ F75)(af).
Here, we have made use of the Fourier transform similarity
and addition theorems (e.g. Bracewell, 1986, p. 122). Further,
the power in the time series F)" () and F}"(f) can be related

(12)

to the power in the simulated time serics as follows:
([FOF) = @B (E3(t/)]") = * B F3 (1))
([Em0)]) = * B[ (t/)]*) = B ([F3(0)]).

Note that the power is independent of the sampling interval
(see Equation (9)). The implication of Equation (13) is that a
simple multiplicative factor a3 can be used to adjust the
power levels of the simulated time series F(¢) and F}(t) to
match the power levels of the observed time series FI'()
and F"'(1).
procedure for determining o and 3 which leads to an eval-

lomhined, Equations (12) and (13) suggest a

uation of both till viscosity and sliding rate.

For both the data of ploughmeter 91PL02 (Fig. 3) and the
synthetically generated data (Fig. 8), the records of the cross-
flow force component were analyzed by taking the Fourier
transform (Press and others, 1992, p.490), and the power
spectral densities were estimated using the periodogram
method (Press and others, 1992, p.531). If plotted on log—log
scales, we see that both spectral energy functions, SL"(f) for
the 91PLOI data (Fig. 9) and S;(f) for the synthetic data
(Fig. 10), show good power-law dependence on frequency
over large parts of the spectra. Thus, the power spectra are
of the form

S(f)~f7", (14)

which suggests that the rate of change of power is indepen-
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Fio. 9. Power spectral density function for the record of the
cross-flow force component shown in Figure 3. The dashed line
represents Equation (14) with b = 2.7
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Fig. 10, Power spectral densily function_for the record of the
cross-flow force component shown in Figure 8. T he dashed line
represents Equation (14) with b = 2.7,

dent of scale. Considering that the ploughmeter interacted
with a sediment having a self-similar particle-size distribu-
tion (Fischer, 1993), we are not surprised to find that the fre-
quency-amplitude statistics of the force records are fractal.
The least-squares log-log slopes from Equation (14) on the
quasi-linear sections of the spectra give b = 2.7 for both
cases. Because of this power-law scaling behaviour, we can
represent the two power spectra S)'(f) and 57(f) in log-log
space as two straight lines and, atter defining v = a3, re-
write Equation (12) as

a4+ b"log f =loga® +logy? +a*+ b log f  (15)

where b and b” are the slopes and a™

and a the intercepts
of the power spectra for the measured and synthetic data
series, respectively. The product v = af can be evaluated
by comparing the power levels of F(t) with F7(f)
(Equation (13) ). Now, Equation (15) can be solved to yield a
value for a. This operation corresponds to shifting one of the
power spectra with respect to the other, and we use this
approach to determine the till viscosity and sliding rate that
will achieve optimal overlap of the two power spectra.
Table 3 summarizes the results of our simulations. Cal-
culations were performed with a variety of different input
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Table 3. Input and output of “clast collision”™ model

Input Qutpul
Velocity of  Background Stiding Till
cylinder viseasily rale i'i.u'u.\r‘{r

L"r_‘ = s n _}‘_’ !.'_' ‘.;'_' pm ,Um
md % 10" Pa s md ' x10"Pas
0.02 1.0 1471 2264 0.045 0.0453 1.922
0.04 1.0 1.122 1.072 0.989 00428 2054
0.06 1.0 0.487 0769 0.907 00462  1.867
0.08 L0 0.274 0.577 0.907 0.0462 1866
0.04 20 0.281 1014 0.522 0.0406 2149
0.02 20 1118 2269 0466 0.0454 1.918
0.02 50 0179 0.198 00426 2041
0.04 0.5 1.188 1.871 0.0453 1.925

values of the background viscosity and the velocity of the
cylinder to demonstrate the robustness of the model. The
velocity Ug was assumed to take on values of 20 to
80mmd ', the latter of which corresponds to the surface
velocity of Trapridge Glacier, Viscosity values were taken
to span an order of magnitude and were in the range
up = 0.5-5.0 x 10 Pas. In all cases, we obtained consis-
tent results for the predicted glacier sliding rate and till vis-
cosity. The glacier sliding velocity of ~43mmd ' is in
excellent agreement with direct measurements of sliding at
the base of Trapridge Glacier using a “drag spool” (Blake
and others, 1994). Similarly, the value of the sediment vis-
cosity of ~20 x 10" Pas agrees well with estimates that
had previously been obtained for Trapridge sediment from
a theoretical analysis of the forces on a ploughmeter
(Fischer and Clarke, 1994).

CONCLUDING DISCUSSION

In this paper, we have demonstrated that if the bed granu-
lometry is known, the collision frequency and collision force
as indicated by a ploughmeter can be used o obtain esti-
mates of the basal sliding velocity and effective sediment
viscosity. Our analysis assumed temporal variations in slid-
ing rate o be negligible, a linear viscous rheology of the
basal material and a spatially uniform granulometry. In
the case of Trapridge Glacier we were able to confirm our
velocity estimate by comparing it with direct measure-
ments. Support for our viscosity estimate is given by pre-
viously derived values for Trapridge sediment.

In our analysis we have assumed that the differential
velocity between ploughmeter and sediment is equivalent
to the basal sliding rate of the glacier. Because glacier sliding
is commonly defined as the motion between the base of the
ice and the top of the bed, we have essentially neglected the
contribution of the basal motion that arises from bed defor-
mation. Therefore, the question of how a deforming sedi-
ment layer affects the ploughmeter record has to be
addressed. II' we assume that part of the basal velocity is
due to bed deformation, sediments near the ice—hed 1nter-
face have a velocity component in the down-flow direction.
Thus, the differential velocity between ploughmeter and
surrounding sediment is generally less compared to the case
where the ploughmeter is moving through a non-deforming
material, Accordingly, for this case, where the ploughmeter
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is moving through an alrcady shearing material, both the
[requency of collision and the force of collision are reduced.
We outline the implications for our model by comparing the
mode of motion in which 100% of the basal velocity is due to
glacier shding to that in which the basal velocity is parti-
tioned between 50% glacier sliding (Blake and others, 1994)
and 50% bed deformation in a 0.15m thick deformable
layer with a shear strain rate that is constant with depth. To
obtain similar frequencies and power levels in the force
records generated with the two modes of basal motion, the
basal velocity of the 50% glacier-sliding/50% bed-deforma-
tion mode has to be larger by approximately one-quarter
than that of the 100% glacier-sliding mode. However,
because half of this increased basal velocity is due to bed de-
formation, the sliding velocity is effectively reduced by
about one-third. As a result, by neglecting sediment defor-
mation in our analysis we are likely to overestimate the
basal sliding rate.

We compared our velocity estimate with direct measure-
ments of sliding using a drag spool. This device is suspended
within the borehole close to the base of the glacier, and con-
tinuously measures the length of string paid out to an an-
chor in the bed (Blake and others, 1994). Thus, we have
defined “sliding” in an operational manner, as the motion
between the spool and the anchor. We recognize that this
definition is not equivalent to that of “true” basal sliding
and that measurements taken with a drag spool will place
only an upper limit on glacier sliding, because the anchor is
placed within deformable sediment; any deformation of the
sediment lying between the anchor and the 1ce—sediment
contact will introduce additional string extension. With an
anchor insertion depth of ~0.18 m, a typical thickness ol the
deformable layer underneath Trapridge Glacier of ~0.5m
(Blake and Clarke, 1989) and the assumption that the sedi-
ment velocity varies linearly with depth, about 5-10% of
the measured displacement is due to sediment delormation
(Fischer, 1995). Hence, both methods of estimating the
glacier-sliding rate yield values that tend to be somewhat
on the high side.

Complications to our analysis arise if the bed granulo-
metry is unknown and the clast-collision frequency is
observed to vary with time. In this case, two contrasting in-
terpretations which can be regarded as end-member cases
present themselves: (1) the sliding rate is constant and bed
granulometry spatially inhomogencous; (2) the bed granu-
lometry is spatially homogeneous and the sliding rate varies
temporally. In the latter case, sliding rate is proportional to
the clast-collision frequency. Suppose that sliding initially
occurs at some constant rate U. If at some subsequent time
the sliding velocity changed to some new but constant value
U' = U, the time axis of the ploughmeter response would
become rescaled as t' = ¢/« (see Equations (10) and (11)). As
a result, the new response has a power spectrum a?S(af)
(Equation (12)). Thus, the relative change in sliding rate
a = U"'/U produces a proportional rescaling of the fre-
quency axis. It may therefore prove possible to use plough-

meters (o observe seasonal variations in the basal sliding
rate.
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