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ABSTRACT

Slopes with clay-rich, deeply weathered soils, such as those present in the Flysch Zone of Lower Austria, are
prone to landslide processes. Even though generally being of low magnitude and velocity, they can cause sub-
stantial economic losses and threaten settlements as well as infrastructure. Previous studies have demonstrated
the importance of sub-surface information to further increase our understanding on landslide processes and
triggers in different areas as well as to support any decision makers to determine any appropriate landslide
mitigation measures. The combination of direct and indirect methods thereby has proven to be an adequate
methodology, yet case studies are still needed to develop a universal strategy for the investigation of clay-rich
landslides. In this study, we applied Electrical Resistivity Tomography (ERT) and Dynamic Probing Medium
(DPM) to further investigate the complex Hofermiihle landslide in the Flysch Zone of Lower Austria in order to
improve our knowledge on sub-surface conditions. The focus is on the initially activated main landslide area,
which has already formed earth-flow-like processes in the past. The methodology facilitated a representative
characterization of the sub-surface. We were able to approximate the geometry and depth of slip surfaces, as well
as the transition to bedrock, allowing us to delimit those parts of the slope which are likely to fail and,
respectively be re-activated in the future. The results show that a range of thicknesses can be found in the
investigated part of the Hofermiihle landslide. In particular, near the surface, which has been altered by creep
displacement and also by anthropogenic alteration, the resistivity is more variable compared to deeper, pre-
sumably less disturbed, layers. Furthermore, it is assumed that clay particles are transported with the surface
runoff and deposited in the surroundings of the drainage channels, resulting in lower resistivity values and higher
saturation at this locations. The location of the slip surface is interpreted to be on the surface of the bedrock,
where there is a highly disturbed, clay-rich mass with no interbedded layers. Layers with lower resistivity
directly above the bedrock indicate weathered material and remolding of materials during creep.

1. Introduction

2005; Rezaei et al., 2018; Imani et al., 2021; Khan et al., 2021).
In the regional state of Lower Austria, approximately 50 % of all

Worldwide, landslides cause fatalities and increasing economic los-
ses (Crozier and Glade, 2005; Bell et al., 2006; Bell, 2007; Rezaei et al.,
2018; Khan et al., 2021). Landslide prone mountainous areas become
increasingly inhabited (Rezaei et al., 2018; Ehrlich et al., 2021) resulting
in frequently affected settlements, infrastructures and people. Hereby,
the knowledge about the potentially initiated landslide mass is of major
importance for all involved stakeholders. There are numerous landslide
triggering mechanisms including heavy and long-lasting precipitation,
volcanic activity, earthquakes, and human activity (Crozier and Glade,
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municipalities are affected by landslides (Glade et al., 2012). Up until
2008, about 2000 damaging landslides were recorded in the building
ground register alone (Glade et al., 2012). Because landslides in Lower
Austria pose a risk to infrastructure and economic losses occur repeat-
edly, the interest of local authorities in preventing damage is high (Marr
et al., 2023). Landslide processes are characterized by shallow or deep
seated (earth or debris) slides (for definitions refer to Cruden and Var-
nes, 1996, Dikau et al., 1996, Hungr et al., 2013) which occur pre-
dominantly in the Flysch Zone (Schwenk, 1992, Petschko et al. 2016).

Received 16 June 2023; Received in revised form 9 September 2023; Accepted 10 September 2023

Available online 14 September 2023

0169-555X/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:julia.luhn@posteo.de
mailto:a11709932@unet.univie.ac.at
www.sciencedirect.com/science/journal/0169555X
https://www.journals.elsevier.com/geomorphology
https://doi.org/10.1016/j.geomorph.2023.108910
https://doi.org/10.1016/j.geomorph.2023.108910
https://doi.org/10.1016/j.geomorph.2023.108910
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2023.108910&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Luhn et al.

Although this geological zone covers only 9 % of the area of Lower
Austria, most landslides were recorded here, which is due to the fact that
it is particularly prone to sliding due to its inherent lithological char-
acteristics — inter alia the high silt and clay contents of the deeply
weathered soils (Schwenk, 1992; Bell et al., 2011). Anis et al. (2019)
found that plasticity increases with clay content due to decreased
cohesion and shear strength for Flysch materials as well as to increased
void ratio. Yalcin (2011) also stated that soils with a high content of fine
particles are more likely to fail, thus clay-rich landslides are more likely
to fail. Besides protection measures, spatial planning strategies as one
example of avoiding hazard prone regions can be implemented to reduce
damage (Crozier and Glade, 2005; Goetz et al., 2015). To develop
effective approaches, spatially related research as well as local on-site
knowledge on landslide internal structure, dynamics and triggering
mechanisms is crucial (Marr et al., 2023; Shah et al., 2023).

Weak layers, commonly located between permeable and imperme-
able layers (Asriza et al., 2017), are thereby of particular importance for
preconditioning landslide failures since they regularly function as slip
surfaces (Soto et al., 2017; Rezaei et al., 2018). They often consist of
saturated (silty) clays, mostly in a plastic state or close to their plasticity
limit, which causes a high potential of failure due to their low shear
strength (Soto et al., 2017, Rezaei et al., 2018). Materials with a high
content of fine particles, such as clayey layers, can be expected to fail
more easily (Yalcin, 2011) since the effective porosity of the soils is
reduced by high clay content (Flores Orozco et al., 2022). Consequently,
if they occur as spatially uniform layers characterized by low perme-
ability, water logging can be often observed in the mass prone to land-
sliding (Yin et al., 2016; Soto et al., 2017; Rezaei et al., 2018). Hereby
the pore pressure of these locations increases while matrix suction and
effective stress decrease, until the shear strength declines to a critical
value and a failure along the slip surface occurs, making it an important
preconditioning factor for landslide triggering mechanisms (Schwenk,
1992; Friedel et al., 2006; Yalcin, 2011; Perrone et al., 2014; Asriza
et al., 2017; Rezaei et al., 2018; Komolvilas et al., 2021). Those layers
often act as slip surfaces for the overlaying mass (Schwenk, 1992;
Komolvilas et al., 2021). Both Yin et al. (2016) and Rezaei et al. (2018)
found that most of their investigated landslides showed weak permeable
layers overlaying slip surfaces with a high clay fraction, low perme-
ability and low shear strength. In particular after heavy precipitation,
the saturation above the clayey slip surfaces often increased (Rezaei
et al., 2018), which is indeed a result of their low permeability. Addi-
tionally, Soto et al. (2017) found that clay layers can act as a lubricant
when they soften under increased saturation. Furthermore, Yin et al.
(2016) determined that in addition to slip surfaces consisting of mostly
clay particles, also the impermeable bedrock has the potential for act as
a slip surface. Due to the lithological setting, both types of slip surfaces
can be expected in the Flysch Zone (Figdor et al., 1990; Schwenk, 1992;
Schnabel, 1999; NOEL GV, 2008) and therefore, their identification by
applying different methods is the key goal of this study.

Electrical Resistivity Tomography (ERT) is widely applied to char-
acterize internal landslide geometries and to locate features such as slip
surfaces which determine to a great extend the mechanisms of failure.
Thereby, it is often used in combination with direct methods such as
borehole drilling and laboratory testing (e. g. Bell et al., 2006, Friedel
et al., 2006, Merritt et al., 2014, Rezaei et al., 2018, Falae et al., 2019,
Asriza et al., 2017, Stumvoll et al., 2020, Imani et al., 2021, Kaminski
et al., 2021, Khan et al., 2021 and Komolvilas et al., 2021) or Dynamic
Probing (DP) Tests (Friedel et al., 2006; Stumvoll et al., 2020; Komol-
vilas et al., 2021) for validation. Perrone et al. (2014) describe the re-
sults observed across different studies applying 2D, 3D and time-lapse
ERT studies to understand spatial and temporal variations in landslides.
Furthermore, some authors use multitemporal measurements or time-
lapse ERT to monitor (seasonal) variabilities in the sub-surface, for
example of flow paths or water content (Palis et al., 2017; Rezaei et al.,
2018; Samodra et al., 2020). Whiteley et al. (2019) provide an overview
of what geophysical methods are used in landslide research including
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different geoelectrical and seismic methods: Besides ERT also self-
potential monitoring plays an important role in landslide investiga-
tion. Also, induced polarization (IP) or spectral induced polarization
(SIP) as extension of ERT has also emerged as a suitable method for the
investigation of clay-rich landslides (Flores Orozco et al., 2018; Flores
Orozco et al., 2022; Gallistl et al., 2018; Revil et al., 2020). Comple-
mentary multitemporal UAV surveys (Samodra et al., 2020), airborne
laser scanning (Kaminski et al., 2021), or GPS surveys (Merritt et al.,
2014; Mantovani et al., 2022) are applied to detect surface movements
in order to link sub-surface conditions to deformations visible at the
surface.

At the Hofermiihle landslide observatory, located in the Flysch Zone
of Lower Austria, a variety of static and multi-temporal techniques are
utilized since 2015 (Flores Orozco et al., 2022; Stumvoll et al., 2021;
Stumvoll et al., 2022). Marr et al. (2023) have investigated spatial as
well as temporal correlations of historical data records and long-term
monitoring systems for slow-moving landslides in the Flysch Zone of
Lower Austria, with the Hofermiihle landslide as one of them. Their
results show that landslides exhibited different characteristics despite
similar conditions, and it was possible, to connect specific precipitation
events to the measured landslide activity (Marr et al., 2023). Especially
for non-linear behavior and variable displacement patterns, as we find at
Hofermiihle, learnings from historical data help to set up long-term
monitoring systems appropriate to the site and are crucial to mitigate
landslide hazards (Marr et al., 2023). The Hofermiihle landslide is
regarded as representative for other slopes in the Flysch Zone with
similar meteorological and geological conditions, anthropogenic im-
pacts and process dynamics. After definitions of Cruden and Varnes
(1996), Dikau et al. (1996) and Hungr et al. (2013), the Hofermiihle
landslide can be described as retrogressive complex landslide with earth
slide — earth flow like behavior. This landslide moves in phases of
varying activity in different subsystems (Stumvoll et al., 2021; Stumvoll
et al., 2022). According to Hungr et al. (2013) the displacement of earth
flows is expected to occur during phases with slow movement along the
main sliding surfaces, whereas internal shear is increased when a plastic
mass forms that moves in a flow-like manner. Slow active landslides are
mostly driven by changes in boundary conditions, especially rainfall
events, or viscous deformations (Picarelli, 2007; Li et al., 2023). This
characterization can be confirmed by the observations made so far at the
Hofermiihle landslide: whilst the main initial landslide activation was in
2011 and 2013, both (slow) rotational and translational sliding pro-
cesses have been detected in recent years within the different sub-
systems. Respective extensions are connected to the main landslide,
which again formerly depicted earth slide — earth flow like behavior.
Both the combination of landslide types as well as their spatio-temporal
interlinkages — very slow and very fast dynamics — define the complexity
of the system (Stumvoll et al., 2021; Stumvoll et al., 2022). The analysis
of ongoing surface and sub-surface dynamics is of great relevance to gain
a better process understanding for this area (refer to noeslide.at for most
recent information).

Based on this previous work, we focus on a combination of ERT as a
non-invasive method to analyze sub-surface features, recognize pat-
terns, and structures by gaining information on resistivity distributions
in order to approximate the geometry of different layers in this study at
the Hofermiihle landslide. DP as a direct method is applied to validate
the ERT data. While former studies by Stumvoll et al. (2022) already
comprise sub-surface information of the Hofermiihle landslide and data
interpretation with respect to sub-surface structure, their focus has
mainly been on the most recently active extensions of the main landslide
(see Fig. 1b) and the currently more or less stable parts of the slope. The
focus of this study lies on the sub-surface characterization of the main
and initially activated landslide area. The specific objectives are

e to detect and characterize slip surfaces,
o to identify the total depth of the initially activated sliding mass, and
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Fig. 1. a) Location of study area in Lower Austria, detailed view of the Hofermiihle watershed, torrent is indicated in a white line. b) Overview on ERT profiles 1 to 3
and DPM measurements. Simplified morphological landslide features and changes in surface height between 2009 and 2019 are indicated by different colours. Relief
shading in a) based on Austrian 10 m DEM (BMDW, 2015) and b) on a 0.05 m TLS-DEM (2019-12-05). DEM of Difference (DoD) calculation in b) based on 1 m ALS-
DEM (NOEL GV, 2008) and 0.05 m TLS-DEM (2019-12-05). For details on mapping and DoD calculations refer to Stumvoll et al., 2021; Stumvoll et al., 2022).

e to differentiate single layers or bodies within the landslide mass as
well as its geometry.

Since pore water pressure plays a major role in the initiation of
landslides (Palis et al., 2017), this information is necessary in order

a) to estimate in which depths the landslide is likely to be re-activated,

b) to assess the potential volume of the displaceable mass under
different scenarios and

c) to determine potential areas of water accumulation.

These conditions can be observed especially in clay-rich landslides
(Schwenk, 1992; Friedel et al., 2006; Asriza et al., 2017; Komolvilas
et al., 2021). Clay can form impermeable layers and then function as a
hydraulic barrier, which can lead to accumulate water above these
layers after prolonged or intense rain events, resulting in a higher pore
water pressure and thus a higher probability of initiating landslide
movement (Schwenk, 1992; Yalcin, 2011; Yin et al., 2016; Soto et al.,
2017; Rezaei et al., 2018; Komolvilas et al., 2021). This mechanism has
already been investigated in proximity to the study site, but not yet
within the main and initially activated landslide area (Flores Orozco

et al., 2022; Stumvoll et al., 2022). Consequently, this study focuses on
this active landslide body.

2. Study area

The Hofermiihle landslide, named after a local farm, is located near
Konradsheim, Waidhofen a. d. Ybbs, district of Amstetten, Lower Austria
(Fig. 1). Adjacent to the Northern Calcareous Alps, the area is situated
within the geologically complex formation of the Flysch and Klippen
Zone Flysch to the north (Figdor et al., 1990). The Flysch unit, at its
broadest extension only ~10 km in width, contains thick regolith layers
of weathered sandstone and clay-marl stones, which form loamy-clayey
layers. As previous studies show, slip surfaces often form along the
border of the weathered material and the basement rocks as well as
above clay layers (Figdor et al., 1990; Schwenk, 1992; Schnabel, 1999;
NOEL GV, 2008). Due to weathering, the clay content even increases
making the formations more sensitive with respect to the influence of
water content on slope stability (Anis et al., 2019).

The unit of the Gresten Klippen Zone was formed from deposits north
of the Rheno-Danubian Flysch and south of the margins of the Bohemian
Massif. As implied by the name, it forms several Klippen (German)
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(Schnabel, 1999; Hock et al., 2005). At the study site, lime-sandstones,
marl stones and clay are present. Within different sediment layers,
Konradsheim limestone can be found. It contains matrix-supported con-
glomerates and sedimentary breccias, ranging up to hundreds of meters
in thickness. The material underlies tectonic stress and is known to form
a material called Rutschtone, which is especially prone to landslides
(Figdor et al., 1990; Schwenk, 1992; Hock et al., 2005; NOEL GV, 2008).
For more detailed information on local geology and lithology, please
refer to Thenius (1974), Schnabel (1999), Schnabel (2002))and Hock
et al. (2005).

Meteorological conditions support the weathering as well as the
mobilization of slope materials. The mean yearly precipitation rate is
1196.03 mm with the highest values of 149.91 mm in July (mean
1896-2022). Long-lasting rainfall over two and more days as well as
rainfall with >30 mm per day can be expected frequently (based on
HISTALP data from Waidhofen a.d. Ybbs, period 1896-2022, refer to
Auer et al. (2007) and Stumvoll et al. (2022) for more details). The
monthly maximum in the period 1974-2019 at the nearby measuring
station Hinterlug was 385 mm in August 2002, the maximum daily
precipitation 130.50 mm on 6. September 2007 (for further information
see eHYD WebGIS-application provided by BML, 2023: https://ehyd.gv.
at/#).

The catchment area of the Hofermiihle-torrent with a length of 0.64
km and an area of 0.17 km? extends from an altitude of 620 m a.s.l. in
the highest part to 460 m a.s.l. at the mouth into the preflooder Red-
tenbach, which drains the Redtenbach valley with an altitude difference
of 655 m. The main landslide area covers an elevation range of about
520 m - 560 m a.s.l. and while the hillslope in the upper part of the
Hofermiihle landslide is relatively shallow at 5° - 20°, it is predomi-
nantly 15° - 30° in the lower third; in some areas even up to 45°
(Stumvoll et al., 2021). With a length of 9.05 km and an area of 15.55
km? the Redtenbach forms a sub-catchment of the Waidhofenbach. The
catchment area of the Hofermiihle torrent can be seen as representative
for other tributaries in the Redtenbach valley as well as in the rest of the
Flysch Zone in terms of climatic and geological predisposition as well as
anthropogenic landuse and related impacts on hillslope hydrology (see
also Stumvoll et al., 2021). The combination of steep slopes and high
clay content, leads to reduced slope stability, causing the Flysch and
Klippen Zone therefore to being exceptionally prone to landslide pro-
cesses. This has been investigated intensively by inter alia Figdor et al.
(1990), Schwenk (1992), Terhorst and Damm (2009), Bell et al. (2011),
Petschko et al. (2013, 2014), Anis et al. (2019), Stumvoll et al., 2020,
Stumvoll et al., 2021, Stumvoll et al., 2022) and Steger et al. (2022). It is
known for many decades, that heavy rainfall, high rates of snowmelt and
anthropogenic interference are the main triggers of landslides in this
region (Schwenk, 1992). The distribution of registered landslides in the
broader area clearly states a link with the present lithology (e.g.,
Schwenk, 1992; Bell et al., 2011). Respective records prove, that most
landslides are located in the Flysch Zone and Klippen Zone — especially
in the western part of Lower Austria. Landslide susceptibility maps
reinforce this correlation: the highest landslide susceptibilities are
presently in the Flysch Zone (Petschko et al., 2014; Goetz et al., 2015;
Lima et al., 2017).

The Hofermiihle landslide is closely connected to the eponymous
torrent. For detailed and most recent information on the study sites
landslide history, possible triggering mechanisms and monitoring setups
refer to Stumvoll et al. (2021), Stumvoll et al. (2022) and Flores Orozco
et al. (2022). Even though former landslide movements can be assumed,
first displacements were documented in the late 1970's (Sausgruber,
2013) to the orographic right of the torrent (see Fig. 1a). In 2011, dis-
placements defined as rotational sliding were registered to the
orographic left in a forested area. A subsidence of 2 m occurred within
two weeks (Kotzmaier, 2013; Sausgruber, 2013). The same area was re-
activated in 2013. A waterlogged section forming the lower part of the
displaced mass developed into a debris flow with velocities up to 20 m/h
(Sausgruber, 2013; Sausgruber, 2016) (see also Fig. 1b, area defined as
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main landslide and respective changes in surface height). Two exten-
sions of the main landslide area were activated during this event
(Fig. 1b, landslide extension, see also Stumvoll et al., 2021). As an im-
mediate mitigation measure, and finalized in 2018/2019, a dam has
been built by the Austrian Service for Torrent and Avalanche Control
(Wildbach und Lawinenverbauung (WLV)) near the outlet of the catch-
ment to protect the resident houses located in the area of debris depo-
sition (Sausgruber, 2013, Sausgruber, 2016). The landslide surface was
altered by deforestation and the new surficial drainage channels in the
main landslide area, build by the WLV in 2019 to divert surficial run-off
directly into the Hofermiihle torrent by the WLV in 2019 (see trenches in
DEM in Fig. 1b). During fieldwork in 2020, these trenches were water-
logged again. Changes in surface morphology, landslide features, and
surface height indicate ongoing movement (Stumvoll et al., 2021). The
agriculturally used pasture above and close to the landslide area is
heavily influenced by additional drainage pipes (see Stumvoll et al.,
2022). The location of the drainage pipes is well known for the most
recent installation; however, the position of pipes installed many de-
cades ago is rather vague. The influence of broken drainages with
respect to punctual entrainment — and subsequently landslide pre-
conditioning and possibly even triggering — cannot be neglected for the
parts adjacent to the main landslide body.

Due to its long-lasting spatiotemporal activity, the Hofermiihle
landslide is intensively investigated and monitored with a variety of
direct and indirect surface and sub-surface investigations (for detailed
information refer to Stumvoll et al., 2021, Stumvoll et al., 2022, Flores
Orozco et al., 2022). Since 2015, the site is part of the long-term land-
slide observatory in Lower Austria (University of Vienna - NoeSLIDE,
2022 - refer to https://www.noeslide.at/index.php/de/hofermuehle for
details) and the respective site is additionally embedded in the LTER-
Austria (Long-term Ecological Research - https://www.lter-austria.
at/). Previous studies show that surface investigations indicate com-
plex landslide behavior, regarding both temporal occurrence (main ac-
tivity 2009-2015, afterwards decreasing but ongoing) and changes in
landslide processes (initial sliding developing into flowing - Stumvoll
etal. (2021). Sub-surface monitoring data (Stumvoll et al., 2022) as well
as a comparative approach using induced polarization (IP) measure-
ments (Flores Orozco et al., 2022) give first insights into sub-surface
structure, groundwater level and flow patterns, regolith thickness and
areas, and respectively layers of potential groundwater accumulation
and landslide activation. However, these studies focus on the newly
activated landslide extension(s) as well as the surrounding slope to the
east, which might be affected by landslide activity in the future (see also
Fig. 1b). Only little is known about the main landslide area and its sub-
surface conditions apart from first descriptive geotechnical reports by
the WLV (Sausgruber, 2013, Sausgruber, 2016) and changes in surface
height computed with multi-temporal DEM comparison (Stumvoll et al.,
2021, Stumvoll et al., 2022). Hence, the main objective of this study is to
also explore the sub-surface conditions in this landslide part applying
direct and indirect methods. This area is currently understood as a
source for future debris flow activity in the lower part and landslide
movement in the upper areas due to toe unloading.

3. Methods

This research is based on a combination of three ERT profiles and 13
DPM measurements (see Fig. 1b). ERT is applied as a non-invasive, cost-
effective method providing information about sub-surface variations of
the electrical resistivity on a large scale, with the DPM used to gain
ground truth as validation at specific locations. The DPM measurements
were performed on 12.03.2020 to get an overview about bedrock ge-
ometry, regolith cover and landslide mass. Implications from these
measurements regarding the required accuracy and depths of special
interest were used to determine the location and configuration of the
ERT profiles measured on 14.05.2020.
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3.1. Electrical resistivity tomography (ERT)

The interpretation of ERT data provides indirect information about
variations in the electrical resistivity the sub-surface, which is depen-
dent on the water saturation, fluid conductivity, porosity, and surface
conductivity. In particular, surface conductivity dominates as the main
conduction mechanism in presence of materials with high surface area
and surface charge such as clays and organic matter (e.g., Flores Orozco
et al., 2022). Hence, interpretation of ERT results permits to e.g., iden-
tify lithological and mineralogical changes, soil composition, and, in
combination with direct methods, permeability can be derived (Merritt
et al., 2014; Perrone et al., 2014; Asriza et al., 2017; Rezaei et al., 2018).
In landslide investigation, ERT is especially adequate for the exploration
of stratigraphic features and their spatial extent, fracture zones (Perrone
et al., 2014; Scapozza and Laigre, 2014; Asriza et al., 2017; Rezaei et al.,
2018) and areas of water accumulation and preferential flow paths,
which are related to the build-up of pore-fluid pressure (Palis et al.,
2017). This factor usually plays a key role in the initialization process of
landslides (Palis et al., 2017) and can consequently be used to forecast
points of local failures (Flores Orozco et al., 2018). As a non-invasive
method, it does not disturb the landslide mass during the data collec-
tion (Wenner Wenner, 1915, Imani et al., 2021), which is especially
important on unstable slopes and can be used to reduce the number of
drilling points used within geotechnical methods (Falae et al., 2019;
Imani et al., 2021). These geotechnical methods are more time-
consuming and expensive and only provide point data along a given
depth profile (Rezaei et al., 2018).

The focus thereby is to determine in this central body the boundary
between a permeable and an impermeable layer, which can be assumed
to be the depth of future slip surface(s) (Asriza et al., 2017). Considering
the lithology of our study area, studies have shown that it is likely that
slip surfaces occur in clayey material, in addition to those located
directly on the bedrock (Figdor et al., 1990; Schwenk, 1992; Schnabel,
1999; NOEL GV, 2008). Furthermore, we want to get additional infor-
mation of areas of water accumulation and heterogeneities of the sub-
surface structure and materials by applying geophysical methods such
as ERT. When interpreting measured resistivity values, it is important to
note that although clayey soils are, due to the contribution of surface
conduction in presence of materials with high surface area and surface
charge such as clays and organic matter, associated with the lowest re-
sistivity values, estimating the hydrogeologic properties of the subsur-
face can still be challenging because of the need to distinguish between
the contribution of clay content and that of a high water content (Flores
Orozco et al., 2018). Previous studies show, however, that respective
ERT values fall in a wide range for expected alike conditions (Bell et al.,
2006; Sass et al., 2008; Gonzdlez-Alvarez et al., 2016). Especially for
clay-rich materials, surface conduction along the electric double layer
formed at the solid-liquid interfaces can play a dominant role wherefore
it can be difficult to distinguish what causes high conductivities (Flores
Orozco et al., 2018). Nevertheless, we assume that water accumulates
above impermeable layers, and we further conclude, that these layers
are composed of clayey material. Therefore, it is expected that high
conductivity will occur due to both the surface conduction of the clays
and a high water content (Rezaei et al., 2018), and thus, this area in the
sub-surface can be detected with ERT.

The resolution In ERT data ranges from millimeters to kilometers
depending on the spacing and configuration of the electrodes (Aking-
boye and Ogunyele, 2019). The method is based on the injection of an
electrical current (I) across an electrode dipole (figuring as a trans-
mitter) and the measurements of the resulting potential difference (V) in
another pair of electrodes, with tens to hundreds of electrodes used to
resolve vertical and lateral variations in the electrical resistivity (Binley
and Kemna, 2005).

In this study, ERT data were collected with a Syscal Pro manufac-
tured by Iris Instruments along three long profiles with 1 m electrode
spacing, with two short profiles of 35 m length with higher resolution of
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0.5 m spacing between the electrodes co-located within the long profiles
as depicted in Fig. 1b. The different electrode spacing was to reach
deeper areas of investigation (favored by the large electrode spacing)
and gaining information with high resolution (favored by the small
electrode spacing) in the selected area. We used a dipole-dipole
measuring scheme with all levels and dipole lengths of 1, 4 and 6
times the electrode spacing (skip 0, 3 and 5 configurations). All mea-
surements were collected as normal and reciprocal pairs, with re-
ciprocals referring to the repetition of the same quadrupole after
changing the electrodes used for current and potential dipoles. Analysis
of the misfit between normal and reciprocal readings was used to
identify outliers and quantification of data error (see Flores Orozco
et al., 2012; Flores Orozco et al., 2018). Erroneous measurements
associated to negative apparent resistivity values or current injections
were also filtered prior to the inversion, for this step, the geometric
factor of each quadrupole was modeled to take the topography changes
into account. The inversion of the data was conducted with CRTomo (by
Kemna, 2000), which allows the inversion of the data to a confidence
level given by an error-model. Normal-reciprocal analysis resolved for
an absolute error of one mQ and a relative error of 5 %. In the inversion
results, we blank out model parameters related to low sensitivity values
(< -2, computed from the logarithmic normalized values of the
cumulated sensitivity). Previous studies have revealed the possibility to
use the sensitivity as a proxy to evaluate the uncertainty of the inverted
results (e.g., Flores Orozco et al., 2013; Weigand et al., 2017).

3.2. Dynamic probing Medium (DPM)

Dynamic probing was conducted with a medium-weight hammer of
30 kg and a drop height of 0.50 m in 13 different locations, counting the
number of blows to push the rod with a 43.7 cm diameter cone 10 cm
into the ground. The resulting values can be used, to estimate the
penetration resistance, relative density and friction angle of the sub-
surface in different depths. Based on the required energy to push the
cone in the ground, the soil strength, which is crucial to understand the
trigger mechanisms of complex landslides, can be estimated (Avanzi
etal., 2013a,Avanzi et al., 2013b, Komolvilas et al., 2021). In our study,
derivations from the gained information are compared relatively and
used to detect heterogeneities — e.g., separation planes — and approxi-
mate the depth of the sliding mass in different locations.

DPM measurements provide point data along a vertical profile,
which alone are not sufficient to represent complex settings. Further-
more, the influence of grain shape, grain size and its distribution,
roughness, groundwater and cone parameters are neglected. It is not
possible to differentiate between point resistance and surface friction.
When comparing data of this study site with data from other areas
gained by other personnel, empirical correlations have to be treated
with great care as a consequence of different equipment and lack of
comprehensive standardization (Avanzi et al., 2013a, Avanzi et al.,
2013b, Liebetruth, 2014, ONORM EN ISO 22476-2). Nevertheless, an
integrated approach of DPM and ERT allows complementary informa-
tion and therefore reduces the limitations of each method (Falae et al.,
2019).

4. Results and discussion

In order to assess the overall sub-surface pattern of the active land-
slide mass, different profiles have been sampled. Profile 1 and 2 are
located parallel to the torrent, with profile 1 being the closest to the
natural drainage line (white line in Fig. 1). These profiles are located in
the area where drainage channels on the surface were implemented
(visible in Fig. 2). Profile 3 runs lateral to the other two profiles.

4.1. DPM

All DPM measurements (see Fig. 3 for a representative selection of
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Fig. 2. Fieldwork on the Hofermiihle landslide. a) and d): ERT measurements conducted on 14.05.2020 (J. Luhn). b) and c): DPM measurements conducted on
12.03.2020 (M. J. Stumvoll-Schmaltz). Surficial drainage channels are visible in all pictures.

DPM plots) display very loose - loose material close to the surface in
variating thicknesses 0.6 m to 1.9 m, which is composed of the disturbed
landslide mass. In this area, we can expect a favored infiltration for
water since infiltration depends on the compaction as well as the
porosity and void ratio of the soil materials (Yalcin, 2011). Below these
depths, we find in some DPM measurements a relatively uniform in-
crease of the penetration resistance in the weathered material up to the
potential bedrock (DPM 2, 12). In some cases, the (very) loose disturbed
landslide mass even reaches down to the potential bedrock (e.g., DPM 1,
11), while we find more firmly bedded layers above the bedrock in other
locations (e.g., DPM 4, 6, 9). All those can be interpreted as areas of
intense weathering of the bedrocks and consequently a reduced
strength. In contrast, the other DPM measurements show interbedded
layers of higher penetration resistance (DPM 3, 5, 7, 8, 10, 13). These
layers might consist of slope debris material from the Holocene peri-
glacial period, where surface displacement by solifluction on the former
permafrost occurred (for information on alpine solifluction in the Ho-
locene see Jaesche et al., 2002, Veit, 2002 and references within).
Within past solifluction in steeper terrain, surface material might be
incorporated into deeper layers during former movement. In the case of
DPM 8 at 2.1 m, the higher penetration resistance might indicate the
presence of a stone that locally increased the number of blows. In
addition to changes in the compaction of the sub-surface material, the
presence of slip surfaces, individual residues or changes in saturation
can also be the cause of variable strengths of the sub-surface materials.

4.2. ERT

Fig. 4 shows the resistivity imaging results including the position and
depth of the overlapping DPMs, as well as the indication of the depth and

shape of the potential slip surface.

4.2.1. Profile 1

In the first 12 m of profile length, a change from medium resistivity
values just below the surface (about 100 Ohm.m) to lower values (about
30 Ohm.m) starting at about 2 m depth at the potential position of the
bedrock can be observed. Between 17 and 52 m profile length the higher
resolution data from profile 1 has been measured with 0.5 m electrode
spacing. The surface drainage channels build by the WLV intervention in
2019 are clearly visible in the surface shape of the profile. Due to the
accumulation of water on the surface, which was observed during the
measurements in the form of the formation of puddles in the trenches,
we can conclude that a high clay content as well as compaction due to
the construction works during the installation of the trenches, hinder the
infiltration of water at the surface. This is reflected by low resistivity
values in those areas (below 10 Ohm.m) and the surrounding sub-
surface in 23-33 m profile length. In approximately 3-5 m depth in
20-38 m profile distance a shift in resistivity to approximately 40 Ohm.
m is visible, which can be interpreted as a potential slip surface on the
bedrock increasing in depth from about 2 m at the beginning of the ERT
section until about 5 m depth at 35 m profile length. From the resistivity
values and observations during the measurements, we can assume that
the subsurface materials near the drainage channels are saturated, but
dryer upslope, where drainage channels are not present and higher re-
sistivity values in the loose sub-surface are found. In addition, it can be
assumed that clay particles are transported during rainfall events with
surface runoff into the drainage trenches, resulting ultimately over a
longer period in higher clay content here.

The higher resolution 0.5 m spacing in profile 1 shows a high vari-
ability of the measured values just below the surface. This might be the
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Fig. 4. ERT images of the resistivity distribution in profile 1, profile 2, and profile 3 — on the left side with 1 m spacing, on the right with 0.5 m spacing for the
respective profile. Overlapping or nearby located DPMs are indicated. The dashed lines indicate the position of the interpreted slip surfaces. The dotted line in Profile
3 shows the distinction to the initially activated area. Triangles mark where the profiles overlap.

result of the surface alterations, where material was relocated and
compacted leading to water logging in the trenches. Furthermore, be-
tween 34 and 42 m profile length the low resistivity is superimposed by
material with the highest resistivity (up to 300 Ohm.m), which most
likely consists of excavated material that was piled up during the
excavation of the drainage trenches right next to them.

Between 40 and 60 m profile distance the ERT measurement shows
low resistivity values (predominantly below 30 Ohm.m) until 1-2 m
depth, below which the values rise to about 50 Ohm.m which we
interpret as the presence of deeply weathered bedrock material. Changes
of textural parameters of the bedrock are expressed in varying resistivity
values covering a relatively wide range from about 20 Ohm.m up to 150
Ohm.m. Between 0 and 5 m and 12-30 m profile length, resistivity
values are higher than 100 Ohm.m, whereas the other materials inter-
preted as bedrock range mostly between 25 and 70 Ohm.m. This is likely
a result of different textural properties of the bedrocks since the Flysch
Zone is characterized by heterogeneous compositions of predominantly
clays, marls, sandstones and siltstones (Figdor et al., 1990; Schwenk,
1992; Schnabel, 1999; NOEL GV, 2008; Anis et al., 2019).

4.2.2. Profile 2
As in profile 1, higher resistivity values (mostly between 50 and 100

Ohm.m) occur in the first meters of the profile, with the very solid
material being reached at about 2 m depth, making this section rela-
tively shallow. In contrast, between about 25-50 m profile length, as
already recognized in profile 1, a comparatively deep body of about 3-5
m depth is found, which shows lower resistivity values (about 15-30
Ohm.m). Beneath, resistivities around 50-100 Ohm.m indicate that the
bedrock is reached. Between about 20-30 m profile length, this body is
superimposed by a layer with higher resistivities (mainly around 100
Ohm.m) in the first 1-2 m directly below the surface.

In profile 2 0.5 m spacing has been applied resulting in a higher
resolution supplementary data between 17 and 52 m profile length. Here
we find a high variability of resolved resistivity values directly below the
surface as we could also find in profile 1 0.5 m spacing. The area with
resistivity around 10 Ohm.m between 30 and 35 m and 2.5-10 m depth
in profile 2 0.5 m spacing correspond to the low values observed also in
the imaging results obtained with the measurements using 1 m electrode
spacing. From 52 to 62 m profile length, we see relatively high re-
sistivities up to 200 Ohm.m in the first 1-2 m below the surface, below
which the values drop to about 25 Ohm.m in the underlying material we
interpret as bedrock. The feature in the image with the smaller electrode
spacing has a larger extension into depth than in the image resolved with
larger electrode spacing. This inconsistency is an artifact resulting from
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the loss of sensitivity at depth at both ends of the ERT profiles. The lack
of deep measurements at the ends of the profile hinders the ability of the
method to detect the end of high conductive anomalies close to the
surface. The high clay content near the surface results in high current
densities near the electrode, which limits the information obtained at
depth.

4.2.3. Profile 3

Profile 3 runs towards the torrent and perpendicular to the two other
profiles, crossing them in their middle length. In the upper part, between
0 and 28 m, we can identify 2 layers above the potential bedrock, which
shows resistivity values about 50 Ohm.m. The subsurface material with
resistivity values about 30 Ohm.m is superposed by a layer with re-
sistivities about 100 Ohm.m between 3 and 19 m. Stumvoll et al. (2021)
also showed that the more recently activated landslide extension located
north of the main landslide (see Fig. 1), which has characteristics of a
rotational landslide, forms an accumulation area located just above
profile 3 (see Fig. 1: DoD 2009-2019). As already implied by Stumvoll
et al. (2021), an interrelation of the landslide extensions with the main
landslide is likely at different spatio-temporal scales. Therefore, the
upper layer could consist of compacted material that is being pushed
down by the rotational sliding activities taking place directly upslope.

At 28 m profile length the break-off edge of the last event is located
(indicated with a fine dashed line in Fig. 2). A transition between two
active layers with different slip surfaces can be found here. Since pre-
vious movements already displaced material in 2013 (Sausgruber,
2013), the section below 28 m displays the shallower remains of mate-
rial above the bedrock after the former event. In Fig. 1, this transition is
visible as well from the DEM. During the event masses above an upper
slip surface has been displaced. Consequently, one possible interpreta-
tion is that the upper slip surface, which we approximate from 0 to 28 m,
extended to the torrent above the current landslide body in this area
before it was activated and caused the mud flow. In other parts of the
Hofermiihle-landslide outside this most active area, investigations have
also indicated separated slip surfaces at different depths (see Stumvoll
et al., 2022). Based on those findings, it is assumed that the current slip
surface after the transition is now located on the bedrock.

In general, the section from O to 40 m shows higher resistivity values
on the bottom of this layer compared to the section from 40 to 70 m. This
might indicate the relocation of clay minerals downslope with the sur-
face runoff, as we find low resistivity values especially in the vicinity of
the drainage channels that act as preferential flow paths and addition-
ally it gives an idea of the thickness of the active layer above the slip
surface.

4.3. Interpretation of the merged results

4.3.1. Profile 1

DPM 3 is located close before the first electrode of profile 1 (see
Fig. 1): It contains mostly very loose — loose material until a depth of 2
m, where the compacted materials we interpret as bedrock were found.
In the ERT image, the transition to bedrock is associated with higher
resistivity values (up to 150 Ohm.m) at this location. Such contrasts
between loose and compacted materials were found on site before
(Flores Orozco et al., 2022) and in other clay-rich landslides (Flores
Orozco et al., 2018). DPM 6 is located at 11 m profile length. It shows
very loose - loose material until 1.9 m depth below where the material is
mostly solid, which we interpret as weathered material, to a depth of 3.2
m where the DPM indicates the presence of the very solid material
interpreted as less weathered bedrock (please note that the terms ‘solid’
and ‘very solid’ do not refer to characteristics of the interpreted bedrock,
but to the categories of penetration resistance, see Fig. 3). The resistivity
image shows only minor changes here.

DPM 12 is located at 44 m profile length and reached a depth of 4.8
m with a relatively constant increase of penetration resistance with
depth, reflected by a rise in resistivity from approximately 15-25 Ohm.
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m in the very loose — loose material (number of blows <6) to 70-100
Ohm.m in the material with higher penetration resistance (number of
blows >11). The layer with highest penetration resistance was reached
approximately 1 m deeper than in DPM 6 and 2 m deeper than in DPM3,
indicating that more landslide material is accumulated above the
bedrock in downslope direction. Additionally, DPM 8 and DPM 10,
which are located at close distance and on the height of the presumed
sliding mass between profile 1 and 2, provide similar results. The ERT
measurement also indicate the position of the bedrock by an increase of
resistivities and the loose material with lower resistivities not deeper
than 3 m until 60 m profile length.

It can be concluded that the disturbed landslide mass above the
bedrock in this area is loose and thus, water can easily infiltrate from the
surface up to the bedrock, where the more solid material reduces or
possibly even prevents infiltration. In addition, it can be assumed that
weathering is higher in the disturbed mass, leading ultimately to an
increase of clay content (Anis et al., 2019). This might explain the
reduced resistivity at the potential bedrock surface beneath the landslide
mass. A clay-rich layer below the loose material increases the sensitivity
to failure due to water infiltration (Anis et al., 2019) as well as the more
solid material forming the bedrock or deeply weathered bedrock.
Combining all the information, it can be assumed that between 20 and
35 m profile length above the bedrock, clay-rich, loose and highly
saturated material that is particularly susceptible to further movement
and might act as a sliding surface, can be found. In addition, the thick-
ness of the soil material located on the bedrock and additionally the
saturation increases downslope to this area, suggesting that displaced
material accumulates in this area.

4.3.2. Profile 2

DPM 5 is located at 13 m profile length. Until 1.1 m depth, the sub-
surface contains very loose — loose material. In 1.2 m depth, a 20 cm
strong layer with high penetration resistance (required number of blows
= 14) is embedded between medium solid material. At 2.1 m depth, the
material with highest penetration resistance we interpret as bedrock was
reached. The ERT shows values around 70 Ohm.m at this position,
which can be explained by the surface alterations: The DPM 5 was
conducted on piled up excavation materials whereby a drainage channel
is located at about 7 m resulting in lower resistivities for the surrounding
area (see Fig. 1). Still, the ERT image shows a larger structure below the
depth reached by DPM that can be interpreted as bedrock. For the part
from O to 13 m profile length, we can assume a similar depth of landslide
material above the bedrock.

Between 17 and 52 m we can draw the same conclusions as already
in profile 1: a thicker body of loose, clay-rich and saturated material
above the bedrock at 4-5 m depth. The thickness of the loose reworked
landslide mass can also be confirmed by DPM 8 and DPM 10, which were
conducted between the profiles 1 and 2: Here, the potential bedrock is
reached at about 3.3 m depth, which is deeper than at DPM 5 and DPM
11 at the beginning and end of the section of profile 2. It can be
concluded that the movement-prone mass, which is also visible in the
middle part of profile 1, extends into the section of profile 2 with a
higher saturation and clay content in the area of the surface drainage
channels, which are the preferred runoff paths (see Stumvoll et al.,
2022), but which act as well as lines with higher infiltration and sub-
sequent percolation of soil water leading to an increase of moisture in
these subsurface areas.

DPM 11 was performed between two drainage channels on the piled-
up excavation material at 54.5 m profile length reflected by resistivities
up to 150 Ohm.m. The soil material is very loose until 0.8 m depth,
which was reached with one blow of the DPM. Below, the material is
mostly loose with a few medium solid layers (number of blows 6-10)
until the very solid material in 2.1 m depth, displayed by a decrease in
resistivity to 25 Ohm.m. Thus, this material seems to be very loose and
highly saturated.
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4.3.3. Profile 3

The DPMs located close to the transition from the surrounding re-
gions of the Hofermiihle landslide to the initially activated main land-
slide area, which is the focus of this study (indicated by the vertical
dashed line in Fig. 3). This change is after 28 m profile length. Addi-
tionally, the DPM's 7, 9 and 13 show significant changes. Both DPM 7
and 13 were the deepest measurements, where several very solid layers
between more loose material were present. These can be interpreted as
slope debris blankets from the periglacial period (for information on
alpine solifluction in the Holocene see Jaesche et al., 2002, Veit, 2002
and references within). However, it might also be that more solid rock
fragments were hit, possibly also related to former slope debris. In
contrast DPM 9 was very shallow, which corresponds to the interpre-
tation from the ERT image indicating a very shallow landslide mass in
this area.

One possible explanation for the high variability of landslide depths
at the transition line is that the bedrock has different depths and deeper
areas, possibly former bedrock depressions formed in Holocene periods,
are now filled by former periglacial materials, which is now reworked
landslide material. This might result in the observed depths of DPM 7
and 13. Variations in the composition of the bedrocks must also be
considered, as well as a varying weathering intensity which might have
reduced the material strength. Another theory is that the displaced
masses of the contiguous complex landslide east of the active area are
pushed downslope towards the torrent with a time lag and different
phases of activity, resulting in different bulges. Different phases of ac-
tivity are already known at Hofermiihle (Stumvoll et al., 2022).
Furthermore, the material has already been displaced by previous
events, which could also be a reason for the different depths of the
landslide body. Stumvoll et al., 2022 found that the thickness of the
regolith is lower in areas associated to recent as well as former activity,
whereas the regolith can form layers of up to 13 m thickness in more
stable areas. This is consistent with our data at the transition zone.
Furthermore, the comparison of the DPMs located at the upslope border
to the active area (DPM 1, 2, 3 and 4) are shallower, which indicates as
well that material is moving downslope away from the outlines of the
active area.

4.4. Implications for the active area

Merging all information, movement within the slope and a mobili-
zation of masses in the downslope direction of a vector between the
southward direction and towards the torrent as well as a resulting
accumulation in the area closer to the torrent can be assumed. All pro-
files show a body consisting of disturbed landslide materials potentially
highly susceptible for mobilization due to a low penetration resistance
and partly an assumed higher water saturation over the less permeable
firm weathered material and even more solid, less weathered material
we interpret as bedrock. This matches with the results from Stumvoll
et al. (2021), Stumvoll et al. (2022), who found that slow sliding pro-
cesses in the upper part of the Hofermiihle-landslide slowly distribute
material towards the Hofermiihle-torrent to the currently very active
part, which function as initiation locations for faster flow processes — as
has been investigated in the past (Kotzmaier, 2013; Sausgruber, 2013).
This process of material shift and the interaction of the main landslide
area with the landslide extensions can also be traced by surface forms
and their development in the period 2009-2019, which were described
in detail in Stumvoll et al. (2021). They include changes in slope cur-
vature; scarps, steps and banks; single forms as depressions and bulges;
areas of stepped or undulating relief and process areas. In particular,
scarps can be considered in direct relation to landslide activity. They
occur in extensions adjacent to the main landslide area and show a
connection to the differences in elevation (DoD) shown in Fig. 1. In
Stumvoll et al. (2021) the numerous scarps before the 2013 event are
recorded, as well as after the event and the implementation of the
drainage channels where distinct surface changes (e.g. an enlargement
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of the landslide extension areas and the formation of main and minor
scarps, respectively the formation of a new head scarp or retreat of the
main scarp in upslope direction) in the area of the landslide extensions
can be recognized. For more details see Stumvoll et al. (2021).

The DPMs support the interpretation of ERT results and deliver
matching results regarding the depth of landslide mass and bedrock
surface, which are considered as the potential slip surfaces. Based on the
investigations, more precise sub-surface geometries can be assumed.
Stumvoll et al. (2020) found that the information gained by dynamic
probing tests was sufficient to detect slip surfaces for another landslide
in the Flysch Zone, as well, which supports our investigations.

Another implication from our data is that clay particles are eroded by
surface runoff and transported through, and partly deposited in the areas
surrounding the drainage channels, leading to lower resistivity values in
those areas due to a higher clay content as well as a higher saturation
compared to the regions outside the highly active landslide in the upper
parts. This theory is reinforced by surface run-off flow paths calculated
by Stumvoll et al. (2022), which are mainly in the drainage channels
towards the torrent. Before these drainage channels have been build in
2019, the run-off flow paths joined the torrent further downslope after
crossing the study area (Stumvoll et al., 2022). Flores Orozco et al.
(2022) interpreted that the northern as well as the southern part of the
landslide system shows a higher clay content than the middle part. This
supports the theory of fine particles as clay being eroded and accumu-
lated further downslope at the surface and have then been integrated
into the landslide mass during movement. Due to the constant move-
ment of the active landslide part, all investigations on the site show
indeed high variabilities in the sub-surface regarding clay and potential
soil moisture as well as the depth of the bedrock (Stumvoll et al., 2020;
Stumvoll et al., 2022; Flores Orozco et al., 2022). This is especially
visible at the transition to the eastern part of the Hofermiihle-landslide
where the thickness of regolith varies the most.

We also find layers of decreased resistivities directly above the
interpreted bedrock, which are probably a consequence of an increased
clay content due to weathering (Anis et al., 2019) and to remolding of
materials during creep. Since high saturation leads to a decrease in soil
cohesion and shear strength as well as an increase in pore pressure (Anis
et al.,, 2019), we can expect predisposing factors which can lead to
sudden activation after intense or prolonged precipitation. Failure oc-
curs when the maximum shear stress that the given soil can maintain is
exceeded (Yalcin, 2011). Also, the friction angle decreases with
increasing clay and water content in many studies (Anis et al., 2019). It
is known that the volume in a soil depends heavily on the clay content.
Thus, changes in water content might lead to deformation in the plastic
state of the clay (Yalcin, 2011; Anis et al., 2019) and thereby might
change associated mechanical properties (Meisina, 2006). In addition,
plasticity increases with clay content in Flysch materials (Anis et al.,
2019) and clay-rich landslides are highly susceptible to fail (Yalcin,
2011). In our study site, we can find both a highly saturated sub-surface
and high clay content (most samples consist about 60 % of clay and silt
fraction in other parts of the Hofermiihle landslide with grain size
increasing mainly with depth, see Stumvoll et al., 2022) making the area
highly susceptible to future landslide events.

5. Conclusion

The Hofermiihle-landslide exhibits a range of thicknesses depending
on the slope surface, past alternations and previous movements.
Particularly, the surface has been altered multiple times by natural creep
displacement but also by human-build surface drainage channels. This
might also account to the high degree of variability in resistivity when
compared to the deeper layers that may be less disturbed. The findings of
this study suggest that slip surfaces can be expected in the active land-
slide body at the surface of the bedrock. This surface is overlayed by a
highly disturbed, clay-rich landslide mass without clear embedded
layers or slip surfaces. Our data suggests that the geometry of the
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interpreted bedrock comes closer to the recent surface in the direction of
the Hofermiihle torrent. Due to its higher strength, the material we
interpret as bedrock hinders water infiltration wherefore water can
accumulate at this boundary, especially after prolonged or heavy rain-
fall. In combination with the high degree of saturation in some areas,
which are evident not only in the ERT profiles, but also in the presence of
water puddles on the surface in the vicinity of the torrent, further
movement is likely to occur — particularly triggered by future more
likely and more intense rainfall events. Furthermore, ongoing surface
erosion of clay along flow paths and resulting accumulation downslope
can also be anticipated, reasoned by the lower resistivities and deeper
mass of material (approximately 4 m) with high conductivity downslope
and towards the torrent.

Having in mind the chronology of former activity reasons and
extended with the results of this study, it can be concluded, that the
complex Hofermiihle-landslide is prone to fast earth flow or debris-flow-
like events — especially in the areas where the preferential surface runoff
paths are located. The most likely predisposing factor for the initiation of
movement along the current slip surfaces is water infiltration following
heavy and/or prolonged rainfall. ERT and DPM proved to be sufficient
techniques to investigate landslide geometries and to approximate po-
tential failure locations. These investigations provide valuable insights
into landslide characteristics and subsequent dynamics, which can aid in
the refinement of models and the adaption of susceptibility maps to
establish effective mitigation strategies. The Flysch Zone in general is
highly susceptible to landslide events due to its geology (Figdor et al.,
1990; Schwenk, 1992; Schnabel, 1999; Hock et al., 2005; NOEL GV,
2008; Petschko et al., 2014; Stumvoll et al., 2020) and the detailed
findings from the Hofermiihle-landslide can be expected to be helpful for
this whole region.

6. Perspectives

In order to determine the ongoing processes and triggering mecha-
nisms at the Hofermiihle landslide, further research is essential. In
particular to estimate the exact geometries and volume of the landslide
under different scenarios, more information is needed. With more data
on e.g., specific material, saturation and spatial extension of slip sur-
faces, a detailed slope stability analysis could be conducted (Komolvilas
et al., 2021), which would also provide useful information for other
landslides in the larger area of the Flysch Zone in Lower Austria.

For further research on the Hofermiihle landslide, a focus should
therefore lie on the acquisition of borehole data, since ERT results are
site-specific and cannot be generalized for all geological and geomor-
phological contexts (Lapenna and Perrone, 2022). A laboratory analysis
of samples of the different subsurface layers could be used to match the
associated materials and its properties with the collected ERT data
(Merritt et al., 2014; Perrone et al., 2014). This linkage would allow
better conclusions to be drawn about the depth and geometries of the
landslide surfaces. Also, landslide behavior depends highly on the grain-
size distribution (Yalcin, 2011, Anis et al., 2019), which could be stated
with laboratory testing of soil samples from the study site. However,
conditions on site have not allowed this so far. The DPM measurements
have already been challenging and especially in the middle of the survey
area the mass is so muddy that it is not accessible with heavy equipment.
Hence, the use of electromagnetic induction (EMI) and induced polari-
zation (IP) is advisable because they proofed to be efficient methods for
studying clay-rich landslides as they allow to distinguish between
saturated and clayey areas (Gallistl et al., 2018; Flores Orozco et al.,
2018), which is with regards to the geology useful information in our
research area.

In particular because a mud/debris flow had formed in the study area
in the past after a significant rainfall event, detecting preferred (sea-
sonal) flow paths and monitor runoff response and water accumulations
after rain events are important to understand more about triggering and
failure mechanisms. To achieve this aim, the implementation of time-

11

Geomorphology 441 (2023) 108910

lapse ERT (TL-ERT) as a robust and cost-effective could be used to
identify, map and monitor unstable areas where failure can be expected
by capturing site-specific dynamics in their seasonal variabilities (Per-
rone et al., 2014; Palis et al., 2017; Rezaei et al., 2018; Lapenna and
Perrone, 2022). To measure the influence of parameters like prolonged
and heavy rainfall, infiltration, saturation, suction and vegetation more
specific, a monitoring system containing piezometers (Palis et al., 2017),
a rain gauge, tensiometers, and TDR to set up a long-time multi-factor
measurement (Friedel et al., 2006; Komolvilas et al., 2021).

This becomes especially important with the background of climate
change, where extreme precipitation events are expected to appear more
frequently (Lapenna and Perrone, 2022). Nonetheless, on-site conditions
must also allow it. Permanently installed equipment could be lost within
a few days in the muddy main landslide area, which is the reason why
the installations at the Hofermdiihle landslide are not located in this area
so far.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.geomorph.2023.108910.
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