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Abstract

A process geomorphological investigation was started in 1999 to study present denudation
rates and the mutual relationship of chemical and mechanical fluvial denudation in
periglacial environments. Latnjavagge (9 km?% 950-1440 m a.s.1; 68°20'N, 18°30'E) was
chosen as a representative drainage basin of the arctic-oceanic mountain area in
northernmost Swedish Lapland. Atmospheric solute inputs, chemical denudation, and
mechanical fluvial denudation were analyzed. During the arctic summer field seasons of
2000, 2001, and 2002 measurements of daily precipitation, solute concentrations in
precipitation, and in melted snow cores, taken before snowmelt, were recorded. In addition,
solute and suspended sediment concentrations in creeks were analyzed, and bedload tracer
movements were registered during the entire summer seasons (end of May until beginning
of September). Results show a mean annual chemical denudation net rate of 5.4 t km ™2 yr™'
in the entire catchment. Chemical denudation in Latnjavagge is less than one third of
chemical denudation rates reported for Kéarkevagge (Swedish Lapland) but seems to be at
a similar level as in a number of other subarctic, arctic, and alpine environments.
Mechanical fluvial denudation is lower than chemical denudation. Most sediment transport
in channels occurs in the early summer season during a few days with snowmelt generated
runoff peaks. The main sediment sources in the drainage basin are mobilized channel bed
pavements exposing fines, ice patches/fields, and material mobilized by slush flows. The
calculated mean mechanical fluvial denudation rate is 2.3 t km~> yr~" at the inlet of lake
Latnjajaure, situated in Latnjavagge close to the outlet of the valley. A very stable
vegetation cover and rhyzosphere in this environment mainly explain the low value. The
mean mechanical fluvial denudation rate at the outlet of the entire Latnjavagge drainage
basin, below lake Latnjajaure, is only 0.8 t km™2 yr—'. Both chemical and mechanical
fluvial denudation show low intensity. The results from Latnjavagge support the contention
that chemical denudation is a somewhat important denudational process in periglacial
environments.

Introduction
CHEMICAL AND MECHANICAL FLUVIAL DENUDATION IN

PERIGLACIAL ENVIRONMENTS

For many years, the effects of chemical weathering and chemical
denudation were considered less important in periglacial environments
(e.g., Campbell et al., 2001). In contrast to early work by Von Lozinski
(1909, 1912) and Peltier (1950), postulating a minor role of chemical

Essential parts for an interpretation of landscape evolution are the
analyses of sediment fluxes, denudation rates, and sediment budgets in
fluvial drainage basins. Unfortunately there is yet little quantitative data
available on fluvial sediment transfers and sediment budgets in present
periglacial environments (Clark, 1988; Barsch et al., 1994; Gude and
Scherer, 1999; Beylich, 1999, 2000a, 2000b). Therefore additional
quantitative investigations on contemporary fluvial sediment budgets
are needed to examine relationships between chemical denudation and
mechanical fluvial denudation in periglacial environments. Remarkable
is the lack of studies investigating rates of both chemical and
mechanical fluvial denudation simultaneously. Process intensities and
relative importance of different denudative processes under various
environmental conditions are further questions that need quantitative
examination of present-day sediment budgets in different periglacial
environments (Beylich, 1999, 2000a, 2002).
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denudation in cold environments, Rapp (1960) concluded that
chemical denudation was by far the most important geomorphological
process in Kirkevagge, northernmost Swedish Lapland. Subsequently,
research in various periglacial environments in different parts of the
world has shown that chemical weathering and denudation are
significant processes in cold environments (Reynolds and Johnson,
1972; Thorn, 1975; Caine, 1979, 1995; Dixon et al., 1984, 1995; Caine
and Thurman, 1990; Beylich, 1999, 2000a; Darmody et al., 2000,
2001; Campbell et al., 2001, 2002; Thorn et al., 2001). Relatively high
chemical denudation rates were reported in oceanic periglacial
environments with high annual precipitation despite of low solute
concentrations in the runoff (Beylich, 1999, 2000a, 2000b, 2003).
The fluvial transport of solids in periglacial environments is in
general strongly confined to floods generated by snowmelt, rainfall, or
a combination of both (Barsch et al., 1994; Gintz and Schmidt, 1998,
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FIGURE 1. Location map of Latnjavagge, Swedish Lapland.

2000; Beylich, 1999, 2000a; Gude and Scherer, 1999; Jonasson and
Nyberg, 1999; Beylich and Gintz, 2004). Several authors have stressed
the significance of such high-magnitude/low-frequency fluvial events
for sediment transport and landform change (see Brunsden, 1996;
Beylich and Gintz, 2004).

With a change in climate, a change in type and/or intensity of earth
surface processes will induce changes in the corresponding sediment
fluxes on slopes and in channels. A better understanding of geo-
morphological processes operating in present “morphoclimates”
(Ahnert, 1986, 1987) can contribute to more reliable assessments of
possible geomorphological effects of climate change (Barsch, 1993;
Schlyter et al., 1993; Rapp, 1995; Beylich, 1999, 2000a, 2000b,
2002, 2003).

The comparison of sediment budgets of selected representative
drainage basins of similar size in present-day periglacial environments
with special morphoclimatic, topographic, lithological/geological, and
tectonic features can help to give insight into internal differentiation of
the periglacial environments (see Barsch, 1984, 1986). Such data can
give information on control mechanisms of periglacial processes and
on intensity and relative importance of denudative processes in
different environmental conditions (Beylich, 1999, 2000a, 2002).

An investigation was started in 1999 in Latnjavagge (9 km?;
950-1440 m a.s.l.; 68°20'N, 18°30'E), a drainage basin comprising
principal lithological/geological and geomorphological characteristics
representative of the higher, arctic-oceanic mountain area in northern-
most Swedish Lapland. The study’s major goal was to collect
additional quantitative data for an analysis of the internal differenti-
ation of the present-day periglacial environments and to understand
better present sediment fluxes, denudation rates, and the mutual
relationship of chemical and mechanical denudation in a periglacial
environment with special environmental conditions (Beylich, 2001,
2002, 2003; Beylich and Gintz, 2004; Beylich et al., 2003, 2004a;
2004b). Over a period of 3 yr, denudative geomorphological processes
in this drainage basin in the Abisko mountain area were monitored and
quantified (Figs. 1, 2). In this paper the absolute magnitude and the
relative importance of chemical and mechanical fluvial denudation are
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presented and discussed for this specific arctic-oceanic periglacial
environment on the basis of data collected during the arctic summer
field seasons of 2000, 2001, and 2002.

STUDY AREA

The mountains of northernmost Swedish Lapland are situated
close to the North Atlantic in a prevailing westerly wind regime. In
terms of climate, the northerly position of the area is partly modified by
the favorable influence of the Gulf Stream. The arctic-oceanic climate at
the Latnjajaure Field Station (LFS, 981 m a.s.l.) is characterized by an
annual mean temperature of —2.3°C (length of record available: 1993—
2001) and a mean annual precipitation of 818 mm yrfl (length of record
available: 1990-2001). July is the warmest month of the year (8.0°C),
whereas February is the coldest month (—10.1°C). Approximately two
thirds of the annual precipitation is temporarily accumulated as snow
during winter. In summer (June to August), August not only shows the
highest mean precipitation (82 mm) but also the highest frequency of
extreme rainfall events. Altogether, precipitation from June to August
accounts for 24% of the mean annual precipitation (Beylich, 2003).

The Latnjavagge basin drains to the south into the larger
Karsavagge. Its area is approximately 9 km?, with a length of 4600 m
and an elevation ranging from 950 to 1440 m a.s.l. The bedrock of
Latnjavagge is mainly composed of Cambro—Silurian mica-garnet
schists with inclusions of marble (Kulling, 1964; Kling, 2005).
Intrusions of acidic granites can be found in the northern part of the
valley. Regional deglaciation occurred about 8000-10,000 yr BP
(André, 1995). The Latnjavagge drainage basin is dominated by flat
plateau areas at 1300 m a.s.l., which surround the glacially sculptured
valley. The flat valley floor is situated between 950 and 1200 m a.s.l.,
bounded by steep slopes (Fig. 2). Bare bedrock and boulder fields
characterize the plateau areas with a generally abrupt transition to the
valley-side slopes. Perennial snow and ice patches cover the uppermost
parts of the very steep, east-facing slope. The lower part of the valley
floor is dominated by a lake, Latnjajaure, (0.73 km?) and a series of
moraine ridges. Generally the regolith thicknesses only locally reach
more then a few meters (Beylich et al., 2004b). Soils are mainly
regosols and lithosols.

The area belongs to the mid-alpine zone with a continuous
vegetation cover comprising dwarf shrub heaths, alpine meadows, and
bogs (Molau, 2001, 2005; Molau et al., 2003). The distribution of
permafrost is still not thoroughly investigated, but drilling at 1200 m
a.s.l. outside the drainage basin suggested at least sporadic permafrost
down to 80 m below surface (Kling, 1996, 2005). Permafrost is
expected in the northwestern part of the drainage basin, whereas ice-rich
permafrost seems absent at around 1000 m a.s.l. (Beylich et al., 2004b).

Active slope processes are chemical weathering and denudation,
frost weathering, rock falls, boulder falls, plowing boulders, ava-
lanches, slush flows, debris flows and slides, solifluction/gelifluction,
creep processes, aquatic slope denudation, and deflation. In the main
channels dissolved solids, suspended sediments, and bedload are
transported. The hydrological regime is nival, with runoff being limited
to the period from the end of May until October/November. Direct
anthropogenic impact on the natural system is small and is restricted to
extensive reindeer grazing, some hiking tourism, and research at the
Latnjajaure Field Station (Beylich et al., 2005).

AIMS OF THE STUDY

The aims of this study are to (1) quantify atmospheric solute inputs,
(2) quantify chemical denudation in Latnjavagge, (3) quantify
mechanical fluvial denudation in the Latnjavagge drainage basin, and
(4) compare the relative importance of present-day chemical and
mechanical fluvial denudation in this arctic-oceanic periglacial
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FIGURE 2.

environment. The results of these investigations will lead to a better
understanding of process intensities and clarify the relative denudative
importance of different process types in various environmental
conditions. Deeper knowledge of spatial differentiation of the
periglacial environments will be gained through further quantitative
data on present-day sediment budgets from different periglacial
environments.

Approach and Methods

The Latnjavagge drainage basin can be seen as representative test
site for the arctic-oceanic mountain area in northernmost Swedish
Lapland and exhibits major geomorphological-geological character-
istics of this periglacial environment. Fieldwork was conducted during
the arctic summer field seasons of 2000, 2001, and 2002. During these

Investigation areas and instrumentation in the Latnjavagge drainage basin.

seasons discharge measurements and samplings were carried out daily
or three times daily, respectively, at the different measuring sites (Fig.
2). This paper focuses on basin-wide total denudation rates, calculated
from daily precipitation, runoff, concentration, and yield data.

SELECTION OF SUBCATCHMENTS, MEASURING SITES AND
SAMPLING SITES

The Latnjavagge drainage basin is composed mainly of Cambro—
Silurian mica-garnet schists and can be regarded as lithologically/
geologically homogeneous. The selected subcatchments, measuring
sites as well as sampling sites and profiles are shown in Figure 2. They
were selected after an analysis of topographical maps and aerial
photographs of the area, completed by detailed field investigations.
Discharge measurements and water sampling for analysis of solute and
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suspended sediment concentrations were conducted at the inlet and
outlet of lake Latnjajaure and at the outlet of the entire Latnjavagge
drainage basin. Snow sampling was carried out along selected profiles
within Latnjavagge. The Latnjajaure Field Station (LFS, 981 m a.s.l.)
provided meteorological and soil temperature data (Molau, 2001; 2005;
Molau et al., 2003) (Fig. 2). Lake Latnjajaure was expected to be
a major sediment trap within the Latnjajaure drainage basin (see
Jonasson, 1991). Measurements were therefore conducted at both the
inlet and outlet of the lake. The locations for channel discharge
measurements and water sampling were selected at channel sites with
clearly defined cross sections (Fig. 2).

FIELD MEASUREMENTS AND SAMPLINGS

The Latnjajaure Field Station (LFS, 981 m a.s.l.) is equipped with
an automatic weather station. The temperature sensors are installed in
a standard Stevenson Screen at 2 m above ground, recording hourly
means, maxima, and minima. During summers, precipitation is
measured daily with readings at 0700 h Normal Time using
a precipitation gauge (Hellmann-Totalisator, 200 cm? surface are)
with wind shelter, according to Sveriges Meteorologiska och Hydro-
logiska Institut (SMHI) standards (see Molau, 2001).

Three times daily, immediately prior to water sampling, channel
discharge was measured at the different measuring sites (Fig. 2) using
an Ott-propeller C2 (Ott GmbH & Co.KG, Kempten). Stream velocity
data was collected at well-defined channel cross sections, each cross
section with measuring points at horizontal distances of 10 cm and at
60% of the total water depth. Velocity-isolines were calculated by
interpolation for datasets from each channel cross-sections. Discharge
(m® s7') was calculated through multiplying velocity (m s™') by the
corresponding cross-section areas. Daily discharge (m® d™') was
estimated for the different channels by interpolating the three daily
measurements. Daily specific runoff (mm d~') was then calculated,
dividing the daily discharges by the contributing (sub)catchment areas
(see Beylich, 1999). Fixed gauge stations providing continuous
discharge measurements could not be installed due to the character-
istics of the channels (bedrock and/or blocks, shifting channels during
snowmelt and slush flow activity in the valley). Shifting channels
during snowmelt made repeated measurements of cross sections
necessary, especially above lake Latnjajaure.

Surface water electric conductivity (uS cm ™, reference 25°C) was
measured at the different sampling sites (Fig. 2). Readings were taken
immediately after the discharge measurements with a temperature-
corrected portable instrument (Cond 315i/SET, WTW Weilheim). Total
dissolved solids (TDS) in surface water samples, in precipitation, and
snowpack were estimated by multiplying conductivity by 0.7 (see
Stromquist and Rehn, 1981; Darmody et al., 2000). This factor was
determined for Kirkevagge, situated a few kilometers northwest of
Latnjavagge and therefore expected to provide reliable values also for
Latnjavagge. Mean daily discharge weighted TDS values (mg L™ of
surface water samples were calculated by interpolation of the three daily
measurements from each site (Beylich, 1999). For practical reasons and
because of a minor temporal variability within the conductivity
measurements, three readings were done per 24 h and regarded as an
acceptable approximation to a more continuous recording series.

Water samples obtained in the field were surface water (1-L
samples), precipitation samples (precipitation gauge; Hellmann-Total-
isator, surface area 200 cmz), and melted snow samples (plastic tube, 10
cm diameter, following profiles, see Fig. 2). The water samples were
filtered (see below) and stored in 200-ml polyethylene bottles in

a freezing box at LFS. The frozen samples (freezing box) were
transported to Berlin and analyzed at the laboratory of FU Berlin, FB
Earth Sciences, Institute for Geological Sciences, AB Hydrogeology.
Na' and K" ions were determined using a “Flammenphotometer
Eppendorf Elex 6361” and Ca®", Mg*", Fe®", Mn®" were detected with
an AAS Perkin-Elmer 5000. The SO427, Cl", NO3 contents were
measured with an ion—chromatograph (DX 100 Dionex) and PO,
with an autoanalyzer IT Technicon. Mn*" and PO,>~ were below the
detection limit in all surface water samples (Beylich et al., 2004a). All
analyses were conducted in accordance with regulations given by the
instrument manufacturers.

Directly after the channel discharge measurements, vertically
integrated water samples (1 L) were taken manually with wide-neck
bottles (polyethylene). The samples were filtered in the laboratory at the
Latnjajaure Field Station with a pressure filter and ash-free filter papers
(MUNKTELL Analytical Filter Papers: 11 cm diameter; Quality 00H:
“Retains extremely fine precipitates”). After the field seasons the filter
papers were burned (12 h, 550°C) in the laboratory at the Department of
Earth Sciences, Uppsala University, and concentrations of minerogenic
suspended solids (mg L™") were analyzed and weighted. Daily discharge
weighted suspended sediment concentrations were calculated by
interpolating the three daily measurements from each site (see Beylich,
1999). Three measurements per 24 h were regarded as a sufficient
approximation to a more continuous recording series considering the
generally very low suspended sediment concentrations in Latnjavagge
(see below) and the comparatively small temporal variability of
concentration values. Because of high water turbulence at all sampling
sites, a homogeneous concentration of suspended and dissolved solids
was expected over the selected cross sections. The stability of channel
bed pavements was assessed by daily inspection of painted stone lines
(measurements of transport distances of painted stones) in several
tributaries and the main channels (Fig. 2) (see Gintz and Schmidt, 1991;
Barsch et al., 1992; Beylich, 1999; Beylich and Gintz, 2004).

Results

CHARACTERISTICS OF THE ENTIRE FIELD SEASONS
OF 2000, 2001, AND 2002

The 2000 field season was characterized by normal snow
conditions before the beginning of snowmelt in late May. The long-
lasting snowmelt period produced two major snowmelt generated
runoff peaks in the end of June and the middle of July. Precipitation in
July (46.1 mm) was scarce and followed by heavy precipitation in
August (110.5 mm), with a major rainfall-generated discharge peak on
8 to 11 August.

The 2001 field season was characterized by little snow (little
winter precipitation) before the beginning of snowmelt in early June
and a main snowmelt period until the end of June. In July precipitation
was high and temperatures remained low (108.2 mm, 7.43°C mean),
followed by equally high precipitation in August (107.3 mm) and
a snowstorm event in the beginning of August.

The 2002 field season was characterized by normal snow
conditions before a very early and quick snowmelt caused by very
high temperatures and radiation inputs in late May and June (monthly
mean in June 7.3°C). High temperatures in July (mean 8.9°C) rose to
a very high mean temperature in August (10.4°C, highest mean since
starting the temperature measurements at LFS in 1990). Precipitation in
May (37.6 mm), June (26.0 mm), and August (42.0 mm) was very little
whereas precipitation in July (90.2 mm), including a large rainfall
event on 12 July (31.5 mm d™"), was quite high (see Fig. 3a—c).

—

FIGURE 3. Daily radiation, wind speeds, air and ground temperatures, precipitation, and specific runoffs: (a) 2000 field season, (b) 2001 field

season, (c) 2002 field season.
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ATMOSPHERIC SOLUTE INPUTS

Atmospheric solute inputs were calculated for the periods 1
October 1999-30 September 2000, 1 October 2000-30 September
2001, and 1 October 2001-30 September 2002 (Table 1). The periods
were chosen from October to September since winter snow
accumulation in Latnjavagge normally starts in October (Beylich,
2003). For each year average concentrations of dissolved solids were
calculated in snow cores taken in May/June, before the onset of
snowmelt. Moreover the mean annual precipitation was determined
from samples collected in a precipitation gauge (wet deposition)
throughout each field season (Table 1). Each mean value from
a season’s snow-core samples was multiplied by the total precipitation
for the corresponding winter subperiod. The solute concentration
averages of the summer subperiods are weighted.

The total annual atmospheric solute inputs were 4566 kg km > for
the period 1 October 1999-30 September 2000 (1069.4 mm pre-
cipitation), 2882 kg km ™ for the period 1 October 200030 September
2001 (681.8 mm precipitation), and 4281 kg km™> for the period 1
October 2001-30 September 2002 (1044.4 mm precipitation) (Table 1).

The results for Latnjavagge are just below the values for
Kirkevagge reported by Darmody et al. (2000) (Rain: TDS 3-9 mg
L', mean: 6.3 mg L' Snow: TDS 2-4 mg L) and lower than values
published by Rapp (1960) for Riksgrinsen (1229 pS cm ™' or 8.4-20.3
mg L) situated closer to the North Atlantic at the Norwegian border.
The mean concentrations of Na™, MgH, NO;3, and SO427 (Table 2) are
lower than values recorded for Southern Scandinavia (see Table 4 in
Darmody et al., 2000). The average concentrations for Na* and Fe*t
are similar, lower for Mn2+, and higher for K" and NO;  than the
values presented by Darmody et al. (2000) for Kirkevagge (Beylich
et al., 2004a).

CHEMICAL DENUDATION

Figures 4a and 4b show daily specific runoff, solute concentrations
and gross yields of dissolved solids for Latnjavagge drainage basin and
the subcatchments above the sites “Inlet lake Latnjajaure” and “Outlet
lake Latnjajaure” (2000 and 2001 field seasons). During snow melt
generated discharge peaks a diluting effect can be recognized at all sites.
Nevertheless, days with high snowmelt generated discharges also show
higher yields of dissolved solids. Thus, lower concentrations of
dissolved solids caused by diluting effects are more than compensated
for by increased runoffs (see Collins and Young, 1981; Walling and
Webb, 1983; Barsch et al., 1994; Gude et al., 1996). The rainfall
generated discharge peak in August 2000 was characterized by no
concurrent diluting effect and according to that, high yields of dissolved
solids. The differences between the snowmelt generated runoff peaks in
June and July 2000 and June 2001, on one hand, and the rainfall
generated peak in August 2000, on the other hand, are due to still
persistent ground frost below the snowpack during the snowmelt
generated runoff peaks (see Fig. 3a—c). The frozen ground prevents the
infiltration of ion poor melt and rain water into the regolith and prevents
longer contact and reaction time between melt water and regolith.
During the rainfall generated discharge peak in August 2000 the
unfrozen regolith was water saturated and saturation overland flow and
piping could be observed in larger areas of Latnjavagge. In addition, the
rainfall of 8-9 August had a high atmospheric solute input of 450 kg
km™> (57.5 mm precipitation within 2 d). Higher levels of solute
concentrations in the beginning of the main snowmelt period were
observed in Latnjavagge and several authors reported according results
(ionic pulse) from different cold environments (Johannessen and

FIGURE 3. (Cont.)
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TABLE 1
Atmospheric salt inputs 1999/2000, 2000/2001, and 2001/2002, Latnjavagge drainage basin, northern Swedish Lapland.

Number Concentration Total Atmospheric
of of diss. solids precipitation solute
Total period Subperiod Sampling samples (mg LY (mm) input (kg km~?)
01.10.1999-30.09.2000 01.10.1999-31.05.2000 Snow cores 60 Mean: 3.52 764.6 2691.4
(taken in May/June) Max: 4.35
Min: 3.11
01.06.2000-30.09.2000 Precipitation 66 Mean: 6.15 304.8 1874.5
(gauge at LFS) Max: 13.79
Min: 1.47
Total: 4565.9
01.10.2000-30.09.2001 01.10.2000-31.05.2001 Snow cores 65 Mean: 3.64 356.4 1297.3
(taken in May/June) Max: 4.26
Min: 3.21
01.06.2001-30.09.2001 Precipitation 58 Mean: 4.87 325.4 1584.7
(gauge at LFS) Max: 14.84
Min: 2.10
Total: 2882.0
01.10.2001-30.09.2002 01.10.2001-31.05.2002 Snow cores 25 Mean: 3.54 748.2 2648.6
(taken in May/June) Max: 4.20
Min: 3.08
01.06.2002-30.09.2002 Precipitation — Mean: 5.51 296.2 1632.1
(gauge at LFS) (mean of 2000
and 2001)
Total: 4280.7
01.10.2002-30.09.2003 01.10.2002-31.05.2003 Snow cores 52 Mean: 3.58 472.6 1691.9
(taken in May/June) Max: 4.31
Min: 3.12
01.06.2003-30.09.2003 Precipitation 32 Mean:5.89 399.3 2351.9
(gauge at LFS) Max: 16.02
Min: 2.94
Total: 4043.8
TABLE 2

Water chemistry data, Latnjavagge drainage basin, Swedish Lapland (sampling 2001 ).

TDS Ca Mg Na K Fe Cl NO; SO,
(mgL™) (mgL™") @mgL") (mgL") (mgL") (mgL™" @mgL") @mgL") (mgL™"

Mean Mean Mean Mean Mean Mean Mean Mean Mean

Min Min Min Min Min Min Min Min Min

Sample site Description GPS Position Max Max Max Max Max Max Max Max Max
8 (n = 10) Outlet Latnjavagge 68°20.973N 12.14 1.70 0.40 0.66 0.78 0.00 1.1 0.03 4.5
18°29.827E 8.26 1.30 0.32 0.50 0.38 0.6 0.0 3.4

956 m. a.s.l. 18.20 2.10 0.55 0.88 1.82 1.6 0.2 5.5

6(n=9) Outlet Latnjajaure (lake) — 68°21.263N 10.67 1.58 0.34 0.61 0.68 0.02 1.3 0.1 4.5
18°29.558E 5.46 1.20 0.24 0.45 0.32 0.00 0.7 0.0 3.4

981 m. a.s.l. 14.07 1.90 0.46 0.76 1.74 0.10 2.6 0.5 5.4
18 (n = 10) Inlet Latnjajaure (lake) 68°22.231N 7.44 0.98 0.17 0.57 0.78 0.00 1.0 0.07 2.1
18°29.278E 5.60 0.59 0.13 0.35 0.24 0.5 0.0 1.2

1000 m. a.s.lL. 10.36 2.10 0.23 0.86 2.72 1.7 0.2 2.7

Prec. (n = 10)  LFS (precipitation gauge) 4.67 0.39 0.05 0.32 0.79 0.01 1.1 0.4 1.0
2.10 0.00 0.02 0.06 0.14 0.00 0.4 0.0 0.5

14.84 1.09 0.11 0.81 4.02 0.10 2.6 14 1.4

Snow sampling  Profiles Snow cores 3.64 0.10 0.01 0.17 0.07 0.03 0.7 0.27 0.3
(n=218) 3.21 0.05 0.01 0.12 0.03 0.00 0.5 0.0 0.2
4.26 0.20 0.01 0.20 0.08 0.10 0.9 0.6 0.4
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FIGURE 4. Daily specific runoffs, concentrations, and gross yields of dissolved solids; Outlet Latnjavagge, outlet lake and inlet lake Latnjajaure:

(a) 2000 field season, (b) 2001 field season.

Henriksen, 1978; Leser et al., 1992; Potschin and Leser, 1994; Gude
et al,, 1996). Altogether, ranges of temporal variation in solute
concentration are comparatively small in Latnjavagge, which is
common in periglacial fluvial systems (Clark, 1988).

S04> followed by Ca>" were the most important ions in surface
water samples from Latnjavagge (Table 2) (see Beylich et al., 2004a).
Also in Kirkevagge surface water samples contained mainly Ne¥
(Rapp, 1960; Stromquist and Rehn, 1981; Darmody et al., 2000). The
levels of TDS, SO,*~, Mg*", and Na™ are lower than the values reported
for Kérkevagge by Darmody et al. (2000), whereas levels of NO; are
similar and levels of K" are higher (see Beylich et al., 2004a).

Total gross yields of dissolved solids were calculated for the
entire Latnjavagge drainage basin and subcatchments above the sites
“Outlet lake Latnjajaure” and “Inlet lake Latnjajaure” (Table 3). The
mean annual discharge weighted TDS values are 12.03 mg L™" at the

82 / ARcCTIC, ANTARCTIC, AND ALPINE RESEARCH

outlet of Latnjavagge, 10.90 mg L™" at the outlet of lake Latnjajaure
and 7.87 mg L' at the inlet of lake Latnjajaure. Spatial variability of
the gross yields correlates with spatial variability of the solute
concentrations, but is also influenced by different total runoffs from the
different subareas. The main reason for different total runoffs is an
uneven snow distribution in the beginning of the field/monitoring
seasons, with more snow in the northern and western parts of the valley
compared to the southern and eastern parts (Beylich et al., 2004a,
2004b). The mean annual runoff at the inlet of lake Latnjajaure (733
mm yr ') was picked to represent the mean annual discharge for the
entire Latnjavagge drainage basin. Using this figure, the mean annual
gross yields was calculated as 8818 kg km 2 yr' at the outlet of
Latnjavagge drainage basin, 7990 kg km ™ yr71 at the outlet of lake
Latnjajaure, and 5769 kg km™2 yr~' at the inlet of lake Latnjajaure.
Corrected for atmospheric inputs, the total yields provide valuable
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TABLE 3
Yields of suspended and dissolved solids, Latnjavagge drainage basin (2000, 2001, and 2002 field seasons).

Yield of Yield of
suspended dissolved Chemical
Precipitation Runoff solids solids denudation
Field season Catchment (mm) (mm) (kg km™2) (kg km™2) (kg km™2)
26.05.2000-31.08.2000 Latnjavagge 2255 753.6 291.2 8984.9
Outlet lake 733.8 210.8 8165.4
Inlet lake 790.2 2587.1 6560.7
29.05.2001-18.08.2001 Latnjavagge 263.6 748.3 1259.4 9087.1
Outlet lake 754.3 252.0 8045.7
Inlet lake 756.6 2257.0 5625.9
28.05.2002-31.08.2002 Latnjavagge 158.2 648.0 673.9 7795.4
Outlet lake 650.1 201.5 7086.1
Inlet lake 653.5 2045.5 5143.0
Calculated annual values Latnjavagge 733 762 8818 5382
Outlet lake 227 7990 4554
Inlet lake 2294 5769 2333

information on chemical denudation net rates within Latnjavagge. The
estimated annual atmospheric solute input is 3909.5 kg km 2, derived
from the mean values of the three investigated years. The mean
concentration of all snow core and precipitation samples collected and
analyzed in 2000, 2001, and 2002 (4.20 mg L™") was multiplied by the
mean annual precipitation in the area (1990-2001: 818 mm yr ). From
this the mean annual atmospheric solute input can be calculated as 3436
kg km™2 yr!
Latnjavagge drainage basin as 5382 kg km™> yr’l, for the outlet of lake
Latnjajaure as 4554 kg km~2 yr~' and for the inlet of lake Latnjajaure as
2333 kg km 2 yr . The main explanations for the spatial variability of
chemical denudation within Latnjavagge are spatial variability of
regolith thicknesses with larger regolith thicknesses as well as earlier
thawing of snow cover and ground frost in the southeast part of
Latnjavagge, including the more gentle, radiation-exposed, west-facing
slope and Subcatchment A, compared to the northwestern parts of the
valley (see Beylich et al., 2003, 2004a, 2004b).

Chemical denudation in Latnjavagge is much lower than rates
published by Rapp (1960) (26,000 kg km™> yr "), by Darmody et al.
(2000) (19,200 kg km 2 yr ") for Kiirkevagge (see also Campbell et al.,
2002) and just below the denudation rate calculated for the Austdalur
drainage basin in East Iceland (8000 kg km ™ yr™'; annual runoff 1130
mm yrfl) (Beylich, 1999; 2000a). Darmody et al. (2000) and Thorn
et al. (2001) suggested that chemical weathering and denudation appear
to be more important in Kédrkevagge than in other arctic or alpine areas
which is mainly due to local lithological reasons. In Latnjavagge, the
calculated chemical denudation net rate shows similar levels as in
several other subarctic, arctic and alpine areas (see Table 4 in Darmody
et al., 2000; Beylich, 1999, 2000a).

and the mean annual chemical denudation net rate for the

MECHANICAL FLUVIAL DENUDATION

Daily specific runoff, suspended sediment concentrations and
yields of suspended sediments for the Latnjavagge drainage basin and
the subcatchments above the sites “Inlet lake Latnjajaure” and “Outlet
lake Latnjajaure” (2000 and 2001 field season) are shown in Figures Sa
and 5b. Suspended sediment transport is strongly confined to high
discharge events (Beylich and Gintz, 2004) and most of the total annual
sediment load is transported during the early summer season in a few
days during snowmelt generated runoff peaks. The main sources for
suspended sediments are permanent ice patches/fields (see Fig. 2),
mobile channel bed pavements (see stone tracer movements, see Figs.
5a, 5b) exposing fines and material mobilized by slush flows (Table 4).

Although a larger rainfall event in August 2000 caused saturation
overland flow in the lower slope areas and higher channel discharges,
no correlated increase of sediment concentrations could be measured in
the creeks. The absence of such an increase is due to the very stable
vegetation cover and rhyzosphere in the valley (Molau, 2001; Molau et
al., 2003). Still-existing ground frost below the snowpack during the
snowmelt-generated peaks is probably the main reason for differences
between the snowmelt-generated discharge peaks in June and July
2000, and June 2001 and the rainfall generated peak in August 2000
(see Figs. 3a—c). The frozen ground prevented infiltration of meltwater
into the regolith (see above), causing a more concentrated discharge in
the creeks with mobilized debris pavements and exposing fine
sediments. Several small slush flows between the outlet of lake
Latnjajaure and the outlet of Latnjavagge in late May/early June 2000
and 2001 gave rise to higher sediment concentrations at the outlet of
Latnjavagge at the beginning of field season 2000 and during the
snowmelt-generated peak in June 2001 (Table 4).

Lake Latnjajaure traps most of the solid load transported within
the drainage basin (see Jonasson, 1991). At the outlet of lake
Latnjajaure there is almost no export of suspended sediments. A
snowstorm caused slightly higher sediment concentrations in the
beginning of August 2001. The very strong north winds from 31 July
to 2 August (see Fig. 3b) generated strong wave activity, with abrasion
processes along the western lakeshore and an increase of sediment
concentration in the upper layer of the lake water.

The importance of sediment transport at all sites and the
suspended sediment concentrations are extremely low during lower
channel discharges. The daily suspended sediment concentrations
range from a minimum of 0.0 mg L™" to a maximum of 43.4 mg L™
during the snowmelt-generated discharge peak at the inlet of lake
Latnjajaure in the end of June 2000.

Total yields of suspended sediments were calculated for the entire
Latnjavagge drainage basin and for the subcatchments above the sites
Outlet lake and Inlet lake Latnjajaure (Table 3). Because of the high
trap efficiency of lake Latnjajaure, sediment yields at the outlet of
Latnjavagge give only very limited information on the mechanical
fluvial denudation within the drainage basin. The yields at the inlet of
lake Latnjajaure provide more useful information here. The mean
annual mechanical fluvial denudation rate in the subcatchment above
lake Latnjajaure was calculated as 2294 kg km™> yr .

A quantification of bedload transport is not possible. The marked
stone lines in the creeks and channels (see Fig. 2) during the few days
with mobile channel pavements (see Figs. 5a, 5b) showed only
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FIGURE 5. Ddaily specific runoffs, concentrations, and yields of suspended sediments; Outlet Latnjavagge, outlet lake and inlet lake Latnjajaure:

(a) 2000 field season, (b) 2001 field season.

movements of single stones over shorter distances (normally <15 m).
Most channels are characterized by stable step-pool systems, which
have not been destroyed during the investigation period. Bedload
transport is small in Latnjavagge. Altogether, mechanical fluvial
denudation is of very low intensity, resulting mainly from the
continuous and very stable vegetation cover and rhyzosphere, stable
slope systems with stable creek-bed pavements, very little debris flow
and slide activity, and from the high percentage of bare bedrock areas
in Latnjavagge (see above).

Conclusions

The most important aspect of Rapp’s (1960) study in Kirkevagge
was ranking the different denudative process types according to their
importance for sediment transfers. Chemical denudation was clearly
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identified as the most important process. Beylich (1999; 2000a) carried
out a similar study in a subarctic-oceanic periglacial environment in
East Iceland (Austdalur drainage basin) and found that, because of
a partly destroyed vegetation cover, mechanical fluvial denudation
(slope and rill wash) is more important than chemical denudation.
Barsch et al. (1994) measured a dominance of mechanical fluvial
denudation compared to chemical denudation in small catchments in
Spitsbergen.

A comparison of the yields of dissolved solids, corrected by
atmospheric inputs and the yields of suspended solids in Latnjavagge
drainage basin (Table 3) reveals a clear dominance of chemical
denudation over mechanical fluvial denudation at the outlet of
Latnjavagge and at the outlet of lake Latnjajaure. At the site “Inlet
lake Latnjajaure” values for mechanical fluvial denudation and
chemical denudation are similar. The very low yields of suspended
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TABLE 4

Slush flows and transported masses. Latnjavagge drainage basin
(2000, 2001, and 2002 field seasons).

Number of Accumulated ~ Transport Mass
Year  slush flows Locality mass (t) distance (m) transfer (t*m)

2000 5 small slush Below lake 6 150 900
flows Below lake 8 110 880
Delta 8 90 720
Above delta 7 50 350
Subcatchm. D 4 56 224

Sum: 33 Mean: 91 Sum: 3074
2001 6 small slush Below lake 10 170 1700
flows Below lake 8 90 720
Delta 7 100 700
Above delta 9 60 540
Above delta 5 150 750
Subcatchm. D 3 60 180

Sum: 42 Mean: 105 Sum: 4590
2002 8 small slush Below lake 5 120 600
flows Below lake 8 80 640
Above delta 4 170 680
Above delta 9 70 630
Subcatchm. D 14 160 2240
Subcatchm. D 4 80 320
Subcatchm. D 7 70 490
Subcatchm. D 9 40 360

Sum: 60 Mean: 99 Sum: 5960

solids at the outlet of lake Latnjajaure and the outlet of the Latnjavagge
drainage basin are caused by the trap efficiency of lake Latnjajaure.
Altogether, chemical denudation is slightly more important than
mechanical fluvial denudation. Both process types are of low intensity.
The results from Latnjavagge support findings of several authors
stating chemical denudation as a comparatively important process in
periglacial environments. The higher relative importance of chemical
denudation compared to mechanical denudation is due to the very low
intensity of mechanical denudation in this periglacial environment. More
investigations on both chemical and mechanical fluvial denudation in
different periglacial environments are needed to obtain more information
on the relative importance and mutual relationship of both processes
under different environmental conditions.

Apart from climatic impact on vegetation cover (Molau, 2001),
earlier snowmelt and earlier thawing of ground frost and a related
prolongation of the runoff season due to predicted global warming,
would lead to higher chemical denudation rates in Latnjavagge.
Mechanical fluvial denudation is mainly dependent on discharge peaks,
caused by rapid snow melt in early summer. Higher snowmelt-
generated discharge peaks and an increased slush flow frequency in
early summer due to predicted global warming (Nyberg, 1985; Scherer
and Parlow, 1996; Gude and Scherer, 1999) would also lead to higher
rates of mechanical fluvial denudation. An increasing frequency of
extreme rainfall events would have major effects on the sediment yields
of several lower situated valleys in the Abisko area (Jonasson and
Nyberg, 1999). The importance of high discharges generated by
extreme rainfall events is not that dominant in the higher mountain area
because of the stability of the vegetation cover and the slope and
channel systems.

Similar studies to the present one, carried out in present periglacial
environments having different morphoclimatic, topographic, and
lithological/geological features, could help to gain a better understand-
ing of the internal differentiation of the periglacial environments (see
Barsch 1984, 1986). Furthermore, information on control mechanisms

of chemical and mechanical denudation, process intensities, relative
importance of chemical and mechanical fluvial denudation, and
possible effects of predicted climate change could be collected.
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