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Erosion and sediment transport in High Arctic rivers, 
Svalbard

Jim Bogen & Truls E. Bønsnes

This paper discusses sediment yield, sediment delivery and processes of 
erosion in rivers subject to High Arctic conditions in Svalbard. Long-term 
measurements reveal large variations between rivers and from year to 
year in each individual river. In the unglacierized catchment of Londo-
nelva, annual sediment transport varied between 28 and 93 t/yr, with a 
mean sediment yield of 82.5 t/km2/yr. In the glacier-fed rivers Bayelva 
and Endalselva, the suspended sediment transport varied in the range of 
5126 t/yr to 22 797 t/yr during a 12-year period. A mean of 11 104 t/yr 
gave rise to a mean sediment yield of 359 t/km2/yr for the whole Bayelva 
catchment area. The sediment yield of the glacier and the moraine area 
was estimated at 586 t/km2/yr. A conceptual model used to interpret the 
long- and short-term patterns of sediment concentration in the meltwa-
ter from the glacier and erosion of the neoglacial moraines is proposed. 
Evidence is found that a proportion of the sediments are delivered by a 
network of englacial and subglacial channels that exist even in cold ice. 
Regression analyses of water discharge versus suspended sediment con-
centration gave signifi cant correlations found to be associated with the 
stability of ice tunnels in cold ice. Large fl oods have been found to fl ush 
the waterways and exhaust the sediment sources. A long-term change 
in the exponent of regression lines is attributed to changes in sediment 
availability caused by fl ushing and expansion of tunnels and waterways 
by large fl oods and a subsequent slow deformation of them caused by 
the ice overburden and the glacier movement. A comparison of sediment 
yields from a number of polythermal and temperate glaciers in various 
areas showed large differences that were attributed primarily to bedrock 
susceptibility to erosion and, secondarily, to glaciological parameters.
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The aim of this paper is to discuss the sediment 
yield, sediment delivery and the processes of ero-
sion in rivers subject to High Arctic conditions 
in Svalbard, an archipelago which (excluding 
the southern outlier Bjørnøya) spans from 77 to 
80 °N (Fig. 1). The processes of erosion and sedi-
ment transport in High Arctic rivers in Svalbard 
differ in many ways from those of middle latitu-
des. The scant vegetation and the presence of per-

mafrost in the ground affects runoff conditions 
and slope erosion processes. A large part of the 
land is covered by glaciers. Due to the cold cli-
mate, some of the glaciers are polythermal (Blat-
ter & Hutter 1991) and some are cold. Some of the 
thicker glaciers have proved to be temperate at the 
base. The thermal regime affects the processes of 
subglacial erosion since cold ice is frozen to the 
bed. Subglacial meltwater fl ow may also be lim-
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ited in cold areas, with less sediment carried out 
from the glaciers.

Studies in Norway and elsewhere have shown 
that sediment concentrations in glacial meltwater 
rivers are subject to large temporal fl uctuations. 
This pattern of long- and short-term variations in 
sediment concentrations refl ects the activity of 
the processes of erosion and sediment delivery of 
the glaciers in each catchment.

Most previous studies have concerned meas-
urements over relatively short periods. It is there-
fore of interest to study the sediment transport 
within a longer time frame. Sediment yields 
and seasonal and interannual variations in sed-
iment concentrations in the glacier-fed rivers 
Bayelva and Endalselva and in the unglacierized 
river London elva (Fig. 2)—all on the archipela-
go’s largest island, Spits berg en—are examined 
in this paper with respect to annual and seasonal 
patterns, in an attempt to elucidate the different 
processes responsible.

Earlier work in Bayelva has been conducted 
by Repp (1979, 1988), Bogen (1991, 1993) and 

Husebye (1994). Gurnell et al. (1994) discussed 
the sediment discharge variability of the Bay elva 
glaciers in comparison to Alpine glaciers, while 
Bogen (1996) compareded their erosion rates to 
temperate glaciers in main land Nor way. Krawc-
zyk & Opolka-Gadek (1994) reported measure-
ments of suspended sediment con centrations in 
the drainage basin of the glacier Wer en skiold-
breen, southern Spitsbergen. Vatne et al. (1995) 
undertook a study of the glaciofl uvial sediment 
transfer of Erikbreen, in inner Liefdefjorden, 
northern Spits bergen. Sollid et al. (1994) stud-
ied the glacial dynamics and material trans-
port of Erikbreen and Hannabreen, in Liefde-
fjorden (Fig. 1). Hodson et al. (1997) compared 
the thermal regime and the suspended sediment 
yield of the polythermal glacier Austre Brøgger-
breen (Fig. 2) and the temperate Finsterwalder-
breen, southern Spitsbergen. Hodson & Ferguson 
(1999) and Hodson (1999) analysed the temporal 
variability in proglacial sediment and solute time 
series of the same glaciers and included the pol-
ythermal glacier Erdmannbreen, southern Spits-

Fig. 1. Svalbard (Bjørnøya, to 
the south, not shown), indicating 
the locations of the main study 
areas, (a) Endalselva, (b) Bay-
elva and (c) Londonelva, which 
are shown in detail in Fig. 2.
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bergen. Hodgkins (1997) reviewed studies of gla-
cier hydrology, solutes and suspended sediments 
in Svalbard in a comprehensive paper. Etzelmul-
ler et al. (2000) studied glacier characteristics 
and sediment transfer systems of the glaciers 
Longyearbreen and Larsbreen, two essential-
ly cold-based glaciers with temperate patches, 
in the vicinity of Longyearbyen. Studies of sed-
iment yields that include measurements of non-
glacial catchments are Kostrzewski et al. (1989) 
and Barsch et al. (1994), who studied recent fl u-
vial sediment budgets in glacial and periglacial 
environments in Svalbard. Bogen (1996, 1997) 
included the river Bayelva and the unglacierized 
Londonelva in a study of the sediment yield of 
various types of Norwegian rivers. Bogen & 
Bøns nes (1999a) reported on the sediment trans-

port in the river Endalselva, which drains into the 
lake Isdammen, the Longyearbyen reservoir.

Due to scant vegetation and the special runoff 
conditions caused by permafrost, the High Arctic 
environment of Svalbard is very sensitive to dis-
turbance from human activity (Husebye et al. 
1993) so it is important for management purposes 
to fi nd out more about erosion activity and sedi-
ment yields in Svalbard rivers. In 1989 the Nor-
wegian Water Resource and Energy Directorate 
(NVE) therefore initiated a long-term monitor-
ing programme of water discharge and sediment 
transport in the glacier-fed river Bayelva, near 
Ny-Ålesund. The non-glacial river Londonelva 
was also studied from 1992. The river Endalselva 
was monitored during the years 1994–98.

Methods

Sampling strategy and laboratory methods fol-
lowed the procedures established by the NVE 
as described by Bogen (1988, 1992). Automatic 
ISCO-type pumping samplers have been used to 
obtain water samples with suspended sediment. 
Normal sampling frequency was 2 - 4 samples a 
day. In accordance with European standards for 
determining suspended solids, the water samples 
were fi ltered through Whatman GF/C glass fi bre 
fi lters (CEN 1996). These fi lters have a nominal 
retention diameter of particles of 0.7 micron. The 
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concentrations of organic and inorganic particu-
late matter were determined by repeated weigh-
ing and by ignition at 500 °C for 2 hours. Sed-
iment transport (Gs) was calculated for hourly 
intervals from the equation:

Gs = ∫ QCdt                             (1)

Water stage discharge curves were estab lished 
at the three monitoring stations included in the 
study. Water discharge (Q) was calculated from 
the continuous record of water stage. It was 
shown by Repp (1979) that the relation between 
water discharge and water stage is subject to a 
change throughout the season. This change is 
attributed to the degradation of the river channel 
caused by seasonal melting of the upper perma-
frost layer. A compound Crump weir was built in 
Bayelva to meet this problem (Skretteberg 1991). 
In Endalselva a culvert beneath the road served 
the same purpose.

Hourly sediment concentrations (C) were 
obtained by linear interpolation between the 
known concentrations of collected samples. Tests 
have shown that linear interpolation between four 
samples a day will reproduce very well the diurnal 
variations in sediment concentration in meltwater 
rivers. However, events of short duration related 
to slides, the collapse of river banks or similar 
processes may in some cases fail to be recorded 
with this sampling frequency. Suspended sedi-
ment concentration rating curves were only used 
to analyse processes. However, if samples are 
mis sing, concentrations have been estimated by 
rating curves to compute sediment fl uxes. Seaso-
nal measurements were initiated when the snow-
melt started and ceased when the temperature fell 
below 0 °C in September. The grain size distribu-
tion of water samples were determined by Laser 
coulter analysis. Samples for grain size analyses 
were fi ltered through HA 0.45 micron Millipore 
membrane fi lters. It was necessary to use mem-
brane fi lters as the fi ltrate had to be scraped off 
the fi lter prior to the Coulter analysis.

Suspended sediment concentrations 
and transport—Londonelva

Londonelva drains a small unglacierized catch-
ment (0.7 km2) on the small island of Blomstrand-
halvøya near Ny-Ålesund (Fig. 2), with maxi-
mum elevation of 300 m a.s.l. A major part of the 

catchment consists of carbonate bedrock expo-
sures patchily covered by till and frost-weath-
ered bedrock material. Frost weathering proc-
esses are very active on bedrock slopes in the 
tributary areas.

The monitoring station is situated downstream 
from a 500 m long and 200 m wide fl oodplain. 
This plain is almost devoid of fi ne-grained over-
bank deposits, presumably because of very pow-
erful erosion during the bigger fl oods. Channels 
are not well-defi ned and the surface is covered by 
cobbles and boulders, with fi ne material present 
only in patches. Streamfl ow is restricted to a short 
period from the end of June to the beginning of 
September. Most of the runoff is a response to 
snowmelt. Concentrations tend to be very high 
during the low discharges at the start of the snow-
melt. During early season low water discharge in 
1992, concentrations exceeded 5000 mg/l; they 
exceeded 4200 mg/l in 2000 (Fig. 3). Later in the 
season concentrations were low. Sediment con-
centrations are in general poorly correlated to 
water discharge.

The reason for this irregular pattern may be 
attributed to the lack of stable channels. In High 
Arctic streams and rivers there is a layer of ice at 
the bed early in the melt season. This layer has 
accreted during the preceding autumn and winter 
and is subject to progressive melting during the 
summer. Thus, during the early snowmelt, a large 
part of the runoff may be located outside the chan-
nels. Frost in the ground limits the infi ltration of 
runoff. As the fl ow may sweep over large areas, 
patches of otherwise unavailable sediments may 
be exposed to erosion during this early period. At 
this time sediments that melt out from the snow-
cover may be soaked with meltwater and easily 
eroded. The general lack of fi ne fractions on the 
fl oodplain is most probably due to their removal 
by this early fl ow washing over large areas.

During 1992–96 the measured suspended sedi-
ment load in Londonelva varied between 28 and 
93 t/yr. This gives a mean erosion rate of 82.5 
t/km2/yr (Table 1). Published measurements 
recorded during shorter periods in other non-
glacial rivers in Svalbard give similar or some-
what lower yields but of the same order of magni-
tude (Table 1). Kostrzewski et al. (1989) report a 
sediment yield of 27.7 t/km2 in Dynamiskbekken 
in 1985. This stream drains into Petuniabukta, 
in the central part of western Spitsbergen, in an 
area dominated by Cambro-Silurian sedimen-
tary rocks. The catchment covers 1.42 km2 and 

t2

t1
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its highest altitude is about 650 m a.s.l. Barsch 
et al. (1994) measured the sediment yield in 
Beinbekken, near Liefdefjorden, northern Spits-
bergen, in 1990 and 1991 as 30 t/km2 and 46 t/
km2, respectively. Svendsen et al. (1989) esti-
mated denudation rates from a sediment core in 
the lake Linnévatnet, central Spitsbergen, and 
found 15 mm/1000 yrs, corresponding to 30 t/
km2/yr in the non-glacial part of the catchment. 
The bedrock of this catchment area is composed 
of metamorphosed quartzites and micaschists 
and sedimentary rocks. In non-glacierized areas 
in Greenland, Hasholt (1996) found values in the 
range of 1 - 56 t/km2/yr. These fi gures are min-

imum values since on Greenland it has not yet 
been possible to monitor the transport during 
the early spring, late autumn and winter. Meas-
urements from Iceland give substantially larger 
suspended sediment delivery values. Thomas-
son (1990, 1991) gives values of 10 - 200 t/km2/
yr for ice-free areas in Iceland. It is possible that 
erosion rates in unmeasured non-glacial areas of 
very loose bedrock in Svalbard may be of the 
same order of magnitude.

Sediment concentrations and 
transport—Bayelva

The sediment monitoring station in Bayelva is sit-
uated about 2.5 km downstream from the glaciers 
Austre Brøggerbreen and Vestre Brøggerbreen 
(Fig. 2). The catchment draining to the moni-
toring station covers an area of 30.9 km2, where 
55 % is covered by glaciers. The meltwater rivers 
from the glaciers fl ow through a gap in the pro-
glacial moraines and onto the constrained san-
durs downstream. These sandurs are composed 
of boulders and gravel with only patchy accumu-
lations of sand and silt. Sediment data from the 
years 1989–2000 revealed that the largest con-
centrations often occur late in the season. Values 
for the years 1990, 1995, 1996 and 1999 are given 

Fig. 3. Suspended sediment 
con centration in the river Lon-
donelva in (a) 1992 and (b) 2000. 
The dashed lines represent water 
discharge. The thick solid lines 
represent sediment concentra-
tion.

(a)

(b)

Table 1. Annual suspended sediment yield in non-glacial 
catchments. Data compiled from various authors (see refer-
ences in the text).

River Area (km2) Sediment yield
Total t/yr t/km2/yr

Londonelva 0.7 57.8 82.5
Dynamiskbekken 1.42 39.6 27.7
Beinbekken 5.0 190 38
Greenland 1 - 56
Iceland 10 - 200
Foksåi, Norway 10 a 261 26
Upper Atna, Norway 30 a 361 12

a “Contributing catchment area”, according to Bogen (1996).
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as examples in Fig. 4. During July and August 
1990, when the runoff originated from meltwa-
ter, the mean suspended sediment concentrations 
varied in the range of about 100 - 300 mg/l. After 
28 August, frequent rain caused high water dis-

charges. A fi rst peak culminated on 1 August at 
19 m3/s. During this event the sediment concen-
tration reached 2000 mg/l. On 12 September a 
much greater discharge of 42 m3/s gave rise to a 
concentration of 4000 mg/l. This is the highest 

Fig. 4. Suspended sediment con-
centration in the river Bayelva in 
(a) 1990, (b) 1995, (c) 1996 and 
(d) 1999. The dashed lines repre-
sent water discharge. The thick 
solid lines represent sediment 
concentration.

(a)

(b)

(c)

(d)
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discharge on record for Bayelva. A similar pat-
tern was recorded during the following years.

Concentrations during snowmelt events rarely 
exceed 500 mg/l; it is rain fl oods, or fl ood events 
due to a combination of snowmelt and rain, 
that generally produce the high concentrations. 
During 1996–2000, the maximum concentrations 
associated with rain fl oods were in the range of 
2500 - 5500 mg/l. In 1995 and 1999, concentra-
tions in the range of 1500 - 2200 mg/l occurred 
during fl oods arising from a combination of 
snowmelt and rain in June and July. Anomalous-
ly high concentrations that have been measured 
during meltwater periods are 11 000 mg/l (1 July 
1996) and 3200 mg/l (18 July 1994); they occurred 
during water discharges of less than 5 m3/s.

Annual sediment yield was subject to large var-
iations during the 11 years of measurement. 1990 
recorded the largest annual sediment transport, 
23 000 t, which was associated with the large 
fl ood event in September that year. However, the 
annual loads during the following years were low 
even though the total annual runoff stayed at the 
same high level (Fig. 5). A slow increase in sed-
iment transport took place over the period, and 
in 1999 the sediment load of 21 948 t approached 
the 1990 level. Since there were no increases in 
total runoff throughout the period, it is probable 
that sediment availability had increased. Repp 
(1988) meas ured sediment transport varying 
from 15 851 t (1974) and 16 558 t (1975) to 13 599 t 
(1976) and 6646 t (1977).

Subglacial and englacial drainage

Austre Brøggerbreen is an almost entirely non-
temperate glacier except for a shallow layer near 
its bed at depths greater than 90 m (Hagen et al. 

1991). For this reason it has been assumed that 
the percolation of meltwater to the glacier bed is 
restricted, and that there is no subglacial drain-
age system. Hodson et al. (1997) and Hodson 
(1997) conclude that sediment supply delivered 
from supraglacial sediment sources and ero-
sion of lateral moraines dominated the trans-
ported suspended sediment. Hagen et al. (1991) 
describe englacial and subglacial channels con-
nected to moulins. These moulins may have orig-
inated from old crevasses; they are visible on 
aerial photographs of Austre Brøggerbre from 
1934. A relict subglacial or englacial drainage 
system may therefore exist even in the cold part 
of the glacier. Observations carried out by Wold 
(1976) also indicate the presence of a system of 

Fig. 5. Annual suspended load in 
the river Bayelva 1990–2001.

Fig. 6. Sediment rating curves in the river Bayelva, 1989– 
2001.
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subglacial channels. On a day of intense mel-
ting, sediment-laden water suddenly debouched 
under pressure from tunnels and fi ssures in the 
debris-covered part of the glacier. Vatne (2001) 
studied the geometry of englacial water conduits 
on Austre Brøggerbreen and found that some of 
them had been formed by gradual downcutting of 
supraglacial meltwater channels. Sandbars were 
observed in one of these channels. The initiation 
of glacier melt has often been observed associat-
ed with sediment-laden water that has been seen 
debouching from subglacial tunnels. In 1998 a 
special programme of sediment concentration 
measurements was carried out along the main 
channel of Bayelva upstream to the point where it 
emerged from a subglacial tunnel.

Regression analyses of water discharge versus 
suspended sediment samples gave signifi cant cor-
relations. The best fi tted curves are, however, dif-

ferent in each individual year of the period of 
observation. The curves are potential relations 
of the type Gs = a Qb, where the exponent b indi-
cates the curve slope. The exponent was subject 
to change throughout the period, from low values 
of 0.83 (1989) and 0.65 (1990) to higher values of 
1.58 (1999), 1.19 (2000) and 1.12 (2001) (Table 2a, 
Fig. 6). A regression analysis of the b values as a 
function of time indicates a trend with 99 % con-
fi dence. The data were normalized with regard to 
the square root of the estimated variance. The T-
value of the test (ratio of slope of regression line 
to standard deviation) was found to be 3.58 and 
the maximum confi dence refl ected by the p value 
was 0.6 %.

Regression analyses were also applied to differ-
ent parts of the season. It was found that suspend-
ed sediment concentrations sometimes increased 
more rapidly with discharge during rain fl ood 

Table 2. (a) Sediment rating curves and statistics based on water discharge in the interval 1.0 - 10.0 m3/s in the river Bayelva and 
for all discharges in the river Endalselva.

Year Dependent 
variable

Simple lagged 
rating curve R2 Standard 

deviation
Standard dev. 

residuals
degree of 
freedom

Signifi cance 
0.995 level

   
   

   
   

   
   

   
   

   
   

   
B

ay
el

va

1989 Cs 0.02262 * Q 0.8264 0.16 0.4344 0.3968 164 yes
1990 Cs 0.04375 * Q 0.6539 0.22 0.3331 0.2940 259 yes
1991 Cs 0.02410 * Q 1.0240 0.37 0.3310 0.2624 210 yes
1992 Cs 0.02872 * Q 0.8001 0.39 0.3215 0.2511 307 yes
1993 Cs 0.01574 * Q 0.9838 0.40 0.3387 0.2615 275 yes
1994 Cs 0.02414 * Q 1.0069 0.51 0.3629 0.2530 161 yes
1995 Cs 0.02181 * Q 1.2155 0.58 0.4052 0.2622 292 yes
1996 Cs 0.02929 * Q 1.2119 0.27 0.5150 0.4394 257 yes
1997 Cs 0.02181 * Q 1.3277 0.54 0.3604 0.2432 125 yes
1998 Cs 0.03507 * Q 1.0799 0.29 0.4386 0.3676 211 yes
1999 Cs 0.02407 * Q 1.5793 0.60 0.4234 0.2667 149 yes
2000 Cs 0.02886 * Q 1.1864 0.72 0.3404 0.1811 165 yes
2001 Cs 0.01987 * Q 1.1245 0.48 0.3003 0.2150 187 yes

En
da

ls
el

va

1994 Cs 0.12218 * Q 1.4789 0.69 0.7160 0.3968 321 yes
1995 Cs 0.17125 * Q 0.3755 0.40 0.4499 0.3462 151 yes
1996 Cs 0.13407 * Q 0.4216 0.29 0.4096 0.3449 180 yes
1997 Cs 0.31493 * Q 0.1658 0.10 0.3466 0.3268 142 yes
1998 Cs 0.40081 * Q 0.1845 0.04 0.2813 0.2743 154 no

(b) Sediment rating curves and statistics based on situations with (1) meltwater and (2) high precipitation with moderate melting.

B
ay

el
va

1990 (1) Cs 0.04699 * Q 0.56305

June 23–Aug. 30 0.31 0.2819 0.2329 234 yes

1990 (2) Cs 0.02350 * Q 1.3582

Aug. 31–Oct. 10 0.75 0.2407 0.4407 56 yes

2000 (1) Cs 0.03683 * Q 0.9530

June 28–Sept. 5
0.84 0.5491 0.2207 191 yes

2000 (2) Cs 0.03188 * Q 1.3839

Sept. 6–Sept. 16
0.89 0.2293 0.2563 27 yes
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events than during glacier meltwater events 
(Table 2b). In 1990 the b values of the meltwa-
ter events and the rain fl ood events were 0.6 and 
1.31, respectively; in 2000 they were 0.95 and 1.4. 
These changes in the exponent b probably express 
changes in sediment availability and/or processes 
of erosion during large runoff events. It is likely 
that this increased availability of sediments is 
located in the glacier and moraine area. Floods 
will fl ush and expand the subglacial and engla-
cial tunnels and also fl ush the surface of the gla-
ciers. The frontal part of the glaciers is laden with 
sediment. At the end of the ablation season sedi-
ments have melted out from the glacier surface 
and from the ice-cored moraines. Sediment fl ux 
from erosion by subaerial channels in proglacial 
areas does not necessarily correlate with water 
discharge. Strong correlations between suspend-
ed sediment concentration and water discharge 
implies that suffi cient amounts of sediment were 
available for erosion when the discharge rose. 
The channels also needed to be relatively stable 
since channel changes may move the river away 
from slopes and isolate it from sediment sourc-
es available for erosion. Measurements of sedi-
ment transport in the river Atna, in a glacier-free, 
mountainous area of mainland Norway, did not 
give any signifi cant correlation with discharge 
(Bogen & Bønsnes 1999b). The main source area 
in this river system has many features in common 
with proglacial areas. A number of slopes are 
unvegetated and exposed to active erosion while 
sediment availability may change throughout 
the season as a result of channel migration. In 
the same way, the erosion of sediment inside 
the proglacial area of the Svalbard rivers would 
not be expected to correlate with discharge. The 
moraines of Austre and Vestre Brøggerbreen are, 
however, ice-cored and erosion of sediments from 
the moraine area involves the melting of sedi-
ment-laden ice. Channel erosion and sedimenta-
tion on the sandur downstream from the glacier 
may even out erratic fl uctuations in meltwater 
sediment concentrations, which would improve 
the correlation. Erosion and sedimentation do 
take place on the Bayelva sandurs. However, a 
rating curve between water discharge and sedi-
ment concentration may exist upstream from the 
sandur. Repp (1988) attributed a signifi cant cor-
relation between sediment transport and water 
discharge to the existence of a stable system of 
subglacial tunnels beneath Austre and Vestre 
Brøg gerbreen.

Signifi cant correlations between sediment con-
centration and water discharge are rare in melt-
water rivers of temperate glaciers in mainland 
Norway. They display some dependence on dis-
charge, but no obvious direct correlation. The 
relationship between water and sediment dis-
charge is subject to continuous change both 
through the season and from year to year (Østrem 
1975; Bogen 1980). This complex pattern may 
be explained by the seasonal development of the 
subglacial drainage system of a glacier resting 
on bedrock. When the water pressure increases 
during a melt period, sediments are supplied to 
the drainage system by expansion of subglacial 
cavities and tunnels. Sediments may be entrained 
from the glacier bed or released by the melting of 
ice that is laden with debris. When glacial melting 
slows down in response to a drop in air tempera-
ture, subglacial tunnels are deformed by glacier 
movement and the weight of overlying ice so that 
after a time they may actually close (Bogen 1995, 
1996). In cold ice, tunnel responses may proceed 
more slowly.

According to Nye (1953) and Röthlisberger 
(1972), the contraction rate of a subglacial tunnel 
is in a steady state:

– = A ( ——– )n
                            (2)

For simplicity, the subglacial tunnel is assumed 
to be straight and have a circular cross-section 
of radius r. The change in radius per time unit 
is denoted ŕ. A and n are the fl ow parameters of 
Glen’s Law (Glen 1958), P is the ice overburden 
pressure and p is the water pressure. A decreases 
with temperature. Paterson (1994) gave a value of 
6.8 × 10-15 (s-1 [kPa]-3) for temperate ice, decreas-
ing to 1.7 × 10-17 (s-1 [kPa]-3) for cold ice at –20 °C. 
Thus, from Eq. (2) it is evident that the defor-
mation of the tunnel slows down as the temper-
ature drops. As an example, the deformation of 
a 3 m diameter tunnel in cold ice at –20 °C, sub-
ject to ice thickness of 150 m, was calculated to 
ca. 0.2 m/yr. In temperate ice, a tunnel of cor-
responding dimensions was completely closed 
in less than 6 months. According to Paterson 
(1994) the value of the fl ow parameter A is sub-
ject to considerable variations in different lab-
oratory tests and borehole measurements. It is 
therefore diffi cult to give an exact value for the 
closure rates for the Brøggerbreen glaciers, but it 
is assumed to be somewhere in between the cal-
culated values.

The subglacial or englacial tunnels in the Brøg-

ŕ
r

P – p
n
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gerbreen glacier are assumed to be stable through-
out the season since the ice is not temperate. The 
cross-section may nevertheless expand due to the 
heat generated by turbulence during high water 
discharge. The pattern of long-term variations 

in sediment yield from Austre and Vestre Brøg-
gerbreen may be explained in terms of a model 
involving deformation of subglacial or engla-
cial tunnel systems that pass through debris-rich 
parts of the glacier. The large fl ood in 1990 may 

Fig. 7. Suspended sediment con-
centration in the river Endalselva 
in (a) 1994, (b) 1996, (c) 1997 
and (d) 1998. The dashed lines 
represent water discharge. The 
thick solid lines represent sedi-
ment concentration.

(a)

(b)

(c)

(d)



185Bogen & Bønsnes 2003: Polar Research 22(2), 175–189

have increased the volume of the system of con-
duits and enlarged the cross-sectional area of the 
tunnels by melting. The water discharge exceed-
ed 30 m3/s during a 24-hour period. Water in sub-
glacial conduits is heated through loss of poten-
tial energy. A rough estimate of the ice volume 
melted by the 1990 fl ood may be obtained by 
assuming that all the potential energy was con-
verted to heat. On a reach where the height dif-
ference is 50 m, the power (P) was calculated 
as 147*105 J/s. The latent heat of the melting ice 
l = 333.5*105 J/kg. In the course of 24 hours this 
heat may melt an ice volume of P * t/ l = 4231.5 
m3. Along a 300 m long tunnel, this volume will 
correspond to a widening of an initial diameter 
of 3 m to 9 m. This calculation neglects the heat-
ing of the ice and that some of the heat disappears 
with the water out of the tunnel, so the actual 
tunnel widening will be somewhat less.

During the years following the large fl ood, it is 
likely that the water discharges was unable to fi ll 
the tunnel. Thus, the volume of sediment-laden 
ice in contact with meltwater at a lower water dis-
charge was reduced. As the overburden pressure 
or the movement of the glacier deform the tun-
nels more sediment may be melted out from the 
ice after some time. This could explain why the 
b value of the sediment rating curves increases 
after several years have passed. The same pattern 
seems to have been repeated after the large fl ood 
in 2000.

The mean sediment transport of the river 
Bayelva at the monitoring station during the per-
iod 1990–2001 amounts to 11 104 t/yr (Table 3a). 
It is diffi cult to distinguish between sediments 

derived from melting and erosion of ice- cored 
moraines and sediments delivered from the sub-
glacial or englacial drainage system. From visual 
inspections, the erosional activity in the non-gla-
cial areas of Bayelva does not differ much from 
that of Londonelva. Erosion and deposition of sus-
pended sediments may take place on the Bayelva 
sandurs. According to measurements reported 
by Bogen (1995) for a similar sandur system, no 
net erosion is to be expected on an annual basis. 
If the sediment supply from the non-glacierized 
area outside the moraines is estimated with this 
in mind, this gives 1150 t. The sediment yield for 
the glaciers Austre and Vestre Brøggerbreen and 
their moraines is therefore around 586 t/km2/yr.

Endalselva

The catchment of the river Endalselva (28.8 km2) 
constitutes the major part of the area draining into 
the lake Isdammen (34.2 km2), the Longyearby-
en reservoir (Fig. 2). Glaciers cover 22.5 % of the 
Endalen valley catchment. The largest glacier is 
Bogerbreen (6.6 km2). The areas of the other gla-
ciers are 2.3 km2 and 0.3 km2. Sediment trans-
port was measured during 1994–98 at a monitor-
ing station where the river fl ows into Isdammen.

Seasonal variation in suspended sediment con-
centration is given for selected years in Fig. 7. 
During 1994–97 the concentrations were below 
200 - 300 mg/l for large parts of the season, but 
during fl oods sometimes exceeded 2000 mg/l. 
The maximum concentration measured during a 
rain fl ood event was 9000 mg/l in August 1997 

Table 3. (a) Suspended sediment transport in three High Arctic rivers in Svalbard.

Monitoring 
station

Area 
(km2)

Glac. 
%

Suspended transport (tonnes)

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 mean 
(t/yr)

Spec/
(km2/

yr)

Bayelva 30.9 55 22 797 5126 8716 6829 6200 9718 12 881 7566 14 194 21 960 10 522 6746 11 104 359
Londonelva 0.7 0 80 93 30 28 57.8 82.5
Endalselva 28.8 20 3873 3864 6625 16 359 9792 8102 281

(b) Specifi c annual sediment yield and mean grain size (md), maximum concentration (cmax) and mean concentration (cmid) 
of all samples.

Monitoring 
station

Area 
(km2)

Glac. 
%

Specific annual sediment yield Grain size /concentration
Mean annual 
yield (t/yr)

Spec yield 
(t/km2/yr)

Spec yield glacier 
(t/km2/yr)

Spec yield non-
glacier (t/km2/yr) md (mm) cmax (mg) cmid (mg)

Bayelva 30.9 55 11 104 359 586 82.5 0.014 11 446 305.1
Londonelva 0.7 0 57.8 82.5 0 0.040 5343 161.5
Endalselva 28.8 20 8102 281 1077 82.5 0.021 9043 554.1
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and occurred during the rising water stage. Flood 
culmination concentrations of between 4000 and 
5000 mg/l were observed. In 1998 the pattern 
deviated from the preceding years, with concen-
trations remaining high throughout the summer 
(Fig. 7). The rain fl ood in 1997 may be character-
ized as an extreme erosional event that may have 
delivered much sediment to the central part of the 
river system. The sediment yield during the years 
1994–96 varied from 3873 to 6625 t/yr, rising to 
16359 t/yr in 1997 (Table 3a). In 1998, the trans-
port rate remained at a high level, 9792 t/yr, when 
compared to the years preceding the large fl ood. 
This is probably due to suspended sediments 
having previously been stored in or near active 
subaerial channels. The lower part of Endalsel-
va differs from Bayelva because fi ne sediment is 
deposited on the river bed in the lower part. As 
with the Bayelva catchment, the sediment yields 
of the 23 km2 non-glacierized area were estimat-
ed by applying the Londonelva sediment yield. 
This gave a contribution from the glaciers of 6205 
t and a specifi c sediment yield of the glacier-cov-
ered area of 1077 t/km2/yr. This may seem high, 
but it is of the same order of magnitude as the 
values given by Etzelmüller et al. (2000) for the 
nearby glaciers Longyearbreen and Larsbreen.

Discussion

The specifi c sediment yield (586 t/km2) deter-
mined for the glaciers Austre Brøggerbreen 
and Vestre Brøggerbreen in the Bayelva catch-
ment area is higher that (160 t/km2/yr) given 
by Hodson (1997) which was based on meas-

urements in 1992 at a monitoring station 100 m 
downstream from the terminus of Austre Brøgger-
breen. Runoff in this location was from a 7 km2 
portion of the glacier. The reason for the discrep-
ancy is presumably the difference in sampling 
loc ations and the longer period of observation 
reported in the present paper. The found yields 
of Austre Brøggerbreen, Vestre Brøggerbreen 
and Bogerbreen are nevertheless well within the 
range for other polythermal or cold-based gla-
ciers studied in Svalbard. The sediment yields 
of these are: Ebbabreen (central Spitsbergen) 303 
t/km2yr (Kostrzewski et al. 1989); Glopbreen 
(north ern Spitsbergen) 480 t/km2yr (Barsch et al. 
1994); Werenskioldbreen (southern Spitsbergen) 
919 t/km2yr (Krawczyk & Opolka-Gadek 1994); 
and Longyearbreen and Larsbreen (central Spits-
bergen, near Longyearbyen) 1500 t/km2yr (Etzel-
muller et al. 2000).

Estimates for warm-based glaciers are much 
higher. For example, Hodson et al. (1997) report-
ed a sediment yield of 710 - 2900 t/km2/yr for 
Finsterwalderbreen, in southern Spitsbergen. 
A seismic survey of fjord sediments in front of 
the large warm-based glacier Kongsvegen, east 
of Ny-Ålesund, indicated 2700 t/km2/yr (Elver-
høy et al. 1983). In Fig. 8, the sediment yields 
from these Svalbard glaciers are compared with 
known yields from various glacier basins in 
mainland Norway, the Swiss Alps, Iceland and 
Alaska, given by Hallet et al. (1996). Sediment 
yields of similar magnitude to the two temper-
ate-based Svalbard glaciers are not observed in 
mainland Norway. Most of the polythermal or 
cold-based Svalbard glaciers, however, do plot 
within the range of the temperate mainland gla-

Fig. 8. Specifi c suspended sedi-
ment yield of glaciers from Sval-
bard, mainland Norway, Alaska, 
the Swiss Alps, Central Asia and 
other areas plotted against basin 
area (data from Hallet 1996).
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ciers. It is apparent that glacial sediment produc-
tion is not only dependent on thermal regimes and 
other glacier variables, but also on the character 
of the bedrock, especially its degree of consolida-
tion. The lowest erosion rates recorded are from 
glaciers underlain by ancient crystalline bedrock 
in Fennoscandia, whereas the highest rates are 
found in young mountain areas in Alaska, central 
Asia and Iceland.

Sediment yield measurements in glacier melt-
water rivers primarily refl ect the amount of evac-
uation of sediments from the glaciers. As pointed 
out by Hodgkins (1996: 151), “the suspended load 
of the proglacial stream is not indicative of glacial 
erosion since the glacier is currently frozen to its 
bed, but is derived from the sediment stored fol-
lowing glacial erosion in an earlier time period.”

The existence of tunnels in cold ice is also 
described in other studies. Hodgkins (1997) 
reports turbid plumes observed at the marine 
margins of polythermal ice caps, indicating that 
melt water can be routed subglacially through 
non-temperate ice.

To keep a subglacial tunnel open requires tur-
bulent water fl ow. If the upstream part of a tunnel 
is clogged for some reason, deformation by over-
lying ice and the glacier movement will close it 
after some years. As there is no percolation of 
water through cold ice, a re-opening of a closed 
tunnel is unlikely. Thus, the existence of subgla-
cial tunnels in cold ice is most probably due to a 
change in temperature regime as the glacier has 
become thinner. Changes in glacier thickness 
and dynamics are driven primarily by changes 
in mass balance. According to Lefauconnier & 
Hagen (1990), the mass balance of Vestre Brøg-
gerbreen has been negative since 1918. The cor-
responding reduction in thickness is about 40 m, 
which will have led to a reduction in the volume 
of temperate ice.

The 82.5 t/km2 sediment yield of the non-
glacierized river Londonelva was higher than 
other rivers of this type but of the same order of 
magnitude. Conditions in Svalbard—permafrost 
and scant vegetation—seem to favour a higher 
yield than in mainland Norway, where sediment 
yields of 12 t/km2/yr (river Atna) and 26 t/km2/yr 
(river Foksåi) have been measured (Bogen 1996). 
The sediment yield in Atna increased by one order 
of magnitude during a large fl ood in 1995. Debris 
fl ows occurring during extreme fl ood events will 
probably increase the sediment yield estimates of 
non-glacial areas in Svalbard. André (1995) esti-

mated a recurrence interval of 80 - 500 years for 
debris fl ows and ca. 500 years for slush avalanch-
es. During such events, the sediment yield will be 
subject to a considerable increase. Because of the 
low recurrence interval, their contribution to the 
sediment budget will be of less importance.

Conclusion

Long-term measurements of suspended sediment 
yield of High Arctic rivers in Svalbard have been 
examined in this paper. Sediment transport of the 
non-glacial river Londonelva has varied in the 
range of 28 - 93 t/yr, giving rise to a mean trans-
port of 59 t/yr and a corresponding sediment yield 
of 82.5 t/km2/yr. This is of the same order of mag-
nitude as measured in other non-glacial rivers in 
Svalbard.

The large year-to-year differences in sediment 
yield in Londonelva are attributed to early snow-
melt conditions when channels are ice-fi lled and 
frozen ground prevents surface infi ltration. This 
unstable drainage results in a haphazard pattern 
of exposure of sediment to erosion.

In the glacier-fed rivers Bayelva and Endals-
elva, the suspended sediment transport varied in 
the range of 5126 t/yr to 22 797 t/yr during a 12-
year period. A mean of 11 104 t/yr was calculat-
ed for the period, giving rise to a mean sediment 
yield of 359 t/km2/yr for the whole catchment of 
Bayelva.

It was found that a major part of the sediment 
load is delivered from the glaciers Austre Brøg-
gerbreen and Vestre Brøggerbreen and by erosion 
of the neoglacial moraines in their vicinity. An 
assessment of the contribution from various sedi-
ment sources resulted in an estimate of the sedi-
ment yield of the glacier and the moraine area to 
586 t/km2/yr.

We propose a conceptual model used to inter-
pret the long- and short-term patterns of sedi-
ment delivery from the glacier and the neoglacial 
moraines. The observed short-term, seasonal and 
interannual pattern of variations in sediment con-
centration at the monitoring station is related to 
erosion of material delivered by melt-out process-
es of sediment from the ice, and erosion of mate-
rial from the non-glacial areas.

Evidence is found that a proportion of the sedi-
ments are delivered by a network of englacial and 
subglacial channels that exist even in cold ice. 
Contrary to observed patterns in glacial meltwa-
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ter rivers in mainland Norway, regression anal-
yses of water discharge versus suspended sedi-
ment concentration give signifi cant correlations. 
It is suggested that this is due to the stability of 
ice tunnels in cold ice. Large fl oods will fl ush the 
waterways and exhaust the sediment sources. The 
year-to-year change in the exponent of regression 
lines is attributed to changes in sediment availa-
bility caused by the slow deformation of tunnels 
and waterways that take place in cold ice. At the 
end of the ablation season rain fl oods will fl ush 
sediments that have melted out from the glacier 
surface and from the ice-cored moraines.

A comparison of sediment yields from a 
number of polythermal and temperate glaciers 
indicate differences of several orders of magni-
tude. It is concluded that the size of the long-term 
sediment yield is to a large extent controlled by 
bedrock susceptibility to erosion and, secondar-
ily, by glaciological parameters.
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