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ABSTRACT. Fourteen subglacial debris samples have been recovered from the mar-
gins of, or beneath, Haut Glacier d’Arolla, Switzerland. The grain-size distributions of
these sediments are presented and compared with each other as bivariate plots of percen-
tage weight against (sieve-defined) particle size and log number of particles against log
particle diameter. All of the samples recovered are composed of a broad range of clast
sizes and approach self-similarity over the four orders of magnitude of grain-sizes ana-
lysed. Fractal dimensions range from 2.47 to 2.77. Sample intercomparison reveals the
operation of at least two processes of textural evolution: the production of fines by in-situ
weathering, interpreted in terms of abrasion associated with subglacial sediment deform-
ation, and the loss of fines, interpreted in terms of eluviation by percolating subglacial
meltwaters. These interpretations are supported and refined through comparison of the
grain-size fractions gained (in the case of deformation) and lost (in the case of eluviation)
with those fractions respectively generated in a laboratory-based simulation of sediment
deformation and exiting the glacier suspended in the proglacial meltwater stream. While
sediment deformation has the effect of increasing the fine fraction between 0 and 10¢ and
of raising the fractal dimension of undeformed sediments from 2.47 to 2.77, eluviation re-
moves particles between 2 and 109, driving the fractal dimension of deformed sediments
down from 2.77 to 2.54. These fractal dimensions are generally lower than those recorded
at other comparable glaciers, consistent with the relatively low rates of sediment deform-

ation inferred from other studies at Haut Glacier d’Arolla.

INTRODUCTION

Bivariate plots of particle size against bin weight commonly
reveal that subglacial sediments are polymodal, with each
mode reflecting a process of erosion that comminutes parent
clasts to generate fine products of a distinctive texture. These
processes have traditionally been interpreted in terms of clast
crushing, typically producing sand-size, monomineralic
material, and abrasion, typically producing fragments in
the silt-size range detached from the edges of larger clasts.
Boulton (1978) argued for the existence of a threshold par-
ticle diameter of 1¢ (0.5 mm) (where ¢ = —log, diameter,
in mm) on the basis of this process-form division. According
to Boulton (1978), particles coarser than 1¢ are predomi-
nantly produced by plucking or crushing, while finer parti-
cles are predominantly produced by abrasion. Haldorsen
(1981) refined this interpretation by arguing that there could
be no such unique threshold, since the size modes also reflect
bedrock lithology. Haldorsen utilized a ball mill to simulate
glacial abrasion and crushing, and identified “terminal
grades” controlled by both erosion processes, but specific to
particular bedrock lithologies.

Once produced, however, the texture of subglacial sedi-
ments may evolve further under the influence of at least two
processes operating at the glacier bed. First, debris textures
may continue to evolve to finer distributions under the influ-
ence of grain fracture and abrasion under a compressive load
during the shear deformation of subglacial debris layers.
Dreimanis and Vagners (1971) argued that a silt-size mode
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develops progressively in lodgement tills with distance from
their source (as a surrogate for total strain). Boulton and
others (1974) refined this interpretation on the basis of the
analysis of tills exposed at the retreating frontal margin of
Breidamerkurjokull, Iceland. Here, a dilated, upper horizon,
up to 50 cm thick, contained ~40% silt-size material, while
underlying, non-dilated sediments contained ~25% silt-size
material (neglecting clasts larger than —3¢). Boulton and
others (1974) argued that the former had acquired its charac-
ter during shear-related deformation, while the latter re-
mained essentially undeformed. Significantly, Hooke and
Iverson (1995) argued that the continued operation of such
a process would generate a grain-size distribution in which
inter-particle stresses are minimized, thereby providing the
maximum cushioning for all grains. Since this geometry im-
plies no contact between equi-sized clasts, the resulting
grain-size distribution is approximately self-similar, or frac-
tal, given by the relation:

d —m
N =N (1)
0
Here, N is the number of particles of size d; Ny is the number
of particles of reference diameter dy, and m is the fractal di-
mension, given by the negative slope of a double logarithmic
plot of number of particles against particle diameter. The
value of m therefore reflects the ratio of smaller particles to
larger particles over the size range analysed. Geometric con-
siderations discussed by Sammis and others (1987) suggest
that m should equal 2.58. This value was consistent with a
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material from a natural fault gouge, formed by repeated
grain fracture, that had a fractal dimension of 2.6. However,
samples from subglacial sediment layers that are considered
to have been deformed generally have fractal dimensions of
2.8 to nearly 3.0 (e.g. Fischer, 1995; Hooke and Iverson, 1995).

These higher fractal dimensions are interpreted in terms
of the generation of excess fine particles by abrasion during
subglacial sediment deformation, relative to a grain-size tex-
ture generated by crushing alone (Hooke and Iverson, 1995).
Iverson and others (1996) investigated this process utilising a
laboratory simulation of active subglacial sediment deform-
ation. These shearing experiments revealed that fine parti-
cles are created by the failure of grain bridges as constituent
grains are fractured and subsequently abraded by intergra-
nular sliding, driving a sediment of initially uniform clast
size (2—3 mm diameter) into a polymodal distribution with
a fractal dimension of 2.85.

A similar process of clast comminution may also occur
within debris-rich basal ice as it deforms under intense shear
close to the glacier bed. Slatt and Eyles (1981) argued that
such a weathering process involves fracture propagation
along intra- and inter-crystalline planes of weakness, gener-
ating a non-selective fine fraction. Accordingly, a number of
investigations of the grain-size distribution of the debris en-
trained in basal ice reveal a strong mode in the silt-size
range, that may account for up to 60% of the total measured
sample weight (e.g. Lawson, 1979; Hubbard and others, 1996).
Hubbard and others (1996) assessed the self-similarity and
fractal dimension of sediment incorporated within the basal
ice of Swiss glaciers. While these authors argued that log-
arithmic particle-diameter—number plots are relatively in-
sensitive to textural variability, the fractal dimension of the
basal-ice debris characteristically fell in the range 2.6 to 2.7.

A second process that may influence the textural evolu-
tion of subglacial sediments is their eluviation by percolat-
ing meltwaters. Boulton and Dent (1974) argued that
percolating meltwaters are able to transport fines through
glacial tills on the basis of the textural analysis of proglacial
tills at Breidamerkurjékull. Here, the proportion of silt-size
material within exposed tills increased with distance from
the glacier and depth within the till, reflecting the progres-
sive eluviation of fines down through the till by percolating
rainfall. Clarke (1987) hypothesized that eluviation is likely
to occur laterally beneath contemporary glaciers where
waters are driven through permeable sediments containing
fine clasts. Hubbard and others (1995) argued for the oper-
ation of such a process on the basis of field evidence from
Haut Glacier d’Arolla, Switzerland. Here, the timing and
attenuation of subglacial pressure waves indicated diurnal
cycles of water flow laterally out from and back to a major
subglacial channel. Changes in the hydraulic gradient driv-
ing these flows were closely associated with turbidity peaks
recorded at the glacier bed, providing strong evidence for
the mobilization and transport of fine particles by such flows.
Significantly, measured basal turbidities were systematically
higher in flows driven towards the channel than in those
driven away from the channel, indicating a net loss of fines
from the confined subglacial sediment layer bounding the
channel throughout the late melt-season period of study. This
cluviated debris is inferred to be transported from the glacier
as suspended load in major meltwater streams. Indeed, more
generally, the very high concentrations of fine suspended
sediments that characterize proglacial outflow streams bears
strong testament to the removal of fine debris from the sub-
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glacial environment throughout the melt season (e.g. Fenn
and Gomez, 1989).

Despite our general understanding of the operation of
these competing processes of subglacial debris textural alter-
ation, no study has yet attempted to identify and isolate these
effects on the basis of an integrated investigation of a series of
subglacial sediment samples recovered from a single, active
glacier. In this paper we report on such a study undertaken
at Haut Glacier d’Arolla, where subglacial sediment samples
have been recovered from seven locations considered to have
been influenced to differing degrees by these specific pro-
cesses. Inter-sample comparison is made on the basis of
particle-size—weight and particle-number—diameter plots,
and differences are assessed quantitatively in the light of con-
strained investigations of deformation-related abrasion and
meltwater eluviation.

FIELD SITE AND METHODS

Haut Glacier d’Arolla is a 4 km long, temperate valley gla-
cier located at the head of the Val d’Hérens inValais, Switzer-
land (Fig. 1). Recent studies of the glacier’s hydrology and
dynamics have included investigation of the substrate by
bed penetrometry (unpublished data of U. H. Fischer) and
video observations (Copland and others, 1997) through bore-
holes and by direct observations in basal cavities and at the
glacier margin. These investigations suggest that, at least in
part, the glacier rests on an unlithified bed, and that the
thickness and grain-size of the sediments are spatially vari-
able (Harbor and others, 1997).

During the 1997 summer field season, we recovered
fourteen sediment samples from seven subglacial and ice-
marginal locations (Fig. 1). The sampling sites included the
headwall at the foot of Mont Brulé, exposed subglacial mo-
raine at the eastern margin of the glacier approximately
1.5 km above the terminus and subglacial meltwater tunnels
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Fig. 1. Haut Glacier d’Arolla with sample locations. Labels A
to G refer to sample site descriptions in caption of Figure 2.


https://doi.org/10.3189/172756499781821977

Weight (%)

0 T T T T T T T T T T 7 T T T 1

" D Subglacial stream margin

0 T T T T T T T T T T T L T T

207 g) Proglacial dead ice
15
10 -
5

Size (0)

Fig. 2. Mean size—weight distributions of samples collected
Srom: (a) the headwall below Mont Brulé; (b) the glacier
margin below the Bouquetins ridge; (¢) an upper horizon of
exposed subglacial moraine; (d) a lower horizon of exposed
subglacial moraine; (e) the bank of a western marginal
stream approximately 500 m above the terminus; (f) within
a meltwater tunnel at the eastern terminus; and (g) within a
meltwater tunnel in dead ice.

in the terminus region. In order to sample material which
was unaffected by subaerial processes such as armouring
and deflation, a ~30 mm thick surface layer was removed
prior to sample recovery.

In general, only material finer than —4¢ (16 mm) was
analysed. We dry-sieved samples of ~ 1.5 kg in the laboratory
to obtain the grain-size distribution for the coarse fraction
above 4¢ (>0.063 mm). The size distribution of the fine frac-
tion (4-10¢, 0.063-0.00l mm) was determined by settling
analysis (SediGraph 5100, Micromeritics). We present and
compare the results in two ways:

1. As plots of bin weight (percentage) against (sieve-
defined) particle size (¢) (Fig. 2). The curves were
obtained by averaging two size distributions from sedi-
ment collected at each of the seven locations. The indivi-
dual size distributions for a given sampling site deviate
from each other only slightly (generally less than 3% at
each 0.5¢ interval). We thus consider the averaged size
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Fig. 3. Lllustrative log number—log diameter plots of sample A
(glacier headwall) and sample C ( A-horizon ). The fractal

dimension (m) of each texture is given by its negative slope.

distribution to be representative of the glacial environ-
ment from which the samples were taken.

2. Asfractal dimensions (m) of the size distributions (Fig. 3).
Sediment self-similarity is indicated by the linearity of
double logarithmic plots of number of particles (V)
against particle diameter (d) and is assessed in terms of
the correlation coefficient (R) of the linear regression. A
higher correlation coefficient points to a closer approxi-
mation of the sample texture to self-similarity. Where
self-similarity is demonstrated, the negative slope of the
diameter—number plot (Equation (1)) indicates a sample’s
fractal dimension. Significance testing of these slopes is
based on ¢ tests following Williams (1984, p.307). Results
are expressed as slope error at the 90% confidence limit.
We used the iterative method of Hooke and Iverson (1995)
to calculate the number of particles and mean particle-
size of each size bin.

RESULTS

Sediment texture: general character

Sediment textures and sampling locations are summarized in
Table 1 and data are presented as particle-size—weight plots in
Figure 2. Sampling locations were chosen principally on the
basis of geomorphic evidence of local erosion history. Results
are therefore presented below by location, progressing from
the glacier headwall to the glacier terminus (Fig. 1).

(a) Sample A: Glacier headwall

Sediment collected at the headwall (sample A) is considered
to be only minimally altered by post-formational subglacial
erosion by deformation or eluviation. This debris is relative-
ly coarse and consists largely of gravel-sized particles (72%).
The size-weight distribution is characterized by a strong
mode located at about =3¢ (Fig. 2a). Particle-diameter—
abundance plots indicate a fractal dimension of 2.47 £0.05
(Fig. 3), although this relationship is weak (R = —0.998l) re-
lative to that of the other samples in this study (Table 1).

(b) Sample B: Bouguetins

Sample B sediment was recovered from an ice-marginal
location about 1 km down-glacier of sample A. Although this
sample is ice-marginal and recovered from the upper third of
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Table 1. Sampling locations and summary of sediment tex-
tures. Slope and correlation statistics relate to bivariate plots
of log particle diameter against log number of particles. Slope
errors represent 90% confidence limits

Sample Location Gravel ~ Sand — Silt Slope Corre-
lation
% % % m R
A Glacier headwall 72 22 6 247+£005 —0.9981
B Bouquetins 46 45 9 2674+004 —09991
C A-horizon 37 49 14 277£004 -0.9990
D B-horizon 55 35 10 266002 -0.9997
E Terminus 52 37 11 264£003 -0.9992
F Subglacial stream 58 34 8 254+£004 09986
margin

G Proglacial dead ice 32 58 10 265+£006 -0.9973

the glacier, we consider it has experienced slightly more sub-
glacial erosion than sample A. There is no observable local
geomorphic evidence of stream activity, such as former chan-
nels or depositional pods of sorted sands or gravels, indicating
insignificant former subglacial fluvial erosion. This sample’s
texture is best described in terms of two modes: one broad
mode centred on —1¢ and a secondary mode at 6.5¢ (Fig.
2b). Percentage fractions of gravel and sand-sized particles
are approximately equal (46% and 45%, respectively). Par-
ticle-diameter—abundance plots indicate a relatively strong
fractal dimension of 267 £0.04 (R =—0.9991).

(¢) Sample C: A-horizon and Sample D: B-horizon

The exposed subglacial moraine at the eastern margin of the
glacier, approximately 1.5 km up-glacier from the terminus
and 2 km from the headwall, is characterized by a visibly dis-
tinct horizon separating an upper layer, up to 2 m thick, from
the much thicker underlying material. Visual analysis of these
horizons indicates a greater degree of preferential clast align-
ment and a generally finer grain-size in the upper layer.
While a number of processes (such as the deposition of finer
material during readvance) could be invoked to explain this
feature, we adopt the simpler working hypothesis that the
section represents a relatively thick, deformed A-horizon
overlying a less deformed B-horizon (cf. Boulton and others,
1974). As in the cases of samples A and B, there is little local
geomorphic evidence of significant former fluvial erosion.
The A-horizon debris (sample C) is polymodal (Tig. 2c),
being dominated by a sand-sized fraction (49%) with 37%
in the gravel-size range. Significantly, this A-horizon debris
also contains the largest amount of silt-sized particles (14%)
of any of the samples investigated in the present study. In con-
trast, the size distribution of the B-horizon debris (sample D)
is dominated by a large fraction of gravel-sized particles
(55%), with only 35% in the sand-size range (Fig. 2d). Par-
ticle-diameter—abundance plots indicate relatively strong
fractal dimensions of 2.77 £0.04 (R =-0.9990) for the A-hori-
zon (Fig. 3) and 2.66 £ 0.02 (R =—0.9997) for the B-horizon.

(d) Sample E: Terminus

Approximately 500 m up-glacier of the terminus, a marginal
stream flows via a tunnel beneath the western margin of the
glacier. Sample E sediment was recovered from the bank of
the stream bed as it cut into morainic material at the entry
point of the stream beneath the ice. Despite the presence of a
stream at this location, there was little visual evidence for
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sediment sorting. The size distribution of this sample (52%
gravel and 37% sand) is consistent with this interpretation
(Fig. 2e), being similar to that of sample D (B-horizon) recov-
ered about 1km up-glacier. The particle-diameter—abun-
dance plot for sample E indicates a fractal dimension of
2.64 £0.03 (R =-0.9992), similar to that for sample D.

(e) Sample F: Subglacial stream margin

Sediment collected from the margins of an active meltwater
tunnel at the eastern margin of the glacier terminus (sample
F) is considered to represent fluvially eroded and eluviated
debris. This sediment appeared in the field to be devoid of
fines, a characteristic that is supported by quantitative tex-
tural analysis. The sample consists largely of sands (34%)
and gravels (58%) (Fig. 2f), with only 8% in the silt-sized
fraction. Particle-diameter—abundance plots indicate a frac-
tal dimension of 2.54 + 0.04 (R = —0.9986).

(f) Sample G: Proglacial dead ice

The western part of the terminus region of the glacier is heav-
ily debris-covered and extends approximately 1km further
down-valley than the eastern lobe (Fig. 1). Sediment recov-
ered from an inactive meltwater tunnel in the western stag-
nant, ice-cored moraine (sample G) is rich in sand-sized
particles (58%). A noticeable mode located at about 1¢ can
be seen in the particle-size-weight plot (Fig. 2g). Particle-dia-
meter—abundance plots indicate a relatively weak fractal di-
mension of 2.65 +0.06 (R =—-0.9973).

Comparison of the fractal dimensions recorded at Haut
Glacier d’Arolla (Table 1) with those of other glaciers (e.g.
Trapridge Glacier 2.95 (Fischer, 1995); Storglacidren 2.92,
Engabreen 2.84, Ice Stream B 2.96 (Hooke and Iverson,
1995)) indicates relatively low values of m for the subglacial
debris at Haut Glacier d’Arolla, with the exception of samples
recovered from an apparently deformed A-horizon. This
comparison therefore suggests a general paucity of deform-
ation-related abrasion products at Haut Glacier d’Arolla.

Sample intercomparison

The subglacial sediments sampled in this study are assumed
to have acquired their distinctive textural characteristics in
response to processes operating at the glacier sole and not in
response to initial variability in, for example, bedrock
lithology. The latter is considered unlikely, given the rel-
atively uniform nature of the gneissose and schistose bed-
rock in the area. Sample intercomparison in terms of both
grain-size distributions and fractal dimensions may be help-
ful in identifying the impact of abrasion, associated with
subglacial sediment deformation, and eluviation by perco-
lating subglacial meltwaters.

Deformation-related abrasive production of fines

The size distributions of the A-horizon (Fig. 2¢) and B-hori-
zon debris (Fig. 2d) clearly indicate that the upper layer of
the exposed subglacial moraine at the castern margin of the
glacier is depleted in the coarse fraction and enriched in the
fine fraction relative to the underlying material. The
observed grain-size change is also reflected in a significant
difference in fractal dimensions of the sediment sampled
from these horizons. While the A-horizon sediment has a
fractal dimension of 2.77 0.04, that of the B-horizon is
characterized by a value of 266 4= 0.02. High fractal dimen-
sions generally indicate high ratios of fine particles to coarse
particles over the size ranges represented. Thus, our obser-
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vation that the A-horizon debris is characterized by a higher
percentage of silt-sized particles and a higher fractal dimen-
sion compared to that of the underlying B-horizon is consis-
tent with the production of fines during the subglacial
deformation of the former.

This interpretation agrees with that of Boulton and
others (1974), who identified a two-layer structure within
the till exposed at the retreating frontal margin of Breida-
merkurjokull. These layers were interpreted as a deformed
A-horizon overlying an undeformed B-horizon on the basis
of a variety of geomorphic sedimentological characteristics.
Significantly, redepicting the grain-size distributions of
these two layers (Boulton and others, 1974, fig. 7b and ¢) as
double logarithmic plots of number of particles against par-
ticle diameter reveals a striking contrast in fractal dimen-
sions between the two layers; 2.91 for the debris in the upper
horizon and 2.66 in the lower horizon.

This interpretation may be investigated further by taking
the texture of the debris recovered from the headwall (sample
A) into consideration. The headwall sediment (Fig. 2a) is
characterized by a dominant coarse fraction and a relatively
low fractal dimension (2.47 £0.05), suggesting that the mate-
rial may be bedrock which has predominantly experienced
crushing—plucking rather than abrasion. We propose that
such material, once formed at the glacier bed, is comminu-
ted further by both abrasion and crushing during sub-
sequent transport along the glacier sole in a deforming
basal sediment layer. In order to assess this proposition, we
compare the grain-size distribution of the headwall debris
(Fig. 2a) with that of the A-horizon debris (Fig. 2c) by cal-
culating the percentage difference between these two distri-
butions per 0.5¢ interval. The resulting plot (open circles in
Fig. 4) clearly indicates that the A-horizon debris is enriched
in the fine fraction (2—10¢) compared with that recovered
from the headwall.

In a laboratory-based simulation of sediment deform-
ation, Iverson and others (1996) investigated the impact of
crushing and abrasion of a granular material. Shearing
and comminution of a sediment of initially uniform clast
size (2—-3 mm diameter) resulted in a self-similar grain-size
distribution. At low strains, the production of a sand frac-
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Fig. 4. Comparison of the grain-size fractions produced by in-
sttu weathering at Haut Glacier d’Arolla with those generated
i a laboratory-based simulation of sediment deformation.
Open circles show the difference between the size distributions
of sediment collected from the upper horizon of exposed sub-
glacial moraine at the eastern margin ( A-horizon; Fig. 2¢)
and from the headwall below Mont Brulé ( glacier headwall;
Fig. 2a). Solid circles show the difference between the grain-
sizes produced in a ring-shear device at high (~130) and low
shear strains (~8) (Iverson and others, 1996, fig. Sa ).

https://doi.org/10.3189/172756499781821977 Published online by Cambridge University Press

Fischer and Hubbard: Subglacial sediment textures

tion with a size distribution characterized by a fractal di-
mension of 237 was observed, suggesting grain-bridge
failure by crushing of constituent grains. However, contin-
ued shear-related abrasion increased the ratio of silt-sized
particles to coarse particles in the sediment, driving the
fractal dimension of the sediment up to 2.85. The difference
between the grain sizes produced at high (~130) and low
shear strains (~8) (Iverson and others, 1996, fig. 5a) has
been plotted in Figure 4 (solid circles). Comparison of this
laboratory-generated abrasion fraction with that resulting
from the subtraction of sample A (glacier headwall) from
sample C (A-horizon) in our study (open circles in Fig. 4)
reveals marked similarity, strengthening our interpretation
of the excess fine fraction in sample C in terms of in situ sub-

glacial weathering during sediment deformation at Haut
Glacier d’Arolla.

Meltwater-related eluviation of fines

The texture of the sediment from the subglacial stream mar-
gin (sample F; Fig. 2f) is characterized by a general under-
representation of fines and a low fractal dimension
(2.54 £ 0.04) relative to all other samples, but particularly
relative to the A-horizon debris (sample C; Fig. 2¢). The per-
centage difference plot for these two size distributions (open
circles in Fig. 5) indicates that the debris sampled at the gla-
cier terminus is relatively deficient in fines. This difference is
consistent with our geomorphic interpretation that this
sediment has been subjected to the selective removal of fine
material by subglacial fluvial eluviation. The operation of
such a process has been inferred by Hubbard and others
(1995) based on measurements of subglacial water pressures
at Haut Glacier d’Arolla.

Our interpretation that the silt-deficiency of sample F re-
flects meltwater winnowing may be evaluated by reference
to the grain-size distribution of suspended sediment recov-
ered from the outflow stream of Haut Glacier d’Arolla
roughly 300 m below the terminus (Fig. 1). The mean grain-
size distribution recorded over the entire 1996 summer
season (a composite of over 200 individual samples; unpub-
lished data of A. Seagren) was predominantly composed of
silt-sized grains, being characterized by a large mode
centred on 7¢ (Fig. 5). There is also a suggestion of a second-
ary mode located at 4¢, although it is difficult to assess the
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Fig. 5. Size—weight distribution of sediment suspended in the
proglacial meltwater stream at Haut Glacier d’Arolla aver-
aged over the entire 1996 summer season ( July—September ).
Inset shows the difference between the size distributions of
sediment collected from the upper horizon of exposed sub-
glacial moraine at the eastern margin ( A-horizon; Fig. 2¢)
and from within a meltwater tunnel at the eastern terminus

(subglacial stream margin; Fig. 2f).
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significance of this mode given the 1¢ sampling interval
imposed by the relatively small size of the suspended-sedi-
ment samples. Since particles coarser than 2¢ are noticeably
absent, these suspended-sediment samples cannot be consid-
ered self-similar over the four orders of magnitude range of
grain-sizes (0.001—16 mm) assessed in this study. The bimo-
dal distribution of the suspended-sediment load (solid circles
in Fig. 5) corresponds closely with the difference between the
size distributions of debris sampled from the A-horizon
(sample C) and from the margins of an active subglacial
meltwater stream at the terminus of Haut Glacier d’Arolla
(sample F) (open circles in Fig. 5). This close agreement sug-
gests that the texture of the A-horizon sediment may be
transformed into the texture typical of the sediment from
the subglacial stream margin by removal of fines through
meltwater-related eluviation.

CONCLUSIONS

Subglacial sediments sampled from the margins of and be-
neath Haut Glacier d’Arolla are generally polymodal or
composed of a broad single mode and are characterized by
fractal dimensions of between 2.47 and 2.77. These values of
m are low, relative to those measured at other comparable
glaciers. While this value cannot be exclusively related to
subglacial sediment deformation, it is consistent with the in-
ference from other studies that basal motion contributes in a
relatively minor way to the overall motion of Haut Glacier
d’Arolla (e.g. Hubbard and others, 1998). However, marked
differences exist between sample textures that may be as-
cribed to the erosive action of specific subglacial geo-
morphic processes. Unevolved subglacial sediments are
coarse, with a relatively poor degree of self-similarity and
relatively low fractal dimensions (typically 2.47 40.05).
During transport in the deforming basal layer, shearing of
such sediments may fracture clasts and generate fine-frac-
tion particles. An inferred, deformed A-horizon sampled in
the study correspondingly had the highest silt-sized content
(14%) and highest fractal dimension (2.77 0.04) of all of
the samples analysed. In contrast to this process of fine-par-
ticle generation, subglacial fluvial eluviation may serve to
remove fines selectively from subglacial sediments. Sedi-
ments recovered from the margins of an active subglacial
stream located close to the terminus of the glacier were cor-
respondingly coarse-grained, containing only 8% silt-sized
particles, and being characterized by a weak and relatively
low fractal dimension of 2.54 4= 0.04. These interpretations
were supported by the close agreement of the fine fraction
gained during deformation at Haut Glacier d’Arolla with
that generated in a laboratory-based simulation of sediment
shearing and the fine fraction lost during eluviation at Haut
Glacier d’Arolla with the fine fraction exiting the glacier as
suspended load in the proglacial meltwater stream. Other
subglacial samples collected from around the glacier had less
well-defined geomorphic provenances, and appeared to be
texturally intermediate between the grain-size distributions
defined above.

While it is evident that spatial differences exist in the
texture of subglacial sediments, the quantitative character
of these differences and their relationships to specific geo-
morphic processes remain largely unconstrained. In this
study we have assessed the general character of subglacial
sediments beneath a small, active Alpine glacier and made
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a first attempt at isolating quantitatively the erosive influ-
ence of sediment deformation and fluvial eluviation at that
glacier. Such spatial variability in sediment character may
exert a significant influence over the local patterns of
basal-stress relief and resulting glacier motion. Indeed, it
may soon be possible to incorporate such information into
models of ice-mass motion, given that systematic spatial pat-
terns of both total sediment strain and fluvial eluviation
may be approximated respectively from considerations of
net flow distances and subglacial drainage patterns.
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