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Paraglacial history and structure of the Moosfluh Landslide (1850-2016), Switzerland

Franziska Glueer', Simon Loew', Andrea Manconi'

'Department of Earth Sciences, Engineering Geology, ETH Zurich, Zurich, Switzerland

Abstract

Rock slopes next to the tongue of the Great Aletsch Glacier, Switzerland are characterized by rapid
environmental adjustment to non-glacial conditions. This study investigates and describes in detail the
historic development of the largest rock slope instability in this area, called Moosfluh Landslide. We
study in detail the structure, evolution and stability since the end of the Little Ice Age (LIA) until
September 2016 and discuss their relationships with the evolution of the Great Aletsch Glacier since the
Lateglacial period. In 2016 around 50 m of glacial ice thickness were left at the Moosfluh Landslide toe,
where in 1850 glacial ice was more than 400 m thick. The changing stability conditions at the interface
with the melting valley glacier are studied based on novel balanced cross sections and kinematic model
of the Moosfluh Landslide dominated by toppling phenomena in metamorphic rock. The morphology and
evolution of this landslide since the LIA are investigated with multi-temporal landslide maps based on
aerial digital photogrammetry (ADP) applied to historic images since 1961. Internal deformation at
Moosfluh is accommodated by shear slip along uphill-facing foliation and fault planes, and by
extensional faulting forming tension cracks and graben-structures at the landslide head. Together with
Digital Image Correlation (DIC) and total station monitoring (TPS) the Moosfluh Landslide displacement
history was reconstructed, evidencing post-Egesen landslide displacements and an acceleration of
movements since the LIA and especially since 2007. The displacement rates increase from few mm per
year until the nineties to several meter per day in September 2016. Different kinematic models have
been tested and changes in the Moosfluh rock slope stability in response to retreating glacial ice and
changing groundwater conditions was explored with limit-equilibrium analysis of the stepped planar
block toppling model of Goodman and Bray (1976). For the observed conditions and a toppling joint
friction angle of 19° the simulated factor of safety drops non-linearly from the LIA maximum (1.12) to the
year 2007 (1.02), when the height of ice above the valley bottom melted down to 100 m.

This study illustrates with unprecedented detail the time scales, displacement magnitudes and structural
evolutions of a large toppling mode slope instability in a paraglacial setting. The long-term cumulative
slope displacements between the Egesen stadial and the LIA are of the same magnitude as the
cumulative displacements between the LIA and the year 2016. As large portions of the studied slope
underwent multiple retreats and advances of the Great Aletsch Glacier during the Lateglacial and
Postglacial period, the observed onset of large slope displacements should be related to incremental
damage (slip weakening and weathering) occurring along steeply dipping toppling fractures during the
LIA.
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1 Introduction

Large-scale rock slope failures, such as rock-avalanches, translational rock-slides and deep-seated
gravitational slope deformations (DSGSD), are commonly found in formerly-glaciated alpine areas.
According to existing literature DSGSD occur on high-relief hillslopes, often affect the entire slope,
and show displacement relatively small compared to the slope itself (Agliardi et al., 2001).

A classical hypothesis from the 19t century directly relates failure in alpine landscapes to former
glaciation and deglaciation (Heim, 1932; Abele, 1974; Evans and Clague, 1994; Ballantyne, 2002;
Holm et al., 2004; Oppikofer et al., 2008; Strozzi et al., 2010; McColl and Davis, 2013; Coquin et al.,
2015; Clayton et al., 2017). However, closer inspection of available data shows that the triggering
events and causes of many paraglacial slope failures have remained elusive and the response of
rock slopes to glaciation and deglaciation is variable and influenced by the combination of many
different factors (McColl, 2012).

The determination of landslide age can lead to a better understanding of causes, frequency and
recent and future responses of slope instabilities to climate change (Lang et al., 1999; Corominas
and Moya, 2008; Ivy-Ochs et al., 2008; Huggel et al., 2012; Stoffel et al., 2014; Mercier et al., 2017).
While some rock slopes show rapid reactions to recent and ongoing glacial retreats since the Little
Ice Age (e.g. Oppikofer et al., 2008; Kos et al., 2016; Fey et al., 2017), numerous recently dated
landslides in formerly glaciated mountains slopes show no direct reaction to glacial unloading
(Cossart et al., 2008; Hippolyte et al., 2012). Typical lag times between glacial retreat and rock slope
collapse are suggested to be in the order of hundreds to thousands of years (Bigot-Cormier et al.,
2005; Dortch et al., 2009; Ivy-Ochs et al., 2009; Ballantyne et al., 2014; Mercier et al., 2017).

The potential occurrence of rock slope instabilities is controlled by preconditioning factors such as
lithology, faulting, bedding and slope orientation. If these factors are unfavorable to stability,
preparatory factors (long term) and triggering factors (short term) can result in slope movements and
eventually to slope failures. Preparatory factors include glacial erosion, sheet jointing, static fatigue
or weathering, and short term triggering factors include seismic events and exceptional pore pressure
increases (Gunzburger et al., 2005; McColl, 2012; Ballantyne and Stone, 2013; Prager et al., 2008).
The impacts of glacial erosion, steepening of valley sides and deglaciation processes on progressive
rock strength degradation (also called damage) and deformation of adjacent rock slopes have only
recently been subject of detailed mechanistic studies (e.g. McColl, 2012; Ballantyne et al., 2014;
Ziegler et al., 2014; Leith et al., 2014; Gramiger et al., 2017, 2018; Oppikofer et al., 2017). In a
paraglacial context, cyclic loading from daily, annual and interstadial climatic variations are additional
preparatory factors only rarely discussed explicitly in literature so far (e.g. Gramiger et al., 2018). The
removal of the support from adjacent glacier ice, called glacial debuttressing, was long considered to
be a key factor generating large rock slope failures in deglaciated mountain ranges (Cruden and Hu,
1993; Ballantyne, 2002; Seijmonsbergen et al., 2005; Coquin et al. 2015; Mercier et al., 2017).
However, recent studies pointed out that the glacial ice is not able to efficiently buttress an unstable
slope at small strain rates due to ductile creep (McColl et al., 2010). In addition, high pore pressures
below temperate valley glaciers reduce the ice loads of valley glaciers on the adjacent slopes. Despite
a common belief that earthquakes, rapid snowmelt and rainfall events are the main triggers for large
rock slope failures, absence of clearly observable triggering mechanisms appears to be very typical
(Wieczorek and Jaeger, 1996), which presents a significant problem for hazard management.

In this study we present a comprehensive investigation of a large DSGSD at the Moosfluh slope,
located at the current tongue of the Great Aletsch Glacier, the largest glacier in the European Alps
(Figure 1). This slope fits all diagnostic features of a DSGSD as listed in Agliardi et al. (2001) with a
high relief-energy hillslope, typical morpho-structures like ridge top depressions, numerous uphill-
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facing scarps and low displacement rates. The accessibility of this site and the available data sets
relevant for reconstructing glacial and rock slope history and their mechanical interaction are unique.
In addition Gramiger et al. (2017) have compiled a unique reconstruction of glacier fluctuations during
the Lateglacial and Holocene period and studied long-term responses of the adjacent slopes through
numerical modeling. In this paper we investigate the structures and responses of the Moosfluh rock
slope instability to the retreat of the Great Aletsch Glacier since the Lateglacial period, with main focus
on the last 150 years (i.e. the time since the Little Ice Age, LIA).

We use multiple methods to reconstruct the detailed displacement history of this DSGSD and relate
it to the bedrock structures, the kinematics of the landslide body, the surrounding rock mass, the
glacier extent and thickness, as well as the hydro-mechanical driving factors. Multi-temporal stereo-
photogrammetric analysis of historic aerial photographs (ADP) since 1961 allows landslide mapping
at a time where the Great Aletsch Glacier held more than 280 m in ice thickness above the toe of the
Moosfluh DSGSD. Data from satellite positioning with global navigation satellite systems (GNSS;
Lambiel and Delaloye, 2004; Glabsch et al., 2009) as well as terrestrial and satellite differential radar
interferometry (D-INSAR; Massonnet and Feigl, 1998; Tarchi et al.,, 2003; Strozzi et al., 2003;
Delacourt et al., 2007) are other data sets used for comparison of surface displacements between
1992 to 2016 (Strozzi et al., 2010, Kos et al., 2016). The main technique used in our study to monitor
surface displacements are measurements conducted by robotic total stations (TPS). A large set of
high-accuracy three-dimensional topographic measurements capture ground surface displacements
at high spatial and temporal resolution since 2013. Together with data from Digital Image Correlation
(DIC) of ortho-images from 2005-2016, point displacement monitoring (TPS) from 2011-2016 and
field mapping, geomorphic zones within the landslide could be identified. Figure 2 shows the available
data for the reconstruction of the history and structure of the Moosfluh Landslide for this study.

In this paper we analyze the behavior of the Moosfluh Landslide up to September 2016. After this
time, this instability underwent a rapid acceleration (referred to here as the Moosfluh Crisis) which will
be presented and analyzed in a future paper.
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Switzerland

Moosfluh ®
Landslide

Area of investigation
Situation as of 2016

active instabilities

historic instabilities;
% TPS1
* TPS2
® Reflector TPS1
¢ Reflector TPS2
GNSS

Figure 1. Area of investigation at the Great Aletsch Glacier (Valais, Switzerland) with the monitoring network installed at the
glacier tongue as of 2016 consisting of two Total Stations, automated GNSS stations, reflectors in stable ground and reflectors
within the perimeter of two historical (Télli and Silbersand) and two recent landslides (Driest and Moosfluh). Approximate

landslide boundaries based on Steck (2011) and own investigations.
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Figure 2. Data-sets available during this study to analyze the evolution of the Moosfluh slope instability.
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2 Study site

21 Geology

Bedrock of the study area (Figure 3) belongs to the Southern Aar-Massif, which is characterized by
several types of gneiss (pre-Variscan basement rocks) and late Variscan intrusive rocks of the central
Aar Granite sequence. The lithologies include high-grade metamorphic rocks such as Augen-Gneiss,
Biotite-Plagioclase-Gneiss, migmatites, serpentinite and magmatic rocks such as Central Aar-
Granite, diorites, pegmatites, aplites, rhyolites and lamprophyres (Huttenlocher, 1933). The rock
mass of the Aar-Massif was deformed by the Tertiary Alpine deformation and folded and thrusted in
NW direction (Steck, 1968a; Steck and Hunziker, 1994). The alpine deformation created not only a
strong foliation but also ductile to brittle shear zones within the study area (Labhart, 1965; Steck,
1968b).

The gneissic layering is well defined with a steep to sub-vertical dip towards SE, which leads to a
strike direction of discontinuities parallel to the flanks of the valley at the glacier tongue. On the valley
slopes SE of the glacier the foliation dips into the slope. Furrer (1948) recognized different types of
foliation parallel structures that dip 70-90° towards the SE: Whereas the sericitic Augen-Gneisses as
well as the igneous intrusions retained a massive fabric, the schistose and mica-rich sections show
strong, deep weathering and crush zones.

2.2 Rock mass characterization

In order to characterize the rock mass at the Moosfluh Landslide and its surroundings, field
parameters were collected for joint properties including dip direction/dip, spacing and persistence.
These data was combined with data from previous studies about Schmidt hammer rebound hardness
and Joint Roughness Coefficient (JRC; Gramiger et al., 2017). The results of this structural analysis
are summarized in Figure 3. Three main joint types and sets were observed with the following average
properties:

- F1 dips steeply to sub-vertically towards SE (dip direction/dip: 137/77). This very closely (cm)
to extremely widely spaced (>6 m) and highly persistent joint set (trace length of 10-20 m) is
the most abundant one in the area and correlates with the Alpine foliation in the Aar Massif
(Steck, 2011). Schmidt hammer rebound harness is in the range of 48+10 and the JRC is
6+3. This set is characterized by unweathered as well as extremely weathered zones.

- F2 dips very steeply to sub-vertically towards SW (204/83). This fracture set is of low
persistence (1 — 3 m) and widely spaced (0.6 — 2 m). Schmidt hammer rebound harness is in
the range of 52411 and the JRC is 6£3. There are 1-10 mm apertures, sometimes infillings
and often only slightly weathered fracture surfaces.

- F3dips gently NW with an average of (320/20), although orientation varies strongly. Joint set

F3 is medium persistent (3 — 10 m) and very widely spaced (2 — 6 m). Schmidt hammer
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rebound harness is in the range of 5115 and the JRC is 7+4. F3 is accompanied and often

represented by exfoliation joints.

These main sets match the schistosity, and J1/J2 fracture sets mapped by Kos et al. (2016). The
rock mass is generally blocky, undisturbed and with good surface conditions (GSI 65-80). Weak
planar structural planes are represented along folation (F1) and will dominate the rock mass
behavior. The surface quality of the very closely spaced F1-discontinuities can be very poor with
highly weathered surfaces and a weak schistose structure representing a GSI within these layers
of only 5-25. These strongly sheared and incompetent mica schist layers rarely contain fault
gouge (Figure 5b) and are often correlated with strong internal foliation and fracturing.

2.3 Glacial history

The Lateglacial and Holocene glacier extents in the Aletsch region have been studied by Holzhauser
(1995), Kelly et al. (2004) and Jouvet et al. (2011). Dated Lateglacial moraines (Egesen), Little Ice
Age (LIA) maxima and retreat stages are clearly visible or documented along the slopes bounding
the Great Aletsch Glacier (Figure 3). The first major Pleistocene glaciation (~0.9 Ma) in the Alps
presumably carved the deep trough form of major Alpine valleys (Muttoni et al., 2003; Haeuselmann
etal., 2007; Leith et al., 2014) and several glacial cycles have since reworked the trough morphology.
After the ice-free interglacial called Eemian (~130 to 115 ka; Dahl-Jensen et al., 2013) in which the
Aletsch region most likely was completely ice-free, the late Pleistocene hosted the Wuerm glacial
period which lasted ~100 ky and peaked in the Last Glacial Maximum (LGM) dated at ~28 ky to ~18 ky
(Ivy-Ochs et al., 2008; lvy-Ochs et al., 2015). During this time the Aletsch Glacier region was a large
icefield reaching into the Rhone Valley and covering the whole Moosfluh ridge under ice. Bedrock
striations and a rounded surface of the ridge are evidence of this glacial overburden. After the LGM
the ice retreated strongly and a series of successive glacial readvances occurred (Gschnitz, Clavadel,
Daun, Egesen; Maisch et al., 1999; Ilvy-Ochs et al., 2008; Darnault et al., 2012). Moraines of the last
Wurmian readvance (Egesen) are well preserved in the Moosfluh area and cosmogenic exposure
ages coincide with the Younger Dryas cold period (~12 ky BP, Alley et al., 1993; Kelly et al., 2004;
Schindelwig et al., 2012). During the subsequent Holocene the Aletsch Glacier has retreated
considerably, interrupted by several readvances culminating in the Little Ice Age (LIA) around 1850
(Joerin et al., 2006; Ivy-Ochs et al., 2009; Nicolussi and Schlichter, 2012; Schimmelpfennig et al.,
2012), when the Aletsch glacier was more than three kilometers longer and 300 m thicker than today
(Glaciological reports, 1881-2017). Glacial retreat is ongoing at the Aletsch Glacier and shows a
vertical glacier loss in the area of the Moosfluh Landslide between the end of LIA (1850) and 2016 of
approximately 320 m at Cross Section A, 350 m at Cross Section B, and 380 m at Cross Section C,
where in 2016 complete ice free conditions are found (for location see Figure 3), resulting in ice
downwasting of more than 2 m/a and a loss of 3.1 km in length.

By radiocarbon dating of fossil tree trunks overrun by advancing ice and later being exposed during
retreat, Late Holocene glacier fluctuations could be reconstructed in detail (past ~3500 a, Holzhauser
et al., 2005). The extent of the LIA is not always clearly visible in the field today since this extent may
have been reached several times before, generating compound moraines (Schimmelpfennig et al.,
2012). Holzhauser et al. (2005) believes that the Great Aletsch Glacier during Bronze Age Optimum
(3350-3250 a ago) was still about 600 m shorter than today. The bedrock above and outside of the
LIA extents most likely experienced only one single glacier readvance (Egesen stadial) following LGM
ice retreat, whereas rock slopes within and below the LIA extent were affected by several glacial
loading cycles (Gramiger et al., 2017).
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2.4 Rockslide overview

A concentration of rock slope instabilities has been mapped in the study area (Figure 1):

(1) The Talli landslide, which is located at the intersection of the Upper Aletsch Valley and
the Great Aletsch Glacier, covers an affected failure surface area of around 124,000 m>.
Historic aerial images show that Talli started to build a visible main head scarp in 1966,
developed a lateral release area and collapsed in 1970 - at a time when the Great Aletsch
Glacier just retreated from the toe of the landslide.

(2) The Driest landslide with its distinctive white band of freshly exposed rock at the bottom
of the main head scarp. Total station monitoring data from 2014 to 2016 show displacement
rates of ~30 mm/a and an affected surface area of 420,000 m2. The initiation age of the Driest
slope movement is estimated to 7.4 ky before present as constrained by °Be dating
(Gramiger et al., 2017).

(3) The historic Silbersand landslide, which is characterized by its relict 30 m high head scarp.
This currently stable mass was active at least 150 years ago since the LIA lateral moraine
accumulated in situ on top of the displaced mass. Glacial erosion features along the scarp
indicate post-Egesen/pre-LIA age, however current TPS monitoring reveals a stable state of
the 160,000 m? affected surface area of the landslide.

(4) The Moosfluh Landslide, which is the main topic of this study, is the largest mass
movement (affected surface area: 1°320,000 m?) of the region around the glacial tongue in
the southeastern valley flank. It is partly covered by the Aletsch Forest, and has been
described previously as a toppling-mode landslide by several authors (Strozzi et al., 2010;

Loew et al., 2017; Kos et al., 2016).
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Figure 3. Glacial, geological, hydrological and structural setting of the Moosfluh area: Geology (Steck, 2011), field-mapped
foliation (average dip of > 20 measurements indicated), stereoplots of joint sets within the area for labelled domains (a-h),
glacial retreat between Egesen and 2014, elevation of Holocene glacial minimum (Holzhauser, 2005), field-mapped springs

and water bodies, and the current extent of the Moosfluh Landslide.

3 Landslide morphological features

3.1 Methods and materials: Photogrammetric data acquisition and processing

Historical aerial photographs were used for Aerial Digital Photogrammetry (ADP) and 3D topography
models were built from the years 1961, 1970, 1980, 1990, 1995 and 2009 as well as from 2012-2016.
The first six sets of aerial photographs (1961-2009) were received from Swisstopo (Bundesamt fir
Landestopografie) and delivered with basic camera specifications like camera type, camera
coordinates, image size, lens type, focal length and focal plane frames for the photographs. To
achieve high accuracies a camera calibration for each photograph has been processed considering
the camera parameters in 3DM CalibCam (Adam Technology, 2012).

To geospatially reference the models ten stable ground control points (GCP) with known coordinates
in CH1903 LV03 and evenly distributed in the near stable surroundings of the Moosfluh instability
were selected and identified within the historical photographs wherever possible. A summary of input
photograph characteristics and resulting model parameters is provided in Table 1. The calibrated
photographs were combined into a 3D stereo model in 3DM Analyst (Adam Technology, 2012), where
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orthorectified epipolar images act as a base for high-density Digital Terrain Models (DTM) generation.
Based on the standards proposed by the Geological Society of London for geomorphological mapping
(Arguile et al., 1982) geomorphological analysis and interpretation have been applied to the Moosfluh
Landslide documenting slope geometry from 1961 to 2016.

Table 1. Summary of photogrammetric model generation parameters.

Date Camera Type & Image Size Control Point Image Total RMS Point Number of
Lense {px) Accuracy (m; accuracy (m) Density GCP
X,Y,Z) (px) {ptsim?®)
1961-07-26 RC5 29 11.5 AG 9478 x 8954 0.1,0.15,0.17 0.18 0.25 7 6
1970-09-21 RC5 15 UAg 16831 x 17765 0.05, 0.09, 0.17 0.28 0.2 32 8
1980-09-04 RC10 UAg Il 3008 16828 x 16776 0.07, 0.09, 0.13 0.15 0.34 12 7
1990-09-06 RC10 15/4 UAg 16766 x 16809 0.07, 0.06, 0.13 0.18 0.16 29 7
1998-10-02 RC30 15/4 UAg-S 16860 x 16859 0.03,0.04,0.06 0.17 0.08 25 5
2009-09-08 RC30 15/4 UAg-S 16646 x 17002 0.08, 0.12,0.20 0.19 0.25 7 8

3.2 Results: Geomorphological analysis

The existing high quality aerial photographs allow for detailed analysis and comparison of features
within the landslide and its surroundings. DTMs produced from Aerial Digital Photogrammetry (ADP)
as well as derived raster maps of slope dip, slope aspect and hillshade representation of topography
were used to identify abrupt or gradual steepening or shallowing of the slope, gullies, ridges, cliffs
and temporal changes in morphology. A map of the morphometric features of 2009 is presented in
Figure 4 and 5a. The large scale morphology of the Moosfluh Landslide area can be subdivided into
three Sectors: from the undulating plain at the Moosfluh ridge the slope dips with 25° degrees to the
plane of Alte Staffel (Sector I), then dips with 37° to the plane of Kalkofen (Sector Il) and finally dips
with >39° to the current Aletsch Glacier elevation (Sector Ill). It is important to note that the flattened
areas (or shoulders) of Kalkofen and Alte Staffel are only developed within the Moosfluh Landslide.
The plain of Moosfluh in Sector | with its small moors and swamps is interpreted as a wide extensional
horst and graben structure with slope parallel uphill- and downhill-facing faults (Figure 5e) limited by
the large head scarp of the Sparrhorn cliffs facing towards the NW (Figure 5f). This has been
interpreted in a similar way by Strozzi et al. (2010) and Kos et al. (2016). The oversteepened toe of
the Moosfluh Landslide is characterized by many uphill-facing scarps with trace length of about 100
m not only below Kalkofen at Tschifra but also around Sand, where a secondary landslide developed
in 2015. A detailed description of geomorphic features can be found in Supplementary Materials A.

Convex and concave slope breaks and changes, cliffs, ridges, depressions and glacial ice and slope
directions have been systematically mapped on the historical photograph of 1940, and on the DTM’s
of 1961, 1990 and 2009 (Figures 4 and 5a). The Moosfluh Landslide contains many slope parallel
paired depressions and ridges forming very narrow (5-20 m) and long (100-1000 m) asymmetric
graben structures visible both within exposed bedrock and in areas covered by a blanket of surficial
soil (Figure 5d). The primary origin of these features could be glacial erosion, as they often follow
weak schist and cataclasites (Figure 5b), oriented parallel to the strike of the steeply dipping regional
foliation (approximately SW-NE). Furrer (1948) describes this phenomenon as mainly caused by the
strong weatherability of mica schist and crushing zones within the gneisses. Kos et al. (2016) interpret
most of these structures as up-hill facing scarps. This would imply that the Moosfluh landslide had a
much larger lateral extent in the geological past. Ambrosi and Crosta (2006) reported that many
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scarps and uphill-facing scarps in alpine environments are a result of gravitational phenomena rather
than of neotectonics and seismic activity. At Moosfluh the meter-scale asymmetric grabens seem to
be an older product of gravitational deformation along phyllosilicate-rich layers combined with glacial
erosion. These morphologic forms with orientation always parallel to bedrock foliation can be found
in the whole area of pre-Variscan basement rocks within the Aar-massif between Bettmerhorn to
Gibidum and on both slopes besides the Great Aletsch Glacier.

Figure 4. Analysis of slope morphology based on DTMs, hillshade, slope aspect, slope exposition and aerial ortho-images

derived from Aerial Digital Photogrammetry (ADP) of the years 1961 to 2016. Location A (646099/138967): Displacements of
traced cliff lines mapped on aerial ortho-images from 2000 and 2015. Location B (646679/138631): The Egesen lateral moraine
outlined on the hillshade of 2016 is cut and displaced by several metres by an uphill-facing scarp; Location C (646688/138523):
Displacements of NE-SW trending paired linear depressions parallel to foliation on the NW facing Moosfluh slope of 2016

(blue) overlaid by the same structures of 1970 (orange).
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249 Figure 5. Morphology of the Moosfluh Landslide with (a) map of 2009 showing the large- and small-scale morphologic features
250 based on aerial photographs and 3D photogrammetric analysis. (b) Combination of erosion and historic gravitational
251 deformation along weaker mica-schist layers as bands of several dm widths. (c) View of the Moosfluh Landslide from the other
252 side of the slope in 2015 with Egesen and LIA moraine/trimlines and current extent of the instability and glacier in 2015. (d)
253 Slope parallel trenches and ditches with picture view looking downslope towards the plane of Alte Staffel. (e) At the undulating

254 plain of Moosfluh looking towards the construction site of the Moosfluh cable car in 2015 a downhill-facing scarp of about 1 m
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height and several tens of m length. (f) The Sparrhorn cliffs with up to 30 m height serving as head scarp of the Moosfluh

Landslide.

Historical photographs recorded since 1940 document freshly exposed bedrock (by recent glacial
retreat) showing the same slope parallel morphostructures as the slope further uphill and long
uncovered from ice: Ridges and depressions ranging in elevation from 10 to 18 m running slope-
parallel for 30 m to 1000 m throughout the entire slope (Figure 5a). No offset of these structures is
evident at the current lateral borders of the landslide. The slope parallel depressions crossing the
Moosfluh ridge are locally filled with morainic material, which suggests pre-Egesen origin of these
depressions. On the other hand and in contrast to Strozzi et al. (2010), at Alte Staffel the Egesen
moraine is cut and separated by a slope-parallel depression and continues with an offset of few m
further downslope (Figure 4B and Figure 6). This suggests that some of the weaker mica schist layers
forming slope parallel depressions have been gravitationally activated in extension after the Egesen
stadial. At the slope below the Moosfluh ridge the NE-SW trending paired linear depressions parallel
to foliation show a systematic downslope movement and a lateral growth on aerial ortho-images taken
between 1970 and 2016 (Figure 4C). At the same time, at the slope toe near Tschifra, all cliff lines
mapped on aerial ortho-images from 2000 and 2015 within the Moosfluh extents show downslope
displacement of a few m (Figure 4A).

The lateral moraines of the Egesen and LIA stages are well preserved along the Southern valley
slope (Figure 5a, ¢ and 6) and only short parts are missing or not well preserved in the region of the
Moosfluh Landslide. Already Kos et a. (2016) and Gramiger et al (2017) have noted horizontal
displacements of the Egesen moraine within the Mossfluh landslide body. By tracing the horizontal
and vertical position of these lateral moraines along the hillslope we investigate potential cumulative
displacements caused by gravitational slope movements at Moosfluh after the Egesen stadial. Figure
6b shows the elevation of the lateral moraines as a function of horizontal distance measured along
the moraine, which suggests that the elevation of the Egesen moraine becomes progressively and
significantly depressed in the western part of the Moosfluh. The amount of potential subsidence for
the LIA lateral moraine is smaller than for the Egesen lateral moraine (about 50% of the Egesen
moraine depression), and close to the range of natural elevation variations. The maximum cumulative
(absolute) displacement magnitudes recorded in the central part of the Moosfluh instability in the
period of 1850-1992 is 1.4 m (where displacements have been around 1 cm/a), from 1992-2007 in
the range of 0.75 m and from 2007-2016 in the range of 4.6 m (Figure 9a). Altogether this results in
a maximum cumulative displacement of little less than 7 m for the period 1850-2016.
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Figure 6. Landslide displacement history reconstruction. a) Map view with hillshade and contour lines of the Moosfluh Landslide
area (swissALTI3D 2014) marked with the current extent of the Moosfluh Landslide (patterned), the possible historical extent
(dotted black lines), Egesen lateral moraine and trimline (blue and dashed blue) and LIA (red and dashed red). b) Section view
of traced Egesen and LIA lateral moraines along the slope showing an increasing downslope displacement at the area of
Moosfluh Landslide for both moraines deviating from the expected in-situ moraine location (dotted red and dotted blue) and
protracted on the NW’ lateral border. c) Detail of Egesen Moraine being cut by an uphill-facing scarp and showing a downslope

displacement of ~8-10 m.

4 Recent landslide displacement history

At the Moosfluh Landslide a 75-year record of slope morphology and displacement history can be
extracted from photogrammetric analysis of historic aerial imagery (1961-2016), Digital Image
Correlation (DIC) of orthorectified images (2005-2016) and high resolution geodetic monitoring (2011-
2016). Maximum slope displacement rates obtained from the different analysis techniques and glacial
ice heights recorded at Cross Sections A-C between 1961 and 2016 are shown in Figure 9a and 9b.

4.1 Methods and materials: Geodetic measurements and Digital Image Correlation

Since 1977 there is a skiing lift connecting Riederalp with the Moosfluh crest on the opposite slope
side of the Moosfluh Landslide. The top station Moosfluh (2334 mn a.s.l.) lies inside but on the border
of the instable landslide mass. There was a breakage of the lift in 1996 and in 2015 the entire lift was
rebuild to adjust for movements of the top station. Therefore from 2011 onwards surveyors have
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monitored the surroundings of the Moosfluh cable car with a geodetic network once or twice per year
(Planax AG, Visp). These data are integrated into the geodetic data set of this study which includes
a comprehensive monitoring program of the entire area surrounding the lower part of the Great
Aletsch Glacier, including both active instabilities as well as stable and marginally stable slopes (Loew
etal., 2017). Figure 1 provides an overview of the location of all relevant measurement and monitoring
sites located around the Moosfluh Landslide. Two total stations (TPS) and four permanent global
navigation satellite system (GNSS) stations, two meteo-stations and more than 80 reflectors are
employed in the surrounding rock slopes to detect and measure transient ground movements with
mme-accuracy and at an hourly schedule since 2013. The currently monitored area extends over more
than 3.5 km along and 2 km across the Aletsch valley ranging from altitudes between 2300 and
1600 m a.s.l.

The geodetic monitoring system at Chatzulecher (TPS1) is based on a Leica TCP 1201 operated
since fall 2013 and a Leica Nova TM 50 at Driest (TPS2) which was installed in 2014 to enlarge the
system. The total stations are mounted on a double walled aluminum pillar to account for thermal
deformation, unilateral temperature changes or vibrations. To report possible movements of the total
station a GNSS sensor is located right above the total station and constantly taking its position (every
30 s). The total stations are housed in a protection shelter out of a polyamide cylinder with holes at
the reflectors’ location to allow for completely undisturbed measurements. Measurements are taken
hourly throughout the night and in a 4 hour schedule during the day. Standard deviations of the
resulting coordinates are 1 mm in horizontal and 2 mm in vertical direction for the GNSS data and +/-
1 mm for the TPS data. The extent of the network is constantly adapted to the changing conditions
by installing additional reflector prisms in areas of interest. As of September 2016, 17 prisms have
been placed inside the Moosfluh Landslide and another 18 prisms in marginally stable areas in the
direct surroundings (Figure 7). More detailed information about the spatial distribution of landslide
movement has been derived from Digital Image Correlation (DIC) analysis of orthorectified image
pairs provided by Swisstopo (Figure 8). DIC aligns and registers two images of the same scene and
measures the residual shift (internal deformation) by tracking the offset of common features. Only
displacements occurring parallel to the camera axis can be measured. Depending on the area of
study and the source imagery, DIC measurements can reach sub-pixel accuracies (Scambos et al.,
1992; Delacourt et al., 2007; Manconi et al., 2018). In our specific case the pixel size of the ortho-
images used in this study is 0.25m and accuracies are in the range of +0.1 m. Some DIC
displacement maps are cut in the SE due to limitation in the earliest ortho-photo coverage.

4.2 Results: Landslide displacement evolution

3D displacement vectors are available for a total of ten reflectors at the Moosfluh slope from 2013 to
2016 and an additional seven reflectors at the ridge and behind the crest from 2011 to 2016. Mean
3D displacement vectors for the time period from 2011/11/18 to 2016/08/26 split in horizontal and
vertical components of yearly intervals (in mm/a) are presented in Figure 7 and corresponding
measurement data (3D displacement [mm/a], vector orientation [°] and plunge [°]) in Table 2. A
detailed description of TPS measurement results can be found in Supplementary Materials B.

Averaged DIC displacements in the period 2005-2008 reach up to 0.1 m per year, with the highest
displacements occurring in the SW corner of the landslide. Between 2008-2011 the maximum
displacements do not increase beyond 0.1 m per year but i) the most active area shifts upstream the
Aletsch valley and ii) maximum displacements stretch down to Kalkofen and beyond towards the
glacier margin. From 2012-2013 to 2013-2014 this trend continues and the most active area moves
up the valley and borders to the line Moosfluh — Alte Staffel — Kalkofen — Tschifra with a maximum
width of about 700 m around Alte Staffel and a maximum displacement of 0.6 m/a in 2012-2013 and
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0.7 m/a in 2013-2014 (Figure 8c and Figure 8d). In 2014-2015 the active area widens laterally on
both sites whereas the landslide head area remains at a constant place. Maximum displacements are
in the range of 0.8 — 1 m/a in 2014-2015 (Figure 8e) and increase to more than 1 m/a in 2015-2016
(Figure 8f). In 2015-2016 the movements in the headscarp area progress towards SE (50 m) and the
most active sector (line from Moosfluh — Alte Staffel — Kalkofen — Tschifra) moves further upstream
for another 30 — 80 m. Cumulative displacements from 2012-2016 clearly show the extent of the
landslide and the most active area during this period (Figure 8b). When looking at the topographic
map and the Digital Elevation Model (DEM) it can be seen that the most active area is mainly restricted
to the wide ridge trending down from Alte Staffel to Kalkofen to the glacier margin at Tschifra, being
elevated by around 50 m from the surrounding rock slopes (Figure 8a). Stacked DIC of ortho-images
from 2012 — 2016 show clear lateral borders of the Moosfluh Landslide which are hard to observe in
the field due to little displacement along the lateral margins and forested or soil covered surfaces
(Figure 8b)

Results from DIC (Figure 8) and TPS measurements (Table 2 and Figure 7) fit quite well, e.g. for the
highly active area around the Moosfluh ridge (around reflector 5004/36), and thus the DIC images
show a representative horizontal displacement pattern for the Moosfluh Landslide area. DIC and TPS
measurements throughout the years show an acceleration of movement along the entire slope from
Tschifra to Moosfluh ridge. Tilts for the different reflectors stay more or less constant within the years
(£5°) except for the SE lateral border where tilts vary >10°. Azimuths are all constant within 310° to
325° towards NW (see Table 2 and Figure 7). TPS-derived movement velocities until 2016 increase
from the lateral margins towards the center of the instability and are highest at the top, diminishing
downwards.

Figure 9a compiles all existing displacement data from this study with previously published D-InSAR
displacements from Strozzi et al. (2010) and Kos et al. (2016). It can be clearly seen that the onset
of accelerations towards the end of the last century corresponds to an increase in ice downwasting
rate at the landslide toe. This confirms a previous correlation shown by Kos et al. (2016) between
landslide velocity and ice height elevation change at the landslide toe. The delay in slope acceleration
with respect to the ice downwasting rate, postulated by Kos et al. (2016), is not clearly visible in our
new data set. The dramatic acceleration follows the classical power law function, superimposed by
recharge variations during snow melt, and leads to annual velocities of 1m/a in 2016. Even higher
velocities develop after September 2016 during the Moosfluh Crisis, and can be related to the
formation and activation of planar sliding surfaces developing along toppling base surface (Glueer,
2019).

Table 2. Displacement data of selected reflector targets from 2011 to 2016 measured through geodetic monitoring from total
station Driest (Reflector 30-36) with a Leica Nova TM50, total station Chatzulecher (Reflector 28, 29) with a Leica TCP 1201
and all other reflectors (5003, 5004, 5005, 1004, 109) from a local monitoring network referenced through GNSS-fix targets

(Planax Visp).
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from 2011-11-18 | from 2012-11-07 | from 2013-08-21 | from 2014-08-22 | from 2015-08-26
to0 2012-11-07 to0 2013-10-24 to 2014-08-22 to 2015-08-26 to 2016-09-08

Reflector|3D* |ori.* [plg.* [3D* |ori.* |plg.* |3D* |ori.* |plg.* |3D* |[ori.* |plg.* [3D* |ori.* |plg.*
5003] 59| 350 -85 30| 282 -80| 57| 289 -80] 20| 326 -60| 10/ 281 -9
5004| 486/ 316 -23| 549 315/ -18( 690 315/ -12| 808 315 -18| 1066| 314| -17
5005| 385/ 310 -35 431| 310{ -30( 485 310 -19| 576 311| -28 713| 309| -26
1004 227| 312 -35( 251| 315 -24| 261| 312 -6 312| 315| -20| 348| 313| -17
109 191 313| -39| 202 313 -27| 201] 313 -7| 248| 315 -21{ 265/ 313| -21
28|- - - - - - 44| 331| -26| 119 323| -23| 149| 325 -25
29|- - - - - - 68| 325 -10( 178 319 -13| 221| 320 -12
30|- - - - - - - - - 262 323 -10| 458] 323| -19
31|- - - - - - - - - 154 317| -15| 359/ 323| -25
32|- - - - - - - - - 445| 316| -13| 878 316 -15
33|- - - - - - - - - 257| 314 -20{ 536/ 319, -25
34|- - - - - - - - - 172| 316| -14| 438 316 -17
35|- - - - - - - - - 514| 320 -21| 1259 318 -23
36]- - - - - - - - - 675 310 -15 1450 311| -16

* 3D displacement in [mm/a], orientation from N in [°], plunge from horizontal in [°]

| TPS Monitoring Aletsch

;. Situation as of 2016
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&
@
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—
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2012/11/07 to 2013/10/24
2013/10/24 to 2014/10/28
2014/10/28 to 2015/10/30

== 2015/10/30 to 2016/09/08
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Htt

Figure 7. Scaled displacement vectors from the TPS monitoring network in horizontal (with arrow) and vertical (without arrow)

components for yearly average displacements from 2011 to 2016. Maximum displacement rates in 2015/2016 can be found at
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393 the ridge for reflector 36 (1.5 m/a), at Kalkofen for reflector 35 (1.3 m/a) and at the toe for reflector 34 with 0.4 m/a.

394 Orthorectified image from 2016/09/08, approximate extent of Moosfluh Landslide in dashed red line as of summer 2016.
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396 Figure 8. Digital Image Correlation (DIC) of orthorectified image pairs showing annual horizontal surface displacements for

397 different years. a) Topographic map of the Moosfluh area with the oversteepened toe area at Tschifra, depression at



398
399
400

401
402
403
404
405
406
407

18 of 39

Silbersand, and plateaus of Kalkofen, Alte Staffel and Sparrhorn. b) Displacements between 2012/08/27 — 2016/08/26. c)
Displacements between 2012/08/28 — 2013/08/21. d) Displacements between 2013/08/21 — 2014/08/22. e) Displacements

between 2014/08/22 — 2015/08/26. f) Displacements between 2015/08/26 — 2016/08/26.
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Figure 9. Moosfluh Landslide movement and glacial retreat (1960-2016) a) Maximum yearly displacement rates in 2D or 3D
depending on data source from 1961 — 2016 at the upper slope (Sector |) of the Moosfluh Landslide with Aeerial Digital
Photogrammetry (ADP) of historic photographs, D-InSAR displacements in Line of Sight (LOS) from Strozzi et al. (2010) and
Kos et al. (2016), Digital Image Correlation (DIC) and Total Station monitoring (TPS) in LOS similar to D-InSAR data and in
absolute 3D displacements; b) Recorded glacier heights at Cross Sections A-C located in Figure 3 in m a.s.l for the same

period of time.
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5 Landslide kinematics and structure

5.1 Methods and Materials: Stereographic analyses techniques

To understand the kinematics of the Moosfluh Landslide movements until September 2016, limit
equilibrium and stereographic analysis techniques have been applied to structural data collected in
the field. Usually the scale of the rock slope limits the application of this method to smaller rock slopes
where the persistence of joints is of sufficient size (Stead & Eberhardt, 2013). For the large-scale
slope movement of Moosfluh it is nevertheless applicable since the foliation-parallel fracture set is
well developed and of persistent nature. Assuming rigid blocks, no cohesion, dry and fully persistent
discontinuities, the stereographic method applied simply indicates the kinematically feasible modes
for given slope and joint set angles. Key properties for analyzing toppling, sliding and wedge sliding
in stereographic projection are the slope orientation, the dip angle of discontinuities and their friction
angles (Wyllie and Mah, 2004).

As a first geometric constraint for toppling, the ratio of the base length Ax to the height y of individual
blocks has to lie below the tangent of the dip angle (Goodman and Bray, 1976).In other words the
block has to be high enough so that its weight can act through the block’s lower corner to overturn
and topple (Ax/y > tan a; Figure 10c). In a toppling rock slope also contacting columns and flexural
slip of blocks occur. For such an interlayer slip to occur, the slope angle 8 must be steeper than the
friction angle ¢ plus the discontinuity normal y (6 > ¢+ y; Goodman and Bray, 1976; Figure 10b).
Additionally the azimuth between the steeply dipping discontinuities controlling toppling and the slope
azimuth should be less than 30°, otherwise lateral fixation prevents toppling (Goodman, 1989).

For frictional sliding to occur at a block basal failure plane, a horizontal deviation from the slope dip
direction (lateral limit) of 20° was considered (Wyllie and Mah, 2004). If the intersection line of two
fracture planes plunges at an angle lower than the slope angle and greater than the friction angle,
wedge sliding is possible (Markland, 1972). If the wedge is highly asymmetric, sliding along one of
the two intersection planes occurs. This can be defined if the dip direction of this plane lies between
the trend of the intersection line and the dip direction of the slope (Hocking, 1974).

5.2 Results: Slope kinematics and structural model

5.21 Slope kinematics

For the Moosfluh Landslide toppling, planar sliding and wedge sliding were analyzed with joint friction
angles of 20° - 30° (Figure 11). Analyses were conducted for different slope inclinations, ranging from
315°/25° to 315°/75°. 315°/29° represents the mean slope exposition and inclination of the northwest
exposed slope averaged over the whole Moosfluh slope. The mean slope orientation of Sector | is
315°/25°, of Sector Il is 315°/38° and of Sector Il is 315°/39° (for sectors see Figure 5). For the
analysis of local (i.e. shallow) slope failures also steep rock walls with inclination angles of around
75° have been considered, these occur at Tschifra and below Alte Staffel and range from 5 m to 50 m
in height.

Assuming standard friction angles and fracture orientations measured within the extents of the
Moosfluh Landslide, toppling of F1 discontinuities was found to be the only kinematically feasible
mechanism (dark red Figure 11). For an assumed friction angle of 30°, sliding along F3 becomes
possible only for slope angles above 30°. The dip of F1 discontinuities (foliation) ranges from 90° to
56° with a weighted average of 80°. Assuming toppling joints with a friction angle of 30°, the lowest
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measured discontinuity dip (56°) requires a slope steeper than 64° (Figure 10b), i.e. this type of
toppling is only possible as a local and shallow phenomena near steep rock walls. On the other hand
for the average dip of 80° already a 40° steep slope is prone for toppling (respecting all other
constraints mentioned above). Since foliation varies broadly within the study area, it can be concluded
that for toppling to occur in Sector Il (315°/39°) foliation must be between 90°-81° and for Sector Il
(315°/38°) between 90°-82°. This is consistent with our observations. For Sector | (315°/25°) regional
toppling is not possible assuming a joint friction angle of 30° for interlayer slip between two adjacent
blocks. For the entire Moosfluh slope with average inclination (6) of 29° and a normal to foliation (y)
of 10° the friction angle of the toppling layer surfaces ¢ must be less than 19° (Figure 10b). As
interlayer slip is expected to occur also along cataclastic faults with gouge, or along weathered schist,
friction angles smaller 30° are expected to occur at least locally. Thus, toppling along deep and
steeply dipping F1 discontinuities is likely to be the dominant kinematic mode for the Moosfluh
Landslide, F3 discontinuities serve as base for building of blocks in block-flexural toppling and F2
discontinuities are suitable as lateral release planes. For local rock wall inclinations of up to 75° the
number of F1 discontinuities lying within the area of kinematic feasibility increases immensely from
100 counts at 39°, 150 counts at 45° to 320 counts at 75° slope dip (out of 320 measured F1
discontinuities; light red Figure 10a). Also planar/stepped planar sliding of F3 discontinuities was
found to be locally possible (light blue Figure 11). Similar although not identical kinematic modes have
been proposed by Kos et al. (2016).

For the surroundings of the Moosfluh Landslide, only few discontinuities lying within the range of
kinematic feasibility for sliding (F3) have been measured (blue areas Figure 11b). In general F1
discontinuities show a smaller scatter and steeper dip outside the Moosfluh Landslide which is
presumably related to less gravitational slope displacements. The measured F1 discontinuities are
prone to toppling for slope angles between 25°-65° assuming a friction angle of 20° (red areas
Figure 11b). Typical slope dips NE of Moosfluh range between 25° and 35°.

— s s
:[h h=sm(§+}/) - ZE(smE)
J
i K= §+)/

0
3D=2t (smE)

2D = cosk-3D

with h = height change, t = depth of toppling base, y = normal to foliation,
& = change of foliation, k = inclination of surface displacement vector
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with a = inclination of rupture plane, Ax =width of block, y = height of block
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Figure 10. Geometrical constraints for toppling mechanism a) Vector displacements: Horizontal and vertical displacements on
the surface depending on foliation, depth of toppling base surface and change of foliation due to toppling. b) Interlayer slip:
Condition for the dip of the foliation depending on the friction angle for interlayer slip to occur (modified after Goodman and
Bray, 1976). c) Block Geometry: The block geometry depends on depth and width of the block and decides if a block is stable

or out of balance (modified after Goodman and Bray, 1976).
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Figure 11. Kinematic analysis of structural data from the Moosfluh Landslide. a) Representing structural data from inside the
Moosfluh Landslide and b) Representing structural data from outside the current instability. Shown are critical pole vector
zones (slip limits) for flexural toppling in slopes steeper than 25° (dark red), 39° (solid red) and steeper than 75° (light red).
Critical pole vector zones and daylight envelopes for sliding (joint set F3) are shown for slope angles less than a 25° (dark
blue), 39° (solid blue) or 75° slope (light blue). All analyses are done for a friction angle of 20°; for a friction angle to 30°
resulting areas prone to toppling and sliding are smaller. Slope orientations of 315/25 and 315/39 are mean orientations of

slope sectors, 315/75 corresponds to a local cliff orientation. F3 planes in Figure 11b might be under-sampled.

5.2.2 Structural model of the Moosfluh Landslide as of summer 2016

Deep-seated gravitational slope deformations are landslides whose properties are mainly based on
geomorphic evidences like the occurrence of morpho-structural features such as double ridges, ridge
top depressions, scarps and counterscarps masked by weathering and erosion, and with present-day
low rates of displacement (Agliardi et al., 2001). For the Moosfluh DSGSD toppling can be clearly
identified as the dominant mode of displacement. Since the biotite gneiss occurring within the
Moosfluh Landslide is expected to have a high intact strength, block or block-flexural toppling along
F1 (interlayer sliding joints) and F3 cross-joints (toppling base surface) is supposed to be more
important than pure flexural toppling.

The geometry and depth of the failure surface formed during deep-seated toppling (i.e. toppling hinge
zone, toppling rupture plane or toppling base surface) controls the landslide volume and stability
relationships. Possible failure surface geometries discussed in the literature include three different
scenarios (linear, bilinear, curvilinear; Goodman and Bray, 1976; Hittinger, 1978; Pritchard and
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Savigny, 1990; Goricki, 1999). To assign a subsurface geometry and investigate the paraglacial
stability evolution since the LIA the maximum extents of these three geometries are explored and
their probability is reviewed based on the morphological, geomechanical and geophysical constraints
listed in Table 3. The three scenarios along a profile through the midst of the Moosfluh slope (Profile
B Figure 3) are displayed in Figure 12 together with theoretically expected displacement vectors and
the observed TPS displacements recorded in the years 2015-2016.

A planar toppling rupture plane is described by a series of columns resting on a stepped-planar base
which connects the main head scarp with the valley bottom (Figure 12a; Goodman and Bray, 1976;
Hittinger, 1978; Goricki, 1999). Planar toppling base surfaces result from Base Friction Table models
and represent a fundamental assumption of the limit-equilibrium method proposed by Goodman and
Bray (1976). Due to geometrical constraints (Figure 10c) a linear toppling base surface is
characterized by a passive wedge at the top and surface deformation can be directly linked to column
depth and the toppling angles.

Bilinear failure planes of flexural toppling are predicted from models with the distinct element code
UDEC (Pritchard and Savigny, 1990). The bilinear failure surface daylights at the main head scarp
and runs through the depth in parallel to the slope surface, until it reaches the altitude of the valley
bottom from where it develops a horizontal deformation boundary (Figure 12b). The deformation field
caused by bilinear flexural toppling is also characterized by a passive wedge at the subsidence zone
behind the crest. For a bilinear failure plane surface displacements are expected to be generally
higher than for a linear failure plane, especially at the slope toe. Based on the simulation results of
Pritchard and Savigny (1990) the displacement vector plunge at the slope toe should be sub-
horizontal.

Curvilinear or circular failure planes (Figure 12c) result from numerical models of flexural toppling with
the distinct element code UDEC when block cohesion and tensile strength are increased and friction
angles decreased with respect to the bilinear failure plane model (Pritchard 1989; Pitchard and
Savigny 1990). These models further generate a greater depth of the failure surface in the central
landslide section causing larger surface displacement vectors and a relatively steeply plunging
displacement vector at the landslide head.

In summary the key factors leading to a differentiation of the three rupture plane geometries for
toppling are rock mechanical properties (including block cohesion, tensile strength and friction
angles), as well as cumulative displacement magnitudes and displacement plunge angles along
profile sections. A linear rupture plane of 23° inclination results in increasing landslide depths along
its profile from the Sparrhorn Cliffs to the crest (Moosfluh) of 160 m and decreasing until Tschifra (85
m) down to zero at the slopes’ toe (Figure 12a). For a bilinear rupture plane depth increase from
Moosfluh (190 m) up to 220 m at Alte Staffel and since the rupture plane is parallel to the surface
(29°) this depth stays constant until it reaches Tschifra (200 m) where depths are decreasing again
(Figure 12b). A curvilinear rupture plane results in greater depth between 300 m at Moosfluh, 340 m
around Alte Staffel and 220 m at Tschifra (Figure 12c). Based on observed displacement magnitudes
and vector orientations, the planar rupture surface model matches best all field observations.

The final balanced cross—sections honoring all available data through the Moosfluh Landslide up to
summer 2016 (before the Moosfluh Crisis) are shown on Figure 13. The planar toppling base surface
daylights at the lateral landslide margins and the landslide depth continuously decreases towards the
left and right boundary. Therefore, all TPS displacements recorded since 2011 confirm the planar
rupture plane model. The cumulative change in inclination of displacement vectors due to toppling
depend on the in-situ position, which are in the range between 10-12.5° for 85° SE and 15-17.5° for
80° SE and match the observed toppling angles of 10° to 15° (Figure 11a). Until September 2016 no
sliding is required to accommodate the long term cumulative displacements which can be derived
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from geomorphic evidence (Chapter 3.2) and the monitored displacements since the LIA (integration
of displacement velocities shown in Figure 9). As our kinematic and structural model represents a
simplification of the real geological situation, minor sliding along hinge lines of the block-flexural
toppling slope is nevertheless possible.

The Moosfluh Landslide inherits a volume of around 100 Mm?® assuming a planar rupture plane, which
decreases to 75 Mm? taking into account that maximum depths are only reached at the central part
and decrease towards the lateral borders (Figure 13).

Moosfluh Sparth
a) linear parrhorn
) Afte Staffe] _— i

- Moosfluh Soarrh
b) bilinear AIteStaffM% CZ?';( orn

Tschifra

Moosfluh

. Sparrhorn
¢) curvilinear Alte Staffgv’/% Cﬁ‘ffs

7 «® Reflector movement
e T measured 2015-2016

~—@ expected movement
for geometry a)-c)

Figure 12. Possible toppling base surface geometries of the Moosfluh Landslide along Profile B (for location see Figure 3 and
insert map Figure 13) with expected surface movement and measured reflector movement from 2015-2016 for (a) linear block
toppling base surface with a constant base inclination of 23°, (b) bilinear toppling with flexural toppling of the lower portion of

the slope and sliding of a wedge-shaped block behind the slope crest and (c) curvilinear deformation due to flexural toppling.
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Table 3. Morphological, geomechanical, geophysical and historical observations at the different sectors of the Moosfluh

Landslide.

Property

Sector |

Sector Il

Sector llI

Morphologic structures

Long (-1 km) foliation
parallel asymmetric
linear depressions on
slope; small scarps
bounding lencticular

horst/graben structures;

Shorter foliation-parallel
linear depressions filled
with sediments; rock
walls forming massive
slope breaks (30 m
high, 100 m long)

High slope breaks;
smaller foliation-parallel
up-hill facing scarps;
minor foliation parallel
linear depressions;

oversteepened toe

Surface nature

Bedrock ridges and
sediment-filled
depressions, aretic

moors and swamps

Bedrock ridges and
sediment-filled

depressions

Glacially abraded

bedrock, partial till-cover

Slope dip direction/dip

315/25

315/38

315/39

Reflector movement 2014-
2015:
ID; 3D

Azimuth; plunge; info

displacement;

36; 675 mm; 310°; -15°

No clear main scarp

35; 514 mm; 320°; -21°

34; 172 mm, 316°; -14°
Rupture surface not

visible at the toe

Reflector movement 2015-
2016:
ID; 3D

Azimuth; plunge; info

displacement;

36; 1450 mm; 311°; -16°

No clear main scarp

35; 1259 mm; 318°; -23°

34; 438 mm, 316°; -17°
Rupture surface not

visible at the toe

Seismic investigation:
ambient vibration
(Kleinbrodt et al., 2017)

Shear wave velocity
transition at 50 m and
100-120 m depth

Geology

Microcline-Biotite-

Gneiss

Microcline-Biotite-
Gneiss and Biotite

Granite

Biotite Granite

Landslide phenomena

Extended head scarp
steeply dipping towards
NW, extensional graben

structures

Uphill-facing toppling

scarps

Secondary shallow
(~40 m) rockslides, e.g.
at Sand

Joint sets and inclination
in profile direction (ip;
322°)

F1: foliation (dip direction/dip: 137/77), high persistence (10 — 20 m), very
close spacing (0.6 — 2 cm) to extremely wide spacing (> 6 m); ip: -77°w

F2: (204/83), low persistence (1-3 m), wide spacing (0.6-2 m); ip: 75°

F3: (320/20), medium persistence (3 — 10 m), very wide spacing (2 — 6 m); ip:

20°

Inclination of rupture plane
(a) (Goricki, 1999)

with foliation 80°-77° (y=10°-13°) and interlayer friction angle (¢) of 20°-30°:

o= 20°-28°

Vertical displacement of

moraine deposits

Egesen 10-50 m

LIA0O-10 m
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Stn. Moosfluh
2334mstm
33 1004
Alte Staffel “®
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Tschifra

Moosfluh

1660 m s..m. Alte Staffel 2365 m s.lm.

Kalkofen

BI

Tschifra
34

Breitebode -,
2235msim C

Aletschwald
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<)

~time lapse cam

Biotite granite 00 y 2011/11/18 to 2012/11/07 _190mm L 2014/10/28 to 2015/10/30
.+ | Augen gneiss / Btgneiss X0mn ., 2012/11/07 to 2013/10/24 190mm . 3015/10/30 to 2016/09/08

: 50
Biotite-Plagioclase gneiss J%0mm_, 2013/10/24 to 2014/10/28 ® | Reflector location and name

Figure 13. Geological cross sections of the Moosfluh slope based on a DEM of 2014, for location see insert map and Figure
3. Arrows are yearly displacement vectors for the time period from November 2011 until September 2016, measured by a total
station and reflectors mounted on rock and labeled with numbers. Thin black lines denote the apparent orientation of foliation
(average 80° into the slope) and cross joints (F2 and F3). The estimated depth of a potential rupture plane is shown by the
bold black dashed line. The rupture plane shows an inclination of 23° for cross section A and B and 26° for cross section C.
The glacial retreat between Egesen, LIA, 1957 and 2017 is indicated by blue lines, the locations and heights are indicated by

names and numbers.

5.3 Stability evaluation in a paraglacial environment

The role of the glacial loads on slope stability has been discussed manifold, but it is unquestioned
that removing the ice-cover has remarkable implications on the mechanical, thermal and
hydrogeological loading conditions. Gramiger et al. (2017) show that slopes are most sensitive to ice
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loss in the toe region and the timing of greatest displacement coincides with first glacial unloading,
leading to initiation of slope instabilities.

To better understand the role of glacial ice and changing groundwater conditions in a fully developed
toppling slope we investigated the Moosfluh slope stability for different glacial conditions with a limit-
equilibrium analysis assuming a stepped planar block toppling model (RockTopple from Rocscience
2017) developed after Goodman and Bray (1976). To account for the ductile nature of ice and its
limited buttressing effect (McColl et al., 2010; McColl and Davis, 2013; Leith et al., 2014; Gramiger et
al., 2017) glacial ice is modelled as a hydrostatic load (with ¢ice= 917 kg/m?3). Basal shear stresses
due to ice flow at the glacier bed are neglected because they are limited by the yield shear stress of
ice and the presence of water at the interface. These are typically in a range from 50 to 150 kPa
(Paterson, 1994), an order of magnitude smaller than overburden stress during Holocene glacier
cycles. We assume that the groundwater table in the fractured and permeable landslide body above
the ice is generally low and controlled by a spring line mapped on the SE side of the Moosfluh ridge
at an elevation of about 2100 m a.s.l. Water pressure below the ice is directly linked to the subglacial
meltwater hydrology, where we assume an annually averaged water pressure corresponding to 80%
of the glacier height. Therefore, the hydrostatic force of the glacial load is partly compensated by the
uplifting force caused by pore water pressure.

Figure 14a shows the vertical forces acting on a single hypothetical toppling block (Wn) located near
the bottom of the slope. Hydrostatic forces due to the weight of the glacier acting normal to the block
surface (Wi), as well as the uplifting forces (U) and the weight of the toppling block are shown for
different glacial ice loading conditions. It is obvious that for larger glacial ice loads higher resulting
forces exist acting vertically downwards. Reducing ice load is usually associated with a reduced
ground water level, but as long as the toppling block is completely saturated, the uplifting force
corresponds to the height of the block, independently of the glacial load. The moment the slope is
completely deglaciated dry conditions are assumed for the toppling block carrying now its own weight.
At a certain weight of the dry block this will surpass the former force caused by glacial loading in
saturated conditions.

The development of the factor of safety for a simplified Moosfluh slope geometry at Cross Section B
(Figure 13), spacing of toppling joints of 15 m, friction angle of 30° for the base joints, and 19° for the
toppling joints, is shown in Figure 14b together with the height of ice above the valley bottom during
the same period of observation. It can be seen that the factor of safety drops non-linearly between
the LIA maximum and 2007, when the height of ice above the valley bottom melted down to 100 m.
Since 2007, the unsaturated conditions at the slope toe would lead to an increase in stability.
However, this model assumes stable material properties and no progressive damage especially along
the toppling base surface. A friction angle of only 19° degrees can be explained by field observations
showing very smooth sheet silicate coated surfaces in all active toppling fractures.

This simplified toppling model can also be used to address the long term degradation of rock mass
strength during the Holocene. A substantial part of this weakening might be attributed to a reduction
of frictional strength along the mainly steeply dipping foliation parallel to weak schist and cataclastic
fault gauge layers, as the friction angles of interlayer slip zones are the most critical factor for the
observed slope kinematics. Discontinuum models of Gramiger et al. (2017) imply that the failure of
intact rock bridges (in comparison to the peak LGM damage) since the LGM ranges between 4%-
30%. If we would include only 4% rock bridges along toppling joints Jenning’s formula (1970) would
predict an equivalent cohesion of 440 kPa and friction angle of 22° leading to large factors of safety
and explaining slope stability in earlier glacial cycles.
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a) Development of vertical forces during deglaciation
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Figure 14. Slope stability and vertical forces acting on a single toppling block with ice load (W), weight of the block (W,) and
water pressure (U). a) Development of vertical forces acting on a toppling block during deglaciation showing high resulting
forces caused by glacial ice load (W), block weight (W,,) and water pressure (U) for high glacial levels and lowest forces when
ice level reaches bedrock surface; b) Development of the Factor of Safety for the Moosfluh toppling slope from 1850 until 2016
for changing ice loads and ground water level based on the block toppling model of Goodman and Bray (1976) with model
parameters of a simplified geometry of Cross Section B, 15 m toppling joint spacing, 30° base joint friction angle, 19° toppling

Joint friction angle and no cohesion.

6 Discussion

This paper mainly focuses on the study of the Moosfluh DSGSD displacement history after the LIA
deglaciation. Nevertheless, field data and previous work (Gramiger et al., 2017) have shown that the
progressive evolution of Moosfluh may imply relationships between the DSGSD onset and older
deglaciation periods (Egesen or even Last Glacial Maximum (LGM)). Also recent modeling results of
Riva et al. (2018) suggest that very long time scales (thousands of years) may be required in a
paraglacial context to accumulate rock mass damage leading to the onset of measurable rock slope
deformations.

The regional altitude depression and historical images of a locally displaced Egesen lateral moraine
at Alte Staffel clearly indicate a landslide activity after the Egesen stadial. These gravitational slope
displacements seem to be roughly double in cumulative magnitude in comparison to the
displacements which have been recorded by the displaced LIA moraine. Movement magnitudes as
observed since the end of the last century cannot have occurred during previous deglaciations, as
the cumulative displacement magnitudes of the Moosfluh Landslide are limited and have been
constrained by balanced cross-sections. On the other hand glacial reconstruction by Gramiger et al.
(2017) showed that the Great Aletsch Glacier has retreated beyond the area of the current Moosfluh
Landslide at least five times after the Egesen stadial. Unfortunately landslide activity during Holocene
glacial retreats cannot be investigated in detail as clear trimlines or deposits have been destroyed by
the LIA glaciation. However, the response of the Moosfluh slope being exposed to similar boundary
conditions several times during the Holocene cannot be uniform, and a strongly increased
displacement rate can be documented since the LIA deglaciation. This increase in slope movements
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must be related to progressive degradation of rock slope strength during the Holocene glacial cycles,
especially during the LIA.

Numerical discontinuum models of Gramiger et al. (2016) suggest that this rock mass damage is not
a result of purely mechanical loading or unloading from glacial erosion and variations in ice
overburden, but also strongly regulated by stress-changes from thermo-mechanical and hydro-
mechanical “shocks” and loading cycles. Gramiger et al. (2017) suggested that major damage
propagation along pre-existing discontinuities occurred during Egesen ice retreat, while minor
damage events followed Holocene advance and retreat cycles. Assuming effective peak/residual
friction angles along foliation planes of 35°/27° and along foliation parallel faults of 27°/27°, cumulative
displacements modeled for the Moosfluh slope for a simplified late- and postglacial scenario with 500
annual thermo-hydro-mechanical cycles are in the order of 0.1-0.2 m (Gramiger et al., 2016). This
simulation is assumed to represent the damage in the stable Moosfluh slope during the preparatory
phase before the onset of landslide activity.

Simulating the complete transition from a stable slope into a fully developed and differentiated
landslide (the entire life cycle) was recently carried out by Riva et al. (2018) with a damage based
continuum model combined with a time-to-failure law and a simplified description of water occurrence
in the slope during its damage evolution. The non-linear decay of deformation modulus at the finite
element scale allowed them to evaluate the spatial pattern and track the temporal evolution of brittle
damage on the slope scale. However, thermo-mechanical effects and complexities of the glacier
retreat and re-advance history were not accounted for. This model was applied and calibrated to a
compound suspended rockslide in Spriana Valley and model results suggest that complete rockslide
differentiation was only reached during middle Holocene only. During the next 6 ka until present day,
progressive slope failure continued, with the upslope retrogression of the basal shear zone to a
prehistoric headscarp. According to Riva et al. (2018) this evolution is associated with further
nonlinear increase of displacement rates up to 20 mm/a , consistent with present-day measured
values, and vertical displacement at the rockslide headscarp reaching 80 m.

Our observations support this suggested very long term duration of paraglacial rock slope adjustment,
the onset of large slope instability in discrete evolutionary stages, and the complex spatial evolution
of slope deformations in response to deglaciation. The data presented in this paper suggest that
landslide activity leading to cumulative displacements in the order of several tens of meters since the
Egesen stadial, presumably started during the Holocene. After several glacial advances/retreats
during the Holocene, and many thousands of annual thermo-hydro-mechanical loading cycles, the
Moosfluh instability has reached a critical state of stability, most probably only during the last decades.
We can therefore allocate subglacial rock mass damage or weakening also to the LIA glaciation.
Aerial Digital Photogrammetry from before the mid ‘90s indicates limited landslide displacements
(>0.01m/a). Since this time the slope has accelerated from 0.05-0.1 m/a until 2011 to more than
0.2m/a in 2007 and >1m/a in 2016 (based on DIC, D-InSAR displacements and TPS
measurements).

DIC data also gives an idea of the spatial displacement pattern of the instability, showing the main
area of movement shifted up-valley with ongoing glacial retreat, changing from a local displacement
at the ridge area (2005-2008) to a comprehensive displacement along the whole slope in recent years
(2008-2016). DIC analysis allows for confining a clear limitation of the unstable area. Similar to some
other case studies our analyses show a temporal relationship between glacial retreat and landslide
activity (Evans and Clague, 1994; Holm et al., 2004; Oppikofer et al., 2008; Strozzi et al., 2010;
Clayton et al., 2013; McColl and Davies, 2013; Kos et al. 2016). Figure 9a shows that the Moosfluh
slope started to accelerate from 1995 to 2007, at a time when the glacier tongue was still more than
400 m further downslope. However, at this time, the glacier dramatically changed its rate of yearly
height loss from -2 m/a to -6 m/a having an average ice height of 170 m at the slope toe in 1995
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(Figure 9b). In 2007, when the glacier reached the northwestern lateral border of the instability,
displacement rates of the Moosfluh slope increased from cm/a to several dm/a and reached 1.5 m/a
until September 2016 (before the crisis started). At this time, the left lateral landslide boundary has
been ice-free for almost 10 years and the glacier tongue lost 350 m of length since 2007.

7 Summary

This study is a continuation of previous investigations of the Moosfluh deep-seated gravitational slope
deformation (DSGSD) in a paraglacial context, as described by Strozzi et al. (2010), Kos et al. (2016)
and Gramiger (2017). In this contribution we focus on the detailed structure, kinematics and
displacement evolution of the Moosfluh landslide using new historical aerial imagery, Aerial Digital
Photogrammetry (ADP), Digital Image Correlation (DIC) and total station displacement monitoring
(TPS). We have explored the morphological phenomena of the paraglacial Moosfluh DSGSD and
related its landslide movement indicators, such as displaced Egesen and LIA moraine walls, to the
Lateglacial and Holocene deglaciation history of the Great Aletsch Glacier. Based on geometrical and
mechanical constraints as well as displacement vector analyses the subsurface structures of the
Moosfluh Landslide have been systematically investigated and for the first time balanced cross-
sections through the toppling landslide could be derived. Finally we have explored the evolution of
the landslide damage and rock strength degradation in a paraglacial context and show with limit-
equilibrium-analyses how stress changes associated with unloading glacial ice and changing
groundwater levels generate critical rock slope stability conditions in the last few decades.

Using historical aerial imagery and photogrammetric analysis techniques allows a quantification of
historic displacements showing small displacement rates of <1 cm/a since LIA ice retreat (1860) until
1997, an increased rock slope activity from 1997-2007 (up to 10 cm/a) and a massive acceleration
until fall 2016 to >1m/a. Digital Image Correlation (DIC) of ortho-images obtained from national ortho-
image mosaics could further be used to derive 2D-displacement fields and were especially helpful in
constraining landslide boundaries. The installation of two robotic total stations in 2013 and 2014 led
to the acquisition of continuous 3D displacement data at 80 reflector positions. TPS measurements
allowed for conclusive kinematic and structural interpretations of the Moosfluh instability.

We show that until September 2016 toppling along deep and steeply dipping foliation parallel (F1)
discontinuities is the dominant kinematic mode, slope parallel (F3) discontinuities serve as base for
building of block-flexural toppling blocks, and F2 discontinuities serve as lateral release planes. The
Moosfluh landslide has a planar toppling base surface connecting the valley bottom with a head scarp
located behind the Moosfluh ridge. The landslide velocity distributions are related to an uneven
topography above this planar base, and relatively uniform toppling block rotations in the range of 10°
to 15° This geometry of the toppling base leads to a deep-seated gravitational slope instability with a
volume of ~75 Mm?, a depth of up to 170 m and a 23°-27° dipping toppling base surface.

Reconstructing the long-term evolution of the Moosfluh DSGSD showed that paraglacial rock slope
adjustment in a paraglacial context can undergo thousands of years and is composed of discrete
evolutionary stages. Displacements between the Egesen (~12ky BP) and the LIA (1850) are in the
same magnitude as between the LIA (1850) and 2016, indicating a strongly increased displacement
rate since the LIA deglaciation. This can be related to progressive degradation of rock slope strength
during multiple Holocene glacial cycles and especially the LIA. During this recent stage of the
Moosfluh slope evolution we see temporal correlations between changes in the Moosfluh rock slope
stability, velocity and glacial ice downwasting at the landslide toe. The landslide activity increased
considerably from 2007 on, a time period when the height of ice above the valley bottom melted down
to 100 m. At the same time the stability of the landslide reached its minimal level, as derived from a
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limit-equilibrium analysis with the stepped planar block toppling model of Goodman and Bray (1976),
considering variable ice load and water pressures since the LIA. As such our investigations document
in great detail how a large slope instability evolves geomorphologically and structurally in a paraglacial
context.
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Supplementary Materials:

A Details of Moosfluh geomorphic features

Sector I: The undulating plain at the top of landslide near Moosfluh and Breitebode has about
200-300 m width and ends towards the SE at the Sparrhorn cliffs, a scarp facing facing NW (Figure
4f). These cliffs, ranging from 1 to 30 m in height, represent the SE limit of the main landslide body
behind the ridge of Moosfluh. The cliffs dip between 60° and 85° to the NW and have a length of
about 400 m parallel to the slope. The plane of Moosfluh inhibits several aretic depressions resulting
in small moors and swamps and is interpreted as a wide extensional horst and graben structure with
slope parallel uphill- and downhill-facing faults (Figure 5e) limited by the large uphill-facing scarp of
the Sparrhorn cliffs. The plane is bordered in the north by a convex slope break of a 25° slope with
100 m difference in altitude before reaching the plain of Alte Staffel. This sector is characterized by
several slope parallel, NE-SW trending paired depressions/ridges of up to 1 km in length (Figure 5).
This generates a saw-tooth-structure with several m high uphill-facing surfaces dipping at an average
of 70° into the slope, with an average spacing of 35 m. These mostly sediment filled depressions
could have their origin due to glacial erosion and/or weathering of strongly sheared and incompetent
mica schists within the bedrock as discussed above. Their occurrence in steep slopes of below
Moosfluh suggests that they have possibly been overprinted by gravitational slope movements such
as toppling (see also Section 4).

Sector II: At the plane of Alte Staffel a convex slope break introduces a 38° dipping slope
terminating after 200 m of change in altitude with a concave slope break to the plain of Kalkofen. At
the plane of Alte Staffel the Egesen Lateral Moraine can be found. At the slope underneath Alte Staffel
the steepest topography of the project area is present where several cliffs of up to 30 m height and
100 m length dominate the slope (see Figure 4). These cliffs are concentrated in the eastern part of
the landslide and cross the right flank of the instability reaching almost until Chatzulecher (Figure 4
and 5). In addition many paired linear depressions/ridges occur in this area, which are again sediment
filled (till, glacio-fluvial sediments or recent rockfall debris) and partially act as aretic ponds.

Sector IlI: The lower slope sector between Aletsch Glacier, Tschifra and the plane of Kalkofen is
characterized by 280 m of altitude difference and glacially abraded bedrock partially covered by till.
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The ablating glacier released many uphill-facing scarps with trace length of about 100 m (40 — 360
m) not only below Kalkofen at Tschifra but also around Silbersand, where a secondary landslide at
the glacier tongue location of 2015 developed in 2015 called Secondary Landslide Silbersand. The
linear erosion features are shorter than in sector | and Il and significantly less deep. At the plane of
Kalkofen the LIA Moraine is exposed (Figure 5a,c). Gully incision of soil and bedrock slopes is
primarily occurring on the foot of the slope of the last 200 m in elevation towards the glacier. The
gullies are generally 10 to 20 m across and up to 10 m deep.

B Details of TPS Reflector Displacements

For the year from 2011-2012 displacement data is only existent for the undulating plain of the
ridge of Moosfluh. 3D displacements are in the range of 0.06 m/a at the Sparrhorn cliffs (Refl. 5003)
and 0.49 m/a at the center of the instability (Refl. 5004). Their main movement direction is NW with a
tilt from 23° (Refl. 5004) up to 39° (Refl. 109) except for Refl. 5003 near Sparrhorn which is moving
nearly vertically downwards. For the annual period between fall 2012 and fall 2013 3D displacements
reach maximum values at reflector 5004 (0.55 m/a) and diminish along the crest towards NE to 0.43
m/a (Refl. 5005) and 0.16 m/a (Refl. 5001). Minimum values are again found at the Sparrhorn cliffs
moving vertically downwards with 0.03 m/a. Azimuths of vectors vary hardly and are all in the range
between 310° and 315° (towards NW) with tilts being in the range of 18° at the crest in the central
part (Refl. 5004) and 30° at the other locations.

When looking at data from 2013 to 2014 additional reflectors (Refl. 28 and 29) are available
which are located on the eastern flank. 3D displacements of these two reflectors are in the range of
0.04 m/a (Ref. 28) and 0.07 m/a (Ref. 29), whereas at the ridge crest reflectors displacements
increase to 0.69 m/a (Ref. 5004). Azimuths of the reflectors at the eastern flank are 325-330° and
differ from reflectors on the crestal plane with 315°. Tilts have a much flatter angle than in the years
before and are mostly in the range of 6°-12°, except reflectors 28 (26°), 5005 (19°) and 5003 (still
moving vertically downwards). For the year from 2014 to 2015 displacement data is existent for the
top of the ridge (Reflectors 31, 33 & 36), a line of reflectors in the slope between the planes of Alte
Staffel and Kalkofen (Reflectors 30, 32 & 35) and Reflector 34 at the slopes toe. During the monitoring
period 2014/2015 maximum reflector movement is in the range of 0.8 m/a, tilts range between 10°-
20° and azimuths are directed towards NW. In detail reflector 34 at the toe of the slope tilts with 14°
and reflector 33 at the crest with 20°. From 2015 to 2016 3D displacement increases up to 1.45 m/a
at the central crest (Refl. 36 and Refl. 5004) and decreases to 0.15 m at the eastern flank (Refl. 28
and Refl. 29). Tilts vary between minimum 15° (Refl. 32) and maximum 25° (Refl. 5005, Refl. 33, Refl.
31). Reflector 34 at the toe shows an average tilt of 17°. Movement at the Sparrhorn cliff (Refl. 5003)
comes to a rest.



