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Abstract
Subaqueous landslides can induce potentially damaging tsunamis. Tsunamis are not restricted to the marine environment,

but have also been documented on lakes in Switzerland and worldwide. For Lake Zurich (central Switzerland), previous

work documented multiple, assumedly earthquake-triggered landslides. However, no information about past tsunamis is

available for Lake Zurich. In a back-analysis, we model tsunami scenarios as a consequence of the earthquake-triggered

landslides in the past. Furthermore, on the basis of a recent map of the earthquake-triggered subaqueous landslide hazard,

we present results of a tsunami hazard assessment. The subaqueous landslide progression, wave propagation and inun-

dation are calculated with a combination of open source codes. Although no historic evidence of past tsunamis has been

documented for Lake Zurich, a tsunami hazard exists. However, only earthquakes with long return periods are assumed to

cause considerable tsunamis. An earthquake with an exceedance probability of 0.5% in 50 years (corresponding to an

earthquake with a return period of 9975 years) is assumed to cause tsunamigenic landslides on most lateral slopes of Lake

Zurich. A hypothetical tsunami for such an event would create damage especially along the shores of the central basin of

Lake Zurich with estimated peak flow depths of up to * 4.6 m. Our results suggest that for an earthquake with an

exceedance probability of 10% in 50 years (i.e., mean return period of 475 years), no considerable tsunami hazard is

estimated. Even for a worst-case scenario, the cities of Zurich and Rapperswil, located at the northern and southern ends of

the lake, respectively, are assumed to experience very little damage. The presented first-order results of estimated wave

heights and inundated zones provide valuable information on tsunami-prone areas that can be used for further investi-

gations and mitigation measures.
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1 Introduction

1.1 Background

Subaqueous landslides can be triggered by different

mechanisms, e.g. earthquakes, wave loading, water-level

changes, sediment overloading, or fluid escape (e.g. Locat

and Lee 2002). In many cases, such subaqueous landslides

occur without anybody’s awareness (Lee et al. 1993). In

some cases, however, subaqueous landslides may induce

tsunamis (i.e., gravity-driven water waves), that potentially

cause damage to civilisation and coastal infrastructure (e.g.

Jiang and Leblond 1992; Tappin 2017). The height of

landslide-generated waves depends primarily upon the

volume of the mass movement, its initial acceleration,

speed, water depth and coherence (Watts 1998; Tappin
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et al. 2008; Bornhold and Thomson 2012). A subaqueous

landslide typically creates waves that travel both in the

direction of the slide and opposite to the slide (Tinti and

Bortolucci 2000). The impact of tsunamis on the shores can

be described by the run-up (i.e. the vertical distance

between the sea-/lake level at rest and maximum height

reached by the tsunami on the shore), the inundation dis-

tance and inundation area (i.e. horizontal distance and area

that a tsunami penetrates inland, respectively) and flow

depth (i.e. the water depth during inundation on land)

(Pararas-Carayannis 1988; Intergovernmental Oceano-

graphic Commission 2016). Most of the tsunami waves do

not break, they rather flow like a river on the shores

(Pelinovsky and Mazova 1992; Ward 2011).

Well-investigated examples of past tsunamis resulting

from earthquake-triggered landslides include the 8150 BP

Storegga landslide tsunami (e.g. Harbitz 1992; Bondevik

et al. 2005; Løvholt et al. 2005; Hill et al. 2014), the 1929

AD Grand Banks landslide tsunami (Fine et al. 2005; ten

Brink et al. 2009), and the 1998 AD Papua New Guinea

tsunami (Tappin et al. 1999, 2001; Synolakis et al. 2002).

Modelling of assumedly earthquake-triggered subaqueous

landslides also allowed the investigation of past tsunamis

in New Zealand (Wang et al. 2016) and Puerto Rico

(López-Venegas et al. 2008). Previous work suggested that

earthquakes have repeatedly caused multiple subaqueous

landslides on the slopes of Swiss perialpine lakes (e.g.

Schnellmann et al. 2002; Strasser et al. 2013; Kremer et al.

2014; Reusch et al. 2016). Some of these slides were even

related to historically reported tsunamis in Lake Lucerne

(Siegenthaler et al. 1987; Schnellmann et al. 2002), which

were reproduced with numerical modelling by Hilbe and

Anselmetti (2015). The latter study combined publicly

available codes for modelling mass movements, wave

generation, propagation, and inundation to simulate his-

torically reported and hypothetical tsunamis in Lake

Lucerne. Peak wave heights and maximum run-up of sev-

eral meters on the shores of Lake Lucerne were estimated.

For Lake Zurich, reflection seismic and bathymetric

datasets (Schlund 1972; Strasser et al. 2013; Strupler et al.

2015) show fingerprints of many postglacial subaqueous

mass movements affecting the lateral slopes. Three major

basin-wide lateral slope-failure events (dated to * 2210,

* 11600 and * 13760 cal. year BP) were interpreted by

Strasser et al. (2013) as earthquake-triggered, due to the

synchronous occurrence of multiple slides in the lake basin

(i.e., they appear on the same seismic stratigraphic horizon

and are therefore considered coeval). It is not known

whether tsunamis occurred as a consequence of these

events, but it was hypothesized that the event

* 13760 cal. year BP might have triggered a tsunami

(Strasser et al. 2008). For various human-triggered slides

that occurred in the last 150 years on the lateral slopes of

Lake Zurich (Heim 1876; Nipkow 1927; Kelts and Hsü

1980; Kuen 1999), no tsunami waves have been reported.

However, documented evidence of past landslides, as well

as potentially unstable slopes that have been mapped for

different earthquake hazard levels (Strupler et al. 2018)

highlight the need to assess the tsunamigenic potential of

past and potential future subaqueous slope failures.

1.2 Objectives

This study presents a first-order tsunami-hazard assessment

that follows up on the assessment of the earthquake-trig-

gered subaqueous landslide hazard (Strupler et al. 2018).

The aims of this study are (a) to investigate the tsunami-

genic potential of past subaqueous landslides on the lateral

slopes of Lake Zurich, and (b) to assess the hazard of

tsunamis related to potential future earthquake-triggered

landslides in the study area. With the approach of Hilbe

and Anselmetti (2015) and the model limitations described

therein, the impact of different landslide scenarios are

modelled in terms of peak wave height, onshore flow depth

and inundation:

– The past tsunamigenic potential is investigated for an

event of multiple basin-wide, assumedly earthquake-

triggered landslides that occurred * 2210 cal. year BP

at the slopes of Lake Zurich (Strasser et al. 2013). From

the three major events documented by Strasser et al.

(2013), the * 2210 cal. year BP event is selected for a

back-calculation of the landslide characteristics, based

on the extent of the deposit. That event is selected, as it

occurred on the lateral slopes with the same lithos-

tratigraphic succession as today’s undisturbed slopes

(due to its relatively younger age compared to the other

events). Because of the same lithostratigraphic succes-

sion at the time of that event, similar landslide-mobility

parameters are expected for the present conditions.

– The current tsunami hazard is assessed by simulating

the consequences of basin-wide slope failures that are

to be expected (Strupler et al. 2018) for earthquake

accelerations with a probability of exceedance in

50 years (EP50) of 10, 2 and 0.5% (i.e., mean return

periods of 475, 2475 and 9975 years, respectively).

2 Setting of the study area and previous
studies

2.1 Study area

Lake Zurich (* 47�N, 8.5�E, 406 m a.s.l.) is located in a

glacially overdeepened trough in northern Switzerland.

Remnants of a recessional terminal moraine from the last
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glaciation separate Lake Zurich in two parts (e.g. Keller

and Krayss 2005; Fig. 1). The part to the northwest of the

moraine is termed Lake Zurich sensu stricto, and the part to

the southeast of the moraine is termed Obersee. The

northern part of Lake Zurich consists of a shallow zone

near the city of Zurich, Switzerland’s economic capital,

followed by an up to 136 m deep, central basin and an

again shallow (* 25 m), flat southeastern basin, which

hosts two islands ‘Ufenau’ and ‘Lützelau’ with highest

elevations of 17 and 8 m above lake level, respectively.

The central basin and the southeastern basin are connected

via an escarpment structure with topographic steps in the

Molasse bedrock. The main tributaries are the Linth, Jona

and Wägitaler Aa rivers. The only outflow is the Limmat

River at the northern end of the lake. Today, the lake level

is managed and in the recent years, the mean monthly lake

level fluctuated between * 405.6 and * 406.5 m a.s.l.

(AWEL 2016).

The majority of the documented subaqueous landslides

occurred on the lateral slopes surrounding Lake Zurich’s

central basin (Strasser et al. 2013; Strupler et al. 2015).

Relatively recent subaqueous slides (i.e., in the last

150 years) occurred offshore the villages of Horgen,

Oberrieden, Rüschlikon and Küsnacht (Fig. 1; Heim 1876;

Nipkow 1927; Kelts and Hsü 1980; Kuen 1999). The

shores of Lake Zurich are densely populated, approxi-

mately a quarter million people live within 1 km from the

lakeshore, and * 57,000 of these live less than 10 m

above lake level (Henriod et al. 2016).

2.2 Previous studies

Strupler et al. (2017) categorized the post-glacial litho-

logical succession on the lateral slopes of Lake Zurich into

four sediment-mechanical units, based on characteristic

patterns of bulk density (qbulk) and undrained shear

strength (su). The same study investigated the glide planes

of three subaqueous landslides, located offshore Ober-

rieden (Fig. 1), which are assumed to have occurred in

water-saturated sediments under undrained conditions. All

the glide planes lie within a sediment-mechanical unit with

relatively high qbulk, but low su, corresponding to a litho-

logical unit consisting of Late Glacial plastic muds.

A recent study by Strupler et al. (2018) assessed the

earthquake-triggered, subaqueous landslide hazard by

conducting a spatially distributed slope-stability analysis

that considered earthquake accelerations from a proba-

bilistic seismic hazard assessment (Wiemer et al. 2016).

These authors calculated slope stabilities for all cells of an

equally-spaced grid with a limit-equilibrium equation on an
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Fig. 1 a Map of the study area. LiDAR digital elevation model and surface water data from Swisstopo. Bathymetric dataset from Strupler et al.

2015. Swiss coordinates (LV03). b Location of the study lake within Switzerland. LZ Lake Zurich, LL Lake Lucerne
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infinite slope. The thickness of the sediment-mechanical

units at each pixel location was estimated as a function of

water depth and slope gradient, calculated with a sedi-

mentation model (Strupler et al. 2018). Profiles of qbulk and
su vs. depth were adapted to the thickness of the sediment-

mechanical units at each pixel. Random values from log-

normally distributed qbulk and su profiles were selected for

each depth step with a Monte Carlo Simulation, to incor-

porate uncertainty due to the spatial variability of the

sediment-mechanical data.

Earthquake shaking was implemented as pseudostatic

acceleration, which was assumed to represent 50% of the

peak ground acceleration (PGA). For each pixel of the

bathymetric dataset of Lake Zurich (Strupler et al. 2015), a

probability of failure (conditional on earthquake shaking;

PoFeo) vs. depth profile was calculated.

In that model, the glide plane was defined as the depth of

the maximum PoFeo (queried from the top of the PoFeo vs.

depth profile). Mean PGAs for earthquakes with EP50 of

10, 2 and 0.5% (corresponding to mean return periods of

475, 2475 and 9975 years, respectively) from a proba-

bilistic seismic hazard analysis (Wiemer et al. 2016) were

considered for the earthquake-triggered landslide hazard

assessment.

Strupler et al. (2018) mapped individual slopes with

high PoFeo (i.e., [ 0.6; Fig. 2). While for an earthquake

with an EP50 of 10% (median PGA: * 0.05 g) only minor

parts of the slopes are expected to fail (cumulative slide

volume of * 3 Mio m3; Fig. 2), for an earthquake with an

EP50 of 2% (median PGA * 0.1 g), larger parts are

expected to slide downslope (cumulative slide volume of

* 12 Mio m3), and for an earthquake with an EP50 of 0.5%

(median PGA: * 0.2 g), most of the yet unfailed, lateral

slopes are expected to become unstable (i.e., cumulative

slide volume of 48 Mio m3, excluding slopes\ 1�, to avoid
large instable volumes on the terraces of the escarpment

structure; Strupler et al. 2018).

Because the model of Strupler et al. (2018) defines the

glide plane as the depth of the maximum PoFeo, the slide

thickness is occasionally a few dm lower for a scenario of

an EP50 of 0.5% compared to an EP50 of 2%. Hence, the

higher earthquake acceleration for an EP50 of 0.5% causes

the slope to fail a few dm higher (Fig. 2).

Hilbe and Anselmetti (2015) modelled the kinematics of

subaqueous landslides in Lake Lucerne (Fig. 1b) as single-

phase, fluid-like mass movements propagating on the lake

floor with MassMov2D (Beguerı́a et al. 2009), which is

implemented in the free GIS package PCRaster (Wesseling

et al. 1996). Hilbe and Anselmetti (2015) fed the output of

MassMov2D (i.e., the changing bathymetry as a function of

time) into GeoClaw (Berger et al. 2011) in order to cal-

culate wave generation, propagation and inundation, start-

ing with a lake surface at rest. The results of the numerical

experiments performed on Lake Lucerne showed a good

agreement with historically reported tsunami effects.

However, according to Hilbe and Anselmetti (2015), the

model likely overestimates wave heights and run-up close

to the tsunami source areas, which is an important

limitation.

3 Data and methods

The mass-movement propagation was simulated in a first

step, followed by modelling the tsunami wave generation

and propagation as in Hilbe and Anselmetti (2015). Cal-

culations were done with a grid resolution of 20 m. Pre-

vious sensitivity tests demonstrated that smaller grid sizes

do not have a significant influence on runout distance,

velocity and geometry of the deposit for the mobility

analysis of the landslide, and the amplitudes of the free

surface wave do not significantly change for a smaller grid

size (Hilbe and Anselmetti 2015).

3.1 Simulation of the subaqueous landslide
progression

The MassMov2D program code, used for the landslide

simulation, needs a digital terrain model (DTM) as input.

For the study area, this DTM was created by combining a

digital elevation model (DEM), which was resampled from

a grid resolution of 2 m (SwissAlti3D; swisstopo) to 20 m

and a digital bathymetric model (DBM). The DBM was

interpolated from isobaths of the swiss digital height model

DHM25 that shows digitised height information of the

1:25,000 national map (swisstopo). For the modelling of

landslides and tsunamis, we did not consider an available

high-resolution DBM (Strupler et al. 2015) because all the

calculations were conducted on a 20 m resolution and also

to reduce computing time.

3.1.1 Thickness of the mobile sediment drape
and rheological input parameters

The back-calculated (in the case of the * 2210 cal. year

BP Oberrieden event) and estimated slide volumes for

potential future earthquakes with their respective EP50 are

taken from Strupler et al. (2018). In contrast to Hilbe and

Anselmetti (2015), who assumed a constant thickness for

the slides, Strupler et al. (2018) assume slightly varying

slide thicknesses within the slides. This variation in

thickness comes from the fact that the authors model the

sediment-thickness on the slopes as a function of slope

gradient and water depth for each pixel.

After adding the initial slide thicknesses to the DBM,

the subaqueous landslide is modelled with the Bingham

356 M. Strupler et al.
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Fig. 2 Zones with a high failure probability upon earthquake

occurrence (PoFeo) and corresponding potential failure depths for

peak ground accelerations with an exceedance period in 50 years of

a 10%, b 2% and c 0.5% (Strupler et al. 2018). Slopes\ 1� are here

considered stable (to avoid large unstable volumes on the terraces of

the escarpment structure), although the model of Strupler et al. (2018)

considers such slopes (i.e., [ 0.01�–1�) as unstable for strong

earthquake accelerations, such as assumed for an EP50 of 0.5%
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plastic rheology, as mud-rich subaqueous sediments

behave approximately as Bingham plastic fluids (e.g. Mei

and Liu 1987; Skvortsov and Bornhold 2007). As rheo-

logical input parameters, submerged bulk density q’
[kg m-3], dynamic viscosity l [Pa s], and yield strength s
[Pa] are required. We assumed a submerged bulk density of

q’ = 600 kg m-3, which corresponds to the typical qbulk
of the Late Glacial plastic muds, the unit in which the glide

plane is located (Strupler et al. 2017), minus the density of

the ambient water. The parameters l and s were calibrated
on the distinct slide deposit of the * 2210 cal. year BP

Oberrieden slide (Strupler et al. 2015) by matching the

modelled landslide runout with the observed extent of the

deposition lobe. Subsequently, these parameters were used

for the calculation of all the slide scenarios (see

Sect. 4.1.1).

3.2 Tsunami wave propagation modelling
and flow depth

The propagation of the tsunami wave, as well as the

inundation, were calculated with the GeoClaw code (ver-

sion 4.6.3; Berger et al. 2011). The peak wave height was

recorded on virtual gauges that were defined in the study

area (Table 1):

The DTM does not include buildings or vegetation,

which could drag the tsunami wave and thus reduce the

inundated area. Friction is implemented in the GeoClaw

code by applying a Manning roughness coefficient. The

Manning coefficient can vary from * 0.015 for very

smooth terrain to * 0.07 very rough coastal areas

(Bretschneider and Wybro 1977). Here, as Hilbe and

Anselmetti (2015), we apply a coefficient of 0.03 (repre-

senting grass, roads, and scrubs; e.g. Kaiser et al. 2011).

Previous lake-level reconstructions (based on the evi-

dence on lacustrine chalks above the present lake level)

suggest a * 2 m higher lake level between the first mil-

lenium BC and the first century AD, caused by damming of

the lake outflow by sediments of the Sihl River (Wild

2009). Therefore, the lake level was set to 408 m for the

back-analysis of the free surface wave height, flow depth

and inundated area of a potential * 2210 cal. year BP

tsunami. The present-day lake level of 406 m was used for

the assessment of the current tsunami hazard.

4 Results

4.1 Mobility analysis of past and potential future
mass movements

In this section, we provide results of landslide-mobility

analyses for (i) the single * 2210 cal. year BP subaqueous

slide offshore Oberrieden (Sect. 4.1.1), (ii) for the case of

all * 2210 cal. year BP slides occurring simultaneously

(Sect. 4.1.2), and (iii) for hypothesized landslides assumed

to be triggered by PGAs with EP50 of 10, 2 and 0.5%

(Sect. 4.1.3).

4.1.1 Back-analysed scenario Oberrieden ~ 2210 cal. year.
BP

The following input parameters were back-analysed from

the 2210 cal. year. BP Oberrieden slide (Table 2).

The rheological parameters l and s were iteratively

varied to match the slide extent. For l = 40 Pa s and

s = 5 Pa, the modelled runout of the * 2210 cal. year BP

Oberrieden slide shows a relatively good agreement with

the toe of the observed landslide deposit (ESM Fig. 1).

Table 1 Gauge locations (Swiss

grid coordinates LV03 in m) in

the lake (see also Figs. 5, 6, and

8)

Gauge-Nr. x-Coordinate y-Coordinate Location Present-day water depth [m]

1 687315 237735 Central deep basin 136

2 688572 237571 Herrliberg harbour 14

3 686406 237293 Oberrieden 3

4 690935 235857 Meilen harbour 15

5 687716 235268 Horgen harbour 8

6 685553 238880 Thalwil harbour 12

7 683287 246640 Offshore Zurich Buerkliplatz 11

8 704081 231435 Rapperswil harbour 1

9 683819 244703 Northern basin 32

10 697195 231070 Southern basin 25

Table 2 Back-analysed parameters for the * 2210 cal. year. BP

Oberrieden slide, used to model the forward scenarios

Rheological model Bingham

Submerged bulk density q’ [kg m-3] 600

Yield strength s [Pa] 5

Dynamic viscosity l [Pa s] 40

Landslide propagation time [s] 120
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Both the modelled runout distance (i.e. the distance from

the toe of the slope to the maximal extension of the

deposit) and the measured runout distance of the deposit

are 490 m. The modelled maximum width of the deposition

lobe, however, is 780 m, compared to measured 560 m.

The slide reaches a maximum speed of 14 m/s. 30 s after

slide initiation, the speed of the slide is * 5 m/s. After

* 90 s, the maximum extent of the slide is reached, and

only minor movements within the depocenter are occurring

(* 1 m/s). The modelled deposit at its final stage has a

maximum thickness of * 3 m. As in Hilbe and Anselmetti

(2015), a thin layer remains in the source area. The authors

interpreted this as an effect of the used Bingham plastic

rheology. The modelled deposit thickness is much lower

than the measured maximum deposit thickness in the

seismic reflection dataset (* 15 m; Strasser et al. 2013;

Strupler et al. 2015). However, a considerable percentage

of the latter is composed of deformed basin-floor sedi-

ments, which have not been transported from the source

area of the landslide, but deformed virtually in place. This

process is obviously not included in the landslide-mobility

model. Due to the fact that the slide is modelled as a

Bingham fluid, some lateral spreading occurs, making the

modelled deposition zone slightly wider than the mapped

one from Strupler et al. (2015).

4.1.2 Back-analysed scenario of multiple landslides dated
to ~ 2210 cal. year BP slides

Strasser et al. (2013) assigned a total of ten individual

landslide deposits to the assumedly earthquake-triggered

* 2210 cal. year BP event. For some of these deposits, the

corresponding source and translation areas could not be

distinguished clearly because they have been overprinted

by human-triggered slides in the last 150 years (Heim

1876; Nipkow 1927; Kelts and Hsü 1980; Kuen 1999). Due

to the overprinting and the fact that the back-calculated

depth of the glide plane for the * 2210 cal. year BP event

is only available for the Oberrieden case-study site (Stru-

pler et al. 2018), a constant depth to the glide plane of 5 m

was assigned for the other * 2210 cal. year BP slides

(mean headscarp heights * 3-7 m; Strupler et al. 2015).

The translation area corresponding to the northernmost

deposit with the smallest extent of the* 2210 cal. year BP

event could not be identified in the bathymetric dataset

(Strupler et al. 2015). It is assumed that this very small

slide was draped by sediments from the Küsnacht Delta

and is thus not included in the simulation of all

* 2210 cal. year BP slides. The total volume of the slides

assigned to the * 2210 cal. year BP event accounts to

* 4 Mio m3, which is five times larger than the single

* 2210 cal. year BP Oberrieden slide modelled above

(Sect. 4.1.1; 803,900 m3; Strupler et al. 2018).

The modelled mass transport deposits (MTDs) of the

* 2210 cal. year BP event on the western slopes coincide

well with the extents of the MTDs mapped in Strasser et al.

(2013). On the eastern slope, the modelled slides correlate

only partly with the mapped extent of the deposits (Fig. 3).

There is a relatively large discrepancy between the mod-

elled and mapped MTDs from the seismic reflection data

between the villages of Erlenbach and Herrliberg, which

may be related to mapping uncertainties on these steep

zones, where also many gullies occur (Strupler et al. 2015).

Instead of two distinct deposits, such as mapped from the

seismic reflection seismic data (Strasser et al. 2013), only

one wider slide is modelled.

4.1.3 Potential future subaqueous slides for PGA
of different EP50 scenarios

Results from a mobility analysis of subaqueous landslides

that are assumed to occur as a consequence of different

earthquake-hazard scenarios (Fig. 2; Strupler et al. 2018)

provide the backbone for the current hazard assessment.

Using the rheological parameters from the back-analysis of

the * 2210 cal. year BP Oberrieden slide (Table 2), the

distributions of the modelled basin-wide MTDs show

greater runout distances for landslides triggered by stronger

earthquakes (smaller EP50) than for landslides triggered by

weaker earthquakes (greater EP50) (Fig. 4). Due to the fact

that most failure-prone zones for earthquakes with an EP50
of 10% are located near the bottom of the slopes, the height

drop (i.e. elevation difference between headscarp and far-

thest extent of the deposit) is small and the slope angles are

low, implying slow velocities and short runout distances.

Modelled thicknesses of the landslide deposits vary

between * 1 and * 1.5, between * 1 and * 4, and

between * 1 and * 10 m for potential landslides trig-

gered by an earthquake with PGAs for an EP50 of 10, 2, and

0.5%, respectively (Fig. 4).

4.2 Simulation of landslide-induced tsunami
waves

4.2.1 Back analysed potential tsunami caused
by earthquake-triggered landslides ~ 2210 cal. year
BP

The modelled simultaneous triggering of all the docu-

mented * 2210 cal. year. BP slides (cumulative volume:

* 4 km3) causes the strongest tsunami effects alongshore

the central basin. At the gauge located behind the Ober-

rieden slide, a peak amplitude of * 1.5 m is recorded

(* 1 min after slide initiation; Fig. 5). After that, the wave

oscillates with peak amplitudes of * 0.5 m for the fol-

lowing 10 min. In Thalwil, three successive waves of
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0.5–1 m peak amplitude arrive within the first 3 min after

the triggering of the slides. After that, the waves diminish

to half of their size, continuing for another 15 min. The

first wave peak arrives at the northern end of Lake Zurich

(offshore today’s location of Buerkliplatz) * 8 min after

the triggering of the landslides, with a low peak amplitude

of * 0.1 m (ESM, Fig. 4). At the gauge location Rap-

perswil, a wave of only * 1 cm can be detected after

* 15 min. In such a case of a synchronous sliding of all

the 2210 cal. year BP events, the shorelines around the

deep basin (mainly on the western lake shores in the near

field of landslides; Fig. 5) may have experienced maximum

flow depths of up to * 3 m under assumption of a pale-

olake level of 408 m a.s.l. with the present-day DTM

(which may lead to overestimations of flow depths due to

anthropogenic fillings along the shoreline).

4.2.2 Scenario for tsunamis caused by hypothetical
landslides that may be triggered by earthquakes
with a median PGA for an EP50 of 10 and 2%

The total slide volume of an earthquake with PGAs for an

EP50 of 10% that was estimated by Strupler et al. (2018) to

* 3 Mio m3 (Fig. 2a), would cause free surface waves

with maximum peak amplitudes of 0.4 m in the deep basin

(Fig. 6a), given that all these slides occurred simultane-

ously. 5 min after slide initiation, the peak amplitudes do

not exceed 0.2 m at all the gauges. This scenario does not

cause any considerable inundation.

Estimated slope failures triggered by an earthquake with

an EP50 of 2% would lead to a similar pattern of tsunami

occurrences as assumed for tsunamis caused by estimated

slope failures triggered by earthquakes with an EP50 of

0 2 4 mk1
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0

thickness of modelled MTD [m]

translation area

mapped MTD  from 

(Strasser et al. 2013)

Fig. 3 Modelled mass transport deposits (MTD) from a mobility analysis of all * 2210 cal. year. BP slides mapped in Strasser et al. (2013)

360 M. Strupler et al.



10%. The main difference is that the expected peak

amplitudes are higher for an EP50 of 2% (instead of max-

imum peak amplitudes of * 0.4 m (Fig. 6a), they reach up

to * 2 m, albeit in the near field of the landslides;

Fig. 6b). The shores around the deep basin would be

inundated, e.g. south of Au and around the village of

0 2 41 km

Küsnacht

Herrliberg
Meilen Männedorf

Rüschlikon

Thalwil

Oberrieden
Horgen
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Wädenswil
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gullies

translation areas 
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shoreline
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c

Fig. 4 Spatial distributions and thicknesses of mass transport deposits modelled for potential landslides expected for earthquake scenarios with

different exceedance periods of a 10, b 2 and c 0.5% in 50 years
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Uetikon, the latter at the former location of the oldest Swiss

chemical production site for fertilizer; Fig. 7; Geilinger-

Schnorf 1993). However, the maximum flow depth would

amount to less than 1 m for most zones.

4.2.3 Scenario for tsunamis caused by hypothetical
landslides that may be triggered by an earthquake
with a median PGA expected for an EP50 of 0.5%

For a worst-case scenario of all yet unfailed slopes sliding

down simultaneously (as expected for an earthquake with

an EP50 of 0.5%; Strupler et al. 2018), the entire shoreline

would be affected. The villages located around the central

basin, where the majority of the slides occur, would

especially be affected by inundations within the first

10 min after the occurrence of the slides. The most distal

cities of Zurich and Rapperswil would be affected by the

tsunami only * 5 and * 12 min after the slide occur-

rence, respectively. In Zurich, after two initial waves with a

peak elevation of * 0.5 m, the lake level would lower

during * 3 min by * 2 m and rise again for the suc-

ceeding 3 min (gauge 7, Fig. 8). This irregular wave pat-

tern has been interpreted to be caused by interference of the

waves. For an earthquake with a mean return period of

* 9975 years, large landslides occur between Meilen and

Herrliberg, causing initial peak amplitudes of more than

* 2 m measured at the nearby virtual gauges 2 and 4

(Fig. 8).

The zones most affected by inundation on the western

shores can be found between Oberrieden and Richterswil,

where the maximum inundation distance reaches up to

* 200 m, with flow depths exceeding 1 m mostly in the

shore-proximal zones. The eastern shores of the deep basin

show the highest flow depths, mostly in the range between
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1 and 4 m. Most parts of the island of Lützelau would be

inundated (Fig. 9).

5 Discussion

5.1 Quality and limitations of the applied model

The results of this study, i.e. the modelled wave heights

and inundation, are based on various steps involving

mapping, modelling, and interpretation. Each of these steps

involves limitations and uncertainties, which are difficult to

assess. Therefore, the results presented here can be con-

sidered as first-order results.

5.1.1 Mapped past and potential future translational areas

The mapped extents of the translation areas corresponding

to the * 2210 cal. year BP event may include some

uncertainties, mostly due to overprinting by gullies and
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younger slide events (Strupler et al. 2015). However, in

general, there is a relatively good agreement between the

runout distances and areas of the modelled and mapped

mass transport deposits. As a first simplification from the

probabilistic assessment of the earthquake-triggered sub-

aqueous landslide hazard, Strupler et al. (2018) arbitrarily

considered all slopes with a failure probability of[ 0.6 to

fail for each hazard scenario. Also, the approach of using

constant earthquake acceleration as input in the pseudo-

static analysis in the study of Strupler et al. (2018) showed

its limitation, especially for high earthquake accelerations,

such as the * 0.2 g representing an earthquake with a

return period of 9975 years in the study area, which would

cause failure even on slopes with gradients \ 1�. In this

study, slopes \ 1� were considered stable here, to avoid

large instable volumes on the terraces of the escarpment

structure. However, it needs to be tested if the slope-sta-

bility assessment of Strupler et al. (2017) is valid for the

lateral slopes only or if it also applies for the escarpment

structure.

5.1.2 Mobility analysis

The back-analysed subaqueous landslides modelled as a

Bingham fluid may not represent the mechanism of trans-

lational subaqueous landslides correctly, as the modelled

slides do not actually glide, but rather flow. However,

Hilbe and Anselmetti (2015) showed that the resulting

landslide-triggered tsunami wave height compared rela-

tively well to historical reports of wave heights and inun-

dation, indicating that the model provides realistic results.

The fact that rheological parameters were back-analysed

on the * 2210 cal. year BP Oberrieden slide and used for

the simulation of all scenarios may ignore varying

sediment-mechanical and geomorphic influences on the

slide velocities within the lateral slopes. Also, a potential

dependency of the parameters on the slide volumes was not

considered. However, the modelled extents match the

mapped extents of the * 2210 cal. year BP deposits rel-

atively accurately, particularly on the western lateral

slopes. On the eastern lateral slopes, the modelled extents

are slightly smaller than the mapped extents. The compa-

rably steeper lateral slopes on the eastern part of the basin

(Strupler et al. 2015) might cause faster slide velocities and

hydroplaning, which increases the runout of landslides and

may cause distal turbidites (e.g. Mohrig et al. 1998;

Elverhoi et al. 2010). This process, however, is not con-

sidered in the model.

A further simplification stems from the fact that no

interaction with the underlying sediment occurs in the

model. Compared to thicknesses of the MTDs measured in

the seismic reflection dataset (Strasser et al. 2013), the

modelled thicknesses of past slides are thus generally much

lower. It may be tested in future work what the effect of the

interaction between landslides and the underlying sediment

is on the modelled tsunamis.

5.1.3 Tsunami model

A typical weakness of the applied model, i.e. the overes-

timation of the wave height and flow depth in the near field

of tsunami sources, needs to be considered for the data

interpretation (Hilbe and Anselmetti, 2015). Thus, if an

area with great inundation is close to a translation area of a

landslide, the results (especially high values of single cells)

need to be interpreted with caution. However, the wave

heights and impacts on the shore at a certain distance from

the landslide are assumed to be acceptably approximated.
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As the height of the wave is mainly depending on the

slide volumes, speed and depth of submergence (Watts

1998), uncertainties in these parameters contribute to the

uncertainties in the tsunami height. The estimated cumu-

lative volumes of all slides occurring coevally represent a

worst-case scenario, thus maximum expected wave heights.

Also, the scenarios modelled here all assume that sliding

occurred at once, i.e. not retrogressively in multiple phases,

as documented for the anthropogenically triggered Horgen

slide (Heim 1876; Kelts and Hsü 1980). Sliding in multiple

phases would result in smaller individual slide volumes,

reducing the resulting tsunami wave height. The landslide

hazard map (Strupler et al. 2018) does not consider retro-

gressive failure implying that the volumes assumed to fail

are derived from mapped zones with a high PoFeo. How-

ever, because geomorphic data shows that most of the

slides in Lake Zurich are initiated immediately at the upper

end of a steep zone (Strupler et al. 2015), the mapped slides

can be assumed to represent potential slide extents. Also, a

potential retrogressive slide mechanism may be slower

a

b

Fig. 8 Plotted time steps of

wave amplitudes a and time

series at the different gauges

b for the hypothetical ‘worst

case scenario’ of landslides

occurring on all yet unfailed

slopes (scenario for earthquake

median PGA expected for an

EP50 of 0.5%). Expected time of

arrival of the first wave at the

northern end of the lake is

* 5 min (gauge 7) and at the

southern end * 12 min (gauge

8)
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than failure initiating at the top of the slope, which would

result in lower initial wave elevations (Tappin 2017).

The inundation area is strongly affected by the surface

roughness represented by houses and other infrastructure

(e.g. Shimazu 2016), which have been neglected in our

approach. The arbitrary selection of a Manning roughness

coefficient that is lower than values typically used for built-

up areas, thus leads to an overestimation of the inundation

area. Using a digital surface model that includes buildings

and trees that limit inundated zones and using a signifi-

cantly higher spatial resolution of the inundated area might

be needed for a better prediction of inundated zones.

However, the first assessment of potential tsunamis gen-

erated by earthquake-triggered landslides for Lake Zurich

presented here provides a first-order overview on which

areas may be exposed to a tsunami hazard (and which areas

may be less exposed). By assuming a 2 m higher lake level

for the investigation of tsunami scenarios * 2210 cal. year

BP, the inundation at anthropogenically designed near-

shore zones might be overestimated as well, as human

activity since industrialization flattened the shore mor-

phology at many locations.

In summary, the first-order results presented here of

wave heights and inundation provide valuable information

about consequences of potential past and future tsunamis

on Lake Zurich if interpreted with the necessary caution.

Because of the above-mentioned factors, the results can be

considered as conservative, representing worst-case

scenarios.

5.2 Tsunamigenic potential of past subaqueous
landslides on the lateral slopes of Lake
Zurich (‘paleotsunamis’)

Compared to estimated volumes of past landslides for other

lakes in Switzerland (up to * 250 Mio m3; Kremer et al.

2015; Hilbe and Anselmetti 2015) the total volume of the

slides assigned to * 2210 cal. year BP (4 Mio m3) is

rather small. The mobility analysis of the * 2210 cal. year

BP Oberrieden slide, whose rheological parameters were
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calibrated in order to match the mapped extent of the

depositional lobe (Strupler et al. 2015), resulted in maxi-

mum slide speeds of* 14 m/s. This value lies between the

velocity of the modelled slides by Hilbe and Anselmetti

(2015) in Lake Lucerne (* 20 to 35 m/s), and velocities

mentioned by Kremer et al. (2015) for Lake Geneva (6 to

11 m/s). Different slide volumes, height drops and slope

angles, together with the back-analysed dynamic viscosity

of the slide material are likely responsible for these dif-

ferences. For example, the volume of the * 2210 cal. year

BP Oberrieden slide (* 0.8 Mio m3) is much smaller than

the Weggis slide in Lake Lucerne (* 11.5 Mio m3; Hilbe

and Anselmetti, 2015). Also its height drop is significantly

lower (* 94 vs. * 120 m). Additionally, we back-anal-

ysed a higher dynamic viscosity (40 vs. 8 Pa s). The con-

fined frontal emplacement of the * 2210 cal. year BP

Oberrieden slide, showing very distinct frontal bulges

(Strupler et al. 2015) may be interpreted as a geomorphic

confirmation of a rather low slide speed. In contrast, slides

with higher speeds may develop hydroplaning (i.e. the

front of the slides glide on a water layer; Mohrig et al.

1998) and run out of their stratigraphic position, ending up

in frontally emergent slides (De Blasio 2011; Moernaut and

De Batist 2011).

The tsunami simulation of the * 2210 cal. year BP

Oberrieden slide (ESM, Figs. 2 and 3) indicates no con-

siderable inundated areas. Apart from the initial wave

trough of * 1.5 m and subsequent crest of * 1 m imme-

diately offshore behind the slide, possibly related to an

overestimation of simulated wave heights close to landslide

source areas (Hilbe and Anselmetti 2015), the peak ampli-

tude remains very low (i.e.\ 0.5 m). This result also

coincides with the lack of tsunami observations during the

1875 Horgen slide, which had a comparable total slide

volume (1–1.5 Mio m3; Kelts 1978). However, the Horgen

slide occurred in multiple slide phases (Heim 1876; Kelts

and Hsü 1980), thus with lower sliding volumes for each

phase than the total volume, reducing the tsunami potential.

If all the ten documented slides that were dated to *
2210 cal. year BP (Strasser et al. 2013) occurred syn-

chronously (total volume of * 4 Mio m3), the zones close

to the shores of today’s villages of Oberrieden and Thalwil

would have been affected by inundations with flow depths

at single cells of up to 3 m. However, these maximum flow

depths appear in the vicinity of landslide translation areas

correlated to the 2210 cal. year BP event (Strasser et al.

2013; Strupler et al. 2015). Therefore (due to the previ-

ously mentioned weakness of the tsunami model) it is

likely that the flow depth values in near field of tsunami

sources are overestimated. The villages located around the

shallower northern and southern basins are less affected by

tsunamis, as the wave experiences a greater drag in shal-

lower waters (Berger et al. 2011). We conclude that the

most slide-distal areas of the future cities of Zurich and

Rapperswil were not directly affected by a potential tsu-

nami triggered by a simultaneous failure of all the land-

slides assigned to a * 2210 cal. year BP event (Strasser

et al. 2013).

Only little is known about settlements located around

the deep basin at the time of the assumed * 2210 cal. year

BP (i.e. * 200 B.C) earthquake, but it is assumed that the

direct shorelines were not inhabited anymore, as they were

earlier during lake dwellers epoch in the Neolithic and

Bronze Age periods (Primas 1981; Ruoff 1981). In his-

torical terms, the earthquake and related landslides have

occurred in the La Tène epoch (* 500 B.C to 0; Wells

2002) of the Iron age. Among the few archaeological

findings along the shorelines is a grave, dated to the mid La

Tène epoch, that was found in Horgen (Swiss LV03

Coordinates: 688250/234825; Fig. 5). The grave is located

at 410 m a.s.l., thus only 2 m above the paleo-lake level

estimated for that time (Müller et al. 1999; Wild 2009).

Additional historical information on occupation gaps along

the lake shores may provide helpful insight on potentially

disastrous tsunamis, such as discussed in Kremer et al.

(2014). These authors suggested a causal relationship

between an occupation gap of lake dwellers settlements on

the shores of Lake Geneva and a reconstructed tsunami

event dated to 1758 BC.

Our simulations represent the ‘worst-case’, where all

slides were triggered simultaneously. An important ques-

tion is whether all the individual * 2210 cal. year BP

slides (Strasser et al. 2013) occurred within the exactly

same time (i.e. within few seconds). Some of these slides,

for example, could also have been triggered by an after-

shock of an earthquake event, thus a few min to days later,

which cannot be distinguished within reflection seismic

data resolution. In such a case, the potential wave height

and inundation may have been smaller, mainly due to the

smaller cumulative slide volume. However, it has to be

further investigated, what the effect of multiple slides on

the wave interference is.

5.3 Current Tsunami hazard from earthquake-
triggered landslides in Lake Zurich

The modelled consequences of potential slope failures

expected for PGAs with EP50 of 10, 2 and 0.5% indicate

that the occurrence of future tsunamis on Lake Zurich

cannot be excluded. The presented first-order results help

predicting where and how much time after a potential

landslide tsunami waves reach the shores of Lake Zurich,

providing crucial data for measures such as potential

evacuation planning.

The results of all three EP50 scenarios for tsunamis

following earthquake-triggered landslides show that the
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run-up is mainly dependent on the bathymetric features

close to the shoreline (e.g. Grilli et al. 2009; De Blasio

2011). On relatively steep transitions from the nearshore

area to the shore (i.e. around the central basin), the run-up

is greater than in extended relatively shallow zones such as

the northern and southern lake-basins (Fig. 1a). Due to

their protection by extensive shallow-water areas and their

distal location with respect to the tsunami sources, the

cities of Zurich and Rapperswil are barely affected by

tsunamis for all modelled scenarios.

The most tsunami-prone zones have a low elevation

above lake level and are located around the deep basin.

Most affected are the nearshore zones of the villages

Thalwil, Oberrieden, Horgen, Wädenswil, Richterswil,

Uetikon and Meilen. Results showed that the first wave

arrives at these locations * 1 min after an earthquake has

triggered the slides, implying a very short warning and

reaction time. The peak wave amplitudes (excluding the

values in the near field of tsunami source and single cells

with high values, which were assessed to be unreliable;

Hilbe and Anselmetti 2015) for an EP50 of 0.5% (* 2 m)

are twice as high as for an EP50 of 2% (* 1 m), and four

times higher than for an EP50 of 10% (* 0.5 m), mainly as

a consequence of the higher slide volumes expected for

stronger earthquakes. Similarly, expected flow depths and

inundation areas are also greater for earthquakes with a

lower EP50.

Another thing to consider is that although the lake level

is also fluctuating up to * 1 m (AWEL 2016), a hypo-

thetical lake level rise of * 1 m cannot be compared to a

wave with an amplitude of * 1 m—for the following

reasons: First, the lake level would rise much slower (i.e.

hours to days), whereas a tsunami wave on Lake Zurich

would arrive at the shores within seconds to minutes after

being generated by a subaqueous landslide. Second, a

tsunami wave of 1 m amplitude would shoal on the shore,

i.e. increasing its amplitude, which would result in greater

inundation areas and flow depths. Whereas for a lake-level

rise, the movement of the water is only in the vertical

direction, for a tsunami, there is a horizontal component in

the movement of the water in the shallow areas.

Quantifying the absolute tsunami hazard caused by

earthquake-triggered landslides seems difficult, as the

subaqueous landslide hazard is also dependent on transient

conditions of the sediment drape (e.g. Strupler et al. 2018).

An earthquake with a certain return period does not auto-

matically imply that a tsunami will occur. For example, if

most of the potentially mobile sediment drape has been

removed by landslides as a consequence of a strong

earthquake, a subsequent earthquake with the same inten-

sity may not cause landslides of considerable sediment

volumes, and as a consequence no tsunami would occur. In

contrast to simulations from Lake Geneva, where a tsunami

that was caused by a delta collapse propagated as relatively

simple wave train along the lake axis (Kremer et al. 2012),

the coeval slides modelled here at the lateral slopes cause

interference between the waves, resulting in a complex

interference pattern.

5.4 Outlook

The simulation of tsunamis generated by different hypo-

thetical earthquake-triggered landslides allows an estima-

tion of zones affected by tsunami impacts. Due to the more

alpine-proximal setting of Lake Lucerne, its topography is

more complex and thus, large parts of the shore are not

inhabited. In contrast, the shores of Lake Zurich are den-

sely inhabited. As a consequence, a potential tsunami

causing a similar flow depth and inundation area may

create much greater damage on the shores of Lake Zurich

than of Lake Lucerne, e.g. in the Gersau-basin; Hilbe and

Anselmetti (2015). A quantitative tsunami-risk analysis,

based on the results presented here, would be a step

towards quantifying the economic impact of potential tsu-

namis. To this end, as risk is defined as the product of

hazard, exposure and vulnerability, additional information

on the latter two factors needs to be included.

The presented tsunami hazard assessment also allows

for hazard mitigation measures: Knowing which zones are

endangered, the authorities could for example install an

early warning system that is activated by strong earthquake

and design some evacuation areas. However, the relatively

short travel times of waves (due to the limed basin sizes) in

lakes compared to marine settings are challenging (Kremer

et al. 2015). In such cases, self-evacuation education may

be the best mitigation option. Land-use planning authorities

may consider the first-order results presented here for

zonation.

To our knowledge, no clear evidence of paleotsunamis

has been described in the geological records at the shores

of Lake Zurich. The zones mapped here that would have

been affected by a potential tsunami following the

* 2210 cal. year BP event may define investigation areas

for paleotsunami deposits.

6 Conclusions

In this study, we modelled the tsunamigenic potential of

documented earthquake-triggered Holocene landslide

events occurring on the lateral slopes of Lake Zurich.

Furthermore, we presented the first assessment of tsunamis

that may be triggered by future earthquake-triggered

landslides at a basin-wide scale. For that purpose, we used

volumes of potential landslides from a probabilistic earth-

quake-triggered subaqueous landslide hazard map (Strupler
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et al. 2018). The presented estimated flow depths and

inundation areas around the entire basin of Lake Zurich can

be considered as first-order, rather conservative results.

However, our results provide valuable information that

may be used for a more detailed simulation at a more local

level.

We conclude that a coeval occurrence of all the land-

slides assigned to the * 2210 cal. year BP earthquake

event may have triggered a tsunami with peak free surface

wave heights of up to * 1.5 m. The shorelines around the

deep basin may have experienced flow depths of up to *
3 m. A single slide assigned to the same earthquake-event,

such as the well-described Oberrieden slide, may have

caused a wave with a maximum free surface height of *
0.5 m, and thus no serious inundations on the lakeshores.

However, as the shorelines today are (due to anthropogene

activity since industrialisation) different to the ones in the

past, the back-calculated inundations represent only first-

order estimations.

Our modelled scenarios indicate that a tsunami hazard

exists for Lake Zurich. The zones most affected by

potential tsunamis are the shore-proximal zones of the

villages located around the deep, central basin, especially,

where the greater water depths exist close to the shore.

However, a considerable tsunami hazard caused by land-

slides only exists for earthquakes with very low excee-

dance probabilities in 50 years (i.e. large return periods).

For selected landslide-hazard levels, the following

consequences may be expected:

• According to our model, an earthquake with PGAs

of * 0.05 g (as expected for an exceedance probability

of 10% in 50 years, which corresponds to a mean return

period of 475 years) would generate a total expected

slide volume of * 3 Mio m3, causing waves with peak

amplitudes less than 0.5 m and no considerable inun-

dations on the shorelines of Lake Zurich.

• Expected PGAs of * 0.1 g (exceedance probability of

2% in 50 years, which corresponds to a mean return

period of 2475 years) cause failure on most slopes

steeper than * 10� (Strupler et al. 2018), leading to

total slide volumes of * 12 Mio m3. This may cause

tsunamis with peak wave amplitudes of * 1 m and

inundations on the shores around the central basin.

However, the flow depth on most of these zones is

calculated to amount only to a few dm.

• A ‘worst case scenario’ of all yet unfailed slopes sliding

simultaneously, that is assumed for PGAs with an

exceedance period of 0.5% in 50 years (corresponding

to a mean return period of 9975 years), may cause

tsunami waves of up to 2 m peak free surface

amplitude. Inundation can be expected on all shoreli-

nes, with greatest impact around the central basin,

where maximum flow depths of up to * 4.6 m and

maximum inundation-distances of the water up to *
200 m are modelled.

The cities of Zurich and Rapperswil, located on the

northern and southern ends of the lake, respectively, are

assumed to experience comparably little damage, even for

a worst-case scenario (i.e. simultaneous triggering of all the

yet unfailed slopes), because they are protected by large,

relatively shallow zones, that decelerate the tsunami wave.
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modernen archäologischen Forschung (pp. 5–18). Basel:

Schwabe.

Reusch, A., Moernaut, J., Anselmetti, F. S., & Strasser, M. (2016).

Sediment mobilization deposits from episodic subsurface fluid

flow-A new tool to reveal long-term earthquake records?

Geology, 44, 243–246. https://doi.org/10.1130/G37410.1.

Ruoff U (1981) Die Ufersiedlungen an Zürich- und Greifensee. In:

Degen R (ed) Zürcher Seeufersiedlungen—Von der Pfahlbau-

Romantik zur modernen archäologischen Forschung (pp.
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