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ABsTRACT: Investigations of fluvial transport in the glacial river catchment (Scott River, Spitsbergen) were conducted
in the melt season of 2009. A special attention was given to dynamics and distribution of bedload transport — the ma-
jor component of fluvial transport in a proglacial gravel-bed river. Bed-load transport rate was determined using the
River Bedload Traps (RBT) constructed for the project’s need. The obtained results indicate high diversity of bedload
transport, the amount of which reached up to 220 kg m™ day* for twenty-four hours in particular measurement sites.

The results confirmed also great variability of local intensity fluvial processes in polar zone.
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Introduction

In conditions with little anthropopression,
similar to the nature of subpolar zone in the Eu-
ropean sector of the Arctic, the type and amount
of material transported by rivers is the outcome
of geomorphological processes occurring in the
catchment and river channel. Therefore, the lack
of anthropogenic components facilitates the
analysis of fluvial system functioning, and riv-
ers in this region are natural and rather sensitive
indicators of modern global climate changes. A
good example of such geosystem functioning is
the catchment of the Scott River located in the
NW part of the Wedel Jarlsberg Land, Calypso-
byen region, Spitsbergen (Fig. 1). Multi-annual
research conducted in this catchment indicated

a close relationship between proglacial outflow
and observed climatic changes (Bartoszewski
et al. 2007) and concerned mostly the hydro-
logical regime of the Scott River (Harasimiuk,
Kro6l 1993, Bartoszewski et al. 2007, 2013, Chmiel
et al. 2007, Zagorski et al. 2007). However, the
former investigations of fluvial transport in the
Scott River catchment (NW Spitsbergen) and
in the Petunia Bukta region (Central Spitsber-
gen) included analysis of solution and suspen-
sion transport, without the measurements of
bed load material transport (Kostrzewski et al.
1989, Rachlewicz 2007, Szpikowski et al. 2014) —
the main component of transport in gravel-bed
rivers (Hammer, Smith 1983, Warburton 1990).
Therefore, determination of the elementary val-
ue of bed load concentration became an impor-



40 WALDEMAR KOCIUBA, GRZEGORZ JANICKI, KRZYSZTOF SIWEK

Rochesterpynten

o

Fig. 1. Localisation of the research area

tant research objective. In this paper we present
the primary results of the research initiated in
2009 on the variability of bedload transport in
the environment of a gravel-bed river in the
subpolar zone in the SW Spitsbergen.

This research concerned the functioning of
the Scott River catchment with the predomi-
nant glacial hydrological regime, typical of the
subpolar zone (Bartoszewski 1998, Rachlewicz
2007, Rachlewicz et al. 2007, Zwolinski et al.
2007, Beylich et al. 2010). Discharge rate is the
main factor conditioning the dynamics of fluvial
processes in the described catchment. It mostly
depends on the rate of glacial ablation, which
is the main alimentation source for the river
(90%). The river is also supplied with rainfall
(4%), nival (4%) and permafrost (about 2%) wa-
ters. The contribution of the latter is limited by
the permafrost active layer (Bartoszewski 1998).
An important factor determining fluvial trans-
port is also morphology of slopes, valleys’ floors
and rivers’ channels, which influences sediment
grain size, amount of transported sediment and
bedload transport rate (Kociuba et al. 2010, Ko-
ciuba, Janicki 2013).

Study area

The analysed catchment of the Scott River, sit-
uated on the Bellsund Bay in the south-western
part of the Wedel Jarlsberg Land (SW Spitsber-
gen), is about 10 km? in area. More than half of
the catchment (57%) is covered by the Scott Gla-
cier, which is at the stage of strong recession. This
valley glacier is less than 4 km long and from 1.1
to 1.8 km wide (Fig. 2). Its highest parts reach 600
m a.s.], and the front is at 90 m a.s.l. The main
relief element of the upper part of the catchment
is a glaciated mountain valley, surrounded am-
phitheatrically by slopes of mountains rising to
700 m a.s.l. The slopes, composed of Proterozoic
metamorphic rocks (tillites, phyllites and quartz-
ites), are usually steep rock walls (massive, rocky
slopes) modelled by weathering, nival and mass
movement processes. The upper part of such
a slope is of erosional nature, with developed
corrasion troughs forming incisions in places.
The lower, accumulation section is formed by a
steep talus fan. The corrosion troughs are sepa-
rated by steep rock ridges.

The front zone of the Scott Glacier is charac-
terized by the occurrence of different relief forms:
glaciogenic (frontal, lateral, and ablation mo-
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raines, roches moutonnée), glaciofluvial (internal
sandurs, marginal lakes), and also nival (nival mo-
raines) (Fig. 2). In this part of the catchment the
dynamics of morphogenetic processes has been
the highest as a result of fast movements of the
glacier front after the end of the Little Ice Age. The
observed recession and flattening of the ice front
was discontinuous in the 1960s when the glacier
advance (through surges) left push moraines.
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Since then the glacier front has retreated again at
a rate of 6 m y in the 1960s and 1970s, to a max-
imum 15 m y' in the 1990s, and about 20 m y™ in
recent years (2005-2006) (Zagorski et al. 2008).
Subglacial outflow, which concentrates the
drainage of glacial waters, occurs in the central
part of the glacier front, and from there water
flows through the internal sandur system to
small marginal lakes, which are the main source
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Fig. 2. [A] Situation of the Scott River catchment: 1. valley glaciers, 2. glacial accumulation zones, 3. rivers and water bodies,
4. location of river gauge, 5. border of catchment; [B] geological-morphological conditions after Szczesny et al. (1987): L.
slope landforms: 1. rock outliers, 2. morphological edges, 3. alluvial fans; II. glacial and nival landforms: 4. terminal and
lateral ice-cored moraine, 5. medial moraine, 6. solifluction covers, 7. ablation moraine, 8. scarps and slopes of valley, 9.

extramorainal sandur, 10. snow patches; III. marine terraces with structural features: 11. 100-130 m a.s.l., 12. 70-80 m a.s.1.,
13.50-60 m a.s.l.,, 14. 35-45 m a.s.1,, 15. 18-30 m a.s.1., 16. 1-6 m a.s.1., 17. beach, 18. depressions, IV. Other: 19. rivers and
streams, 20. sea, 21. location of research profile
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of the Scott River. The river flows through the
gorge of the frontal moraine on the external san-
dur surface where it forms a wide braided sys-
tem in the non-glaciated part of the valley. The
Scott River has several small tributaries supplied
with snow-permafrost waters, and the greatest
of them is the Renifer Stream draining the east-
ern part of the sandur (Bartoszewski 1998). The
occurrence of varying age and situation of layers
of sandur in the extramarginal zone of the Scott
Glacier indicates a great variability of the glacier
front and outflows from the glacier snouts. The
oldest layers are flat and diversified by the chan-
nels of former proglacial streams. The youngest
sandur layer occurring in the ice-moraine ridge
at the glacier snout is formed by a braided riv-
er system with a variable channel pattern. In the
proximal part of the sandur the Scott River is
characterized by great morphologic effectiveness
and transports great amounts of mineral materi-
al. The coarser fraction is accumulated as inter-
channel longitudinal bars, and finer fractions are
redeposited in a rather narrow zone of the valley
sandur and transported to the fiord (Reder 2006).

The non-glaciated part of the Scott River
catchment includes the shore plain called Calyp-
sostranda, which consists of the raised marine
terraces. Terrace IV (30-40 m a.s.l.) is the young-
est unit of this system, and the oldest is terrace
VIII (105-120 m a.s.l. (Reder, Zagorski 2007). The
bedrock of Calypsostranda is composed of Mes-
ozoic deposits: gypsum, dolomite, sandstone,
shale and mudstone. They are covered with Cai-
nozoic deposits, which are exposed in the erosion
gorge cutting terrace IV and form palaeoskerries
occurring on the plain (Fig. 2). These are most-
ly the Tertiary sandstones with hard coal inserts
and the Quaternary marine (gravel, sand and
clay) and glacial (till) deposits. The thickness of
the Quaternary deposits varies from several me-
tres to a dozen or so metres (Pekala, Repelews-
ka-Pekalowa 1990).

In the middle part of the catchment, within the
external sandur, the slopes composed of marine
deposits (mostly gravel) are modelled by cryo-
genic and solifluction processes. The slopes are
mainly flat, gently inclined surface merging into
valleys’ floors without a visible borderline. Only
the slopes of the main valley are erosion scarps
cut by shallow erosion dissections.

In its lower reaches the Scott River forms the
gorge dissecting the marine terrace III (18-30 m
a.s.l.) and IV (30-40 m a.s.l.). In this section of the
valley — several dozen metres long — the braid-
ed channels join up into one, and farther down-
stream a system of alluvial fans occurs, which
closely adjoins the Recherche fiord (Fig. 2). The
river mouth is separated from the bay by the
storm ridge, and water flows through the cre-
vasse (Superson, Zagorski 2007).

Methods

Fluvial processes in the Scott River catch-
ment can be analysed in the conditions of small
anthropopression. This area is also a valuable
object of geomorphological research because hy-
dro-meteorological conditions have been well
examined during twenty-year investigations
conducted by a team of scientists from the Ma-
ria Curie-Sklodowska University (Bartoszewski
1998, Bartoszewski et al. 2004, Bartoszewski et al.
2006). The additional asset is also the proximity
of the Calypsobyen research station of the Maria
Curie-Sktodowska University that enables sta-
tionary and monitoring studies (Fig. 2).

The hydrometric station and the traps for flu-
vial transport measurements were located on the
Scott River, 350 m from its mouth, in the middle
part of the gorge section (Fig. 2). This location was
similar to that of hydrographical monitoring in
the previous years (Bartoszewski 1998, Bartosze-
wski et al. 2004, 2006). The continuous, automatic
measurement of river stage was also conducted
in this research profile with the use of pressure
electronic water gauges recording the variability
of water stage every hour. Water samples were
taken for analyses of the main physicochemical
features (conductivity and suspended sediment
concentration). Measurements of water velocity
in the cross profile were made using a hydromet-
ric current meter.

Bedload transport was measured using the
bedload traps constructed by W. Kociuba (Koci-
uba et al. 2010). The set of RBT devices was dis-
tributed proportionally in the cross-section and
anchored to the bottom of the channel (Fig. 3). A
similar technical solution (Colorado State Uni-
versity /Forest Service, CSU/FS bedload traps)
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Fig. 3. The set of RBT in the channel cross-profile of the Scott River. Mass of bedload material caught during twenty-four
hours in one of measurement sites in the cross-profile of the Scott River

was used by Bunte et al. (2003, 2004), to deter-
mine bedload transport rate. According to Bunte
and Abt (2009), samplers of the type (e.g. CSU/
FS bedload traps) show high measurement effi-
ciency, and the results obtained describe the re-
lationships between flow velocity and bedload
discharge well.

The caught material was weighed and pho-
tographed separately for each measurement site
every 24 hours (Fig. 3). River sediment transport
was measured from July 10" to September 7* of
2009, i.e. from the time when the whole profile of
the river channel emerged from snow-ice cornic-
es on the river banks to the time when the chan-
nel bed started to be frozen. In total, 157 samples
were taken in 59 measurement days.

The field work included the measurement
of directions and intensity of material transport
from slope subsystem to channel subsystem. The
analyses were conducted in the selected, repre-
sentative test areas within the slope subsystem

and in cross profiles in the channel subsystem.
Further works included geomorphological sur-
veys and classification of the permanent and
ephemeral macro-, meso- and microforms in the
valley and channel. Detailed topographic meas-
urements were made in the selected test areas us-
ing laser tachimeter (Nikon DTM-332). The main
parameters of valley floor geometry were deter-
mined along the selected research profiles. The
cubature of the main erosion forms (dissections,
erosion troughs and rills) and mapped deposi-
tional forms (mostly micro-fans) were measured
in the slope subsystem.

The investigations enabled us to determine
the degree of coupling between the slope and
channel subsystems and to estimate the balance
of bed load transported from the analysed riv-
er catchment. Erosion-deposition balance in the
slope subsystem and the total balance of material
transported from the catchment were also esti-
mated.
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Fig. 4. Comparison of the run of changes of average daily air temperature and daily precipitation total in the “Calypsobyen”
research station of the Maria Curie-Sktodowska University with the average daily discharge in the Scott River in the melt
season of 2009: H - precipitation total, Q - daily discharge, T - average daily air temperature

The main meteorological variables such as
air temperature and precipitation total, which
affect the parameters of discharge and material
transport, were recorded every ten minutes by an
automatic meteorological station. The station is
situated on the Calypsostranda shore plain (23 m
a.s.l.) covered by patch tundra vegetation, about
200 m from the Recherche Fiord shore, near the
research station of the Maria Curie-Sklodowska
University.

Hydro-meteorological conditions
of sediment transport in the melt season
of 2009 in the Bellsund region

Weather conditions determining the course
of hydrological and geomorphological processes
in the Bellsund region are mostly conditioned by
cyclone systems connected with the Island centre
and the Arctic and Greenland anticyclone sys-
tems, which determine the advection nature and
type of air masses. These systems are influenced
at the local scale by mountain massifs (Bohlin-
ryggen and Wijkanderberget, Fig. 2), water of the
Bellsund fiord system and ice covers (Renard and
Scott glaciers). Therefore, both ocean-land breeze
circulations and catabatic winds occur in the

Bellsund region and contribute to great variabili-
ty of weather conditions (Gluza, Siwek 2006). This
is mostly reflected in temporal and spatial differ-
entiation of air temperature and precipitation to-
tal. Topoclimate investigations indicated, among
others, considerable differences in monthly pre-
cipitation totals between the firn field of the Scott
Glacier and Calypsostranda (Bartoszewski 1998).

In the research station of the Maria Cu-
rie-Sktodowska University, substantial variabili-
ty in the air temperature during the melt season
was also observed over a several year period.
During 20 polar expeditions of the Maria Cu-
rie-Sktodowska University to Spitsbergen the
highest average (+6.2°C) was recorded in 1998,
the lowest (+3.0°C) in 1987. The average for
twenty measurement seasons was calculated at
+5.0°C. The average daily air temperature also
fluctuated in a rather wide range: from -7.9°C
in 1987 to +10.2°C in 2002 (Bartoszewski et al.
2006). Precipitation total was the meteorological
element characterised by the greatest variability
(within the range of about 72 mm in 1986-2008
period) in the Calypsobyen region. The highest
precipitation total (55.4 mm) was recorded in the
melt season (from June to September) of 1994,
and in 1993 and 1998 it was zero; the average pre-
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Fig. 5. Total daily bedload flux [Qb = kg day"] and mean daily discharge [Q = m® s”!] in the Scott River in the melt season
of 2009

cipitation total for twenty melt seasons was 17.5
mm. The highest daily total of over 36 mm was
recorded in 1993 (Bartoszewski et al. 2006).

In the melt season of 2009 the course of weath-
er was such as in other years (Fig. 5). Air temper-
ature in the measurement period ranged from
+2.0°C to +7°C (variability coefficient was 350%)
with an average of +4.9°C, which was similar to
the average value over the 20 year period. The
precipitation total in the measurement period
(18.1 mm) was slightly higher than that of the 20
year period. During the observed 16 precipitation
days the maximum daily total did not exceed 5
mm and differed considerably from the previous-
ly recorded maxima (Bartoszewski et al. 2006).

Mean annual outflow from the Scott River
catchment, with a complex supply structure, is
about 900 mm, and mean discharge over the 20
year period is estimated at about 900 dem?®- s,
which corresponds to a specific discharge of 90
dem?® 57! - km? (Bartoszewski 1996). The Scott Riv-
er is characterised by highly varying river stag-
es and irregular discharge — daily, seasonal and
over the 20 year period of record. The maximum
flood discharges caused by the increase in air
temperature and/or high precipitation reached

12 m?- s (7-9.08.1993 - Bartoszewski 1998). The
occurrence of weather extremes can considerably
change the outflow conditions in the Spitsbergen
glacial catchments in a short time, which is re-
flected in fluvial transport.

In the melt season of 2009 the water stage in
the Scott River channel ranged from 7 to 22 cm.
The mean daily discharge (from 1.3 to about 2.4
m’- s') was similar to average values (Fig. 5).
Both water stages and discharges corresponded
well to the run of mean daily air temperature
and daily precipitation total. The discharge vari-
ability also matches that of the run and intensity
of sediment transport, which is rather irregular

(Fig. 5).

Results

The obtained results indicate a great variabil-
ity of dynamics of bedload transport in the con-
ditions of rather stable discharge: from 1.3 to 2.4
m?s7!, with the mean value of 2.0 m?®- s, both in
daily cycle and in the whole measurement period
(Fig. 6). The daily bedload rate in the particular
measurement sites ranged from 0 to 220 kg -m™-
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day™. Mean daily transportin the particular meas-
urement sites was 4.3,11.9, 11.1 and 15.5, and the
average daily value was 10.7 kg - m™ - day™. The
maximum daily values (from 138 to 220 kg-m™-
day') were recorded during the flood on July 29
of 2009. These values constituted from 20% to
54% of the total mass measured in the particular
measurement sites. The total bedload mass dis-
charged at the particular measurement sites was
255.8,699.9, 653.9 and 917.3 kg m™ - day™ (mean
631.7 kg - m™ - day™); therefore, the total bedload
discharge in the channel cross-profile can be esti-
mated at (almost 98 kg day™, i.e. about 5.8 t) dur-
ing the measurement period.

Analysis of the daily distribution of the bed
load values indicates spatial and temporal dif-
ferentiation of bedload transport (Fig. 6). The
increase in bed load mass in the particular meas-
urement sites from the southern to the northern
river-bank (from S1 to S4) was distinctly marked
for the whole measurement period. During some
days the highest daily loads were alternately
measured in the sites located in the thalweg zone
(S3 and S4) though the daily maximum load (66

kg m” day]

100

daily bedload transport rate [q

kg) was caught in the S2 measurement site. This
fact enabled us to conclude that transport routes
shift in the channel cross-profile. With respect to
bedload transport variability the measurement
period was distinctly divided into two parts. In
the first half (from July 9" to August 9" of 2009)
the elementary rate of bedload transport was
considerably more variable over particular sites
and days, and was in accordance with the dy-
namics of discharge changes. In the second half
(from August 10" to September 7* of 2009) — dai-
ly bedloads were usually low and not related to
discharge values (Fig. 6). This fact is confirmed
by the differentiation of correlation coefficients
between the variability of elementary rate of bed-
load transport and discharge values in two parts
of the measurement period (Table 1).

The course of regression curves, indicating
weak connection between these elements, is prob-
ably conditioned by the occurrence of hysteresis
in bedload transport (Richards 1982, Zwolinski
1989). The relation between bedload transport
rate and discharge changes was different in two
parts of the measurement period due to spatial

Fig. 6. Daily bedload transport rate [qb = kg -m™ - day"] in the particular measurement sites of the Scott River cross-profile
in the melt season of 2009
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Table 1. Differentiation of linear correlation coeffi-
cients between the bedload transport rate and dis-
charge values in two parts of the measurement period

Measurement Measurement site
. Mean
period S1 | 2 | S3 | s4
10.07-09.08.2009 | 0.206 | 0.359 | 0.372 | 0.352 | 0.361
10.08-6.09.2009 | 0.291 | 0.400 | 0.382 | 0.314 | 0.342
10.07-6.09.2009 | 0.107 | 0.210 | 0.227 | 0.267 | 0.226

and temporal differentiation of material supply to
the channel (slumps). In the first part of the meas-
urement period the channel was supplied with
slope material redeposited through snow bank
cornices directly to the channel. With the melting
of snow patches the mass movement processes
were triggered on the southern side of the valley
gorge section. This phenomenon resulted in the
rather high values of elementary rate of bedload
transport in the S1 and S2 measurement sites (Fig.
6). In the second part of the measurement period,
with stabilization of the valley sides, the Scott
Glacier became the main source of material sup-
ply. Generally lower discharge and long distance
of transport favoured selective erosion resulting
in the formation of channel pavement. For that
reason the critical velocity of flow necessary to
initiate bed-load movement was higher. This fact
resulted in the diametrically different amounts of
bed-load transported in successive days though
the discharge rate was similar (Fig. 6).

The increased sediment load in river water
was accompanied by considerable changes of
channel geometry. We registered more intensive
down-cutting and processes of lateral and verti-
cal accretion of deposits: formation of bars, grav-
el shadows, levées and building up of the chan-
nel bed.

Conclusions

The results of investigations conducted in the
research profile of the Scott River in the melt sea-
son of 2009 indicated high temporal and spatial
variability of fluvial processes conditioned by hy-
dro-climatic factors — especially glacier condition
and ablation rate, glacier extent in the catchment,
thickness of permafrost active layer, weather and
thermal conditions — determining the flux. The
obtained results evidenced variable dynamics of

bedload transport, the amount of which ranged
from 0 to 220 kg m™ - day™ in particular meas-
urement sites. Bed-load transport is a clear-cut
and quantified criterion for morphodynamic,
hydrodynamic and ecological estimation of riv-
er conditions. Empirical determination of critical
parameters of bedload movement and elementa-
ry values of rate and mass of transported sedi-
ment is very important for the description of the
functioning of river catchment geosystems.

The undertaken investigations enabled us to
characterise not only the carrier, i.e. river waters,
but also their content, i.e. river sediment, and es-
pecially bedload — the main component of fluvial
transport in braided rivers. The obtained results
supplemented the former knowledge of hydro-
logical conditions with the geomorphological de-
tails, which concerned the functioning of fluvial
system, the routes and sources of sediment sup-
ply to channel, and the balance of material trans-
ported from catchment.
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