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Abstract
Spatial patterns of sediment storage types and associated volumes using a novel approach for quantifying valley fill deposits
are presented for a small alpine catchment (17 km2) in the Bavarian Alps. The different sediment storage types were analysed
with respect to geomorphic coupling and sediment flux activity. The dominant landforms in the valley in terms of surface area
were found to be talus slopes (sheets and cones) followed by rockfall deposits and alluvial fans and plains. More than two-thirds
of the talus slopes are relict landforms, completely decoupled from the geomorphic system. Notable sediment transport is
limited to avalanche tracks, debris flows, and along floodplains. Sediment volumes were calculated using a combination of
polynomial functions of cross sections, seismic refraction, and GIS modelling. A total of, 66 seismic refraction profiles were
carried out throughout the valley for a more precise determination of sediment thicknesses and to check the bedrock data
generated from geomorphometric analysis. We calculated the overall sediment volume of the valley fill deposits to be 0.07 km3.
This corresponds to a mean sediment thickness of 23.3 m. The seismic refraction data showed that large floodplains and
sedimentation areas, which have been developed through damming effects from large rockfalls, are in general characterised by
shallow sediment thicknesses ( < 20 m). By contrast, the thickness of several talus slopes is more than twice as much. For some
locations (e.g., narrow sections of valley), the polynomial-generated cross sections resulted in overestimations of up to one
order of magnitude; whereas in sections with a moderate valley shape, the modelled cross sections are in good accordance with
the obtained seismic data. For the quantification of valley fill deposits, a combined application of bedrock data derived from
polynomials and geophysical prospecting is highly recommended.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction
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The spatial distribution of different sediment storage
types in alpine environments (such as talus sheets,
debris cones, alluvial plains, or rockfall deposits) is
the result of temporal and spatial interaction of geomorphic processes. However, the role of sediment
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storage in alpine environments, and their geomorphic
coupling with specific processes, is not well understood (Caine and Swanson, 1989; Trimble, 1995). The
complexity of geomorphic processes in high mountain
areas and their discontinuous spatial and temporal
character complicates the distinction of their quantitative influence on different storage types (Dietrich and
Dunne, 1978; Jones, 2000). Even a relatively homogeneous landform like a talus sheet cannot simply be
linked to rockfall events. Furthermore, knowledge of
their evolution during Late-glacial and post-glacial
times is fragmentary as data are only available for a
few locations. There is also a need for more detailed
information about volumes of potentially mobilised
sediments, especially in densely populated mountain
regions with a high potential of natural hazards. A
better knowledge of sediment storage may also lead to
significant improvements in process modelling and
understanding landform evolution (Church and Slaymaker, 1989; Jordan and Slaymaker, 1991).
The papers of Nel Caine demonstrated that the
processes of sediment transfer in an alpine system can
be understood as a cascading system with variable
controlling factors and changing states of activity and
reaction times (Caine, 1974, 1976). Early publications
of Heinrich Jäckli and Anders Rapp were valuable
pioneer studies, introducing the quantification of geomorphic processes in sediment budget studies (Jäckli,
1957; Rapp, 1960).
For small alpine catchments ( < 50 km 2) with
numerous types of sediment storage types (debris
cones, talus slopes, alluvial plains) little data are
available. By contrast, the importance of small rivers
and drainage basins in terms of sediment yield and
sediment load has been shown by Milliman and Syvitski (1992) analysing a dataset of 280 different basins.
The rather uniform trough or U-shape of many
alpine valleys stimulated several researchers to use
geomorphometric approaches for analysing glacial
valley developments. As one of the first researchers,
Svensson (1961) applied a parabola to approximate the
cross section of a formerly glaciated valley in northern
Sweden. Several authors have suggested that valley
morphology progressively fits a parabolic form with
increasing extent of glacial erosion (Graf, 1970; Hirano
and Aniya, 1988). Thus, the stage of valley evolution or
a higher degree of glaciation was often modelled by the
use of higher power function exponents. This hypoth-

esis and the progressive systematic increase of power
function exponents have been discussed critically by
Harbor (1990). Instead of the power-law equation,
several authors proposed polynomial functions to
approximate valley cross sections (Wheeler, 1984;
Augustinus, 1992; James, 1996). Previous studies by
Schrott and Adams (1999, 2002) in the Dolomites
showed that geomorphometric analysis for valley fill
estimations can lead to significant overestimations, but
a validation with accurate data from seismic refraction
surveys can improve our knowledge regarding the
quantification of sediment volumes in alpine basins
(Hoffmann and Schrott, 2002).
The paraglacial sedimentation cycle, originally
introduced by Church and Ryder (1972) and subsequently used by Church and Slaymaker (1989),
describes the magnitude of changes in sedimentation
during the paraglacial period following a glaciation in
different basins in Canada. Knowledge about paraglacial sedimentation and denudation in the Alps is
based on both back-calculations of sediment volumes
derived from large alluvial fans, valley fills, or glaciolacustrine deposits and modern sediment yield from
delta growth and river load (Einsele and Hinderer,
1997; Müller, 1999; Hinderer, 2001). However, quantitative measures of sediment volumes in small mountain basins are sparse and difficult to obtain (Shroder et
al., 1999; Schrott and Adams, 2002). For the European
Alps, and especially for small alpine catchments, the
extent to which sediment yields are still influenced by
sediments from the last glaciation is not well understood. Although some new findings concerning paraglacial sedimentation and denudation processes
support this model (Ballantyne, 2002), further research
is needed to understand the role of sediment reservoirs
(Müller, 1999; Hinderer, 2001).
In this paper, we present preliminary results of a
research project on the role of sediment storage types
in the geomorphic system of a typical basin of the
northern calcearous Alps. The main objectives of the
study are:
(i) to identify and explain the spatial distribution of
sediment storage types with respect to their
activity and geomorphic coupling;
(ii) to quantify the valley fill using a geomorphometric approach, refraction seismic techniques;
and GIS; and
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(iii) to evaluate the sediment storage in terms of the
paraglacial sedimentation cycle.
This paper is thus a contribution to qualitative and
quantitative interpretations of sediment storage in
small alpine basins.

2. Geological and geomorphological setting of the
study area
The Reintal valley is situated in the northern part of
the Bavarian Alps near the border between Germany
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and Austria. The basin is located in the ‘‘Wettersteingebirge’’ and represents one of the most prominent Ushaped valleys in the German Alps. A thick-bedded or
massive limestone dominates the area and this promotes solution, karst feature appearance, and subterranean drainage. The considered subcatchment has a
size of 17 km2 ranging in altitude from 1050 to 2750
m asl. (Fig. 1). The total drainage basin, however,
covers an area of 27 km2. The upper part of the
catchment has since Late-glacial times almost
decoupled from the area considered and has not been
included in this study. The upper borderline runs
almost parallel to a steep cliff and does not represent

Fig. 1. Location of study area and shaded relief of the drainage basin.
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Fig. 2. The distribution of sediment storage types, degree of activity and process coupling with respect to sediment input, sediment output, or both.
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a hydrological border. However, this borderline separates clearly the catchments in terms of clastic sediment input into the main valley.
The alpine character is evidenced by some remnants of large Late-glacial moraines and a relief
exceeding 1700 m with summits above 2700 m asl.
In several parts, the basin represents almost closed
sediment systems with natural sediment sinks caused
by the damming effects of large talus sheets and cones
and rockfall deposits (Figs. 2 and 3). Thus, partially
interfingered deposits that are mostly related to active
debris flows, rockfalls, and wet snow avalanches
cover a main part of the valley bottom. Before rockfall
deposits, areas of sedimentation have been developed
(Fig. 3). Because of the negligible influence of fluvial
sediment output, which is supported by the fact that in
some parts of the valley only subterranean drainage
occurs, large sediment storage types such as talus
sheets or alluvial fans could have developed since
Late-glacial times (Fig. 2). The valley can be roughly
divided into three subsystems representing a typical
landform assemblage of the sediment cascade (Fig. 4).
Each subsystem is connected through processes and
influenced by regulators (e.g., slope angle, slope
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length) (Chorley and Kennedy, 1971). The growth,
persistence, or destruction of a particular storage type
and landform depends heavily on the processes which
are responsible for the amount of sediment input or
output. Although subystem I represents more than
82% of the surface of the drainage basin, covering
an area of almost 14 km2, the amount of sediment
storage is less important due to the dominance of steep
rock walls (>45j). Sediment storage is limited to
some small cirques in the upper areas of the drainage
basin. Here, some shallow talus sheets and cones have
developed. In contrast, subsystems II and III (representing only around 3 km2—or 18% of the catchment)
store most of the sediment generated within the catchment. Therefore, in this study, we focus mainly on
these two subsystems that are part of the mapping area
(Figs. 1 and 4).
Five main geomorphic processes of formation of
the talus slopes and valley morphology have been
observed: (i) rockfalls, (ii) debris flows, (iii) wet snow
avalanches, (iv) episodic floods and inundations, and
(v) sheetwash.
The valley bottom, as the main accumulation area,
represents < 20% of the catchment surface. Never-

Fig. 3. View downvalley showing the middle part of the mapping area. The large sedimentation area in the centre was mainly caused by the
rockfall deposit in the background.
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Fig. 4. Conceptual model of the different storage types and processes of the sediment cascade in the Reintal valley.

theless, it probably contains most of the sediment
mobilised and deposited during post-glacial times.

3. Methods, techniques and modelling approaches
Intensive field work was carried out during the
summers of 2000 and 2001, which included extensive
geomorphological mapping, air photo interpretation
and seismic refraction soundings. Geomorphometric
analysis was applied to test their applicability with
respect to valley cross-section modelling and to compare estimations of bedrock curvatures with obtained
results from the geophysical surveys.
3.1. Geomorphological mapping and air photo
interpretation
A total of 126 storage units were mapped and
classified into eight main sediment storage types.
For mapping purposes we used orthophotos with a
resolution of 1:5000. The original orthophotos—
showing a resolution of 1:10,000—were taken in
October 1996. The classification scheme used is
similar to that described by Ballantyne and Harris
(1994). To achieve a maximum of information, each

sediment storage unit was mapped along with several
attributes such as form, sediment properties, degree of
vegetation, and process coupling (Table 1). The sediment storage units were subsequently digitised for
further GIS analysis with ArcInfo and ArcView modelling tools. Particular attention was paid to the
coupling and decoupling mechanisms of storage type
and geomorphic process.

Table 1
Geomorphological mapping attributes
Attribute

Description

Form

curvature, slope (in degrees), micro
forms
homogenous/heterogeneous, form
(rounded/angular), particle size,
orientation
limestone (homogeneous)
degree of cover, type, species, damage
by recent processes
perennial/periodical/subterranean
drainage, lake with/without outlet
type, percentage of formative influence,
activity
coupled/decoupled system
e.g. talus sheet, debris cone, floodplain

Sediment properties
(surface)
Lithology
Vegetation
Hydrography
Process
Geomorphic system
Sediment storage type
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3.2. Geomorphometric analysis
Along the valley, 32 transects were extracted from
the DEM for geomorphometric analysis (Fig. 5). In a
further step, the transects were divided into two parts:
the recent valley floor and the adjacent rock walls.
Because the rock wall shows a stepped profile with
steeper and flatter parts, partially caused by cirques and
hanging valleys, the curve fitting was always based on
the first oversteepening rock wall segment, which
probably represents the height of the last glacial maximum in the valley. We assumed that this part of the
rock wall was entirely covered during the last glaciation. The length of the rock wall for the polynomial
calculation varies within appr. 50 m but is of similar
magnitude (300 m). This limitation to the first rock wall
segment is reasonable because the use of the entire rock
wall would lead to curve fittings resulting in unrealistic
and very deep troughs. Furthermore, it guarantees
relatively homogenous segments for polynomial modelling. For each transect, a polynomial function from
second to fifth order was used for modelling the cross
sections. For example a quadratic equation (secondorder polynomial) has the expression
y ¼ a þ bx þ cx2
where y and x are vertical and horizontal distances of
points on the transect from some arbitrary datum, and
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a, b, and c are coefficients determined by a leastsquares fit to the empirical data (Harbor and Wheeler,
1992).
For all transects, the lowest possible order of polynomial was chosen for the following reasons:
(i) to avoid a fitting of particular irregularities of the
rock wall, which are mainly the result of
Holocene rockfalls and weathering but do not
represent the post glacial condition; and
(ii) to model a more moderate but not extreme
overdeepening of the valley floor.
3.3. Seismic refraction sounding
Seismic refraction surveys were carried out with
24-channel Bison Galileo equipment. A total of 66
soundings were carried out with individual profile
lengths between 72 and 96 m, and geophone spacing
between 3 and 4 m (Fig. 5; Table 2). All profiles
were referenced using enlarged orthophotos (1:5000)
in the field and additional GPS coordinates. The
impact source was a 5-kg sledge hammer. Signals
were generally stacked four times for a higher signalto-noise ratio. Each profile was measured by 10 to 15
shots (i.e., with the impact source located every 6 to
8 m). By means of variations in primary seismic
wave (p-wave) velocities, different layers could be

Fig. 5. Location of 32 transects and seismic refraction profiles used in this study (see also Table 2).
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Table 2
Summary of seismic refraction survey on different storage types and velocities of the bedrock refractor
Profile
no.

Storage type

3

Alluvial fan/
avalanche deposit
Debris cone
Debris cone
Debris cone
Talus sheet
Talus sheet
Talus sheet
Debris cone
Fluvial deposit
Talus sheet
Alluvial fan
Talus sheet
Talus sheet
Alluvial fan
Alluvial fan
Alluvial fan
Alluvial fan
Talus cone
Alluvial fan
Alluvial fan
Floodplain
Floodplain
Floodplain
Floodplain
Alluvial fan/
avalanche deposit
Floodplain
Floodplain
Floodplain
Debris cone
Debris cone
Talus sheet
Talus sheet
Alluvial fan
Talus cone
Talus cone
Avalanche deposit
Debris cone

4
8
9
11
12
13
14
17
18
19
20
22
23
24
25
26
27
28
29
30
31
32
37
39
40
41
44
50
51
56
57
59
62
63
64
66

Surveydistance (m)

Method

v (m/s)

72

WFIa

96
96
96
96
96
96
96
72
96
96
96
96
96
96
96
96
72
96
72
96
96
96
96
96

WFI
Intercept
WFI
Intercept
WFI
WFI
Intercept
Intercept
WFI
WFI
WFI
WFI
WFI
Intercept
Intercept
WFI
WFI
WFI
WFI
WFI
WFI
WFI
Intercept
Intercept

2850
2910
>2500
>2500
4350
3550
5750
4950
4200
>2500
>2500
2600
3950
2400
2400
3050
2450
2700
>2500
>2500

96
96
96
96
96
72
72
96
72
96
72
96

WFI
WFI
Intercept
WFI
WFI
WFI
WFI
WFI
WFI
WFI
WFI
WFI

2750
2650
>2500
2700
2800
4400
3700
3400
2700
2850
3300
3300

Bedrock
Probableb

Possiblec

Mean
depth (m)

U

7.5

U

U
U
U

5
20 – 30
18
25
18.5
23.5
15 – 30
3–6
7
11
12
11
18
30 – 40
30 – 40
13
6.5
7.5
7.5
10.5
9.5
8.5
10 – 15
10

U
U
U
U
U
U
U
U
U
U
U
U

15
17
16
9.5
26.5
10.5
8
14
10
14.5
9.5
6.5

2500
2400
>2500
3600

U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U

No bedrock: v < 2200 m/s.
a
Wavefront-inversion.
b
Bedrock probable: v>2500 m/s.
c
Bedrock possible: 2200>v>2500 m/s.

identified. The depth of the different refractor horizons was calculated using the Intercept method (onedimensional) and the wavefront inversion method for
two-dimensional interpretation (cf. Knödel et al.,
1997; Reynolds, 1997) (Table 2). The geophysical

survey allows the interpretation of possible and
probable bedrock depths because of measured pwave velocities. These results were then used to test
and validate the geomorphometric results (Fig. 6;
Table 2).
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Fig. 6. Flowchart showing the methodological approach for calculating sediment thicknesses and sediment volumes using DEMs and
information derived from geomorphometric cross-section analysis and seismic refraction survey.

3.4. GIS modelling approach
An important prerequisite for the employed modelling approach used is the availability of a highresolution digital elevation model (DEM) (Fig. 6).
The DEM of the surface (DEMsurface) is based on
altitude data obtained from a photogrammetric survey. Original contour intervals vary between 10 and
20 m. The DEM used in this study was generated
using the Arc/Info algorithm ‘topogrid’ and shows a
resolution of 5 m. The vertical accuracy of the
original data set is < 0.5 m. Topogrid is basically a
discretised thin plate spline. The algorithm led to a
smoothing of data and considers the hydrography in
order to generate a continuous stream network. The
generation of a hydrologically correct DEM is
ensured by automatic identification of maximum
curvature, e.g. ridges or drainage paths (Hutchinson,
1989).

A DEM of the bedrock (DEMbedrock)—presenting
a valley floor without sediment deposits—was generated using the bedrock depths of the modelled
transects. The areas between the transects were again
interpolated using ArcInfo ‘topogrid’. The sediment
thickness along the extracted transects and the calculation of the overall sediment volume was subsequently derived from the difference between the two
DEMs (DEMsurface  DEMbedrock). Additionally, the
estimated depths of the seismic interpretation with
probable and possible bedrock estimations (velocities
>2200 m/s) were interpolated to create a new bedrock
coverage (Fig. 6; Table 2). From this coverage, cross
sections with a high degree of seismic information
were extracted and compared with the cross sections
derived from geomorphometric analysis (Table 4).
The information of the seismic survey can be used
to check and evaluate the sediment thicknesses
derived from the geomorphometric approach. Sedi-
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Table 3
Total amount and relative surface area of sediment storage types
Sediment storage type

Area

Total
number

Talus sheet
Talus cone
Rockfall
Alluvial fan
Floodplain and fluvial
deposits
Debris cone
Avalanche deposits
Moraine

41%
26%
11%
9%
6%

35
24
8
21
9

5%
1%
1%

22
5
2

ment deposits outside the main valley floor were not
considered in the calculation of total sediment storage
volumes because of their negligible volume.

4. Results
4.1. Spatial distribution of sediment storage types in
the valley
At present, the dominant landforms in the valley are
talus sheets followed by talus cones, rockfall deposits,
alluvial fans and floodplains, debris and avalanche

cones, and Late-glacial moraines (Table 3). Talus
sheets are more common in the eastern and narrower
part of the valley, whereas talus cones are concentrated
in the western and middle part of the basin. Rockfall
deposits occur frequently throughout the valley and
block the axial sediment transport. Because of their
high trap efficiency, this damming effect causes the
development of large floodplains and fans. The rockfall
deposits now act as separators of almost closed sediment sinks (Fig. 3). Debris cones are also widespread in
the valley, but in general much smaller in size than the
large talus cones. Debris flows are frequent on northfacing slopes where material of huge talus sheets is
remobilised. Here, smaller and younger debris flows
are superimposed on larger and older talus sheets and
cones. They form a palimpsest of systems, where older
landforms are partially erased by younger landforms
created by processes for which older landforms operate
as a boundary condition (Chorley et al., 1984).
Visible avalanche deposits are, in general, limited
to the very active avalanche tracks (recurrence interval V 1 year) and the deposits are interbedded with
floodplains and alluvial fans. Especially on southfacing slopes, the annually observed avalanche activity results in 11 larger avalanche tracks eroding talus
sheets and cones that are covering most of this slope.

Fig. 7. Vertical extension of the different sediment storage types.
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Fig. 8. Degree of activity and surface area of different sediment storage types.

On north-facing slopes, however, avalanche tracks
have only developed on four locations. This is
probably due to the steepness of the rock wall, which
on the other hand favours the occurrence of numerous debris flows. They start on the boundary zone
between bedrock and adjacent talus slope, remobilising material from older, partially inactive, or relict
talus sheets and cones. At the uppermost part of the
mapping area, several alluvial fans have developed.
During snowmelt and heavy thunderstorms, debris
and fine material become frequently mobilised. This
part of the basin is characterised by a classic cirque
with a very flat valley floor. In the centre, a probably
Holocene rockfall deposit causes damming of sediments. According to eye witnesses, a separate rockfall occurred on the north-facing slope in 1920
(Leuchs, 1921).
The vertical extension of sediment storage ranges
from 1050 to 1650 m (Fig. 7). Two main altitudinal
levels can be differentiated that are the result of a
marked step in the longitudinal profile. In this relatively narrow part of the valley, almost no sediment
could be stored. The concentration of sediment storage types in the lower parts of the valley corresponds
to the increasing surface area from upper to lower
areas in the basin. The talus sheet storage type shows
the largest vertical extension and it also covers the
greatest horizontal surface.

4.2. Activity of the geomorphic system and process
coupling/decoupling
All sediment storage units were mapped with
respect to their degree of activity and their coupling
mechanisms with geomorphic processes. Based on
qualitative and semiquantitative criteria, three differ-

Fig. 9. Sediment input, output, or both classified for different
sediment storage types.
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ent classes of activity were distinguished and are
shown in Figs. 2 and 8.
(i) High activity: vegetation cover 0 – 5%; during
the observation period of 2 years, landforms
changed frequently (e.g., new gullies, debris
cones) through geomorphic processes (e.g.,
debris flows, rockfalls) causing erosion or
deposition of sediment.
(ii) Moderate activity: vegetation cover 5– 20%; no
significant change of landforms within the
period of observation. In some areas, the impact
of geomorphic processes (e.g., only single
rockfall events) is not causing any observable

change; in other parts of the valley, the effects of
geomorphic processes (debris flows, gullies) are
still very well preserved, indicating a recurrence
interval of at least 2 years.
(iii) Low activity: vegetation cover 20 –90%, no
recent impact of geomorphic processes. However, single boulders on top of well-developed
alpine meadows or the runout of extraordinary
avalanches indicate a certain activity in these
areas.
Within the mapping area, only 21% of the surface
shows a visible degree of activity. All other areas (79%
of the mapping area) show a vegetation cover of 90–

Fig. 10. Calculated valley fill derived from geomorphometric analysis. The three selected cross sections (4, 20, 25) show shapes derived from
geomorphometric analysis and seismic refraction interpretation.
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100% with well-developed alpine forests. Practically
no geomorphic impact can be inferred for time periods
of decades and centuries or even longer. Fig. 8 summarizes the degree of activity with respect to each sediment storage type. It is important to note that the talus
sheet storage type shows the lowest degree of activity,
although talus sheets are widespread and the dominant
landform in terms of covered surface area. By contrast,
the areas of avalanche deposits, which cover only 1%
of the total area, show the highest degree of activity—
along with the floodplains.
The whole valley can be divided roughly into three
different areas of activity (Fig. 2). The lowest part
shows the lowest degree of activity. Inactive or relict
talus sheets cover most of the area. The observed
activity is limited to some smaller debris flows and to
the channel system of Partnach Creek. In the middle
part of the valley, the activity is concentrated on northfacing slopes and a large sedimentation area, creating
a highly active floodplain. This can be explained
through frequent sediment supply from the adjacent
rock wall and the changing braided system of Partnach Creek. Sheet flow with stone falls and rockfalls
are frequent, and the unconsolidated material of the
talus slopes becomes subsequently mobilised by debris flows.
In the upper part of the valley, the most active
landforms are alluvial fans and avalanche tracks.
Talus slopes (sheets and cones) show, in general, a
moderate degree of activity.
Considering the area mapped in the valley, evidently only 21% of the surface area is active. These
active areas are coupled with geomorphic processes
in terms of sediment input, sediment output, or
both. Gravitational processes influence more than
50% of the area with active storage types, 34%
being rockfall and 20% debris flow deposits (Fig.
2). Recent sediment transport through the basin
occurs mainly on alluvial fans and avalanche tracks,
although these represent < 10% of the area. Most of
the active talus slopes and floodplains are characterised exclusively by sediment inputs (Fig. 9). This
implies that within the sediment cascade the greatest
part is currently decoupled from the sediment output. Currently, only some small parts of these active
storage types indicate definitive sediment output,
visible for example on slope/channel interactions
and river undercutting.
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4.3. Sediment thicknesses and sediment volumes
based on geomorphometric analysis and seismic
refraction surveys
The calculated sediment thicknesses using the
interpolated values of 32 polynomials show a maximum valley fill in the uppermost part and on two
further locations in the lower part of the valley (Fig.
10). Areas of pronounced overdeepening are always
connected with relatively narrow and steep slopes,
and rock walls in the surroundings. In this case, the
use of polynomial functions results in relatively deep
and pronounced troughs ( z 70 m). In total, however,
these regions are limited to V 15% of the mapped
area (Fig. 10). According to our geomorphometric
analysis, more than two-thirds of the valley is covered
with shallow sediment mantle showing thicknesses of
< 40 m. For 53% a sediment thickness of < 30 m and
for 28% a thickness of < 10 m were calculated. For
the whole valley bottom this results in a sediment
thickness of 33 m on average, which corresponds to a
total sediment volume of 0.1 km3 stored in the valley.
In order to check and to assess the derived cross
sections and sediment thicknesses based on the geomorphometric data (polynomials) they were compared
with our seismic refraction data. The data set of our
seismic refraction profiles allowed the validation of
nine cross sections (Table 4). The range of possible
overestimations is documented by examples of modelled cross sections, and by the maps showing the
different sediment thickness derived from geomorpho-

Table 4
Difference between depth to bedrock estimated from polynomials
and geophysical soundings (refraction seimic), degree of polynomial, and maximum slope angle
Cross-section
no.

Maximum
differencea (m)

Degree of
polynomial

Slope
angle (j)

P
P
P
P
P
P
P
P
P

+ 25
+ 100
+ 70
F0
+ 60
+ 60
+ 20
F0
+ 100

Fifth order
Third order
Third order
Fourth order
Fifth order
Fifth order
Fourth order
Fourth order
Third order

25 – 30
50 – 70
50 – 70
30 – 45
45 – 55
45 – 55
30 – 45
50 – 70
50 – 75

3
4
5
20
21
22
25
26
30
a

Overprediction using polynomials.
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Fig. 11. Calculated sediment thickness derived from a combined approach using geophysical data (depth of bedrock) and geomorphometric
analysis (polynomials).

metric analysis on the one hand and a combined
approach using geophysical data and polynomials on
the other hand (Figs. 10 and 11). The difference
between estimated depths to bedrock using polynomials and cross sections with a high density of seismic
refraction data is shown in Table 4. The use of more
accurate seismic data results in some locations to a
significant reduction of the sediment thickness. In the
centre of the valley, between the cross sections p20
and p25, the sediment thickness was reduced from
almost 90 to < 20 m. Using the latter approach, 56%
of the valley bottom is characterised by relatively
shallow sediment thicknesses of V 20 m.
The overall corrected sediment volume is calculated to be 0.07 km3 resulting in a mean sediment
thickness of 23.3 m. This indicates a reduction by
30% (0.03 km3) taking into account seismic refraction
data (Fig. 11). The seismic refraction data show
clearly that in areas with steep rock walls or relatively
narrow valley floors (V-shaped character) the use of
polynomial equations leads to significant overestimations of sediment thicknesses. Relatively similar
results were obtained in areas with a wider valley
bottom and more gentle slopes (Fig. 10). A surprising
outcome according to the seismic data obtained was

the shallow sediment thickness of the large floodplain
(profiles 40, 41) in the centre of the valley ranging
from only 15 to 17 m (Fig. 3; Table 2). By contrast,
the sediment thickness of several talus slopes is more
than twice as much.

5. Discussion
5.1. Interpretation of spatial distribution of sediment
storage types with respect to process coupling
The interaction between topography, lithology, and
climate in mountain environments leads to the development of a particular landform assemblage. The
mapping area shows clearly that talus cones and
sheets are always coupled with relatively steep rock
walls, whereas alluvial fans and plains are frequently
developed in flatter areas with fluvial activity. Avalanche tracks and deposits can very often be linked to
cirques in upper regions, and the occurrence of debris
flows indicates the availability of sediments and the
possibility of sediment concentration in couloirs (Fig.
2). The alpine cliffs of the basin are frequently
dissected by couloirs and broader avalanche tracks
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(characterised by snow accumulations lasting until
summer) and water and debris supply especially
during rainstorms. These processes influence the form
of the subjacent talus (Rapp, 1960; Caine, 2001). The
morphological mapping of a particular landform,
however, can basically imply the following problems:
(i) several processes interact generating a less welldefined and complex landform; and (ii), equifinality,
that is, two or more processes result in one typical
landform (Thorn, 1988). In this case, it would not be
possible to relate the sediment storage type to a
distinct process of origin. In the calcareous Alps, talus
sheets and cones are very often not simply the result
of rockfall processes. There are other processes such
as sheetwash and wet snow avalanches that probably
play a major role in their development. Sedimentological analysis of a section and samples taken 10 and
15 m below the surface of a talus sheet shows a debris
clast with grain sizes between 0.5 and 3 cm in a sandy
diamicton (Fig. 12). In fact, during heavy thunderstorms a remarkable amount of sediment input
through sheet flow can be observed on the boundary
zone between rock wall and talus slope (Fig. 13).
Only a few layers of large boulders indicate periods of
intense rockfall activity. This is partially in contrast to
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a simple rockfall talus development reported from
other mountain regions with crystalline rocks, like
northern Scandinavia, the Canadian Rocky Mountains, or parts of the central Alps (Rapp, 1960; Luckman, 1976; Jomelli and Francou, 2000). Because of
the relief and the extraordinary length of the rock wall
(>1000 m) the interaction of several processes (rockfalls, debris flows, avalanches) causes the crashing of
large blocks and boulders producing clasts of similar
size (Figs. 12 and 13).
5.2. Degree of activity and associated storage types
Geomorphic process activity in the valley is
conditioned by fluctuations in climate and vegetation
cover since the earliest deglaciation. The main valley
floor became ice free during Late-glacial times
around 14,000 BP, whereas the upper part of the
mapping area was probably covered by glacial ice
until the end of the Younger Dryas (Hirtlreiter,
1992). We assumed that shortly after deglaciation a
large part of the present-day talus slopes developed,
especially in the lowest section of the valley, which
deglaciated at least 2000 years earlier than the upper
section of the valley. Many taluses in the lower part

Fig. 12. Eroded section of a large talus sheet on the north-facing slope. Layers of boulders indicate larger rockfall events. Samples were taken on
the baseline and appr. 3 m above the person.
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The steepness and extreme relief (>1000 m) on
the north-facing slope in the middle part of the
valley favours the supply of significant quantities of
debris resulting in a higher activity (Fig. 2). Most
of the taluses in this part of the north-facing slope
are characterised by relatively unconsolidated material, promoting the occurrence of active debris
flows. During snowmelt and intense summer precipitation, increasing sediment transport is observed
on alluvial fans, in the floodplains, and in the
channel system.
5.3. Interpretation of sediment thickness modelling
and valley fill estimations

Fig. 13. Transition zone between the rock wall to the subjacent talus
slope. Sediment transport to the talus slope takes place mainly
through rockfall sheet flow. The size of the material corresponds to
the dominant grain size of the talus slope and varies between 2 and
5 cm.

of the valley are now probably relict landforms on
which river incision or remobilising of sediment by
debris flows has replaced sediment input as the
dominant mode of geomorphological activity (cf.,
Ballantyne and Benn, 1994).
Thus, the degree of activity of sediment flux gives
some indication to the paraglacial slope adjustment
and hence the temporal evolution of the valley floor.
Higher process activity in the upper part of the drainage basin can be explained by the fact that the
surrounding cirques of the hanging valleys were
partially glaciated until the beginning of the 20th
century. This implies still a higher availability and
supply of unconsolidated sediment and can partially
explain the increase of activity towards the upper end
of the valley.

The use of polynomials allows modelling of the
valley shape with only little data requirements. However, there are several critical points to consider. A
serious problem is basically caused by the steepness
of the rock walls and the width of the valley, which
significantly affects the curvature of the trough. The
more narrow and steep the valley forms the more
pronounced the modelled trough shape. This frequently results very often in a significant overestimation of depths of bedrock. Secondly, the choice of the
polynomial degree has an important influence on the
modelled cross section. In general, higher order polynomial functions are fitting the rock wall more accurately, but model a very pronounced trough (Fig. 10).
Even smaller irregularities in the rock wall, caused by
historical rockfalls for instance, can be fitted quite
adequately by using higher order polynomials. The
purpose of the modelling is, however, to estimate the
shape of the initial valley floor, which is now filled
with sediment. It is not necessarily adequate to use the
geometry of today’s rock wall. Therefore, a lower
order polynomial, fitting less pronounced recent rock
wall irregularities, is probably producing a more
realistic shape with a smoother and flatter trough.
The three selected cross sections document the range
of possible bedrock estimations and show the differences in comparison with the more accurate seismic
refraction data. Cross-section 20 shows similar results
with respect to the modelled sediment thickness, but
the fitting curve is slightly displaced. In cross-section
25, the polynomial curve is modelling approximately
twice as much as the seismic data indicate; and in
cross-section 4, an overestimation of factor 5 or higher
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occurs. The 32 transects used for the estimation of the
total valley fill showed that good results were always
obtained in areas with a relatively moderate valley
shape, whereas steep and narrow flanks are always
problematic.
The seismic data show that the measured thickness
of sediments is relatively shallow in most areas
throughout the valley; however, there are some talus
sheets on the north-facing slope where the depth of
bedrock could not be reached. Here, the thickness of
sediments exceeds the detection limit of our seismic
equipment used (appr. 40 to 50 m) (Fig. 12). By
contrast, the volumes of the larger sedimentation areas
associated with the dam of the rockfall are much
smaller than expected. In these areas, we measured
sediment thicknesses between 15 to 17 m (Fig. 3 and
cross-section 20 in Fig. 10). Investigations on talus
slope thicknesses in the direct neighbourhood of our
basin (Zugspitzblatt) generated from ground-penetrating radar (GPR) resulted in somewhat lower values
ranging from 5 to 13 m (Sass and Wollny, 2001).
Recent investigations on valley fillings and sediment volumes in an alpine basin in the Dolomites/
Italy demonstrate that the single use of parabolic
curves for cross-section analysis leads also to a significant overestimation of the bedrock depths. Compared with the more accurate data based on extensive
geophysical surveys (seismic refraction and geoelectrical resistivity sounding), the calculated sediment
volume using a parabola (exponent b = 2) was overestimated by a factor of 5 (Schrott and Adams, 2002).

6. Conclusions

(ii)

(iii)

(iv)

(v)

(vi)

In this study, promising relationships between
basin characteristics (e.g., valley form, local relief),
geomorphic processes, and associated sediment storage types could be established. The quantification of
valley fill deposits was assessed using a combination
of a geomorphometric approach applied for the whole
valley and more precise data from seismic refraction
soundings for some cross sections.
A number of important implications emerge from
this study:
(vii)
(i) Talus sheets are the dominant storage type in
the basin. However, more than two-thirds of
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them are relict landforms representing paraglacial deposits. These landforms are decoupled from the present-day geomorphic
system and currently no sediment input or
output occurs.
At present, sediment flux activity is limited to
only 21% of the valley floor. Within the basin,
notable sediment transport can only be observed along avalanche tracks, debris flows and
within the floodplains.
Rockfalls play a minor role in terms of modern
sediment input, but they influence greatly the
development of some sediment reservoirs
through damming effects. During Late-glacial
and Holocene periods, several locations in the
basin became almost closed sediment systems
with high trap efficiency.
In qualitative terms, the geomorphic coupling
of sediment storage type and associated process
can elucidate the different degrees of activity
and the evolution of a particular landform.
The quantification of valley fillings in formerly
glaciated basins is not an easy task. The
geomorphometric approach used in this study
can provide a relatively quick estimation of
potential sediment volumes. However, without
the control by more accurate data from boreholes or geophysical prospecting, the application of polynomials for valley shape modelling
is speculative in its character and actual surveys
are highly recommended. In this context, the
use of seismic refraction data allows the
validation of the geomorphometric approach.
The efficiency and the degree of accuracy of
bedrock estimations using polynomials vary
greatly with the changing shape of the valley.
Narrow valley sections with steep flanks are
much more problematic than valley shapes
with a wider valley floor and relatively moderate slopes. For some transects, an immense
overestimation by one order of magnitude
was calculated; whereas in other parts of the
valley, the modelled cross sections were in
good accordance with the obtained seismic
data.
A surprising result obtained from the seismic
refraction data was the shallow sediment
thickness of the largest sedimentation area
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(floodplain, profiles 40 and 41) in the valley
with values between 15 and 17 m (Fig. 6 and
Table 2).
(viii) The use only of bedrock data derived from
geophysical prospecting is often not possible
because it is too incomplete. It may also lead to a
slight underestimation of the sediment volume
because in some areas the bedrock cannot be
reached with the seismic equipment we used.
Thus, restrictions associated with the valley
shape, quality of digital elevation models,
interpolation algorithms, and geophysical interpretations should be considered when evaluating calculated sediment volumes. Taking into
account these limitations, we can conclude that a
combined application of bedrock data generated
from polynomials and geophysical prospecting
is a useful modelling tool.
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and resedimentation following recent glacier retreat, Fåbergstølen, Norway. Arctic and Alpine Research 26 (3), 255 – 269.

Ballantyne, C.K., Harris, C., 1994. The Periglaciation of Great
Britain. Cambridge Univ. Press, Cambridge. 330 pp.
Caine, N., 1974. The geomorphic processes of the alpine environment. In: Ives, J.D., Barry, R.G. (Eds.), Arctic and Alpine Environments. Methuen, London, pp. 721 – 748.
Caine, N., 1976. A uniform measure of subaerial erosion. Geological Society of America Bulletin 87 (1), 137 – 140.
Caine, N., 2001. Geomorphic systems of Green Lakes Valley. In:
Bowman, W.D., Seastedt, T.R. (Eds.), Structure and Function of
an Alpine Ecosystem. Oxford Univ. Press, Oxford, pp. 45 – 74.
Caine, N., Swanson, F.J., 1989. Geomorphic coupling of hillslope
and channel systems in two small mountain basins. Zeitschrift
für Geomorphologie 33 (2), 189 – 203.
Chorley, R.J., Kennedy, B.A., 1971. Physical Geography: A Systems Approach. Prentice-Hall International, London. 370 pp.
Chorley, R.J., Schumm, S.A., Sudgen, D.E., 1984. Geomorphology.
Methuen, London.
Church, M., Ryder, J.M., 1972. Paraglacial sedimentation, a consideration of fluvial processes conditioned by glaciation. Geological Society of America Bulletin 83, 3059 – 3071.
Church, M., Slaymaker, O., 1989. Disequilibrium of Holocene
sediment yield in glaciated British Columbia. Nature 337 (2),
452 – 454.
Dietrich, W.E., Dunne, T., 1978. Sediment budget for a small catchment in mountainous terrain. Zeitschrift für Geomorphologie.
Supplementband 29, 191 – 206.
Einsele, G., Hinderer, M., 1997. Terrestrial sediment yield and the
lifetimes of reservoirs, lakes, and larger basins. Geologische
Rundschau 86 (2), 288 – 310.
Graf, W.L., 1970. The geomorphology of the glacial valley cross
section. Arctic and Alpine Research 2 (4), 303 – 312.
Harbor, J.M., 1990. A discussion of Hirano and Aniya’s (1988,
1989) explanation of glacial-valley cross profile development.
Earth Surface Processes and Landforms 15, 369 – 377.
Harbor, J.M., Wheeler, D.A., 1992. On the mathematical description of glaciated valley cross sections. Earth Surface Processes
and Landforms 17, 477 – 485.
Hinderer, M., 2001. Late Quaternary denudation of the Alps, valley
and lake fillings and modern river loads. Geodinamica Acta 14,
231 – 263.
Hirano, M., Aniya, M., 1988. A rational explanation of cross-profile morphology for glacial valleys and of glacial valley development. Earth Surface Processes and Landforms 13, 707 – 716.
Hirtlreiter, G., 1992. Spät-und postglaziale Gletscherschwankungen
im Wettersteingebirge und seiner Umgebung. Münchener Geographische Abhandlungen, Reihe B 15, 154 pp.
Hoffmann, T., Schrott, L., 2002. Modelling sediment thickness and
rockwall retreat in an Alpine valley using 2D-seismic refraction
(Reintal, Bavarian Alps). Zeitschrift für Geomorphologie,
Suppl.-Bd. 127, 175 – 196.
Hutchinson, M.F., 1989. A new procedure for griding elevation and
stream line data with automatic removal of spurious pits. Journal
of Hydrology 106, 232 – 244.
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