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ABSTRACT. Detailed measurements of sediment flux in meltwaters draining from
the portal of Gornergletscher, Valais, Switzerland, each ablation season between 1987
and 1990 indicate the nature of interactions hetween the developing basal drainage
system and sediment stored at the glacier subsole. Sediment-flux maxima, which were
generally smaller and less [requent later in a season. occurred at times of rising
discharge. Overall, sediment flux first increased then decreased during a season. A
simple conceptually based model is proposed for the subglacial interaction between
flowing meltwater and sediment derived from glacial abrasion. The model was
developed in order to allow investigation of relationships between suspended-sediment
flux and discharge in meltwaters draining from temperate glaciers. In the model,
water spreads out over a grid-square bed such that the area of subsole integrated with
flow is a function of discharge. Sediment is abraded [rom the bed at a uniform rate in
cells not covered by water. In winter, sediment accumulates over almost all the bed.
Periods of rising flow at the start of the ablation season lead to drainage net expansion,
much entrainment of stored sediment and large flux events in portal meltwaters. The
model allows redistribution and deformation of stored sediment in two directions.
Sediment squeezed to the margins of the wetted area throughout summer provides the
background level of sediment flux between events. Reduction in total channel-margin
length with progressive changes in drainage-network topology explains declining
background flux later in summer. The model replicates well the timing, but not the
absolute and relative magnitudes, of sediment-flux maxima in portal meltwaters

draining from Gornergletscher.

INTRODUCTION

The large quantities of sediment transported in the
discharge from temperate glaciers indicate that flow
occurs over the subsole for much of the distance between
where meltwaters descend from the surface and emerge at
the ice margin. Sediment produced by glacial erosion
processes is picked up by such water flowing at the
subsole. Entrainment of products of abrasion is unlikely to
be distributed uniformly across the subsole, as meltwaters
usually emerge from a glacier in distinct filaments of flow
which probably cover only a small proportion of the basal
area. Not all filaments will low with sufficient velocity to
entrain all sizes of particles. Sediment will therefore
accumulate at the subsole where meltwater flow is either
absent or inadequate for entrainment.

Transport of debris by meltwater from glacier subsoles
is distributed irregularly in time. In winter, both overall
discharge and velocities in individual branches ol the
drainage network are too low for entrainment of even fine
sediment. As flow rises, with increasing input of energy for
melting, in spring and early summer, disproportionately
large quantities of suspended sediment are transported by
comparison with those moved by higher flows later in the
season (Collins, 1990). Either availabillity of subglacial
sediment to meltwater is reduced during the season

https://doLorgA}@:;p 89/1996A0G22-1-224-232 Published online by Cambridge University Press

(Ostrem, 1975), or the supply of sediment becomes
exhausted. Major spatial instabilities of the basal
drainage network punctuate the seasonal pattern of
sediment flux with spikes, particularly in the early part
of the season (Collins, 1989)., These subglacial hydro-
logical events occur when flowing meltwaters first
impinge on areas of subsole where sediment accumulated
during a long period of hydraulic isolation.

Different aliquots of meltwater having differing
possibilities of access to sediment for entrainment has
frustrated modelling of suspended-sediment transport in
streams draining temperate glaciers. Discharge has
normally been taken as the forcing variable, usually in
simple regression of suspended-sediment concentration
against discharge (e.g. Ostrem, 1975; Collins, 1979). Not
only is the fit of such rating curves generally poor but the
model parameters change during ablation seasons.
Transfer-function models relating sediment concentra-
tion to discharge (e.g. Gurnell and Fenn, 1984) also fail to
cope with major events and declining sediment avail-
ability during summer.

The aim of this contribution is to develop a conceptual
model of the interaction of flow through the basal
hydrological network with the production and storage
of glacially eroded sediment at the sole of a temperate
glacier. Sediment will accumulate where water does not
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flow. Accumulating wet sediment will deform and
interact with flowing meltwater. This interaction not
only can determine the form of elements of the subglacial
drainage network under steady-state conditions, as
1994), but will also

influence suspended-sediment transport in meltwaters

envisaged by Walder and Fowler

under transient-flow regimes. The temporal pattern of

suspended-sediment {flux in the Gornera, the only melt-
stream draining from Gornergletscher, Valais, Switzer-
land, in the 1987-90 ablation seasons. provided the

rationale [or the formulation of the model, The basin of

e - S
82 km~ is about 84% eglacierized.

MEASUREMENTS

Samples of meltwater and suspended  sediment were
collected from the Gornera, using a Manning 54050
automatic pumping sampler located at the gauging
station 0.75 km from the terminus of Gornergletscher.
The intention was to collect samples at hourly intervals,
24hd ', between May and September each year.
Samples were filtered through individually pre-weighed
cellulose acetate circles which, together with the sediment
retained, were dried before reweighing. Occasionally,
samples were lost because ol equipment mallunction or
processing accident. Hourly total sediment flux was
calculated from instantancous sediment concentration
(kgm *) and hourly mean discharge (m’s '), Full details

of the methods are given by Collins (1989).

RESULTS AND INTERPRETATION

Temporal patterns of suspended-sediment flux and
discharge indicate how the developing drainage system
interacts with sediment stored at the glacier subsole.
Fluxes ol sediment and water in the Gornera during the
1987-90 ablation seasons are shown in Figure 1. The
1987-89 series has been described in detail by Collins
1989, 1990, 1991

sediment interaction can be discerned from sequences of

Salient features of basal water—

discharge [luctuations and temporal variations of sedi-
ment flux, both within individual ablation seasons and
throughout the 4 vear period. Subglacial spatial-instahbil-
ity events are identified when sediment flux rises for a few
days above the general background level for a particular
part of a season.

During the 4vears, almost all large sediment-flux
events occurred at times of generally rising discharge. In
general, large events were less frequent later in an
ablation season. When they did happen late in summer,
they were olten associated with precipitation and were
not just the result of subglacial process interactions. A
major sediment-llux event occurred on 30 June 1987 as
discharge increased above 10°m™d ' for the first time, in
response to thermal inputs. A swath of glacier subsole was
swept ol sediment which had accumulated during the
winter low-flow period. A similar event accompanied flow
rising to higher levels on 5-7 July, but substantially less
sediment was flushed from the bed. The area of “fresh”
subsole from which sediment was flushed was smaller than
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Fig. 1. Daily total discharge ( columns ) and measured daily total suspended-sediment flux (curves ) in the Gornera, Valais.,
Switzerland, i the months May-—September in the years 1987-90.
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that integrated during the first event. Although discharge
remained at relatively high levels, sediment flux fell
sharply after both events. Rainfall over much of the
Gornergletscher basin hetween 15 and 18 July contrib-
uted to runoff which was already rising after several warm
days. A sediment-flux event (above 8 ktd ') was triggered
as discharge exceeded previous levels of 1987. More rain
on 24-25 July enhanced runoff, although the previous
daily maximum was not reached. A minor fluctuation in
background sediment flux suggests that runoff’ from
rainfall over the unvegetated ice-free area entrained
little sediment. Drainage of the marginal ice-dammed
Gornersee on 2—4 August produced a maximum sediment
flux above 5ktd ', although discharge failed to exceed
previous levels. Sediment must have been derived from
areas of subsole which remained stocked between the lake
and the existing swept zone, which had been flushed of
sediment earlier in the season. On 18 August, thermally
induced rising discharge exceeded the previous max-
imum, producing a significant flux event as flow enlarged
the wetted area into fresh subsole. Finally, a rainstorm on
23-24 August, which produced floods with 10-30 year
recurrence intervals in the Swiss Alps (Collins, 1995),
induced the highest daily totals of both discharge and
sediment flux (8.574kt) in the Gornera in 1987. In
September, background sediment fluxes remained at low
levels (<1ktd ') in comparison with those measured in
July and early August.

Sediment-flux events were muted in 1988, although
background {lux was sustained at around lktd ! until
late August. The first major steep increase in discharge,
on 24-25 June, swept a significant portion of the subsole,
alter which subsequent increases in discharge were
tracked by small sediment-flux fluctuations. Flows
between 19 and 24 July, the highest since August 1987,
produced a maximum daily flux of only 2.965 kt, rainfall
towards the end of the event notwithstanding. Subsole
sediment storage was so depleted during 1987 that a total
discharge between June and September 1988 only slightly
less than that in the same period in 1987 transported only
two-thirds of the sediment load of the previous year.
Nevertheless, as in all other years, the proportion of the
annual total sediment load transported by a given date in
the ablation season was greater than the proportion of the
annual total runoff discharged (Fig. 2).

During a period of thermally forced rising discharge,
the Gornersee drained on 2729 June 1989, producing the
highest daily total discharge since August 1987. Simulta-
neous timing of the lake-burst with the first integration of
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Fig. 2. Percentages of the ablation-season totals of

discharge (@) and sediment load (SL) of the Gornera
cumulated by day for 1988.
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the bed with flow after the winter sediment recharge
period produced the highest daily flux total in the 4 years.
Although, subsequently, discharge reached successively
higher levels on three occasions, tracked by sediment flux,
fluxes remained lower than 2ktd ' throughout the
remainder of the season. Sediment had been flushed
from a large proportion of the subsole area by the end of

June. A combination of thermally forced rising discharge

and drainage of the Gornersee also produced the first
sediment-flux event of 1990 between 2 and 4 July, but
maximum discharge was less than in 1989. Subsequent
variations in discharge were tracked by sediment flux,
with significant events on 20-22 and 29-31 July.
However, discharge failed to surpass maxima earlier in
the season. The highest discharge of 1990 produced a
major event with peak sediment flux of 6.42 ktd "on 4
August. This was followed by two smaller events. Rainfall
played a role in the event of 6 August.

SUBGLACIAL ENTRAINMENT OF SEDIMENT BY
MELTWATER

Significant high-magnitude sediment-flux events occur
each time discharge exceeds levels that have not been
reached for some time. Filaments of flow beneath the ice
successively expand the area of subsole wetted to
incorporate progressively parts of the subsole which have
remained hydraulically isolated for sufficiently long to
allow large quantities of sediment to be produced by
glacial abrasion and to accumulate, Flux events represent
stages in the seasonal evolution of the basal drainage
system. The drainage network expands arcally to
accommodate increasing flows of meltwater through
individual reaches and to drain an expanding surface
arca of bare ice, as the transient snow-line migrates in
response to depletion of the winter snow cover. As
discharge increases, [ilaments of flow widen from the
initial wetted area to integrate marginal areas of subsole.
When flow declines with the return of cooler hydro-
meteorological conditions, the wetted area contracts, and
filaments of flow presumably return to the subsole
locations occupied previously at a given level of dis-
charge. Removal of fine sediment from areas of subsole
marginal to a filament of flow will result from growth of
the cross-sectional area. Exploitation of sediment at the
bed and release of any debris in the basal ice layer by
melting of the ice forming the roof over a channel are
favoured by the width of a filament of flow expanding at a
greater rate than the depth, for example in a lenticular
cross-sectional area or where channels widen by entrain-
ing basal layer sediment in preference to melting ice.
Some increases in discharge evidently do not result in
sediment-flux events. During such increases, the drainage
net remains within the boundaries of the recently swept
area of subsole. Conversely, some areas of hydraulically
isolated subsole charged with sediment evidently become
integrated, as filaments of flow can be displaced without
need for an increase in discharge.

The measured flux of suspended sediment at times
before, between and aflter events requires continuous
sediment delivery to basal meltwaters, although the
actual quantity supplied declines towards the end of a
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season. Some sediment will be acquired from channel
margins as diurnal variations in discharge change the (a)
wetted area. Movement of filaments of flow with respect
to stored sediment is brought about both by sliding of the
channels across the subsole with the ice mass as a whole,
and by shifting of channels with respect to the glacier
through melting of tunnel ice-walls by [lowing meltwater.
Sweeping of sediment from the bed will be more effective
il the drainage-network topology consists of many
channels arranged transverse to the direction of sliding,
for example in a herring-bone pattern. Accumulated wet
hasal sediment will also be deformed into hydrological
pathways at channel margins.

MODEL DEVELOPMENT

Sediment-flux events (b)

A conceptually based model of meltwater—sediment
interaction at the base of a glacier has to enable
production and accumulation of sediment across the
subsole and allow meltwater access to sediment from
areas which have not been integrated with flow for some
time. This 1s modelled by allowing the wetted area of
bed to vary with discharge. The model consists of a grid-
square lattice which represents the subsole of a
rectangular valley glacier (Fig. 3). The lattice is tilted
at a low angle, down-glacier, towards one of the shorter
sides. In winter, the small water flow is restricted to the
long axis of the grid. This axis forms the thalweg of a
valley, which has a gently sloping parabolic cross-
section, in which the glacier sits. An abrasion rate
producing Agd Varea ' of uniform-sized silt) is applied
uniformly in space and time to all cells in the lattice not (C)
occupied by meltwater in each l1d time increment.
Charging of a cell starts after the last inundation by
meltwater in summer, and continues throughout winter
so that, by the onset of melt in the following spring,
substantial quantities of sediment will have accumulated
across the entire subsole (Fig. 3a).

Spreading of the total wetted area with discharge in
spring and summer is represented by the margins of a
zone accommodating flow moving out equally on both
sides of and in parallel with the long axis centre line or

thalweg, throughout the length of the lattice. The

intention is to represent as one band the total net effect
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cell, so that the wetted area becomes sediment-free (Fig,
3b). Each successive expansion of wetted area produces a
sediment-flux event, the size ol which is determined by
integration of the quantity of sediment stored over the Fig. 3. Plan view of grid-square lattice representing the
newly wetted area at the outer margin. Where previous subsole of a valley glacier, showing the direction in which
discharge levels are only little exceeded, in mid-summer, the total wetled area expands equally on both sides of the
and the newly wetted areas are probably small, sizeable thalweg wilh increasing discharge (long arrows). and
sediment-flux events may still result, because the longitudinal and transverse directions in which stored
extended period of hydraulic isolation allows consider- sediment is deformed (short arvows) in the model. Shaded
able sediment accumulation. The maximum area of bed areas indicate presence of sediment storage al the subsole,
occupied by meltwater at the highest levels of discharge the area retaining sediment declining as increases in
must be less than 100% of the lattice area, a condition discharge expand the welled area belween the end of winter
which would lead to the glacier decoupling from the bed. (a), through spring (b) to maximum flow in summer (c).
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Sediment will therefore continue to accumulate through-
out summer in unwetted cells at the outer edges of the
lattice (Fig. 3c¢). Cells from which winter sediment
accumulation has already been flushed will be recharged
during periods in summer when discharge remains low
and the margins of the wetted area have regressed
towards the thalweg. Such small summer recharge
quantities will be removed by the next sullicient
increase in wetted area.

T'he relationship between the number of cells wetted
and discharge has to he prescribed. Some possible rating
curves in which total wetted area increases to less than
100% of the total numher of squares at the maximum
observed discharge are shown in Figure 4. Curve iii
allows large quantities of sediment to be removed by the
highest flow events, as wetted area increases rapidly at
higher discharges. Curve ii gives little increase in
sediment flux as flow [irst rises, say in June, but then
allows large flux events to occur at middle discharges, i.c.
in early July.

Wetted
area

100% —-

Discharge

Fig. 4. Possible rating relationships between discharge and
welled area of the subsole.

Background sediment flux
The model so far described produces sediment transport

only during periods ol rising discharge. Between such
periods the background level of sediment flux is zero.

Processes continuously contributing small quantities of

sediment at channel margins, therefore, also have to be
invoked. At the outer margins of the grid, outside the
extent of the zone [lushed by the highest discharge.
sediment always continues to accumulate. A mechanism
is needed to redistribute that sediment. These processes
are modelled by allowing sediment to be squeczed from a
cell to adjacent cells, either down-glacier, parallel with
the direction of sliding, or orthogonally towards the
thalweg, as indicated in Figure 3a.

Assuming equal rates of sediment deformation in the
longitudinal (L) and transverse (T') directions in a 1d
time increment, continuity relationships concerning
abrasion rate and transfer of sediment from cell 1o cell
can be delined for three types of cell. For a cell (4, j) at the
outer margin of the grid (cell d in Figure 5), the change in
sediment storage S is given by
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Fig. 3. Pathweays in the model by which basal sediment is
squeezed from cell to cell and from cell to filament of flow.

ds
F = ‘4.'._,' = Lr.j—l

—~ Ldg— T4 (1)
For an unwetted cell elsewhere in the centre of the lattice
(cell ¢), then change in storage is
ds .

——=Aij+ Lijo1+Tipg— Tig— Liy- (2)
df

(") ol sediment from a channel-
marginal square (b) to a filament of flow (a) over a length

The rate ol additon

of channel margin forming a side of a grid cell is

e T (3)

Assuming that the rates ol sediment deformation are
uniform in both directions across the entire subsole,
Equation (1) simplifies to

ds

E = Ai.,,l = Tr.‘] (4)

and Equation (2) to

ds B
de T

Hence, €' is half the overall squeezing rate from a cell
(T;; + Li;). The overall rate of squeezing (T'+ L) must
be less than the rate ol abrasion (A) to allow some
sediment accumulation across the bed. During winter,
when flow velocity is too low to entrain sediment, the
model accumulates sediment in cells marginal to the
thalweg. This accumulation helps to account for
relatively high sediment fluxes associated both with
events and with background flows in the early part of
the melt season.

Model calibration

The model depends on the use ol a suitable abrasion rate
and on the hydraulic geometry used to relate overall
wetted area of the subsole to discharge. An abrasion rate
can be obtained by averaging total annual sediment flow
from a glacier over several years and distributing the
average flux uniformly over the area of subsole wetted at
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the maximum discharge. As the latter 1s unknown, a
basin-specific rate for Gornergletscher was obtained from
mean annual total flux of 10°kt for the period 1983-89
(Collins, 1991) by assuming that the sediment flux in the
Gornera is derived uniformly from the entire subsole area.
T'his gives an average daily rate of sediment production or
abrasion rate of 3.978 tkm “d . Actually, the average
abrasion rate in dry cells must be higher than this, since,
during the ablation season, glacial erosion will not he
occurring over hydraulically active areas of the subsole,
and not all the subsole arca will be flushed by meltwater
at maximum discharge. A value of 4 tkm 2d ' is taken as
plausible for the abrasion rate for use in the model.

In open-channel at-a-station hydraulic geometry, the
width of the water surface (w) in a cross-section is related
to discharge (@Q):

w = a@’ (6)

usually with the exponent b < 0.3, as changes in @ can
also be accommodated by changes in depth (and velocity

(e.g. Dingman. 1984). 'T'his relationship gives a useful
simple approximation of the change in the number of
wetted squares with discharge, the parameters of which
can be optimised in the model. A logistic growth model is
an appropriate alternative. An upper value of wetted area
has to be specilied for the highest observed discharge in
order to keep the glacier grounded. The larger the
number of cells in the model, and hence the smaller the
sediment recharge rate per cell, the more sensitive is
sediment {lux to discharge.

Starting the model on 1 October 1986, in the 235d
before runofl’ commences in late May 1987, 64.747 kt of
sediment accumulates over the entire area of the bed.
However, more than 130 kt of sediment was (lushed from
heneath Gornergletscher in the measurement period
alone in 1987, A small amount ol additional sediment is
produced in the ablation season by abrasion in unwetted
areas of the bed, but nevertheless, an initial amount of
storage of sediment is necessary 1o prevent complete
exhaustion of sediment flux before the end of the ablation
season. The implication is that the high [low of late
August 1987, which probably covered a large proportion
of the subsole with flowing meltwater, removed sediment
that had remained in storage since winter 1985/86 at
least. An initial total sediment accumulation of 70 kt
distributed equally between the cells was therefore
assumed in order to “warm-start” the model.

A sensible value [or C', the rate of addition of sediment
by deformation into subglacial meltwater per unit length
ol channel margin, is difficult to obtain. Since ' is taken
as time-invariant, and in the model grid the total length
ol channel margin remains constant throughout the range
of discharge, seasonal variation in background sediment
flux cannot be represented realistically. An indication of
the actual variation of background sediment {lux in the
Gornera is given by average measured values for 1987
Table 1).

MODEL RESULTS AND DISCUSSION

Without incorporation of sediment deformation, the
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Table 1. Mean observed background suspended-sediment
Slux in the Gornera in periods belween flux events in 1957

Month Mean flux
ktd
June 0577
July 1.178
August 0.841
September 0.415

model represents the temporal pattern ol sediment-flux
events well through the interaction of meltwater spread-
ing out over and removing stored sediment from the
subsole. Taking discharge and sediment flux in the
Gornera in 1987 as an example, the good match in
timing of the modelled to the measured sediment-flux
events is illustrated in Figure 6. 1t was assumed that 90%
of the glacier subsole was wetted at maximum discharge.
The percentage of the grid area integrated with flow (p
in the example is then given by the rating relationship

p = 67.45(Q — 0.82)"% . (7)
ktd'
1987
F10
I 'E l Il L [ | l- U
10° m’ ¢ ktd"
4
o
3 -
21 ! -4
i
b lhllﬂl. It
0y [ Ll L ]
May June July August September

Fig. 6. Measured (lower) and modelled (upper)
sediment-flux events logether with meltwater discharge
(columns ) i the Gornera in 1987.

As indicated, while the overall model produces peaks of
sediment flux which match the timing of the principal
measured events, the rating curve fails to reproduce
faithfully absolute and relative sizes of individual events,
although magnitudes of the modelled flux events fall
within the measured range. The modelled sediment Tux
at the start of the season during the event on 29 June 1987
s exaggerated. Use of a logistic area-discharge rating
function will reduce the magnitude of flux events at
relatvely low flows. The large sediment-flux peaks
measured on 17 Julv and 3-4 August are seriously
underestimated by the use of Equation (7) as the rating
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curve., The flux peak on 17 July was influenced by a
rainstorm, runoff from intense precipitation during which
may have entrained sediment from faces of lateral
moraines. Previously unwetted areas of subsole towards
the sides of Gornergletscher may have heen integrated
with flow as runoff generated by the rainfall may have
initiated new channels leading from the glacier margins
towards existing wetted and sediment-swept areas centred
on the thalweg. Drainage of the Gornersee on 3—4 August
presumably allowed lake-water access to sediment stored
on the subsole adjacent to the lake. Although discharge
had previously exceeded that reached during the draining
of the lake, sediment was {lushed from a marginal zone
between the lake and the limits of the area integrated
with flowing meltwater earlier in the season. In general,
even with fairly crude parameter estimation, the model
simulates the temporal distribution of events well. The
importance of level of discharge and length of time since
the previous occurrence of a discharge of a particular
magnitude in determining sediment flux in meltwaters
draining temperate glaciers is emphasised by the model
experiment.

The measured seasonal variations in background
sediment flux suggest that the total length of channel
margin, across which basal sediment is deformed into
filaments of flowing meltwater, varies during the ablation
season. As indicated for 1987 in Table I and for 1987-90
in Figure 1, background levels of sediment flux doubled
during expansion of the drainage network at the start of
the season, before declining to a level lower at the end of
summer than at the outset. The model treats the wetted
area of bed as contiguous, and variation of that area with
discharge as the expansion and contraction of a single
large filament of [low, which, while clearly adequate [or
generating the timing of flux events, maintains total
channel-margin length constant. For a given wetted area,
total channel-margin length will be greater the more
crenulated the margins and more subdivided the single
filament of flow into separate pathways.

Some possible channel topological-plan configurations
with various total channel-margin lengths, yet with the
wetted area occupying the same proportion (40% ) of the
cells in the model lattice, are shown in Figures 3b and
7a—c. Division of one wetted area centred on the thalweg
(Fig. 3b) into two channels displaced to each side (Fig.
7¢) doubles the length of channel margin. However, the
model allows squeezing of sediment in two directions
only, aligned with glacier sliding and orthogonally
towards the thalweg. Hence, division of the wetted area
into two provides no increase in the length of channel
margin across which sediment can be squeezed into
meltwater by comparison with the single area. Sediment
would in fact be deformed away from the margin on the
thalweg side of a channel. I sediment is allowed to
deform in any direction across a cell boundary marginal
to a wetted cell, then length of active channel margin
would be doubled.

Relative lengths of active channel margin for single
and double straight-channel margins, crenulated (mean-
dering) margins (Fig. 7b) and the margins of a 40%
wetted area made up of anastomosing channels (Fig. 7a)
for bi- and mult-directional deformation are given in
Table 2. Total length of channel margin increases [rom
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Fig. 7. Various plan configurations in which walter covers
0% of the area of gnid lattice. Shaded areas indicale
presence of sediment storage al the subsole. Total length of
channel margin decreases from anastomosing (a) through
crenulated or meandering (b) o straighl (c) channel
patlerns. The arrows indicale the directions in which
sediment deformation into water occurs if squeezing occurs

across all boundaries of cells adjacent to flowing waler.

straight parallel-sided through crenulated or meandering
to anastomosing channel patterns. Although multi-
directional sediment deformation from cells adjacent to
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Table 2. Relative total length of active channel margin_for
various plan configurations of 40% welled area for bi- and
multi-directional deformation of basal sediment

Plan configuration Figure  Bi-divectional Multi-directional
Single area 3h 1.0 1.0
T'win channel 7e 1.0 2.0
Crenulated twin 7h 1.7 29
Anastomosing 7a 1.9 3.4

flowing water increases the length of active channel
margin, the rate at which sediment is squeezed in cach
direction will be reduced. This will have an impact on
total sediment supply to meltwater and hence on
sediment flux. These considerations support the concept
that the subglacial drainage system initially consists of an
expanding arborescent network of many small channels,
becoming simplified to fewer large conduits as the
ablation season progresses, for which there is some
evidence elsewhere from dye-tracer tests (e.g. Hock and
Hooke, 1993). Subglacial hydrological and sediment-flux
events occur at critical points in both the expansion and
rationalisation of the basal drainage system, as suggested
by Walder (1986) and Collins (1989).

Other factors whould be taken mnto account in a
conceptually based model. The rate of abrasion is unlikely
to be constant throughout the season. Since abrasion rate
is related to glacier sliding velocity (Hallet, 1979), which
is faster in spring, when large quantities of meltwater
penetrate inefficient subsole drainage passageways, than
in summer and winter (Iken and others, 1983; Iken and
Bindschadler, 1986, then basal sediment production will
be enhanced in spring. The quantity of sediment
accumulated at the subsole will therefore rapidly
increase in spring and early summer. A thick laver of
deforming basal sediment may generate more sediment or
may inhibit abrasion. The amount of sediment accumu-
lated may influence the rate of deformation of basal
sediment. It is unlikely that a uniform sediment layer
accumulates. Interaction with a distributed subglacial
drainage network would suggest that a patchy irregular
basal sediment layer is probable.

CONCLUSION

An attempt has been made to formulate a model which
represents the interaction between the subglacial pro-
cesses through which meltwater flowing at the sole of a
glacier acquires suspended sediment {rom the products of
glacial erosion. The model has to be validated by its
performance in simulating both suspended-sediment flux
events and background flux levels in meltwaters draining
from a glacier. The timing of flux events from
Gornergletscher, if not the absolute and relative quan-
tities of sediment involved, is modelled well by a basic
interaction between a prescribed rating-curve linking
arca of subsole wetted with discharge, and an inferred
uniform constant abrasion rate. The match in time
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between modelled and observed events suggests that the
principal elements of the model are conceptually sound.
Modelled flux-event magnitudes within the observed
range were produced without recourse to optimisation
of the rating curve and abrasion rate.

Background sediment-flux levels, occurring at times
between flux events, were not included in the basic model.
Differential entrainment of sediment particles by size
according to velocity of flow has also yet to be considered.

Temporal changes in how the pattern and size of
wetted area [luctuate with discharge also need to be
incorporated in the model in order to reflect seasonal
variation in background sediment flux. Many separate
filaments of flow undoubtedly arise in place of the one
contiguous area used in the basic model. When flow
decreases, the residual wetted area may be displaced from
the original position, and on expansion “fresh” areas of
bed away from the margin of the existing wetted arca
may become integrated with flow if new channels
develop. Discharge-related movements of wetted areca
are suggested by the presence in the records of (small)
sediment-flux events at levels in the sequence of discharge
peaks at which wetted area should have encompassed
only zones of subsole from which the winter accumulation
of sediment had already been removed.

Nevertheless, the model confirms that both length of
time since the previous occurrence of a particular
discharge level, and the difference in magnitude of flow
between an event and previous discharge maxima in the
series, influence both the timing of flux events and the
amount of sediment evacuated. There is considerable
potential for the use of this simple conceptually based
model, with calibration, in analyses of sediment-discharge
relationships in meltwaters draining from temperate
glaciers.
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