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a b s t r a c t
Subaquatic mass movements are common in marine and lacustrine environments, but due to their barely predictable nature, direct observations of these processes are limited so that knowledge is only indirectly obtained
by investigating the resulting mass-transport deposits (MTDs). Most research focuses on the most common frontally emergent slides, fast-moving events able to generate turbidity currents and tsunamis. Geohazards of frontally conﬁned slides and mechanisms behind their typical fold-and-thrust deformation structures are however
still poorly understood.
We investigate frontally conﬁned MTDs in Lake Lucerne (Switzerland) by integrating bathymetric and high-resolution seismic data with geotechnical information derived from in situ Cone Penetrometer Tests and short core
analysis. Investigated MTDs consist of three units: i) a mass-slide deposit, located at the base of the slope
consisting of a coherent slope sequence, ii) a fold-and-thrust system developed in basin sediments, and iii) an
overrunning mass ﬂow deposit, consisting of remolded slope sediments. The deformed and thrusted basin sediments show higher undrained shear strength compared to the undisturbed basin sequence. We propose that
this strengthening is caused by lateral compression leading to ﬂuid expulsion in the high-plasticity basin sediments by the bulldozing sliding mass. Relative kinematic indicators document that the fold-and-thrust deformation structures occur rapidly. Thus, they should be considered in tsunami hazard analysis. Furthermore, our data
highlight that the slope angle of the gliding surface and basin topography are key controlling factors for slope stability and propagation of basin-plain deformations, respectively. Our integrated study supports and reﬁnes propagation models proposed in marine environments, revealing the potential of investigating smaller-scale easierto-access MTDs in lakes.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Subaqueous mass movements are common processes in marine as
well as in lacustrine environments, capable of mobilizing and
transporting large volumes of sediments from submerged slopes to
deep basins (Masson et al., 2006; Urgeles and Camerlenghi, 2013;
Sammartini et al., 2019; Mountjoy et al., 2020; Strasser et al., 2020).
Subaqueous slope instabilities and ensuing gravity ﬂows represent a
signiﬁcant hazard to offshore and near-shore environments, being
able to damage offshore infrastructures (Piper et al., 1999; Mosher et
al., 2010; Carter et al., 2014; Clare et al., 2017) and to generate devastating tsunamis (Masson et al., 2006; Glimsdal et al., 2016; Watt et al.,
2019; Williams et al., 2019), for which mass movements are the second
most frequent trigger (Harbitz et al., 2014; Løvholt et al., 2020). Direct
and real-time observations of slope instabilities are rare and
⁎ Corresponding author.
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challenging, and therefore, most of our understanding of subaquatic
mass movement processes derives from investigating the ﬁnal products
of the instability process, i.e. mass-transport deposits (MTDs).
In a submarine MTD, three different domains are usually identiﬁed:
the extension-dominated headwall domain, the translational domain,
and the compression-dominated toe domain (Prior et al., 1984;
Lastras et al., 2002; Bull et al., 2009). Frey-Martínez et al. (2006) proposed two end members in the frontal emplacement style of a deposit:
i) frontally emergent MTDs, when the failing mass is able to ramp up
from its stratigraphic conﬁnement and travels downslope on the seaﬂoor; and ii) frontally conﬁned MTDs, in which the translating mass is
buttressed against the undisturbed basin sequence (see Fig. 4 in Clare
et al., 2018). In the latter type, forming the focus of this study, the toe
domain is morphologically characterized by compressional ridges as superﬁcial expression of fold-and-thrust systems, the main thrusts of
which are propagating from the basal shear surface towards the top of
the deposit (Frey-Martínez et al., 2006; Bull et al., 2009; Moernaut and
De Batist, 2011).
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2015; Stoecklin et al., 2020). The shear band initiates in the unstable
zone of the slope, where the resisting forces are lower than the driving
forces, and eventually propagates in the quasi-stable and stable zone,
leading to catastrophic failures (Puzrin et al., 2016).
Since general characteristics of submarine MTDs, as well as their
transport and initiation processes, are often comparable with MTDs in
the lacustrine environment (Sammartini et al., 2019), this paper focuses
on a multidisciplinary investigation of some outstanding examples of
frontally conﬁned slides in Lake Lucerne, which was already used as a
case study by Schnellmann et al. (2005) for the proposed data-based
conceptual model. The speciﬁc aims of this work using Lake Lucerne
as a natural laboratory for studying subaquatic landslides are to: (i)
evaluate which is the effect of basin-plain deformations on the geotechnical properties of the sedimentary sequence and how these properties
are changing within the MTD (ii) assess the dominant mechanism initiating the basin-plain deformations, and (iii) discuss the factors
governing slope stability and slide propagation.

Frontally emergent slides are well known to be fast-moving masstransport processes, able to generate destructive turbidity currents
and tsunamis, as reported by numerous examples in the literature
(Masson et al., 2002; Piper et al., 2004; Normandeau et al., 2019;
Badhani et al., 2020). On the contrary, the mechanisms of frontally conﬁned slides and related geohazards are still poorly understood, although
this landslide type is increasingly identiﬁed within earlier and new published datasets (Huvenne et al., 2002; Watt et al., 2012; Strupler et al.,
2017; Alsop et al., 2019). Frontally conﬁned slides can be considered
as an early stage of landslide development, which did not contain the required potential energy to ramp out and travel above the seaﬂoor
(Huvenne et al., 2002; Frey-Martínez et al., 2006). Reasons why a slide
stays conﬁned are still under debate. Some studies attest that the conﬁned emplacement is linked to the presence of a topographical obstacle
in the basin, which blocks the sliding mass and prevents further
basinward propagation (Trincardi and Argnani, 1990; Callot et al.,
2008). However, the presence of frontally conﬁned slides in ﬂat and
smooth basins has led to link this frontal emplacement style to a very
low slope gradient of the basal shear surface (Nugraha et al., 2020),
and to a low position of the center of gravity of the failing slope mass
compared to the thickness of the involved basin-plain sequence. Thus,
thick slides on gentle slopes are more prone to stay conﬁned (FreyMartínez et al., 2006; Gamberi et al., 2011). Moernaut and De Batist
(2011) conﬁrmed this hypothesis through a statistical study of
morphometrical parameters in frontally emergent and frontally conﬁned lacustrine slides. Their analysis suggests that the depth of the
basal shear surface (i.e. slide thickness) and the total height drop of
the slide are the two main parameters controlling the frontal emplacement style of an MTD. Frontally conﬁned slides are usually characterized
by a lower height drop and greater depth of basal shear surface, as further supported by numerical models (e.g. Stoecklin et al., 2020). Furthermore, Puzrin et al. (2016) deﬁned frontally conﬁned slides as a
passive and basinward-progressive failure of blocks along a distinct surface in the stable zone. Their study linked the conﬁnement of a slide to a
critical heave in the seabed level generated by each of these blocks, and
to the ability of the sediments to support this step without crumbling
over the undisturbed sequence and thus becoming frontally emergent.
In the last decades an increasing number of studies focused on the
mechanisms of initiation and propagation of compressional deformation structures, a typical feature of frontally conﬁned slides. Farrell
(1984) proposed a model, in which the sliding mass reaches its
basinward limit ﬁrst and then stops generating an out-of-sequence
thrusting, in which the youngest thrusts are formed more upslope.
More recently, Alsop et al. (2018) highlighted that an out-of-sequence
thrusting can develop even during the translation of the sliding mass,
and not necessarily after the cessation of the movement of the slide
front. Other studies suggest in-sequence thrusting models in which
the basin sequence is progressively deformed by the vertical impact of
a failing mass, and further increase of pore pressure along a distinct
slip plane (Lenz et al., 2019), by a bulldozing sliding mass, propagating
against the basin sequence (Frey-Martínez et al., 2006; Joanne et al.,
2013; Bull and Cartwright, 2020), or by undrained loading of the basin
sequence by an overrunning ﬂow (Watt et al., 2012). Detailed outcrop-based investigations brought evidence of synchronous thrusting,
where the older thrusts, instead of becoming inactive, continue to
move with the younger thrusts, and therefore accumulate greater displacement (Alsop et al., 2018). In lacustrine environments,
Schnellmann et al. (2005) described fold-and-thrust deformation structures of frontally conﬁned slides using high-resolution seismic data, and
linked these structures to a process of gravity spreading induced by
loading of the basin sequence by transported slope material. In all
these models, the deformation structures are detaching from a speciﬁc
basal shear surface associated with a single or more stratigraphic horizons. The downslope extent of the failure may be prolonged and enhanced by a shear band propagation process, which is strictly linked
with the shape of the slope and the strength of sediment (Puzrin et al.,

2. Geological setting and previous studies
Lake Lucerne is a perialpine, glacially-formed lake in central Switzerland (47°N, 8.5°E), crossed by two major tectonic boundaries: the
Northern Alpine thrust and the Subalpine thrust (Fig. 1). The lake consists of seven sub-basins with a maximum water depth of 214 m. The
sub-basins have elongated shapes and are characterized by sharp
slope breaks, dividing steep lateral slopes (ranging from 10° to 35°)
and ﬂat basin areas (Hilbe et al., 2011; Strasser et al., 2011; Hilbe and
Anselmetti, 2014). This study focuses on the northern-most part of the
Chrüztrichter Basin and the Küssnacht Basin as the most external basins,
north of the Northern Alpine thrust (Fig. 1). These external parts are
surrounded by Subalpine Molasse mountains (Keller, 2017) so that
the lake substratum is also composed of molassic sandstones and conglomerates. This bedrock is covered by a glacial-to-postglacial sedimentary sequence, which reaches a thickness of up to 120 m in the basins
(Finckh et al., 1984) and <8 m on the lateral non-deltaic slopes
(Strasser et al., 2011).
The sedimentary sequence can be divided in three main units
(Finckh et al., 1984; Schnellmann et al., 2006; Strasser et al., 2007),
which are from bottom to top:
• Glacial till and glacio-lacustrine sediments deposited in sub-glacial
environments, formed during the glacial retreat and sporadic episodes of glacial readvances (>17,500 cal yr BP).
• Glacio-lacustrine ﬁne-grained detrital sediments, settled out from episodes of melt-water plumes in the Late Glacial period (17,500–11,500
cal yr BP).
• Fine-grained Holocene lacustrine sediments (<11,500 cal yr BP),
dominantly derived from authigenic carbonate and biogenic production, and detrital input from small rivers and creeks.
The main part of the 120 m thick glacial-to-postglacial basin sequence consists mainly of sub-glacial and Late Glacial sediments. The
Holocene lacustrine sediments with some intercalated turbidite beds
and mass-transport deposits, only comprise the uppermost 5–15 m of
the sequence (Schnellmann et al., 2005). On the contrary, the basin
slopes are predominantly covered by a 4–5 m thick Holocene drape of
hemipelagic lacustrine sediments, overlying a relatively thin Late Glacial
and Glacial sequence mostly only a few meters thick above the Molassic
bedrock (Strasser et al., 2007, 2011).
The MTDs occurring at different stratigraphic levels have been linked
to historical and prehistorical earthquake shaking and local rockfalls in
the area (Schnellmann et al., 2002, 2006). The majority of these MTDs
are the result of seismically-triggered non-deltaic lateral slope failures,
characterized by a translational movement along a speciﬁc stratigraphic
level (Sammartini et al., 2019). In situ and laboratory geotechnical analysis carried out in Lake Lucerne (Stegmann et al., 2007; Strasser et al.,
2
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Fig. 1. a) Sketch of Lake Lucerne (central Switzerland) with its seven sub-basins, main inﬂows, and tectonic units (Subalpine thrust and Northern Alpine thrust). The epicenter of the 1601
CE earthquake is marked with a black dot. b) 1-m resolution bathymetric image of the three western basins, focus of this study, and shaded onshore relief (swissALTI3D hillshade,
swisstopo) of the surroundings. The location of the slides discussed in this paper is highlighted with black rectangles, whereas the location of the other frontally conﬁned slides
described by Schnellmann et al. (2005) is marked with arrows.

due to a sharp break in slope gradient. The incremental loading of the
lake ﬂoor induces gravity spreading and consequent deformation of
basin-plain sediments. Synchronously, part of the mass ﬂow is propagating basinward and deposits above the fold-and-thrust belt structures. Hilbe et al. (2011) added multibeam bathymetric data that
supported the interpretation of Schnellmann et al. (2005) by imaging
multiple deformational bulges in the near-surface Chrüztrichter slide
deposit, the more buried St. Niklausen slide deposit, and the more complex Weggis area, characterized by multiple coalescing landslides and
mass ﬂows (Schnellmann et al., 2006; Strasser et al., 2011).
Nevertheless, the lack of in situ geotechnical data from basin-plain
sediments so far has not allowed to test this model and its assumption
from a mechanical perspective. By using an integrated geotechnical approach, this study aims at testing this in the context of the generic research questions outlined above. In particular, we focus on the hydroacoustically well-constrained Chrüztrichter slide and on the so far
poorly-covered Küssnacht Basin, where new bathymetry data recently
imaged multiple frontally conﬁned MTDs (see Section 4.2). They provide
an ideal natural laboratory for studying the mechanisms initiating the
basin-plain deformations and the controlling factors for slope failure initiation and propagation into the basin.

2007) and other perialpine lakes (Strupler et al., 2017), suggests that
the lake slopes tend to fail within the weak and slightly
underconsolidated Late Glacial sediments immediately above the
stratigraphic boundary to the underlying overconsolidated and
overpressured Glacial sediments.
2.1. Previous studies on frontally conﬁned slides in Lake Lucerne
Schnellmann et al. (2005) investigated four outstanding examples of
frontally conﬁned slides in Lake Lucerne (Weggis, St. Niklausen,
Chrüztrichter, and Zinnen) with a combined seismic-stratigraphic and
sedimentological approach (Fig. 1). The Weggis, Chrüztrichter and
Zinnen slides were triggered by the historical 1601 CE earthquake (moment magnitude M = 5.9; epicenter location in Fig. 1a), whereas the St.
Niklausen slide dates back to an even stronger prehistorical earthquake
around 2200 years BP, which resulted in up to 16 landslides in the lake
(Schnellmann et al., 2006; Kremer et al., 2017). In the base-of-slope
area, MTDs are characterized by chaotic-to-transparent facies, which
were interpreted by Schnellmann et al. (2005) as mass-ﬂow deposit.
The basinward part of the MTD comprises deformed basin-plain sediments displaying a fold-and-thrust belt style structure (Fig. 5 in
Schnellmann et al., 2005). The degree of the deformation is decreasing
towards the basin, and the basin-plain sedimentary sequence appears
almost undisturbed at the edge of the deposit. The deeply deformed
basin sequence is covered by a wedge of mass-ﬂow deposit, visible as
transparent facies on seismic data.
The conceptual model proposed by Schnellmann et al. (2005) was
based on observations from seismic and core data, and assumes that
the slide initiates near the headscarp and disintegrates downslope
into a mass ﬂow, which partially accumulates at the base of the slope

2.2. Terminology
In this paper, the term slide is used to describe a speciﬁc instability
process (i.e. Chrüztrichter slide) starting with a block of cohesive sediment sliding down the slope along a linear and inclined shear surface
(Hungr et al., 2014). During the propagation, the failing mass undergoes
mass and ﬂow transformation and the event may propagate in the form
of different mass-movement processes (Martinsen, 1994; Moscardelli
3
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of reﬂection seismic lines using a Kongsberg GeoAcoustic Geopulse 3.5
kHz subbottom proﬁler (pinger). The cruise speed was maintained between 6 and 8 km h−1. The theoretical vertical resolution is 10 cm and
the lateral resolution (Fresnel zone) is ~4–4.5 m at a water depth of
70–100 m, respectively (Yilmaz, 2001). The software Kingdom Suite
2018 (IHS Markit, Ltd) was used for applying a bandpass ﬁlter (lower
cut at 2 kHz, upper cut at 6 kHz), for seismic horizon mapping and for
deposit-derived volume calculations. For the latter, the algorithm Flex
Gridding was used, with a grid cell size of 5 m. The calculation was improved by adding some control points, guided by mapping of the MTD
areas on the bathymetric data. A constant velocity of 1500 m s−1 was
used for time–depth conversion. For the gliding surface slope-angle
analysis (see Section 5.3.2), the picks of the acoustic basement from reﬂection seismic data were interpolated, creating a 5 m cell-size grid. A
slope angle map of this surface was then calculated with ArcGIS 10.7
(ESRI, Inc.). Lateral shortening of the basin-plain sequence was calculated by comparing the present-day horizontal length of the fold-andthrust system, along the slide axis, with the pre-failure horizontal length
of the basin sequence. The slope-basin break before the instability event
was estimated considering a slope sediment drape of ~6 m above the
now-exposed acoustic substratum.

and Wood, 2008; Bull et al., 2009) resulting in different types of deposit.
The general term mass-transport deposit (MTD) is hereafter used to indicate the entirety of deposits resulting from one single instability event,
without built-in reference to speciﬁc gravity and/or ﬂow processes
(Pickering and Corregidor, 2005; Shanmugam and Wang, 2015;
Pickering and Hiscott, 2016), with the only exception of deposits generated by turbidity currents, for which the term turbidite is used.
However, the high-resolution data presented in this study allow
distinguishing, within an MTD, different deformed and/or depositional
units. Therefore, for a process-related description of the MTD (see
Section 5.1.2), this work refers to:
− mass-slide deposit: linked to the gravity-driven sliding of a coherent
mass along a tilted linear shear surface and subsequent deposition
(Stewart and Argent, 2000). During the lateral displacement, the coherent mass undergoes minor deformation, partially maintaining
the pre-failure structure and stratigraphy. The deformed units usually fall below the lateral resolution of the seismic data (~4 m for
the range of water depth of our study site) and therefore appear
transparent-to-chaotic. In some cases, the internal stratigraphy of
larger preserved blocks can be imaged (Martinsen and Bakken,
1990; Mohrig and Marr, 2003; Shanmugam and Wang, 2015;
Pickering and Hiscott, 2016) (see Section 5.1.2.2 for details).
− mass-ﬂow deposit: linked to the failing material subjected to a higher
remolding, dilation, and water-incorporation with respect to the coherent sliding mass, propagating downwards as a matrix-dominated
plastic ﬂow. In seismic data, the deposit appears as a wedge-shaped
basinward-thinning unit with low-amplitude, transparent-to-chaotic seismic facies (Prior et al., 1984; Schwab et al., 1996;
Schnellmann et al., 2005; Moscardelli and Wood, 2008;
Shanmugam and Wang, 2015).
− fold-and-thrust system: this deposit unit is typical of the toe domain
of frontally conﬁned MTDs and results from the compressional regime developed during the instability event. It consists of basinplain sediments deformed along distinct shear zones. This unit appears in seismic data as deformed and displaced packages of acoustically layered sediments (Martinsen and Bakken, 1990;
Schnellmann et al., 2005; Bull et al., 2009).

3.3. Short cores
A total of 17 short (~1.5 m) sediment cores were retrieved in 2018
using a free-fall gravity coring system. All cores were scanned with a
Geotek Multi Sensor Core Logger (MSCL) and values of gamma-ray attenuation bulk density, P-wave velocity, and magnetic susceptibility
were recorded every 5 mm. Furthermore, X-ray computed tomography
(CT) scans were carried out on the most relevant cores using a Siemens
SOMATOM Deﬁnition AS, with a voxel size of 0.1953 × 0.1953 × 0.3000
mm3. For CT scan visualization, the software VGStudio 3.3 (Volume
Graphics, GmbH) and ImageJ 1.52 were used. For each location of interest, two short cores were acquired. One core for each location was split
for standard geotechnical measurements (index properties: water content and Atterberg limits, undrained shear strength from fall cone tests,
and grain size analysis). The water content (w) was determined by
weighing ~7 cm3 of sediment before and after drying in an oven at 50
°C, and is given as the ratio between weight of water (ww) and the
weight of dry solids (wd) (w = ww / wd) (Craig, 2004). Atterberg limits
were determined according to British Standards 1377 (BSI, 1990) using
a Casagrande apparatus. The undrained shear strength from fall cone
(τu) was measured using a 30° cone and the empirical correlation following the method by Wood (1985). Grain size analysis was performed
by laser diffraction using a Malvern Mastersizer 3000.
The second core was kept closed as “undisturbed” whole-round
sample for geotechnical testing to measure sediment-consolidation
properties and shear-strength properties by oedometric and ring
shear test at MARUM, Bremen. Five oedometric tests were performed
on cylindrical undisturbed samples of 5 cm diameter and 1.5 cm height
from different subsurface-depth levels, applying a total of eight loading
steps and three unloading steps, between 2.5 and 320 kPa, following the
DIN 18135 (Deutsches Institut für Normung, 1999).
Shear resistance could not be measured by standard triaxial or direct
shear tests, because it was not possible to recreate the very low in situ effective vertical stress of the samples. Thus, a drained ring shear test was
carried out on remolded sample using a WFI (Wykeham Farrance Intl.)
Bromhead ring shear apparatus. Since the analyzed sediment is very
loose (see Sections 4.2.2 and 5.1.1), the results obtained on a remolded
sample should not differ much from the ones on an intact sample. The
sediment was put in a 30 mm large and 5 mm thick ring and subjected
to progressive loading increments between 2 and 247 kPa. After each consolidation and draining phase, the samples were sheared with a constant
velocity of 0.002 mm min−1 until 3 mm displacement (DIN 18137-3,
Deutsches Institut für Normung, 2002). The cohesion of the samples is
calculated based on the Mohr-Coulomb failure criteria following the DIN

With the term turbidite we refer to a deposit generated by turbidity
currents that evolved from continued water entrainment and ﬂow
transformation of the failing material during downslope movement, to
form turbulent ﬂows with low concentration of water-entrained and/
or re-suspended sediment. If thick enough and thus seismically resolvable, the turbidite appears in seismic data as transparent facies on top
of the MTD (Schnellmann et al., 2005; Moscardelli and Wood, 2008;
Sammartini et al., 2019).
3. Methods
3.1. Bathymetric data
The bathymetric data that cover the Chrüztrichter slide were acquired in 2007 using a Geo-Acoustics GeoSwath Plus 125 kHz interferometric sonar (processing details in Hilbe et al., 2011). The Küssnacht
Basin was mapped in 2016 using a Kongsberg EM2040 multibeam
echo sounder with a frequency of 300 kHz (processing details in Hilbe
and Anselmetti, 2014). The terrain model of the lake ﬂoor has a cell
size of 1 m and the depth accuracy is in the order of few decimeters.
Mapping and spatial analysis of the bathymetric data were performed
using standard tools in ArcGIS 10.7 (ESRI, Inc.).
3.2. Seismic data
In order to sufﬁciently cover and add missing subsurface information
in the newly discovered slide area in Küssnacht Basin, we added 10 km
4
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18137-3 (Deutsches Institut für Normung, 2002). We indicate an interval
of values based on the results obtained at low normal stresses, which represent the in situ condition of our sediments.

4. Results

3.4. In situ Cone Penetrometer Test (CPT)

The Chrüztrichter slide has already been described in details based
on reﬂection seismic and core data (Schnellmann et al., 2005) and its
frontal bulge was mapped on high-resolution multibeam bathymetry
(Hilbe et al., 2011). This small slide (~0.3 km2 from headscarp to toe of
deposit) detached from the north-eastern slope area of the
Chrüztrichter Basin and involved 6 m of postglacial sediments. The
slide scar is facing north-west, but the failing material turned counterclockwise towards the deepest part of the basin, depositing in a southwest direction (Fig. 2). Sub-parallel arcuate compressional ridges of
~0.5 m crest-to-trough height and ~15 m spacing are visible on bathymetric data on the distal area of the deposit (0.049 km2), which has a
positive bathymetric expression of about 1.5 m.

4.1. Chrüztrichter slide

Cone Penetrometer Test (CPT) measurements were acquired in free
fall with the MARUM-developed lightweight CPT with pore pressure
(SW-FF-CPTu) instrument (Stegmann et al., 2006). The probe consists of
a 15 cm2 piezocone, which, while penetrating the sedimentary sequence,
is recording the cone resistance (qc), the sleeve friction (fs), and pore
pressure (u2) in undrained conditions. For this acquisition, we used a 6
rod conﬁguration with a total lance length of 7.5 m. An extra weight of
15 kg was mounted on top of the lance in order to facilitate the full penetration of the instrument. Given the very low resistance of the sediments,
the sleeve friction is at its resolution limit or below it, therefore just the
cone resistance was considered, from which we derived the undrained
shear strength (su). The su values were calculated based on empirical
equations with the measured cone resistance, and using the MSCL-derived bulk density and a standard cone factor (Nkt) of 15 and 17 for normally and overconsolidated clays, respectively (details in Lunne et al.,
1997; Stegmann et al., 2007). The variability and inﬂuence of the Nkt factor on the absolute su values are shown in Supplementary data 1, and are
considered non-critical for the further discussion within this study. Therefore, the data presented here are based on a Nkt value of 15. Given that the
dynamic CPTu probe penetrates the sediment at velocities higher than the
standard 2 cm s−1 (Lunne et al., 1997), a so-called strain-rate correction
has to be applied to gain realistic results. In this paper we follow the
method developed by Steiner et al. (2014).
To compare su values of sediments inside the MTD with reference undisturbed sediments in the basin and on the slope, CPT measurements
were taken at reference sites and general linear trends of su values with
depth were obtained. Percentage differences were then calculated as an
average of the differences between a CPT drop within the MTD and the
general reference trend below 2 m depth. By introducing this 2 m limitdepth, the post-failure sedimentation drape and the mass-ﬂow deposit
are excluded from the comparison (see Sections 5.1.2.1 and 5.1.2.2).

4.1.1. Short core results
Two cores 1.4 and 1.35 m in length, were retrieved in the Chrüztrichter
deposit area: 4WS18-06, hereafter termed “reference site” in the undisturbed basin, and 4WS18-05, “MTD site”, in the middle of the compressional ridges area (Fig. 2; Supplementary data 2). Both cores comprise
lacustrine sediments dominated by silt (always >70%), with minor
amounts of clay-sized and sand-sized particles below 30% and 20%, respectively (Fig. 3). The upper 15 cm is composed of low density (~1.15 g cm−3),
very high water content (>450%) organic-rich sediments, with a comparably higher sand (~10–15%) and a lower clay (~10%) content, and likely
links to the human-induced eutrophication of the lake in the last century
(Kelts, 1978). τu of this uppermost interval is below detection limit.
At the reference site, the sedimentary succession comprises undisturbed cm-scale horizontal layers clearly visible on the CT scans, and
shows constant density of ~1.28 g cm−3 with slightly higher values in
the lowermost part, where thin silty detrital layers are intercalated.
The core shows a water content of ~220%, and τu between 1 and 1.5
kPa. At the MTD-site, the top 56 cm of the horizontally-layered sedimentary succession compares and correlates well with respect to all analyzed parameters of the top 56 cm at the reference site. In contrast, the

Fig. 2. Bathymetric image of the frontally conﬁned Chrüztrichter slide, with white dashed line highlighting the headscarp and side walls of the slide, and white dotted line the frontal bulge
mapped by Hilbe et al. (2011). Locations of short sediment cores and CPT drops presented in this paper are marked with white stars and color-coded dots, respectively. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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and the deepest penetration of the lance (7 m depth). In CPT drops within
the MTD, the su values of superﬁcial sediments correlate well with the
values of the reference site and diverge afterwards, between 1 and 1.5
m depth, showing higher absolute values and steeper trends. Taking the
su linear increase of the undisturbed basin as reference, the average percentage difference of su values for each CPT drop within the MTD
(below 2 m depth) varies between 17 and 52%. Both the highest and
lower percentage differences are in CPT drops within the compressional
ridge area, 60 m apart from each other, indicating the internal variability.
The CPT drops in the more internal part of the MTD and at the edge of the
frontal bulge are characterized by high (43%) and low (19%) percentage
difference, respectively. Furthermore, it can be observed that, the higher
the increment of su with depth, the lower the penetration of the CPT
lance. The lowest penetration was achieved by the drop penetrating the
internal part of the MTD, where the instrument reached 5.6 m depth,
which is more than 1 m less than the penetration in the undisturbed
basin. In almost all drops, few su peaks above the average linear increase
(up to 3.5 kPa difference) are observed, and are most likely linked to small
turbidite layers intercalated in the sedimentary sequence of the lake
(Schnellmann et al., 2002).

strata below 56 cm depth are composed of a 15 cm thick interval with
inclined layers, overlying a distinct sand layer with increased density
(1.6 g cm−3) at 71 cm depth. Sediments below show soft-sediment deformation structures, such as micro faults and folds. This suggests that
the MTD-site core has recovered the 1601 CE landslide feature
(Schnellmann et al., 2005) at 56 cm subsurface depth, which is in agreement with the average sedimentation rate in this area (~1–1.3 mm
yr−1) (Schnellmann et al., 2006; Strasser, 2008). The sand layer at 71
cm depth represents a clear boundary in the Chrüztrichter MTD-site,
separating two intervals with the upper 15 cm thick one showing geotechnical properties similar to the reference site and the lower, more
deformed unit, displaying increased density (~1.37 g cm−3) and τu (between 1.7 and 2.7 kPa), but lower water content (~150%). The determination of Atterberg limits highlights a plasticity index and a liquid limit
of 63 and 113 in the undisturbed basin and of 47 and 91 in the MTD, respectively. These values are both in the range of extremely high-plasticity silt in the Casagrande plasticity chart (BSI, 2015) (see Section 5.1.1).
4.1.2. Cone Penetrometer Test results
Six CPT drops were acquired in the area of the Chrüztrichter slide, one
in the undisturbed basin (reference site) at the same location of the reference short core described above, and ﬁve within the MTD, from the most
distal area, characterized by compressional ridges, to the internal part
(Fig. 2). The su values of all CPT drops are increasing almost linearly
with depth, but with different trends (Fig. 4). The CPT drop at the reference site shows the smallest increase of su with depth (~0.70 kPa m−1)

4.2. Zinnen slides
The bathymetric data acquired in 2016 show that the Zinnen slide
described by Schnellmann et al. (2005) is just one out of multiple collapses that have affected the south-eastern slope in the Küssnacht

Fig. 3. Results of standard geotechnical tests carried out on Chrüztrichter short cores. In blue the results from the reference site, in red the ones from the MTD site. A horizontal red dashed
line indicates the top of the 1601 CE event, which was recovered at 56 cm depth in the MTD-site core. A dotted black line indicates the base of the mass-ﬂow deposit and therefore the top
of the fold-and-thrust system at the MTD site. The mass-ﬂow deposit shows geotechnical properties comparable with the undisturbed sequence, whereas sediments in the fold-and-thrust
system show higher density, higher fall cone-derived undrained shear strength (τu), and lower water content compared to the undisturbed sequence at the reference site. The CT images of
the two cores show horizontal layers at the reference site and soft-sediment deformation structures within the fold-and-thrust system in the MTD-site core. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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b, below). In the subsurface, this area shows chaotic-to-transparent
seismic facies (highlighted in red in Fig. 6). This is interpreted as
the mass-slide deposit and will be further discussed in Section
5.1.2.2.
b) an outer area, also with positive relief in the order of 1.5 m, presenting parallel (~15 m spaced and ~0.5 m high between crest and
trough) compressional ridges, perpendicular to the slide axis. On
seismic data, these compressional ridges relate to thrusts, back
thrusts and reverse faults dividing and displacing packages of
acoustically-layered sediments forming fold-and-thrust belt deformation structures, as described by Schnellmann et al. (2005). Seismic horizons in the outer part of this deformation structure can be
clearly correlated to horizons in the undisturbed basin sequence.
The deformation front is characterized by a distinct steep frontal
thrust (~50–60°), which divides the slide deposit from the undisturbed basin strata. A transparent seismic facies, interpreted as
mass-ﬂow deposit (highlighted in yellow in Fig. 6), overlies the
deformed sediments.
c) an area where the seismically transparent facies related to massﬂow deposit, overlies the undisturbed basin sequence.

Both bathymetric and seismic data highlight that the fold-and-thrust
belt deformation structures developed differently in the two slides. In
the Zinnen slide, compressional ridges occur between a distance of
~125 m and ~330 m from the slope break. In the Zinnen Baby slide,
the area of compressional ridges is more restricted and spans between
~70 m and ~130 m distance from the slope break.
Seismic data show that the Zinnen slide has three main thrusts
(marked with black lines in Fig. 6a), two of them (at 215 m and 330 m
distance from the slope break) displacing the surface and underlying
packages of the basin sequence for up to 1.5 m vertically, in the outer
part of the MTD. The third thrust, at 350 m from the slope break, did
not reach the lake ﬂoor but was active as blind thrust just slightly affecting the basin sequence above. The position of the frontal thrust coincides with the western ﬂank of a 100 m wide lake ﬂoor depression
(with ﬂanks of ~4° slope inclination) mimicking a depression in the underlying Late Glacial sedimentary sequence. In the Zinnen Baby slide,
just one main thrust is visible on the seismic data (marked with a
black line in Fig. 6b). This very steep (~60°) frontal thrust reached the
lake ﬂoor at a distance of 130 m from the slope break and vertically
displaced the basin sequence for ~2 m. More basinward (180 m and
240 m from the slope break), two poorly developed blind thrusts can
be detected. The outer one is associated with a ramp anticline and
back thrust, which folded the basin sequence above it almost up to the
lake ﬂoor. All these thrusts and blind thrusts, for both Zinnen and
Zinnen Baby slides, are detaching from the same stratigraphic level at
~8 m depth (marked with a dashed red line in Fig. 6). Based on seismic-stratigraphic correlation with the horizons mapped by
Schnellmann et al. (2002), this decollement surface is located in the
upper part of the Late Glacial sequence, ~1 m below the Holocene–
Late Glacial transition (shown with a wavy gray line in Fig. 6).
The mass-ﬂow deposit overlies the basin-plain deformation
structures on both slides. In the Zinnen slide, the mass-ﬂow deposit
has a total length of 360 m and a maximum thickness of 1.5 m, and
it stopped, as the deformation front, at the western ﬂank of the glacial stratigraphic depression. In the Zinnen Baby slide, the mass
ﬂow travelled much farther than the deformation front, reaching
295 m from the slope break. The maximum thickness, in this case,
is 2 m and it is reached basinward of the frontal thrust. In the baseof-slope area of both MTDs, the seismic resolution does not fully resolve the distinction between the mass ﬂow and the underlying
mass-slide deposit, but most likely is not exceeding 1 m in thickness
(see Section 5.1.2.1). Considering the entire MTD, the Zinnen slide
and Zinnen Baby slide deposits have a volume of 529,000 m3 and
139,000 m3, respectively (see Table 2).

Fig. 4. In situ CPT-derived undrained shear strength values (su) in the Chrüztrichter area.
The CPT drops within the MTD show higher absolute values and steeper trends of su
compared to the undisturbed basin (CH CPT01). In brackets the average percentage
difference of su for each CPT drop within the MTD in comparison to the general
undisturbed trend derived from CH CPT01 (below 2 m depth), shown with a black dotted
line. See Fig. 2 for color-coded position of CPT drops. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Basin (Fig. 5). Seven different scars and related deposits can be detected
in the multibeam data. Five of them show the typical features of frontally conﬁned MTDs and overlying mass-ﬂow deposits (highlighted
with white and white-dotted lines in Fig. 5a, respectively). The two
northern scars relate to more superﬁcial slides that propagated in the
basin as mass ﬂows. Based on seismic-stratigraphic analysis, all these
failures are coeval and are therefore linked to the 1601 CE earthquake
(Schnellmann et al., 2005). In this study, we focus on the two central
slides, Zinnen slide and Zinnen Baby slide, and on the unfailed, intact
slope nearby (Fig. 5b).
4.2.1. Morphology and seismic stratigraphy
The Zinnen slide (Fig. 6a) and Zinnen Baby slide (Fig. 6b) cover ~0.1
and ~0.6 km2, respectively, from headscarp to toe of the deposit. The average inclination of the slope is 20°, which generates a sharp break with
the almost-ﬂat basin. The headscarps are located in very shallow waters,
and they are not completely visible on the bathymetric data. Nevertheless, based on the height of the side walls, the thickness of the failing
material was estimated at ~6 m for the Zinnen slide, and ~5 m for the
Zinnen Baby slide, involving a total volume of ~250,000 and ~83,000
m3, respectively (Table 1). In bathymetric and seismic data, both slides
show similar features and can be divided in three different sections
(Figs. 5, 6).
a) a base-of-slope area where the lake ﬂoor shows convex-upward
positive relief (~1.5 m) and rough surface texture compared to the
smooth undisturbed basin plain, but no distinct parallel ridges (see
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Fig. 5. a) Bathymetric image of the south-eastern slope of the Küssnacht basin, which almost completely collapsed during the 1601 CE earthquake generating multiple frontally conﬁned
MTDs. For each slide the black dashed line indicates the slide scar, white line the extension of the mass-slide deposit and fold-and-thrust system, and dashed white line the extension of the
overrunning mass ﬂow. b) Zoom-in bathymetric image of the Zinnen slide, Zinnen Baby slide, and Zinnen unfailed slope. Black lines indicate the seismic proﬁles presented in Fig. 6, white
stars the location of short cores discussed in this paper (Fig. 7), and color-coded dots the location of CPT drops (Figs. 8, 9). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

~10 cm thick graded sand layer is interpreted as the turbidite linked to
the same 1601 CE multi-failure event. The core acquired in the unfailed
slope (4WS18-26; Supplementary data 3) highlights that the Holocene
sediment drape consists here of sediments highly comparable with the
upper basin sequence: silt-dominated sediments, with slightly higher
density (~1.30 g cm−3) and lower water content (~200%) compared to
the reference site, but comparable τu and Atterberg limits (see results
in Supplementary data 3, 4). The determination of Atterberg limits highlights very similar plasticity index and liquid limit for the three cores
(63-116, 57-109, 56-107 for reference, MTD, and unfailed slope site, respectively), all in the range of extremely high plasticity silt in the
Casagrande plasticity chart (BSI, 2015) (see Section 5.1.1).
Five oedometric tests were carried out in short cores of the Zinnen
area, two in the basin, two in the MTD, and one in the unfailed slope
(oedometric test results in Supplementary data 5). None of the ﬁve samples show evidence for an overconsolidation history and the maximum
normal stress to which the sediment was subjected is coherent with the
effective in situ vertical stress. The oedometric tests allowed calculating
the compression index of the sediments, which is ranging from 1.62 to
2.15. A ring shear test was carried out on remolded samples from the
Zinnen basin and allowed calculating the cohesion of the superﬁcial
sediments, which ranges between 1.7 and 2.7 kPa (Supplementary
data 6). Given the fact that the cohesion was measured on near-surface
very loose sediments, and considering that before each phase of shearing the sample has been consolidated under in situ vertical stresses, we
expect that the results obtained on remolded samples are not much
lower than the in situ cohesion.

4.2.2. Short core results
Six short cores were retrieved in the Zinnen area, two in the undisturbed basin (SLATE2-06a and 4WS18-08), two inside the MTD
(4WS18-23 and 4WS18-24), and two in the unfailed slope (4WS18-26
and 4WS18-27) (see Fig. 5b for location, and Supplementary data 2 for
details about each core). Fig. 7 shows the comparison between the reference 1.45 m long basin core (SLATE2-06a) and the 1.37 m long MTD
core (4W18-23). The basin reference core was most likely overcored,
with a loss of ~10 cm of the uppermost organic-rich sediments, linked
to the human-induced eutrophication of the lake (Kelts, 1978). This interval, which in the basin core is ~5 cm thick against the ~15 cm in
Chrüztrichter cores and Zinnen MTD core, is characterized by very
weak sediments (τu below resolution) with low density (~1.15 g
cm−3), high water content (>450%), lower clay content (~10%) and
higher sand content (~20%). Both cores show, as in Chrüztrichter, lacustrine sediments dominated by silt (>70%) and lower content in clay and
sand, generally below 30% and 10%, respectively.
The reference site core comprises undisturbed horizontal layers, visible on CT scan data, with a constant density of 1.24 g cm−3, an average
water content of ~250% and a τu between 1 and 2 kPa. Between 38 and
48 cm core depth, a distinct ~10 cm thick, graded silty sand interval
(55% sand at its base with higher density of 1.45 g cm−3) contrasts
the otherwise ﬁne-grained layered sequence. At the MTD site, the top
~50 cm comprises undisturbed horizontal layers, which correlate with
the upper ~38 cm of the reference site. Below 50 cm depth, a 2.5 cm
thick interval of higher density (between 1.35 and 1.45 g cm−3) sandy
layers overlies a 10 cm thick interval of sediments with no internal
structure. Another sandy layer at 62 cm depth divides the remolded interval from the sedimentary sequence below, which comprises layered
sediments similar to the reference site, but with a slightly higher density
(1.26 g cm−3) and τu (between 1 and 2.5 kPa), and a lower water content (~200%). This lower section of the core shows subtle soft-sediment
deformation structures and downcore changes in inclination and orientation of layers. This suggests that at the MTD site, the core penetrated
the 1601 CE deposit at 50 cm depth, whereas at the reference site, the

4.2.3. Cone Penetrometer Test results
As for the Chrüztrichter slide, a transect of six CPT drops was acquired along the axis of the Zinnen central slide, from the undisturbed
basin in front of the deposit, going into the inner, near-slope MTD
(Fig. 5b). Fig. 8 highlights that in Zinnen as in Chrüztrichter, the basin
CPT drop shows the lower increase of su with depth (~0.37 kPa m−1)
and one of the highest penetration of the CPT lance (7.40 m). The
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Fig. 6. 3.5 kHz seismic proﬁles across: a) Zinnen slide b) Zinnen Baby slide. In the interpreted proﬁles below, colored lines indicate seismic stratigraphic horizons in the sedimentary
sequence, and the Holocene–Late Glacial transition is highlighted with a wavy gray line. The main thrusts and blind thrusts of the two slides are indicated with black lines, and detach
from the same basal shear surface, marked with a dashed red line. The mass-ﬂow deposit and the mass-slide deposit are marked in yellow and red, respectively. The projected
location of the two short cores (Fig. 7), as well as the location of the CPT drops (Fig. 8) are highlighted along the Zinnen slide proﬁle. For each color-coded CPT drop, a vertical gray line
indicates the actual penetration of the CPT lance within the sedimentary sequence. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

other CPTs show comparable values of su in the ﬁrst 1.2–1.5 m, but then
different and higher trends of su increase are observed. The average percentage difference (below 2 m depth) of the CPT drops, compared to the
linear increase observed in the basin varies from +39% in the outer part
of the deposit where compressional ridges occur, to +173–176% of the
two CPT drops penetrating the more internal and near-slope area of the
deposit. These two CPT drops are also the ones with the lowest penetration of the instrument (~6 m), more than 1 m less than the penetration
in the undisturbed basin.
Two other CPT drops were acquired in the nearby unfailed slope, at
30 and 48 m water depth (Fig. 5b). The drop in the upper slope (ZI
CPT08) shows an increment of su with depth of ~1.08 kPa m−1 until
4.5 m, with some spikes exceeding the general trend by up to 6 kPa
(Fig. 9a). These spikes, given the shallow water depth, can be related
to more coarse-grained layers from terrestrial inputs. At ~5 m depth,
su suddenly decreases from ~7.5, to 3.5 kPa and stays constant for 1 m
and then strongly increases downcore to values up to 200 kPa where
the penetration of the lance stopped (at ~5.5 m depth). In the middle
slope CPT drop (ZI CPT07), the general su trend until 4.5 m amounts to
~0.70 kPa m−1, without any spikes, indicating a more homogeneous

sedimentary sequence. Between 4.5 and 5.8 m, su shows a constant
value of ~3.5 kPa before increasing downcore to a spike of 300 kPa at
6.7 m depth, where the penetration of the lance stopped.
5. Discussion
The new seismic and bathymetric data collected in the Chrüztrichter
slide area and in the Küssnacht Basin conﬁrmed and reﬁned earlier descriptions of frontally conﬁned MTDs by Schnellmann et al. (2005).
These are characterized by a mass-ﬂow deposit overlying far-reaching
fold-and-thrust belt structures, which appear on the lake ﬂoor as
equally spaced compressional ridges. Nevertheless, CPTs and short
cores acquired inside the MTD and in the undisturbed basin nearby,
for the ﬁrst time, give unprecedented quantitative information on the
geotechnical properties of the sediments and on how those properties
are changing within the MTD. In the following sections, these data are
analyzed and put together to present a new conceptual model for
fold-and-thrust propagation.
Table 2
Volume of the entire MTD and of the three different MTD-units distinguished in this paper
for both Zinnen slide and Zinnen Baby slide.

Table 1
Volume of slope failing mass for the Zinnen slide and Zinnen Baby slide and % of this volume which was propagating basinward as a mass ﬂow.
Slide

Volume failing mass (m3)

% propagating as mass ﬂow

Zinnen slide
Zinnen Baby slide

250,000
83,000

25%
64%
9

Slide

Volume
MTD
(m3)

Volume mass
ﬂow deposit
(m3)

Volume mass
slide deposit
(m3)

Volume
fold-and-thrust
system (m3)

Zinnen slide
Zinnen Baby
slide

529,000
139,000

63,000 (12%)
53,000 (38%)

176,000 (33%)
30,000 (22%)

290,000 (55%)
56,000 (40%)
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Fig. 7. Results of standard geotechnical tests carried out on Zinnen short cores. In blue the results from the reference site, in red the ones from the MTD site. A horizontal red dashed line
indicates the top of the 1601 CE event, which was recovered at 50 cm depth in the MTD-site core and starts with a 2.5 cm thick interval of stacked turbidites, result of the synchronouslytriggered instabilities in Küssnacht basin. The 10 cm thick mass-ﬂow deposit is marked on top and base with a dotted green and dotted black line, respectively. Sediments within the foldand-thrust system have slightly higher density and fall cone-derived undrained shear strength (τu), and a lower water content compared to the reference site. The CT images of the two
cores show horizontal layers at the reference site and subtle soft-sediment deformation structures and downcore changes in inclination of layers within the fold-and-thrust system. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

sediment (Terzaghi et al., 1996), which is conﬁrmed by the oedometric
tests and the obtained compression indexes (Supplementary data 5),
ranging between 1.62 and 2.15 in Küssnacht Basin. Those values are
usually higher than the ones obtained by applying an empirical correlation linking compression indexes to Atterberg limits (Supplementary
data 7). The sedimentary sequence in the study area can therefore
very easily be compressed, with the initial change in volume linked
with the reduction in water content.
The short core analysis carried out in the unfailed slope nearby the
Zinnen slide, highlights a slope sedimentary sequence highly comparable with the basin sequence, comprising high plasticity silt-sized grains.
Nevertheless, the slope sediments are characterized by a slightly higher
density and lower water content, which result in a higher increase of su
with depth, as attested by the CPT data (Fig. 9a). Comparing these CPT
drops with previous studies in Lake Lucerne (Stegmann et al., 2007;
Strasser et al., 2007) and nearby Lake Zurich (Strupler et al., 2017), the
typical mechanical stratigraphy, common for lateral slopes in perialpine
lakes, can be recognized and interpreted as the following stratigraphic
succession (Fig. 9a): a) the Holocene section, showing a more or less
constant increasing trend of su, with the exception of some coarser
layer-related spikes, b) the Late Glacial unit, showing low and more or
less constant su, partly lower than the above Holocene strata, and c)
the strong Glacial sediments, where the penetration of the CPT lance
stopped. The slight differences in Holocene trends between the upper
and middle slope are interpreted to reﬂect different sediment compositions: the upper slope CPT is located in a ﬂat shallow area, where terrestrial input overtakes the lacustrine authigenic production.

5.1. Integrated characterization of the MTD
5.1.1. Sediment type
The geotechnical analysis carried out in the short cores in both
Chrüztrichter and Zinnen areas shows that the basin sedimentary sequence consists mainly of silt-sized grains (>70%) that geotechnically behave like extremely high-plasticity silt as shown in the Casagrande
plasticity chart (Fig. 10) (BSI, 2015). Silt is known to be non-plastic or of
very low plasticity, but even a small amount of 10% clay or organic material may be sufﬁcient to ensure the plastic behavior of the sediment
(Okkels, 2019). The short distance of the measured samples from the Aline in the Casagrande chart suggests a low content of organic material
and therefore a plasticity behavior linked more to the amount of clay (between 20 and 30%). The ring shear test highlighted a loose sediment characterized by low cohesion (between 1.7 and 2.7 kPa) as attested by the
absence of a peak value in the shear–stress curve, which after gradually
increasing to a maximum value reaches an asymptotic behavior (Supplementary data 6). Furthermore, the sample underwent an immediate reduction in volume, whereas in a structured and cohesive sediment, the
sample contraction is ﬁrstly preceded by an expansion phase (Infante et
al., 2016). Ikari and Kopf (2015) highlighted that, at low vertical stresses,
cohesion is the dominant source of shear strength in normally-consolidated sediments, which appears to be conﬁrmed by our data. The cohesion values are in good agreement with the fall cone and CPT-derived
undrained shear strength, which in superﬁcial sediments is ~1–2 kPa.
The high plasticity, the high water content, and the lack of internal
structure of the sediment contribute to the high compressibility of the
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same trend of su until ~1–1.5 m depth, i.e. the lower limit of the massﬂow deposit as identiﬁed in seismic data where the boundary between
the mass-ﬂow deposit and the underlying fold-and-thrust belt is clear
and well deﬁned. CPT drops within the MTD and their change in sutrend between 1 and 1.5 m depth conﬁrmed the same thickness of the
mass ﬂow even in the inner part of the deposit, where the seismic
mass-ﬂow unit cannot be distinguished from the underlying massslide deposit due to similar seismic facies (yellow and red body in Fig.
6, respectively). In seismic data, the mass-ﬂow deposit appears as a
transparent-to-chaotic seismic facies (see Section 2.2), which usually
indicates a great sediment disintegration with lack of coherent blocks
above lateral seismic resolution (~4 m in this case study) (Watt et al.,
2012). Only smaller blocks with dimensions below seismic resolution
retaining intact strata occur in a mostly remolded and highly water-saturated matrix, as shown in cores from the Chrüztrichter and Zinnen
mass-ﬂow deposit.
In the fold-and-thrust system, packages of the entire involved basin
sequence, i.e. from the basal shear surface to the modern lake ﬂoor, are
visible below the mass ﬂow. This suggests that the mass ﬂow was not signiﬁcantly eroding the basin sequence, which would otherwise been characterized by truncated basin sequence reﬂections as reported elsewhere
(Joanne et al., 2013). Nevertheless, at a small scale, the short cores at
the MTD sites show that the mass-ﬂow deposit is divided from the rest
of the underlying fold-and-thrust system by an erosive surface just
above a sand layer that shows indications of high shear deformation in
CT data (see zoom in image in Fig. 3). This indicates that a superﬁcial erosion of sediments of the basin sequence took place during the propagation
of the mass ﬂow. These ﬂows are known to become highly erosive when
decelerating against a topographic high or at other slope-gradient
breaks, with consequent incorporation of basin-ﬂoor sediments (e.g.,
Ogata et al., 2014). In this speciﬁc case, the mass ﬂow most likely impacted against a package of basin sediments that was uplifted by the
fold-and-thrust structures, consequently eroding and entraining an interval of loose basin sediments above a sand layer. The sand layer, characterized by a higher shear strength than the overlying silty sediments,
stayed in place and acted as a basal shear zone for the mass-ﬂow erosion
(e.g., Laberg et al., 2017). In both MTD cores, the sand layer below the
erosive surface has an inclination coherent with the underlying strata
and therefore is considered part of the deformed basin sequence itself.
The absence of this sandy layer in the reference cores conﬁrms that it
was originally located deeper than 1.5 m, i.e. the total length of the reference site cores, and that it was uplifted during the compression of the
basin-plain sediments, while concurrently acting as basal shear surface
of the propagating mass ﬂow (Fig. 11c).
This superﬁcial erosion by the mass ﬂow has affected just the foldand-thrust area. In the more distal part of the deposits, where the
mass ﬂow propagated above the undisturbed basin sequence, there is
no evidence of erosion. This could potentially be explained by
hydroplaning above a ﬂat and smooth lake ﬂoor compared to the highly
rugged basin sequence in the fold-and-thrust area (Mosher et al., 1994;
Schnellmann et al., 2005).
Large parts of the mass-ﬂow deposit consist of material collapsed from
the slope, which during the downslope transport incorporated high
amounts of water and a small amount of uplifted superﬁcial basin sediments. The propagation and deposition of the mass ﬂow were slightly delayed with respect to the propagation of the fold-and-thrust deformation
structures in the basin sequence. The timing is well constrained by the
fact that the mass-ﬂow deposit i) is only superﬁcially eroding the compressional ridge structures without ﬂattening them, as it would have
done in case of post-deformation deposition, and, ii) does not show a consistently basinward-thinning thickness, as would be expected in case of
deposition above a ﬂat surface (Schnellmann et al., 2005).

Fig. 8. CPT-derived undrained shear strength values (su) in the Zinnen area. The CPT drops
within the MTD show higher absolute values and steeper trends of su compared to the
undisturbed basin (ZI CPT01). In brackets the average percentage difference of su for
each CPT drop within the MTD in comparison to the general undisturbed trend derived
from ZI CPT01 (below 2 m depth), shown with a black dotted line. See Figs. 5 and 6 for
color-coded position of CPT drops. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

5.1.2. MTD
As mentioned in Section 2.2, the term MTD is here used to describe
the entirety of the deposit generated by a single instability event, with
the only exception of turbidites. Nevertheless, the multidisciplinary approach of this study, together with the high resolution of the data acquired, allows differentiating between different MTD units, which
were behaving differently during the slide propagation and deposition.
5.1.2.1. Mass-ﬂow deposit. The mass-ﬂow deposit forms the upper unit of
the described MTDs, extending from the base of the slope over the toe of
the deposit, thinning towards the basin and terminating with a distinct
pinch-out point overlying undisturbed basin sediments. Both MTD-site
short cores in Chrüztrichter and Zinnen recovered the mass-ﬂow deposit, which in those locations is just in the order of tens of centimeters
thick. In Chrüztrichter, the mass ﬂow appears as a 15 cm thick package
of parallel inclined layers (Fig. 3). In Zinnen the ~10 cm thick mass ﬂow
shows no internal structure and is overlain by a 2.5 cm thick package of
sandy layers, interpreted here as amalgamated turbidites (Fig. 7). In an
environment dominated by hemipelagic sedimentation, amalgamated
turbidites are often an indication of synchronously-triggered instabilities (Van Daele et al., 2017), which is coherent with the 1601 CE
multi-failure event observed in the Küssnacht Basin.
Short core analysis highlights that the mass-ﬂow deposit has geotechnical properties comparable with the post failure sedimentation
drape (Figs. 3, 7), with very high water content and low strength. This
is further conﬁrmed by the CPT drops (Figs. 4, 8), which show the

5.1.2.2. Mass-slide deposit. The mass-slide deposit is the base-of-slope
unit, characterized by a rough upper surface and visible in seismic
data as chaotic facies (see Section 4.2.1). The lack of laterally coherent
11
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Fig. 9. a) CPT-derived undrained shear strength (su) in the Zinnen unfailed slope. In both middle (ZI CPT07) and upper (ZI CPT08) slope CPT drops, the typical mechanical stratigraphy of
the lateral slope in perialpine lakes is recognized. From top to bottom, it consists of: Holocene package, characterized by linear increase of su, weaker Late Glacial sediments, and strong
Glacial sediments. Dotted lines indicate the general linear trends for slope sediments. b) Comparison between the two CPT drops in the inner Zinnen slide deposit, and the general su
range of slope sediments. In the CPT drops within the inner MTD, the average percentage difference of su (below 2 m) shows no variation or a slight increase of su when compared
with the upper and lower limit of the su range of slope sediments.

This suggests that the sediments of a chaotic seismic facies are not necessarily completely remolded and can still maintain their internal structure even after signiﬁcant transport. The absence of high-amplitude
reﬂections in seismic data, instead, could be linked to internal heterogeneity of the deposit, discontinuous reﬂectors, and to the presence of internal deformation structures that are below the lateral seismic
resolution (Ford and Camerlenghi, 2020). The hypothesis that this

reﬂections is usually one of the main criteria for distinguishing failed
from unfailed sediments and suggests the presence of remolded, highly
distorted sediments, or intact blocks below seismic resolution (Damuth,
1980). Nevertheless, coherent and undisturbed packages of sediments
have been documented in the inner part of the frontally conﬁned St.
Niklausen slide (Schnellmann et al., 2005), as well as in other seismically chaotic submarine deposits (Jackson, 2011; Badhani et al., 2020).

Fig. 10. Casagrande Plasticity Chart (BSI, 2015) with results of the Chrüztrichter (CH) and Zinnen (ZI) cores. This chart classiﬁed the sediment based on the geotechnical behavior and it is
not necessarily providing grain-size information. The empirical A-line divides silt (M) from clay (C). Based on the plasticity the sediment is classiﬁed as: L: Low plasticity; I: intermediate
plasticity; H: high plasticity; V: very high plasticity; E: extremely high plasticity.
12
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Fig. 11. New conceptual model for the propagation of fold-and-thrust structures in the toe region of frontally conﬁned slides. (a) Schematic model as deduced from the Zinnen slide, Lake
Lucerne. (b) Zoom on the slope. The slope sequence gets destabilized by the earthquake and starts to slide along a speciﬁc gliding surface (marked with black wavy line). The sliding mass is
divided in blocks of intact sequence by shear strain surfaces. The upper part of the sequence disintegrates and mixes with water, propagating as mass ﬂow. (c) Zoom on the propagation of
the mass ﬂow above the fold-and-thrust structures. The mass ﬂow is slightly delayed with respect to the propagation of the deformation, and superﬁcially erodes the emerging bulges
along a stronger sandy layer. The erosional surface is marked with a red wavy line. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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2013). While above-mentioned studies are based on seismic data analysis alone, our investigation adopts an integrated approach of reﬂection
seismic data, sedimentological and geotechnical core analyses, and in
situ CPT data, allowing to test these interpretations.
At both Chrüztrichter and Zinnen, the short core at the MTD site penetrated the area of fold-and-thrust structures below the mass-ﬂow deposit, from which they are divided by an erosive surface. In
Chrüztrichter, the deformed unit is characterized by higher density,
lower water content and higher τu values when compared to the undisturbed sequence of the reference site, indicating that compression and deformation of the basin sediments led to a loss in water content and
consequent increase in strength. Lateral compression is also suggested
by the presence of micro-deformation structures such as faults and folds
observed in the CT scans, the orientation of which are all coherent with
one principal direction of shearing. In contrast, the deformed sequence
cored at the Zinnen MTD site shows only a few blocks with higher density,
lower water content and higher τu, indicating a less deformed basin sequence in comparison to the one cored in Chrüztrichter. A low compressional deformation in this upper part of the Zinnen fold-and-thrust
system is also suggested by the lack of clear soft-sediment deformation
structures in the CT scan. This is also supported by the oedometric tests
(Supplementary data 5) showing that the maximum normal stress the
sample was subjected to is between 2.5 and 5 kPa, which is consistent
with a sample depth of ~1.20 m in normal consolidation state. Comparing
the su trends between MTD and reference sites for the deeper subsurface
and the more internal part of the fold-and-thrust system, indicates that
the internal compression of the basin-plain sequence is higher in the
Zinnen slide (percentage increase of su within the compressed fold-andthrust system ranges between 39% and 83%) than in the Chrüztrichter
slide (17% to 52%). This is interpreted to be the result of weaker, and
therefore easier to compress, sediments in the Küssnacht Basin (increment of ~0.37 kPa m−1 at the reference site) compared to the
Chrüztrichter Basin (increment of ~0.70 kPa m−1 at the reference site).
The CPT transects across the two slides show general trends of decreasing compression from the internal part to the more external part
of the fold-and-thrust system. This suggests that the external basin sediment, which has been thrusted and uplifted along the frontal thrust,
was less compressed and strengthened than the more internal basin sequence, proximal to the mass-slide deposit. A similar deformation trend
of the basin sequence was also reported by an outcrop-based investigation of fold-and-thrust systems, which highlighted that deformation
and lateral compaction are higher in the central part of the deposit
(shortening of up to 50%), where the thrusting ﬁrst initiated, and diminish towards the toe of the deposit (shortening under 10%) (Alsop et al.,
2016). As inferred from the results from the short cores, the strengthening of the sedimentary sequence in the fold-and-thrust area can be
linked to their compression and consequent loss in water content. Lateral compression is also inferred from structural interpretation of seismic data where packages of basin sediments inside the deformed area
show the same vertical thickness of the equivalent undisturbed basin
sequence. In the simplest case of the Zinnen slide, and assuming pure
lateral compression induced by the plowing slide mass (Fig. 11a and
see conceptual model in Section 5.2), the basin-plain sequence
underwent a lateral shortening of ~32% compared to the pre-failure horizontal length (Table 3). Moreover, the lateral shortening allowed the
coherent sliding mass to propagate and deposit at the base of the slope.
The extremely high-plasticity basin sediments with high compression index (see Section 5.1.1) must have facilitated plastic deformation
during lateral compression. The sediments exhibit a plastic behavior for
a wide range of water contents and therefore a wide range of depths,
allowing the formation of thick fold-and-thrust structures. This is also
indicated by regular and positive-relief ridges perpendicular to the
slide movement direction as observed in bathymetric data. These are
the superﬁcial expression of the large-scale plastic deformations in the
basin-plain sequence, conﬁrming that the sediments behaved as a coherent high-plasticity mass (Lastras et al., 2006). The thrusting of the

Table 3
Volume compression and lateral shortening of the basin-plain sequence due to lateral
compression by the bulldozing slide mass for both Zinnen slide and Zinnen Baby slide.
Slide

Volume
pre-compression
basin-plain
sequence (m3)

Volume
post-compression
basin-plain sequence
(m3)

Volume
compression
(%)

Lateral
shortening
(%)

Zinnen slide
Zinnen Baby
slide

343,000
75,000

290,000
56,000

15%
25%

32%
43%

near-slope body is an internally-deformed but coherent mass-slide
deposit and not a remolded mass-ﬂow deposit, is conﬁrmed by CPT
data. In both Chrüztrichter (CH_CPT_06 in Fig. 4) and Zinnen
(ZI_CPT_05 and ZI_CPT_06 in Fig. 8), the data highlight a stronger sedimentary sequence than the CPT data of undisturbed basin sediments,
mass-ﬂow deposits and more distal fold-and-thrust systems. In particular, in Zinnen, the two CPT drops show a very high average percentage
difference from the undisturbed basin trend (176% and 173%).
In Lake Lucerne as well as in other perialpine lakes, translational
slope failures occur along a gliding surface within the ﬁne-grained
Late Glacial package, above the stronger, coarser, and overpressured
glacial sediments (Strasser et al., 2007; Strupler et al., 2017). The Late
Glacial package on the Lake Lucerne slopes is very thin (1–2 m maximum), so the failing materials consist mainly of Holocene sediments
(~4–5 m thick). Comparison of the two inner CPT drops in the Zinnen
slide with the general trend of su in the Holocene package derived
from the unfailed slope CPT drops (Fig. 9b) highlights that the sediments in the inner MTD show no variation (~− 1–0%) or a slight increase (~48–50%) of su values when compared with the upper and
lower limit of the su-range of slope sediments, respectively.
These in situ su values support our interpretation that the base-ofslope area of the frontally conﬁned MTDs consists of transported slope
material. This material slides as a coherent mass along the translational
gliding surface plowing into the base-of-slope basin-plain sediments,
where it only partially experiences internal deformation and compression. However, it transfers signiﬁcant compressional stress to the
basin sequence, generating a propagating fold-and-thrust deformation
belt (Fig. 11a and Section 5.1.2.3). During the downslope transport,
the slope material may undergo strength reduction, with shear strain
surfaces dividing blocks of intact slope sequence. Nevertheless, this
strength reduction may be compensated by lateral compaction due to
buttressing against the basin-plain sequence. Moreover, during the
~400 years of post-failure burial, the mass-slide deposit may have increased its shear strength as a consequence of porosity reduction due
to shear compaction and clay-fabric alignment, to which the material
was exposed during failure (Cardona et al., 2016; Moernaut et al.,
2020). This could potentially explain why the mass-slide deposit
shows similar trend and values of su of the sediment in the unfailed
slope (Fig. 9b).
5.1.2.3. Fold-and-thrust system. This unit of the MTD is characterized by
far-reaching fold-and-thrust deformation structures, which are a striking characteristic of frontally conﬁned slides (Schnellmann et al.,
2005; Frey-Martínez et al., 2006; Moernaut and De Batist, 2011). Previous studies highlighted that the fold-and-thrust area consists of deformed basin-plain sediments rather than slope sediments (Huvenne
et al., 2002; Watt et al., 2012). This is conﬁrmed by the seismic data
that show blocks of the basin sequence with coherent internal reﬂections divided by seismically transparent-to-chaotic zones, along which
the shear strain was focused during the deformation as reported elsewhere (Joanne et al., 2013). The amplitude and the continuity of seismic
reﬂections in the fold-and-thrust system are increasing towards the
basin, pointing to a higher preservation of the basin-plain sequence
and therefore to a lower degree of sediment deformation in the toe region of the deposit (Gamberi et al., 2011; Watt et al., 2012; Joanne et al.,
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The coherent sliding mass acts as a bulldozer adding lateral compressional stress to the basin-plain sediments initiating in-sequence
synchronous thrusting of the basin sequence composed of sediments
with a high water content and high compressibility. Basal shear along
the decollement is facilitated by shear band propagation along the
same stratigraphic “weak layer” that acted as failure plane on the
slope. Evolving in-sequence synchronous thrusts detach from this
decollement surface and propagate upwards to bulge the lake ﬂoor,
uplifting and laterally compressing packages of basin sequence. These
far-reaching fold-and-thrust structures form a series of compressional
ridges as typical morphological expression of such frontally conﬁned
slides. The basinward-propagating failure of basin sediments stops
when the lateral stress imposed by the sliding mass becomes lower
than the resistance of the basin sequence (Frey-Martínez et al., 2006),
which may also be controlled by the morphology of the basin itself
(see Section 5.3.1). Synchronous with the compression of the basin sequence and the emplacement of the coherent sliding mass, the
remolded slope sediments propagate as a mass ﬂow along the lake
ﬂoor, occasionally eroding and including the unconsolidated upper
strata of the uplifted basin sequence (Fig. 11c). This implies that the
propagation of the fold-and-thrust system was slightly faster than the
mass ﬂow, which, according to the literature, may range between 1
and 10 m s−1 (Talling et al., 2007; Iverson et al., 2010; Heerema et al.,
2020). In the numerical simulation of St. Niklausen slide the coherent
mass reached a maximum velocity of 6.5 m s−1 (Stoecklin et al.,
2020). The shear band propagation could have happened with a velocity
of the same order of magnitude, nevertheless, a precise quantiﬁcation is
not possible. Similar examples of a delayed mass ﬂow eroding freshly
deformed and up-lifted basin sediments are reported in the literature
from lakes and fjords (Van Daele et al., 2013; Daxer et al., 2020),
conﬁrming that fold-and-thrust systems can develop very quickly.
The result of this slope instability is a MTD that consists of i) ~40–50%
of deformed basin sediments (Table 2), which failed and formed an in situ
fold-and-thrust system, and a variable percentage of ii) mass-slide deposit
comprising the sliding coherent sediments derived from the upslope
source area, and iii) mass-ﬂow deposit, mainly consisting of remolded
slope sediments with some incorporation of basin sediments. The model
proposed in this study complements and reﬁnes the one proposed by
Schnellmann et al. (2005) and other studies in marine environments
(Watt et al., 2012; Joanne et al., 2013; Nugraha et al., 2020) as the geotechnical information acquired in Lake Lucerne and the high resolution of the
data allowed a new quantitative assessment of the propagation model.
Watt et al. (2012) suggest that the fold-and-thrust structures in subaqueous deposits of volcanic debris avalanches are caused by the motion of an over-running ﬂow, which induces undrained loading in the
underlying sediments and consequent progressive deformation of the
sequence. Even if the presence of a mass-ﬂow deposit above the described frontally conﬁned slides was potentially in agreement with the
model proposed by Watt et al. (2012), this model can be excluded in
Lake Lucerne because the mass-ﬂow propagation occurred slightly
later than the propagation of basin-plain deformation rather than
being a preceding process. Furthermore, if the deformation was caused
by over-running ﬂow, the toe position of the mass-ﬂow deposit and of
the fold-and-thrust system should correspond, whereas our data indicate that the mass ﬂow was propagating further out into the basin (i.e.
Zinnen Baby slide, Fig. 6b).
In our model, the fold-and-thrust deformation structures are generated by the propagation within the basin sequence of the failing slope
mass rather than by gravity spreading induced by loading on the lake
ﬂoor (Schnellmann et al., 2005) or by impact of the failing mass (Lenz
et al., 2019). These two processes would lead to an impact depression
proximal to the base of the slope and to high circular compressional
ridges (Van Daele et al., 2013; Daxer et al., 2020; Strasser et al., 2020) instead of an elongated area of numerous arcuate compressional ridges
with deﬁned lateral boundaries (Fig. 12). The impact-induced deformation model proposed by Lenz et al. (2019) involves excess pore

basin-plain sequence followed an in-sequence propagation, with the
youngest thrusts developing in the footwall of older thrusts. The older
thrusts kept moving even after the nucleation of the younger thrusts, accumulating greater displacement during synchronous thrusting (Alsop et
al., 2018). The basinward synchronous propagation of the deformation
front is conﬁrmed by: i) blind thrusts in front of the Zinnen slides,
basinward of the main frontal thrust marking the position where the
next thrust would have formed (Nugraha et al., 2020); ii) the basinward
decrease of degree of deformation of the basin-plain sediments, with a
more preserved internal structure in the toe region (Gamberi et al.,
2011; Watt et al., 2012; Alsop et al., 2018); and iii) the same height of
all the thrusts, without enhancement of any individual thrust displacement, which would be typical of out-sequence thrusting (Frey-Martínez
et al., 2006; Alsop et al., 2018). Alsop et al. (2020) presented the possibility of signiﬁcant back-collapse of thrusts shortly after their formation, in
which the extensional reactivation of the faults may result in a partial,
full, or over compensation of the thrust displacements. In our case
study, if this process was present, it would not be relevant enough to
obliterate the morphological expression of the thrusts, which appear as
0.5 m high ridges on the present-day bathymetry.
As in other frontally conﬁned MTDs with internal fold-and-thrust
systems (e.g., Frey-Martínez et al., 2006), the deformation is rooted in
a basal shear surface, which is conformable with the surrounding strata
and represents a distinct stratigraphic horizon. The location of such a
decollement surface is usually strictly linked to the variation of geotechnical properties in the sedimentary sequence, and in particular to layers
with induced or inherited reduced shear strength and/or excess pore
pressure (Locat et al., 2014; Gatter et al., 2020). In the Chrüztrichter
slide, seismic data pinpoint the decollement surface within the Late Glacial deposits. The presence of a 1 m thick highly deformed zone below
the fold-and-thrust deformation structures (Schnellmann et al., 2005)
suggests that the decollement surface occurs in a zone more than in a
single layer. In both Zinnen slides, the decollement surface is located
at the same stratigraphic level within the upper Late Glacial sequence,
which also stratigraphically correlates to the basal failure surface of
the slide mass on the slope. The latter develops in the upper part of
the slightly underconsolidated Late Glacial sequence, characterized by
low su values (Stegmann et al., 2007; Strasser et al., 2007; Strupler et
al., 2017) (see Section 5.1.2.2). Therefore, we interpret the decollement
surface to be a continuous “weak layer” from the slope to the basin sequence, allowing the initiation of a shear band in the steepest part of the
slope and its propagation into the stable basin zone (Supplementary
data 8). This results in longer failures and in the deformation and shearing of otherwise stable sediments in the basin, as supported by numerical models by Stoecklin et al. (2020).
5.2. Slope failure and slide propagation: a new conceptual model
Based on the results and derived process-based interpretation presented above, and taking the Zinnen slide as main case study, a new
conceptual model for the propagation of basin-plain deformation structures is proposed (Fig. 11a).
The slope sequence, destabilized by an external trigger (an earthquake
in this case study), starts to fail along a speciﬁc stratigraphic level (in this
case study within the upper part of the mechanical weaker Late Glacial
sediments) and evolves as two different bodies (Fig. 11b):
a) the weak and water-saturated upper strata, due to shear stress with
the inert water column, disintegrate and mix with water, moving
downslope as a remolded mass ﬂow, forming a body still
sediment-dominated but with a very high water content (yellow
body = mass ﬂow in Fig. 11a).
b) the deeper strata behave as a coherent sliding mass, accumulating some internal deformation during the downslope
movement, and plow into the basin-plain sediments (red body
in Fig. 11a).
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pressure at the basal shear surface with evidence of ﬂuid-escape
structures in seismic data, which are not visible in the data presented
in this study. Furthermore, the impact of the failing mass on the basin
sequence generates an immediate increase of pore pressure along
the critical layer, and consequent synchronous and homogeneous
deformation of the sediments above it. This is in disagreement with
the above-described lower degree of sediment deformation in the
toe region of the deposit, which strictly linked to the basinward
propagation of the deformation front.
The mechanism for basin-plain deformation described here is similar
to the one proposed by Huvenne et al. (2002), Joanne et al. (2013), and
Nugraha et al. (2020), where the basin-sequence is deformed by a
bulldozing highly remolded debris ﬂow. Nevertheless, geotechnical data
acquired in Lake Lucerne highlight that the driving mass kept its internal
structure and strength and therefore cannot be considered as a debris
ﬂow but rather as a coherent sliding mass. The portion of slope material
that got remolded during failure and propagation was not contributing
to the basin-plain deformations but travelled above it as a mass ﬂow.

and dimensions of deformation propagation into the basin-plain sediments, as well as of a section of unfailed slope adjacent to the failure
scar areas. This makes the south-eastern slope of Küssnacht basin an
ideal laboratory not only for studying the mechanism behind the softsediment deformation structures, but also for investigating the controlling factors for both slide propagation and slope stability.
5.3.1. Slide propagation: Zinnen slide vs Zinnen Baby slide
The two slides show many similarities, but the deformation structures were developing differently in the basin sedimentary sequence.
In the Zinnen slide, the fold-and-thrust system unit has a total horizontal length of ~205 m, with the steep frontal thrust ~330 m away from the
slope break. In the Zinnen Baby slide the ~60 m horizontally-long foldand-thrust system stopped ~130 m from the slope break. Beyond the
frontal thrust, two early-stage blind thrusts indicate that the deformation front started to propagate basinward along the decollement surface
and mark the locations where the next thrusts would have formed
(Nugraha et al., 2020). Furthermore, even considering the high volumetric difference of the failing material on the slope, there is a substantial difference in the propagation and deposition behavior of this
material. In the Zinnen slide, ~75% of the failing mass was moving
basinward as a coherent sliding mass (red area in Fig. 6a), pushing
and deforming the basin-plain sediments, whereas the remaining 25%
was propagating as a mass ﬂow (yellow area in Fig. 6a). On the other
hand, in the Zinnen Baby slide, just 36% of the failing material moved
as a coherent mass, and 64% was deposited as mass ﬂow (red and yellow area in Fig. 6b, respectively; Table 1).
As highlighted in Section 4.2.1, in front of the Zinnen slide, there is a
glacial depression, clearly visible in the entire Holocene and upper Late
Glacial basin sequence, the basinward margin of which prevented further propagation of the deformation front. On the other hand, in front
of the Zinnen Baby slide the basin sequence consists of horizontal layers,
with a planar decollement surface. The dip of the decollement surface is
known to be a primary and critical factor in controlling the downslope
propagation of a sliding mass. In particular, a steeper decollement surface facilitates the sliding process, making it easier to overcome the resistance to slip (Rowan et al., 2004). This could potentially explain the
difference between the two slides, which otherwise have comparable
settings (i.e. stratigraphic succession, slope gradient, depth of basal
shear surface). After the ﬁrst thrust was formed in the base-of-slope
area of the Zinnen slide, the inclination change of the decollement surface at the glacial depression, provided the shear band with sufﬁcient
inertial energy to propagate further into the basin, enlarging the
quasi-stable zone (Puzrin et al., 2016). The shear band propagation,
and therefore the propagation of the fold-and-thrust system, stopped
at the basinward margin of the depression. The more extended propagation of the deformation front in the Zinnen slide resulted in more accommodation space for the failing material to be deposited as a
coherent mass at the base of the slope. In the Zinnen Baby slide, the deformation front started to propagate along the horizontal decollement
surface, but stopped when the resistance of basin sediments was higher
than the lateral compression stress of the coherent sliding mass (FreyMartínez et al., 2006). This resulted in two blind thrusts, a higher percentage of sediments deposited as mass-ﬂow deposit (Tables 1, 2) and
in a single, slightly more developed frontal thrust, which is displacing
the basin sequence of up to 2 m vertically, compared to 1.5 m in the
Zinnen slide. This suggests that in the Zinnen Baby slide, the basin sediments between the base of the slope and the frontal thrust have been
subjected to a higher level of compression, as conﬁrmed by the higher
lateral shortening and higher reduction in volume of the basin sequence
with respect to a reconstructed pre-failure situation. The basin sequence
has been horizontally shortened by 32% and 43% for the Zinnen slide
and Zinnen Baby slide, respectively, with a reduction in volume of 15%
and 25% (Table 3).
The higher buttress given by the horizontal sedimentary sequence at
the base of the Zinnen Baby slope slowed down the propagation within

5.3. Controlling factors
Our study area is characterized by the presence of frontally conﬁned
slides, assigned to the same trigger event and showing different styles

Fig. 12. Schematic model of (a) fold-and-thrust deformation structures generated by the
propagation of a bulldozing sliding mass within the basin-plain sequence. As highlighted
by seismic data the fold-and-thrust system is characterized by displaced packages of
rather coherent and undisturbed basin sequence (highlighted by horizontal black lines),
embedded in a chaotic-to-transparent seismic facies; (b) impact-induced deformation
structures through gravity spreading.
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Fig. 13. Hillshade of the south-eastern slope of the Küssnacht basin with the slope angle map of the acoustic substratum (top of Glacial sediments). The slope angle map was generated by
mapping the acoustic substratum in the seismic lines available (position of seismic lines used for the analysis is marked with control points). The ﬁgure highlights that the unfailed slope in
the Küssnacht basin has a lower inclination of the gliding surface compared to the failed areas. In the failed portions of the slope, the gliding surface slope angle exceeded 14°. (For
interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

formed on slope segments that steepened downwards beyond 14 and
18°. In the northern part of the basin, the headscarps are too shallow
to be completely imaged on bathymetry and seismic data, but the
scars show a mean slope angle of the gliding surface of 20°, whereas
in the unfailed section, slope angles of stratigraphic-equivalent potential weak-layer surface never exceed 14°, with a mean value of 10°.
This threshold is consistent with what has already been observed and
conﬁrmed by slope stability analysis in Lake Lucerne (Strasser et al.,
2011) and in the nearby Lake Zurich (Strupler et al., 2018). In both
lakes, most of the translational failures of the last ~5000 years are located on slopes with a mean slope angle between 10° and 25°, which
are also the ones presently most prone to failure. Those slopes are gentle
enough to allow sediment accumulation, and steep enough for an external trigger (i.e. earthquake) to generate shear stresses greater than the
sediment shear strength (Strupler et al., 2018). The difference in slope
gradient of the gliding surface in the unfailed slope is explained by a different sedimentation process generating the acoustic substratum that
might be caused by a fault displacing the molasses bedrock (dashed red
line in Fig. 13) forming on land a depression with a small inﬂow. In Glacial
times, when the acoustic substratum was formed, this small stream was
most likely a bigger glacial meltwater inlet so that the substratum of the
unfailed slope area might have been an active delta fan. This assumption
is also supported by the reconstruction of the slope-basin break before the
1601 CE earthquake (dotted white line in Fig. 13). The line shows a fan-

the basin-plain sequence of the coherent mass, which had less accommodation space for depositing at the base of the slope. This led to increased turbulence at the base of the slope between the failing
material and the water column, and therefore to a higher water entrainment. A higher amount of failing material got remolded and underwent
ﬂow transformation into the evolving mass ﬂow, explaining the higher
percentage of material deposited as mass ﬂow in the Zinnen Baby slide
compared to the Zinnen slide (Tables 1, 2).
5.3.2. Slope stability: unfailed slope
As shown in the bathymetric data (Fig. 5), just a small section (~0.26
km2) of the entire south-eastern slope of Küssnacht Basin did not collapse during the 1601 CE earthquake. This section is located in the central part of the slope, between the Zinnen slide described by
Schnellmann et al. (2005) and the Zinnen slide discussed in the present
study. As shown by short core and CPT data, it is characterized by a slope
sequence that is highly comparable with sediments characterizing the
nearby failed slopes. The slope angle map of the acoustic substratum
(located at the top of the Glacial sediments; Fig. 13), can be approximated as the slope angle of the gliding surface due to the thin drape of
unfailed Late Glacial sediments. The unfailed section of the slope has a
lower inclination of the gliding surface with respect to the failed slopes
where slope inclination is exceeding ~14°. This threshold is particularly
clear for the slides south of the unfailed slope, where the headscarps
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Stoecklin et al., 2020). The acquisition of CPT data in the undisturbed
basin sequence and along the axis of the slide deposit represents a novelty in this ﬁeld. These data were essential for quantifying the degree of
deformation of the different units of the MTD and, therefore, for proposing the new conceptual model. The geotechnical observations gained
further reliability by integrating the geophysical data, and found additional conﬁrmation in outcrop-based studies of fold-and-thrust systems. In summary, this study highlights the potential of investigating
easy-to-access lacustrine frontally conﬁned slides for improving our understanding of subaqueous slides at the much larger scale of the marine
realm.

shaped curve in front of the unfailed slope, which is interpreted to be the
superﬁcial expression of the paleodelta below.
6. Conclusions
By using a multidisciplinary approach, we investigated outstanding
examples of frontally conﬁned slides in Lake Lucerne.
We present the following conclusions:
• The new data acquired in the Küssnacht Basin show that the southeastern slope of the basin almost entirely collapsed during the 1601
CE earthquake, generating outstanding examples of frontally conﬁned
slides with a different propagation distance despite having similar
height drops and slope angles.
• The high-resolution data allow conﬁrming and further reﬁning the
earlier description of frontally conﬁned MTDs by Schnellmann et al.
(2005). These MTDs can be subdivided into three different units: i)
mass-slide deposit, located at the base of the slope and consisting of
slightly deformed slope sediments, ii) fold-and-thrust system, with
far-reaching deformation structures within the basin-plain sequence,
expressed on the lake ﬂoor as compressional ridges, and iii) an overlying mass-ﬂow deposit, consisting mainly of highly remolded slope
sediments.
• Deformed and thrusted basin sediments in the fold-and-thrust system
show lower water contents, higher densities and higher absolute
values of undrained shear strength with steeper increasing trends
with depth when compared to the undisturbed sequence. This
strengthening is caused by the lateral compression and compaction
of high-plasticity sediments.
• We propose a new conceptual model, in which the destabilized slope
sequence propagates basinward as two different bodies: a remolded
mass, which propagates as mass ﬂow on the lake ﬂoor, and a coherent
sliding mass, which plows into the basin-plain sequence, generating
the fold-and-thrust deformation structures. This process operates in
conjunction with a shear band propagation, which starts in the slope
and can further propagate in otherwise stable areas of the basin, generating laterally extensive basin-plain deformations.
• The fold-and-thrust structures developed following an in-sequence
synchronous propagation, with the internal sediments showing
higher deformation and compression.
• The mass ﬂow is slightly delayed with respect to the propagation of the
fold-and-thrust structures within the basin sequence, as indicated by
the superﬁcial erosion highlighted by short core analysis. Such new information on relative kinematics of genetically-linked but individuallyevolving mass movement bodies documents that lake ﬂoor deformation in frontally conﬁned slides occurs rapidly and should be considered
in tsunami hazard assessments from subaquatic landslides.
• The topography of the basin and a subtle change in inclination (only ~2–
3°) of the basal shear surface can affect the propagation and depositional behavior of frontally conﬁned slides. The presence of a topographic depression in front of a destabilized slope can facilitate the
propagation of the deformation front, resulting in more accommodation
space for the slope sequence to be deposited as coherent mass at the
base of the slope.
• The slope angle of the gliding surface is a main controlling factor in determining whether a slope stays stable during strong earthquake shaking, or whether it fails. During the 1601 CE earthquake, slides in the
Küssnacht Basin exclusively took place in locations where the gliding
surface was steeper than ~14°.
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