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Abstract

The importance of subglacial sediment transport by fluvial processes has long been
recognised, such that suspended sediment loads in proglacial streams have commonly
been used to calculate glacier erosion rates. However, glaciers of similar type, bedrock
lithology and location demonstrate large variations in sediment yield that cannot be
adequately explained by estimates of glacier erosional potential. It is likely that seasonal
and annual variations in suspended sediment yield that have complicated estimates of
subglacial erosion reflect changes in the efficiency of subglacial fluvial processes. Such
processes are important because the efficiency of basal sediment evacuation likely plays
a critical role in maintaining glacier erosion rates and may explain large differences in
rates and styles of glacier erosion and ice marginal sedimentation.

Previous studies have failed to reliably link variations in proglacial suspended sediment
transport with subglacial processes because: 1) independent observations of the dynamic
nature of the glacial and fluvioglacial systems have rarely been obtained; and 2)
suspended sediment quality has been infrequently used to infer sediment provenance. In
this study, variation in proglacial suspended sediment transport and quality is
investigated at Haut Glacier d’Arolla, Switzerland during the 1998 and 1999 melt
seasons. The study was supported by a NERC project that provided data on ice motion
and catchment hydroclimatological conditions against which variation in suspended
sediment concentration and quality could be rigorously interpreted.

Suspended sediment transport from the western subglacial catchment during the 1998
melt season demonstrates changes in both sediment availability and the efficiency of
suspended sediment evacuation that are controlled by the evolution of glacial meltwater
sources and pathways. Strong relationships between discharge and suspended sediment
concentration for hydrologically defined sub-periods of the melt season demonstrate the
importance of flow capacity in controlling suspended sediment concentration. Early in
the season, relationships demonstrate relatively high sediment availability at low
discharges and an approximately linear relationship between suspended sediment
concentration and discharge. Increased flow through the distributed system due to rising
supraglacial meltwater inputs are associated with periods of rapid forward glacier motion
followed by episodes of channelisation. However, changes in suspended sediment
concentration are commensurate with increased discharge, and early season ‘spring
events’ result in the evacuation of only a small proportion of the annual sediment load.

Later in the season, non-linear relationships between discharge and suspended sediment
concentration reflect the rapid increase in flow velocity with discharge in hydraulically
efficient, channelised subglacial drainage systems (Alley et al, 1997). Sediment
availability during development of the channelised system is initially limited due to the
concentration of supraglacially-derived meltwaters into channels located along
preferential drainage axes. However, sediment availability increases during the melt
season as the rate of extension of the channelised system declines. Increasing
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overpressurisation of channels due to the increasing peakedness of supraglacial runoff
likely increases sediment availability by: 1) extra channel flow excursions at peak
discharges over wider areas of the glacier bed; 2) the enhanced deformation of high-
pressure subglacial sediments towards low-pressure channels; or 3) the winnowing of
fines from sediments near to channels as bulk discharge declines (Hubbard et al., 1995).
The net effect is such that suspended sediment evacuation demonstrates a 125X increase
for only a 7.5x increase in discharge between periods representative of flow through
predominantly distributed and channelised subglacial drainage configurations.

Suspended sediment particle size during the 1998 melt season demonstrates variation in
the finer fractions that likely reflects spatial variation in the access of meltwater to
subglacial sediments. Suspended and in sifu sediment size distributions are characterised
by two principal modes that likely represent rock particles (~ 500-2000 um) and their
constituent mineral grains (~ 5-50 um). Hubbard et al. (1995) have suggested that finer
distributions will occur in basal sediments distal to subglacial channels due to a
winnowing effect associated with the diurnally reversing hydraulic gradient. The in-
phase flushing of fines with discharge in the proglacial stream is observed early in the
melt season when supraglacial meltwaters are known to contribute to a predominantly
distributed subglacial drainage system. Fines also suggest changes in sediment
availability to be associated with increased flow through ‘new’ areas of the distributed
system as the spatial pattern of supraglacial runoff evolves. During the period of
predominantly channelised drainage, relationships between size distribution parameters
and discharge suggest high sediment availability is maintained by a combination of
increased access to basal sediments due to extra-channel flow excursions and both the
deformation of basal sediments and winnowing of fines towards low-pressure channels
as bulk discharge declines.

A number of alternative provenancing techniques were used during the 1998 and 1999
melt seasons. Changing sediment sources during the melt seasons were investigated
using mineral (XRD) and geochemical (stable oxygen isotope) tracers, and the
contribution of potentially large extraglacial sediment sources were investigated using
suspended sediment radionuclide and luminescence signatures. However, field data has
so far demonstrated poor potential and it is suggested that further work is required before
these techniques will provide reliable indicators of suspended sediment provenance.

Field data demonstrates that subglacial drainage configuration exerts a critical control on
the rates and mechanisms of basal sediment evacuation. The style of subglacial drainage
system is believed to impact significantly upon: a) rates of subglacial erosion and
sediment production; b) the nature of debris transport and the proportion of sediment in
glacial versus fluvioglacial pathways; and c) rates and styles of proglacial sedimentation.
Channelised drainage configurations are predicted to encourage subglacial erosion by the
efficient evacuation of basal sediments, resulting in high sediment yields and the fluvial
transport of sediment to depositional environments that may be very distal to the ice-
margin. Thus, consideration of the potential coupling between glacial and fluvioglacial
processes may ultimately provide new frameworks for the understanding of rates and
processes of glacial erosion, sediment transfer and deposition, and the complex
geomorphology of ice-marginal environments.
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Introduction

1.1 INTRODUCTION

This thesis is concerned with the mechanisms of suspended sediment evacuation by
subglacial drainage systems. Sediment flux from subglacial drainage systems is observed
to dominate the sediment budget of many glaciers. This chapter highlights the
importance of understanding the mechanisms of sediment evacuation by subglacial
meltwaters and reviews current knowledge in this field. The potential of suspended
sediment characteristics to elucidate the mechanisms of basal sediment evacuation is
discussed and a framework for the investigation of suspended sediment provenance from
subglacial drainage systems is outlined. Central to this framework is the acquisition of

independent evidence of the dynamic nature of the glacial and fluvioglacial systems.

Chapter 2 introduces the field site and methods before considering the reliability and
representivity of the suspended sediment monitoring programme and laboratory
methods. Chapter 3 uses meteorological, proglacial streamflow and ice motion data to
obtain independent evidence of the sources and routing of meltwater in the glacial
system. These observations provide independent evidence of the dynamic nature of the
glacial and fluvioglacial systems against which variation in suspended sediment
provenance can be interpreted and tested. Chapters 4 to 6 deal with issues of sediment
provenance as indicated by suspended sediment concentration, particle size and both

geological and environmental tracers. Chapter 7 concludes the thesis, providing a
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summary of the mechanisms responsible for suspended sediment evacuation at Haut
Glacier d’Arolla and the glaciological implications of the work for present understanding

of glacial geomorphic processes and future research.

1.2 GLACIAL EROSION AND SEDIMENT YIELD

1.2.1 The efficacy of glacial erosion

It is often assumed that glacial conditions result in accelerated rates of erosion (e.g.
Isacks, 1992); however, rates of glacial denudation are difficult to estimate and hence the
efficacy of glacial erosion is subject to some debate (Hay, 1998). In mountainous
regions, the scouring, widening and deepening of valleys by glaciers suggests that areas
that have been heavily glaciated have experienced high erosion rates during relatively
short periods of time (Isacks, 1992). However, using fluvial sediment yields from a
variety of glaciated catchments, Hallet et al. (1996) and Gurnell et al. (1996) have
suggested that mechanical denudation rates vary by 4 to 5 orders of magnitude. Hallet et
al. (1996) found that rates varied from 0.01 mm year ' for both polar and thin temperate
glaciers on crystalline bedrock, to 0.1 mm year ~ ' for temperate glaciers also on

crystalline bedrock in Norway. For small temperate glaciers in the Swiss Alps,

1 1

mechanical denudation rates increased to 1.0 mm year ', and reached 10—-100 mm year~
for large, fast-moving temperate glaciers in the tectonically active mountain ranges of
southeast Alaska. Controversy also surrounds the effectiveness of ice sheets as erosional
agents. Analysis of offshore sediment masses or comparison with modern glacial
denudation rates (e.g. White, 1972; Laine, 1980) contradicts studies of terrestrial
sediments that indicate low rates of mechanical denudation beneath the Laurentide ice
sheet (Flint, 1971). Nevertheless, mechanical denudation rates in the Laurentide region
throughout the whole of the Quaternary period have been calculated to have been just
0.006 mm year ~ ' (Bell and Laine, 1985), and even this figure may be greatly

overestimated (Hay et al., 1989).

Despite uncertainties surrounding both modern and ancient rates of glacial denudation,

the assumption that glaciers are very effective erosional agents is commonplace. For
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example, Raymo et al. (1988) and Raymo and Ruddiman (1992) believe the efficiency of
glacial erosion contributed importantly to the onset of the Ice Age. They hypothesised
that accelerated tectonic activity during the Cenozoic, resulting in the uplift of vast
mountain regions such as the Himalayas and Tibet, led to increased weathering that
consumed CO, from the atmosphere and lowered global temperatures. Having made the
aséumption that uplift would result in glacier expansion, they believed that glacial
erosion constituted the critical mechanism enabling chemical erosion rates to increase
with elevation. Although weathering reactions are believed to proceed very slowly under
glaciers (Gibbs and Kump, 1994; Kump and Alley, 1994), glacial abrasion produces an
abundance of freshly comminuted mineral surfaces that are able to react with meltwater
at the glacier bed. Thus, the theory presented by Raymo et al. (1988) and Raymo and
Ruddiman (1992) has received some support from studies of weathering processes in
alpine glaciated catchments, where chemical denudation rates have been shown to be in
excess of the global average (Reynolds and Johnson, 1972; Eyles et al., 1982; Collins,
1983; Souchez and Lemmens, 1987; Sharp et al., 1995). Molnar and England (1990)
have also assumed that glacial erosion is very efficient in order to support their argument
against the evidence for tectonically driven accelerated uplift during the Cenozoic. In
contrast to Raymo and Ruddiman (1990), they suggest that climatic changes during the
Quaternary occurred first, leading to glacial expansion and increased rates of mechanical
denudation, such that uplift occurred only as a result of isostatic adjustment in response

to rapid glacial erosion.

An understanding of the efficacy of modern glacial erosion is central to discussions of
glacial denudation and sedimentation worldwide, and is essential if controversial
theories linking climate and topography over long timescales are to be critically
evaluated. The efficiency of mechanical erosion in glaciated catchments is of primary
interest since this far exceeds rates of chemical erosion (e.g. Sharp et al., 1995). Indeed,
high chemical denudation rates in glaciated catchments have been suggested to result
largely from the abundance of fresh mineral surfaces produced by mechanical
weathering (Sharp et al., 1995; Hallet et al., 1996). Anderson et al. (1997) have argued
differently, suggesting that chemical weathering is related to discharge flux rather than
sediment production and is not unusually rapid in glaciated catchments unless glaciation

increases run-off production. However, they suggest that because glacial sediment yields
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are higher than fluvial sediment yields, and because the debris is fine-grained and freshly
ground, the transport of glacial sediments by wind or water to environments more
favourable to chemical weathering may still play a significant part in increasing global

solute yields.

Few studies have attempted to compare rates of mechanical denudation in glaciated and
non-glaciated basins. Sediment yields from twelve partially-glaciated catchments and
one non-glaciated catchment in Alaska indicated that extensively glaciated basins
produce yields about one order of magnitude higher than for glacier-free basins
(Guymon, 1974). In contrast, a study of sediment yields from twelve catchments in the
Southern Alps, New Zealand, of which only one was extensively glaciated, concluded
that mechanical denudation was not influenced by the extent of glacierisation (Hicks et
al., 1990). Responding to Hicks et al.’s (1990) study, Harbor and Warburton (1993)
argued that percentage glacier cover could not provide an adequate surrogate measure of
glacial erosional intensity and that there is compelling evidence for relatively high rates
of glacial denudation in mountainous environments. However, Harbor and Warburton
also added that the accurate estimation of the relative rates of glacial and non-glacial
processes could not be achieved by comparing present day sediment yields. Several key
reasons were cited: 1) appropriate surrogate measures of glacial erosional intensity are
not available; 2) the complicating effects of sediment storage and paraglacial
sedimentation; and 3) the difficulty of obtaining representative sediment yields due to

the intrinsic variability of sediment output from glaciated basins.

Nevertheless, Gurnell et al. (1996) and Hallet et al. (1996) have suggested that if the
contrast between sediment output from glaciated and non-glaciated basins is sufficiently
large, systematic differences should emerge despite these confounding effects. Plotting
mechanical denudation rates from published literature against basin size for 51 glaciated
catchments, Hallet et al. (1996) found that sediment yields from glaciated basins formed
a population ‘distinct and essentially non-overlapping’ with non- and partially-glaciated
basins. Expanding on an earlier study (Gurnell, 1987a), Gumell et al. (1996) presented
data from 73 glaciated catchments throughout the world. Gurnell et al. found that as a
function of catchment area, sediment yields from glaciated catchments plotted above the

relationship derived by Walling and Kleo (1979) from their global suspended sediment
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database. Both studies concluded that as a function of basin area, mechanical denudation

in glaciated catchments is essentially unsurpassed.

Despite the apparent difficulties, a number of studies have also attempted to identify a
relationship between glacierisation and erosional intensity. Gurnell (1987a) and Gurnell
et al. (1996) found negative but non-significant relationships between sediment yield and
both catchment size and the size of glaciated area. Furthermore, there were no clear
systematic differences between sediment yield from the temperate, subarctic and arctic
catchments. Nevertheless, Hallet et al. (1996) found that in contrast to their non- and
partially-glaciated counterparts, mechanical denudation rates in glaciated basins
increased with basin size. This pattern was believed to indicate an increase in erosional
capacity due to increasing ice flux from small to large, fast moving glaciers. However, a
re-analysis of their data suggests that basin size or ice flux may represent very poor
indicators of erosional capacity. Figure 1.1 demonstrates that Hallet et al.’s correlation is
mainly a function of the different characteristics of individual regions, with typically

small basin areas in Svalbard and Norway having low sediment yields, larger basins in
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Figure 1.1 Effective erosion (mechanical denudation) rates calculated from suspended
sediment yield (t km™ year ') versus basin size for glaciated basins in various regions.
Modified from Hallet et al. (1996).
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Table 1.1 Regression relationships applied to log-transformed values of effective erosion
rate and basin area for various regions (data from Hallet et al.,1996).

2

Region n a b t p r

SE Alaska 17 1.23 0.01 0.09 0.93 0.00
Norway 15 -0.98 0.36 1.48 0.16 0.08
Swiss Alps 6 -0.27 0.11 0.55 0.62 0.00
Central Asia 7 -0.66 0.52 5.14 0.00 0.81

n: number of basins; a: regression intercept; b: regression slope; ¢, p: t and p statistics
associated with the regression slope.

Alaska having high sediment yields, and basins in Asia and the Swiss Alps falling in
between. Also plotted is Hallet et al.’s information from high arctic glaciers in Canada
and Greenland that were excluded from their original diagram and fall well outside of
the relationship between basin area and rate of mechanical denudation. Clearly, other
mechanisms must be responsible for these first-order differences in effective
erosion; for example, regional differences in tectonic setting, subglacial lithology,

climate, or sediment availability due to stage in the paraglacial cycle.

The large dataset presented by Hallet et al. (1996) therefore suggests that systematic
variations In glacial mechanical denudation rates may exist due to continental-scale
factors. However, Figure 1.1 reveals high variability in rates of mechanical denudation
.within individual regions that are independent of basin size. For the major regions
represented (n 2 6), rates of mechanical denudation show no correlation with basin area

(Table 1.1); the relationship for central Asia is spurious as it is based on two separate

! groups of glaciers (Figure 1.1). It is clear that basin area, as a surrogate measure for ice
‘ flux, fails to explain both global and regional variations in glacial erosional intensity.
Since these estimates of mechanical denudation are derived from catchment sediment
yields, they are a function of both sediment production and transport processes within
glaciated and partially-glaciated catchments. It is through a consideration of the factors
that influence sediment production and transport in the subglacial environment that

controls on the efficacy of glacial mechanical denudation are likely to be found.
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1.2.2 Controls on glacial mechanical erosion and sediment yield

The principal mechanisms of glacial mechanical erosion are quarrying, abrasion, and
erosion by subglacial streams. Quarrying is often considered to be the most important
process of glacial erosion (e.g. Iverson, 1995; Hallet, 1996), and occurs through the
fracturing or crushing of bedrock and the entrainment of bedrock fragments by ice. The
mechanisms of bedrock fracturing beneath glaciers are not well understood, and some
authors have emphasised the importance of pre-glacial weathering (Sugden and John,
1976; Addison, 1981; Lliboutry, 1994). Nevertheless, mechanisms believed to lead to
bedrock fracturing or the propagation of small, pre-existing micro-fractures include: 1)
pressure release due to unloading of bedrock as a result of erosion (Bennett and Glasser,
1996); 2) fluctuating patterns of basal ice and water pressure that impose stress gradients
on bedrock and also result in localised basal freezing (Robin, 1976; Addison, 1981; Iken
and Rothlisberger, 1981; Hallet, 1996); and 3) fluctuations in basal water pressure that
enhance stress gradients at the glacier bed (Réthlisberger and Iken, 1981; Iverson, 1991).
Rock fragments may then become entrained due to localised basal freezing, and the
process may be enhanced if fluctuations in basal water pressure cause ‘jacking’ as a

result of the opening of basal cavities (Robin, 1976; Réthlisberger and lken, 1981).

Rock fragments that become entrained within the ice and maintain contact with the
glacier bed result in abrasion. The rate of abrasion is dependent upon: 1) glacier sliding
velocity; 2) the contact pressure between rock fragments and the glacier bed; and 3) the
rate of supply and concentration of debris within basal ice (Sugden and John, 1976;
Boutlon, 1978; Hallet, 1979b). However, abrasion is also influenced by the rate of
removal of debris from the ice-bed interface (Riley, 1982). Abrasion is sometimes
considered to be secondary to quarrying since the presence of rock fragments in basal ice
is an essential pre-requisite (Lliboutry, 1994), although in mountain environments rock
fragments may also be obtained by debris falling into the accumulation area from

surrounding rock walls.

Meltwater will also perform mechanical erosion, and subglacial streams fed by
sediment-poor surface melt should have exceptionally high erosive capacity (Alley et al.,
1997). Though the rate of abrasion is strongly dependent upon the concentration of

sediment in the water, erosion will be greatest over bedrock due to the largely unsatisfied
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transport capacity (Howard et al., 1994). The low water pressures and high flow
velocities characteristic of channelised subglacial drainage systems are also conducive to

cavitation (Alley et al., 1997).

It is clear from a simple description of the basic erosional processes that the highest rates
of mechanical denudation should occur under glaciers where: 1) bedrock is weak and
highly fractured; 2) the bed is at pressure melting point; 3) rates of basal sliding are high;
4) subglacial water pressures are high and fluctuating; and 5) significant quantities of
surface meltwater reach the glacier bed. Although large inputs of surface meltwater
typically form low-pressure subglacial channels, these have been shown to co-exist with
high pressure, distributed drainage systems fed solely by basal melt (Alley, 1992;
Hubbard et al., 1995). In addition, strong diurnal fluctuations in water pressure within
the channelised system may be transmitted to the distributed system and across wide

areas of the glacier bed (Hubbard et al., 1995).

Evidence of regional variation in these characteristics may assist in explaining the
variations in glacial erosional capacity evident in the data compiled by Hallet et al.
(1996). Elverhai et al. (1998) consider basal melting to be an essential pre-requisite for
erosion to take place, and where basal melting occurs, glaciers with the steepest balance
gradients due to high rates of accumulation will possess the highest basal shear stresses
and sliding rates. Thus, rates of mechanical denudation are low in high arctic areas such
as Svalbard, Greenland and high arctic Canada, where balance gradients are low and the
thermal structure commonly prevents meltwater reaching the glacier bed. In Norway, the
Swiss Alps and central Asia, balance gradients are higher and the thermal structure
enables meltwater to reach the bed in large quantities. In Switzerland and central Asia,
however, bedrock is more easily erodible and erosion rates therefore generally outstrip
those of Norway. Finally, rates of mechanical denudation are expected to be highest in
Alaska, where balance gradients are even higher and bedrock is very susceptible to

erosion (Hallet et al., 1996).

Consideration of the mechanisms of glacial erosion identifies controls on mechanical
denudation at a global scale but cannot account for large within-region variability.

Catchment sediment yields need to be considered in detail and as the product of an
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integrated sediment production-transport system. Following Fenn’s (1987) approach, but
considering only the subglacial environment, the various sediment production (p) and

transport (t) processes can be represented as
2S, =G, t Fp ; 28¢= G+ F, (1.1, 1.2)

where 2.5 denotes total sediment volumes, and G and F denote, respectively, glacial and
fluvial processes. When estimating mechanical denudation rates, most studies implicitly
assume steady-state where catchment sediment yields are directly representative of

current rates of subglacial erosion, or
28 =28, (1.3)

However, the subglacial sediment production-transport system is likely to incorporate
lags and sediment stores: not all sediments produced in a given time span are removed
concurrently, and not all materials delivered to the ice margin over a given period are

necessarily produced contemporaneously.

Harbor and Warburton (1993) have argued that large errors will exist in any estimate of
sediment yield from glacierised catchments if the role of sediment storage is not first
quantified using a sediment budget approach. A number of studies have used sediment
budgets to study storage in the proglacial zone (Warburton, 1990) and in ice-marginal
moraines (Small, 1987); however, the large proportion of glaciers that rest on soft
sediments demonstrates that subglacial sediment storage is also important. Storage in the

subglacial environment can be represented as
ASs=G,+F,- G- F; (1.4)

where S represents sediment storage and t represents total sediment volumes delivered
to the ice margin. Similar models of the glacial sediment system have been used to
predict which glaciers erode their beds and which rest on soft sediment, but these have
achieved only limited success (Maisch, 1999). Not surprisingly, the inaccessibility of the
subglacial environment and the lack of adequate physically-based models of glacial

erosion (Lawson, 1993; Alley et al., 1997) means estimation of the terms G, and F), is
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extremely difficult and that quantification of changes in subglacial sediment storage is

impossible to achieve.

Uncertainties regarding the origin of sediments exported from the subglacial
environment confounds reliable estimates of mechanical denudation rates. For example,
the high seasonal and annual variability in suspended sediment evacuation (e.g. Bogen,
1989, 1995, 1996) suggests difficulties in obtaining representative suspended sediment
yields. However, the efficiency of sediment evacuation may also be important in
determining glacial sediment yields, such that it is necessary to understand the
mechanisms of sediment transport and storage in order to comprehend differences in
mechanical denudation rates between glaciers. Processes of glacial erosion are largely
dependent upon the efficient removal of subglacial debris (Riley, 1982; cf. Rea, 1996);
hence, the quantity and distribution of sediment stored subglacially is likely to have a
significant impact upon mechanical denudation rates. Where the products of glacial
erosion are efficiently transported to the ice margin, increased ice-bedrock interaction

will be encouraged and mechanical denudation rates will potentially be high.

The storage of sediment beneath glaciers in the form of soft-sediment layers has been
predicted to render quarrying ineffective (Hallet, 1996) and will stifle abrasion by
decreasing ice-bedrock interaction. It has been suggested that erosion by deforming
sediment layers is also generally insignificant (Cuffey and Alley, 1996). Some areas of
relatively sediment-free bedrock must exist for deforming layers to be sustained, but
over the remainder of the bed, rates of mechanical denudation will be much reduced.
Even bedrock erosion by subglacial meltwaters will be negated to some extent since the
ready availability of subglacial sediments will result in greater satisfaction of transport
capacity and reduced erosive potential. Thus, the contrasts in rates of mechanical
denudation between glaciers resting on hard rock beds and those resting upon soft-
sediments are likely to be great. Furthermore, the importance of sediment evacuation
suggests that at a regional scale, mechanical denudation rates will strongly reflect the
efficiency of sediment transport processes and not be confined to a narrow range
predicted by the combination or efficiency of sediment production processes that

regional characteristics prescribe.
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For many temperate glaciers and ice caps, diverse data and theoretical analyses
demonstrate the predominance of fluvial sediment transport over all other subglacial
processes (Hallet et al., 1996; Alley et al., 1997). Basal sediment evacuation by
meltwater has often been observed to dominate glacial sediment budgets, such that the
majority of sediment delivered to the ice margin is entrained and transported by the
subglacial drainage system (Hagen et al., 1983; Evenson and Clinch, 1987; Gustavson
and Boothroyd, 1987; Kirkbride, 1995). If transport by glacial processes is very minor

with respect to fluvial transport, Equation 1.4 effectively reduces to

and it is the efficiency of subglacial fluvial sediment transport that plays a critical role in
determining changes in subglacial sediment storage. In doing so, the efficiency of fluvial
sediment transport processes is likely to modulate rates of mechanical denudation and
sediment yield, and the thickness and spatial persistence of a deformable substrate may
have significant implications for the mechanisms of glacier flow (Murray, 1997). High
seasonal and annual variability in fluvial sediment yield observed at many glaciers
suggests that the efficiency of subglacial fluvial processes is subject to large spatial and
temporal variation. The inherent variability of such processes needs to be understood
since they present important procedural difficulties for the estimation of mechanical
denudation rates (Harbor and Warburton, 1993). More importantly, however, the critical
role of sediment evacuation in controlling rates of mechanical denudation suggests that
spatial and temporal variability in the efficiency of fluvial sediment transport may
account for large within-region variability in rates of mechanical denudation. As a result,
an understanding of the mechanisms responsible for sediment evacuation by subglacial

drainage systems is critical.

1.3 SUSPENDED SEDIMENT EVACUATION BY SUBGLACIAL DRAINAGE

1.3.1 Introduction

Investigations of sediment evacuation by subglacial drainage systems at temperate, alpine

glaciers have generally monitored suspended sediment and, to a lesser extent, bedload

11
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transport in proglacial streams (see, for example, Gurnell (1987a, 1995) and Gomez (1987)
for reviews of research in Alpine environments). Such studies have been conducted
because the high sediment loads of subglacial streams present major difficulties for the
management and use of meltwater (e.g. @strem, 1975; Bezinge et al., 1987; Bogen, 1989),
but also because the suspended sediment load can be used to make inferences about
subglacial processes (e.g. Gurnell et al., 1992a; Clifford et al., 1995b; Hodgkins, 1996;
Willis et al.,, 1996; Hodson and Ferguson, 1999). The inaccessibility of the subglacial
environment means the character of the subglacial drainage system and the processes of
sediment entrainment by> subglacial meltwater cannot be directly observed. However, due
to rapid transit through the subglacial drainage system (cf. Muste and Patel, 1997; Bogen,
1989), variation in suspended sediment at the glacier snout should reflect spatial and

temporal variation in the processes of sediment entrainment.

The previous section recognised large regional variability in sediment yield from
glaciated catchments and suggested that this may be due to differences in climate and
lithology. These factors control sediment yield at regional scales because they dictate the
amount of basal melting, rate of glacier flow, magnitude of surface runoff and the
susceptibility of bedrock to erosion. However, it was suggested that significant within-
region variability might arise from the efficiency of sediment evacuation by subglacial
fluvial processes. At individual glaciers, studies of suspended sediment evacuation have
revealed large variability over a wide range of scales (e.g. Bogen, 1988, 1996; Collins,
1990; Clifford et al., 1995b), suggesting spatial and temporal variability in the efficiency
of sediment evacuation by subglacial meltwater. If the efficiency of sediment evacuation
depends upon the ability of meltwater to access and entrain basal sediments, it follows
that the morphology of the subglacial drainage system is critical. Previous studies have
therefore attempted to identify the mechanisms responsible for sediment entrainment by
linking variability in suspended sediment evacuation to subglacial fluvial processes

operating at a variety of temporal scales.

1.3.2 Annual controls on sediment evacuation

Few studies have suggested processes that control variation in sediment evacuation at

annual scales. Gurnell (1995) found some correspondence between annual catchment
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discharge and total sediment yield for the Tsidjiore Nouve and Bas Arolla glaciers,
Switzerland. If the quantity of basal sediment evacuated by subglacial meltwaters is
limited by discharge (as suggested by Lawson, 1993), then annual discharge from the
subglacial drainage system should be a good indicator of sediment transport. However,
Bogen (1989) found very poor correlation between annual discharge and suspended
sediment transport at Nigardsbreen, Norway. The highest suspended sediment transport
rates occurred during years with several flash-flood events, whereas high rates of
bedload transport appeared to require years with sustained high discharge. The different
response of suspended load and bedload transport to variations in discharge was related
to the relatively slow movement of bedload through the subglacial drainage system (days
or weeks) compared to suspended material (a few hours). Exceptions to this pattern (i.e.
low bedload transport despite sustained high discharge) did suggest that sediment
availability might constitute an annual-scale control on sediment transport, and Bogen

suggested that this was dependent upon the rate of glacial erosion.

Bogen emphasised the importance of sediment availability in a later paper (Bogen, 1996)
that presented data from a larger sample of Norwegian glaciers and again demonstrated
very poor relationships between annual suspended sediment yield and discharge. At
Ovre Beiarbre, single years with exceptionally high suspended sediment evacuation were
followed by periods of low yield lasting for 2 years or longer. This pattern was believed
to indicate increased sediment availability in some years due to changes in the position
of the subglacial drainage system: during some winters, the closure of subglacial
channels may result in a complete shift in the position of the drainage system between
one melt season and the next. It was suggested that a similar mechanism might control
sediment availability at Nigardsbreen and Engabreen, although here the deformation of
debris-rich ice into conduits was expected to have taken place throughout the year due to
higher rates of glacier flow and frequent fluctuations in conduit discharge. Gurnell
(1995) has also demonstrated some correspondence between sediment yield and glacier
‘activity’ at Tsidjiore Nouve. Annual sediment yield appeared to be related to the annual
rate of glacier advance, and Gurnell suggested that high rates of glacier movement would
cause continual adjustment in the subglacial drainage system. However, these studies
suggest that variations in sediment yield are only crudely related to processes operating

at annual time scales. Instead, annual variations in sediment yield may be largely
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determined by the frequency of processes operating at seasonal time-scales or shorter

(such as flash-floods or drainage system adjustments).

1.3.3 Seasonal controls on sediment evacuation

Suspended sediment transport in subglacial streams has been widely observed to
fluctuate on a seasonal basis, and largely reflects the increased availability of meltwater
during the melt season (Collins, 1990; Gurnell, 1987b, 1995). During winter, little or no
surface melt reaches the glacier bed and drainage is predominantly distributed, being
characterised by widespread access to basal sediments but low discharges (derived solely
from basal melt) and flow velocities (cf. Richards et al., 1996; Nienow et al., 1998).
Collins (1989) has suggested that the distributed system reaches its maximum spatial
extent early in the melt season as snowmelt from the glacier surface begins to reach the
bed via moulins and crevasses. Subsequent increases in supraglacial meltwater inputs
result in the development of a channelised drainage network characterised by high

discharges and flow velocities (cf. Richards et al, 1996; Nienow et al., 1998).

High suspended sediment concentration at the beginning of the melt season (i.e.
increased suspended sediment transport relative to discharge) has been related to high
sediment availability due to both the accumulation of sediment during winter (Collins,
1989, 1990; Leistal, 1967; Vatne et al., 1992; Hooke et al, 1985) and the distributed
system having widespread access to basal sediments (Collins, 1989; Hooke et al, 1985).
However, following an early high, suspended sediment concentration has been widely
observed to decrease during the melt season (@strem, 1975; Bogen, 1995; Collins, 1990;
Hammer and Smith, 1983; Leistsl, 1967; Hooke et al., 1985). This has been related to
decreased sediment availability due to depletion of the subglacial sediment store (Jstrem
et al, 1986; Hooke et al., 1985) or relatively immobile channelised flowpaths having
limited access to sediment sources (Collins, 1989, 1990; Gumell, 1987b; Gurnell et al.,
1992a). Gurnell et al. (1992a) identified decreasing suspended sediment availability
following the development of a channelised drainage system at Haut Glacier d’Arolla,
Switzerland. Gurnell et al. (1992a) suggested that sediment sources would effectively
‘migrate’ up-glacier as sediment sources near to stable, downglacier channels were

exhausted. Total sediment availability would therefore decrease, and concentrations were
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believed to decline further due to the increasing dilution of available sediment by rising
discharges. It has also been suggested that the development of a low-pressure
channelised system may cause a reduction in sediment availability since bed separation
will be lower and less extensive (Hooke et al, 1985) and reduced basal sliding will

decrease rates of mechanical erosion (Iverson, 1990, 1991; Willis, 1995).

Increasing suspended sediment concentration from subglacial drainage systems
throughout a single melt season has rarely been observed. Gurnell (1995) demonstrated
that hourly suspended sediment concentration and daily load increased throughout the
1989 melt season at Haut Glacier d’Arolla despite mean hourly discharge peaking mid-
season. Gurnell suggested that expansion of the channelised network might enable
streams to tap sediment sources across an increasingly wide area of the glacier bed. Due
to suggested instabilities, the smallest channels or even the distributed drainage system
were believed to be the predominant source of suspended sediments in the subglacial
drainage system. Clifford et al. (1995b) also identified increasing suspended sediment
concentration at Haut Glacier d'Arolla during the 1990 melt season. Suspended sediment
concentrations were lower than expected during the mid-part of the melt season but were
significantly higher towards the end of the monitored period. This pattern was again
related to the seasonal development of a channelised drainage system, although changing
characteristics of flow within the system were thought to be responsible for the unusual
pattern of events. Low sediment concentrations observed during the mid-part of the melt
season were believed to result from the drainage system extending upglacier via conduits
predominantly at atmospheric pressure. Later in the season, the drainage system had
reached its maximum extent but conduits were often surcharged and therefore able to
transport higher suspended sediment concentrations. However, Clifford et al. (1995b) did
not suggest how sediments are delivered to channels in order to maintain increasing

sediment availability during the melt season.

A number of studies have also observed increasing suspended sediment concentration
throughout the melt season at high-arctic polythermal glaciers (e.g. Hodson et al., 1998;
Repp, 1988; Bogen, 1991). Gumell et al. (1994) suggested that ground thaw may
increase sediment availability during the melt season since much runoff is ice-marginal.

Vatne et al. (1995) envisaged processes similar to those beneath temperate glaciers,
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suggesting that steady deformation of high-pressure subglacial till into low-pressure
channels might limit the exhaustion of sediment from stable drainage pathways.
However, Vatne et al. again emphasised the intrinsic instability of many smaller tributary
channels within the channelised network that are able to access sediments from a wide
area of the glacier bed. Such observations of increasing suspended sediment
concentration highlight the importance of a spatially extensive channelised drainage
network, but suggest that it is processes operating at very short time scales are

responsible for variability in suspended sediment evacuation.

1.3.4 Sub-seasonal controls on sediment evacuation

Sub-seasonal variations in suspended sediment evacuation are commonly related to
drainage system instabilities. Large sediment flushes have been related to changes in
drainage system configuration, particularly early in the melt season. At Gornergletscher
in the Swiss Alps, Collins (1989, 1990) has related exceptionally high sediment transport
over just a few days in the early melt season to large-scale re-organisation of the
subglacial drainage system. Collins suggested that re-organisation from a distributed
cavity system to a network of channels increases sediment transport as threads of
flowing water change course and coalesce, integrating previously isolated areas of basal
sediment with meltwater flow. These events take place during periods of glacier surface
uplift and enhanced basal sliding, termed ‘spring events’ (Rothlisberger and Lang,
1987). Sediment evacuation during similar events has also been related to rapid channel
inception. Such events are characterised by the storage of water at the glacier bed due to
surface meltwater inputs exceeding the capacity of the distributed system. During the
period of water storage, high suspended sediment concentrations have been taken to
indicate that channels are being formed forcefully (Anderson et al., 1999), and the events
may culminate in the rapid release of stored water and an associated pulse in suspended
sediment that may reflect rapid channel formation (Warburton and Fenn, 1994; Anderson
et al.,, 1999). However, Raymond et al. (1995) observed coupled ice-motion/turbidity
events at two Alaskan Glaciers, many of which were not associated with any before-to-
after changes in glacial or fluvioglacial dynamics. Events were associated with short-
term injections of meltwater into the distributed system, resulting in the increased flow

of meltwater through the system and the mobilisation of basal sediments. At one glacier,
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events were linked to the sudden drainage of an ice-marginal lake, whilst events

occurred at both glaciers during weather-induced glacier-wide inputs of melt water.

Collins (1989, 1990) has also suggested that variations in sediment flux at
Gornergletscher are related to the temporary injection of meltwater from the channelised
to the distributed system. Net flow of water into the distributed system will occur
whenever meltwater inputs exceed the capacity of the existing channelised system;
increases in suspended sediment concentration have therefore been related to intense
rainfall events (Denner et al., 1999; Richards, 1984; Warburton and Fenn, 1994
Raymond et al., 1995), the release of ice-marginal or intra-glacial water stores (Beecroft,
1983; Gurnell, 1982; Collins, 1979b, 1986; Bjornsson, 1998), or the blocking bf
subglacial channels (Collins, 1990). Short-term increases in suspended sediment
concentration have also been related to increased ice-bed separation and basal sliding
associated with increased flow through the distributed system, indicating greater access
of meltwater to basal sediments (Anderson et al., 1999; Hooke et al., 1985; Raymond
and Malone, 1981; Raymond et al., 1995). At Variegated Glacier, Alaska, sediment
flushes have been directly related to major changes in subglacial hydrology and
enhanced basal motion during various surges and ‘mini-surges’ (Humphrey et al., 1986;

Kamb and Engelhardt, 1987; Humphrey and Raymond, 1994).

At diumal scales, variation in suspended sediment evacuation is closely related to
diurnal variability in stream discharge (Gumnell, 1987b; Willis et al., 1996; Clifford et al.,
1995). Leistol (1967) suggested that sediment transport was related to the area of the bed
that became integrated with meltwater flow during the diurnal cycle. However,
hysteresis in the relationship between discharge and suspended sediment concentration is
commonly observed, such that concentrations are lower at equivalent discharges on the
falling limb than during the initial rise in discharge (e.g. @strem, 1975; Leistol, 1967,
Collins, 1979b; Bogen, 1980; Hammer and Smith, 1983; Gurnell, 1982, 1987b; Willis et
al., 1996). Leistal (1967) suggested that lower concentrations occurred as discharge was
falling because little sediment remained in the area swept by meltwater on the rising
limb. Hysteresis has also been observed during single flood events and over a sequence

of events if the discharges of latter events do not equal or exceed the magnitude of those
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preceding them (e.g. Leistol, 1967; @strem et al., 1967; Church, 1972; Collins, 1979b;
Gurnell, 1982, 1987b; Richards, 1984; Schneider and Bronge, 1993, 1996).

However, many studies have identified short-term variations in suspended sediment
evacuation that appear unrelated to changes in discharge. Hodson and Ferguson (1999)
suggested that early-season fluctuations in suspended sediment concentration were
related to the establishment of interconnectivity in the distributed drainage system.
Similarly, sudden inputs of sediment are suggested to occur as areas of the glacier bed
become more efficiently linked with the channelised system throughout the melt season
(Collins, 1989, 1990; Gurnell et al., 1991, 1992a). At the very smallest scale, turbulence
has been suggested to give rise to variability in suspended sediment concentration over
durations of approximately 10 seconds (Clifford et al., 1995b). However, a number of
other mechanisms have been suggested through which increases in sediment availability
are unrelated to discharge. Firstly, pulses of sediment have been related to local drainage
system re-organisation (or re-adjustment) prompted by high rates of basal sliding or the
collapse of channel roofs (Hodson et al., 1997; Gurnell, 1982, 1995; Willis et al., 1996).
Secondly, drainage elements may be unstable, such that short-term variations in sediment
transport reflect channel migration, capture or drainage system rationalisation (Collins,
1979b; Gumell and Warburton, 1990; Willis et al., 1996), or inherent instabilities in the
distributed system or smallest elements of the channelised network (Collins, 1979b,
1989, 1990; Gurnell et al. 1992a; Vatne et al., 1995). Finally, suspended sediment
concentration may reflect sediment contributions from processes such as the deformation
of till or debris-rich ice into channels (Collins, 1979b; Vatne et al., 1995; Bogen, 1996)
or the collapse of unstable channel-margins cut into soft sediments (Collins, 1979b;
Clifford et al., 1995b).

1.3.5 Summary

Previous studies indicate that suspended sediment evacuation is largely dependent upon
the increased availability of meltwater during the melt season. However, annual and
seasonal variability in suspended sediment transport is only poorly related to discharge
magnitude due to changes in sediment availability at sub-seasonal scales. Studies have

generally emphasised a decline in sediment availability during the melt season,
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especially in the channelised system. In addition, increases in sediment availability have
been suggested to be dependent on drainage system instabilities that enable meltwaters
to access new sediment sources. However, the mechanisms by which sediment is
accessed and entrained during such instabilities are still poorly understood, and different

studies have suggested different processes during essentially similar events.

Increased sediment availability during the early part of the melt season is generally
related to increasing surface meltwater inputs, although three mechanisms have been
suggested: 1) increased flow through the distributed system, causing widespread access
of meltwater to basal sediments and associated ice-bed separation and basal sliding (e.g.
Hooke et al.,, 1985); 2) rationalisation of drainage such that distributed flowpaths
coalesce, integrating wide areas of the bed with meltwater flow (e.g. Collins, 1989,
1990); and 3) the inception of channelised drainage (e.g. Anderson et al.,, 1999).
However, very few studies have succeeded in directly relating increased suspended
sediment transport to changes in drainage system configuration (e.g. Humphrey et al.,

1986) or ice motion (Willis et al., 1996).

Increased sediment availability within the channelised system has also been related to
instabilities that enable meltwater to access new areas of stored sediment. These
instabilities are: 1) rapid changes in discharge, prompting injection of meltwater into the
distributed system (Collins, 1989, 1990); 2) instabilities in major flowpaths or the
smallest elements of the channelised network and distributed system that are unrelated to
discharge (e.g. Gurnell et al., 1992a; Vatne et al., 1995); and 3) bank collapse or the
deformation of sediment or basal ice into channels (e.g. Collins, 1979b; Bogen, 1996).
Where a consistent increase in sediment availability has been observed during the melt
season, studies have suggested this is likely due to: 1) extension of the channelised
network (e.g. Gumell, 1995); and 2) the deformation of high pressure basal sediments
towards low pressure channels (e.g. Vatne et al., 1995). However, direct or independent

evidence to support such explanations is often lacking.

Sharp (1991) suggested that studies of meltwater quality had contributed little to the
understanding of subglacial hydrology. The reasons why such studies have achieved

such limited success appear to be equally relevant to suspended sediment studies today.
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Many studies are still technology-led, employing turbidity sensors as a surrogate for
suspended sediment concentration because the range and reliability of such sensors has
improved dramatically (Clifford et al., 1995a), they are easy to deploy, and their cost has
decreased (Lawler, 1991). Furthermore, suspended sediment studies have: 1) depended
on sediment concentration and load without investigating other parameters (suspended
sediment mineralogy or particle size may provide better information concerning
sediment provenance (cf. Fenn and Gomez, 1989)); 2) failed to address issues
fundamental to the interpretation of suspended sediment transport data (e.g. what are the
main sediment sources in the subglacial environment); 3) employed weak and
inappropriate interpretative procedures (e.g. descriptive rating curve and time series
methods); and 4) failed to take independent measurements that allow testing of the
interpretations proposed (e.g. dye tracing to establish drainage system character and

development, or ice-motion surveys to indicate rates of basal sliding).

Most importantly, however, such studies have been designed and carried out without
regard to the insights gained from theoretical analysis of sediment transport by
subglacial drainage and from other methods of investigation. For example, theoretical
analysis suggests that the hydraulic efficiency of subglacial drainage is a critical control
on basal sediment evacuation (Alley et al., 1997; see Section 1.3, below). At many
glaciers, dye tracing has shown the subglacial drainage system to evolve from a
hydraulically inefficient, distributed subglacial drainage system to a hydraulically
efficient, channelised system during the course of the melt season (e.g. Nienow et al.,
1998). The configuration of the drainage system at any location in space or time will
determine the capacity of meltwater flow and its access to basal sediments. If suspended
sediment studies are to provide new insights into the nature of the subglacial drainage
system and the mechanisms by which meltwater evacuates basal sediments, studies must
seek to utilise independent knowledge gained from other methods of investigation. The
potential of suspended sediment studies, in light of our current understanding of

subglacial hydrology, is discussed below.
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1.4 THE POTENTIAL OF SUSPENDED SEDIMENT TRANSPORT STUDIES

1.4.1 Introduction

An understanding of the nature and efficiency of subglacial fluvial processes is crucial if
variations in suspended sediment evacuation and their implications for the basal
sediment layer and rates of mechanical denudation are to be understood. This section
summarises current understanding of the nature of temperate, alpine subglacial
hydrology and its potential impact upon suspended sediment evacuation. In conclusion, a
new framework for the investigation subglacial fluvial processes in temperate, alpine

environments using proglacial suspended sediment characteristics is suggested.

1.4.2 Subglacial hydrology and implications for suspended sediment evacuation

1.4.2.1 Drainage system configuration

Subglacial drainage systems are recognised to consist of one or both of two qualitatively
different flow systems, commonly termed channelised and distributed (Hooke, 1989;
Hubbard and Nienow, 1997; Fountain and Walder, 1998). Channelised subglacial
drainage forms where meltwater becomes concentrated in sufficient magnitudes (Kamb,
1987; Walder and Fowler, 1994; Hubbard and Nienow, 1997), commonly as a result of
concentrated inputs of surface meltwater that access the glacier bed via moulins or
crevasses (Nienow et al., 1998). These systems are composed of hydraulically efficient
channels that carry large discharges at high velocity and cover only a small proportion of
the glacier bed. Channelised systems form arborescent (or dendritic) networks, since
their flowpaths are characterised by an inverse relationship between discharge and water
pressure (Rothlisberger, 1972) that tends to concentrate discharge into just a few large
channels. Such networks have been predicted theoretically (Rothlisberger, 1972; Shreve,
1972) and have been inferred from dye tracing studies, which have demonstrated flow

velocities of 0.2-0.8 m s~ (e.g. Stenborg, 1969; Lang et al., 1979; Burkishmer, 1983).

Distributed subglacial drainage systems are non-arborescent and composed of
hydraulically resistive or restricted flowpaths that cover a large proportion of the glacier

bed. A variety of forms of distributed drainage have been suggested, including sheet
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(Weertman, 1972; Weertman, 1986) or cavity flow (Kamb and La Chapelle, 1964,
Lliboutry, 1968; Walder, 1986) at the ice-bed interface, and porous flow (Alley et al.,
1986) or a network of shallow canals (Walder and Fowler, 1994) either through or over
areas of basal sediment. Flow velocities are low, typically in the region of 0.025 m s
(Kamb, 1987; Willis et al., 1990; Nienow et al., 1998), and hydraulically resistive
flowpaths cause water pressures to scale with increasing discharge and hence prevent
downstream collapse into a low-pressure, channelised system. Distributed systems will
exist where surface meltwater inputs are absent and meltwater is derived solely from
basal melting, or where surface meltwater inputs are present but not of sufficient
magnitude or concentration to form channelised drainage (Nienow et al., 1998).
Distributed systems will therefore be the predominant form of drainage during winter,
and will persist between channelised flowpaths duriﬁg the summer in order to transfer
meltwater generated by basal melting (Nienow, 1993). A distributed configuration might
also predominate where conditions of glacier flow prevent rationalisation of subglacial
drainage into a channelised network (e.g. under high sliding velocities (cf. Walder, 1986;
Kamb, 1987), icefalls (Gurnell, 1995) or in overdeepenings (Réthlisberger and Lang,
1987; Hooke and Pohjola, 1994; Fountain and Walder, 1998)).

With few exceptions, the mechanics of sediment entrainment and transport in subglacial
drainage systems must mirror those of subaerial streams (Spedding, 1997). Sediment
transport in subaenal systems is a complex set of physical process, but as a first
approximation, its efficiency can be related to a balance between the competence and
capacity of the water flow and the nature and availability of sediment. If sediment supply
is not limiting, flow competence, defined as the largest clast a given flow is able to carry,
increases with flow strength. Although best defined in terms of flow energy or boundary
shear stress, surrogate parameters such as flow velocity or discharge often provide
acceptable approximations. Flow capacity is the total quantity of sediment of the
available sizes a given flow can carry, and is governed by the excess flow strength over
that required for sediment entrainment. Since flow through channelised and distributed
systems differs markedly in terms of hydraulic efficiency, the configuration of the
subglacial drainage system is likely to be a critical control on the efficiency of basal

sediment evacuation.
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Distributed drainage systems are likely to access a large area of the glacier bed and may
transport significant volumes of meltwater, but their hydraulic inefficiency may limit the
mobilisation and transport of basal sediments (Willis et al., 1996). Low flow velocities
and the restricted physical size of distributed flowpaths will result in limited transport
capacity and flow competence that may restrict sediment transport to the finer fractions
of available sediments (c.f. Vivian, 1975; Hallet, 1979a; Humphrey and Raymond,
1994). In contrast, Alley et al. (1997) demonstrate how sediment transport increases
rapidly as non-linear functions of flow velocity and discharge under channelised
drainage conditions. Field observations also suggest subglacial channels are often of
sufficient size to enable the entrainment of all but the largest sizes of basal sediment
given sufficient flow velocity. Alley et al. (1997: p. 1020) conclude that the combination
of high water discharges driven by steep head gradients, and the large temporal
variability of discharge derived from surface melt, make subglacial and proglacial

streams “among the most efficient sediment-transport mechanisms on earth”.

A number of studies have suggested that distributed and channelised systems may be
coupled (Nienow, 1993; Fountain, 1994), and exchange of meltwaters between the two
has been indirectly observed to mobilise suspended sediment (Hubbard et al., 1995,
Stone and Clarke, 1996). In the distributed drainage system, changing hydraulic
gradients due to local variations in basal water pressures will cause variations in
meltwater flow velocity and direction that may mobilise basal sediments. At Trapridge
Glacier, Yukon, Stone and Clarke (1996) observed diurnal oscillations in the turbidity
and pressure of basal meltwater, and found that peak turbidity occurred a number of
hours after the peak in water pressure. The turbidity pulse indicated that water velocity
peaked when subglacial water pressures were declining, suggesting mobilisation of
sediments by flows driven hydraulically towards a low-pressure subglacial channel fed
by surface melt. Similar observations were made by Hubbard et al. (1995) at Haut
Glacier d'Arolla, Switzerland, where water level variation and basal turbidity were
recorded in a dense network of boreholes across a channelised subglacial flowpath. The
channel was defined by an area of low minimum daily water levels and maximum
diurnal water-level variability, but water pressure fluctuations also occurred over an
extended area either side of the channel. Diurnal pressure waves were observed to

propagate through the distributed system both to and from the channel, with the highest
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turbidity events in the distributed system occurring as the net flow of meltwater was
towards the channel. Hydraulic conductivites were found to be higher closer to the
channel, indicating preferential eluviation of fine particles from basal sediments near the

channel margins.

Sediment pulses associated with such flushes have not yet been identified in proglacial
suspended sediment data; the above studies have suggested that the exchange of
meltwater remains very slow and hence the sediment entrained by this process is likely
to be small relative to other processes. For example, high water pressures in subglacial
channels likely cause ice-bed separation, exposing greater areas of the bed to high-
velocity meltwater flow; at lower pressures, returning flows from the distributed system
may induce bank failure or cause the deformation of sediments into channels (Collins,
1979b; Walder and Fowler, 1994; Stone and Clark, 1996). However, the suggested
preferential eluviation of fines near to channels may result in an observable enrichment
of fines in sediment evacuated from the drainage system during periods of falling
discharge. Suspended sediment may also be periodically enriched in fines if meltwaters
access sediments previously distal to major channels; at other times, sediment transport

may reflect the entrainment of relatively coarse sediments near to channel margins.

1.4.2.2 Evolution of subglacial drainage configuration

Where surface meltwaters access the glacier bed, temporal and spatial variations in
surface melt may result in similar variations in the configuration of the subglacial
drainage system. Distributed flowpaths are likely to form the predominant mode of
drainage at the beginning of each melt season; channels are unlikely to persist from year-
to-year, except where ice is very thin, since the suppression of surface melt at the end of
each melt season allows channels to be closed by the inward creep of ice (R6thlisberger
and Lang, 1987; Fountain and Walder, 1998). As the melt season begins, basally-derived
meltwaters within the distributed system will be augmented by heavily-damped inputs of
meltwater delivered from the supraglacial snowpack via moulins and crevasses. As the
snowpack is removed, exposure of low-albedo glacier ice results in a marked increase in
the quantity of surface meltwater delivered to the glacier bed and in the amplitude of
daily run-off cycles (Nienow et al., 1998). Concentrated inputs of surface meltwater

locally destabilise the distributed system (cf. Kamb, 1987; Walder and Fowler, 1994),
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and major flow pathways evolve in the form of a discrete network of hydraulically
efficient subglacial conduits (Nienow et al., 1998). Because the magnitude of surface
meltwater inputs and the peakedness of their diurnal amplitude drive the development of
the channelised system, the system expands upglacier as the glacier snowline retreats

(Nienow et al., 1998).

The proportion of the bed integrated with meltwater flow also evolves spatially and
temporally. Vertical ice motion indicates increased flow through the distributed system,
and enhanced basal sliding may result from an associated reduction in basal friction (e.g.
Iken et al, 1983). However, formation of a low-pressure channelised system
concentrates the majority of glacier discharge into just a few large channels thereby
terminating enhanced basal sliding. Coupled hydrological-ice motion events similar to
these ‘spring events’ (Rothlisberger and Lang, 1987) occur at a variety of temporal
scales (Willis, 1995). Diumnal variations in glacier motion appear to be linked to
fluctuations in subglacial water pressures driven by the runoff cycles of surface melt, and
in some cases the amplitude of diurnal motion variations have been observed to increase
throughout the summer (Iken, 1974; lken and Bindschadler, 1986). These patterns
suggest that increased flow through the distributed system at various times during the
melt season due to ablation, heavy rainfall or the release of ice-marginal or intraglacial
meltwater stores is responsible for enhanced basal motion. Under certain conditions, the
storage of meltwater in the distributed system may result in surge or ‘mini-surge’-type
behaviour (Raymond, 1987; Kamb, 1987; Raymond et al., 1995), and surge formation

and termination scenarios have been found to be very similar to those for spring events.

Evolution of the distributed and channelised systems and the resulting ice-motion events
are likely to exert a strong control upon basal sediment evacuation. During periods
dominated by flow through a distributed system, water will have widespread access to
basal sediments but the hydraulic inefficiency of the system may result in low rates of
evacuation that will be limited to the finer sizes of available sediment (see Section
1.4.2.1). Early in the melt season or during surges or spring events, increased flow may
occur through wide areas of the distributed system, but flow velocities and hence
sediment evacuation should increase only slightly. However, sediment evacuation may

be enhanced by: 1) increased basal motion due to ice-bed separation causing widespread
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disturbance of the glacier bed, thereby reducing the energy required for the mobilisation
of fine sediments; and 2) the formation of channelised flowpaths, since hydraulic
gradients between incipient low-pressure channels and the surrounding distributed
system means that flow velocities into and through the channelised system will be fast.
Following spring event or surge termination, upglacier expansion of the channelised
drainage system as the snowline retreats will result in high sediment evacuation and the
transport of almost all available particle sizes. Efficient sediment evacuation by
established conduits may exhaust local sediment supplies and shift sediment sources
upglacier, although this effect may be offset by rationalisation of the channel network in
order to achieve greater hydraulic efficiency (Shreve, 1972). Similarly, sediment
exhaustion and reduced evacuation may occur once drainage system evolution is
complete; however, sediment availability may be maintained by: 1) frequent
hydraulically-induced ice motion events; or 2) a strong diurnally reversing hydraulic

gradient resulting in the winnowing of fines during falling discharge.

1.4.3 A framework for suspended sediment studies

Suspended sediment studies have had difficulty relating variations in proglacial
suspended sediment transport to subglacial ﬂuvial processes because little synchronous
information has been obtained to indicate the dynamic nature of both the glacial and
fluvioglacial systems. In addition, characteristics of the suspended material have
infrequently been used to infer sediment provenance (e.g. Humphrey and Raymond,
1994; Fenn and Gomez, 1989). If suspended sediment studies are to enhance
understanding of subglacial processes, suspended sediment monitoring programmes
should attempt to include factors which indicate subglacial drainage system development
as well as potential indicators of suspended sediment provenance. Specifically, studies

should seek to measure:

— Catchment hydroloclimatological characteristics: Characteristics such as air
temperature, precipitation and catchment discharge indicate the magnitude and
variability of run-off production within the catchment. Runoff drives evolution of the
supraglacial and subglacial drainage systems and hence controls access of meltwater

to basal sediments (e.g. Gurnell, 1995; Amold et al., 1996; Richards, et al. 1996).
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The shape of the proglacial hydrograph provides an indication of the proportion of
flow routed through distributed and channelised drainage systems and the storage of
water in each component (e.g. Rothlisberger and Lang, 1987; Gurnell, 1993, 1995;
Richards et al., 1996). Evolution of proglacial hydrograph form can also be used as a

proxy for drainage system development (e.g. Hannah et al., 1999, 2000).

Subglacial drainage system development: Dye-tracing can be used to directly
investigate drainage system development (e.g. Nienow et al., 1998) and may usefully
indicate the basic structure of the channelised system (e.g. Sharp et al., 1993), but
detailed studies are labour-intensive. Instead, electrical conductivity is able to
provide a crude indication of the proportion of meltwater routed through distributed
and channelised drainage components (Collins, 1979b; Gumell and Fenn, 1984b)
since high electrical conductivities may indicate the release of meltwater from long-

term storage at the glacier bed (Fenn, 1987).

Glacier motion: Glacier motion provides an indicator of subglacial drainage
conditions since high forward velocities and temporary glacier uplift indicate periods
of water storage due to increased flow through the distributed drainage system (e.g.
Iken et al., 1983; Rothlisberger and Lang, 1987; Willis, 1995). Since increases in
forward motion during such events result from enhanced basal sliding, rapid forward

motion events will also indicate increased disturbance of the glacier bed.

Suspended sediment size: The size of sediment evacuated from the subglacial
drainage system provides a potential indicator of sediment provenance in glaciated
catchments (e.g. Fenn and Gomez, 1989). Finer size distributions may reflect
entrainment in low-velocity fluvial environments such as the distributed system
(Humphrey and Raymond, 1994). Eluviation of fines from sediments near to
channelised flowpaths (Hubbard et al., 1995) means that coarser size distributions
may reflect erosion or contributions of sediment from sources near to channel
margins. Alternatively, enrichment in fines might indicate hydraulically efficient

drainage gaining access to sediments previously distal to channelised flowpaths.

— Suspended sediment mineralogy: Suspended sediment mineralogy also has the

potential to indicate sediment provenance (Fenn and Gomez, 1989). Where
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catchment geology (and the overlying till) is heterogeneous, suspended sediment
mineralogy should reflect the spatial evolution of the subglacial drainage system as
meltwater accesses sediments at different locations beneath the glacier. Changes in
suspended sediment mineralogy may be particularly likely during the establishment
of a channelised drainage system due to an upglacier migration of the predominant

sediment sources (cf. Gurnell et al., 1992a).

— Characterisation of subglacial, englacial and extraglacial sediment sources: Basal
sediment samples may provide useful information on the nature of in situ subglacial
sediments for sediment provenancing techniques. Extraglacial and englacial
sediment may also be an important source of sediment, although englacial
concentrations are typically very low in temperate Alpine environments.
Nevertheless, methods that discriminate between these components may be essential

for the rigorous investigation of sediment provenance.

— Proglacial stream characteristics: The sediment transport characteristics of proglacial

channels are likely to provide a good proxy for sediment transport within
channelised subglacial systems (Alley et al., 1997). The characteristics of sediment
transport within such channels also need to be investigated to ensure monitoring
programmes are reliable and representative of actual suspended sediment

characteristics (Gurnell et al., 1992b).

The above framework was adopted in this study, the design and implementation of which
is outlined in the following chapter. Suspended sediment studies that incorporate as
many of these independent measurements as is possible will undoubtedly be in a position
to elucidate more rigorously the mechanisms responsible for sediment evacuation by
subglacial meltwaters. Identification of these processes will lead to a greater
understanding of the variability of sediment evacuation by subglacial meltwater and its
potential importance for basal properties (through the thickness and spatial persistency

of the basal sediment layer) and rates of mechanical glacial denudation.
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Field site and methods

2.1 FIELD SITE: HAUT GLACIER D’AROLLA

2.1.1 Introduction

Haut Glacier d’Arolla (Figure 2.1) is a small, temperate valley glacier located at the head
of Val d’Herens, Valais, Switzerland. The main characteristics of the Haut Arolla
catchment have been summarised variously by Gumell et al. (1992a), Sharp et al. (1993)
and Richards et al. (1996). The catchment has an area of 11.7 km?, of which ~ 6 km® is
covered by permanent snow and ice, and ranges in altitude from ~ 2600 m at the glacier
snout to 3838 m at the highest point of the watershed. The ~ 4 km-long glacier has an
altitudinal range of ~ 2600-3500 m and is nourished from a single firn basin and by a
small tributary glacier (Glacier de la Vierge). A number of small cirque glaciers exist
within the catchment but are no longer confluent with the main glacier (including Glacier
de la Mitre, which was confluent during the early 1990s). In common with other glaciers
within the region, the position of the glacier terminus has been receding since the mid-
nineteenth century. This retreat, estimated to have been ~ 20 m year ' during the 1990s (P.
Nienow, pers. comm.), has revealed some thick exposures of glacial sediment,
predominantly above the glacier’s eastern margin (Figures 2.2 and 2.3). During the melt
season, cirque glaciers below Bouquetins contribute meltwater to the main glacier that has

been observed to entrain large quantities of sediment from these extraglacial sources.
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Figure 2.1 Haut Glacier d’Arolla (lat 46°0’N, long 7°30’E); inset shows the approximate
area of the main map. Catchment discharge is measured at the Grande Dixence intake
structure ~ 1.5 km from the glacier snout. Contours on the glacier surface are in metres.

Sharp et al. (1993) investigated the geometry, bed topography and drainage system
structure of Haut Glacier d’Arolla during the 1989 and 1990 melt seasons. The glacier
was shown to occupy a classic U-shaped valley and the valley floor to consist of three
basins, the lowest of which appeared to be slightly overdeepened. Bed topography,
together with ice-thickness, is predicted to exert the major control on the routing of
subglacial drainage pathways (Shreve, 1972). Calculation of subglacial hydraulic
potential, after Shreve (1972), revealed no significant ‘valleys’ in equipotential surfaces,
suggesting that away from the valley walls there will be little tendency for subglacial
drainage pathways to converge. However, the reconstructions of the subglacial drainage
system indicated two preferential drainage axes (PDAs) beneath the glacier tongue. A
PDA beneath the western glacier tongue originated from the principal tributary; whereas

the eastern PDA drained the main accumulation area.
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Figure 2.2 Generalised surficial geology of the Haut Arolla catchment (after Gurnell et
al., 1992 and Goodsell, 1995). Unshaded areas indicate areas of permanent ice or snow.

This drainage reconstruction was broadly supported by observations in the field (Sharp
et al.,, 1993). During 1989, the glacier was drained by five meltwater streams and
marked variation in stream colour, due to differences in the composition of their
suspended load, suggested the presence of two or more discrete glacial drainage
catchments. However, dye-tracing revealed that the two western-most streams drained
the majority of the glacierized area, including the main accumulation basin, the upper-
eastern, central and western parts of the glacier tongue, and the principal tributary. These
streams had a greenish-grey sediment and were estimated to have contributed up to 80 %
of the total discharge during August. The eastern streams, which transported a brownish
sediment, were found to drain only a small area of the eastern part of the glacier tongue,
receiving a significant proportion of their discharge from the cirque basins below

Bouquetins.
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Figure 2.3 (a) Haut Glacier d’Arolla from the north. The western margin ofthe glacier has a
thin mantle of supraglacial moraine derived from the adjacent slopes of Mont Collon and
L’Eveque (Figure 2.2). The western medial moraine is also clearly visible, originating at the
confluence ofice from the main accumulation area and the tributary glacier below La Vierge
(Figures 2.1 and 2.2). The eastern medial moraine originates from the upper accumulation
area but is traceable at the glacier surface for only 1-2 km from the snout, (b) Bouquetins
and the eastern margin ofthe glacier snout viewed from the proglacial area. Large (~ 50
m high) Little Ice Age moraines are visible above the glacier’s eastern margin that are
dissected by streams originating from a number ofcirque glaciers below the Bouquetins

ridge (here shown under snow).
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Ice-marginal observations (Hubbard, 1992) and boreiiole investigation (Copland et al.,
1997a,b) suggest that the glacier rests on a mixed bed partly comprised of
unconsolidated sediment, which bed penetrometry has revealed to be between 0.05 and
0.26 m thick (Hubbard and Nienow, 1997). Figure 2.2 shows the surficial distribution of
the main rock and sediment types in the Haut Arolla catchment. The catchment geology
is complex and represents various stages in the Alpine Orogeny (Goodsell, 1995). Meta-
pelites that form part of the headwall in the southeast of the catchment and probably
occur beneath part of the main accumulation area are typical of shallow marine deposits
that were later buried. Granites that lie beneath the glacier accumulation area and upper
tongue were then intruded before the area was subjected to intense tectonic activity. A
gabbro complex was later emplaced (Dal Piaz et al., 1977) that now underlies the lower
glacier tongue. Although the gabbroic rocks show great variability, it is unlikely that the
geology beneath the lower part of the glacier is as complicated as some previous studies
(e.g. Brown, 1991) have suggested (B. Goodsell, pers. comm; see Chapter 6). All
lithologies in the catchment demonstrate a green (chloritic) schist facies metamorphic

overprint (Dal Piaz et al., 1977).

Runoff from the Haut Arolla catchment is extracted by Grande Dixence S.A. at an intake
structure ~ 1.5 km from the glacier snout (Figure 2.1). The intake structure integrates
runoff from the various sources in the catchment (e.g. from snowmelt and the numerous
ice-bodies), but measurements obtained from Grande Dixence SA have commonly been
used as a surrogate for discharge from the main glacier (e.g. Tranter et al. 1993; Gurmnell,
1993; Gurnell et al., 1992a, 1994; Brown et al., 1996; Richards et al., 1996; Nienow et
al., 1998). Cross-correlation analysis of catchment discharge and river stage within 100
m of the glacier snout revealed no identifiable lags (Gurnell et al., 1992a). The error
associated with discharge measurements obtained from Grande Dixence S.A. has been

calculated to be = 4 % (Brown and Tranter, 1990).

2.1.2 Subglacial drainage system evolution

Repeated observation over a number of melt seasons has shown that evolution of the

subglacial drainage system occurs during the summer in response to concentrated inputs
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of supraglacial meltwater via moulins and crevasses (Sharp et al., 1993; Richards et al.,
1996; Nienow et al., 1998). During winter, surface ablation is negligible: high borehole
water pressures (Hubbard et al., 1995; Gordon et al., 1998) and uniform, slow flow
velocities determined from dye tracer studies (Sharp et al., 1993; Nienow et al., 1998)
indicate the existence of a distributed drainage system. Distributed drainage through
areas of unconsolidated sediment is believed to occur by porous flow and may be
supplemented by flow at the ice-sediment interface (Alley et al., 1997; Walder and
Fowler, 1994; Hubbard et al., 1995).

Towards the beginning of the melt season, surface meltwater inputs to the subglacial
drainage system slowly increase as the supraglacial snowpack thins in response to rising
air temperatures and solar insolation. An increase in horizontal ice-surface velocities
(Nienow, 1996; Mair et al., 2001), similar to spring velocity events observed at other
alpine glaciers (e.g. Iken and Bindschadler, 1986), reflects the initial disruption of the
distributed system. Following this event, the removal of the supraglacial snowpack and
the exposure of low-albedo glacier ice results in a marked increase in the quantity of
surface meltwater delivered to the glacier bed and in the amplitude of daily runoff cycles
(Arnold et al., 1998; Nienow et al., 1998). Concentrated inputs of surface meltwater
locally destabilise the distributed system (cf. Kamb, 1987; Walder and Fowler, 1994),
and major flowpaths evolve in the form of a discrete network of hydraulically efficient
subglacial channels (Nienow et al., 1998). Locally, water levels in boreholes drilled to
the glacier bed may show incoherent variation during drainage system destabilisation,
but later show high, invariant levels where distributed drainage remains and significant
diurnal variations near to channels fed by surface melt (Hubbard et al., 1995; Gordon et
al., 1998). Similarly, flow velocities inferred from dye tracer investigations are an order
of magnitude higher from moulins 'connected' to channelised flowpaths than those that

are not (Nienow et al., 1998).

The channelised system migrates up-glacier as the supraglacial snowline retreats,
growing in both extent (Nienow et al., 1998) and efficiency (cf. Shreve, 1972; Hock and
Hooke, 1993). As a result, the temporal and spatial pattern of the up-glacier extension of

the channelised system may vary from year to year. Assuming throughflow velocities in
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Table 2.1 Development of the channelised drainage system during the 1990 melt season
(based on data from Nienow, 1993)

Period Description r X

JD 151-164 Early season: no channel development 0 700
JD 164-200 Rapid channelisation 60 2860
JD 200-222 Slow channelisation 20 3300

JD 222-239 Late season: extensive channelised system 0 3300

r: rate of upglacier extension of the channelised system (m d™'); x: approximate
position of the channel head from the glacier snout at the end of each period

excess of 0.5 m s~ indicated fully channelised drainage, Nienow et al. (1998) calculated
the approximate position of the head of the channelised component and its rate of
upglacier extension during the 1990 season (Table 2.1). Channels were calculated to
close during winter due to the deformation of ice and lack of wall melting generated by
glacier runoff, although calculations indicated that channels may survive within the
lower ~ 700 m of the glacier where the ice is less than 90 m thick. The head of the
channelised network moved upglacier to a final distance of ~ 3400 m from the glacier
snout, although the rate of upglacier extension declined with distance (Table 2.1). A
distributed system remained the primary means of drainage in the upper 0.7 km of the
glacier due to a residual firn aquifer that damps diurnal meltwater inputs to the glacier
bed. The channelised system is predicted to close towards the end of the melt season as

surface melt is suppressed (Sharp et al., 1993; Nienow et al., 1998).

Mair et al. (in press) found a different pattern of upglacier extension of the channelised
system during the 1995 melt season. Assuming that throughflow velocities in excess of
0.4 m s indicated flow through fully channelised flowpaths, the head of the channelised
system was estimated to be about 1.1 km from the glacier snout on JD 191. Rapid
headward extension then occurred until JD 220 at a rate of roughly 60 m d”'. However,
retreat of the snowline was atypically late during the 1995 melt season and was observed
to lag behind the development of the channelised network. It was suggested that if a
thick supraglacial snowpack exists well into the melt season, there may be time for the

development of more efficient percolation of surface melt through the snowpack and of
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more efficient supraglacial drainage at the snow-ice interface, such that diurnally-peaked

inputs of surface melt are able to reach the subglacial drainage system.

The channelised drainage system covers only a small proportion of the glacier bed
(Nienow et al., 1998); elsewhere, a residual distributed system feeds into and interacts
with the network of channels. Borehole investigations have demonstrated coupling
between low-pressure channels and the high-pressure distributed system (Hubbard et al.
1995; Gordon et al. 1998). During the summer, large areas of the glacier bed show
significant diurnal variations in water pressures that indicate the presence of a major
subglacial channel. Water pressures at the centre of this ‘variable pressure axis’ (VPA)
vary from atmospheric pressure to pressures exceeding local ice-overburden. Minimum
water levels increase in boreholes with distance from the centre of the VPA, whilst the
amplitude of the diurnal oscillations decreases, until regions of high, stable water
pressures characteristic of distributed flowpaths are reached. Variations in water pressure
in the channelised system result from diurnal variations in surface melting; hence, net
flow of water between the distributed and channelised systems reverses on a diurnal

basis (see also Section 1.3.2.1).

The nature of flow within the channelised system has been investigated by Sharp et al.
(1993). Following Hooke (1984), Sharp et al. (1993) calculated that flow in channels fed
by surface melt at the height of the melt season would be at atmospheric pressure (or
‘open’), except for a short distance upglacier of the slight overdeepening. However,
drainage reconstructions (above) that assume full (or ‘closed’) flow conditions best
described the major structural characteristics of the drainage system, suggesting that
flow occurred under hydrostatic pressure throughout the summer. Three possible
explanations were presented as to why open-flow channels, that should migrate easily,
occupy positions predicted by closed-flow conditions: 1) channels develop under closed-
flow conditions but are unable to migrate significant distances once open-flow
conditions develop; 2) channel location is determined by the location of supraglacial
meltwater inputs (both of which tend to coincide because valleys in subglacial hydraulic

potential typically reflect valleys on the glacier surface); and 3) that channels may be
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broad and low (Hock and Hooke, 1993) instead of semi-circular (as envisaged by

Hooke, 1984), and thus open-flow conditions are over-predicted.

Richards et al. (1996) suggested that conduits are probably full during development and,
as open flow conditions prevail, the rate of wall-melting is insufficient to enable them to
migrate significant distances (Sharp et al., 1993). Studies of water chemistry at Haut
Glacier d’Arolla have found that bulk runoff during the summer is also characteristic of
rapid transit through ice-walled channels under open flow conditions (Tranter et al.,
1993; Brown et al. 1994): However, investigation of the character of flow in subglacial
channels by Nienow et al. (1996) has suggested that flow conditions at Haut Glacier
d’Arolla cannot be classified as solely open or closed. Calculations based on relatively
simple assumptions regarding the hydraulic geometry of subglacial channels should
enable flow conditions to be estimated from the form of velocity-discharge relationships
derived from dye-tracing experiments. Both clockwise and anticlockwise hysteresis was
observed in velocity-discharge relationships suggesting that, because surface meltwater
input at a particular moulin may vary out of phase with bulk runoff, discharge within
tributary channels may be out of phase with major channels and moulins or sub/englacial
channels may be experience hydraulic damming. Flow conditions might therefore be
spatially and temporally variable throughout the channelised system. Resultant
variations in subglacial water pressures suggest that basal sliding events at diurnal time

scales may operate through extremely localised events.

2.1.3 Glacier dynamics

Surveying of stakes on the glacier surface and instrumentation of glacier boreholes at
Haut Glacier d’Arolla has revealed that variations in basal sediment and hydrological
properties influence the rates and mechanisms of glacier flow (Nienow, 1996; Harbor et
al., 1997; Mair et al., 2001). Harbor et al. (1997) state that the spatial persistence,
thickness and particle size of basal sediments is spatially variable. Bed penetrometer
tests have supported Hubbard et al.’s (1995) assertion that basal sediments near channels
had been winnowed of fine sediments. Penetration depths in the region of the suspected

subglacial channel were typically only 25-50 % of those either side, suggesting either
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Table 2.2 Phases of the melt season at Haut Glacier d’Arolla (Richards et al., 1996).

Period 1 (early to mid June)

Low air temperatures; low and invarient flows and suspended sediment concentrations; high
solute concentrations; recession after period of melt during May; glacier surface
snow—covered; no conduits; distributed drainage over glacier bed

Period 2a (mid to late June)

Gradual increase in discharge and appearance of clear diurnal discharge cycles reflecting
increased levels of melt energy; decreasing solute concentrations, but larger diurnal variation
of most solute species; suspended sediment concentrations relatively stable; glacier
snow—covered; distributed drainage

Period 2b (early to mid July)

Higher suspended sediment concentrations with stronger diurnal cycles; low solute
concentrations; higher mean discharges as lower albedo glacier ice exposed by snowline
recession; continued development of diurnal discharge cycles as conduit growth occurs

Period 3 (mid July to early August)

Higher peak flows and lower minima suggest a well-developed conduit system; unstable
solute and suspended sediment relationships with discharge as new sources are tapped; area
of exposed ice increasing

Period 4 (early August onwards)

Strong diurnal discharge cycles continue, but with lower mean, maximum and minimum
discharges; variable melt, especially when snowfall events increase albedo; a decline and
stepped increase of sediment concentration may occur if the subglacial drainage reorganises
intermittently, to release stored sediment until the supply becomes exhausted; maximum
up-glacier retreat of snowline separating exposed glacier ice from the previous winter’s
Show cover

coarser sediments or a thinner sediment layer. Observations at the glacier margin also
indicate variability in basal conditions, revealing striated and polished bedrock surfaces
that protrude through layers of unconsolidated sediment. The bed is therefore likely to
consist of a spatially variable sediment layer interspersed with bedrock bumps of a scale

typically less than one ice thickness.

Hydrological non-uniformity occurs temporally and spatially during the melt season due
to: 1) seasonal evolution of the subglacial drainage system (e.g. Mair et al., in press);

and 2) the existence of large areas of the glacier bed that demonstrate high and diurnally
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variable water pressures due to the presence of a subglacial channel (Hubbard et al.,
1995; Gordon et al.,, 1998). An annual velocity profile across the glacier tongue
demonstrated substantially higher rates of basal sliding in the area of the VPA during
1995 and 1996, although variability in basal motion was not observed at the glacier
surface due to transverse ice-coupling effects that induced compensating deformation
patterns in the overlying ice (Harbor et al. 1997). Observations at seasonal and short-
term time scales during 1994 and 1995 show that summer glacier surface velocities are
much greater than winter- and annually-averaged velocities. A large proportion of the
summer motion in 1995 (14 %) occurred during a spring event and motion during the
event was enhanced within the VPA. Harbor et al. (1997) suggested that locally high
basal water pressures are responsible for high rates of basal motion within the VPA, and
transverse coupling is believed to play an important role in increasing the summer
velocity of ice in adjacent areas. Hydrological non-uniformity is therefore presumed to

exert a major control on rates and processes of basal motion.

2.1.4 Meltwater run-off, storage and quality

Haut Glacier d’Arolla has a short melt season characteristic of many alpine glaciers,
typically occurring from May—August inclusive (e.g. Gurnell et al., 1992a). Meltwater
within the catchment is initially generated almost entirely by snow melt, but as the
supraglacial snowpack is removed, an increasing quantity is derived by ice melt at the
glacier surface. Towards the end of the season, the majority of runoff is derived from ice
melt and snowmelt is virtually negligible. The routing of meltwater is complex and
evolves throughout the melt season (Nienow et al., 1998; cf. Rothlisberger and Lang,
1987). Meltwater is initially delivered through the surface snowpack and via moulins
and crevasses to a distributed subglacial drainage system. Flow through the snowpack
and distributed subglacial drainage system is characterised by long residence times that
damp surface meltwater inputs and glacier run-off. These systems are eventually
replaced by the evolution of a well-structured supraglacial drainage network and
channelised subglacial drainage system characterised by short residence times that
rapidly transmit surface melt to the glacier snout. The co-evolution of the two systems

thus increases the efficiency with which diurnal inputs of solar radiation are translated

39



2. Field site and methods

Table 2.3 Regression relationships estimated between hourly suspended sediment
concentration and discharge during previous melt seasons at Haut Glacier d’Arolla.

Dependent  Independent

i t t b t, t 2
variable (lag) variable Period Start and end date n a b r
1989: Gurnell et al. 1992a
log;¢S log,oQ 1 1 June-8 June - 142 045 - - -
log,eS log @ 2 9 June-15 June - 092 053 - - -
logoS log,,Q 3 16 June-8 July - =395 198 - - -
log,oS logoQ 4 9 July-6 August - -169 1.32 - - -
logoS log,0Q 5 7 August-31 August - -113 123 - - -
1989: Gumnell et al. 1994
log,oS (0) log,,0 1 1 June-8 June 137 1.75 031 6.6 3.2 0.072
log,oS (0) log,oQ 2 9 June-15 June 116 -0.15 0.86 0.6 11.7 0.545
log,S (0) log,oQ 3 16 June-8 July 506 -3.95 198 284 472 0.815
log,oS (-2) log Q2 4 9 July-6 August 658 —0.87 1.09 52 229 0445
log,S (0) log,Q 5 7 August-31 August 490 -1.07 1.21 7.3 29.2 0443

1990: Gumnell et al. 1994

log,S (0) log,@ 29 May-19 June 390 -1.16 1.10 6.8 18.6 0.471
logoS (0) log, @ 19 June-2 July 310 -5.21 2.39 30.0 46.4 0.875
log,S (0) log,,Q 2 July-27 July 550 -0.27 095 19 23.0 0.490

log,eS (0) logoQ
log,eS (0) log,oQ

27 July—13 August 288 —0.87 1.18 3.8 18.4 0.541
13 August-26 August 290 -0.27 1.07 1.1 32.8 0.789

wn A W N -

S: suspended sediment concentration (mg ™), figures in parenthesis indicate lag in hours to obtain the
best temporal match position (where applied); Q: discharge (1s™); a, b: regression intercept and slope,
respectively; ¢,, t,: t-statistics associated with the regression intercept and slope, respectively.

into diurnal variations in surface melting and are then transmitted through the glacier

drainage system to the proglacial stream (Gurnell et al., 1992a).

The characteristics of glacier run-off and meltwater quality follow a distinctive pattern
throughout the melt season that is related variations in meteorological inputs that drive
the retreat of the snowpack and the evolution of a channelised subglacial drainage
system (Gurnell et al., 1992a; Richards et al., 1996). Richards et al. (1996) identified and
qualitatively interpreted a number of phases during the melt season (Table 2.2). High

solute concentrations occur during Period 1 since the majority of meltwater is routed
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through a distributed subglacial drainage system characterised by prolonged meltwater-
bedrock/sediment contact. These concentrations decline during Period 2a as increased
levels of surface melt dilute meltwaters in the distributed system, and solute
concentrations begin to exhibit diurnal variability due to diurnal variation in melt energy.
Solute concentrations are lowest from Period 2b as the magnitude of surface melting
continues to increase and establishment of the channelised drainage system begins. The
growth of channelised flowpaths results in the increasing amplitude of diurnal discharge
and solute cycles in the proglacial stream. Conversely, suspended sediment
concentrations are lowest during Period 1 and gradually increase over Periods 2a—3 as
growth of the channelised drainage system occurs. During period 4, suspended sediment
concentrations may decline due to exhaustion of available sediment sources as the
channelised drainage system reaches its maximum cxtent. However, concentration may
exhibit sudden increases if subglacial drainage re-organises, thereby reaching new areas

of stored sediment.

The seasonal decrease in suspended sediment concentration due to the exhaustion of
available sediment supplies has been emphasised by Gurnell et al. (1992, 1994).
Regression relationships were estimated between suspended sediment concentration and
discharge for various periods of the melt season during 1989 and 1990 (Table 2.3). The
steepest and strongest relationships occur early in the season (period 3 in 1989; period 2
in 1990), and therefore Gumell et al. (1994) suggested that progressively lower
suspended sediment concentrations must be associated with any given discharge later in
the melt season. Gurnell et al. (1992a) also analysed data from the 1989 melt season
using separate Transfer Function—Noise models for each of the 5 periods, suggesting that
the decreasing ‘moving average’ parameter in the models for periods 3-5 reflected either
a gradual exhaustion or progressive dilution of the available sediment by increasing
discharge. However, these results contrast sharply with Clifford et al.’s (1995b) analysis
of the 1990 data. Clifford et al. (1995b) estimated a simple bivariate power function
between suspended sediment concentration and discharge for the whole melt season.
Negative and positive residuals from the relationship indicate, respectively, lower and
higher suspended sediment concentrations than expected for a given discharge. The

residuals vary systematically throughout the melt season, being largely negative during
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Figure 2.4 Regression relationships between discharge and suspended sediment
discharges typical of the Haut Arolla catchment; see Table 2.3 for definitive periods.

|

|

early July when conduits are forming (period 2 in Table 2.3) and remaining consistently
positive throughout August. Furthermore, the residuals continued to increase throughout
August, indicating higher than expected suspended sediment concentrations despite a

gradual decline in discharge.

i Re-plotting the regression relationships identified by Gurnell et al. (1992a, 1994), it can
| be shown that there is little evidence for the exhaustion of available sediment after the
channelised system has become fully established (Figure 2.4). Gumell et al (1992a,
1994) emphasised changes in the magnitude of the slope of the relationship when

interpreting these results; however, it can be seen that changes in the relationship
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Table 2.4 Monthly discharge and suspended sediment transport during the 1989 and
1990 melt seasons at Haut Glacier d’Arolla (Gurnell, 1995; Clifford et al., 1995b).

Discharge Suspended sediment concentration  Load
(m’s™) (gl) (td)
Period Min  Max Median Mean Min Max Median Mean Mean
1989: Gurnell, 1995
June - - - 1.37 - - - 0.390 55.5
July - - - 3.40 - - - 1.061 358.6
August - - - 2.93 - - - 1.628  560.5
1990: Clifford et. al., 1995b
1 June—10 July 040 590 1.52 - 0.028 17.51 0.248 - -
11 July-8 Aug 147 722 3.56 - 0.469 15.52 1.36 - -
8 Aug—10 Sept 1.15 5.75 2.46 - 0.191 7.35 2.28 - -

between suspended sediment concentration and discharge are described by changes in
both the slope and intercept. Relationships with high slopes typically occur early in the
season, but result in increased sediment availability relative to other periods only during
exceptionally high discharges. Later in the season, typically during periods 3-S5, the
slopes are lower, but, due to changes in the intercept, relationships for period 5 plot
above period 4 and occasionally period 3, demonstrating increasing sediment
availability. Data from 1989 and 1990 summarised by Gurnell (1995) and Clifford et al.
(1995b) also show increasing sediment availability later in the melt season, with mean or

median suspended sediment concentration increasing even as discharge falls (Table 2.4).

2.2 MONITORING PROGRAMME AND INSTRUMENTATION

2.2.1 Introduction

Fieldwork was undertaken at Haut Glacier d’Arolla during the 1998 and 1999 melt
seasons in order to investigate the mechanisms by which suspended sediment is

evacuated by basal meltwater. It was therefore necessary to establish the nature and
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variability of suspended sediment in the proglacial stream, as well as to obtain
independent information on the dynamic nature of the glacial and fluvioglacial systems
(see Section 1.3). A proglacial stream sediment monitoring programme was
implemented during both seasons that comprised: 1) the continuous measurement of
stream turbidity and suspended sediment concentration; and 2) the automated collection
of stream samples for the analysis of sediment quality. Electrical conductivity in the
proglacial stream was also monitored continuously in order to provide independent

evidence of the dynamic nature of the subglacial drainage system.

The proglacial stream measurements complemented a two-year NERC-funded
investigation into ice dynamics at Haut Glacier d’Arolla that provided additional
measurements of glacier surface velocity and catchment hydrometeorological conditions
(Willis et al., 1999). In addition to these measurements, P. Nienow (Geography, Glasgow
University) undertook dye-tracer investigations of the subglacial drainage system during
1998. Details of the proglacial stream monitoring programme (sediment concentration
and quality) and the additional measurements obtained throughout the seasons (electrical
conductivity, glacier velocity, catchment hydrometeorology and dye-tracer

investigations) are discussed below.

2.2.2 Proglacial stream monitoring programme

The aim of the proglacial stream monitoring programme was to obtain measurements of
both suspended sediment concentration and quality throughout the melt season. Much
work has been devoted to the reliability and representivity of sediment monitoring
programmes in alluvial and glacial streams (e.g. Bogen et al., 1992; Gurnell, 1987). For
long-term studies where frequent measurements are required, monitoring is usually
conducted at a single location in the stream cross-section using turbidity sensors or
automated samplers. Turbidity sensors may be deployed directly in the flow and provide
a continuous, high-resolution proxy for suspended sediment concentration (e.g. Clifford
et al., 1995b). Alternatively, automated samplers can be used to withdraw given volumes
of water at specific time intervals for the analysis of sediment concentration and quality

(e.g. Gurnell and Fenn, 1984a; Fenn and Gomez, 1989).
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2.2.2.1 Reliability of suspended sediment monitoring programmes

The reliability of sediment monitoring programmes depends upon: 1) the extent to which
at-a-point measurements of sediment concentration and quality reflect mean
concentration and quality in the cross-section; 2) whether measurements taken at a
cross-section are representative of sediment concentration and quality both up and
downstream of that location; and 3) whether the frequency of the measurements/samples
is sufficient to allow the investigation of variation in sediment concentration and quality

at a resolution from which process-based inferences can be made.

At-a-point sampling

Under normal conditions of stream flow, suspended sediment size and concentration
increase towards the centre of the flow and towards the bed. Consequently, it can be
difficult to obtain measurements of mean sediment concentration and quality using at-a-
point sampling without detailed knowledge of variability throughout the cross-section.
In proglacial streams, the difficulties are expected to be greater since flow depth and
velocity vary over short time scales due to diurnal variations in melt generation at the
glacier surface. Variable discharge means the relative location of at-a-point
measurements in the stream cross-section constantly changes, and high peak discharges
and flow velocities provide a severe test of the equipment and its installation (cf. Gumnell
et al, 1992b). However, extensive manual sampling of suspended sediment
concentrations has generally found little systematic variation in suspended sediment
concentration in proglacial stream cross-sections (cf. Fenn, 1983; Gumell and Fenn,
1984a; Gurnell et al. 1992b). Fenn (1983) concluded that adequate estimates of mean
suspended sediment concentration could be obtained by sampling near to the centre of

the cross-section, although potential error remained high.

Gurnell et al. (1992b) evaluated the reliability of a sediment monitoring programme at
Haut Glacier d’Arolla. Manual samples taken across a tributary of the main proglacial
stream revealed a random variation in suspended sediment concentration and the degree
of variability changed between days and stream cross-sections. Gurnell et al. (1992b)

concluded that once away from shallow water near the stream banks, short-term, spatial
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variation in suspended sediment concentration is essentially random. The turbulent
nature of proglacial streams appears to distribute sediment concentration more evenly
throughout the stream cross-section (@strem, 1975; Bogen, 1992; Gurnell, 1987b);
therefore at-a-point sampling at any one location should generally yield an unbiased

estimate of suspended sediment concentration.

Upstream and downstream variation in suspended sediment transport

Gurnell et al. (1992b) found that over short distances variation in suspended sediment
concentration both up and downstream of a monitored cross-section is also random.
Ostrem et al. (1971) also found no significant variation in suspended sediment
concentration for samples collected near to the stream bank over a distances of ~ 75 m.
However, in an analysis of fluvial sediment yields from 57 glaciated catchments, Gurnell
(1987b) and Gurnell et al. (1996) found weak but significant, negative relationships
between sediment yield and distance from the glacier snout, suggesting that proglacial
areas act as a sink for fluvially-transported sediment. Boothroyd and Ashley (1975) also
observed a decrease in suspended sediment concentration with distance from the glacier
snout, but only after an initial increase that appeared to reflect downstream variation in
flow velocity. However, many studies have observed contributions of sediment from
proglacial sources (e.g. Bogen, 1980; Hammer and Smith, 1983; Richards, 1984) or
consistent downstream increases in suspended sediment concentration (e.g. Fahnestock,
1963; Gurnell, 1982). The nature and origin of downstream variation in suspended
sediment concentration clearly remains unresolved; however, the above discussion
suggests that a monitoring site as close to the glacier snout as possible (cf. Gumnell et al.,

1992b) and upstream of major proglacial sediment sources and/or sinks is crucial.

Temporal resolution of sampling programmes

Turbidity sensors can be used to obtain high-resolution records of suspended sediment
concentration; however, where automated sampling is required, sampling frequency is
an important consideration. Attempts to determine the appropriate temporal resolution
for accurate measurements of suspended sediment concentration and quality have been

limited. Gurnell (1987b) summarised the sampling frequencies employed in a range of
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studies of suspended sediment concentration in proglacial streams. Sampling frequency
is typically based on the perceived variability of the processes being monitored, but there
are practical limitations too. It is extremely labour intensive to obtain good records of
suspended sediment concentration for proglacial streams, and the highest resolution

records thus far obtained comprise samples taken at hourly intervals.

Olive and Reiger (1988) examined the errors involved in estimating sediment load from
measurements of discharge and suspended sediment concentration using simulated storm
events and monitoring programmes with different sampling intervals. The duration of
each event was 10 h, but otherwise the events were very similar in character to diurnal
melt and storm-induced variations in discharge and suspended sediment concentration
observed in proglacial streams. Two issues were inveétigated: 1) the magnitude of errors
resulting from the time interval between samples; and 2) relative shifts in the timing of
the events with respect to the sampling programme, since it is unlikely that samples will
coincide with sediment peaks. For sampling programmes with intervals of 5-120 min in
5-minute increments, 50 determinations of sediment load were calculated for each storm
event at randomised starting intervals between time 7 = 1 and 60 min. The mean and
range of the 50 load determinations for each sampling programme were expressed as a
percentage of the load determined using a l-minute sampling interval. The results
demonstrated relatively small errors in load estimation (£ < 2.5 % of the 1-minute load)
for sampling intervals of 30 min or less regardless of the starting time. A 30-minute
interval represented 5 % of the duration of the event, and indicates that for proglacial
streams where variability in suspended sediment concentration and quality is expected to

be driven largely by diurnal events, hourly-sampling intervals should be adequate.

Olive and Reiger (1988) argued that such sampling frequencies are difficult to maintain
and, in the case of suspended sediment concentration, better information could be
obtained using continuous turbidity measurements. There is also the likelihood that a
significant proportion of sediment evacuated may occur due to processes operating at
sub-hourly scales. Clifford et al. (1995b) used continuous turbidity measurement to
identify the scales of variation of suspended sediment concentration in the proglacial

stream at Haut Glacier d’Arolla. A very limited dataset indicated rapid fluctuations in
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turbidity at sub-hourly scales lasting a few tens of minutes that were attributed to
channel-scale events (e.g. bank erosion), but these contributed only ~ 10 % of the
seasonal variance in suspended sediment concentration. A further 1 % of the seasonal
variance also originated at sub-hourly scales, and was attributed to stream turbulence
and signal-noise. Gurnell and Warburton (1990) also examined sub-hourly events during
a 22-day turbidity record from the proglacial stream of Glacier de Tsidjiore Nouve,
Switzerland. 571 sediment pulses were observed that were of short duration but also
relatively low magnitude. The sediment transported as a result of the pulses (i.e.
transport over and above the background transport) was estimated to be only 10 % of the
total sediment load. These results suggest that processes operating at sub-diurnal scales

are unlikely to be a predominant control on suspended sediment evacuation.

2.2.2.2 Representivity of sediment monitoring programmes

Suspended sediment concentration can be highly variable at very short time scales and
frequent measurements are desirable if not essential. Turbidity sensors provide a high
resolution proxy for suspended sediment concentration. Modern sensors use infra-red
light sources in order to avoid problems associated with noise from natural ambient light
(cf. Gurnell et al., 1992a,b); however, the representivity of turbidity measurements are
difficult to assess at the measurement frequencies involved. A practical way to do this is
with the installation of a second sensor in the stream cross-section. Good
correspondence between measurements from individual sensors should indicate high

representivity of actual stream conditions.

Turbidity sensors are sensitive to variations in particle size and composition (Gippel,
1995; Clifford et al., 1995a), therefore sensor calibration is also required in order to
establish a relationship between turbidity and suspended sediment concentration for
individual catchments. Calibration may be undertaken in the laboratory using
suspensions of known sediment concentration (cf. Clifford et. al., 1995a), but such
procedures typically obtain only poor correlations (Gippel, 1989). It is likely to be
particularly difficult to accurately simulate the particle composition, shape and size
characteristics found in the field. Field calibration, using sediment concentrations

determined from samples collected simultaneously at the same stream cross-section, has
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generally provided the best relationships (Gippel, 1989). It is also likely that errors due
to changing particle composition, shape and size characteristics will be minimal if the
number of calibration samples is large and provide good temporal coverage of the

monitored period.

Samples for suspended sediment quality can be collected quasi-continuously using an
automated sampler and filtered in the field. The representivity of the filtration method is
important and Gurnell (1987b) has reviewed some of the methods used in previous
published studies. Relatively coarse papers were used at Glacier de Tsidjiore Nouve
because: 1) filter papers clogged rapidly during filtration, such that the effective pore
size was probably much smaller than the calibre of the paper would suggest; and 2)
particle size data obtained for hourly samples collected over a diurnal period had shown
that particles smailer than § um in size constituted less than 5 % of the sediment
volume. A later study by Fenn and Gomez (1990), also using 8 um papers, showed that
particles smaller than 8 um constituted 25 % of the sediment volume. They observed
that the main mode of suspended sediment was in the 2—120 um range, demonstrating

the capacity of the papers to retain far smaller particles than their initial pore size.

Gurnell et. al. (1992b) evaluated the effectiveness of 8 um papers used at Haut Glacier
d’Arolla by re-filtering samples through 0.45 um papers. They found that the weight of
sediment passing through the 8 um papers was small with respect to the total weight of
sediment in the samples (4 % for samples of ~ 0.4 g 1™ '). However, a number of other
studies have suggested that suspended sediment samples from glacial catchments
comprise a large proportion of very fine sediments. At Nigardsbreen and Engabreen in
Norway, sediment-size analysis using a Shimadzu centrifugal particle-sizer found that
more than 6 % of suspended sediment by weight is finer than 2 pm (Bogen, 1992).
Similarly, a composite analysis of 200 meltwater samples collected at Haut Glacier
d’Arolla during 1996 and filtered using 0.45 um papers indicated that ~ 10 % of
sediment by weight was finer than 2 um (unpublished data of A. Seagren, cited by
Fisher and Hubbard, 1999). Analysis of till sediments has also suggested likely
minimum sizes for the products of glacial erosion that depend upon the original sizes

and shape of mineral grains within the rocks and the resistance of each mineral to
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comminution during glacial transport (Dreimanis and Vagners, 1971). So-called
‘terminal grades’ for common minerals are 2—62 pum for calcite, 4-250 um for quartz

and 34-250 um for feldspars (Vagners, 1969).

Samples obtained using automated samplers also need to be representative of suspended
sediment concentration and quality throughout the flow. The Federal Interagency
Sedimentation Project USDH48 (Federal Interagency Sedimentation Project, no date) is
a manual sampler that collects a velocity-weighted water sample when lowered into the
flow and raised again at a constant rate. Using the equal-width increment (EWI) method
(Edwards and Glysson, 1988), the USDH48 can be used to obtain a velocity-weighted
width and depth-integrated sample from the cross-section. Gurnell et. al. (1992b) used a
USDH48 to assess the respresentativeness of automated samples obtained using an
ISCO water sampler at Haut Glacier d’Arolla. Very good agreement was obtained
between the sediment concentration of ISCO and USDH48 samples (r2 =0.822, n =51),
although the USDH48 was simply allowed to fill next to the ISCO intake hose as the
ISCO was sampling. Stream width and depth-integrated samples are clearly required in
order to assess the reliability of automated samples accurately. Cross and downstream
variability of suspended sediment characteristics also require characterisation for

individual basins.

2.2.2.3 Programme design, instrumentation and field equipment

The monitoring programme was designed with regard to the reliability and representivity
of the measurements to be taken, the perceived scale of the processes being investigated,
and the practical limitations of instmment installation, maintenance and data storage
and/or sample processing in the field. Suspended sediment concentration was monitored in
the stream using Partech IR40c infrared turbidity sensors, the characteristics of which have
been described in detail by Clifford et. al. (1995a) and have been successfully used during
previous melt seasons at Haut Glacier d’Arolla (Clifford et. al., 1995b). Water samples
were collected using two ISCO vacuum-pump samplers (models 6700 and 2900) and
filtered in the field. Large, 15 cm diameter Whatman 542 2.7 um papers were chosen in
order to maximise both particle retention and filtration speed. A quantitative, ashless grade

of paper was chosen for ease and accuracy of sediment content in the laboratory (see
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Section 2.3.1.1). The filtration method was designed around ~ 17 cm diameter Biichner
funnels adapted using a custom-made gasket to reduce sample loss around and under the
filter paper; however, laboratory testing suggested that a small proportion of sediment may
bypass the paper by escaping under the gasket. Thus at least one sample per day was re-
filtered through standard filtration equipment using 4.7 cm diameter 0.1 um cellulose
nitrate papers to assess the proportion of sediment lost. Standard manual vacuum pumps
were used to increase filtration efficiency. Implementation of the programme is discussed
in further detail for each melt season below, and the reliability and representivity of the

programme are discussed in Section 2.3.2.

2.2.3 Implementation

During 1998 and 1999, the glacier was drained by two principal meltwater streams with
distinct glacial sub-catchments (Figure 2.5). Dye-tracing investigations from moulins on
the glacier surface were used to determine the boundary of the two sub-catchments
during 1998 (Section 2.2.4.3; Figure 3.9). Monitoring was confined to a single sub-
catchment during each season since sufficient equipment was not available to allow the
monitoring of both sub-catchments simultaneously. In 1998, monitoring was
concentrated on the western proglacial stream, which in previous years had been shown
to drain the majority of the glaciated area (Sharp et al., 1993). The eastern proglacial
stream, which drained the majority of the glaciated area during 1998 (Figure 3.9; Section
3.4.4), was monitored during the 1999 melt season. Monitoring of both sub-catchments
from downstream of the confluence between the eastern and western proglacial streams
was also impossible, since this would: 1) require a well-mixed sampling point
downstream of the confluence, such that the gauging station could not be located near to
the glacier snout; 2) integrate changes in suspended sediment concentration and quality
from separate sub-catchments, thereby masking processes of sediment evacuation that
may be temporally or spatially variable within each catchment; and 3) generate practical
problems with regards to the maintenance and calibration of the gauging station due to

high discharges and flow velocities.
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Proglacial
stream

Westem stream

Figure 2.5 Detail of the proglacial area at Haut Glacier d’Arolla, showing the Eastern
and Western proglacial streams and the position of the gauging stations during 1998
(98a—) and 1999 (99a and 99b).

Monitoring was conducted from a fixed gauging station located near to the glacier snout
in order to eliminate suspended sediment contributions from proglacial sources. A
typical arrangement of sensors at the gauging site is shown in Figure 2.6. The sensors
were positioned at roughly half the mean flow depth, as recommended for at-a-point
measurements (Rooseboom and Annandale, 1981), although in practice such a position
was difficult to maintain (see below). Care was taken to ensure that sensors were located
away from the channel banks and within the main flow (cf. Gumell et. al., 1992b), and
that turbidity measurements were not influenced by excessive turbulence that may have

introduced bubbles or large proportions of saltating material high into the flow.

2.2.3.1 1998 melt season

During 1998, monitoring began on Julian Day (JD) 135 (May 15“‘). Thick snow cover in
the proglacial area required excavation of the western proglacial stream ~ 50m from the
glacier snout in order to position the gauging station (gauging station 98a, Figure 2.4).
The gauging station was subsequently moved to within ~ 40 and ~ 20m of the snout on
JD 158 and 156 respectively (gauging stations 98b and c) as the proglacial snowcover
retreated. Turbidity was monitored using a single sensor (T1) from JD 135 and from two
sensors (T1 and T2) after JD 139. Turbidity was recorded separately for each sensor
using a Campbell CR23x datalogger; measurements were taken every 10 seconds and

averaged over 5-minute intervals. The sensors required frequent maintenance to remove
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Figure 2.6 A typical arrangement of the turbidity sensors and Isco intake hose during the
1998 and 1999 melt seasons. The turbidity sensors were positioned at depth d, roughly
equal to half the mean flow depth (%). Channel width was typically ~ 3-4 m.

saltating debris that became trapped between the sensor heads. Occasionally, the
position of the sensors also had to be adjusted to take account of changes in bed
elevation and mean daily flow depth. Sensor T2 failed on JD 187 and was replaced with

a new sensor (T3) that operated during the period JD 216-217.

Automated sampling was initiated on JD 135. Since suspended sediment concentrations
varied during the melt season, sample volumes were adjusted in order to obtain adequate
sediment content whilst maintaining good temporal coverage and acceptable filtration
times (Table 2.5). A number of significant gaps (> 12 h) occur during 1998, two of
which were due to power failures and a third occurred when the intake hose became iced
during cold weather. Sampling was also impaired if the intake hose became surrounded
by sediment or large rocks, frozen or emerged above the water surface. Consequently,
very small samples (typically < 200 ml) and samples with excessive quantities of
sediment (usually when the intake hose had been found to be buried by rocks or
sediment) were discarded. Only 35 % of days had complete temporal coverage at the

desired interval due to loss of samples for reasons described above.

USDH48 samples were obtained daily for later assessment of sampling programme
representivity. A width and depth-integrated sample was obtained immediately

downstream of the gauging station whilst the ISCO was sampling. Normal practice is to
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Table 2.5 Approximate volume and interval of samples collected for analysis of
suspended sediment concentration and quality during 1998 and 1999.

Period (JD) Volume (1) Interval (h) Notes

1998 Ablation Season

135-136 4 4
137-138 0.25 1
139-140 - - Power failure
141-143 ~1 ~4
144-147 ~1 2
148-149 - - Power failure
150-153 ~1 2
154-162 ~0.8 1
163 - - Hose iced
164-170 1 2
171-208 0.9

1999 Ablation Season

169-175 5 6
176-179 4 4
180-185 2 2
186-187 - - Spring flood event
188-204 2 2

obtain a separate depth-integrated sample for each of 10 equal sections across the stream
(cf. Edwards and Glysson, 1988); however, the ISCO sampled too rapidly and for
consistency a single sample was obtained from 10 consecutive depth-integrations of 10
equal sections. Samples obtained using the USDH48 (full volume 470 ml) should be
between 375 and 420 ml to be representative of mean suspended sediment
characteristics (Federal Interagency Sedimentation Project, no date). In practice, it was
difficult to obtain samples within this range in the turbulent, rapidly flowing proglacial
stream, and hence only samples that were very low (< 350 ml) or almost full (> 460 ml)
were discarded. A total of 52 USDH samples were obtained between JD 142 and 206
during 1998 at times ranging from 11:00 to 19:00, thus providing good seasonal

coverage over a range of flow conditions.
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ISCO and USDH samples were filtered in the field through 2.7 um papers. Samples
were screened for particles > 2 mm that may have biased measurements of sediment
concentration and quality (cf. Fenn and Gomez, 1989) using a standard laboratory sieve.
The filtrate from one sample per day (typically a USDH48 sample) was used to assess
the representivity of the filtration method. This involved collecting any sediment

remaining around the sides of the Biichner funnel and gasket and re-filtering using pre-

weighed 0.1 um papers.

2.2.3.2 1999 melt season

During 1999, monitoring began on JD168 (17th June) in the eastern proglacial stream.
The gauging station was initially located within a well-defined channel ~ 20 m from the
glacier snout (gauging station 99a) and moved to a more optimum location ~ 10 m from
the snout on JD 186 (99b; Figure 2.4). Turbidity sensors T2 and T3 (see above) were
installed on JD 168 and automated sampling was initiated on JD 169. As in 1998, the
volume and frequency of sample collection was varied with respect to changing levels of
suspended sediment in the eastern stream (Table 2.5). Automated sampling was used to
obtain slightly larger samples than during 1998 of 2x 1 litre throughout most of the
monitored period; one or both of the containers were filtered depending upon the
sediment concentration. USDH48 samples were collected frequently as per the 1998
melt season. A total of 26 USDH48 samples were obtained; only one was discarded due
to the volume being below 350 ml. A second automatic sampler was used to obtain
composite daily samples from JD 171 to 205 for analysis of seasonal changes in
sediment quality. Composite samples consisted of 120 ml samples collected every 3hrs

from 00:00. All samples were filtered as per 1998.

Turbidity measurement and automated sampling suffered similar difficulties to those
experienced during 1998, although some unique difficulties were experienced. From JD
181 to 189, frequent gaps occur in the turbidity records due to a faulty battery connected
to a solar panel that resulted in the failure of the sensors at night. A logger failure later
prevented the downloading of data from JD 191 to 195. Problems also occurred due to
the dynamic nature of the eastern stream, which at different times occupied up to three

channels as it flowed from the glacier snout. Following ~ JD 203, the stream once more
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became entrenched in a single channel. High and variable discharge through the single
channel prevented the collection of USDH48 samples and made the gauging station very
difficult to maintain. Consequently, automatic sampling and turbidity measurement were

stopped on JD 205 and 206, respectively, to avoid damage to and loss of equipment.

2.2.4 Additional measurements

2.2.4.1 Electrical conductivity

Electrical conductivity was used to provide independent evidence of the evolution of
meltwater sources and pathways. Solute concentrations in basal ice and meltwater are
high compared to supraglacial meltwater (Collins, 1979a), since solute concentration
partly reflects the time and degree of contact between meltwater and sediment
(Lemmens, 1978). Electrical conductivity has therefore been used to separate rapidly
routed meltwater through channelised englacial and/or subglacial flowpaths from
delayed flow through a distributed subglacial drainage system (Collins, 1979a; Gumell
and Fenn, 1984b). However, high solute concentrations may also be derived from
snowmelt during snowpack elution as the supraglacial snowcover is removed (Fountain,
1996). Electrical conductivity does not appear to fluctuate greatly with distance from the

glacier snout (Gurnell, 1985).

A Campbell Scientific 247 conductivity sensor was used during both field seasons. The
sensor was mounted on the gauging station facing towards the flow such that the tube is
flushed continuously. However, the relatively small tube (inner diameter ~ 5 mm) was
frequently blocked by suspended sediment, necessitating frequent maintenance that was
difficult without removing and re-fitting the sensor. Electrical conductivity was
measured in the western proglacial stream during 1998 between JD 165 and 225 and in
the eastern stream between JD 168 and 206 during 1999. Raw conductivity was sensed
every 10 seconds and averaged at 5-minute intervals using a Campbell CR23x
datalogger. ‘Corrected’ conductivity was also obtained by calculating errors due to

ionisation and water temperature (Campbell Scientific, 1994-1996).
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2.2.4.2 Glacier velocity and catchment hydrometeorological conditions

Glacier velocity and catchment meteorological conditions were monitored during the
1998 and 1999 melt seasons by members of the Arolla Glaciology Project (Willis et. al.,
1999). Standard surveying methods were used to monitor glacier surface motion across a
network of 33 stakes every 1-5 days during spring and summer in 1998 and 1999 (JDs
150-224 and 171-226, respectively). During 1998, meteorological conditions were
obtained from the Bricola meteorological station approximately 8km NNE of Haut
Glacier d’Arolla. The Bricola station (2415 m ASL) is the nearest source of
meteorological data recorded at a similar altitude to the glacier, and should provide the
best proxy for conditions in the Arolla catchment (I. Willis, pers. comm.). During 1999,
meteorological data was monitored near to the intake structure operated by Grande

Dixence S.A. (Figure 2.1) who provided catchment discharge during both melt seasons.

2.2.4.3 Dye-tracer investigations

During the 1998 melt season, a limited number of dye-traces were performed from
moulins on the glacier surface by P. Nienow in order to confirm the structure and
hydraulic configuration of the subglacial drainage system late in the melt season. Known
quantities of rhodamine dye were injected into specific moulins and the two proglacial
streams monitored by frequent manual sampling (< 5 minutes) of meltwater using a 0.5 1
polypropelene bottle. Dye concentrations were measured for each sample immediately

after collection by passing the samples through a fluorometer.

2.3 INITIAL DATA PREPARATION AND ANALYSIS

2.3.1 Data preparation

Suspended sediment samples and records of stream turbidity and electrical conductivity
collected during the 1998 and 1999 melt seasons require pre-processing. Suspended
sediment samples collected automatically and filtered in the field require determination
of their suspended sediment content and preparation for analysis of sediment quality,

whilst measurements of stream turbidity require calibration using known suspended

57




2. Field site and methods

Table 2.6 Determination of change in sample weight during treatment at high temperature
for proglacial and basal sediment samples from Haut Glacier d’Arolla.

Sample  Type Weight'  Weight” Difference %
A Kettle-hole deposits 5.1450 5.0475 -0.0975 1.90
B Slackwater deposits 4.3708 4.3270 —0.0438 1.00
C Slackwater deposits 4.6374 4.5823 -0.0551 1.19
D Slackwater deposits 2.9740  2.9357 —0.0383 1.29
E Basal melt-out till 4.1798 4.1352 —0.0446 1.07

Mean 1.29

Weight' and Weight®: sample weight (minus weight of crucible) before and after ashing,
respectively; Difference: change in sample weight; %: change in weight as a percentage of the
original sample weight

|

|

i sediment concentrations. Sampling programmes are likely to include errors due to highly
| variable flow conditions, icing and proglacial stream channel adjustments; hence,
records must be carefully checked for anomalies. This section details preparation of the
suspended sediment samples and stream turbidity and electrical conductivity records for
further analysis. The reliability and representivity of suspended sediment samples and

measurements of stream turbidity are discussed in Section 2.3.2.

2.3.1.1 Suspended sediment concentration and quality

Filtered samples were ashed at 900 °C for 30 min. To avoid loss of particles by ignition,
papers were previously charred over a bunsen bumner for ~ 20 min. The suitability of the
ashing method was assessed using test samples, since treatment at high temperatures
‘ might be expected to cause physical alteration of sediments and loss of clay particulates.
| The effect of ashing was evaluated using sediments sampled from both proglacial
‘ backwater deposits and basal melt-out till at Haut Glacier d’Arolla. The samples were
dried and sieved to exclude particles larger than 2 mm. Subsamples were prepared,
placed into crucibles, weighed and then heated at 900 °C for 30 min. On weighing the
subsamples after cooling, sample weight had fallen by 1-2 % (Table 2.6). The fall in

weight could indicate the loss of sediment on exposure to high temperatures (the
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sediments are unlikely to have contained organic matter) or the loss of moisture acquired

from atmospheric sources during sample preparation.

To further test for physical changes to the sediment, two composite sediment samples
were prepared for analysis under a scanning electron microscope (SEM). A single
composite sample was obtained using equal quantities of samples A—E (Table 2.6) and
split using a riffle box; half of the sample was then heated at 900 °C for 30 min. Samples
of the normal and ashed sediments were mounted for analysis by pressing an adherent
sample plate into the well-mixed sediment. The normal sample was found to be
composed of a range of predominantly silt-sized grains (Figure 2.7, A) exhibiting a
freshly ground appearance, together with a number of ‘microparticles’ (cf. Lamb, 1995)
adhering to the larger grains (Figure 2.7, B to D). The samples are consistent with
proglacial suspended sediment samples from Glacier de Tsidjiore Nouve (Fenn and
Gomez, 1989) and subglacial sediments from Haut Glacier d’Arolla (Lamb, 1995).
There were no discernible changes in the ashed sediment, with grains and adhering

microparticles maintaining a freshly ground appearance (Figure 2.7, F—H).

Six subsamples of the normal and ashed composite sediment samples were also analysed
using a Coulter LS230 particle size analyser with a sizing range of 0.04-2000 pm (for
further details see Chapter 5). Size frequency distributions of one standard deviation
about the mean of the six ashed and six normal samples are shown in Figure 2.8.
Samples were dispersed using only water prior to analysis. The results demonstrate a
consistently lower proportion of particles between 1 and 20 um in the ashed samples and
a generally higher proportion of particles larger than 200 um. Care was taken to
accurately subsample the normal and ashed composite samples using a riffle box and
such consistent variation is unlikely to be due to the subsampling technique. The ashed
sediment may have contained less moisture (it was noticeably freer-flowing) so that finer
sediments were able to escape on air currents during the subsampling process. However,
it is more likely that treatment at high temperature resulted in minor physical changes
which bonded small particles to larger grains, requiring stronger methods of dispersal

prior to particle size analysis (see Section 5).
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200um

50um

Figure 2.7 SEM images ofnormal proglacial sediment samples (A-D) and ashed proglacial
sediment samples (E-H). Images C and H clearly show the presence of microparticles
adhering to larger grains. Scale varies in each image.
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Figure 2.8 Size distributions of one standard deviation about the mean of six ashed and
six normal composite proglacial sediment samples from Haut Glacier d’Arolla.

2.3.1.2 Stream turbidity

Output from the turbidity sensors is in the form of a voltage proportional to the level of
suspended sediment. Raw sensor output for each of the melt seasons was plotted and
carefully checked to remove periods of erroneous data. Data from during relocation or
adjustment to the gauging station was removed. Sensors typically showed a high degree
of covariance; hence further periods of data could be identified where the turbidity
records departed significantly from one another. Such departures normally occurred
when one sensor had become blocked by saltating debris, causing the sensor to ‘sit’ at
maximum turbidity until the debris was removed, and could also be identified during
periods when only a single sensor was operational. During 1998, the two records also
show low levels of incoherent variation on JD 144 at 17:00-18:00 that is attributed to
collapse of a snow bridge just upstream of the gauging station. However, this event was
not observed, and snow and ice blocks observed to be caught in the gauging station on

other occasions were never found to have noticeably influenced turbidity measurements.

The output ranges of individual sensors must be standardised before further analysis,

typically by reporting the output as a percentage of the measured operating range. For
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each sensor, the operating range was determined using minimum and maximum values
from field data. During 1998, minimum values for sensor T2 occurred late in the season
for short periods of time when the sensor was believed to have been above the level of
the flow. Therefore, minimum output from sensors T1 and T2 was determined early in
the season when proglacial stream waters were often visibly clear of suspended material.
Subtle changes in the relationship of the output between the two sensors meant that
minimum output was recorded on different days for each sensor. For sensor T2, values
below the minimum deflection determined for water (indicating that the sensor was
above the level of ﬂoW) were removed. Full-scale deflection was periodically reached
for both sensors during the monitored period and therefore the maximum output could

also be determined.

The 1999 field data were used to standardise the output range for sensor T3 and check
the output range for sensor T2. The maximum output for T2 was identical to its value in
1998, although the minimum-recorded value (or offset) was somewhat higher. This was
attributed to roughening of the sensor heads due to abrasion, which artificially scatters
light from the sensor and influences the measurement of suspended sediment. Since the
sensor had not been used between field seasons at Haut Glacier d’Arolla, the change in
offset was determined to be 0.7 % of the operating range over ~ 75 days deployed in the
proglacial stream. Changes in the operating range due to abrasion of the sensor heads
were therefore small and have little influence on turbidity measurements, although it is

recommended that the sensor range be standardised during each season.

Following removal of periods of unrepresentative data and standardisation of the
operating range, the paired turbidity records in both seasons demonstrated a high degree
of correlation (» = 0.994, n = 11382 and r = 0.989, n = 7376 for 1998 and 1999,
respectively). The mean of the two records for each season was therefore used for
further analysis. The resulting turbidity records from 1998 and 1999 had 7.2 % and 26 %

of values missing, respectively.

Turbidity records for the monitored periods were calibrated using known suspended
sediment concentrations obtained from automated sampling (above). Plots of

standardised turbidity versus suspended sediment concentration deviate from log-
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linearity due to saturation of the turbidity sensors at high suspended sediment
concentrations. Stepwise regression techniques on log-transformed variables were used
to identify relationships between the two series that provided a good statistical and

visual fit to the measured data. For the 1998 data, a fourth-order polynomial of the form

log,, SSC =-0.918+0.0717log,, T? +0.279log T +0.00662 log,, T° +

(2.1)
0.000305 log,, T°

was fitted to 1106 simultaneous measurements of turbidity (7) and suspended sediment
concentration (SSC), where #* =0.702 and p for all predictors < 0.001. For 1999, a good
fit was obtained for 200 simultaneous measurements of 7" and SSC from a second-order

polynomial of the form

log,, SSC =-1.06+0.704log,, T +0.000213log,, T"° (2.2)

for which #* = 0.896 and p for both predictors was < 0.005. Calibration relationships are
commonly defined using log-transformed variables; however Ferguson (1986; 1987) has
noted that such techniques will result in the systematic underestimation of actual
suspended sediment concentration when predicted logarithmic values are transformed
back into standard arithmetic units. For the regression models derived above, the
standard deviation of the residuals about the regression line indicate that calibrated
values will be only ~ 80 % and 95 % of actual suspended sediment concentrations
during 1998 and 1999, respectively (Ferguson, 1987; his Equation 10). Such
underestimation cannot be readily corrected where the rating plot deviates significantly

from log-linearity.

2.3.1.3 Electrical conductivity

Electrical conductivity records from 1998 and 1999 were checked against field notes to
remove periods of unrepresentative data, commonly resulting from blockage of the
sensor tube and relocation or adjustment to the gauging station. For the remainder of the
monitored periods, the reliability of the records was more difficult to ascertain since no

comparative measurements were obtained. Neither are the records calibrated; however,
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relative variations in electrical conductivity throughout the monitored periods are likely
to be sufficient to provide a qualitative interpretation of temporal changes in the sources

and routing of meltwater.

2.3.2 Representivity and reliability of the stream monitoring programme

This section considers the representivity and reliability of measurements of suspended
sediment concentration and quality obtained during the 1998 and 1999 melt seasons.
Monitoring was conducted using automated equipment at a fixed location near to the
glacier snout (Section 2.2.3). With regards to programme representivity, the turbidity
series was calibrated in Section 2.3.1.2 using contemporaneous measurements of
suspended sediment concentration that should provide the most reliable means of
calibration (Gippel, 1989); whilst » for paired turbidity records from individual sensors
was found to be ~ 0.99 for both melt seasons. However, samples obtained automatically
must be checked for representivity using standard sampling equipment, such as the
USDH48, and the effectiveness of the chosen filter papers requires investigation.
Consequently, this section presents: 1) the representivity of automatically collected
samples compared with width and depth integrated samples obtained using the

USDHA48; and 2) the proportion of sediment lost using 2.7 m papers.

With regards to the reliability of at-a-point measurements, Section 2.2.2.1 identified
three main issues: 1) the extent to which measurements are representative of mean
suspended sediment characteristics across the stream cross section; 2) whether they are
representative of suspended sediment characteristics up and downstream of that
location; and 3) the frequency of sampling. Most studies suggest that suspended
sediment is well-mixed across the stream section (e.g. Gurnell et al., 1992); however,
few studies have analysed cross-stream variations in sediment quality. The extent to
which suspended sediment characteristics vary with distance from the glacier is also
poorly understood; suspended sediment concentration is commonly observed to show
very different trends with distance downstream from different glaciers (e.g. Boothroyd
and Ashley, 1975; Gumnell, 1982). The frequency of measurements for suspended

sediment concentration has also been investigated, but again information on suspended
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Table 2.7 Regression relationships between log-transformed suspended sediment
concentration from the ISCO and USDH48 (p < 0.001 for all a and b coefficients).

Year a b ta tb SE, SE, e

1998 0.142 0869 509 21.16 0.028 0.041 0.897
1999 0.120 1.013 382 2133 0.032 0.048 0.950

a, b: regression intercept and slope, respectively; t,, t,: t-statistics associated with
the regression intercept and slope; SE,, SE,: standard error of the intercept and
slope coefficients.

sediment quality is lacking. However, it would seem that hourly measurements are
appropriate since the mechanisms that control suspended sediment evacuation likely
operate at diurnal scales. As a result, the following reliability issues were also
investigated due to a lack of current knowledge: 1) the extent to which suspended
sediment concentration varies with distance from the glacier; and 2) the extent to which

suspended sediment particle size varies across the stream section.

2.3.2.1 Representivity of automatically collected samples

Daily USDH48 samples were obtained during both field seasons in order to evaluate the
representivity of automated sampling for obtaining measurements of both suspended
sediment concentration and quality (Sections 2.2.3.1 and 2.2.3.2). Relationships between
suspended sediment concentration from the ISCO samples versus samples collected
contemporaneously using the USDH48 show generally good relationships with high >
values (Table 2.7; Figure 2.9). Slightly higher scatter is seen in the relationship for the
longer 1998 melt season than during 1999. The intercepts for both relationships are
significantly different from zero at the 95 % confidence level, and suggests that the
ISCO underestimates suspended sediment concentration with respect to the USDH48.
However, the slope of the relationship during 1998 is also significantly different from 1
and demonstrates that underestimation by the ISCO is progressively lower at higher
suspended sediment concentrations (Table 2.7; Figure 2.9). During 1999, the slope of the

relationship is not significantly different from 1.
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Figure 2.9 Relationships between log-transformed suspended sediment concentration
from the ISCO and USDH48 (see Table 2.7).
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Figure 2.10 Size distributions for ISCO (solid lines) and USDH48 (dotted lines)
samples obtained at (a) 15:00 JD 171, (b) 12:00 JD 187, (c) 18:00 JD 199.

Gurnell et al. (1992b) obtained an unbiased relationship between suspended sediment
concentration determined by automatic sampling and a USDH48 at Haut Glacier
d’Arolla. However, the USDH48 was simply allowed to fill next to the ISCO intake hose
rather than providing a width and depth integrated sample. Fenn and Gomez (1989)
suggested that a pump sampler used at Glacier de Tsidjiore Nouve was less effective at
sampling coarser particles on account of USDH48 samples being slight coarser (~ 2 um
in the case of the median particle size). Particle size distributions for 11 USDH48
samples collected during 1998 were compared with contemporaneous ISCO samples to

see if the underestimation of suspended sediment concentration was associated with a
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Figure 2.11 Proportion of sediment lost through the 2.7 um papers by total sample
weight. Line of best fit also shown.

difference in size distribution. In 10 samples, the USDH48 had sampled significantly
more coarse sediment than the ISCO (Figure 2.10 a and b). The USDH48 is more likely
to sample coarser particles if width and depth integrations are made that involve
sampling from very close to the bed. Only in one sample was the ISCO observed to have

sampled a greater proportion of coarse material than the USDH48 (Figure 2.10 c).

2.3.2.2 Proportion of sediment lost during filtering

Daily USDH48 samples were re-filtered through pre-weighed Whatman 0.1 um
cellulose nitrate papers in order to assess the proportion of sediment lost during filtering
with large diameter 2.7 um papers (see Sections 2.2.3.1 and 2.2.3.2). The 0.1 um papers
were dried in the lab and re-weighed, and the proportion of sediment lost through the 2.7
um papers plotted against the total weight of sediment from both papers (Figure 2.11). A
large proportion of sediment (~ 10 %) was lost through the 2.7 pm papers for samples of
~ 0.04 g; however, the proportion lost rapidly declined with increasing sample weight,

such that less than 5 % was lost for samples greater than 0.5 g. Gurnell et al. (1992)
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observed a similar pattern at Haut Glacier d’Arolla where samples were filtered through
8 um papers and re-filtered at 0.45 pm (Section 2.2.2.2). Sample loss probably declined
because sediment particles rapidly clogs pore spaces in the paper. Higher initial sample
loss than that found by Gurnell et al. (1992b) likely results from the larger diameter of

the papers, which resulted in a less rapid clogging of the pores.

2.3.2.3 Downstream variation in suspended sediment concentration

Downstream variation in suspended sediment concentration was investigated by
comparing turbidity measured at distances of 50, 100, 150 and 200 m from that
measured at a fixed gauging station very near the glacier snout (~ 20 m). The
investigation was undertaken during 1998 on JD 225 in a single, unmixed reach of the
western proglacial stream and at low suspended sediment concentrations to avoid
problems due to turbidity sensor saturation. Dye tracing was used to determine the travel
time of water and sediment from the gauging station to the downstream sensor to enable
accurate comparison between the two records. Output from the downstream turbidity
sensor (T3, see Section 2.3.1.2) was calibrated with that from the fixed turbidity sensor
(T2); calibration was established from turbidity sensor output on JD 216-217 when the
sensors were located ~ 1 m apart in the stream cross-section at the gauging station (r2 =
0.995). The seasonal calibration relationship established for T1 and T2 from measured
suspended sediment concentration during 1998 (Equation 2.1; Section 2.3.1.2) was

applied to both sensors to convert the output to g I"".

Figure 2.12 shows the gauging station turbidity record and lagged downstream record for
the four downstream sites. The results suggest that suspended sediment concentration
declines with distance downstream despite mean flow velocities generally increasing.
However, changes in concentration appear to be relatively small up to ~ 100 m
downstream of the gauging station within which the stream occupied a single confined
channel. Further downstream the channel began to braid, suggesting the potential for
sediment deposition due to exchanges of discharge between different threads of flow.
Importantly, however, short-term changes in suspended sediment concentration occur
even 50 m downstream of the gauging station that are not reflected in the upstream

suspended sediment concentration record. Differences between the records become more
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Figure 2.12 Suspended sediment concentration at progressive distances downstream
from the gauging station on JD 225 1998.

exaggerated with distance downstream, suggesting there may be complex influences on

long and short-term suspended sediment transport in the proglacial area.

2.3.2.4 Cross-stream variation in suspended sediment particle size

Cross-stream variation in suspended sediment particle size was investigated within a

well-mixed distributary of the proglacial stream ~ 1 km from the glacier snout. Variation

was investigated over two cross-sections roughly 3 m apart by collecting water samples

at regular distances across the channel using a wide-necked 0.5 1 polypropylene bottle.
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Figure 2.13 Cross-stream variation in suspended sediment concentration, mean flow

velocity, channel profile and suspended sediment particle size parameters at two
locations in a distributary of the main proglacial stream.

Samples were collected by lowering the bottle to a fixed distance (~ 5 cm) above the bed
and opening the neck of the bottle for just enough time for the bottle to fill.
Measurements of stream depth were obtained at each sampling location; mean flow
velocity was calculated from a depth-integrated velocity record obtained using a current
meter both before and after the collection of each sample. Samples were filtered through
2.7 um papers and returned to the laboratory where suspended sediment concentration

and particle size were determined.

Figure 2.13 shows the results from the upstream (a) and downstream (b) cross-sections.

Suspended sediment concentration generally shows no systematic variation with flow
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velocity or channel depth within and between cross-sections, although there is a
tendency for concentration to be slightly lower near to the channel banks (cf. Gurnell et
al., 1992b). Moment statistics demonstrate that particle size is also independent of flow
velocity between cross-sections, with coarser distributions at the downstream cross-
section where flow velocities are generally lower. Nevertheless, the proportion of coarse
material in transport within each cross-section (as indicated by dgs and dos) tends to
increase away from the channel banks; the proportion of fines (as indicated by ds and
d,6) appears to remain relatively stable. Variation in mean and median size distribution is
also considerable at the downstream cross-section; however, distributions were
polymodal and these parameters may be greatly affected by small changes in the number
of just a few coarse particles (cf. Sambrook Smith et al., 1997). The first mode appears
to be the most consistent size parameter (and has also been suggested to be the most
reliable; see Chapter 5); however, occasionally much coarser first modes occur that most

likely reflect natural time-dependent variations in suspended sediment size distribution.

2.3.2.5 Conclusion

Investigation of the cross-stream variability in suspended sediment concentration and
particle size (above) suggests that in general sediment is well mixed across the flow.
Relatively poor relationships between suspended sediment concentration and particle
size from the ISCO with respect to the USDH48 probably result from the difficulty of
using the USDH48 to obtain truly representative width and depth integrated samples in
fast flowing proglacial streams. In general, a sampling position located as near to the
glacier snout as possible and away from the channel banks will likely to result in

unbiased estimates of suspended sediment character.
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3.

Meteorological, glacier-
hydrological and glacial dynamics

3.1 INTRODUCTION

This chapter uses meteorological, glacier-hydrological and ice motion data to investigate
glacial and fluvioglacial dynamics during the 1998 and 1999 melt seasons. Previous
investigations of suspended sediment transport in proglacial streams have generally
suggested that sediment evacuation is largely dependent upon the increased availability
of meltwater during the melt season (Section 1.2). Emphasis has also been placed on the
importance of drainage system instabilities in controlling basal sediment evacuation at
sub-seasonal scales that contribute to overall seasonal and annual variability. However, it
was suggested in Section 1.3 that previous studies had failed to reliably link sediment
transport to subglacial processes because independent measurements of the dynamic
nature of the glacial and fluvioglacial systems had not been obtained. Section 1.4
considered the likely importance of drainage system configuration and its temporal and
spatial evolution in controlling access to basal sediments and determining sediment
transport capacity, as well as the potential importance of ice dynamics. It is against a
background of detailed knowledge of the seasonal spatial and temporal evolution of the
glacier drainage system and ice dynamics that variation in suspended sediment
characteristics must be interpreted if the mechanisms of suspended sediment evacuation

by subglacial meltwaters are to be rigorously identified.
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3.2 METEOROLOGICAL INPUTS AND PROGLACIAL STREAMFLOW

3.2.1 Introduction

In this section, lags between meteorological inputs and proglacial streamflow are used to
infer changes in the sources and routing of meltwater through the glacier system during
the 1998 and 1999 melt seasons. Proglacial hydrograph form has the potential to provide
important information about the general movement of meltwater through the glacier
system (cf. Meier and Tangborn, 1961; Matthews, 1963; Elliston, 1973). Hydrograph
form is a product of both spatial and temporal variation in the climatic processes and
glacier surface characteristics (e.g. albedo) that generate surface melt and the routing of
meltwater through the supraglacial, englacial and subglacial drainage systems. Hence,
proglacial streamflow has been related directly to meteorological variables thought to
control surface melting in order to investigate the physical mechanisms that control the

flow of meltwater through the glacier drainage system (e.g. Gurnell et al., 1991).

The sources and routing of meltwater evolve systematically during the melt season
(Rothlisberger and Lang, 1987; Gumell, 1995; Nienow et al., 1998). Many researchers
have subdivided proglacial streamflow records in order to investigate changing
relationships between periods when the hydrological system is assumed to be relatively
stable (e.g. Stenborg, 1970; Elliston, 1973; Lang, 1973; Gurnell et. al, 1991). At Haut
Glacier d’Arolla, Gurnell et al. (1991) divided the melt season into five ‘hydrologically
meaningful’ sub-periods identified from trends in diurnal minimum and maximum
discharges. Systematic changes in the relationships between meteorological, proglacial
streamflow and water quality series were identified between sub-periods that reflected
the evolution of melt sources from snowmelt to predominantly icemelt and the

development of a hydraulically efficient, channelised subglacial drainage system.

3.2.2 Maeteorological and streamflow variables

Figures 3.1 and 3.2 show meteorological and proglacial streamflow time series for the
monitored periods of the 1998 and 1999 melt seasons, respectively. Air temperature,

incident radiation and catchment discharge are shown as hourly mean values;
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Figure 3.1 Meteorological and streamflow variables for the monitored period during
1998. Sub-periods 1-8 have been defined using trends in diurnal minimum and
maximum discharge and are described in Table 3.1.

precipitation values are hourly totals. Meteorological data for 1998 was obtained from
the Bricola meteorological station some 8km NNE of Haut Glacier d’Arolla. The timing
and magnitude of precipitation events, the occurrence of frosts and periods of low

incident radiation associated with cloud cover agreed well with field notes. The time
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Figure 3.2 Meteorological and streamflow variables for the monitored period during
1999. Sub-periods 1-6 have been defined using trends diurnal minimum and maximum
discharge and are described in Table 3.2.

series are complete with the exception of a short break in the meteorological series from
JD 177-180 during 1999. Figures 3.1 and 3.2 also show various sub-periods of each melt
season for which relationships between meteorological inputs and proglacial streamflow

are investigated below.
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Table 3.1 Sub-periods of the melt season for the monitored period during 1998.

Sub-period 1, JD 135-152 (mid to late May)

Low mean air temperatures; precipitation falls predominantly as snow; low mean discharge
with weak, low-amplitude diurnal variation

Sub-period 2, JD 153-158 (early June)

Rising mean air temperatures; precipitation falls as rain; rising mean discharge with
increasing baseflow and diurnal amplitude

Sub-period 3, JD 159-164 (early to mid-June)

Declining mean air temperatures; precipitation falls initially as rain (JD 161), turning to
snow (JD 162-163); declining mean discharge, baseflow and amplitude

Sub-period 4, JD 165-178 (mid to late June)

Rising mean air temperatures; snow (JD 166), rain (JD 177-178); rising mean discharge,
amplitude increases rapidly JD 170-172, increasing baseflow

Sub-period 5, JD 179-189 (late June to early July)

Stable mean air temperatures except during rainfall (JD 183-184); stable mean discharge but
increasing diurnal amplitude due to declining baseflow; end of period: rain (JD 188) turns to
snow (early JD 189); mean air temperatures rapidly decline

Sub-period 6, JD 190-211 (early to late July)

High mean air temperatures following JD 190 except JD 195-200 and 209-210; rainfall JD
194-195 and 208-209, light rain JD 194 and 197; mean discharge generally high with high
diurnal amplitude

Sub-period 7, JD 212-216 (late July to early August)

High mean air temperatures; overcast, strong fohn; persistent drizzle/light rain, heavy rain
during late afternoon/evenings; high mean discharge due to high baseflow; however, low
amplitude, diumnal discharge pattern heavily modified by precipitation

Sub-period 8, JD 217-221 (early August)

High mean air temperatures; cloudless following light rain early JD 217; high mean
discharge with low baseflow and high diurnal amplitude

3.2.3 Temporal patterns between meteorological and streamflow variables

Monitored periods of the 1998 and 1999 melt seasons were subdivided into
‘hydrologically meaningful’ sub-periods based on trends in the discharge series
identified from daily minimum and maximum discharge (Figures 3.1 and 3.2; cf. Gurnell

etal., 1991) and summarised in Tables 3.1 and 3.2.
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Table 3.2 Phases of the melt season for the monitored period during 1999.

Sub-period 1, JD 168—173 (mid-June)

Low mean air temperatures; precipitation falls predominantly as snow; low discharge mean
and weak, low-amplitude diurnal variation

Sub-period 2, JD 174186 (mid-June to early July)

Rising mean air temperatures; light rain JD 180-181, strong fohn JD 184-186 and heavy
rainfall JD 186; increasing discharge mean, baseflow and diurnal amplitude

Sub-period 3, JD 187-191 (early July)

Declining mean air temperatures; heavy rainfall early JD 187, light rain JD 187-188;
declining discharge mean, low-amplitude diurnal variation

Sub-period 4, JD 192-200 (early to mid-July)

Rising mean air temperatures; precipitation falls as rain, light fohn JD 192-199; rising
discharge mean and increasing diurnal amplitude

Sub-period 5, JD 201-204 (mid-July)

Initially stable mean air temperatures; no significant precipitation; stable discharge mean but
increasing amplitude due to falling baseflow; end of period: declining mean air temperatures
followed by frost JD 203-204; declining discharge mean and amplitude

Sub-period 6, JD 205-209 (mid to late July)

Rising mean air temperatures; rising discharge mean, amplitude and baseflow; end of period:
heavy rainfall JD 208-209 resulting in significant modification to discharge pattern

During 1998, eight hydrologically distinct sub-periods have been identified. Within
individual sub-periods, meteorological and proglacial streamflow variables commonly
exhibit consistent trends. Notably, trends in the discharge series correspond to those of
the air temperature series and, to a lesser extent, incident radiation values (Figure 3.1;
Table 3.1). The influence of precipitation, either as rain or snowfall, is also apparent
during a number of periods: in sub-périod 2, discharge rises abruptly due to heavy
rainfall despite only moderate air temperatures and incident radiation values (Figure
3.1); however, in sub-period 7, moderate rainfall mainly in the late afternoon and
evenings maintains high mean discharge but with lower amplitude diurnal variation.
Correspondence between meteorological variables should, of course, be expected: air
temperatures are generally dependent upon incident radiation, and both these variables

tend to decrease during periods of precipitation when there is significant cloud cover. In
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sub-period 3, for example, proglacial discharge declines rapidly due to a combination of

falling air temperatures, falling incident radiation and snowfall (Figure 3.1).

During the monitored period in 1999, six sub-periods were identified that demonstrate
distinctive hydrological variation that is commonly consistent with meteorological
variables (Figure 3.2; Table 3.2). Again, trends in the air temperature series are most
closely associated with those of discharge for individual sub-periods. The influence of
precipitation events is also apparent: heavy rainfall causes high peak discharges towards
the end of sub-periods 2 and 6 despite low air temperature and incident radiation due to

cloud cover (Figure 3.2).

Cross-correlation analysis was applied to pairs of meteorological variables and
catchment discharge in order to identify changing lags and levels of correlation during
each melt season (Table 3.3). Best-fit relationships were estimated for each subperiod by
lagging the input series (incident radiation, air temperature and precipitation) against the
output series (catchment discharge). Best-fit relationships were also estimated between
the factors responsible for generating surface melt (incident radiation and air
temperature). The response of air temperature to incident radiation is maintained at a
relatively constant lag throughout each monitored period and levels of correlation are
generally high (Table 3.3); however, discharge shows a changing response to incident

radiation and air temperature as each melt season progresses (Figure 3.3).

During 1998, lags between discharge and incident radiation and air temperature are
initially large but fall rapidly following sub-period 3 (Figure 3.3). Levels of correlation
also vary, with predominantly higher values occurring later in the season (Table 3.3). In
addition, there are differences in levels of correlation for functions estimated using the
different meteorological input series. During sub-periods 1, 3, 4 and 5, correlations
between discharge and air temperature are higher than for discharge and incident
radiation (Table 3.3); however, this pattern is gradually reversed during sub-periods 6 to
8. Similar relationships between incident radiation, air temperature and discharge are
evident during 1999 (Table 3.3; Figure 3.3); however, lags between these variables

remain higher than for similar time periods during 1998 (Figure 3.3). With the exception
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Table 3.3 Cross-correlation functions between pairs of meteorological variables and
catchment discharge for phases of the 1998 and 1999 melt seasons.

1998 ablation season

Lag (h); » values in parenthesis

Input series Ouput series Period 1 2 3 4

Incident radiation ~ Air temperature +2 (0.790) +1(0.671) +4(0.420) +2(0.442)

Incident radiation log;oDischarge +10 (0.248) +11 (0.186) +12(0.521) +6 (0.223)

Air temperature log,oDischarge +8 (0.380) +10(0.187) +7(0.726) +4(0.797)

Precipitation log,oDischarge NCD +2 (0.198) +2(0.100) +1 (0.188)
5 6 7 8

Incident radiation  Air temperature +2 (0.621) +2(0.539) 0(0.643) +2(0.686)

Incident radiation logjoDischarge +3 (0.506) +3 (0.680) +2(0.446) +2(0.902)

Air temperature  logjoDischarge +2(0.659) +1(0.680) +4(0.159) 0(0.673)

Precipitation log,¢Discharge 0(0.174) +1(0.146) 0(0.378) NSP

1999 ablation season

Input series Ouput series Period 1 2 3 4

Incident radiation  Air temperature +2(0.510) +2(0.636) +2(0.631) +2(0.751)

Incident radiation log;oDischarge +13(0.384) +8(0.234) +7 (0.065) +6(0.736)

Air temperature  log,oDischarge +9 (0.849) +6(0.724) +6(0.116) +4 (0.689)

Precipitation log,oDischarge NCD +2 (0.231) NCD +2 (0.118)
5 6

Incident radiation ~ Air temperature +1 (0.487) +2(0.735)

Incident radiation log,oDischarge +6 (0.590) +6 (0.389)

Air temperature  log;oDischarge +3 (0.866) +4 (0.453)

Precipitation log,,Discharge NSP +2 (0.424)

NCD: best-fit position not clearly defined; NSP: no significant precipitation during period

of sub-period 4, correlations between discharge and air temperature also remain higher

than for incident radiation (Table 3.3).

The response of discharge to precipitation shows no significant variation throughout both
monitored seasons (Table 3.3). Lags are typically small and suggest that discharge
commonly responds faster to precipitation events than variations in incident radiation or

air temperature; however, levels of correlation are low.
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Figure 3.3 Seasonal variation in lags between (a) incident radiation and proglacial

streamflow and (b) air temperature and streamflow during monitored periods of the 1998
and 1999 melt seasons (see Table 3.3).

3.2.4 Interpretation, discussion and conclusions

Lags between discharge and meteorological inputs decrease as the melt season
progresses, reflecting increasing efficiency in both the translation of energy inputs into
surface melt and the transfer of supraglacial runoff to the proglacial stream (Figure 3.3;
Gurnell et al., 1991, 1992a). Initially during both seasons, the catchment is snow covered
and lags between discharge and both incident radiation and air temperature are large
(Table 3.3). Long residence times of meltwater in the catchment result from the slow
percolation of surface runoff through the snowpack (Fountain, 1996) and, where melt
occurs from snow overlying the glacier, flow through a distributed subglacial drainage
system due to the closure of channelised drainage pathways over winter (Nienow et al.,
1998). High-albedo snow reflects incident radiation and results in low levels of
correlation between discharge and incident radiation. Instead, catchment runoff is more
strongly related to air temperature, which is a better measure of advective warming of

the supraglacial snowpack (Gurnell et al., 1991, 1992a).
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During 1998, lags between discharge and meteorological variables begin to fall rapidly
following sub-period 3, although correlations remain highest between discharge and air
temperature until the beginning of sub-period 6, reflecting the predominance of runoff
from snowmelt (Table 3.3; Figure 3.3). Reduced lags result from thinning of the
supraglacial snowpack and its eventual removal, resulting in more efficient supraglacial
drainage and the exposure of low-albedo glacier ice that is more susceptible than snow to
melt induced by variation in incident radiation. The development of hydraulically
efficient, channelised drainage due to the exposure of high albedo glacier ice (Nienow et
al., 1998) will also cause lags to decline. By sub-period 8, the snowline had retreated to
the upper accumulation area and low-albedo glacier ice was exposed across the majority
of the glacier. Short lags and high correlations between discharge and incident radiation
reflect the predominance of ice melt and the efficient translation of melt to the proglacial

stream through a channelised subglacial drainage system.

During 1999, monitoring began much later in than during the 1998 melt season due to
the delayed removal of snow from the glacier surface. Significant thinning of the
snowpack had occurred before monitoring was initiated; however, lags between
discharge and meteorological variables during sub-period 1 are comparable with sub-
periods 1-3 in 1998 (Table 3.3; Figure 3.3). Lags decline following sub-period 1 (Figure
3.3), but remain in excess of those during 1998, suggesting the less efficient translation
of surface energy inputs into melting and routing of meltwater through the glacier
drainage system. Higher levels of correlation between discharge and air temperature than
incident radiation towards the end of the monitored period (Table 3.3.) also suggest that
a large proportion of runoff is still derived from snowmelt. Thus, the efficiency of the
glacial drainage system during the monitored period in 1999 is unlikely to have reached

that attained during 1998.

Precipitation has an interesting effect on relationships between discharge and
meteorological variables during the 1998 melt season. Sub-period 2 experiences
significant rainfall and levels of correlation between discharge and other meteorological
variables are significantly reduced (Table 3.3). However, the lag of the best-fit position is
unusually low and levels of correlation are little higher than for sub-periods 3 to 6. It is

likely that low lags reflect rapid surface runoff from non-glaciated areas of the
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catchment, and longer residence times of rainwater within the glacial system result in
low levels of correlation between discharge and meteorological variables. A similar
response to rainfall is evident in sub-period 7, where lags are even lower and levels of
correlation between discharge and precipitation are slightly higher (Table 3.3). This
pattern is presumably due to the increased efficiency of runoff in glaciated and non-
glaciated areas due to the removal of the catchment snowcover and more rapid routing of

meltwater through the glacial system.

Precipitation events do not occur with the same frequency and magnitude during 1999 as
during 1998, and no sub-periods are rainfall dominated (Table 3.2). However, as with
1998, best-fit positions between discharge and precipitation remain relatively low
throughout the season and the highest levels of correlation occur towards the end of the
monitored pericd, indicating the increasing efficiency of runoff as the catchment

snowcover is removed (Table 3.3).

3.3 EVOLUTION OF PROGLACIAL HYDROGRAPH FORM

3.3.1 Introduction

This section uses statistical analysis to classify diurnal hydrograph form in a way that
can be used as a proxy for the evolution of the sources and routing of meltwater
throughout the melt season. In Section 3.2, cross-correlation functions were estimated
between proglacial streamflow and meteorological variables for sub-periods of each melt
season in order to isolate the physical mechanisms that control glacier runoff. However,
there is more information within the pfoglacial streamflow record than can be obtained
using simple cross-correlation analysis. Proglacial streamflow time series typically
consist of marked diurnal variations superimposed on a slowly varying baseflow
component (Paterson, 1994). The diurnal component represents rapidly routed melt from
the ablation area; strongly peaked diurnal components, typical of peak melt season
runoff, represent predominantly ice melt that reaches the glacier bed via moulins and a
hydraulically efficient, channelised subglacial drainage system to the glacier snout. The

baseflow component may represent: 1) melt from snow and firn that is delayed during
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travel through the supraglacial snowpack; 2) long-residence time meltwater that has
travelled through a distributed subglacial drainage system; 3) the release of meltwater
from storage; or 4) groundwater. Recently, principal component and cluster analyses
techniques have been utilised to investigate seasonal evolution in hydrograph form
(Hannah et al., 1999, 2000). This section adapts the methodology introduced by Hannah
et al. (1999) in order to investigate seasonal evolution of the sources and routing of

meltwater routing at Haut Glacier d’Arolla during the 1998 and 1999 melt seasons.

3.3.2 Method

Classification of diurnal hydrograph form was achieved by Hannah et al. (1999, 2000)
using a three-stage procedure that deals separately with hydrograph ‘shape’ and
‘magnitude’ before combining the two to provide a composite hydrograph-classification
index. Using streamflow data from Haut Glacier d’Arolla during the 1989 melt season,
Hannah et al. (2000) identified five hydrograph shape classes and three magnitude
classes which, using a process of cross-tabulation, resulted in the identification of nine
principal hydrograph types. Temporal sequencing of the hydrograph types was shown to

aid investigation of the changing hydrological functioning of the glacier basin.

Hannah et al.’s (2000) methodology has been adapted to provide a simplified
classification of hydrograph types that exhibit a measurable diurnal component. Such
hydrographs provide a reliable source of information on the sources and routing of
meltwater since their form represents: 1) the volume of meltwater derived from rapidly
routed snow and ice melt in the ablation area and its proportion to other meltwater
sources (indicated by the magnitude of the baseflow component); and 2) the rapidity
with which icemelt is transmitted through the hydrological system. The methodology
excludes days with significant rainfall input and/or inherited hydrograph characteristics

(for example, large recession limbs) that alter the form of the diurnal component.

3.3.2.1 Classification of hydrograph shape

Hydrograph shape was classified using principal component analysis (PCA) and
hierarchical cluster analysis (HCA). Prior to analysis, the streamflow data was separated

into individual diurnal periods to form a matrix of N days (cases) by n discharge
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measurements (variables). PCA was used to reduce the number of variables by extracting
a smaller number of principal components (PCs) that represent a very large proportion of
the variability of the original dataset. PCA ‘plots’ the original variables in
multidimensional space and computes a linear function (the first PC) that captures the
maximum possible variance of the original dataset. Consecutive PCs are computed to
maximise the variance of the original dataset not captured by the previous component
(hence consecutive PCs are uncorrelated). Variance maximising rotation (varimax) of the
original variable space was used during PC extraction in order to maximise the

variability captured by each PC whilst minimising the variance around it.

Plots of the PC loadings (the correlations between the variables and each PC) were used
as the basis for interpreting each PC. In the case of hydrograph analysis, the loading
plots can be used to identify the basic underlying variability of hydrograph shape. Cases
(days) were then grouped using HCA into classes with similar hydrograph forms using
their PC scores (the regression values of individual cases with each PC). HCA is an
agglomerative cluster analysis method that starts with individual cases and, in very small
steps, progressively lecwers the threshold at which two or more cases are judged to be
dissimilar. Cases with similar PC scores are progressively linked to form clusters of
increasingly dissimilar cases until all the cases occupy a single cluster. The process is
represented graphically as a vertical icicle or cluster plot; a cutoff point is selected at a

distance along the vertical axis to retain a physically interpretable number of clusters.

Streamflow during successive melt seasons at the same catchment should be controlled
by the same physical mechanisms and diurnal hydrographs should therefore exhibit the
same underlying variability. Thus, streamflow data provided by Grande Dixence SA
from the 1998 and 1999 melt seasons at Haut Glacier d’Arolla (Figure 3.4 a) were
combined into a single matrix. The streamflow data were split into diurnal hydrographs
consisting of 24 hourly discharge measurements from 07:00 each day (07:00 being the
typical time of minimum discharge, although the time of minimum discharge was
observed to evolve systematically during each melt season). To ensure that hydrographs
were classified by shape alone, their magnitudes were standardised using z-scores prior
to analysis. The resultant matrix consisted of 310 cases (diurnal periods) and 24

variables (hourly discharge values).
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Analysis of PC eigenvalues was used to retain an appropriate number of PCs. The
eigenvalue is the variance extracted by each PC, and a plot of the eigenvalues (the scree
plot) shows a steeply decreasing trend for the first few PCs (Figure 3.4 b). According to
Cattell (1966), the point at which the continuous drop in eigenvalues begins to level off
suggests the cutoff, after which only random noise is being extracted by additional PCs.
The scree plot suggests retention of three PCs, which cumulatively explain 91.4 % of the
variance of the original dataset. The form of each case (i.e. hydrograph) is described by 3
PC scores obtained from the correlation of the case with each PC. The loadings plot for
the three PCs (Figure 3.4 c) suggests the following physical interpretations: PC1 very
late-peaked hydrograph component; PC2 peaked hydrograph component; PC3 late-
peaked hydrograph component.
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Figure 3.4 (a) catchment discharge during the 1998 and 1999 melt seasons. (b) scree plot
of eigenvalues for extracted PCs and (c) loadings plot for PCs 1-3.
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Figure 3.5 (a) PC scores during the 1998 and 1999 melt seasons for PCs 1-3 (see Figure
3.4 (c) for key to PCs), (b) Representative hydrograph shapes for the four clusters plotted
using the mean z-score of each variable (hourly discharge measurement) for all cases in
each cluster. Dashed lines show the standard deviation of each variable about the mean.

PC scores for cases during 1998 follow a distinctive pattern (Figure 3.5 a) that
corresponds with trends in the discharge series identified in Section 3.2 (Figure 3.1 and
Table 3.1). There is little consistency in PC scores during sub-periods 1-3. Following JD
165 (the beginning of sub-period 4), however, cases initially exhibit a high positive PC3
(late-peaked) score that gradually declines as discharge mean and amplitude increase.
High positive scores for an individual PC suggest that a plot of the PC loadings (Figure
3.4 b) will closely approximate the shape of that particular case. Peak negative values for
PC3 occur at ~ JD 225 when hydrographs were at their most peaked. In contrast, PCI
(very late-peaked) and PC2 (peaked) scores show increasing trends from low negative
values at the beginning of sub-period 4 to high positive values at the beginning of sub-

period 5. PCI scores predominate during sub-period 5 and PC2 scores during sub-
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Figure 3.6 HCA vertical icicle plot. Individual cases along the horizontal axis are joined
at increasing distances along the vertical axis. The clusters were interpreted as follows:
(1) falling; (2) peaked-falling; (3) peaked; and (4) rising (see text and Figure 3.5 b).

periods 6-8. The pattern breaks down only as mean daily discharge begins to decrease
following JD 225 (Figure 3.4 a). A similar, although less distinct pattern is evident
during 1999, with PC3 scores being consistently high-positive during the first major rise
in discharge during sub-period 2 (Figure 3.2 and Table 3.2), and cases showing high PCI

and PC2 scores throughout the remainder of the season.

HCA was used to cluster individual cases based on their PC scores. The average linkage
rule was found to produce the most physically interpretable clusters compared to the
alternative centroid, Ward’s, single and complete linkage procedures (cf. Hannah et al.,
1999, 2000; Kalkstein et al., 1987). The rule calculates the distance between two clusters
as the average distance between all pairs of cases in the clusters and is generally very
efficient when the cases form naturally distinct ‘clumps’ (StatSoft, 1995). Euclidean
distances were specified in the joining processes since these are a measure of the actual

geometric distance between cases in space (StatSoft, 1995).
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The vertical icicle plot in Figure 3.6 shows the joining process. Selecting a cutoff point
at linkage distance 1.4 on the vertical axis retains four distinct clusters, suggesting that
hydrograph shapes group naturally into four main types. Representative hydrograph

shapes are plotted for each cluster (Figure 3.5 b) and are interpreted as follows:

— Rising hydrograph. This cluster contains 21 cases during 1998 and 30 cases during
1999. The shape indicates a rise in discharge during the diurnal period with no clear

evidence of a diurnal peak.

— Falling (or recessional) hydrograph. This cluster contains 27 cases from 1998 and
28 cases from 1999. The shape indicates a gradual fall in discharge with no

superimposed diurnal peak.

— Peaked-falling hydrograph. This cluster contains 11 cases from 1998 and 5 cases
from 1999. The shape indicates a fall in discharge or recession limb inherited from a

previous hydrograph with a superimposed diurnal peak.

— Peaked hydrograph. This cluster contains 97 cases from 1998 and 91 cases from
1999; it is therefore the most common hydrograph type during both melt seasons.
The shape is characteristic of a rapidly routed diurnal signal superimposed upon a

stable baseflow component.

Cases in the peaked hydrograph cluster were retained for further analysis. Further
classification of these cases using HCA of PC scores produced a poorly structured
vertical icicle plot from which it was difficult to identify an appropriate number of
clusters. Therefore, peaked hydrograph days were further classified on the basis of their

magnitude characteristics.

3.3.2.2 Classification of hydrograph magnitude

The magnitude of peaked hydrograph days (Figure 3.5 b) was classified using HCA of
hydrograph magnitude indices estimated from the hourly discharge observations during
each diurnal period (i.e. 24 observations from 07:00). The indices describe the principal

features of hydrograph magnitude as described below:
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— Diumal streamflow mean (Qpeqn). This index includes the mean of all streamflow
within the catchment derived from ice melt, snow melt, long-residence time

meltwater/groundwater and meltwater released from storage.

— Diumnal streamflow standard deviation (Qy,). This index provides an indication of

the variability of flow about the mean.

— Diumnal minimum flow (or baseflow; Q;). This is the minimum streamflow recorded
during each diurnal period, and represents long-residence  time

meltwater/groundwater and meltwater released from storage.

— Diurnal maximum flow (or peakflow; Q,). This is the maximum streamflow
recorded during each diurnal period, and represents the maximum contribution of

meltwater from all sources.

— Diurnal streamflow range (Qrange). This is the maximum amplitude of flow during
the diurnal period, calculated as the difference between diurnal maximum (J,) and
minimum (Q;) flows. It typically expresses the magnitude of the superimposed

diurnal signal due to rapidly routed snow and ice melt from the ablation area.

— Diumnal standardised streamflow range (Qsyange). This index gives the diurnal
streamflow range as a proportion of the diurnal minimum flow, or the approximate
ratio of rapidly-routed to long-residence time meltwater, i.c.

(QP'—Qb) (31)

Qstrange == T
All indices were calculated using units of m® s™'. Similar indices were used by Hannah et
al. (1999, 2000); however, time-to-peak discharge has not been included since this index
for the efficiency of the routing of meltwater through the glacier is not a measure of
hydrograph magnitude. In addition, diurnal maximum discharge is included here in order

to emphasise the magnitude of the diumnal peak.

Prior to analysis, observations for each of the indices were standardised using z-scores to

remove major variations in magnitude between individual variables that might unduly
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Table 3.4 Magnitude clusters for peaked hydrograph cases, showing mean and standard
deviation (in parentheses) of magnitude variables used for HCA and basic cluster shape
variables calculated from the original dataset.

Composite Magnitude variables (m3 sgl) Shape variables
classification (n) Qmean Qsta’ev Qb Qp Qrange Qstrange Qb Qp
Low-peaked 1.439 0310 1.072 1981 0.909 0.835 11:15 19:16
(74) (0.648) (0.242) (0.469) (1.004) (0.726) (0.675) (01:42) (02:19)
Medium-peaked 3.443 0.755 2.554 4.748 2.195 0.895 10:01 18:24
(65) (0.490) (0.266) (0.442) (0.793) (0.766) (0.380) (01:21) (02:18)
High-peaked 2911 1.217 1.555 5.180 3.626 2.404 10:03 17:28
49) (0.704) (0.275) (0.381) (1.069) (0.766) (0.477) (01:11) (01:21)
Low peaked Peaked High peaked
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Figure 3.7 Representative hydrograph forms for magnitude clusters of peaked
hydrograph cases obtained from the mean of each hourly discharge measurement for all

bias or influence the HCA process (cf. Hannah et al., 1999, 2000). HCA was performed
from a matrix of 310 cases (diurnal periods) and 6 variables (the magnitude indices) and
analysis of the vertical icicle plot resulted in the identification of three peaked
hydrograph magnitude classes. The form of each cluster was interpreted from summary
statistics based on mean values of non-standardised data for each of the indices used in
the HCA process (Table 3.4). Basic ‘shape’ variables for each cluster calculated from the
original data are shown for comparison; these variables were not used in the HCA
process and are merely used to aid interpretation of the clusters. Representative
hydrograph forms for the three clusters are plotted in Figure 3.7 and the clusters are

interpreted as follows:
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— Low-peaked hydrographs. This cluster contains 36 cases during 1998 and 38 cases
during 1999 with the lowest mean magnitude variables. Mean Qg ange, the ratio of
the magnitude of Q, to O, is below 1. Peak discharge occurs on average at around

19:00 with a mean rise to peak discharge of 8 h.

— Medium-peaked hydrographs. This cluster contains 29 cases during 1998 and 36
cases during 1999. Cases in this cluster have the highest mean Q.., and 0;. Mean
Oyange and Oyq and Q, are approximately twice those of the low peaked class; mean
Oswrange TEMains below 1. Peak discharge occurs ~ 50 min earlier on average than for

the low-peaked class, although the mean rise to peak discharge is slightly longer.

— High-peaked hydrographs. This cluster contains 32 cases during 1998 and 17 cases
during 1999. Cases in this cluster have the highest mean Q,unge, Osa and 0,. Mean
Onmean and Qy, are slightly lower than for the medium-peaked class but higher than for
the low-peaked class. Mean Qg is greater than 2. The mean time of peak
discharge occurs ~ 60 min earlier than the medium-peaked class, and the mean rise

to peak discharge is the lowest of all three classes at 7 h 25 min.

3.3.3 Temporal sequencing of hydrograph classes

The temporal distributions of hydrograph shape and peaked hydrograph magnitude
classes are shown in Figure 3.8 for the monitored periods of the 1998 and 1999 melt
seasons. The diagram also indicates the subperiods of each melt season described in

Section 3.2 (Tables 3.1 and 3.2).

3.3.3.1 Hydrograph shape classes

During 1998, hydrograph shape classes do not form a consistent pattern until the
beginning of sub-period 4 (Figure 3.8 a). Prior to sub-period 4, peaked hydrograph cases
are uncommon and there is a mixture of hydrograph forms. Sub-period 1 includes many
rising, peaked-falling and falling days that occur without pattern. Sub-period 2 includes
mainly rising hydrographs, whereas sub-period 3 is a combination of peaked and falling

cases. The beginning of sub-period 4 is marked by a single peaked-falling hydrograph;
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Figure 3.8 The distribution of hydrograph shape and peaked hydrograph magnitude
classes during the 1998 (a) and 1999 (b) monitored periods (see Figure 3.6 for
representative hydrograph forms).

following this, peaked cases predominate for the remainder of the monitored period.

Isolated falling hydrograph shapes mark the end of sub-periods 5 and 7.

During 1999 (Figure 3.8 b), peaked hydrograph cases occur throughout the monitored
period but temporal patterns in the distribution of shape classes are not clearly defined.
Sub-period 1 includes a number of falling hydrographs; sub-periods 2, 4, 5 and 6 are
dominated by peaked hydrograph forms, although the end of sub-periods 2 and 6 are
marked by successively rising and falling hydrograph classes; and sub-period 3 shows a
mixture of falling and peaked hydrographs. Peaked-falling hydrograph shapes do not

occur within the monitored period.
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3.3.3.2 Peaked hydrograph magnitude classes

There are clear patterns in the distribution of hydrograph types during 1998 (Figure 3.8
a): 1) predominantly low-peaked classes occur during sub-periods 1 to 3; 2) there is a
transition between low-peaked and medium-peaked classes on JD 175 during sub-period
4; 3) high-peaked classes occur from the start of sub-period 6 and predominate for the
remainder of the monitored period, except during sub-period 7 when medium-peaked
classes occur. A broadly similar pattern is evident during 1999 (Figure 3.8 b), with the
transition between low-peaked and medium-peaked hydrograph types occurring during
sub-period 2, approximately 6 days later than in 1998. However, high-peaked
hydrograph types do not occur during the monitored period, with medium-peaked forms

predominating throughout sub-periods 4 to 6.

3.3.4 Interpretation, discussion and conclusions

The temporal distribution of peaked-hydrograph forms indicates the contribution of
meltwater to the proglacial stream derived from rapidly routed snow and ice melt in the
ablation area. During 1998, the majority of peaked forms occur after JD 165, indicating
the onset of retreat of the supraglacial snowpack and exposure of low-albedo glacier ice
on the glacier tongue (Figure 3.8 a). Prior to this, peaked hydrograph forms are rare and
low in magnitude. During sub-period 1, the variety of hydrograph types probably reflects
slow transit times of meltwater to the glacier snout as indicated by large lags between
meteorological inputs and streamflow (Table 3.3), resulting in a high number of diumal
hydrographs with very late-peaking (rising) or inherited (falling and peaked-falling)

characteristics.

During sub-period 2, significant diurnal variations in streamflow superimposed on a high
baseflow are evident from discharge records (Figure 3.1), but hydrographs are classed
predominantly as rising, indicating very late peaks in discharge due to a still inefficient
drainage system (Figure 3.8 a). A number of peaked hydrographs occur during sub-
period 3 following the peak in discharge towards the end of sub-period 2. Sub-period 3
shows a slight reduction in the lag between air temperature and streamflow (Table 3.3),
suggesting efficient routing of snowmelt in the days following the rainfall-induced

discharge peak. However, most hydrographs show falling or peaked-falling
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characteristics (Figure 3.8 a) as discharge recedes and snowfall and freezing

temperatures suppress surface melting (Table 3.1; Figure 3.1).

The distribution of peaked hydrograph magnitude classes following JD 165 reflects both
the exposure of increasing areas of low-albedo glacier ice, providing greater volumes of
peaked meltwater inputs to the glacier drainage system, and the increasing efficiency of
meltwater flowpaths. Hydrograph forms evolve from low-peaked through medium-
peaked to high-peaked classes from JD 165 (Figure 3.8 a), demonstrating an increasing
diurnal amplitude, earlier time of peak discharge and visually steeper rising and falling
limbs (Table 3.4; Figure 3.7). Evolution from low-peaked to high-peaked forms occurs
as lags between meteorological variables and proglacial streamflow fall rapidly during
sub-periods 4 and 5 (Table 3.3). High-peaked formé occur during sub-period 6 from JD
193 and during sub-period 8 (Figure 3.8 a), suggesting the contribution of icemelt from
large areas of the ablation area routed through an efficient, channelised drainage system.
During sub-period 7, medium-peaked forms predominate, due to rainfall in the late
afternoon and evenings and cloud cover throughout the day reducing the amplitude of

diurnal runoff (Table 3.1; Figure 3.1).

Changing baseflow magnitudes are also evident within the three peaked-hydrograph
classes. The magnitude of the baseflow component remains higher than the diurnal
signal during low-peaked and medium-peaked hydrograph cases (Figure 3.7), suggesting
that meltwater is being released from storage or a large proportion of runoff is being
routed slowly through the supraglacial snowpack and/or distributed subglacial drainage
system. Evolution of subglacial drainage at Haut Glacier d’Arolla has previously been
associated with negative water balances caused by the release of meltwater ‘stored’ in a
distributed subglacial drainage system early in the melt season (Richards et. al, 1996).
As the supraglacial snowpack thins and retreats, flow is released from storage by an
expanding channelised subglacial drainage network and supraglacial meltwaters are
routed more rapidly to the glacier snout. High peaked forms during sub-period 6 (Figure
3.8 a) demonstrate efficient routing of surface meltwater sources and low flow through
distributed supraglacial or subglacial systems, suggesting that the majority of the glacier

is drained by a hydraulically efficient, channelised subglacial drainage system.

94




3. Meteorological, glacier-hydrological and glacial dynamics

During 1999, peaked hydrograph forms are common after JD 176, indicating retreat of
the supraglacial snowpack and contributions of meltwater from ice melt during sub-
period 2 (Figure 3.8 b). Rising hydrographs towards the end of sub-period 2 occur during
strong fohn followed by high levels of precipitation that are likely to have resulted in
high rates of surface melting (Table 3.2). High baseflow suggests large volumes of melt
are slowly routed through a supraglacial snowpack or inefficient subglacial drainage
system, indicated by large lags between meteorological variables and streamflow (Table
3.3). A number of hydrographs during sub-period 3 are classified as falling (Figure 3.8
b), reflecting the decline in discharge following the end of sub-period 2, although peaked
hydrographs quickly return as incident radiation values and mean air temperatures
increase once more (Table 3.2). A similar pattern in hydrograph form occurs towards the
end of sub-period 6 (Figure 3.8 b); however, hydrographs are heavily modified by
rainfall (Figure 3.2; Table 3.2) and the classification is likely to be unreliable.

The transition between low-peaked and medium-peaked hydrograph magnitude classes
occurs later in 1999 than during 1998, and medium-peaked forms predominate
throughout the remainder of the monitored period (Figure 3.8). Significant contributions
of rapidly routed snow and ice melt from the ablation area therefore occur later in 1999,
with a correspondingly later evolution of the subglacial drainage system. Medium-
peaked hydrograph forms predominate throughout the remainder of the monitored period
during 1999 (Figure 3.8 b), indicating a large proportion of meltwater routed through
distributed supraglacial or subglacial drainage systems due to the delayed removal of the

glacier surface snowcover.

3.4 ICE MOTION, DRAINAGE STRUCTURE AND WATER QUALITY

3.4.1 Introduction

This section uses glacier surface velocity, the results of dye-tracer studies and proglacial
electrical conductivity time series in order to further investigate the structure and
evolution of the subglacial drainage system during the 1998 and 1999 melt seasons. In

Section 1.4 it was suggested that ice motion is a valuable indicator of subglacial drainage
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system development and high horizontal ice velocities may result in the more efficient
evacuation of basal sediments due to increased disturbance of the glacier bed. Dye
tracing can be used to directly investigate or confirm drainage system structure and
configuration, whilst electrical conductivity provides an approximation of the proportion

of flow routed through distributed and channelised drainage components.

3.4.2 Glacier dynamics

3.4.2.1 Introduction

Glacier motion responds to variations in meltwater storage at the glacier bed. Subglacial
water pressure plays a critical role in variations in ice motion since high basal water
pressures lead to bed separation, reducing basal friction and promoting enhanced basal
motion (Iken and Bindschadler, 1986; Kamb and Engelhardt, 1987; Hooke et al., 1989;
Iverson et al., 1995). If flow through the distributed system increases rapidly, the
widespread increase in subglacial water pressures may result in glacier surface uplift and

rapid horizontal motion.

Subglacial water pressures are expected to vary both spatially and temporally. Spatial
variations can occur due to the location and magnitude of surface meltwater inputs via
moulins or crevasses and the location of major drainage elements, since water pressure
in subglacial channels may vary from atmospheric to hydrostatic. Such channels have
been shown to influence basal water pressures up to 70 m laterally from the channel
(Hubbard et. al, 1995). Temporal variations result from variation in the magnitude of
subglacial discharge due to changes in surface meltwater inputs and the morphology of
the subglacial drainage system. Variations in basal water pressure are likely to cause
spatial and temporal variations in basal drag (Fischer et al., 1999) and hence basal
motion. This motion creates longitudinal stress gradients in the overlying ice, spreading
the influence of local variations in basal water pressure over areas equivalent to several
ice thicknesses (Mair et al., 2001; in press). Thus, the surface expression of glacier

motion is the integration of many local variations in basal motion over a wide area.

At Haut Glacier d’Arolla, short-term variation in horizontal and vertical ice motion has

been related to increased flow through the distributed system during sustained periods of
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Figure 3.9 Haut Glacier d’Arolla, showing the location of velocity stakes and dye
injection sites during the 1998 and 1999 melt seasons. The approximate location of the
glacier drainage divide is also indicated (see Section 3.4.4).

rising supraglacial meltwater inputs (Mair et. al, 2001; in press). Early in the 1994 melt
season when the glacier was still snow covered, a rapid increase in horizontal motion
occurred during a fohn-induced period of high air temperatures, rainfall and wind. The
event was characterised by high, temporally and spatially variable horizontal velocities,
positive vertical glacier motion, and the removal of all areas of very high basal drag.
This suggests that high snow melt delivered significant surface meltwater via moulins
and crevasses to a distributed drainage system, resulting in a widespread increase in
basal water pressures and consequent ice-bed separation. Separation initially occurred
along a preferential subglacial drainage axis and propagated across a large area of the
glacier bed, either due to direct propagation of water pressures or bridging effects
(horizontal stress gradients that support areas of ice adjacent to where separation is
occurring). Peak uplift occurred 3 days before the peak in proglacial discharge,
suggesting that the drainage system had become increasingly hydraulically efficient

towards the end of the event or that water pressures had decreased as separation became
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more widespread. The end of the event coincided with a decline in air temperature and
water pressures rapidly decreased in the area around the preferential drainage axis. Water

pressure fell less rapidly in other areas, causing velocities to decline more slowly.

Glacier motion at Haut Glacier d’Arolla is also sensitive to the morphology of the
subglacial drainage system (Mair et al., in press), which evolves from a hydraulically
inefficient, distributed system to a hydraulically efficient, channelised system during
each melt season (Richards et al., 1996; Nienow et al., 1998). Rapidly rising subglacial
discharge near the start of the season is likely to cause high basal water pressures
because surface inputs across the glacier are liable to contribute directly to the
distributed system. Later in the melt season, channel formation within the lower tongue
of the glacier reduces the ability of water pressures to rise: moulins tend to be located
above preferential drainage axes and will thus contribute directly to low-pressure,
channelised flowpaths. Variations in horizontal and vertical velocity due to rising surface
meltwater inputs are therefore more likely to occur further upglacier later in the melt
season, where channels are immature and many moulins remain unconnected to the still
expanding channelised network. Towards the end of the melt season, when a mature
channelised network has developed beneath a large proportion of the ablation area, rapid
increases in surface meltwater inputs are unlikely to influence glacier motion since

moulins connect directly to the channelised drainage network.

3.4.2.2 Sub-annual variations in glacier motion

Glacier horizontal (x) and vertical (z) velocities for the monitored periods during 1998
and 1999 are shown in Figures 3.10 to 3.13 together with catchment discharge and the
various sub-periods of the melt seasons (Tables 3.1 and 3.2). Velocities were measured at

four stakes along the glacier tongue east of the centreline (Figure 3.9).

1998 melt season

Two periods of rapid horizontal ice motion occured early in the 1998 melt season (Figure
3.10). A rapid, approximately five-fold increase in horizontal motion occured during
sub-period 2 between JD 154 and 159. Horizontal velocities increased almost

simultaneously at all four stakes from a pre-event velocity of ~ 0.02 m d', although the
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Figure 3.10 Catchment discharge and glacier x-velocities at stakes 102 to 701 during 1998.

initial increase was most rapid at upglacier stakes 504 and 701 (refer to Figure 3.9 for
stake locations). Peak velocities were achieved on JD 157-158, although peak velocities
at stake 102 (the farthermost downglacier stake) were only 80 % of their upglacier
values (Figure 3.10). Vertical velocities peaked on JD 155-156 at the two upglacier
stakes (504 and 701) and on 157-158 downglacier (stakes 304 and 102). Horizontal
velocities declined rapidly on JD 158-159; by the beginning of sub-period 3, horizontal

velocities had returned to pre-event levels.
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Figure 3.11 Catchment discharge and glacier z-velocities at stakes 102 to 701 during 1998.

The second rapid rise in horizontal velocity occurred during sub-period 4 between JD

171 and 175 (Figure 3.10). Horizontal velocities increased approximately four-fold from

pre-event levels, but again peak velocities were lower downglacier. The initial magnitude

of the increase also remained greatest upglacier and preceded uplift at the downglacier

stakes. Peak horizontal velocities were also temporally variable, with peak velocity
occurring on JD 172-173 at stake 504, on JD 173-174 at stakes 102 and 304, and on JD
174-175 at stake 701 (Figure 3.10). Peak vertical velocities followed a similar pattern,

with peak vertical velocity occurring on JD 171-172 at stake 701 and progressively
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Figure 3.12 Catchment discharge and glacier x-velocities at stakes 102 to 701 during 1999.

lower magnitude peak velocities occurring downglacier at stakes 504 and 304 on JD
172-173 (Figure 3.11). At stake 102, vertical velocities remained negative throughout
the event. Horizontal velocities begin to decrease on JD 174-175, but remained

significantly above pre-event levels until approximately JD 185.

There is some evidence of a positive trend in horizontal motion at all stakes during sub-
period 6 (Figure 3.10). The trend is clearest in upglacier at stakes 504 and 701, where

late season velocities also appear highest. Stakes 304 and 701 suggest velocities fall to
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Figure 3.13 Catchment discharge and glacier z-velocities at stakes 102 to 701 during 1999.

zero across the glacier during sub-period 7, but there is evidence at stakes 304, 504 and

701 that velocities recovered during sub-period 8 (Figure 3.10).

1999 melt season

During 1999, one extended enhanced period of rapid glacier motion occurred early in the

melt season during sub-period 2 between JD 175 and 191 (Figure 3.12). Prior to the

event, horizontal velocities were ~ 0.02 m d™'. Velocities peaked first at upglacier stake
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701 on JD 181-182 with a secondary peak on JD 183-184. Peak velocities at stakes 102,
304 and 504 occurred on JD 184-185 (Figure 3.12). The magnitude of the increase in
velocity from pre-event levels also increased with distance upglacier (Figure 3.12).
Vertical velocities were mildly negative at all stakes prior to JD 175 and demonstrated

low-magnitude and inconsistent variation during the event.

Horizontal velocities began to decline across the glacier on JD 185-186, but remained at
approximately three times the pre-event level until JD 190 (Figure 3.13). Large negative
vertical velocities occurred at all stakes on JD 189-190, following which all stakes

demonstrated an abrupt decline in horizontal velocities.

3.4.2.3 Comparison with streamflow and meteorological variables

During 1998, the first rapid motion event occurred during sub-period 2, characterised by
rapidly increasing catchment discharge following a period of low and constant catchment
runoff (Figure 3.10). Sub-period 2 was characterised by high mean air temperatures and
heavy rainfall after low mean air temperatures and snowfall during sub-period 1 (Figure
3.1; Table 3.1). Peak discharge was reached at approximately 00:00 on JD 158 during
peak horizontal velocities (Figure 3.10). Peak vertical velocities occurred shortly after
the initial rise in discharge and ~ 3 days before the discharge peak (Figure 3.11).
Negative vertical velocities and a rapid decline in horizontal velocities coincided with

the rapid fall in discharge on JD 158.

The second rapid motion event during 1998 occurred during sub-period 4, characterised
by rising catchment discharge following low and constant runoff towards the end of sub-
period 3 (Figure 3.10). Horizontal velocities were greatest during the initial discharge
rise between JD 170 and 175, as baseflow and diurnal amplitude increased rapidly. Peak
vertical velocities occurred very shortly after catchment discharge had begun to rise and
2-3 days before peak horizontal velocities (Figure 3.11). Sub-period 4 had rapidly rising
mean air temperatures, especially during JD 170-175, after very low mean air
temperatures and snowfall towards the end of sub-period 3 (Figure 3.1; Table 3.1). A
significant reduction in velocity occurred as the rapid rise in diurnal amplitude ceased at

about JD 175, but baseflow continued to climb (Figure 3.10). A further but slower
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decline in velocity occurred during sub-period 5 as diur