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Abstract. When connected to torrential channels, periglacial moving landforms (including rock glaciers, push
moraines and high-altitude landsliding masses) may constitute important active sediment sources for gravita-
tional and torrential transfer processes such as debris flows. However, still very little is known about the location
and the number of such types of sedimentary connection in given regions, as well as about the typical sediment
transfer rates that can be expected. Therefore, this contribution aims at (i) describing a new methodology devel-
oped to identify and characterize moving landforms connected to the torrential network system at a regional scale
and (ii) presenting the results yielded from the application of this method in a 2000 km? region in the southwest-
ern Swiss Alps. The developed approach is based on the analysis of simple data such as a high-resolution digital
elevation model (DEM), time series of aerial images and a slope movement inventory. The approach allowed
both the fast identification of moving landforms connected to torrential channels and the estimation of annual
sediment transfer rates for these inventoried landforms. In the study region, results showed that such types of
sedimentary connection appeared to be rather rare. Results also showed that most connected moving landforms
were characterized by relatively low sediment transfer rates (< 500 m> yr~!) but several sites were identified as
transferring large amounts of sediment into the torrents (> 1000m> yr~'). As sediment transfer rates depend
on the kinematical behavior of the landforms, values calculated may change in regard to the evolution of the
surface velocities, which are currently generally increasing in the European Alps. When connected to torrents,
periglacial moving landforms may thus represent substantial active sources of sediments for the development of

debris flows and should be considered in the management of torrential catchments.

1 Introduction

Periglacial moving landforms, which are defined here as
landforms resulting from ground motion and located in
mountain permafrost environment (e.g., rock glaciers, deep-
seated rockslides, push moraines), can occur in the headwa-
ters of high mountain torrential catchments. Depending on
their location within the basin, they may represent substan-
tial sources of coarse debris for the development of torrential
sediment transport processes such as debris flows. The sedi-
mentary connection or connectivity, i.e., the potential trans-
fer of sediments from one morphological unit to the other
(Bracken et al., 2015), occurs when the moving landform
and the torrential channel are directly adjacent or separated
by uninterrupted steep slopes where sediments can easily be
eroded and guided downwards (Fryirs, 2013). As connectiv-

ity describes a potential for sediments to be transported be-
tween two morphological units, it may operate at different
spatial and temporal scales. For instance, connectivity can
occur between adjacent sediment storages (local scale) as
well as at a wider scale, typically between fluvial systems.
In addition, erosion and transport of sedimentary material
depend on the occurrence of geomorphic processes that can
be active at different timescales (Harvey, 2002). Changes in
the level of connectivity can thus occur depending on the in-
vestigated timescale. The present contribution is mainly con-
cerned with characterizing the level of connectivity between
periglacial moving landforms and torrential channels at the
scale of a few decades.

Previous studies conducted on rock glaciers have shown
that the erosion processes and rates occurring at the margins
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of periglacial slope movements depend, among other factors,
on the ground motion rates (Kummert et al., 2018; Kummert
and Delaloye, 2018). When a given moving landform is con-
nected to a torrential channel, its movement is directed to-
wards the torrent and the sediment transfer activity linking
the two morphological units can be considered gradual in
time. This (almost) continuous sediment transfer activity thus
guarantees a certain level of sediment availability for debris
flows and represents valuable information for the manage-
ment of concerned torrents. In addition, permafrost creep rate
depends — at least on interannual and decennial bases — on
temperature (Kéib et al., 2007; Delaloye et al., 2008; Bodin
et al., 2009; Kellerer-Pirklbauer and Kaufmann, 2012). In re-
sponse to the recent climatically driven increase in ground
temperatures, a very substantial acceleration of rock glaciers
and other permafrost creeping landforms has been reported,
especially from the European Alps (e.g., Roer et al., 2005;
Kaufmann et al., 2007; Ikeda et al., 2008; PERMOS, 2016).
The sediment transfer rate of rock glaciers is hence being
modified and will continue — at least up to a certain point —
in response to the ongoing air temperature increase. With the
generally high surface velocities, sediment availability is ex-
pected to increase in the headwaters of torrential catchments
and potentially impact the frequency and magnitude of tor-
rential transfer processes.

The magnitude of a debris flow event refers to its flow
depth, travel distance and affected areas, while the frequency
is related to the recurrence interval of such an event (Zim-
mermann et al., 1997; D’ Agostino and Marchi, 2001). Their
assessment represents a basic step towards the determination
of torrential hazards in a given catchment. Debris flow mag-
nitude and frequency are close functions of both frequency
of occurrence of specific hydroclimatic events capable of ini-
tiating the torrential transport (e.g., Rickenmann, 1999) and
terrain variables including sediment availability on hillslopes
and channels (e.g., Bovis and Jakob, 1999). Therefore, an in-
crease in the sediment transfer rate between periglacial mov-
ing landforms and torrents is likely to lead to higher debris
flow magnitude and/or frequency in the concerned catch-
ments as it continuously enhances the volume of available
sediments (Kummert and Delaloye, 2018). If the evidence of
such an increase in the frequency and magnitude of debris
flows starting from glacier and permafrost areas has not been
highlighted yet at a large temporal scale (e.g., Rebetez et al.,
1997; Jomelli et al., 2007; Sattler et al., 2011), the potential
effect of slope movement acceleration on channel recharge
rates might be significant in specific catchments.

There is thus a need to better identify and characterize the
cases of sedimentary connection between moving landforms
located in periglacial environments and torrential channels.
Recently, several studies applied quantitative approaches to
determine connectivity within mountainous catchments. For
instance, Heckmann and Schwanghart (2013) presented a
network analysis approach to quantify connectivity using nu-
merical models to simulate rock falls, debris flows and fluvial

transfer processes. In another example, Cavalli et al. (2013)
proposed a methodology based on the geomorphometric
analysis of a high-resolution digital elevation model (DEM)
to compute values of connectivity for individual pixels in
relation to a specified target (i.e., the catchment outlet or
the main channel). These different approaches can be con-
sidered only semiquantitative as they give relative values of
connectivity and do not allow characterization of the pres-
ence and absence of sediment connectivity between morpho-
logical units. In addition, none of these studies look at the
very local-scale connections such as the one that can exist
between moving landforms and torrential channels.

Hence, if such types of sedimentary connection have al-
ready been identified for some specific sites in the European
Alps (e.g., Lugon and Stoffel, 2010; Delaloye et al., 2013;
Kummert et al., 2018), very little information exists at the
regional scale, for instance about (i) the number and (ii) the
location of torrential catchments characterized by the pres-
ence of moving landforms connected to channels, but also
(iii) the rates at which sediments are being transferred. To
address these questions, a methodology aiming at inventory-
ing the cases of moving landforms connected to the torrential
network system at the regional scale has been developed. The
overall goal of the method is to provide a map in which all the
catchments concerned by the presence of moving landforms
connected to torrential channels are identified and associ-
ated with estimations of the sediment transfer rate. Such a
map would then constitute an indicative layer of information
pointing out sites where more detailed site-specific investi-
gations could potentially be launched if judged necessary.
It is important to note that the method differentiates itself
from debris flow hazard assessments by investigating only
the presence and the activity of periglacial moving landforms
without considering other sediment sources. In addition, the
developed methodology was designed to be easily applica-
ble at a regional scale without needing important and time-
consuming preparatory data gathering or processing. After
presenting the study region, the datasets and the methodol-
ogy, this paper reports the results yielded from its application
in a test study region in the southwestern Swiss Alps.

In the present contribution, three main types of periglacial
moving landforms are considered, namely rock glaciers,
push moraines and high-altitude deep-seated rockslides. In
reality, other types of landforms resulting from ground move-
ments can usually be observed in periglacial mountain en-
vironments, as is for instance the case of solifluction lobes
or debris-covered ice bodies, and may potentially partici-
pate to transfer sediments towards the torrential network sys-
tem. Occurring only at shallow depth (maximally ca. 1 m,
e.g., Matsuoka, 2001), solifluction is however expected to



have a limited impact in terms of transported volumes. Move-
ments related to debris-covered massive-ice bodies are gener-
ally characterized by a dominating vertical component due to
ice melt, especially during summer periods (e.g., Bosson and
Lambiel, 2016). Even though their content in rock debris can
be important, their dynamic renders them weakly efficient
in transporting sediments downward (Shroder et al., 2000;
Benn et al., 2003). Conversely, rock glaciers, deep-seated
rockslides and push moraines represent often important vol-
umes of transported sediment and may contribute to feed
torrents with rock debris. Rock glaciers consist of tongue-
shaped or lobate landforms composed by a mix of variously
sized rock particles, which, under a few meters of nonperma-
nently frozen rock debris (i.e., the active layer, Williams and
Smith, 1989), are cemented by interstitial ice (Barsch, 1992).
The deformation of the interstitial ice explains the downs-
lope movement of a rock glacier (i.e., the rock glacier creep;
e.g., Haeberli et al., 2006) and concentrates mostly in one
main shear horizon (e.g., Arenson et al., 2002; Buchli et al.,
2012), in some cases in several of them (e.g., Kummert et
al., 2018). Push moraines also consist of frozen sediments
moving through permafrost creep (Haeberli, 1985; Delaloye,
2004). They are thus often comparable to rock glaciers in
terms of size, surface morphology and internal structure.
Push moraines are always found in the periphery of glacier
forefields and their movement results mainly from the distur-
bance caused by a former glacier advance. For that reason,
their motion is generally oriented towards the center of the
area formerly occupied by the glacier (back-creeping). Fi-
nally, deep-seated landsliding masses can often be observed
on high mountain hillslopes located in permafrost environ-
ments. They generally correspond to large rockslides af-
fecting important volumes and surfaces. Their movement is
likely to be related to deep slide planes (up to > 100 m) and
reach typical velocities of a few centimeters to several tens
of centimeters per year. Their internal content is vastly un-
known but is probably composed of fractured bedrock with a
surface usually composed by an open-work structure of big
dislocated boulders, which are being transported downward
by the slow motion of the whole landform. Recent studies
focusing on their dynamic seem to indicate that their kine-
matical behaviors share similarities with the ones of rock
glaciers, indicating that a part of their total movement may
be related to permafrost creep (e.g., Delaloye et al., unpub-
lished data). In addition, studies conducted on low-altitude
landslides (e.g., Korup, 2005; Schwab et al., 2008) showed
that such types of deep-seated moving landforms may rep-
resent significant sediment sources for torrential as well as
lowland river basins. For these reasons, it is expected that
high-altitude deep-seated rockslides may participate in trans-
ferring sediments downwards towards torrents.

The study region is located in the southwest of Switzerland
and is entirely comprised in the Valais canton. It encom-
passes nine lateral valleys (see the names in Fig. 1) gener-
ally oriented on a south—north axis, with rivers flowing to-
wards the north into the Rhone River (Fig. 1). The western
half of the Entremont valley was excluded from the study
region because it is not covered by the slope movement in-
ventory used as input data. The overall study region is about
2000km?2, 54 % located above 2500 ma.s.l., which can be
considered the local approximation for the lower limit of dis-
continuous permafrost (Delaloye and Morand, 1997; Lam-
biel and Reynard, 2003). Higher altitudes are commonly
found in the southern halves of the valleys and are gener-
ally characterized by the presence of glaciated areas (typi-
cally above 3000 ma.s.l.) and steep rock walls leading up-
wards to ridges constituting the drainage divides among the
valleys. The highest point of the study region is reached
at 4634 ma.s.l. at the summit of the Pointe Dufour (Monte
Rosa) in the southeastern limit of the Mattertal valley. The
flanks of each valley correspond to relatively steep slopes di-
vided into numerous torrential systems linking high-altitude
glacial and periglacial areas with the respective bottom of the
valleys (Fig. 1). The study area constitutes the common fo-
cus of research projects conducted at the Unit of Geography
of the University of Fribourg for several years and therefore
a large number of data exist, especially concerning the de-
tection and the monitoring of slope instabilities such as rock
glaciers, rockslides and push moraines. For instance, ongo-
ing projects using dGNSS (differential Global Navigation
Satellite System) or TLS (terrestrial laser scanning) surveys
at specific site locations were helpful for the validation of
the developed method (Delaloye et al., 2010, 2013; Kummert
and Delaloye, 2015, 2018; PERMOS, 2016).

The developed methodology is based on the exploitation of
various available datasets: (i) a slope movement inventory,
(ii) a DEM and (iii) series of aerial images covering the entire
study region.

A slope movement inventory based on the analysis of DIn-
SAR (differential synthetic aperture radar interferometry)
scenes mainly from the ERS 1 & 2 satellites (European Radar
Satellites 1 and 2, half wavelength = 2.8 cm) and dating back
to the 1990s (1993-2000) was used to localize slope move-
ments present in the study region. This inventory recorded
all the areas located between the upper limit of the forest
and the glaciated areas and where ground movement was de-
tected on DInSAR scenes. More details about the inventory
method and results can be found in Delaloye et al. (2007a, b),
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Figure 1. Map of the study region, with the delimitation of the nine lateral valleys. The delimited catchments and interfluves are represented
and DInSAR polygons (color) representing slope movements (rock glaciers, push moraines and deep-seated rockslides) are included. Base

map from ©Swisstopo.

Lambiel et al. (2008) and Barboux et al. (2014). The final in-
ventory takes the form of a shapefile in which each moving
area detected on DInSAR interferograms is represented by
a polygon and linked to an attribute table in which informa-
tion about the localization, landform type and velocity rate
is stored. The contours of the DInSAR polygons are indica-
tive, as they delimitate areas affected by slope movement as
observed from 25 m resolution interferograms, and therefore
do not necessarily correspond to real morphological limits.
In the frame of this DInSAR inventory, orthophotos were vi-
sually interpreted to attribute a landform type to each poly-
gon (e.g., rock glacier, debris-covered glacier, push moraine,
moraine, gelifluction, debris mantle and landslide) but were
not used to modify the contours of the polygons in order to
fit to landform boundaries. The inventory also provides or-
ders of magnitudes for the detected movement following four
main classes, depending on the time interval characterizing
the DInSAR scenes on which the movement was detected
(Delaloye et al., 2007b): cmday ™' (coherent displacement
signal for 1-day intervals), dm month™! (decorrelated dis-
placement signal for 35-day intervals), cm month™! (coher-
ent signal for 35-day intervals) and cm yr~! (coherent signal
for > 300-day intervals). The DInSAR inventory gave indi-
cations about the presence of slope movements but remains
non-exhaustive. Approximately 10 % of the region was not
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covered by the interferograms due to layover and shadow
effects (Barboux et al., 2014) and as a result some moving
landforms might be undetected. In addition, the inventory re-
lies on data from the 1990s and changes in ground motion
activity are likely to have occurred in the past 20 years, as
for instance the development of new moving zones, the de-
activation of others or simply changes in the magnitude of
the movements. Nevertheless, such a dataset was used here
to facilitate the application of the methodology by indicat-
ing the location of most of the moving landforms present in
the study area. Given the purpose of the study, only land-
forms that may actively transfer large amounts of rock debris
downward, namely rock glaciers, deep-seated rockslides and
push moraines (see Sect. 2.1.), were kept as a base inven-
tory. Polygons representing either shallow slope movements
(typically solifluction slopes) or glacier-related movements
(glaciers, debris-covered glaciers and dead-ice bodies) were
excluded.

2.3.2 Digital elevation model

A DEM of 2m resolution (SwissAlti3D; ©Swisstopo) was
used as a base map (hillshade) as well as to calculate some
required morphometric variables. The map of all catchments
and interfluves segmenting each valley flank (Fig. 1) was pro-

www.geogr-helv.net/73/357/2018/



duced by applying basic spatial analysis tools on the DEM
(flow direction and flow accumulation algorithms) and by
manually defining the outlets of each torrent as the target
for the flow accumulation computation. Catchments were de-
fined as such when the drainage network converged towards
one well-incised main channel leading to the valley bottom,
while the word interfluve was used here for hillslope sections
separating two catchments and where the drainage system
mainly consisted of parallel intermittent streams.

Series of orthorectified aerial images covering the whole re-
gion for different years between 1999 and 2015 were used
both (i) qualitatively through the visual interpretation of the
state and the evolution of the studied catchments and land-
forms and (ii) quantitatively by extracting values of surface
displacements from image pairs for selected moving land-
forms. The orthorectification of the images was performed
directly by the Swiss federal office of topography (Swis-
stopo) and its quality has not been assessed in the frame
of the present study. Deformations or potential shifts be-
tween images from different dates are thus possible depend-
ing on the presence of shadow or on technical issues. In gen-
eral, older images are characterized by a lower quality. In
any case, the important number of images available (four to
five depending on the location in the study region) secures
usually at least one good image pair (2007-2010/2011, gen-
erally) from which the extraction of information about land-
form dynamics was possible.

Given the multiplicity of goals, the methodology was estab-
lished following several steps (Fig. 2). First, the level of con-
nectivity between moving landforms and torrential channels
is assessed following two separate stages of analysis. Then,
sediment transfer rates are estimated for the moving land-
forms identified as connected to the torrential network.

The first step relies on checking whether a moving landform
is connected to a torrential channel in each catchment and
interfluve located in the study region. The sedimentary con-
nection between moving landforms and torrents was assessed
by evaluating the level of both structural and functional con-
nectivity (Lexartza-Artza and Wainwright, 2009; Messenzehl
et al., 2014) from the identification of visual clues on recent
aerial images (2010-2012).

The structural connectivity corresponds to the physical con-
tact between two adjacent sediment storages. In our cases, it
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Systemic scheme representing the different steps of the
developed methodology.

can be assessed by examining whether each polygon repre-
senting a moving landform is adjacent to a torrential channel.
This proximity can be lateral or frontal, in the sense that the
landform can be located alongside the channel or upslope in
the continuity of the flow direction (Fig. 3).

The functional connectivity refers to the actual active sedi-
ment transport between two sediment storages or two mor-
phological units. In the images, the functional connectiv-
ity was assessed by looking at traces of recent (2007-2012)
sediment transfer activity between the moving landform and
the channel, and in the channel itself (Fig. 3). For instance,
the presence of fresh sedimentary material within the chan-
nel indicates an active connectivity with the main sediment
sources.

For each torrential catchment or interfluve, a score of struc-
tural and functional connectivity, respectively, is given. The
score can be 0, if the respective connectivity is apparently
nonexistent, or 1, if the visual analysis of the images indi-
cates that there is an efficient connectivity. The score 0.5
is only given for structural connectivity when the moving
landform is located near the channel but not directly adja-



362 M. Kummert and R. Delaloye: Regional-scale inventory of periglacial moving landforms

Traces of activity
all along the channel

Figure 3. Examples of connection between slope movements and torrential channels. For case A (a), the Perroc rockslide is located alongside
the main channel (structural connectivity = 1), and traces of sediment transfer activity characterize the whole length of the channel (functional
connectivity = 1). For case B (b), the Bonnard rock glacier is located upslope from the head of the main channel (structural connectivity = 1)
but traces of sediment transfer can be seen only in the upper section of the channel, reducing the score of functional connectivity (functional

connectivity = 0.5). Orthoimages ©Swisstopo.
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Figure 4. Matrix used to classify the catchments following the level
of connectivity between slope movements and torrential channels.

cent and for functional connectivity when the traces of sed-
iment transfer activity concern only localized sectors of the
channel. The scores of connectivity are then used to classify
catchments and interfluves using the matrix shown in Fig. 4.
The classification procedure allows the identification of the
catchments characterized by a high probability of active sed-
iment transfer between a moving landform and a torrential
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channel, namely classes A and B. It aims at reducing the
number of catchments in which more investigations can be
undertaken. Basically, classes A and B should correspond
to all catchments in which at least one moving landform is
suspected to be connected to a torrential channel and where
traces of recent sediment transfer activity are at least present
in some segments of the channel. C catchments are charac-
terized by the direct proximity between at least one moving
landform and an inactive channel. C catchments typically en-
compasses torrents characterized by important flat channel
segments close to which some moving landforms may de-
velop. D catchments correspond to active torrents exhibiting
recent traces of sediment transfer activity but where no con-
nected moving landform is identified in the vicinity of the
channel network. Finally, catchments classified as E show no
traces of sediment transfer activity in the channels and are
characterized by the absence of moving landforms in direct
proximity to the torrential network system. The described
classification method is based on the rapid interpretation of
visual clues on the aerial images, and the connectivity assess-
ment is still very basic. In catchments and interfluves classi-
fied as A or B, a more “in-depth” check is thus performed for
each moving landform identified as potentially connected to
a torrential channel.

www.geogr-helv.net/73/357/2018/
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Figure 5. Two moving landforms located in the Torrent de Perche catchment in Val d’Entremont. The horizontal displacements calculated by
image correlation are represented by the arrows and dots. From this map, moving landforms can be considered both connected, as detected
displacements are close to active channels, and directed towards it. Furthermore, this example nicely illustrates the sometimes inaccurate
delimitation of DInSAR polygons compared to real geomorphological landforms and activity. Orthoimage ©Swisstopo.

3.1.4 Detailed connectivity assessment

The proximity between a moving landform and the main
channel does not guarantee sediment transfer between the
two morphological units. The slope movement could be par-
allel or divergent regarding the main runoff flow direction,
even though the landform is identified as directly adjacent to
the main channel. In such a configuration the moving land-
form does not actively contribute to transporting sediments
towards the channel and thus does not correspond to the
scope of the present research. As the DInSAR polygons were
delimited based on identified moving areas and not on the
morphology of the terrain, their boundaries may not always
follow the outer limit of real geomorphological objects. In
addition, the resolution of the interferograms used to identify
moving features is relatively coarse (25 m) and does not al-
low precise contours to be drawn (see Fig. 5). Finally, traces
of sediment transfer observed in channels do not necessar-

www.geogr-helv.net/73/357/2018/

ily indicate that an active sediment transfer from the moving
landform exists, as it could originate from the presence of
other sediment sources in the catchment. For these reasons,
the occurrence of actual sediment transfer towards torrents is
systematically verified in catchments and interfluves classi-
fied as A or B. The main elements that are checked are the
movement flow field, the presence of previously unidentified
topographical buffers between the landforms and the chan-
nels, and the existence of recent traces of sediment transfer
activity between the margins of the moving landforms and
the torrential channels.

Most of these elements can be checked by conducting a
more detailed geomorphological analysis of the time series
of orthoimages. For instance, the direction of the movement
and its precise location within the DInSAR polygon can be
assessed by simply displaying one image after the other and
checking whether the blocks on the surface of the landforms
move in the direction of the channel. In the cases of unclear
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Schematic view of a rock glacier with the different di-
mensions (a—e) used to estimate the annual sediment transfer rate.
In this method, it is assumed that all the sediments brought forward
by the rock glacier advance are mobilized and transferred towards
the gully (adapted from Kummert and Delaloye, 2018).

flow direction, an image correlation algorithm can be used to
produce displacement vectors, which more accurately indi-
cate the main movement flux (Fig. 5). In the present study,
the SAGA GIS software, which includes an image correla-
tion tool, was successfully tested to obtain displacement vec-
tors based on pairs of images at several sites. However, the
displacement flow fields were usually relatively easy to iden-
tify by simple visual analysis of images series, and the com-
putation of displacement vectors was not required for most of
the cases. Based on these more detailed observations, the pre-
vious classification can be refined and the confidence in the
connectivity assessment is increased. As a result, an inven-
tory of all catchments and interfluves in which at least one
moving landform contributes to transfer sediment towards
the torrential network can be produced.

Once identified, the approximate sediment transfer that char-
acterizes moving landforms connected to the torrential net-
work can be assessed using a simple approach, based on pre-
vious work for instance by Delaloye et al. (unpublished data).
This estimation method is based on the hypothesis that the
sediment transfer occurs through a constrained transit sec-
tion, namely the front of the moving landform. If we assume
that the position of the front does not change in time, as ob-
served for several cases in the study region (Delaloye et al.,
unpublished data; Kummert et al., 2018), the annual sedi-
ment transfer rate between a moving landform and the tor-
rential network corresponds to the volume of sediment that
passes through this transit section each year and can be as-
sessed roughly by multiplying the surface of the transit sec-
tion by the annual displacement rate of the landform.

The transit section, i.e., the contact area between the moving
landform unit and the channel, was visually identified on the

aerial images. It corresponds in most cases to a well-defined
front located at the lowermost end of the moving landform
and whose dimensions can be measured on the DEM in a
GIS software. The width can usually be estimated as the dis-
tance between the lateral limits of the frontal area, while the
height could be approximatively assessed by measuring the
elevation difference between the mean altitude of the front
line (measured on the DEM for several points) and the mean
altitude of the foot of the front (e.g., Humlum, 2000; Gértner-
Roer and Nyenhuis, 2010). In cases in which the transit sec-
tion does not correspond to a well-defined front, typically
for deep-seated rockslides, other morphological clues such
as changes of slope angle or the presence of bedrock out-
crops could be taken as indicators of the lower limit of the
transit section. The estimated thickness value is generally
more prone to errors than the width as the lower limit of the
movement is often more difficult to identify on aerial im-
ages than the width. Very often, the main shear horizon is
located above the foot of the front, but it can also be located
well below in the case of deep-seated mass movements. We,
however, assume that the errors in defining this lower limit
are in most cases relatively low (maximally a few meters)
and do not substantially impact the surface values obtained
for the transit sections, which often reach several thousand
square meters. The area for the transit zone is obtained by
multiplying the section width with the depth of the motion.
As most of the periglacial moving landforms connected to
torrential channels are flowing downward in topographical
depressions that represent the upslope continuations of the
main channels, the widths of the moving sections are often
shorter at depth than at the surface (Fig. 6; e.g., Kummert
and Delaloye, 2018). Therefore, the measured surface width
values are reduced by 20 %, which corresponds to a reduc-
tion of about 40 % of the width at the shear horizon, to avoid
overestimations of the transit sections’ size.

Horizontal surface displacement values can be obtained from
the tracking of moving features on the surface of the land-
forms from pairs of relatively recent aerial images (2007 and
2010, 2011 or 2012 depending on the landforms). As it is
mostly the velocity characterization in the terminal part of
the landform that is relevant for the erosion of the fronts
(Kummert and Delaloye, 2018), displacement values were
calculated for (at least) four easily identifiable boulders lo-
cated as near as possible to the front lines. The results were
then averaged and divided by the number of years covered
by the image pairs to obtain a mean horizontal surface veloc-
ity rate for each moving landform. These values were then
confronted to classes of displacement rates obtained from
an update of the DInSAR inventory performed with new in-
terferograms covering a period spanning from 2008 to 2012
(Barboux et al., 2014). In case of significant differences in
magnitude detected between the two datasets, velocity val-
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Figure 7. Main result map showing the identified catchments and connected landforms, the circle size indicating the class of sediment
transfer rate (m> yr_l) and the color referring to the landform type. Base map from ©Swisstopo.

ues estimated from the image pairs could be double-checked
for potential errors. In some rare cases, time series of geode-
tic surveys (dAGNSS) were available and could validate values
obtained from the analysis of the pairs of aerial images. For
each identified connected moving landform, the 2-D surface
velocity estimated from aerial images was reduced by a 25 %
factor in order to take into account the velocity decrease with
depth. The chosen value of 25 % is based on the assumption
that the displacement rate at the shear horizon is approxi-
mately half the one measured at the surface. Actually, data
from boreholes have shown that the deformation rates at the
shear horizon can span between 50 % and 97 % of the surface
velocity (Arenson et al., 2002; Buchli et al., 2012). Applying
such a 25 % reduction appeared thus to be conservative and
allowed us to avoid overestimations in the calculation of the
mean displacement rates.

3.2.3 Transfer rate estimation

The annual sediment transfer rate can be roughly estimated
by multiplying the dimensions of the transit section and the
value of mean annual velocity (Fig. 6). The yielded results
correspond to an estimation of the amount of material cross-
ing the frontal area each year. The developed approach does
not take into account the porosity of the material, mostly be-
cause such information is not available. It is simply assumed
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that the difference in porosity between debris encompassed
in the moving landform body and slope deposits reposing in
the channel is relatively small and their impact can be ne-
glected. In addition, the presence of interstitial ground ice
possibly occupying a larger volume than the porosity (su-
persaturation) has to be expected in these periglacial moving
landforms. The melt of this “ice excess” could induce a varia-
tion in the volume occupied by the same sediments within the
moving landform and in the torrents but was also neglected
as the role it may play is still vastly unknown and might be
highly variable among sites depending on the ice content.

4 Results

4.1 Connectivity assessment

Out of 642 delimited catchments (n = 323) and interfluves
(n =319), the detailed connectivity assessment applied in
the study region allowed the identification of 42 catchments
and interfluves classified as A or B (6.5 % of the total) and
in which at least one moving landform is connected to the
torrential network system (Fig. 7). In terms of spatial dis-
tribution, 52 % of the inventoried catchments are located in
only two of the investigated valleys (Mattertal and Saastal),
while 31 % are located in the Mattertal only. The vast ma-
jority of these catchments and interfluves develop on west-
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Figure 8. Example of a moving landform directly adjacent to the main torrential channel but whose movement is oriented perpendicular to
the main flow direction (indicated by white arrow). In this case, the slope movement was identified as connected in the first assessment and
was ruled out following the more in-depth connectivity check. Orthoimage ©Swisstopo.

oriented slopes, probably in relation to the overall orienta-
tion of the local geological ensembles, which generally dip
to the southeast, favoring the establishment of both gen-
tle southeast-oriented and steep northwest-oriented slopes,
the latter favoring direct sediment connectivity. Amongst the
42 catchments, 52 moving landforms have been identified
as connected to the torrents (~ 8 % of all slope movements
detected with InSAR). The large majority are rock glaciers
(69 %), followed by deep-seated rockslides (25 %) and push
moraines (6 %). The overall number of connected landforms
has been reduced by 28 % from the original connectivity as-
sessment by applying the more in-depth analysis of move-
ment flux direction (72 moving landforms before and 52 af-
ter). The moving landforms that have been reclassified as
unconnected during the second in-depth connectivity assess-
ment were essentially ruled out due to their inadequate flux
direction or due to clear topographic buffering (e.g., flat ter-
rain). They consisted for instance of push moraines located
close to channels in the outer edges of Little Ice Age (LIA)
glacier forefields but back-creeping towards the center of the
forefield (Fig. 8). In addition, the spatial extent of some DIn-
SAR polygons was too large, giving the misleading impres-
sion that the moving landforms were directly adjacent to the
torrential channel while the real moving parts were located
at a sufficient distance to be disconnected for instance by the
presence of flat areas between them and the channel (Fig. 8).
Finally, several deep-seated rockslides were classified as not
connected as no clear sediment transit section could be iden-
tified and defined. In such a case, the movement usually af-

Geogr. Helv., 73, 357-371, 2018

fected entire hillslopes but no traces of loose sediment trans-
fer could be specifically observed between the rockslides and
the torrents.

4.2 Sediment transfer rates

The estimated sediment transfer rates calculated for each
connected landform are mapped in Fig. 7 and can be found in
more detail in the Supplement. A relatively wide spectrum of
values was obtained, ranging roughly from 6500 m? yr~! to
almost zero. The majority (71 %) of moving landforms was
characterized by moderate transfer rates, typically lower than
500m3 yr~!, and only nine exceeded 1000m> yr~!, with a
median sediment transfer rate of 238 m> yr~!. In terms of
landform type, mostly rock glaciers were associated with
high sediment transfer rates, with only two rockslides and
no push moraines yielding more than 500m3 yr~!. In gen-
eral, rock glaciers were characterized by higher flow rates but
smaller transit sections than deep-seated rockslides, while
push moraines commonly displayed very small transit sec-
tions. The spatial distribution shows a strong concentration
of moving landforms characterized by high sediment trans-
fer rates in the west-oriented side of the Mattertal. Aside
from that specific case, no definite spatial patterns can be ob-
served.
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5 Discussion

The application of the developed inventory method in the
study region showed that the cases of sedimentary connec-
tivity between periglacial moving landforms and torrential
channels is quite uncommon but may lead in some cases to
substantial sediment inputs into torrents (up to several thou-
sand cubic meters). The methodology has proven to be rela-
tively simple and allows a fast survey over a relatively large
study area. It seems well suited to regional studies as far as
good input datasets are available for the whole area. It was
also designed to be relatively easy to update, for instance
if new information about the displacement rates of moving
landforms becomes available. Sediment transfer rates can be
regularly recalculated with more recent data, which makes
sense given the temporal variability in permafrost creep rates
and their dependency on climatic conditions. The application
of the method can thus quickly provide a map of connected
moving landforms with respect to their sediment transfer ac-
tivity based on estimated values that can easily be updated.
The methodology is however based on several steps for
which uncertainties and limitations exist. In general, the aim
of proposing a relatively easily applied approach required
simplifications from which several questions can arise.

5.1 Subjectivity of the approach

The applied methodology relies strongly on the visual analy-
sis of aerial images and is dependent on the interpretation
of the observer. The visual indicators for the connectivity
assessment are clearly defined in order to lower the sub-
jectivity but in some cases, the choice between two scores
of connectivity can be difficult. To overcome this problem,
the determination of the connectivity between moving land-
forms and torrential channels was performed by two users
separately for about half of the study region, i.e., in the val-
leys of Entremont, Bagnes, Nendaz, Hérémence and Hérens.
As the same results have been obtained by both users, we
can argue that subjectivity has a limited impact, as long as
the users have a certain level of skills and experience with
such types of geomorphological analysis. Another option to
overcome the subjectivity is the application of automatic ap-
proaches to infer connectivity. As mentioned, recent studies
proposed semiquantitative methods based mostly on the geo-
morphometric analysis of DEMs (Cavalli et al., 2013) and
numerical modeling of transfer processes (Heckmann and
Schwanghart, 2013) to map potential connectivity. These ap-
proaches are interesting because they spatially constrain ar-
eas where the connection with the main fluvial network is
most probable. However, important limitations characteriz-
ing these methods can be pointed out and render them un-
suitable for our research objectives. For instance, several au-
thors have replicated the methodology developed by Cavalli
et al. (2013) and highlighted the indispensability of coupling
such automatic approaches with geomorphological analysis
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Figure 9. Example of a case of rockslide (Breithorn rockslide, Mat-
tertal) for which the definition of the transit section is rendered diffi-
cult by both the length of the landform downslope boundary (black
dashed line) and the absence of a clear front. In this example, traces
of erosion and transfer are highlighted by the plain white lines while
the white question marks indicate locations where sediment trans-
fer could occur but is not clearly evidenced by the images. The col-
ored polygons refer to the areas that were detected as moving in the
DInSAR inventory, with the motion generally directed towards the
upper left corner.

based on aerial images and in situ field surveys, as relatively
frequent discrepancies between computed connectivity index
values and field observations were detected (e.g., Messen-
zehl et al., 2014; Micheletti and Lane, 2016; Tiranti et al.,
2018). In addition, these different approaches for automat-
ically inferring connectivity are generally developed at the
catchment scale and aim at representing the spatial variabil-
ity in sediment connectivity. They are therefore not suited to
investigate the very local scale, at which the connection be-
tween two morphological units typically is. They may also be
time consuming to apply at the regional scale, i.e., for a lot
of different catchments at once, because they necessitate rel-
atively important computational power. We therefore argue
that, despite the interest of such automatic approaches, the
methodology developed here is best adapted to the aims of
the study. This methodology relies on the analysis of aerial
images, which is in any case needed to complement auto-
matic approaches and has the advantage of being easy to ap-
ply at the regional scale.

5.2 Difficulties to define the transit section

Estimations of sediment transfer rates were obtained using
a simple geometrical approach whose application implies
some difficulties and uncertainties. For instance, the tran-
sit section is not always easy to identify and delimitate. In
some cases, especially for rockslides, there is no clear front
between the moving landform and the torrential channel.
For these landforms, the delimitation of a transit section is
based on very uncertain morphological clues observed in the
images (e.g., in Fig. 9). In addition, rockslides are treated
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here as if their behavior in terms of sediment transfer is
comparable to that of rock glaciers. However, conversely
to rock glaciers (Kummert et al., 2018; Kummert and De-
laloye, 2018), the potential sedimentary connection between
high-altitude rockslides and torrents has never been properly
observed and measured. Existing studies focusing on land-
slides located at lower altitudes (not in periglacial environ-
ments) seem to indicate that the connectivity between land-
slides and fluvial systems is highly variable spatially. For in-
stance, Korup (2005) defines five types of coupling interface
(i.e., transit section): area, linear, point, indirect and null. In
comparison to rock glaciers, rockslides usually affect entire
hillslopes and are characterized by a less concentrated sedi-
ment flux, featuring spatially variable flow directions. How-
ever, compared to lowlands, high-altitude rockslides share at-
tributes with rock glaciers, as for example a high fraction of
coarse debris, at least at the surface, and a kinematical behav-
ior that is influenced by permafrost conditions (Delaloye et
al., unpublished data). In terms of sediment yield characteris-
tics, high-altitude rockslides are assumed to behave partly as
lowland landslides and partly as permafrost creep landforms.
However, deep-seated rockslides have been poorly studied
and further investigations would be needed in order to bet-
ter understand their dynamics and their potential sedimentary
connection with torrents.

The determination of the surface velocity rates is also sub-
ject to uncertainties. First, no accuracy assessment has been
carried out concerning the orthoimages and some deforma-
tions and lateral deviations may occur and alter the obtained
velocity values. In addition, the manual tracking of boul-
ders on the orthoimages only allows the 2-D velocity to be
assessed. These values of 2-D velocity are understandably
lower than 3-D values but were used anyway for the estima-
tions of sediment transfer rates, arguing that it would cer-
tainly avoid overestimations. As future developments, val-
ues of 3-D velocity could be obtained combining 2-D values
with the general slope angle that can be extracted for instance
from the DEM. More advanced feature tracking procedures
based on an image correlation algorithm and coupled with
pairs of DEMs can also provide 3-D surface velocities but
are more time-consuming. For the large majority of cases,
both velocities derived from aerial images and from DInSAR
yielded very similar results (Supplement). The differences
that remain between the two velocity estimation methods are
mainly due to small-scale local variations in surface velocity
that could be observed in the images but not in the interfer-
ograms. The DInSAR-derived velocity class often represents
the displacement rate of the whole landform while the value
of surface velocity issued from the analysis of orthophotos is
determined at the front, where the velocity might be slightly
different than for the rest of the landform (e.g., Fig. 5). In
addition, classes of velocity derived for DInSAR data may
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represent slight overestimations as interferograms only cover
summer periods and do not account for seasonal changes in
velocity rates. For these reasons, velocity values issued for
the aerial image analysis were used for the transfer rate es-
timations, while DInSAR velocity classes were only used as
a control. Big differences between values yielded by the two
methods were here taken as an indicator of error and led to a
reanalysis of the aerial images in order to recalculate velocity
values.

In Barboux et al. (2014), the authors mention the possibil-
ity of obtaining more detailed classes of deformation rates
from the new sets of data used for the update of the in-
ventory (mainly TerraSAR-X, 10 m resolution, half wave-
length =1.55cm). Such an approach was not applied here
but more precise evaluation of velocity rate could theoreti-
cally be gained from the available DInSAR interferograms
and enhance the confidence over the velocity estimations.

Values of both surface velocities and transit sections con-
tain uncertainties and for these reasons the resulting esti-
mations of sediment transfer rates should be taken as order
of magnitudes more than as absolute values. The sediment
transfer rates of three rock glaciers present in this inventory,
namely Dirru, Gugla and Tsarmine, were calculated from re-
peated lidar surveys in the frame of previous studies (see
Kummert and Delaloye, 2018). Lidar-derived values of an-
nual sediment transfer rates and a comparison with values ob-
tained from the simplified approach used in the present paper
are displayed in Fig. 10. The orders of magnitude yielded by
these two different studies are similar and indicate that, even
if the simplified approach cannot represent temporal varia-
tions, it can be used as a good first estimation. Given the aim
of the developed methodological framework, such a simpli-
fied approach represents a good compromise to quickly ob-
tain reliable orders of magnitude of sediment transfer rates
for a relatively large number of landforms. Values of surface
velocity used to produce these estimations are however valid
for a period spanning from 2007 to 2012 and thus represent
a state of activity that may not be representative of current
dynamics. Some sites may have encountered a strong desta-
bilization since 2012, or on the contrary, may have slowed
down or even deactivated. The inventory thus remains in-



dicative and further investigations would be needed to assess
the current sediment transfer activity characterizing identi-
fied sites.

One of the objectives of the study was to develop an eas-
ily reproducible methodology. The same type of problem-
atic most likely occurs in other alpine regions as well as
in other mountain ranges and such connectivity assessments
could be of interest in other areas. Therefore, the method re-
lies on relatively simple input data: a high-resolution DEM,
high-resolution aerial images and an inventory of periglacial
moving landforms. The availability of these three datasets is
mandatory for the application of the methodology, but not
especially in the same format and quality. For instance, the
connectivity assessment can be accomplished with lower-
resolution DEM and aerial images. In most cases, the sec-
ond in-depth connectivity check can be performed via de-
tailed geomorphological mapping and should not necessarily
rely on the availability of time series of orthoimages. Finally,
the key issue is probably the availability of an initial inven-
tory that can be used to localize the periglacial moving land-
forms in the study region. The inventory does not have to be
inferred from SAR interferometry and can be based for in-
stance on field surveys or interpretation of aerial images and
DEMs (e.g., Delaloye et Morand, 1997; Lambiel and Rey-
nard, 2003; Kellerer-Pirklbauer et al., 2012; Sattler et al.,
2016; Marcer et al., 2017). Though, in the absence of such
an inventory, a preparatory step should be undertaken at least
to localize the moving landforms in the chosen perimeter of
the study. The second step of the methodology, i.e., the esti-
mation of sediment transfer rates between moving landforms
and torrents, could be more difficult to apply in data scarce
areas as both high-resolution DEM and surface velocity data
are needed.

The methodology developed here aimed to identify torrential
catchments in which one or several moving landform(s) lo-
cated in periglacial environment is(are) connected to the tor-
rential network system at the regional scale. It was designed
to be quickly applicable and reproducible and therefore relies
on the analysis of relatively basic data (aerial images, DEM).
The goal of producing a relatively simple approach asked for
several simplifications in both the connectivity assessment,
which is basically carried out through visual observation of
aerial images, and the estimation of sediment transfer rates.
The results are thus indicative and the values of sediment
transfer rates produced in this study should be taken as or-
ders of magnitudes rather than as absolute numbers. Never-
theless, the outcomes of the application of this method are
valuable as they represent, to our knowledge, the first inven-
tory of moving landforms focusing on sediment connectivity

with torrents produced at a regional scale. In general the re-
sults showed that in the studied region, the cases of connec-
tivity between periglacial moving landforms and torrents are
quite rare (6 % of all torrents and interfluves and about 8 %
of all detected moving landforms). In addition, most of these
cases of connectivity (about 70 %) are characterized by rel-
atively low estimated sediment transfer, below 500 m? yr—!.
However, a few (17 %) of the moving landforms identified as
connected to the torrential network system showed quite high
sediment transfer rates (above 1000 m® yr~—!), indicating that
such landforms can in some cases represent significant active
sediment sources for the torrents. As the sediment transfer
rates are directly related to the rates at which these landforms
move, the level of sediment transfer activity may change ac-
cording to interannual and decadal evolution of surface ve-
locity, which point towards an accelerating behavior in the
Alps. The developed methodology and the results yielded are
thus essential to highlight the sites where slope movements
actively transport sediment into torrents. Such information
can then be used to better manage the concerned catchments
and to point out the sites where additional investigations such
as more specific debris flow hazard assessment or in situ sur-
face velocity monitoring can be launched if judged necessary.
We therefore argue that connectivity should be recognized as
an important characteristic to be either implemented in future
rock glaciers or moving landform inventories, or developed
and added in areas where such inventories already exist. By
doing so, the primary information about the connectivity is
available for potentially more detailed future investigations.

A table with the results of this study is pub-
lished as a Supplement to the article. In addition, these results are
available in shapefile format (.shp) upon request.

The supplement related to this article is available
online at: https://doi.org/10.5194/gh-73-357-2018-supplement.
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