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Abstract

Lakes can be used as model basins to investigate subaqueous slope stability under static and dynamic loading conditions. This study
combines geophysical, sedimentological and in situ geotechnical methods with limit equilibrium calculations in order to discuss (i) the
geological and sedimentological processes acting on submerged non-deltaic lateral slopes in perialpine, fjord-type Lake Lucerne (Central
Switzerland); (ii) their control on physical and geotechnical properties that eventually affect the subaqueous stability conditions and slope
failure initiation, and (iii) the quantitative assessment of subaqueous slope stability. Three detailed case studies are presented to describe
and quantitatively reconstruct stability conditions of slopes that failed during a well-documented historic earthquake in 1601 A.D. and
during a prehistoric Late Holocene earthquake around 2220 cal yr BP (bothMwN6).

Glacio-lacustrine sedimentation dominated by suspension settling from meltwater plumes and slight overconsolidation from
ice-grounding during small readvances of a generally retreating glacier lead to a peculiar glacial-to-postglacial lithologic slope
succession that eventually was buried by the Holocene sediment drape. During past earthquake shaking, the slopes that were stable
under static loading conditions (factor of safety of 1.5–2) failed along planar sliding surfaces that developed at the lithological
boundary between fine-grained, thinly-laminated, slightly underconsolidated cyclic plume deposits with low undrained shear
strength values above and overconsolidated, glacially-deformed, glacio-lacustrine deposits with excessive formation pore pressure
below. Measured in situ shear strength characteristics and sediment geometries were implemented into limit equilibrium models
that allow for quantitative reconstruction of critical ground accelerations of past earthquakes in Central Switzerland. Results reveal
seismic peak ground acceleration (PGA) of ∼0.08 g and ∼0.14 g for the historic 1601 A.D. Mw ∼6.2 earthquake and the
prehistoric, ∼2220 cal yr B.P. earthquake, respectively. Additionally, results reveal that stability conditions change over relative
short geological time scales because the postglacial sedimentation rate, which mainly controls the static weight of the slope
sediment acting on the critical lithological boundary, turns out to be a key parameter in “charging” slopes susceptible to sliding.
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1. Introduction

Local instability of submerged sediment-covered
slopes are common features in both marine and
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lacustrine environments and may have considerable
catastrophic impact on offshore and coastal infrastruc-
ture (e.g. Shilts and Clague, 1992; Chapron et al., 1999;
Locat and Lee, 2002; Boe et al., 2004; Lee, 2005). They
originate from various processes such as erosion, rapid
sedimentation, gas release or migration, earthquake
shaking, diapirism, glacial and tidal loading, wave
action, or clathrate dissociation (Hampton et al., 1996;
Locat and Lee, 2002). Some of these geological
processes act on the submerged slopes over longer
time periods and are considered as causal factors
whereas others are of instantaneous nature (e.g. earth-
quakes) and are thus referred to as short-term trigger
mechanisms (Locat and Lee, 2002; Sultan et al., 2004).
To understand past slope failure events and to eventually
assess subaqueous landslide hazard, it is essential to
reconstruct the pre-failure and failure conditions
associated with subaquatic landslides (Leroueil et al.,
1996), and also to quantitatively distinguish between
long-term and short-term trigger processes.

Much of what is known today about subaqueous slope
stability and hazard-related issues of underwater mass
movements has been established from case studies during
international campaigns along continental margins (e.g.
Costa-Project (Mienert, 2004; and references therein) and
Strataform-Project (Nittrouer, 1999; and references there-
in); see Locat and Lee (2002) for general summary) or
from theoretical approaches using laboratory data or
numerical modeling techniques (e.g. Biscontin et al.,
2004; Azizian and Popescu, 2006). These studies present
major advances in the quantitative assessment of
submarine slope stability, but have also shown the
challenges in determining in situ physical and geotech-
nical properties (e.g. shear strength and pore pressure) that
are crucial for quantitative slope stability analysis. In the
submarine environment, coring and in situ testing tools
are expensive and critical subsurface structures along
which failure occurred (or might occur in the future) are
often located in depths inaccessible by those devices.
Therefore, the acquired shallow subsurface data have to
be extrapolated to critical depths (e.g. Urgeles et al., 2006)
or the stability has to be assessed through normalized
approaches (Lee and Edwards, 1986).

This study uses the lacustrine environment as a
“model ocean” to quantitatively analyze subaqueous
slope stability under static and dynamic loading. Due to
their well-constrained boundary conditions, their smal-
ler size and the possibility to be investigated on a
complete basinwide scale, mass movements in lacus-
trine environments offer a series of advantages that
make lake studies vital to improve our knowledge on
marine processes. The three case studies of seismically-
triggered slope failures in perialpine, fjord-type Lake
Lucerne (Central Switzerland) presented here allow a
quantitative discussion about the relationship between
long-term causal factors and short-term trigger mechan-
isms. Methods developed for oceanographic and
geotechnical investigations campaigns were utilized
for site characterization. The limited sediment thickness
covering the bedrock allows a complete in situ
characterization of the slope-covering strata in failed
as well as in stable areas. The combined geophysical,
sedimentological, in situ geotechnical and limit equilib-
rium study presents a novel approach for slope stability
assessment in the lacustrine environment, but resulting
conceptual ideas give also new inputs in the context of
larger slope instabilities occurring in particular in fjords
or – more generally – on continental margins.

The primary objectives of the study are: (i) to
understand the sediment dynamics and their control on
the stability conditions along the lateral, non-deltaic
slopes of Lake Lucerne; (ii) to quantify the sliding
related key-characteristics (morphology, sedimentology,
physical properties and in situ geotechnical parameters)
of three earthquake-triggered slopes failures; and (iii) to
quantitatively reconstruct seismic ground accelerations
that affected the slopes at the time of failure.

2. Geological setting/Lake Lucerne

Lake Lucerne is a fjord-type, perialpine lake of
glacial origin situated in Central Switzerland (∼47°N,
8.5°E; 437 masl.; area=116 km2; Fig. 1). It consists of
seven steep-sided sub-basins with relatively flat basin
plains down to 220 m maximum water depth (Bührer
and Ambühl, 1996). The substratum of Lake Lucerne is
composed from S to N by the Helvetic Nappes, the
Subalpine Molasse and the Plateau Molasse which are
separated by the Northern Alpine thrust and Subalpine
thrust, respectively (Fig. 1). The lake's complex shape
and morphology result from efficient glacial erosion
along weak zones associated with the regional geology.
Past lake levels were slightly lower (∼−9 m) and
probably increased stepwise related to the growth of two
opposing deltas in the outlet region near the city of
Lucerne (Kopp, 1938).

This study concentrates on the lateral non-deltaic
slopes of the external Chrüztrichter and Vitznau basins
(Figs. 1 and 2) that are separated from the major deltas
by sills formed by submerged moraines (Hantke, 2003).
The three discussed study sites (i.e. the Weggis, St.
Niklausen and Chrüztrichter sites) are located north of
the Northern Alpine Front in areas with a molassic
substratum consisting of sandstones and conglomerates.



Fig. 1. Overview map of Lake Lucerne and its surroundings (shaded relief from 25 m digital terrain model, Swisstopo) showing the seven steep-sided
sub-basins with flat basin plains. Bathymetric contour interval is 40 m. Dotted contour lines represent 20 m intervals and aim to clarify bathymetry.
The rectangle indicates the study area and outlines location of subsequent Fig. 2. The dotted and dashed lines mark the Alpine and the Subalpine
Front, respectively (see Section 2). Black circle in the SW corner of the map indicates estimated epicentral location of 1601 A.D. Mw ∼6.2
Unterwalden earthquake (Schwarz-Zanetti et al., 2003; Gisler et al., 2004).
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In the central region of the investigated sub-basins
the bedrock is covered with an up to 120 m-thick,
mainly glacial and glacio-lacustrine infill (Finckh et al.,
1984). The majority of these sediments were deposited
in a sub-glacial environment within relatively short time
during the end of the last Glacial period. The Late
Glacial basin sediments are comprised of thinly-
laminated light gray to yellowish mud with frequent
intercalated graded turbidite beds. The Holocene
Fig. 2. Bathymetric map of Chrüztrichter and Vitznau basins showing the outl
location of the map segment). Slide complexes are marked with grey shadings
respectively. Contour interval is 10 m. The bold dotted line in the SE corner
glacier front stage during deglaciation (Hantke, 2003). Bold lines indicate pos
white circles give position of piston cores and in situ testing sites.
sediments consist of 5 to 15 m-thick, faintly laminated
grayish to brownish mud with dark layers rich in organic
matter and some intercalated graded turbidite beds
(Schnellmann et al., 2006). Previous studies identified
numerous mass-movement deposits related to a historic
Mw 6.2 earthquake occurring in 1601 A.D. (Unterwal-
den Earthquake; Schwarz-Zanetti et al., 2003; Gisler
et al., 2004) in the subsurface of Lake Lucerne
(Siegenthaler et al., 1987, Lemcke, 1992; Schnellmann
ine of the Weggis, St. Niklausen and Chrüztrichter Slides (see Fig. 1 for
, whereby dark and light grey indicate erosional and depositional zones,
indicates a major subaqueous sill and corresponds to an intermediate
ition of 3.5 kHz seismic profiles presented in subsequent figures. Open
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et al., 2002, 2005, 2006). Thirteen synchronous mass
movements related to this event triggered a tsunami
wave up to 4 m in height and a subsequent seiche wave
that lasted for several days (Cysat, 1601; Schnellmann
et al., 2002). In the deeper subsurface, five additional
event horizons containing seismically-triggered syn-
chronous mass movements were identified that have
occurred in the last 15000 yr. Schnellmann et al. (2006)
provide a chronological catalogue of Late Glacial and
Holocene mass-movement deposits and related sub-
aqueous landslide scars in the two studied sub-basins.
Slope failures are mostly characterized by translational
movement and occurred in water depths ranging from
30–100 m. This study focuses on the source areas and
on the pre-failure and failure conditions of three well-
dated landslides, the deposits and depositional mechan-
isms of which are well constrained and for which strong
seismic shaking was singled out as trigger mechanism
(Schnellmann et al., 2005, 2006; Fig. 2).

3. Methods

3.1. Sub-bottom profiling

Closely spaced (∼30–50 m grid spacing), single
channel high-resolution 3.5 kHz seismic profiles (pinger
source) were acquired in 2005 in order to refine the
existing basinwide seismic data set (Schnellmann et al.,
2006) in the areas of the three study sites. The source/
receiver was mounted on a cataraft that was pushed in
front of a small vessel. DGPS-positioning with a
maximum error of ±2 m guaranteed accurate navigation.
The digitally recorded datawas processed using both a flat
gain and band-pass filtering. Two-way travel time was
converted to water depth and sediment thickness using a
constant velocity of 1450ms−1. Nomigrationwas applied
to the data because visual quality and readability is better
in the non-migrated data and slope dip errors due to non-
migration of the seismic sections are negligible (b2%).

3.2. Coring and laboratory analysis

At each study site, two Kullenberg-type gravity
piston cores (Kelts et al., 1986), each 4.5–7 m in length,
were recovered in the undisturbed slope-covering
sediments adjacent to the failure scars. These cores
provide material for both detailed characterization of
sedimentological and physical properties, and for further
geotechnical analysis on undisturbed samples. Addi-
tionally, at each study site 3 short gravity cores with a
maximum length of 2 m were recovered along the failed
slopes downslope of the failure scar.
The cores were logged in the Limnogeology Labo-
ratory at ETH Zurich using a GEOTEK Multisensor
Core Logger (MSCL), which measures Gamma Ray
Attenuation bulk density, compressional wave velocity
and magnetic susceptibility. Afterwards, cores were split
for sedimentological description (macroscopically and
using smear slide techniques; Rothwell, 1989; Kelts,
1998). Immediately after splitting, cores were photo-
graphed and natural water content measurements were
performed by weighing 10 cm3 of sediment before and
after drying in an oven at 105 °C. On the freshly split
sediment surface, undrained shear strength was mea-
sured perpendicular to bedding at ∼15 cm intervals
using a pocket vane shear testing device (Eijkelkamp).
Atterberg limits were determined according to British
Standards 1377 (Institute B.S., 1977) using a Casa-
grande apparatus. Grain size analysis were performed
using laser diffraction techniques (Malvern Mastersizer
Hydro 2000S) at ∼10 cm intervals along the split core.
Gravel clasts N2000 μm in the glacio-lacustrine
sediments recovered at the bottom of the cores were
removed by sieving prior to analysis, and clast diameters
were estimated visually. Additionally, selected samples
were analyzed for solid volume using a helium
pycnometer device at the Rock Deformation Laboratory
at ETH Zurich to derive grain density values. To
characterize the consolidation history of the material,
one dimensional consolidation tests (oedometer) were
performed on two end-member lithologies from undis-
turbed samples taken from core 4WS05-K5 (Weggis
site) at the Research Center Ocean Margins (RCOM), in
Bremen. Specimens of 2 cm height and 5 cm in diameter
were trimmed out of whole-round core samples and
incrementally subjected to normal loads of up to 4 MPa.

3.3. In situ geotechnical testing

At the Weggis and St. Niklausen sites (see Fig. 2 for
location) in situ geotechnical strength measurements
were performed at ∼50 cm intervals throughout the
sediment profile. Both vane shear tests and Cone
Penetration Testing (CPT; with pore pressure measure-
ments) were performed to identify the in situ undrained
strength profile. By using two independent methods the
strength versus depth profile could be independently
confirmed. Additionally, local induced excess pore
pressure response could be measured and monitored to
approximate the in situ pore pressure distribution.

The in situ vane shear tests were performed using a
vane shear probe of 6.5 cm diameter (Geonor A/S) that
was lowered in a casing mounted on an anchored
platform. At each target depth the probe was extruded
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carefully from the casing into the undisturbed sediment
and rotated mechanically from the platform at constant
rate (6°/min) until failure occurred. In the water
saturated, fine-grained sediment, the hereby induced
excess pore pressure does not have time to dissipate,
thus the measured peak strength is inferred to be the in
situ undrained shear strength (cu in situ). The residual
strength was then deduced from a consecutive test at the
same interval. Only in the lowermost part of the section
the measurements might be biased by the presence of
gravels that occasionally block the vane shear device
during rotation. Calibrating the system in the casing in
the water above the lake bottom revealed negligible
additional friction of the rotating rod. However, some
inaccuracy results from the slight sediment disturbance
when the probe is lowered. This results in under-
estimating the real in situ strength condition. Although
the measurements were performed during calm periods
with no wind-driven waves on the lake, minor waves
from boats could not always be avoided so that early
failure due to wave induced vertical movement of the
vane shear device during the tests cannot always be
excluded, potentially providing a second source for
underestimating the actual in situ strength values.

A marine free-fall penetrometer from RCOM Bre-
men was used to measure strength and pore pressure in
situ (Stegmann et al., 2006). The autonomous working
tool consists of a standard industrial 15 cm2 CPT cone
and a pressure housing containing the power supply,
data acquisition and an acceleration sensor. The tests
were performed at the same location and at comparable
depth intervals as the vane shear test. The CPT-
instrument was lowered carefully from the anchored
platform using a 4×4 car winch at the lowest possible
rate (average rate ∼2 cm/s) into the sediment, rested at
each level for 10 min for pore pressure dissipation, and
was then lowered to the next level, and so on. Insertion
of the probe results in a compaction of the sediment,
which generates an artificial excess pore pressure spike
followed by pressure decay that approaches ambient
values. By monitoring and evaluating the pore pressure
dissipation after insertion, qualitative permeability
conditions can be estimated (for details see Terzaghi,
1925). Additionally, these measurements provide con-
firmation that the strains induced during testing result in
excess pore pressures and thus undrained loading at the
test locations. Undrained shear strength (cu in situ) was
derived based on an empirical equation with the
measured cone resistance during CPT-lowering using a
standard cone factor (Nk), of 15 and 17 for normally
consolidated clays and overconsolidated clays, respec-
tively (for details see Lunne et al., 1997). Vane and cone
penetration derived undrained shear strength cannot be
directly compared because absolute values may differ
significantly due to fundamental differences in the
mechanical behavior between vane shearing and cone
penetration (Lu and Bryant, 1997). Thus, the two
independently measured cu in situ values are only
considered for first order comparison of magnitude,
but they can be used to identify characteristic strength
versus depth trends.

3.4. Slope stability evaluation

2-D limit equilibrium slope stability analysis (for
details see e.g. Duncan, 1996) were carried out using the
commercially available software package Slide
(Rocscience Inc.) that is widely used in geotechnical
engineering for slope stability assessments under
subaerial conditions, but allows for adaptation to the
subaqueous environment. The program uses equal-
width slices and allows for input of a slope profile,
sub-bottom geometry of layers, their geotechnical
properties and a predefined failure surface geometry.
Additionally, a pseudostatic acceleration can be used to
model the peak ground acceleration generated by
earthquakes and to evaluate the seismic slope stability.
This parameter assumes that the earthquake acceleration
is applied over a significantly long period of time so that
the induced stresses can be considered constant
(Hampton et al., 1996). Thus, the dynamic response of
the sediment cannot be taken into account. The output
factor of safety (FS; i.e. the ratio between the resisting
shear strength and the sum of all loading forces
(mobilized shear stress)) is calculated using a combined
General Limit Equilibrium (GLE)/Morgenstern–Price
method (Morgenstern and Price, 1965; Fredlund and
Krahn, 1977).

Two types of analysis were performed: (i) Determin-
istic back-analysis of seismically-triggered slope fail-
ures, and (ii) probabilistic limit equilibrium slope
stability calculations. The back-analysis approach
assumes FS=1 at failure and tries to constrain the
parameter combinations that could produce instabilities.
Contrary to this deterministic method that uses one
single constant value for each input parameter, the
probabilistic approach considers variability and hence
uses amean and standard deviation value. Here, the input
data samples are randomly generated using the Monte
Carlo sampling method simulating the uncertainty and
variability of each input parameters. FS is calculated for
N1000 runs and model outputs reveal mean FS value of
the modeled slope and the corresponding probability of
failure (i.e. % of all analyses with FSb1).
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4. Data and results

Seismic interpretation and bathymetric evaluation
allowed three target locations to be identified that are
well suited for the purpose of this study (i.e. theWeggis, St.
Niklausen and Chrüztrichter sites). They are characterized
by (i) clear landslide scars related to known mass-
movement events, (ii) undisturbed postglacial drape
thickness adjacent to the failure scar b8 m (i.e., can be
penetrated with coring and in situ testing probes), and (iii)
water depth b40 m for in situ vane shear testing. In this
section the analyzed morphological, sedimentological and
geotechnical characteristics of this three studied lateral
slopes that failed during past earthquakes are presented.

4.1. Case study sites

4.1.1. Weggis Slide
The largest slide in the study area, the Weggis Slide,

mobilized ∼8.5×106 m3 of sediment and is located on
the northern slope of the Vitznau sub-basin (Figs. 2 and
3A). Previous studies by Siegenthaler et al. (1987),
Lemcke (1992) and Schnellmann et al. (2002, 2005,
2006) have shown that this landslide is related to the
1601 A.D., Mw ∼6.2 earthquake. The slide scar reaches
a maximum height of 6 m and extends laterally over
more than 6 km in water depths ranging from 30 to
100 m along the relatively gently dipping, 5° to 15°
steep lateral slope. In Fig. 3A, the slide scar appears in
approximately 35 m water depth in a zone, where the
slope inclination increases downwards from b10° to
∼15°. In the uppermost part of the eroded slope
acoustically chaotic to transparent proximal mass-
movement deposits can be identified. The observed
bathymetric step in the lower part of the slope is caused
by conglomerate banks of subalpine molasse rocks in
the substratum. The slide scar cuts through a 4 m-thick,
acoustically laminated sedimentary drape (referred to
Holocene and Late Glacial deposits in Fig. 3) that
overlies a thin seismostratigraphic unit characterized by
a high-amplitude chaotic reflection pattern that is hardly
distinguishable from the acoustic basement. This
observation suggests that bedrock is covered by a few
meters of glacial deposits. However, seismic penetration
and resolution do not allow for exact mapping of this
boundary. The absence of the entire drape clearly points
towards a translational sliding mechanism with the
glacial deposits acting as a base for the failure surface.

4.1.2. St. Niklausen Slide
Offshore the village of St. Niklausen in the western

Chrüztrichter sub-basin (Fig. 2), stacked debris-flow
deposits in the basin plain (Fig. 3B) indicate that parts of
the slope have repeatedly been active in Late Glacial and
Holocene times, with the youngest being the largest
event that affects a total mobilized volume of
∼1.5×106 m3. St. Niklausen Slide is smaller than the
Weggis Slide described above and is of medium size
compared to other Lake Lucerne subaqueous mass
movements (Schnellmann et al., 2005, 2006). It was
dated at 2180–2410 cal yr B.P. (Schnellmann et al.,
2006) and is part of a multiple-slide event that was
triggered by a major northern alpine earthquake
(MwN6.5; 2220±40 cal yr B.P.; Strasser et al., 2006).
A 1.5 km-long and up to 6 m-high slide scar assigned to
this 2220 cal yr B.P. slope failure event is located on a
steepening-downward slope in 40–50 m water depth
(Fig. 4B). Below the failure scar, a 1.6 m-thick post-
landslide sedimentary drape covers the ∼13° steep
slope. Seismic data reveal the same acoustic character-
istics as observed on the Weggis slope described above,
with slightly more pronounced continuous, parallel
high-amplitude reflections in the undisturbed, acousti-
cally laminated drape upslope the failure scar (Fig. 3).

4.1.3. Chrüztrichter Slide
A third subaqueous landslide, triggered by the 1601

A.D. earthquake (Schnellmann et al., 2005), was
surveyed in great detail. The relatively small Chrüz-
trichter Slide (∼0.18×106 m3 eroded volume) is located
on the northeastern edge of the Chrüztrichter basin and
affects an area of 0.3 km2 from the failure scar to the toe
of the deposits. The failure scar lies on a ∼13° steep,
northward-dipping slope of a small subaqueous mound
at 30–40 m water depth. It cuts a ∼6 m-thick,
acoustically laminated sedimentary drape that overlies
acoustic basement in the undisturbed slope environ-
ment, both upslope and lateral to the failure scar (Fig. 4).

4.2. Lithostratigraphy

The continuous glacial-to-postglacial sedimentary
succession covering the undisturbed lacustrine slope at
the three study sites was recovered in 6 piston cores (two
at each site) immediately upslope (Weggis/St. Niklau-
sen) or adjacent (Chrüztrichter) to the failure scar (see
Figs. 2–4 for location). Figs. 5–7 show the composite
plots of all data obtained at the three study sites. The
sedimentary succession is very similar at all three sites
and shows three distinct lithologic units composed of
(from top to bottom): Unit 1 (2.5–4.9 m thick):
homogenous to mottled, olive gray, silty clays with
abundant organic material. The sediment is mainly of
detrital origin with variable amounts of authigenically-



Fig. 3. 3.5 kHz seismic lines illustrating the structure of the Weggis Slide (A) and St. Niklausen Slide (B). See Fig. 2 for location of seismic lines.
Inlets show enlarged details of the scars with slope model interpretations of lithological units as cored in reference cores. In the uppermost part of the
eroded Weggis slope (A) the acoustically chaotic to transparent unit with an irregular upper surface is interpreted as proximal mass-movement
deposit.
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produced carbonates and diatoms; Unit 2 (1.2–1.6 m
thick): yellowish light gray, thinly-laminated (mm to
sub-mm-scale), clays and clayey silts of detrital origin
(Fig. 8A); Unit 3 (1–2 m thick) tilted and deformed
thinly-laminated yellowish to light gray clayey silts to
silty clays with sparse (b20%) sand and medium-sized
gravels up to 4 cm in diameter (Fig. 8B) floating in the
fine-grainedmatrix. These angular, poorly sorted gravels
show clear glacial striation and cover a wide range of
lithologies also including crystalline basement rocks that
only outcrop far south of Lake Lucerne. At the base of
core 4WS05-K1 (St. Niklausen), a 15 cm-thick diamict
deposit with clasts of glacial origin in a poorly sorted,
clay–silt–sand matrix was recovered. Although the
lowermost part of this core shows coring disturbances,
this basal layer can be interpreted as a till deposit.



Fig. 4. Two parallel-oriented 3.5 kHz seismic lines across the sub-lacustrine slope in the northeastern edge of Chrüztrichter basin. Distance between
the lines is about 80 m. For location see Fig. 2. (A) Profile shows an undisturbed slope characterized by an approximately 6 m-thick continuous
sedimentary drape directly overlaying acoustic bedrock and location of cores 4WS05-K3 and K4. (B) Profile displays failure scar of Chrüztrichter
Slide with slope model interpretation of lithological units as cored in reference core 4WS05-K4 and short cores 4WS04-7 and 8, which recovered the
failure plane of the 1601 A.D. slope failure in core depths of 0.4 m below lake floor. Figure modified after Schnellmann et al. (2005).
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Unit 3 can be assigned to the thin seismostrati-
graphic unit showing high-amplitude, chaotic reflection
patterns as observed at the Weggis site (see Section
4.1.1) and is interpreted to represent glacially-deformed
glacio-lacustrine deposits (see discussion in Section
5.1.1). Units 1 and 2 can be correlated by seismic
stratigraphy, lithological facies and physical properties
(mainly magnetic susceptibility and bulk density) to
lithologies recovered and dated in sediment cores from
the deep basin (Schnellmann et al., 2006; Thevenon
et al., submitted for publication) revealing Holocene
(b11500 cal yr B.P.) and Late Glacial (N11500 cal yr
B.P.) ages, respectively. They represent the draping
“slope-cover” sediment facies deposited in Lake
Lucerne since the glacial retreat from the Swiss Plateau
around 17500 cal yr B.P (Lister, 1988; Wessels, 1998;
see discussion in Section 5.1.2). Sedimentation rates
in the Late Glacial Unit 2 are similar at the Weggis
and Chrüztrichter sites (20 to 21 cm/ka) and slightly
higher at the St. Niklausen site (∼26 cm/ka). There, the
sediments have slightly higher silt contents and few
0.5–2 cm-thick sand layers in the lower part of the
postglacial section indicate higher detrital input possi-
bly from a small local creek entering the lake nearby. In
contrast, sedimentation rates for the Holocene Unit 1
differ significantly from site to site. At the Weggis site,
they are in the same order as during Late Glacial times
(∼22 cm/ka), while they are clearly higher along the
submerged slope offshore St. Niklausen (∼36 cm/ka)
and reach maximal values at the Chrüztrichter site
(42 cm/ka). The difference in sedimentation rate may be
caused by small local creeks, currents (Aeschbach-Hertig,
1994) and different amounts of biogenic sedimentation that
favors deposition along the St. Niklausen and Chrüztrichter
slope.

4.3. Physical properties

Physical property data from all three sites reveal
significant contrasts inmostmeasured parameters between
the postglacial (Units 1 and 2) and the glacio-lacustrine
deposits (Unit 3; Figs. 5–7). Generally, the Holocene
section is characterized by downward increasing values of
bulk density (ρbulk) with depth, whereas natural water
content and Atterberg limits decrease gradually down-
section.Only solid grain densities aremore or less constant
throughout the section with values of ∼2.75 g/cm3 and
∼2.8 g/cm3 in the Holocene deposits and in the Glacial to
Late Glacial material, respectively. At the Weggis site,
absolute ρbulk values increase stepwise at lithological
boundaries from 1.3–1.4 g/cm3 in Unit 1 to 1.45–1.55 g/
cm3 in Unit 2, whereas at the two other sites, ρbulk values
more gradually increase from ∼1.3 g/cm3 in the middle
part of the Holocene section to ∼1.55 g/cm3 in the Late
Glacial deposits. The boundary between the postglacial
and the glacial deposits is characterized by a dramatic
increase in ρbulk of ∼0.3 g/cm3 at Weggis and Chrüz-
trichter sites. This boundary is further characterized by a
significant change in the liquidity index, because natural
water contents (w) in the postglacial sediments (decreasing
from ∼150–175% of dry weight in the uppermost part to
∼60–75% in the laminated Late Glacial clays) are higher
than the liquid limits (wL) of these sediments, whereas w
values (∼40–50%) plot below the respectivewL-values in
the glacio-lacustrine deposits of Unit 3. However, at the St.
Niklausen site the contrast in physical properties between



Fig. 5. Data obtained from core 4WS05-K6 and from in situ tests summarizing sedimentological and geotechnical characteristics of the undisturbed continuous glacial-to-postglacial sedimentary
succession covering the sub-lacustrine slope offshore Weggis. The site is located immediately upslope the failure scar (see Figs. 2 and 3A for location). Asterisks indicate the presence of material with
grain size N2 mm (that are not considered in this plot). 85

M
.
Strasser

et
al.

/
M
arine

G
eology

240
(2007)

77–97



Fig. 6. Data obtained from core 4WS05-K1 and from in situ tests summarizing sedimentological and geotechnical characteristics of the undisturbed
continuous glacial-to-postglacial sedimentary succession covering the sub-lacustrine slope offshore St. Niklausen. The site is located immediately
upslope the failure scar (see Figs. 2 and 3B for location). Asterisks indicate the presence of material with grain size N2 mm (that are not considered in
this plot).
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the postglacial sediments and glacial deposits is less
pronounced than at the other sites (Fig. 6). This is most
likely caused by coring disturbances in the lowermost part
of core 4WS05-K1.

At the Weggis site, two samples from immediately
above and below the characteristic boundary between
Units 2 and 3 were examined with one dimensional
consolidation tests (oedometer) to determine the con-
solidation history and relative permeability of the
material. Results reveal that the laminated Late Glacial
clays are slightly underconsolidated (OCR=0.86)
whereas the glacio-lacustrine deposits of Unit 3 are
overconsolidated (OCR=1.58). Both sediment types
show low permeability, with the plastic glacial material
from Unit 3 being less permeable (hydraulic conduc-
tivity (K)=5.35×10−10 m/s) than the postglacial sample
(K=5.32×10−9 m/s) (for details see Stegmann et al., in
press).

4.4. Shear strength

Undrained peak (cu) and residual shear strengths
slightly vary with respect to the three different test
methods utilized, but all three approaches reveal the



Fig. 7. Data obtained form core 4WS05-K4 summarizing sedimentological and geotechnical characteristics of the undisturbed continuous glacial-to-
postglacial sedimentary succession covering the sub-lacustrine slope at the study site in the source area of the Chrüztrichter Slide. The site is located
adjacent to the failure scar (see Figs. 2 and 4 for location).
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same relative trend (Figs. 5–7): The Holocene Unit 1 is
characterized by linearly increasing cu values with
depth, whereas values in the upper part of the Late
Glacial Unit 2 are constant and even show a clear
downward decrease immediately above the contact with
the glacial deposits that again show significantly higher
strength values (well pronounced at St. Niklausen and
Chrüztrichter sites; Figs. 6 and 7).

Measured cu in situ values from in situ vane shear tests
generally show slightly lower values than those from in
situ CPT and laboratory test. This result is interpreted to
be caused by disturbances to the material during probe
insertion and small waves during the vane shear testing,
resulting in slight underestimates of cu in situ (see Section
3.3). At the Weggis site, cu in situ values derived from
CPT testing and cu values obtained from laboratory tests
correlate well and reveal similar values that increase
within the upper 2.5 m (Unit 1) to ∼5 kPa. At the St.
Niklausen and Chrüztrichter sites, highest laboratory-
derived cu values at the base of the Holocene Unit 1
reach 9 and 7.5 kPa, respectively. In the laminated Late
Glacial clays of Unit 2, cu values vary between 5–8 kPa
(laboratory and in situ CPT-test) and 2–5 kPa (in situ
vane shear test) but indicate more or less constant
strength characteristics in the upper part and a clearly
downwards decreasing trend in the lowermost part of
the cores. The glacio-lacustrine sediments of Unit 3
show significantly higher strength values, but absolute
values derived from the different methods scatter
between 3 and 27 kPa. The fact that Unit 3 shows



Fig. 8. Core photographs showing: A) thinly-laminated Late Glacial clays (core 4WS05-K6); B) glacially-deformed overconsolidated glacial-
lacustrine deposits (core 4WS05-K6); C) 2 cm-thick, grey homogenous silty clay layer between 44 and 46 cm of core 4WS05-WG/SC assigned to the
Weggis Slide overlying tilted glacio-lacustrine deposits; and D) sharp and erosive boundary at 46 cm of core 4WS04-7 (i.e. failure plane of
Chrüztrichter Slide) between glacially-deformed glacio-lacustrine deposits and post-landslide deposits. Note reworked glacial mud clasts (at 45 cm)
at the base of the overlying post-landslide deposits.

88 M. Strasser et al. / Marine Geology 240 (2007) 77–97
some heterogeneity with slightly higher sand content
(up to 20%) and presence of gravels (see Section 4.2),
vane shear tests might not be perfectly applicable and
partly account for the scatter. However, as the bulk
sediment in this lower section consists mainly of silty
clay with a relative low permeability, undrained loading
conditions predominate (Lambe and Whitman, 1979).
Thus, the measured undrained strength values are
interpreted to adequately represent the strength char-
acteristics in this unit.
4.5. In situ pore pressure (Weggis site)

At the Weggis site, in situ formation pore pressure
(uin situ) was estimated after 10 min of monitoring the
pressure evolution after CPT insertion at different target
depths. Fig. 5 shows measured excess pore pressure
values (i.e. absolute measured pressure minus hydro-
static pressure) at CPT insertion and after 10 min. All
tests conducted in the postglacial section reveal
dissipation curves with a pore pressure spike upon
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impact of the probe, followed by a non-linear asymptotic
decay. Although ambient excess formation pore pressure
cannot be extrapolated from only 10 min of monitoring,
the characteristic exponential decay of the dissipation
curves points toward equilibrium values slightly above
hydrostatic. In the glacio-lacustrine sediments of Unit 3,
however, the monitored pore pressure after insertion
shows the opposite trend. Insertion pressures are rela-
tively low compared to the postglacial sediments, pos-
sibly due to suction and fluid displacement at the tip
during insertion or due to a dilatant material response.
With time, however, pressure increases significantly.
This observation is interpreted to result from consider-
ably elevated formation pore pressure in Unit 3. One test
carried out for about 45min attested that a plateau in pore
pressure rise is reached after approximately 25 min.

4.6. Failure plane characteristics

Short gravity cores from the slide-eroded slopes at all
three sites recovered tilted and deformed glacio-lacustrine
deposits (Unit 3) in 0.36, 0.4 and 1.6 m core depth at the
Weggis, Chrüztrichter and St. Niklausen sites, respective-
ly. The upper boundary of the glacial deposits in all cores is
sharp and erosive. These boundaries are interpreted as the
failure surfaces of the 1601 A.D. and 2220 cal yr B.P
earthquake-triggered landslides (Weggis/Chrüztrichter
and St. Niklausen Slides, respectively). At the two 1601
A.D. landslide sites, the thickness of overlying post-
landslide deposits (Unit 1) reveals sedimentation rates for
the last 400 yr of ∼1 mm/a, which is consistent with
estimated recent sedimentation rates by Lemcke (1992).
At St. Niklausen, the 1.6 m thick deposition of post-
landslide sedimentary drape on the eroded slope reveals
mean sedimentation rates over the last 2220 yr in the order
of ∼0.75 mm/a. At the Weggis site, a gray, 2 cm-thick,
homogenous silty clay layer overlying the failure surface
can be related to the Weggis Slide (Fig. 8C). Additionally,
reworked glacial mud clasts recovered at the base of post-
landslide deposits at the Chrüztrichter and St. Niklausen
sites (Fig. 8D) clearly pinpoint the failure surfaces to
be related to the glacio-lacustrine Unit 3. However, as
observed in the seismic data, there are no evidences for
significant erosion of Unit 3 during translational sliding
(Figs. 3 and 4). Therefore, combined geophysical sub-
surface and core data suggests the failure to be located
immediately at the top of the glacial Unit 3.

5. Discussion

Results from our study consistently imply that,
regardless of regional variations between the sub-basins,
initiation and evolution of earthquake-triggered lateral
subaqueous slope failures occurred along glide planes
that developed at the lithological boundary between
overconsolidated, overpressured glacio-lacustrine
deposits (Unit 3) and weak, slightly underconsolidated
laminated Late Glacial clays (Unit 2). Similarly, it has
been reported from other studies in perialpine, fjord-
type lakes and fjords that slides also mobilized the
slope-covering drape down to glacial deposits compa-
rable to those described here (e.g. Horgen Slide and
Oberrieden Slide in Lake Zurich, Switzerland (Kelts,
1978; Strasser 2006, unpublished data); Pointe-Du-Fort
Slide in Saguenay Fjord, Canada (Locat et al., 2003);
submarine slides in Karmsundet and Skudenesfjorden,
Norway (Boe et al., 2000)). It is thus interpreted that the
glacial-to-postglacial evolution in sedimentation pro-
cesses along the lateral slopes in similar settings as Lake
Lucerne results in characteristic physical and geotech-
nical properties that eventually control the stability
conditions and that in turn favor subaqueous slope
failure initiation at systematic stratigraphic levels.

In the following section, a conceptual slope-sedi-
mentation model since the last glaciation is presented
(Fig. 9), and its control on the evolution of the physical
properties is discussed. In the subsequent section, the
measured geotechnical parameters are implemented into
limit equilibrium models in order to quantitatively
assess the slope stability condition of the submerged
slopes at the time of failure.

5.1. Sedimentation model and its influence on the
geotechnical properties

5.1.1. Glacial
The sedimentary facies of the tilted and deformed

laminated clayey silts with sparse sand and glacially
striated, allochtonous gravels (Unit 3) clearly point
towards deposition in a glacio-lacustrine environment
and subsequent glacial deformation by ice-grounding
and/or ploughing. The fact that the material experienced
higher pre-consolidation pressure than the effective
overburden stress today (OCRN1) can in this context be
interpreted to result from glacial compaction under the
additional weight of ice mass acting on the material.
Additionally, long-term postglacial secondary compres-
sion within the compressible glacio-lacustrine clays and
silts (Terzaghi et al., 1996) may also partly explain the
observed formation-wide overconsolidation. Other pro-
cesses that would lead to overconsolidation, such as
erosion of previously overlying material or diagenetic
cementation, are ruled out, because evidence favoring
these processes was neither observed in the seismic data



Fig. 9. Conceptual glacial-to-postglacial sedimentation model along lateral non-deltaic slopes in perialpine fjord-type lakes. Schemes (not to scale)
are perpendicular to the basin axis and show schematically the depositional and post-depositional processes acting on the submerged slope: (A) Last
Glacial Maximum: the basin is fully occupied by the glacier. Glacial bedrock erosion rather than sedimentation occurs along the slopes; (B) Glacial
decay results in the formation of a sub-glacial lake (see Section 5.1.1). Glacio-lacustrine deposition occurs focused in the deep basin; along the lateral
slope, little sedimentation, erosion, creeping and slumping occurs. (C) Further rapid disintegration of remaining glacial ice back to shallower up-
valley parts results in a periglacial setting where a fine veneer of fine-grained sediments also is deposited along the lateral slopes settling out from
meltwater plumes. (D) Relatively short-lived periods of colder climate conditions result in minor glacial readvances, during which ploughing and
grounding of icebergs along the slope leads to deformation and compaction of the glacio-lacustrine sediment. (E) After the final glacier retreat
suspension settling from meltwater plumes and settling from flood-induced over and interflows mixed with authigenic carbonate production occurs
during the Late Glacial and Holocene, respectively. Continuous sedimentation “charges” the slopes until external trigger mechanism triggers slope
failures. (F) Post-failure situation.
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nor in cored material. Glacial compaction and secondary
compression also results in reduction of permeability.
Therefore, the observed pore fluid overpressures in Unit
3 are interpreted to be a result of the limited drainage
capacity in these relative low permeable deposits. The
process of overpressuring, however, remains unknown.
One possibility is that elevated pore pressures were
initially induced during partially undrained glacial
compaction and sustained thereafter, although one
would rather expect the formation pore pressure to
stabilize over such a long time period. Alternatively, and
more likely, there could be an influence from a recent
local groundwater flow sustaining a positive lateral flux
that results in higher pore pressures than expected under
hydrostatic conditions.

Because the observed glacial overconsolidation of
the deposits is relatively low (OCR=1.58), we exclude
that glacial compaction took place during times when
the glacier fully occupied the deep basins and the study
sites were covered by ∼800 m of ice (Florineth and
Schluchter, 1998). Therefore, the glacio-lacustrine
deposits have to be younger than the Last Glacial
Maximum (∼24–19 ka B.P; Ivy Ochs et al., 2004).
Generally, deglaciation of glacially over-deepened
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basins such as Lake Lucerne occurred by stagnation-
zone retreat rather than by the retreat of an active glacier
front (Lister et al., 1984). Deposition of glacio-
lacustrine sediments first takes place in the deep basin
of a sub-glacial lake that formed once the buoyancy of
the ice body exceeds its weight and the glacier floats up.
Further ablation, water contact melting, and calving lead
to rapid disintegration of remaining glacial ice back to
shallower up-valley parts (e.g. Haeberli and Schlüchter,
1987). Most of the sediment is deposited in the
topographic depressions but a thin veneer of fine-
grained glacio-lacustrine sediments is also deposited
along the lateral slopes settling out of meltwater plumes
containing suspended glacial mud (e.g. Mackiewicz
et al., 1984; Blass et al., 2003; Anselmetti et al., in press;
Fig. 9C). Sand and gravel clasts occasionally are
deposited as ice-rafted debris. In this highly dynamic
periglacial setting, relatively short-lived periods of
colder climate conditions result in minor glacial read-
vances with higher intensities of ice-calving, during
which ploughing and grounding of icebergs along the
lateral slopes result in deformation and compaction of
the glacio-lacustrine sediment (Fig. 9D).

5.1.2. Post Glacial
After the final glacier retreat (∼17500 cal yr B.P.;

Lister, 1988; Wessels, 1998), most of postglacial
sedimentation occurs on deltas and is focused in the
topographic depressions of the deep basins through
underflow processes. However, suspension settling from
meltwater plumes that uniformly distribute the fine
fraction of the suspended glacial mud over the lake basin
also drapes the submerged lateral slopes (Fig. 9C).
Cyclic (e.g. seasonal) fluctuations in meltwater dis-
charge result in thinly-laminated and fine-grained
draping slope deposits as recovered in the lower part
of Unit 2 (Fig. 8A), which potentially could represent
proglacial clastic varves (Mackiewicz et al., 1984; Blass
et al., 2003; Anselmetti et al., in press). With further
glacial retreat into the alpine valley during Late Glacial
times, the influence of glacial meltwater plumes on the
lacustrine sedimentation is continuously diminished and
suspended material entering the lake as under-, inter-
and overflows after high precipitation and flood events
continuously dilutes the rhythmically laminated Late
Glacial clays. With climate amelioration at the Late
Glacial to Holocene transition around 11500 cal yr B.P.,
sedimentation along the slope is increasingly influenced
by both authigenic carbonate and biogenic production as
well as detrital input from small local rivers during high
discharge events (Sturm and Matter, 1978). This
observed change in the sedimentation processes along
the lateral slopes reflects the general Late Glacial to
Holocene shift in the sedimentary system also recorded
in many other perialpine lakes (e.g. Van Rensbergen
et al., 1999; Eyles et al., 2000; Beck et al., 2001) and
fjords (e.g. Evans et al., 2002; Lysa et al., 2004). It
further explains the increased sedimentation rates along
the lateral slopes during the Holocene compared to Late
Glacial times, as estimated from the core data (see
Section 4.2).

The distinct differences in Late Glacial and Holocene
sedimentation mechanisms also influence the strength
characteristics of the slope-covering material. In the
Holocene Unit 1 gradients of undrained shear strength
with depth (∇cu) are constant in the order of ∼1.8 kPa/
m (Weggis ∼1.75 kPa/m, St. Niklausen ∼2.0 kPa/m,
Chrüztrichter 1.75 kPa/m). Similar Holocene−∇cu
values also have been reported from in situ testing
results in other Swiss lakes (Gyger et al., 1976).
Sediment strength thus correlates with effective stress
(ratio cu/σ′v ∼0.2–0.4) and the characteristic profiles
suggest a continuous self weight consolidation associ-
ated with a relatively continuous sedimentation rate. In
contrast, cu values in the Late Glacial clays (Unit 2) are
constant in the upper part and even reveal negative cu-
gradients at their base, where the lamination of
proglacial cyclic plume deposits is well pronounced.
This observation suggests a connection between the
laminated clays and their unfavorable stability condi-
tions. Indeed, geotechnical investigations of similar Late
Glacial varve-deposits in Switzerland and Canada show
significant influences of the clay lamination and
microstructure on strength characteristics and mechan-
ical behavior (e.g. Quigley and Ogunbadejo, 1972;
Plötze et al., 2003). Additionally, the postglacial
deposits are characterized by slight formation over-
pressures, which is interpreted to be related to the
relatively high sedimentation rates (20–40 cm/ka) and
incomplete drainage of the low permeable sediments. As
a consequence, the normal consolidation phenomenon is
retarded and the sediment is in an underconsolidated
state (Sultan et al., 2004), as measured by consolidation
tests (OCR=0.86).

In summary, the depositional and consolidation
mechanism of sediments covering the submerged lateral
slope of Lake Lucerne created particular sedimentolog-
ical and geotechnical slope characteristics that control
the stability condition and that predefine the eventual
failure location. With an external trigger mechanism (i.e.
strong seismic shaking) these lithologically inherited
conditions result in subaqueous slope failure initiation
along the boundary between overconsolidated glacio-
lacustrine deposits with overpressured formation pore
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pressures (Unit 3) and slightly underconsolidated
laminated Late Glacial clays (Unit 2) characterized by
low shear strength values at their base. Based on the
principle of effective stress, Stegmann et al. (in press)
show in detail that, as a result of co-seismic stress
fluctuations and stress-transfer upward to the base of the
weaker unit, pore pressure exceeds lithostatic load and
initiates sliding along a failure plane developing at the
boundary between Units 2 and 3.

5.2. Limit equilibrium slope stability analysis

In order to reconstruct slope failure conditions at the
study sites and to quantify seismic ground accelerations
affecting the slopes at the time of failure, the obtained data
were implemented into a limit equilibrium slope stability
model that serves to back-analyze the slope failures
triggered by the historic 1601 A.D. and the prehistoric
2220 cal yr B.P earthquakes. At both Weggis and St.
Niklausen sites, the pre-failure slope geometry was
reconstructed as a 3-layer model (Units 1–3) assuming
constant sediment thicknesses as recovered in the
reference cores immediately upslope of the failure scars
and subtracting the uppermost post-landslide deposits as
recovered in short cores along the eroded slopes. This
assumption is justified by seismic data that show constant
sediment thicknesses in undisturbed sections draping the
slope adjacent to the slide. The lower model boundary
was chosen to be 1mbelow the boundary betweenUnits 2
and 3, modeling the thickness of the overconsolidated
glacial Unit 3 as indicated in the seismic data (see Section
4.1). Mean ρbulk, cu at the layer top and ∇cu were
assigned to each layer according to results from core
analysis and in situ testing (Table 1). Based on the
observation in the geophysical subsurface data and on the
results from in situ and cores analysis, the glide plane
along which translational sliding occurred, is interpreted
Table 1
Geotechnical parameters used for deterministic limit equilibrium back-analy

Layer thickness d Unit weight γ Un
top

(m) (kN m−3) (k

Weggis site at 1601 A.D.
Layer 1 (Holocene) 2.5 13.25 1
Layer 2 (Late Glacial) 1.25 14.72 5.4
Layer 3 (Glacial) 1 17.7 Va

St. Niklausen site at 2220 cal yr B.P.
Layer 1 (Holocene) 2.7 12.8 1
Layer 2 (Late Glacial) 1.6 14.72 7.1
Layer 3 (Glacial) 1 17.7 Va
to correspond to the lithological boundary between Unit 2
and Unit 3 (see Sections 4.6 and 5.1). Therefore, a failure
plane at the boundary between these to units was
predefined in the slope stability analysis.

For all analysis it was assumed that the sediment is
subjected to undrained loading conditions because
cyclic loading during earthquake shaking is rapid
enough that excess pore pressure does not have time
to dissipate through the fine-grained medium. The
slightly higher sand content in Unit 3 potentially could
indicate that loading conditions in the lowermost unit
might not fully be undrained. Also, liquefaction induced
by pore pressure increase during seismic shaking cannot
completely be excluded as potential failure initiation
mechanism. However, given the relatively low perme-
ability and predominant fine-grained character of the
glacial deposits, undrained loading is interpreted to be
the predominant mechanism at the critical depth where
failure occurs. Liquefaction as potential failure initiation
processes is interpreted to by unlikely because estima-
tions of the susceptibility for liquefaction based on a
rough criterion proposed by Andrews and Martin (2000)
reveal no critical conditions (i.e. measured clay contents
and liquid limits at critical depth in all cores are much
higher than critical values of 10% and 32%, respective-
ly). Additional uncertainties in our slope stability
analysis arise from the fact that the used pseudostatic
modeling approach does not consider the dynamic
behavior of the sediment and therefore does not account
for potential failure mechanism in addition to the load
generated by horizontal seismic acceleration (e.g.
degradation of soft clays, accumulation of plastic strains
and shear-induced excess pore water pressure with
increasing number of cycles (Sultan et al., 2004;
Biscontin et al., 2004)). Future investigations on the
dynamic behavior of the material under cyclic loading as
well as detailed clay mineralogy analysis are required in
sis

drained shear strength at the
of layer cu

Undrained shear strength gradient
with depth ∇cu

Pa) (kPa m−1)

1.75
0

rying values 5

2
0

rying values 5
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order to better constrain these uncertainties. Therefore,
our pseudostatic limit equilibrium model used here only
represents a first order estimation of quantifying seismic
ground accelerations that affected the Lake Lucerne
slopes during past earthquakes.

Sensitivity analysis of the model used in this study
revealed that the impact of cu at the depth of failure and
the horizontal acceleration aH is several-fold higher in
comparison with the other parameters for the chosen
slope geometry and failure plane location. Absolute cu
values slightly vary with respect to the three different
measurement methods and therefore add uncertainties in
the back-calculated critical pseudostatic seismic ground
acceleration. The back-analysis was therefore carried
out with varying values of cu at the top of Unit 3 and
results are presented as contour plots showing the factor
of safety (FS) as a function of both cu at the depth of
failure and aH (Fig. 10).

For the Weggis site, measured cu values at the top of
Unit 3 vary between 3 and 6 kPa as measured with the
different independent methods, whereas they are slightly
higher at the St. Niklausen site. Results of deterministic
stability analysis using these cu ranges reveal that both
slopes are stable under static loading condition (i.e.
aH=0) with FS ranging between 1.1 to 1.7 and 1.3 to
N2, respectively. As discussed above, the lower values
estimated from in situ vane shear tests most probably
underestimate the actual strength conditions, so that
Fig. 10. Results of deterministic limit equilibrium slope stability back-analysi
∼6.2 earthquake and the 2220 cal yr B.P. earthquake (MwN6.5), respectively.
shear strength at the failure surface and the pseudostatic acceleration (frac
solutions leading to instable conditions (FSb1). The range and reliable in sit
shown as a fine dotted and bold dashed line, respectively. See Table 1 for m
realistic cu in situ should be ∼5 kPa at the Weggis and
∼6 kPa at St. Niklausen site, as inferred from in situ
CPT tests. Using these values for the model input reveal
static FS between ∼1.5 and 2 at Weggis and St.
Niklausen, respectively. To trigger slope failure at the
Weggis site, an additional pseudostatic seismic acceler-
ation between 0.01 and 0.06 g (∼0.04 g, if applying the
estimated probable cu in situ value of∼5 kPa) is required,
whereas the slope at St. Niklausen remains stable up to
critical aH values between 0.03 and 0.08 g (∼0.07 g,
if applying the estimated probable cu in situ value of
∼6 kPa) (Fig. 11).

Leynaud et al. (2004) suggested that the pseudostatic
horizontal seismic acceleration only represents about 50%
of the effective earthquake peak ground acceleration
(PGA). Results from slope stability back-calculations thus
imply minimal PGA's of about 0.08 g (range of
uncertainty ∼0.02 to 0.12 g) and ∼0.14 g (range of
uncertainty∼0.06 to 0.16 g) during the 1601A.D. and the
2220 cal yr B.P. earthquake, respectively. The result for
the 1601 A.D. event from theWeggis site lies in the range
of calculated values for PGA's deduced from predictive
groundmotionmodels for Central Switzerland (Bay et al.,
2005), assuming a Mw 6.2 earthquake and an epicentral
distance of 12 km (Fig. 1). The estimated PGA value for
the prehistoric 2220 cal yr B.P earthquake in the order of
0.14 g, however, is slightly higher than the expected
ground motion induced by low frequency (1 Hz) seismic
s of Weggis (A) and St. Niklausen (B) Slides during the 1601 A.D.Mw

Contour plots show factor of safety (FS) as a function of the undrained
tion of gravitational acceleration g). The gray shaded areas indicate
u values of measured undrained shear strength at the two study sites is
odel input data.



Table 2
Geotechnical material statistics used for probabilistic limit equilibrium slope stability analysis

d
(m)

γ ( kN m−3) cu (kPa) ∇cu (kPa m−1)

Mean S.D. Relative min Relative max Mean S.D. Relative min Relative max Mean S.D. Relative min Relative max

Weggis site at 2220 cal yr B.P.
Layer 1 1.5 13.3 0.3 0.5 0.5 1 0.5 0.5 0.5 1.75 0.5 0.75 0.5
Layer 2 1.25 14.7 0.5 0.5 0.5 5.4 3 3 3 – – –
Layer 3 1 17.7 1 1 3 5.4 2.5 2.4 2 5 2 3 5

Chrüztrichter site at 2220 cal yr B.P.
Layer 1 3.4 13.3 0.3 0.5 0.2 1 0.5 0.5 0.5 1.75 0.5 0.75 0.5
Layer 2 1.2 14.7 0.5 0.5 0.5 7.5 3 5 0.5 −2 0 1 2
Layer 3 1 20.6 1 3 1.5 8.5 2.5 4.5 2 5 2 3 3

Pseudostatic acceleration kH during 2220 cal yr B.P earthquake (×g) Mean S.D. Relative min Relative max

0.07 0.03 0.012 0.023
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waves with a return period of 2500 yr as estimated by
probabilistic earthquake hazard assessment for the Lake
Lucerne area (Giardini et al., 2004).

Although one would need to consider site effects that
might amplify or attenuate seismic shaking and the fact
that the accuracy of the used pseudostatic approach is
governed by the simplification, with which the pseudo-
static inertial forces represent the complex dynamic
inertial forces during earthquake shaking (Kramer,
1996), the results from slope stability back-analysis
suggest that during the prehistoric 2220 cal yr B.P
earthquake that triggered the St. Niklausen Slide the
Lake Lucerne area experienced significantly higher
ground motions than during the historic 1601 A.D. Mw

∼6.2 earthquake. This interpretation is supported by the
fact that the 2220 cal yr BP earthquake also triggered
subaqueous landslides in Lake Zurich at a distance of
40 km from Lake Lucerne, requiring a significantly
larger magnitude (MwN6.5) than the historic 1601 A.D.
earthquake (Strasser et al., 2006). However, the
interpretation of higher ground motions during the
2220 cal yr B.P. event seems to contradict the
observation that the Weggis and Chrüztrichter slopes
remained stable during this stronger prehistoric event.

In order to investigate this apparent contradiction, the
Weggis and Chrüztrichter slope stability conditions at
2220 cal yr B.P. were analyzed with a probabilistic limit
equilibrium approach using the calculated critical
horizontal seismic accelerations by the back-analysis
described above (Table 2 summarizes the input para-
meters used). Both scenarios reveal mean FS values N1
(1.03 and 1.14) and failure probability of b50% (45.6 %
and 43.7 %) for both the Weggis and Chrüztrichter
slopes, respectively. Both slopes were relatively close
to failure, but obviously remained stable during the
2220 cal yr B.P. event. These results indicate that the
“charging” state of a submerged slope is a function of
the sedimentation rate during the Holocene (i.e. the only
parameter changing significantly from site to site), that
controls the static weight of the slope-covering drape.
Similar conclusions were drawn based on a significant
increase in the frequency of lateral mass-movement
deposits identified during Holocene times in other lakes
(e.g. Waldmann et al., submitted for publication).

These observations further imply that ongoing
sedimentation along the submerged slopes will contin-
uously load the slopes so that the susceptibility for slope
failure will increase in the future. As an end member
scenario we investigated how long it would take to
charge the Weggis slope (assuming constant sedimenta-
tion rates), so that the sediments acting on the critical
surface would become unstable under static loading
conditions. Solving the infinite slope equation (Morgen-
stern, 1967) for critical sediment thickness to initiate
failure reveals as a first order assumption that the slopes
only will become statically unstable in∼24500 yr (input
parameters: mean values for cu, μ′ and α as observed in
the data described above). This is one order of magnitude
longer than the time that separated the last two major
earthquakes around Lake Lucerne implying that the
occurrence of seismic events acts as main control on
landslide triggering. Local differences in site-specific
stability conditions, however, are governed by regional
variations in sediment supply so that slope stability
conditions may change locally over relative short
geological time scales.

6. Summary and conclusions

This study presents the results from three comprehen-
sive case studies of seismically-triggered, lateral non-
deltaic subaqueous slope failures in perialpine, fjord-type
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Lake Lucerne (Central Switzerland). The combined
sedimentological, geophysical and in situ geotechnical
approach provides a better understanding of the influence
of the glacial-to-postglacial evolution in sedimentation
processes along the investigated lateral slopes and their
impact on the characteristic physical and geotechnical
properties of the slope-covering sediments that control the
stability condition and subaqueous slope failure initiation.
On a larger scale, comparable slope stability conditions
may evolve in fjords and high-latitude ocean margins,
where glacially overconsolidated deposits are overlain by
postglacial (glacio-) marine sediments accumulated
during deglaciation periods and by pelagic and hemi-
pelagic sedimentation deposited during interglacials (e.g.
Boe et al., 2000; Locat et al., 2003; Boe et al., 2004). Our
comprehensive lake study and resulting conceptual ideas
thus also improve our understanding of larger slope
instabilities occurring along formerly glaciated ocean
margins.

A summary list of the main conclusions includes the
following:

(1) Sedimentation dominated by suspension settling
frommeltwater plumes, slight overconsolidation by
ice-grounding and postglacial draping lead to
particular slope conditions characterized by: (i)
fine-grained, thinly-laminated, slightly undercon-
solidated Late Glacial cyclic plume deposits with
low undrained shear strength values overlying (ii)
overconsolidated, glacially-deformed glacial
deposits with overpressured formation pore pres-
sure. This particular succession is overlain by a
Holocene drape with variable thickness that acts as
a surcharge on the lower sediment layers.

(2) During past earthquake shaking, slopes that were
stable under static loading conditions (FS of 1.5–2)
failed along glide planes that developed at this
lithological boundary.

(3) This glide plane location is a consequence of the
comparably low strength conditions within the
overlying thinly-laminated Late Glacial clays and
the additional excess in situ pore pressure in the
underlying overconsolidated, low permeable ma-
terial reducing effective strength at and below the
zone of failure.

(4) Limit equilibrium back-analysis reveal seismic
peak ground accelerations (PGA) at the study sites
of ∼0.08 g (range of uncertainty ∼0.02 to 0.12 g)
and ∼0.14 g (range of uncertainty ∼0.06 to
0.16 g) for the historical 1601 A.D. Mw ∼6.2
earthquake and a prehistoric, 2220 cal yr B.P.,
MwN6.5 northern alpine earthquake, respectively.
(5) The results thus pinpoint the potential of detailed
subaqueous slope stability analysis as paleoseis-
mological tool that allow for quantitative recon-
struction of past earthquake shaking.

(6) Holocene sedimentation rates are a key parameter
in “charging” subaqueous slopes susceptible for
sliding. Stability conditions thus may change over
relative short geological time scales.

(7) Lessons learned from the high-resolution case
studies presented here should be implemented in
future studies on a basinwide scale. In combina-
tion with more detailed analysis on the dynamic
behavior of the material under cyclic loading these
results eventually will yield strong arguments in
identifying sites of potential slope instability in
the future.
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