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ABSTRACT. In many high-latitude areas, slushflows occur frequently during the
snowmelt period but information on the initiation mechanism is rare. Field observations
and measurements of slushflows in northwestern Spitshergen and in northern Sweden de-
monstrate the role of meltwater accumulation and the hydraulic pressure gradient in the
release process. Snow metamorphism is revealed to be of minor importance in the
observed events. The monitoring of water-pressure development in a saturated snow cover
demonstrates that preferred release areas are within low-gradient valley sections, where
meltwater inflow is higher than outflow.

Slushflows consist of mudflow-like flowage of water-saturated snow along stream
courses. They represent transitional processes between fluvial floods and avalanches. On
the other hand, they possess unique characteristics concerning release and movement.
The comparative evaluation of definition items for fluvial floods, slushflows and ava-

lanches offers basic data suitable for a risk assessment.

INTRODUCTION

The hydrological conditions of huge areas in Arctic and
Alpine environments are strongly influenced by seasonal
snow covers. Snowfall, rainfall on snow, and snowmelt as
well as snow metamorphism are frequently accompanied
by local displacements of snow and meltwater. Snow meta-
morphism often has destabilizing effects. High snowlall
rates cause a significant increase in the weight of the snow-
pack that can lead to ruptures and the initiation of ava-
lanches on steep slopes. On the other hand, melting results
in a loss of mass on a steep slope due to the outflow of water.
But, in low gradient slopes and valley sections, water from
snowmelt or rainfall can accumulate, which also often
results in the release of snow and water masses due to hy-
draulic effects. These mass displacements have been termed
slushflows or slush avalanches (cf. e.g. Washburn and Gold-
thwait, 1958; Rapp, 1960; Hestnes, 1985; Nyberg, 1985). In
order to describe the high-energy variant of slushflows more
precisely, the term “slush torrent” is proposed instead of
slush avalanche (Barsch and others 1993),

‘Triggering and movement of avalanches has been well
studied and forecast systems are operational in the Alps
and other mountains. Knowledge about release and move-
ment conditions of slushflows is rare, although a number of
analytical approaches have been undertaken (e.g. Nohles,
1966; Hestnes, 1985; Nyberg, 1985; Onesti, 1983). A hazard-
management system similar to avalanche systems is not yet
available. Data from measurements of the snowmelt-trig-
gered release and movement process of slushflows in north-
western Spitsbergen and in northern Sweden offer new
information as an important contribution to the develop-
ment of a hazard-assessment system (Barsch and others,
1993; Gude and Scherer, 1995). This kind of risk-assessment
system is required by railway and road authorities and
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could significantly improve the safety of hikers and skiers
in tourist regions.

RESEARCH AREAS AND METHODS

The investigations of snowmelt-triggered slushflow initia-
tion and movement are based on data from three field
research campaigns in northwestern Spitshergen and one
campaign in Kirkevagge (northern Sweden). During the 3
years 1990-1992, fluvial dynamics and transport of sedi-
ments were studied in three catchments in northwestern
Spitshergen each of approximately 5km® At the start of
any snowmelt season, a slushflow opened a channel and
cleared it of snow. This took place at extremely different
magnitudes: in 1990 and 1991, low-energy slushflows
occurred, whereas in 1992 a large event with a velocity of
at least 20ms ' shot down the valley and displaced a mass
of 20 000 t of saturated snow and about 1500 t of sediment in
several waves lasting only a few minutes (Barsch and others,
1993). Based on the unexpected magnitude and the results
from release and movement analyses, the hypothesis of
meltwater accumulation leading to hydraulic pressure gra-
dients as the primary release mechanism was developed
(Scherer, 1994; Scherer and Parlow, 1994). This was to be
tested in the Karkerieppe, a small hanging cirque in Kiirke-
vagge, where frequent slushflows had been reported by
Rapp (1960) and Nyberg (1985). Measurements were con-
centrated on meltwater production, movement and storage.
In addition, snowpack conditions were investigated fre-
quently prior to and during water saturation. Drainage
and accumulation of meltwater were monitored by means
of dye-tracer and pressure-probe measurements. By chance,
the release and flow of a slush torrent was observed.

381


https://doi.org/10.3189/1998AoG26-1-381-384

Gude and Scherer: Snowmelt and slushflows
HYDROLOGICAL IMPLICATIONS OF SLUSHFLOWS

Saturation of a valley snowpack

Meltwater production by atmospheric effects on a snowpack
is restricted to the uppermost part. Once meltwater is pro-
duced in an amount exceeding the irreducible content, it
starts to percolate through the snow. Meltwater that is held
by pore pressure yields only a few per cent by volume of
snow (Colbeck, 1972). Subsequent metamorphism of the
snow in the presence of the liquid phase leads to grain
growth and the disappearance of smaller grains. This wet-
snow metamorphism takes place within several hours to
some days, especially when the whole pore volume is occu-
pied by water, i.e. in saturated conditions (cf. reviews by
Male (1980) or Colbeck (1987)). Snow metamorphism trig-
gered by melting and percolating of water leads to increased
hydraulic conductivity due to: (I) the coarsening of the
grains and increasing distances between grains; (2) the
higher pore volume and diameters; and (3) the weight lost
of the ice matrix in saturated snowpacks (Male, 1980; Col-
beck, 1987; Kattelmann, 1987). Fully saturated snow with low
bond attraction between grains therefore has low resistance
against erosion by the concentrated flow of water. An effect
caused by this process is the erosion of drainage pipes within
the snowpack.

Nevertheless, slope inclination remains an important in-
variant factor, since it determines the gradient at which
gravity is effective, This implies that, on steep slopes, water
drainage is faster than on shallower slopes.

Water movement within the snowpack

Movement of water within a saturated snow layer can be
computed by adapting Darcy’s formula. The meltwater-flow
velocity is given by

v=Kkpgu ‘AhAz™

where %, pand p are the intrinsic permeability, density and
viscosity of water; g represents gravity. Ah and Az are the
vertical and horizontal differences of the water-table sur-
face, i.e. the hydraulic gradient. The field measurements in
Kirkerieppe offer adequate data for the hydraulic gradient
but not for Darcy’s £. Direct measurements of the permeabil-
ity in fully saturated snow are rare, so suitable values must be
approximated. Colbeck (1972) calculated 10-40 x 10 " m®
and Kattelmann (1987) quoted approximately 3 x 10 "m?
associated with high wave speeds, based on measurements
by different authors. Both values are similar to the perme-

ability of sand for similar grain-sizes. Therefore, a value of

Table 1. Calculated velocities and discharge rates in Kérker-
teppe, 1995

Date Discharge velocity Discharge rate  Depth of discharge layer
in two cross-profiles
Gradient Gradient Gradients Ciradient Gradient
& I1Z & and 12° & 12°
ms ! m‘gs : m
12003005 10x10" 25x10"  74x10* 0.2 0.1
12000006 12x10* 23x10"'  37%10° 07 04
12000306 11x10* 23x10'  66x10° 13 0.7
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Fig. 1. Longitudinal profile of the Kirkerieppe valley section
with slope change ( water stages shown as dots; interpolation
assumed and calculated ).

10 ' m?is assumed to be appropriate, although snow meta-
morphism under saturated conditions should lead to even
higher permeability. Tracer measurements of water drain-
age through a snow-filled channel indicated velocities of
10 'ms ! (Gude and Scherer, 1995), which implies an intrin-
sic permeability of approximately 10 ®m” We assume this
value is valid only for concentrated flow at the snow base,
presumably accompanied by piping.

The Darcy formula allows calculations of flow velocities
and discharge rates on the basis of measurements of depth
and slope of the saturated layer in the cirque bottom of the
Kirkerieppe (Table 1). The discharge rates are valid for the
gently inclined upper part, where the water pressure was
measured, as well as for the lower section with a steeper
slope (Fig 1). This holds because no remarkable water gains
or losses occur between. The calculated depths of the dis-
charge layer in the steeper part are significantly lower than
in the low-gradient section. The mean decrease of angle in
the water table from full saturation of 3.5 m (on 3 June) to
a saturation depth of 0.7 m almost equals the angle of the
water table in the steep part. Nevertheless, maximum de-
creases of angle are even higher, when the propagation of
single water waves is considered. Whereas in the steep part
the snow is saturated only to approximately 20% of the
depth, the saturation in the upper part is 100%.

A significant saturation layer has been present in the
low-gradient section of Kérkerieppe since 31 May, and wet-
snow metamorphism has subsequently weakened the snow
cover. Preservation of former weak layers such as depth
hoar is unlikely, because saturated metamorphism has de-
veloped well since this time (Male, 1980; Colbeck, 1987).
Elder and Kattelmann (1993) have reported a “homoge-
neous snowpack of large rounded non-cohesive grains with
a high free water content” prior to the release of a slushflow.
The release of the slush torrent at 19.00 h on 3 June therefore
is temporarily and spatially connected to the accelerated
increase in the water table and the resulting hydraulic gra-
dient. Further snow metamorphism is assumed to have had
small influence, because rupture of the snow cover occurred
at the base of the snowpack, where full saturation had devel-
oped for several days but not in the upper part with the
increasing water level.

This type of rupture zone could be observed on Spits-
bergen and also in the Kiirkevagge and its surroundings. It
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Table 2. Terminology and characteristics of slushflows

Stush torrents
Supercritical
shooting movement

Minor slushflowes
Sub-critical
turbulent flow

Froude number
<l >2
Velocity

0.3-3ms "' >ms '

has to he stressed that the prevention of open flow in a chan-
nel due to snow-filling is prerequisite for this sort of hydrau-
lic release (cf. Nobles, 1966; Nyberg, 1985; Elder and
Kattelmann, 1993).

PHYSICAL CHARACTERISTICS OF SLUSHFLOWS

Due to rupture of the snowpack in a zone with a high water
level, a mass of slush is released abruptly. The documented
observations and measurements in northwestern Spitsher-
gen and in the Kirkevagge area, and also numerical ana-
lyses, indicate that it is necessary two distinguish two types
of slushflow to account for their different flow characteris-
tics (Barsch and others, 1993),

Acceleration of the flow is forced hy the slope of the
channel and also by confinement in a narrow channel,
which results in higher flow depths. This is counteracted by
the snow within the channel retarding the flow by energy
consumption for erosion and entrainment of additional
snow and water masses. High amounts of slush that reach
steep and confined channel gradients will be accelerated
and move in a similar way to debris flows or dam-break
floods. An important factor is the addition of mass by en-
trainment of snow and water from the channel, These high-
energy flows, which shoot downstream almost indepen-
dently of channel roughness, we term slush torrents. On the
other hand, in most cases, low initial masses are only able to
plough through a snow-filled channel. Entrainment of new
slush masses almost equals the simultaneous deposition on
levées. This type is termed a minor slushflow. Our proposed
characteristics of minor slushflows and slush torrents are
summarized inTable 2.

Gude and Scherer: Snowmelt and slushflows

HAZARD IMPLICATIONS
Relation to fluvial processes and avalanches

Slush-flows are closely connected to the fluvial environment,
which refers to the affected areas as well as to the hydro-
logical process characteristics. The first publication with a
definition of this topic, drafted by Washburn and Gold-
thwait (1958), had already indicated this relation. Since
then, about 30 publications in international journals have
quoted slush movements and most of them have been con-
fined to channels, valley bottoms or chutes (cf. e.g. Hestnes,
1985; Nyberg, 1985; Onesti, 1985; André, 1993).

Sincesaturationofadeepsnowpackisaprerequisiteforthe
release ofaslushflow, the preferred areaofinitiationisavalley
sectionwitha highinflow from the adjacentslopesbutlow out-
flow through a channel. Onstraight slopes, a remarkably long
distance with a gentle gradient is needed to generate a satu-
rated layer of a certain depth, as described by Male (1980). In
Arctic, and especially in Alpine environments, this type of
long and gently inclined slope is rare except for glacier sur-
faces. Therefore, it is not surprising that slushflows have been
reported [rom ice shields, and the slush zone of valley glaciers
isalso a well-known phenomenon (Nobles, 1966).

Besides the release zone and the flow path, the run-out
zone fans of slushflows are akin to fluvial fans. Analyses of
fans in northwestern Spitshergen have stressed that slush-
flow fans are built up at the outlets of valleys similar to those
of fluvial fans but they can be identified hecause of their
characteristic shape and sediment features (Nyberg, 1985;
Barsch and others, 1993). Consequently, sediment fans can
offer important data on the magnitude and frequency of
slushflows (cf. e.g. André, 1993).

The observed slushflow tracks in northern Sweden and
northwestern Spitshergen (a total number of approximately
20 tracks) were restricted to channel sections with almost in-
tactsnow cover. These channels are opened by slushflows and
herebyopen-waterflowisenabled. Thiscorrespondstotheinit-
ialdefinitiongivenbyWashburnand Goldthwait (1958). Inthis
context,slushflowsrepresentanimportantelementoftheseas-
onalcourseoffluvial activity. Since highamountsofmeltwater
canbe stored temporarily in channel snowpacks, peak floods
inthe formofslush torrents canbe several orders of magnitude
higherthanfluvial floods (Barsch and others,1994).

The occurrence of slushflows has often been discussed in
connection with avalanching, as a result of which several

Table 3. Summary of typical characteristics of fluvial floods, slushflows and avalanches, based on field studies and publications

Fluvial floods

Stush~flows

Avalanches

Preconditions Meltwater production and/or
rain delivery to the open channel
Release Discharge of water
process
Release zone  Channel
Flow process  Open flow of water, rather unsteady
(density approx. 1kgm *

Small amounts of sediments
X

Sediment

content (normally < lkgm )
Run-out Sediment deposition
process

Meltwater production and/or rain accum-
ulation in the channel snow cover

Abrupt rupture of saturated snowpack
(water content appr. 50%)

Low-gradient channel (or slope) section

Flowing or shooting wave of slush, ex-

) tremely unsteady (density approx. Lkgm )

Frequently high sediment content
(uptol0kgm *

Snow and sediment deposition

Snowpack propertics or additional
snow load

Abrupt rupture of dry or wet snowpack
(water content < 10%

Steep slope or chute

Sliding or flowage of snow, occasionally
wet snow (density < 500 kg m ¥

Occasionally high sediment contents

3

Snow and sediment deposition

Run-out zone Channel gradient decrease and/or widening  Channel gradient decrease and/or widening — Slope gradient decrease
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authors have used the term “slush avalanche” (e.g. Rapp,
1960; Hestnes, 1985). However, the term implies a mixing
with wet-snow avalanches, although several process charac-
teristics indicate that a separate definition is to be recom-
mended. As demonstrated above, snow metamorphism is
assumed to be a necessary but not sufficient factor in the de-
velopment of a critical mass of slush, but the factor determin-
ing the release is the hydraulics of the water table. These
release conditions are not covered by the avalanche defini-
tion. Furthermore, avalanches and slushflows affect different
arcas, depending on the initiation factors. The typical slope
thresholds for therelease areas of avalanches are greater than
25° but slushflows most frequently occur onslopes of less than
15” and have been reported to have been released on slopes off
27 (Rapp, 1960; Nobles, 1966; Scherer, 1994).

Despite the different release conditions, transitional pro-
cesses are possible. Prominent is the triggering of slushflows
by avalanches that run into saturated snow covers in chan-
nels and mohilize slush masses. Without accounting for the
significant amount of meltwater incorporated into the flow,
the overcoming of long and gently inclined valley sections
cannot be explained.

Consequently, slushflows represent a transitional process
related to fluvial floods and avalanches, but have to be sepa-
rated from these processes because of their characteristic
mechanisms of initiation, movement and run-out (summar-
ized inTable 3). On the other hand, it is recommended that
slush torrents (slush avalanches) be included in the overall
definition of slushflows, because these mass movements have
similar release and flow features.

Hazard assessment

In summary, the discussion of the release processes of slush-
flows and their relation to fluvial activity and to avalanches
provides information suitable for the development of a ha-
zard-assessment system. An assessment of hazardous im-
pacts requires an evaluation of affected areas as well as the
dangerous periods.

Consideration of affected and endangered areas com-
prises both the hydrological and terrain features, as well as
the flow characteristics. They can be evaluated by account-
ing for the following subjects:

The areas, where the initiation of slushflows typically
takes place, are low-gradient valley sections.

Water accumulation is most effective in areas with per-
malfrost or impermeable solid rocks.

Due to the fact that slushflows can [low for remarkable
distances even with extremely low gradients, a long
down-valley section may be affected and is highly en-
dangered.

Slush-flows are {requent in the Arctic but have also been
reported from lower-latitude Alpine environments (e.g.
Elder and Kattelmann, 1993).

The periods that possess high risks of slushflow release
have been given by the meteorological and snow hydro-
logical conditions.

The most important factors are:

Considerable amounts of meltwater or rain must be
available for water accumulation in valley sections.
Therefore, snowmelt or rainfall is a prerequisite for the
release of slushflows.
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Accumulation of water in channels is only effective when
the snowpack is almost intact. Consequently, slushflows
of the type reported are restricted to periods prior to the
main snowmelt period in catchments.

A hazard evaluation covering hazardous areas and per-
iods requires both terrain analyses and meteorological and
snow-hydrological monitoring, Information from these data
sources must then be included in a numerical model.

Comprehensive experience in avalanche-risk assessment
is an enormous benelit for the development of a model for
slushflow risk evaluation but information on the release
and flow characteristics 1s still limited.
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