
1. Introduction
Tsunami hazard is frequently associated with megathrust earthquakes at convergent plate boundaries in the ma-
rine environment (e.g., 2011 Common Era [CE] Tohoku-Oki tsunami (Goto, Chagué-Goff, et al., 2011; Suzuki 
et al., 2011)). However, earthquake-triggered subaqueous mass movements have also generated devastating tsu-
namis that pose a threat to populated, low-lying coastal areas (e.g., 2018 CE Sulawesi earthquake (Heiderzadeh 
et al., 2019); 1998 CE Papua New Guinea Tsunami (Synolakis et al., 2002; Tappin et al., 1999). In addition, 
subaerial landslides impacting on the water surface can generate devastating impulse waves with high initial 
run-up and destructive inundation (e.g., 1958 CE Lituya Bay landslide-generated impulse wave (Miller, 1961; 
Weiss et al., 2009); 2018 CE Anak Krakatau volcano collapse-generated impulse wave (Grilli et al., 2019; Paris 
et al., 2020; Putra et al., 2020)).

Where most tsunami evidence stems from the marine domain, tsunamis in lakes have recently been recognized 
as a considerable natural hazard with high magnitudes and low recurrence rates (Hilbe & Anselmetti,  2015;  
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Plain Language Summary An earthquake in Central Switzerland generated a tsunami on Lake 
Lucerne on 18 September 1601 CE, which is historically documented. The tsunami waves caused casualties, 
flooded coastal plains, and considerably damaged the lake shore. Previous studies have shown that several 
underwater landslides and a rockfall triggered by the earthquake generated the tsunami waves that propagated 
along the several lake basins. To better characterize this tsunami event, we examined sediment cores from 
the Lucerne Bay that host a sedimentary deposit, which has been associated to the historically reported event 
of 1601 CE. In addition, we numerically simulated the tsunami waves with specialized computer codes and 
studied the erosion potential in the Lucerne Bay.
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Kremer et al., 2015, 2021; Nigg, Wohlwend, et al., 2021; Strupler, Danciu, et al., 2018; Strupler, Hilbe, et al., 2018). 
The most common mechanism that generate tsunamis in freshwater environments are large subaqueous and sub-
aerial mass movements (Hilbe & Anselmetti, 2015; Kremer et al., 2021; Mountjoy et al., 2019; Nigg, Wohl-
wend, et al., 2021; Roberts et al., 2013; Strupler, Bacigaluppi, et al., 2020). Historic chronicles document that 
lacustrine tsunamis have caused fatalities, severe lake-shore erosion, and inundation in various lakes around the 
world (e.g., Lake Geneva, Switzerland [563 CE Tauredunum rockfall event (Favrod, 1991; Montandon, 1925]), 
Lake Lucerne, Switzerland (1601 CE Unterwalden earthquake (Cysat, 1969) and 1687 CE Muota Delta collapse 
(Bünti, 1973; Billeter, 1923; Dietrich, 1689)), Lake Baikal, Russia (1861 CE Tsagan earthquake (Klyuchevskii 
et al., 2012)). Prehistoric lake tsunamis were proposed based on subaqueous lake morphology in Lake Tahoe 
(Gardner et al., 2000; Moore et al., 2006), mass-movement event stratigraphy (Hilbe & Anselmetti, 2014; Kremer 
et al., 2015; Schnellmann et al., 2006; Siegenthaler et al., 1987), and numerical tsunami simulations (Hilbe & 
Anselmetti, 2015; Kremer et al., 2012; Mountjoy et al., 2019). To date, however, depositional signatures of tsu-
namis have received little attention in the freshwater environment. Roberts et al. (2013) document sedimentary 
signatures of the 2007 CE subaerial landslide-generated tsunami in the onshore setting of Lake Chehalis. Nigg, 
Wohlwend, et al. (2021) found sedimentary evidence of a prehistoric tsunami in the shallow-water and coastal 
area of Lake Sils, Switzerland, that are comparable to marine tsunami deposits.

Tsunami deposits are the accumulation of remobilized sediment from tsunami inundation and backwash in the 
on-, near- and offshore setting (Einsele et al., 1996) that provide information on the magnitude and recurrence 
of past events (Monecke et al., 2008). These deposits have been increasingly studied, especially in onshore ar-
eas, following the devastating 2004 CE Indian Ocean tsunami (Feldens et al., 2009; Paris et al., 2010; Sakuna 
et al., 2012; Sugawara et al., 2009) and 2011 CE Tohoku-Oki tsunami (Goto et al., 2014; Haraguchi et al., 2013; 
Ikehara et al., 2014; Tamura et al., 2015; Yoshikawa et al., 2015). In areas with discontinuous terrestrial records 
due to anthropogenic activity (Fritz et al., 2008; Goodman-Tchernov & Austin, 2015; Spiske et al., 2013), limited 
tsunami preservation (Spiske et al., 2013), and sediment-limited coastal settings (Apotsos et al., 2011), near-
shore and offshore tsunami deposits may contribute to improved tsunami-hazard assessment in the future (Costa 
et al., 2021). Yet, the number of studies examining their signatures is rather small compared to their onshore 
counterparts (Costa & Andrade, 2020; Dawson & Stewart, 2008). This may be related to poor preservation of 
the primary deposits, especially due to reworking by wind-induced bottom currents above the storm-wave base 
(Weiss & Bahlburg, 2006) and by bioturbation from aquatic organisms (Van den Bergh et al., 2003). As tsunami 
backwash currents may transform into turbidity currents offshore (Einsele et al., 1996), the associated deposits 
are difficult or even impossible to distinguish from other turbidite deposits based on the textural appearance (e.g., 
seismo-turbidites, distal submarine slides, sediment plumes after heavy rainfall). Thus, proper contextualization 
and multidisciplinary approaches are needed for the identification and interpretation of offshore tsunami deposits 
(Costa et al., 2021).

In the nearshore environment, previous studies have successfully identified historic and prehistoric tsunami de-
posits (Abrantes et al., 2008; Goodman-Tchernov et al., 2009; Riou et al., 2020; Smedile et al., 2011; Van den 
Bergh et al., 2003). Their depositional signatures are characterized by a wide range of sedimentological char-
acteristics (Fujiwara, 2008) including lower erosional surfaces (Ikehara et al., 2014; Riou et al., 2020; Smedile 
et al., 2020; Yoshikawa et al., 2015), coarse-grained clastic materials (Abrantes et al., 2008; Goodman-Tchernov 
et  al.,  2009; Paris et  al.,  2010; Sakuna et  al.,  2012; Van den Bergh et  al.,  2003), terrestrial-derived organics 
(Goodman-Tchernov et al., 2009; Paris et al., 2010; Sakuna et al., 2012), as well as single- and multiple-graded 
sandy deposits (Tamura et al., 2015). Though, no universal criteria for the recognition of shallow-water tsunami 
deposits exist since they depend on site specific conditions. Nevertheless, multiproxy-based sedimentological and 
geophysical methods combined with numerical simulation of sediment transport will help to improve the under-
standing of tsunami-induced sediment mobilization, transport, and deposition in the nearshore (Goto, Takahashi, 
et al., 2011; Noda et al., 2007).

Tsunami sediment-transport and deposition have increasingly been studied in onshore coastal environments using 
inverse (Huntington et al., 2007; Jaffe & Gelfenbaum, 2007; Jaffe et al., 2011, 2012; Johnson et al., 2017; Spiske 
et al., 2010; Tang & Weiss, 2015; Woodruff et al., 2008) and forward modeling (Apotsos et al., 2011, 2012; On-
towirjo et al., 2013; Pritchard & Dickinson, 2008). Inverse modeling uses the grain-size distribution of tsunami 
deposits to reconstruct tsunami flow-velocities (Jaffe & Gelfenbaum, 2007). Forward models, on the other hand, 
combine hydrodynamic and sediment-transport models (including erosion and deposition) to simulate observed 
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sedimentary deposits (e.g., grain-size and spatial-thickness distribution) (Apotsos et al., 2011). The successful 
combination of inverse and forward modeling in the 1755 CE Lisbon tsunami confirms the potential to improve 
understanding of historical events (Bosnic et al., 2021). Although, little attention has been drawn to the quanti-
fication of tsunami erosion in the nearshore area to date (Yoshikawa et al., 2015), Goto, Takahashi, et al. (2011) 
determined severely impaired stability of coastal infrastructures due to strong localized scouring and sediment 
rearrangement. Additionally, remarkable bathymetric changes caused by tsunamis were observed in several near-
shore areas (e.g., Kirinda Harbor, Sri Lanka (Goto, Takahashi, et al., 2011)) and numerically simulated (Kuri-
yama et al., 2020), suggesting substantial sediment remobilization by tsunami waves in the shallow water.

Particle entrainment by flows has been quantified from empirical experiments (Mantz, 1977; Shields, 1936). It is 
strongly dependent on the bed shear-stress, flow regime, grain-size distribution, grain shape, grain packing, and 
density of the surface sediment (Boggs, 2014; Buffington & Montgomery, 1997). The resulting hydrodynamic 
description may be partially applied to tsunami-induced sediment transport in shallow water (Kihara et al., 2012). 
For the incipient motion of sediment particles by tsunami propagation, the fluid force, which consists of the 
bed-parallel drag force and the horizontal lift force, need to be larger than the resistance force of the particles 
to be moved (Lee & Balachandar, 2012; Van Rijn, 2007). For determining the threshold of sediment motion 
in uniform and non-uniform flows, the Shields diagram that relates the dimensionless bed shear-stress and the 
grain Reynolds number, can be used (Shields, 1936). Therefore, numerical simulation of the dimensionless bed 
shear-stress generated by tsunami propagation in the shallow-water environment can provide an indication of the 
sediment source location.

The main objective of this study is to find evidence for sediment remobilization in the Lucerne Bay caused by 
the 1601 CE Lake Lucerne tsunami using sediment cores, lake-bed samples, and numerical simulations of tsuna-
mi-wave propagation. First, we investigate the sedimentary structure and physical properties in the Lucerne Bay 
through a series of collected sediment cores and modern lake-bed samples. Then, we numerically simulate tsu-
nami generation by one of the largest subaqueous mass movements triggered by the 1601 CE earthquake and ex-
amine the simulated wave characteristics (water-surface displacement, and flow-velocity magnitude) and spatial 
extent of threshold conditions for incipient motion using the dimensionless bed shear-stress (Shields parameter). 
This will ultimately help to provide a robust and sophisticated hypothesis on tsunami-induced sediment resuspen-
sion, transport, and deposition in the shallow-water setting of Lucerne Bay. The investigation of the lake-tsunami 
process chain will help to better understand tsunami hazard in lakes and sedimentary processes involved.

2. Study Site
Lake Lucerne is a perialpine lake located in Central Switzerland at an altitude of 433.6 m above sea level (asl). 
It lies geologically between the Helvetic nappes, the Subalpine Molasse, and the Swiss Molasse basin (Figure 1; 
Funk et al., 2013; Hantke et al., 2005; Kopp et al., 1955). The fjord-like lake consists of predominantly steep-sid-
ed lake shores and several subbasins with a maximum (max.) water depth of 214 m. The main tributary of Lake 
Lucerne is the Reuss River, which flows into the southeastern subbasin. There are several smaller tributaries in 
the subbasins. The outflow, Reuss River, is in the western part of the lake, in the Lucerne Bay.

Lucerne Bay is a relatively shallow subbasin with water depths between 2.5 to 5 m (max. water depth 8 m) and 
a sharp transition in the west leading to deeper parts of the lake (Figure 2). The basin is glacially eroded into 
Burdigalian sandstones of the Upper Marine Molasse and Aquitanian sandstones and conglomerates of the Lower 
Freshwater Molasse (Kopp et al., 1955; Schlunegger et al., 1997). The top of the bedrock occurs at a lowermost 
elevation of 408.8 m asl at the lake outlet (Keller, 2021) and at ∼335 m asl at the Lucerne railway station in the 
southwest of the Lucerne Bay (Figure 2a, Keller,  2013) indicating strong contrasts in glacial overdeepening. 
The up to 100-m-thick overlying Quaternary deposits consist of a sedimentary succession formed by a thick 
package of Late Pleistocene sediments, characterized by glacially overconsolidated basal lodgment diamicts and 
local esker gravels above the bedrock surface, which are overlain by heterolithic glaciolacustrine silts with sand 
lenses (Keller, 2021). Around 14.7 kyr before present (BP), the area of the Lucerne Bay was filled with Late 
Pleistocene sediments up to 422 m asl at the Lucerne railway station and up to 426 m asl at the northern lake 
shore (Keller, 2021). These sediments are overlain by a relatively thin (1–4 m) sequence of transgressive-regres-
sive Holocene deposits that comprise shallow-water to alluvial plain environments characterized as organic-rich 
swamp deposits, lacustrine carbonates, as well as deltaic deposits and gravelly lobes at the toe of incoming rivers 
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(Keller, 2021). Major inflowing tributaries of the Lucerne Bay are the Würzenbach River in the northeast and 
the Krienbach River in the southwest, delivering dominantly siliciclastic material (Figure 2a). The Würzenbach, 
entering the lake at the northern shore, is today artificially channelized, but formed a large delta over time. In 
the southern area of the City of Lucerne, the Krienbach formed an extensive Holocene flood plain with gravelly 
alluvial fan deposits and overbank sands, which repeatedly clogged temporarily the lake outlet and caused high 
lake levels (Keller, 2013, 2021). Nowadays, the river is artificially diverted underground with tunnels feeding into 
the River Reuss (Figure 1).

Today, lake level is relatively stable at 433.6 m asl, with high lake levels in spring and late summer, and low lake 
levels in winter and peak summer (BAFU, 2009). Since the monitoring of the lake level in 1936 CE, the lowest 
lake level was measured in April 1938 CE at 433.15 m asl. The highest lake level was observed in September 
2005 CE at 435.35 m asl (BAFU, 2009). At the time of the city foundation (∼1200 CE) lake level was around 
432.2–433.2 m asl (Keller, 2013). Through the construction of mills and a weir at the lake outlet in the thirteenth 
to fourteenth century, lake level was stabilized at 433.0  m asl (Keller,  2013). Prior to the historical record, 
lake level was presumably lower, with greater seasonal fluctuations (±1.5 m; Keller, 2021). In the Late Glacial 

Figure 1. Western part of Lake Lucerne with individual lake basins (note that the Uri Basin in the east is not shown), giving the areal extent of the simulated Weggis-
slide (yellow), as well of the numerical simulation (light-blue area), the dashed line indicates open weir boundary condition toward adjacent lake basins. The map is 
based on the swisstopo swissALTI3D digital terrain model, geological map of swisstopo (GK500-Geol), and the bathymetry map of Hilbe et al. (2011).
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Interstadial (∼15–13 kyr BP), lake level was at ∼432 m asl (Keller, 2021) and during the Neolithic Period (5–6 
kyr BP) lake level was presumably lowest at around 428.6–429.5 m asl (Keller, 2013; Michel et al., 2012). After 
1800 CE until today, strong artificial shoreline changes were carried out, especially around the City of Lucerne, 
but also around the lake in the vicinity of smaller villages.

Figure 2. (a) Detailed map of the Lucerne Bay with the interpolated bathymetry (modified from Hilbe et al. (2011)) 
used for the numerical simulation with its outline (solid black line) and artificial obstacles such as landfills and coastal 
infrastructure that were cut off (todays shoreline course: dashed line). The map is based on the swisstopo digital terrain model 
swissALTI3D and the national map LK50 from swisstopo. The sediment core location (red dots), sediment core ID (red), 
surface sediment samples (blue dots), and virtual gauges (black crosses) plotted in Figure 11 are shown. (b) Detailed high-
resolution bathymetric map (Hilbe et al., 2011) of the east-west oriented depression shows the sediment-core locations (red 
dots), thickness of the event deposit (Unit 3) observed in sediment cores, and the contour line 426.6 m asl (black outlined) 
used for the volume estimation of the siliciclastic-rich, normally graded Unit 3. The shallowest and rugged topography 
represents artifacts caused by aquatic plants.
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2.1. The 1601 CE Earthquake and Lake Lucerne Tsunami

The earthquake on 18 September 1601 CE with an epicenter in “Unterwalden,” Central Switzerland (Mw ca. 5.9; 
Fäh et al., 2011; Schwarz-Zanetti et al., 2003) triggered multiple subaqueous mass movements in Lake Lucerne 
(Hilbe et al., 2011; Siegenthaler et al., 1987; Schnellmann et al., 2002, 2006) and a subaerial rockfall that impact-
ed the lake surface simultaneously (Keller, 2017; Schnellmann et al., 2006; Schwarz-Zanetti et al., 2003). The two 
major subaqueous mass movements with estimated volumes of 11.4 × 106 and 20.8 × 106 m3 failed in the Vitznau 
and Gersau Basin, respectively (Hilbe & Anselmetti, 2015). Several smaller mass movements are observable 
from the lake bathymetry (Hilbe et al., 2011) and from seismic reflection data, and were attributed to this event 
(Schnellmann et al., 2006). These mass movements generated a basin-wide tsunami with wave heights exceeding 
4 m on the northwestern shore of the Küssnacht Basin and devastating inundation and run-up along other parts of 
the lake shore (Cysat, 1969; Hilbe & Anselmetti, 2015). The alluvial plain near Buochs was inundated by about 
750 m and mountains of water were documented from eyewitness reports in the Gersau Basin (Cysat, 1969). The 
event caused at least eight casualties, who were drowned by the tsunami waves in Beckenried (Cysat, 1969). How-
ever, no serious damage from the waves were reported in the City of Lucerne, although a lake-level oscillation 
(seiche) with an estimated amplitude of 1–2 m and a period of 10 min was reported (Cysat, 1969); Siegenthaler 
et al., 1987). The seiche caused a periodic drainage of the riverbed Reuss at the lake outlet (Cysat, 1969). With 
time, the amplitude decreased, but the seiche persisted for several days after the event (Cysat, 1969).

3. Methods
3.1. Site Survey and Sediment Sampling

High-resolution (1 m grid cell) bathymetric data of Lake Lucerne (Hilbe et al., 2011) were used for the cor-
ing-site selection (Figure 2b). Seismic reflection data were acquired using a 3.5 kHz pinger system along the 
sediment-core transect. Three sediment cores (Core LU18-1, -2, and -3) were recovered from a floating platform 
in water depths between 7 to 8 m (Figure 2b) with a 3-m-long percussion piston-coring system (UWITEC Co. 
Austria) up to a subsurface depth of 3.5 m. A gravity corer was used to recover the undisturbed water-sediment 
interface. Lake-bed sediment samples were collected at four locations along the Lucerne Bay (Figure 2a).

3.1.1. Sediment Cores

Petrophysical properties (gamma ray attenuation bulk density, magnetic susceptibility, and p-wave velocity) were 
measured on all recovered whole round cores with a Geotek multi-sensor core logger (MSCL-S). Whole-round 
cores also underwent X-ray computed tomography (CT) imaging using a medical Siemens Somatom Definition 
AS scanner. Full core CT-scan data were obtained at a voxel size of 100 μm and visualized with the RadiAnt DI-
COM Viewer software (version 4.6.9.18463). Sediment cores were split longitudinally, imaged with the MSCL-S 
core logger line-scan camera, and sedimentologically described. A complete composite sediment record was 
obtained by visual correlation of overlapping piston and gravity cores. High-resolution assessment of sediment 
geochemistry by means of X-ray fluorescence (XRF) scanning was performed on split core surfaces of Core 
LU18-2 with an ITRAX-XRF core scanner (Cox Ltd., Sweden). Measurements were performed with a Cr-tube 
set to 30 kV and 50 mA using longitudinal 2 mm integrals and 20 s integration times. Here, we report relative 
intensities of calcium (Ca) and silicon (Si) to titanium (Ti) and aluminum (Al), respectively.

Sediment samples were continuously taken at 10 cm intervals in Units 4 and 3 (Core LU18-2) and at 1 cm inter-
vals in Unit 2 (Core LU18-1) for elemental analysis of carbon, nitrogen, and sulfur (CNS). Only two subsamples 
were taken from the top of Unit 1 (Core LU18-1) due to its presumably glaciolacustrine sediment appearance. All 
sediment subsamples were freeze-dried and homogenized using mortar and pestle. Total carbon (TC), total nitro-
gen (TN), and total sulfur (TS) concentrations were measured on these samples with a Flash 2000 NCS (Thermo 
Fisher Scientific Co.) combustion elemental analyzer configured with a MAS plus autosampler (Thermo Fisher 
Scientific Co.) and thermal conductivity detector. Samples were weighed into tin (5–8 mg) capsules for TC, TN, 
and TS measurements and silver (4–5 mg) capsules for total organic carbon (TOC) measurements. For TOC 
concentration measurements samples were treated with 1M HCl until no visual reaction occurred. The remaining 
HCl was evaporated prior to flash combustion analysis. Total inorganic carbon (TIC) was calculated from the 
differences between TC and TOC. The molar carbon-to-nitrogen (C/N) ratio was determined from TOC and TN 
concentrations. CaCO3 was calculated from TIC using the stoichiometric conversion factor of 8.33.
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For grain-size analysis of a sandy deposit (Unit 3), sediment samples were taken continuously at 1 cm inter-
vals between 37 and 120 cm depth in Core LU18-2. Subsamples with a wet weight of ∼1 g were treated with 
10 volume percentage (vol%) HCl and 10 vol% H2O2 to remove solid carbonate species and organic matter. A 
dispersion solution containing Na6P6O18 and Na2CO3 was added to the remaining clastic fraction and shaken in 
aqueous suspension for an 1 hr prior to analysis. Laser diffraction analysis (LDA) was then carried out with a 
Malvern Mastersizer 3000 particle size analyzer. Grain-size distribution was calculated for each sample from 
the average of three aliquot measurements. Grain-size classes are presented after the classification proposed by 
Wentworth (1922).

Radiocarbon dating of terrestrial plant macro-remains from Core LU18-2 was applied to date a sandy deposit 
(Unit 3). A sample was taken both directly below and above Unit 3. Four samples were taken at regular inter-
vals from the sandy deposit (Unit 3). Samples were measured by accelerator mass spectrometry (AMS) with 
the Mini RadioCarbon Dating System at the Department of Chemistry and Biochemistry, University of Bern. 
Radiocarbon ages were calibrated into calendar years Common Era (cal CE) using the OxCal software (version 
4.3; Ramsey, 2009) and the IntCal20 Northern Hemisphere calibration curve (Reimer et al., 2020). Radiocarbon 
measurements of post-bomb samples are reported in fraction modern 14C (F14C; Reimer et al., 2004).

3.1.2. Lake-Bed Sediment

Lake-bed sediment samples (uppermost ∼10 cm) were collected at four locations (LS-1 to LS-4) in Lucerne Bay 
by diving with a shovel and a bucket during summer from a sailboat (Figure 2a). The collected samples were 
described macroscopically using a binocular. TC, TN, TS, and TOC concentrations were measured, and TIC and 
CaCO3 concentrations as well as the molar C/N ratio was calculated according to the procedure described above. 
For the grain-size analysis of the lake-bed sediment samples the same procedure as explained in the previous 
section was performed.

3.1.3. Estimation of Sediment Volume of Unit 3

The depositional volume of Unit 3 was estimated based on the high-resolution bathymetric data from Hilbe 
et al. (2011) and the thickness of Unit 3 observed in sediment cores. Because of the low vertical penetration of 
the seismic reflection data, probably due to the strong absorption of the acoustic signal in the uppermost gas-rich 
sediment in the Lucerne Bay, the data could not be used to characterize the spatial distribution of the sedimentary 
units. Therefore, the depositional volume was estimated based on the 426.6 m asl contour line, as this delimits 
the depression edge. The area was calculated using ArcMap (version 10.8). The estimated depositional volume 
of Unit 3 was calculated based on the mean thickness of the unit observed in the sediment cores and the mapped 
polygon of the 426.6 m asl contour line.

3.2. Numerical Simulation, Validation, Visualization, and Sensitivity Analysis of the Bed Shear-Stress

The wave generation, propagation, and inundation were numerically simulated with the freeware BASEMENT 
(BAsic-Simulation-EnvironMENT; www.basement.ethz.ch). The software is originally designed for quasi-1D 
and 2D simulations of river hydro- and morpho-dynamics in alpine and subalpine regions. It enables the simu-
lation of steady and unsteady hydraulic flow conditions with complex geometries as well as sediment transport. 
For the present study, the underlying mathematical description is based on a decoupled system of equations 
given by the 2D-depth averaged non-linear shallow-water model for hydrodynamics and the Exner equation for 
morphodynamics (Vanzo et al., 2021). BASEMENT is based on the shallow-water equations and is thus very 
similar to common tsunami codes such as GeoClaw (Berger et al., 2011). Finite volume spatial discretization 
in combination with Riemann solver guarantees the stability and robustness of the numerical solution (Vetsch 
et al., 2020). Due to its highly optimized design, the software allows for accelerated simulations using multi-core 
central processing units (CPUs), graphic processing units (GPUs), and hybrid CPU/GPU-systems.

For hydrodynamic simulations, BASEMENT computes the water-surface elevation h and the specific water-dis-
charge in horizontal x- and y-direction, qx and qy, respectively, in a selected computational domain. From these 
quantities, the water-surface displacement

𝐴𝐴 = ℎ − ℎref, 

http://www.basement.ethz.ch/
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with href defined as the initial still-water reference-level and the flow-velocity 
magnitude,

𝑢𝑢 =

√

𝑞𝑞2𝑥𝑥 + 𝑞𝑞2𝑦𝑦
ℎ

 

can be derived (Figure 3). The bed shear-stress is defined as,

𝜏𝜏 =
𝑢𝑢2𝜌𝜌𝑓𝑓
𝑐𝑐2𝑓𝑓

, 

with ρf fluid density, cf friction coefficient for fully turbulent flow computed 
according to Chézy as,

𝑐𝑐𝑓𝑓 = 5.75 log(12 ℎ
𝑘𝑘𝑏𝑏

) 

(Bobrowsky & Marker, 2018) and bed roughness (kb), which may range from grain roughness to total physical 
bed-roughness as mentioned in Houwman and Van Rijn (1999). The dimensionless bed shear-stress derived by 
Shields (1936) based on dimensional analysis (also known as the Shields parameter) is defined as,

𝜃𝜃 = 𝜏𝜏
(𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑓𝑓 )𝑔𝑔𝑔𝑔𝑠𝑠

, 

where 𝐴𝐴 𝐴𝐴𝑠𝑠 represents the sediment density, 𝐴𝐴 𝐴𝐴 the gravitational acceleration, and 𝐴𝐴 𝐴𝐴𝑠𝑠 the grain diameter of bed-surface 
sediment.

The considered computational domain is limited to the Vitznau Basin and the Lucerne Bay with open boundaries 
(non-reflective boundary condition) to allow a natural outflow toward the Gersau, Küssnacht, and Horw Basins 
and at the lake outlet in the Lucerne Bay (Figure 1). To account for inundation and backwash in the Lucerne Bay, 
the computational domain includes the first 100–200 m onshore, depending on the topography. The digital eleva-
tion model is based on the high-resolution bathymetric data obtained by Hilbe et al. (2011), which was resampled 
to a cell size of 25 m2. Shallow-water areas (water depth 0–4 m), which are not entirely covered by the bathymetri-
cal data were linearly interpolated to the current shoreline with ArcMap (version 10.8.1), whereas large artificial 
obstacles (islands and port facilities) were cut out (Figure 2). From the resampled bathymetry, the computational 
grid with 787.4k triangular elements with an average cell size of 115 m2 in the central Vitznau Basin and 25 m2 
in the Lucerne Bay area was created.

The numerical simulation of the 1601 CE Lake Lucerne tsunami is based on the bathymetric reconstruction of 
the Vitznau Basin prior to the earthquake by Hilbe and Anselmetti (2015) (Figure 1). The Weggis slide with an 
area of 2.3 km2 and a total failed volume of 11.4 × 106 m3 was simulated by an instantaneous downward verti-
cal displacement of the water column along the area by 5 m. This corresponds to the total failed masses of the 
Weggis slide during the 1601 CE event. Total simulation time for the wave propagation is set at 1,800 s after 
the instantaneous collapse. The BASEMENT simulation was computed within 312 s on a NVIDIA Tesla P100 
PCIE-12GB GPU card.

For the validation of the tsunami propagation computed with BASEMENT, obtained results were compared with 
the numerical simulation of Hilbe and Anselmetti (2015) considering the complete lake. Hilbe and Anselmet-
ti (2015) used MassMov2D for the mass-movement using a Bingham plastic material and GeoClaw for the wave 
propagation simulation. Their results agree well with the historical description of the tsunami. Both BASEMENT 
and GeoClaw are based on the same hydrodynamic approach for the numerical wave propagation simulation. 
However, the tsunami triggering mechanism used in our study is strongly simplified compared to the simulation 
performed by Hilbe and Anselmetti (2015). To validate the use of an instantaneous collapse of the Weggis slide 
for the wave generation, we compared the max. water-surface elevation on the lake and the max. flow depth 
onshore.

The dimensionless bed shear-stress was simulated using conservative values of the physical bed roughness 
(kb) from 0.0002 to 0.1 m. According to Houwman and Van Rijn (1999), this is a reasonable range from grain 

Figure 3. Sketch of computed numerical quantities: initial still-water 
reference level (href), water-surface elevation (h), water-surface displacement 
(A), and flow-velocity magnitude (u).
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roughness to the total bed roughness. The computed dimensionless bed shear-stress was used particularly as an 
indicator for the area of potential sediment sources in the Lucerne Bay.

Data visualization was performed with the numerical data visualization software Paraview (V5.8.1, www.para-
view.org). Three virtual gauges were placed in the Lucerne Bay. Gauge 1 is located at the entrance of the Lucerne 
Bay, gauge 2 in the shallow-water area, and gauge 3 in the east-west oriented depression, where sediment cores 
were retrieved (Figure 2a). Time series of water-surface displacement, flow-velocity magnitude, specific dis-
charge, bed shear-stress, and dimensionless bed shear-stress (Shields parameter) were investigated using gauge 
data (Figures S1, S2, and S3 in Supporting Information S1). In addition, the spatial variability of the variables 
at different time steps was analyzed on map scale. The area with a dimensionless bed shear-stress θ ≥ 0.03 in 
Lucerne Bay was calculated with ArcMap (version 10.8.1). Flow field vectors were used to reconstruct the flow 
path and direction of potential sediment transport.

4. Results
4.1. Sediment-Core Data

Based on the high-resolution bathymetric data (Hilbe et al., 2011) a topographic depression was identified in the 
Lucerne Bay near the lake outlet (Figure 2b). The depressional feature is characterized by an east-west orient-
ed longitudinal shape with a length of ∼400 m, a width of ∼200 m, and an average water depth of 7.5 m. The 
surrounding plateau of the Lucerne Bay has a water depth of ∼3.5 m. This depression surrounded by shallow 
water provides an ideal depositional environment suitable for trapping remobilized sediment from tsunami prop-
agation, inundation, and backwash in the Lucerne Bay. Three sediment cores (LU18-1, LU18-2, and LU18-3) 
were retrieved along an east-west oriented transect within the depression (Figure 2; see Table S1 in Supporting 
Information S1 for coordinates of core location).

Recovered sediment cores have a complete composite sediment record of 284 cm (Core LU18-1), 288 cm (Core 
LU18-2), and 218  cm (Core LU18-3). The lithostratigraphy consist of four well-traceable sedimentary units 
(Figure 4) observed along the sediment-core transect (Figure 5), which were identified by visual appearance and 
core-log data (Figure 6). See Table S2 in Supporting Information S1 for results of the CNS measurements in Unit 
1, 2, 3, and 4.

4.1.1. Sedimentary Unit Description

4.1.1.1. Unit 1: Dense—Cohesive Silty Clay

Unit 1 is light gray in color and consists of a cohesive, very dense (∼2.1 g cm−3), silty, clay-rich sedimentary 
deposit with up to cm-thick graded sandy layers. The fine laminae with variable thickness and graded fine sand to 
silt are well recognizable on the CT-grayscale images (Figure 6). These graded intervals are also well expressed 
in the XRF Si/Al ratio that may be used as grain-size indicator (Figure 6). Magnetic susceptibility varies only 
slightly within the unit (7–12 × 10−5 SI). Elemental analyses were only conducted in the uppermost centimeter of 
the unit because of its glaciolacustrine appearance. Analysis yields low TOC (0.2–0.5 wt%), TN (0.0–0.4 wt%), 
and TS (0.0–0.03 wt%). CaCO3 amounts up to 37 wt% (Figure 7).

4.1.1.2. Unit 2: Light Brown Gyttja

Unit 2 is a light brown gyttja with occasional beige laminae, variable thickness between 2 and 10 cm with coarse 
sand and carbonate shell fragments embedded in an organic-rich matrix with low density (1.7 g cm−3), and a 
transitional base over >2 cm (Subunit 2T) (Figures 4, 5, and 7). The transitional base of Unit 2 is brownish gray 
in color and consists of fine to medium sand with carbonate shell fragments and a distinct peak in the XRF Ca/
Ti ratio (Figure 6). Along the sediment-core transect the transitional base has variable thickness in the cm-range. 
Finely embedded coarse sand and carbonate shell fragments are well recognizable in the low density, organ-
ic-matter-rich matrix with CT-grayscale image (Figure 7). TOC is low at the lower transitional base (∼0.4 wt%) 
and increases gradually to 1.5–2 wt% in the upper part (91–83 cm) of the unit. The C/N ratio varies between 9.5 
to 13 mol mol−1 and sulfur is between 0.0 and 0.2 wt% (Figure 7). CaCO3 varies between 13 and 54 wt% and is 
highest within the beige laminae (Figure 7). Magnetic susceptibility is ∼3 × 10−5 SI (Figure 6).

http://www.paraview.org
http://www.paraview.org
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4.1.1.3. Unit 3: Normally Graded Sand to Silt

Unit 3 is dark brown in color and consists of a thick (40–67 cm), dense, siliciclastic, normally graded fine to 
medium sand with sharp lower and upper contacts (Figures  6 and  8). Coarse sand-sized shell fragments are 
finely dispersed in a fine siliciclastic sand at the bottom of the unit. The enrichment of macroscopically observed 
carbonate shell fragments at the bottom is also expressed in the distinct peak in the XRF Ca/Ti ratio at the base 
(Figure 6). In the upper part, carbonate is homogeneously present (13.5–16.5 wt%) and is occasionally found as 
fine sand-sized shell fragments. The C/N ratio (14–20 mol mol−1) could only be calculated in the top three sub-
samples at 60, 50, and 40 cm core depth, but not in the lower subsamples due to nitrogen concentrations below 
detection limit (Figure 6). The high C/N ratio fits well with the observation of a significant amount of macro-
scopic, horizontally embedded wood fragments, whose abundance increases toward the top of the unit. Magnetic 
susceptibility ranges from 3 to 18 × 10−5 SI, and density decreases upcore from 2.1 to 1.5 g cm−3 (Figure 6). 
Similarly, the mean grain size (D50) and sorting decreases upcore from well sorted fine sand (D50: 90–180 μm) at 
the base to moderately sorted silt between 55–60 cm core depth and poorly sorted silt at the top (Figure 8). The 
XRF Si/Al ratio correlates well with the LDA grain-size data and can be used as grain-size indicator (Figure 6).

4.1.1.4. Unit 4: Lacustrine Carbonate

Unit 4 is light gray in color, varies in thickness between 17 and 43 cm along the sediment-core transect (Figure 5), 
and consists of shell fragments embedded in an endogenous carbonate clayey silt-sized matrix, with siliciclastic 
minerals only as accessories. It has a CaCO3 concentration of 70–80 wt%, a gradual increase in TOC (1.5–3.3 
wt%) upcore, and a decrease in the C/N ratio (13–7 mol mol−1) and density (1.5–1.2 g cm−3) (Figure 6). Magnetic 
susceptibility has a peak at 27.5 cm depth (197.5 × 10−5 SI), which correlates with the occurrence of metallical-
ly shiny, black, gravel-sized coal particles. In the upper 20 cm, the magnetic susceptibility is slightly negative 

Figure 4. Complete composite sediment Core LU18-2, selected line-scan images of the four lithologic units, and its sedimentologic properties (TOC, CaCO3, and TS 
concentrations, as well as molar C/N ratio, D50 of the laser diffraction analysis grain-size distribution, density, and magnetic susceptibility). Red boxes show the location 
of the line-scan images in the sediment-core log. Note that in the line-scan image of Unit 2, the lower transitional base (Subunit 2T) to Unit 1 and the upper sharp 
contact to Unit 3 are indicated with a dashed black line.
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(−4 × 10−5 SI). The XRF Ca/Ti ratio is very irregular in the lower part of Unit 4 (Figure 6). This is likely related 
to the metallic shiny gravel-sized coal particles causing an undulous sediment surface in this core section.

4.2. Radiocarbon Dating

A total of six radiocarbon dates were obtained from terrestrial organic macro-remains (Table 1). Four samples 
that were collected at regular intervals in Unit 3 have calibrated radiocarbon ages in the range of 1306–1442 cal 
CE (Table 1, Figure 6). One sample of fragmented leaves from Unit 2 yields a radiocarbon age of 1174–1277 cal 
CE. Another sample of leaf fragments from the lowermost section of Unit 4 has a modern radiocarbon age (Ta-
ble 1). The calibrated radiocarbon age ranges are given within a 2σ confidence level, which corresponds to a 
95.4% probability.

Figure 5. Lithological profile of the sediment-core transect (Cores LU18-1, LU18-2, and LU18-3) recovered along the east-west oriented depression in the Lucerne 
Bay, Lake Lucerne (Figure 2b).
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4.3. Volume Estimation of Unit 3

The estimation of the total volume of Unit 3 along the east-west oriented depression is based on high-resolution 
bathymetry data and retrieved sediment cores. The polygon of contour line 426.6 m asl has an area of 62’580 m2 
(Figure 2b). The thickness of Unit 3 is 0.4 m in Core LU18-1, 0.64 m in Core LU18-2, and 0.67 m in Core 
LU18-3, respectively. The mean thickness is 0.57 m, corresponding to a total estimated depositional volume of 
35’670.6 m3 (Figure 2b; Table S3 in Supporting Information S1).

4.4. Lake-Bed Sediments

Four lake-bed sediment samples (LS-1 to LS-4) were collected in the Lucerne Bay (Figure 2a). Sample LS-1 
and LS-2 were collected in the central part of the Lucerne Bay. Sample LS-3 is taken in the western part of the 

Figure 6. Sediment Core LU18-2 shows calibrated radiocarbon ages, line-scan image, CT-grayscale image, density, magnetic 
susceptibility, Si/Al and Ca/Ti ratio from the XRF scans, CaCO3, TOC and TS concentrations, and molar C/N ratio. See 
Figure 7 for results of Unit 1 and 2 analyzed in Core LU18-1.
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Würzenbach River delta, and Sample LS-4 on the northeastern lake shore of the Lucerne Bay. See Table S4 in 
Supporting Information S1 for coordinates of the sample location. The four lake-bed sediment samples (Table 2) 
are characterized as lacustrine marl with sand-sized carbonate shell fragments, and coarse organic remains (Sam-
ple LS-1 and LS-2), poorly sorted siliciclastic sand with fine gravel and carbonate shells (Sample LS-3), and a 
mixture of siliciclastic fines and lacustrine carbonate fine sandy silt with coarse organic remains (Sample LS-4). 
See Table S5 in Supporting Information S1 for the results of the elemental analyses of CNS.

4.5. Numerical Tsunami Simulation

4.5.1. Validation of the Numerical Simulation

For the validation of the numerical simulation, results were qualitatively and quantitatively compared with the 
numerical simulation of Hilbe and Anselmetti (2015) (Figure 9). The max. water-surface displacement of both 
numerical simulations shows very good agreement in the Vitznau Basin and good agreement in the Lucerne 
Bay area (Figure 9a). For example, on the southeast coast Lucerne Bay the two simulation have nearly identical 
results. However, the southwest coast shows higher values for BASEMENT. Proximal to the tsunami source at 
Weggis, max. flow depth, and inundation distance agree well, but also here the BASEMENT simulation shows 
locally higher values of up to 1 m (Figure 9b). The discrepancy could be addressed to the evaluation of max. wa-
ter-surface displacement and flow depth, because Hilbe and Anselmetti (2015) did not provide precise informa-
tion about this. The numbers may indicate an average value over a certain area or, as in the case of BASEMENT, 
the local maximum value.

4.5.2. Tsunami Generation and Propagation

The 1601 CE Weggis-slide collapse with a volume of 11.4 × 106 m3 (Hilbe & Anselmetti, 2015) was simulated by 
an instantaneous collapse of a 5 m thick sediment drape located on the northern lateral slope of the Vitznau Basin 
(Figure 1). This moving slab and the affected area (>2 km2) correspond to the well-defined 1601 CE Weggis slide 

Figure 7. Line-scan image, CT-grayscale image, CaCO3, TOC and TS concentrations, and the molar C/N ratio of subsamples from Unit 2, its lower transitional base 
(Unit 2T) and the uppermost of Unit 1 in Core LU18-1. The sharp basal contact of Unit 3 is well recognizable in the CT-grayscale image.
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described by Schnellmann et al. (2005) and Hilbe and Anselmetti (2015). The numerically simulated wave gener-
ation and propagation can be divided in three phases: wave generation (phase 1), wave propagation in the Vitznau 
Basin (phase 2), and arrival of a first wave trough in the Lucerne Bay that is followed by three main wave pulses 
(phase 3). See Movie S1 in Supporting Information S1 for the animation of the wave propagation simulation.

Figure 8. Line-scan image, CT-grayscale image, and particle-size distribution from the laser diffraction analysis of Unit 3 in Core LU18-2. The grain-size distribution 
of the siliciclastic fraction shows a pronounced fining upward trend.

Sample
Core depth 

(cm)
Lithological 

unit Sample material
δ13C 
(‰)

14C age ± 1σ (14C 
years BP)a

Calibrated 2σ-range 
(cal CE)b, c

BE-10751.1.1 35–36 4 Leaf fragments −28.7 <0d Modern

BE-10752.1.1 41–42 3 Conifer needle −28.7 570 ± 31 1306–1425

BE-10753.1.1 54–55 3 Conifer needle −28.8 567 ± 30 1307–1425

BE-10754.1.1 79–80 3 Conifer needle −27.4 527 ± 31 1326–1442

BE-10755.1.1 98–99 3 Leaf fragments −31.8 544 ± 30 1321–1437

BE-10756.1.1 102–103 2 Leaf fragments −29.7 812 ± 36 1174–1277

Note. Radiocarbon age uncertainties refer to 1-sigma uncertainties. Range of calibrated represent 95.4% probability (2σ). 
AMS, accelerator mass spectrometry.
aStuiver and Polach (1977). bRamsey (2009). cReimer et al. (2020). dF14C = 1.0738 ± 0.0041.

Table 1 
AMS Radiocarbon Age and δ13C Results From Terrestrial Organic Macro-Remains From Core LU18-2
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A wave trough with a water-surface displacement with respect to the lake at rest of more than −3 m forms imme-
diately after the instantaneous subaqueous collapse along the failed area (Figure 10a). In the initial phase, a wave 
trough approaches the proximal shore after 20 s (Figure 10b). After 40 s wave crests of 2 m reach the nearest shore 

Sample 
ID Macroscopic description

TOC 
(wt%)

CaCO3 
(wt%)

C/N 
ratio 
(mol 

mol−1)
D50 

(μm)
Clay 

(vol%)
Silt 

(vol%)
Sand 

(vol%)

LS-1 Lacustrine marl with sand-sized carbonate shell fragments and coarse organic material 2.208 80.8 6.7 45 3 60 37

LS-2 Lacustrine marl with sand-sized carbonate shell fragments and coarse organic material 2.424 78.4 6.8 58 3 50 47

LS-3 Poorly sorted siliciclastic sand with fine gravel 0.427 5.1 7.5 340 0 3 97

LS-4 Mixture of siliciclastic fines and lacustrine carbonate fine sandy silt with coarse organic 
material

2.481 26.9 9 45 3 62 35

Table 2 
Lake-Bed Sediment Samples Collected in the Shallow Area of the Lucerne Bay: Sample ID, Macroscopic Description, TOC and CaCO3 Concentrations, Molar C/N 
Ratio, D50 of the Grain-Size Distribution as Well as the Volume Percentage of the Clay-, Silt-, and Sand Fraction

Figure 9. Validation and comparison of the Weggis-slide tsunami simulation computed with BASEMENT (left) with the simulation of Hilbe and Anselmetti (2015) 
based on MassMove2D and GeoClaw (right). (a) Maximum water-surface displacement and (b) max. flow depth at Weggis, proximal to the tsunami source in the 
Vitznau Basin, Lake Lucerne.
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(Figure 10c). Simultaneously, the tsunami waves propagate toward the center of the Vitznau Basin (Figures 10b 
and 10c) and reach the steep southern shore within 60 s (Figure 10d), where the wave is reflected. Along the 
northern and southern shorelines (Figures 10e and 10f) and in the center of the basin (Figure 10f), a complex 
wave pattern is formed from the superposition of reflected waves.

Figure 11 shows four time-snapshots of the computed tsunami propagation and water-surface displacement in the 
Lucerne Bay. A train of waves arrives in the narrow and shallow bay with an initial wave trough and a water-sur-
face displacement of up to −1 m after 410 s (Figure 11a). At the transition from the deeper to the shallow-water 
area of the Lucerne Bay, a dominant flow direction toward the wave trough can be observed (Figure 11a) with 
a flow-velocity magnitude greater than 2 m s−1 (Figure 12). At ∼550 s (Figure 11b) the first wave crest with a 
water-surface displacement between +0.2 and +0.5 m propagates along the bay with a flow-velocity magnitude 
of 2.2 m s−1 at the wavefront. The second wave trough is characterized by a complex and heterogeneous flow 
field, which propagates along the bay at ∼755 s (Figure 11c). The wave trough with a water-surface displace-
ment of −1 m is followed by a wave crest of +0.5 m with a dominant flow direction toward the sediment-core 
locations (Figure 11d) and a max. flow-velocity magnitude of ∼2.4 m s−1 at gauge 2 and ∼0.9 m s−1 at gauge 3 
(Figure 12b). The third wave has a smaller water-surface displacement than the first two, but flow-velocity mag-
nitudes at gauges 2 and 3 are similar to the first two waves (Figure 12b). The third wave is followed by subsequent 
waves with smaller water-surface displacements and flow-velocity magnitudes (Figure 12).

4.5.3. Sensitivity Analysis of the Bed Shear-Stress

To determine the dependency and robustness of the computed flow parameters, a sensitivity analysis of the bed 
roughness (kb) was performed. Six scenarios were simulated with different bed-roughness values ranging from 
0.0002 to 0.1 m (Table 3). The sensitivity of the bed roughness on the dimensionless bed shear-stress (θ) was 

Figure 10. Time snapshots of the computed tsunami propagation and water-surface displacement (−3 to +3 m with respect 
to the lake at rest) of the 1601 CE Weggis slide (simulation LU18-S4) within the first 100 s after the simulated subaqueous 
mass movement. Tsunami propagation simulation at 5 s (a), 20 s (b), 40 s (c), 60 s (d), 80 s (e), and 100 s (f) after triggering.
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evaluated by simulations computed with different bed roughness values between 0.0002 and 0.1 m, keeping fluid 
density (1 g cm−3), sediment density (2.65 g cm−3), and sediment porosity (0.4 vol%) constant (Table 3).

The analysis of the computed data in gauge time series and spatial variability indicate that the applied bed rough-
ness has a strong effect on the dimensionless bed shear-stress. However, water-surface displacement, flow-veloc-
ity magnitude, and specific discharge are hardly affected. For example, flow-velocity magnitude has a variance 

Figure 11. Time snapshots of the computed tsunami propagation and water-surface displacement of the 1601 CE Weggis 
slide (simulation LU18-S4) in the Lucerne Bay. The water-surface displacement (−1 to +1 m) and flow-velocity direction 
(indicated by black arrows, size relates to the flow velocity) are shown at four distinct time steps (410 (a), 550 (b), 755 (c), 
and 875 s (d)). Time series of water-surface displacement and flow-velocity magnitude at the virtual gauges 1, 2, and 3 (black 
crosses) are plotted in Figure 12. Sediment-core locations (red dots) are shown in the map.

Figure 12. Time series of water-surface displacement (a) and flow-velocity magnitude (b) at the virtual gauges 1 (red), 2 (black), and 3 (blue) of the simulation 
LU18-S4. See Figures 2 and 11 for the gauge location. Wave numbers (encircled number) are indicated for direct visualization at gauge 1 (red) and 2 (black).
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of less than 10% within the range of the different simulations at gauge locations. Whereas the computed dimen-
sionless bed shear-stress is strongly influenced by the applied bed-roughness coefficient as shown in Figure 13.

The max. dimensionless bed shear-stress computed at the gauge locations range from 0.0001 to 0.0003 at gauge 
1, 0.01 to 0.03 at gauge 2, and 0.001 to 0.003 at gauge 3 (Figures S1, S2, and S3 in Supporting Information S1). 
From the map-based analysis, it is evident that the highest observed max. dimensionless bed shear-stresses are 
most pronounced along the shoreline and in the shallow area at the transition from the deep to shallow water 
in the Lucerne Bay (Figure 13). The area with a max. dimensionless bed shear-stress θ ≥ 0.3 ranges from 0.2 
to 0.6 × 106 m2 for the various simulated bed-roughness coefficients (Table 3). See Movie S2 in Supporting 

LU-S1 LU-S2 LU-S3 LU-S4 LU-S5 LU-S6

Bed roughness kb (m) 0.0002 0.001 0.01 0.02 0.06 0.1

Area with θ ≥ 0.03 (106 m2) 0.20 0.28 0.38 0.43 0.52 0.57

Table 3 
Sensitivity Analysis of the Dimensionless Bed Shear-Stress to the Bed Roughness (kb): Applied Bed Roughness in the 
Different Scenarios Computed With BASEMENT and the Calculated Area With a Dimensionless Bed Shear-Stress θ ≥ 0.03

Figure 13. Results of the sensitivity analysis of bed roughness to the dimensionless bed shear-stress. The max. dimensionless 
bed shear-stress reached in each computational cell throughout the simulated time is shown for the simulation with different 
bed roughness (kb = 0.0002 m (a); kb = 0.001 m (b); kb = 0.01 m (c); kb = 0.02 m (d); kb = 0.01 m (c); kb = 0.02 m (d); kb = 
0.1 m (f)). Sediment-core (red dots) and gauge (black crosses) locations are shown on the map.
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Information S1 for the animation of the dimensionless bed shear-stress evolution in the Lucerne Bay of simula-
tion LU-S4.

5. Discussion
5.1. Depositional History

5.1.1. Unit 1: Dense—Cohesive Silty Clay

The lowermost Unit 1, characterized as a dense, cohesive, light-gray clay to silt deposit has been previously 
described in other sediment cores in the area (Keller, 2021). These deposits are interpreted as glaciolacustrine 
sediments deposited during an early lake phase (Keller, 2021).

The Reuss Glacier started to retreat around 22 kyr BP (Reber et al., 2014) and the northern alpine foreland in 
Switzerland became completely ice-free by 18 kyr BP (Ivy-Ochs et al., 2004). Nearby Lake Rotsee (Figure 2a) 
was ice-free before 18 kyr BP and its lowermost sediments contain terrestrial plant remains radiocarbon dated 
to at least 18.3 kyr cal BP (Ammann & Lotter, 1989). Based on drill cores and radiocarbon dating, Lucerne Bay 
was filled up with sediments to a level of 422 m asl by 14.7 kyr cal BP (Keller, 2021). The fine-grained, cohesive 
sediment originates from the retreating Reuss Glacier and probably corresponds to rock flour delivered by glacial 
runoff distal to the ice-contact. The unevenly occurring, cm-thick graded sandy layers probably correspond to 
distal glacier-fed episodic inter- and/or underflows in a glaciolacustrine system. Though there are a few modern 
studies focused on paleo-glaciolacustrine microfacies, the comparison with sedimentological models is limited 
(Palmer et al., 2019).

Sedimentary Unit 2 overlies Unit 1 discordantly and was radiocarbon dated to 1174–1277 cal CE, suggesting 
a hiatus of several 1,000 years. The hiatus is probably caused by the incision of the eroding outflowing Reuss 
River during lake-level low stands. Keller (2013) suggests a subsequent lowering of the lake level from 432 m 
asl around 15 kyr BP to 428.6 m asl in the Neolithic Age (between 7 and 4 kyr BP) and rose again to 429.5 m asl 
during the Roman Period. The subsequent lowering of the lake level caused a regressive phase and a displacement 
of the shoreline ∼1.5 km eastward to the transition from the deep to the shallow water of the Lucerne Bay (Fig-
ure 2). During this phase, the River Reuss probably meandered through a marshy alluvial plain that established 
along the shallow-water area of the present-day Lucerne Bay (Keller, 2021).

5.1.2. Unit 2: Light Brown Gyttja

With the construction of water mills in the thirteenth century at the outflow of the lake, lake level was stabi-
lized at today's level and Lucerne Bay became submerged (Keller, 2021). This early stabilized lake-level phase 
corresponds to the deposition of Unit 2 that is radiocarbon dated to 1174–1277 cal CE. The unit consists of 
organic-rich deposits with limited carbonate content and variable thickness along the coring transect (Figure 5). 
These organic-rich deposits (gyttja) suggest high primary production in a nutrient-rich environment (Ismail-Mey-
er et al., 2018). It consists largely of a soft accumulation of residues from aquatic organisms (e.g., diatoms, plant 
tissues, and feces) and partially decomposed terrestrial plant remains. The accumulation of organic matter from 
suspension at the sediment-water interface occurs under anaerobic conditions (Ismail-Meyer et al., 2018), which 
is favorable during a eutrophic lake state. Sewage from the growing city likely caused the eutrophication in Lu-
cerne Bay.

5.1.3. Unit 3: Normally Graded Sand to Silt

The normally graded Unit 3 overlies Unit 2 with a sharp basal contact, indicating an abrupt depositional event in 
Lake Lucerne. The narrow radiocarbon age range (1306–1437 cal CE) with minor age reversals (Figure 6) sup-
ports the hypothesis of abrupt deposition. Sedimentologically, Unit 3 is characterized by a fine sandy base with 
coarse fragmented carbonate shell fragments at the base that gradually fines upward to a poorly sorted fine silt 
(Figures 5 and 8). A clear shift in the grain-size distribution is observable in Core LU18-2 at depths of 95, 60, and 
55 cm (Figure 8). The lowermost 7 cm have a well sorted grain-size distribution with a D50 of 90–180 μm. The 
overlying 45 cm (core depth: 60–95 cm) have a well sorted grain-size distribution with a D50 of 27–75 μm, where-
as the uppermost 23 cm (core depth: 37–60 cm) are moderately to poorly sorted with an apparent bimodal grain-
size distribution (Figure 8). The XRF Si/Al ratio correlates well to the grain-size distribution in Unit 3. The clear 
shift at 60 and 55 cm from well sorted to moderately and poorly sorted, respectively, is also expressed (Figure 6). 
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Therefore, the Si/Al ratio is likely an indicator for the grain-size variability at the mm-scale. However, larger var-
iations may also result from an undulous scanning surface of the fine sandy sediment section. Consequently, the 
grain-size indicator must be used with caution. However, it supports the LDA grain-size measurements.

The textural observations made in Unit 3 clearly indicate a single depositional event. Normally graded sedimen-
tary beds have been described for rapid deposition in high-energy flows such as tsunamis and turbidity currents 
(Jaffe et al., 2011; Kuenen & Menard, 1952; Middleton, 1967) and depositional environments where transport 
energy decreases with time (Kuenen, 1953). Turbidity currents generated by mass movements in the flat and 
shallow Lucerne Bay seem unlikely. However, the gradual upward decrease in grain size is indicative of depo-
sition from suspension (Jaffe et al., 2012). This specific type of normal grading is termed suspension grading 
(Jaffe et al., 2012) and is primary caused by the settling velocity of the particles. Thick, normally graded deposits 
have been reported from the nearshore (Sakuna et  al., 2012; Tamura et  al.,  2015) and onshore environments 
(Jaffe et al., 2012 and references therein) deposited by the inundation and backwash of marine tsunamis. For 
example, Kempf et al. (2015) have observed normally and multiple graded sand deposits with mud caps and var-
iable thicknesses (5–60 cm) in two Chilean coastal lakes, that record the local inundation of the 1960 CE Great 
Chilean Earthquake tsunami. Of the few shallow-water tsunami deposits studied worldwide, several authors have 
described sharp lower and/or upper sedimentary contacts (Abrantes et al., 2008; Goodman-Tchernov et al., 2009; 
Sakuna et al., 2012; Smedile et al., 2020; Van den Bergh et al., 2003), as observed at the basal contact of Unit 3. In 
Lake Sils, Nigg, Wohlwend, et al. (2021) observed thick, normally graded sand deposits that were likely formed 
by the backwash currents of a prehistoric lake tsunami.

Horizontally bedded wood fragments that are more abundant in the upper part of the unit indicate a terrestrial 
sediment component, possibly caused by tsunami inundation and backwash. The increases in TOC and C/N ratio 
from 15 to 20 in the uppermost 20 cm of the event deposit (Figure 6) supports the observation of an increase 
of wood fragments in the upper part of the unit. Terrigenous components such as coarse organic material (e.g., 
wood fragments) and anthropogenic artifacts (e.g., brick pieces) were observed in other tsunami deposits, such as 
the 2004 CE Indian Ocean tsunami in sediment cores from the continental shelf in the Andaman Sea, Thailand 
(Sakuna et al., 2012). Side-scan sonar surveys revealed tree trunks aligned perpendicular to post-tsunami sand 
ripples from the same event in ∼15 m water depth at Lhog Ngam, Western Banda Aceh, Sumatra, Indonesia 
(Paris et al., 2010).

5.1.4. Unit 4: Lacustrine Carbonate

Uppermost Unit 4 represents a modern lake system with high endogenous carbonate production in an oligotrophic 
lake (Bossard et al., 2001) that became more nutrient-rich during a period of eutrophication in the 1970s–1980s 
(Thevenon et al., 2012). The high magnetic susceptibility is attributed to combustion particles associated with the 
development of steam navigation on Lake Lucerne from the beginning of the late 1830s (Figure 6). A radiocarbon 
date with a modern age (Table 1) likely indicates reworking of the uppermost sedimentary facies by storms and 
human activities (e.g., steam navigation and recreational boating).

5.2. Age of Unit 3

Radiocarbon ages obtained from conifer needles and leave fragments in Unit 3 yield a max. age of 1326 cal CE 
(Table 1) for the deposition of the unit. Although the sedimentological characteristics of the event provide a 
good reasoning for the 1601 CE Lake Lucerne tsunami as the underlying cause, the radiocarbon ages are ∼300 
to 200 years older than the historically reported event. The narrow range of radiocarbon ages obtained from Unit 
3 together with the grain-size pattern suggests with high confidence that the unit was deposited in a single event. 
It is reasonable to examine contemporaneous events as the cause for the deposition. Therefore, four exceptional 
historical events that fall within this period are discussed below: (1) the 1356 CE Basel earthquake, (2) the his-
torical lake-level regulation in the thirteenth and fourteenth centuries, (3) a 1,000-year flood event that occurred 
in 1342 CE in Central Europe and (4) the 1601 CE Lake Lucerne tsunami.

 1.  The 1356 CE Basel earthquake, with a reconstructed moment magnitude Mw of 6.7–7.1 and an epicentral 
macroseismic intensity of Io IX, was one the most damaging earthquake in Europe during historical times (Fäh 
et al., 2009). Although the event caused intensities of up to VIII within a radius of 30 km (Fäh et al., 2009), no 
secondary effects were historically reported from the 75 km distant Lake Lucerne. This is further supported 
by the absence of mass-movement deposits and in situ soft-sediment deformation structures in lake sediments 
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of Central Switzerland from this event (Monecke et al., 2004). Although the historically reconstructed mac-
roseismic intensity at Lake Lucerne might be approximately in the same range as the intensity caused by 
the 1601 CE earthquake (Monecke et al., 2004; http://www.seismo.ethz.ch/en/knowledge/earthquake-coun-
try-switzerland/historical-earthquakes/basel-1356/), shaking was obviously not high enough to trigger mass 
movements voluminous enough to generate large water displacements in Lake Lucerne.

 2.  With the establishment of the City of Lucerne in the thirteenth century and constructions of mills at the lake 
outlet, lake level was artificially stabilized at ∼432.5 m asl (Keller, 2021). Previously, lake level was generally 
lower at 429 m asl during the Roman Period and between 428.6 and 429.5 m asl in the Neolithic Age (between 
7 and 4 kyr BP) (Keller, 2021; Michel et al., 2012). During this time, the Lucerne Bay may have been an 
extended coastal wetland with marsh vegetation and only partially submerged. With the artificial regulation 
of the lake level the Lucerne Bay became completely submerged. In sedimentary basins, transgressive phases 
generally form characteristic reverse graded sedimentary successions (Boggs, 2014). Furthermore, submer-
gence may cause sediment erosion, transport, and redistribution along the shoreface (Kraft, 1971). However, 
it is hypothesized that in the Lucerne Bay, more specifically in the east-west oriented depression (Figure 2), 
sediment availability and sediment transport are limited during a relatively gentle rise of the lake level. More-
over, radiocarbon dates and textural observations of Unit 3 are indicative for an abrupt depositional process, 
whereas the transgression probably lasted several decades. Therefore, the submergence of the Lucerne Bay in 
the thirteenth century is unlikely the origin of Unit 3.

 3.  Central Europe was hit by an unprecedented flood event in 1342 CE (Bork & Piorr, 2000; Kiss, 2009). The 
harsh winter with abundant snow and the very rainy summer as well as autumn caused three major floods 
in large parts of Central Europe (Kiss, 2009). The summer flood, known as the St. Mary Magdalene's flood, 
was an extreme, millennial flood event with disastrous consequences (Kiss, 2009). Certain historical chron-
icles also mention the following year (1343 CE) as another high-precipitation event with persistent rainfall 
in Switzerland, Germany, and the Carpathian Basin that resulted in catastrophic flooding (Camenisch, 2019; 
Glaser, 2008; Kiss, 2009; Pfister & Hächler, 1991). Unusual high-water levels were reported from several 
Swiss freshwater basins such as Lake Zurich, Lake Constance, and Lake Lucerne (Camenisch, 2019; Pfister & 
Hächler, 1991). Low-lying parts of the City of Lucerne were extensively flooded in 1343 CE (Schaller-Donau-
er, 1937). A church located about 150 m south of the outflowing Reuss River was only accessible by boat 
(Schaller-Donauer, 1937). Siegenthaler and Sturm  (1991) attributed a thick turbidite deposit in the south-
eastern basin of Lake Lucerne to the event, which was caused from the high discharge of the Reuss River. 
Although, the thickness distribution is largely unknown, it is the thickest and coarsest turbidite deposit ob-
served in the Uri Basin during the last 1,000 years (Siegenthaler & Sturm, 1991). Flood-generated turbidites 
are generally characterized by a normally graded deposit with a distinct fine-grained top, referred to as clay 
cap (Gilli et al., 2013; Mulder et al., 2001). The event deposit may contain multiple graded layers and/or an 
inversely graded base (Gilli et al., 2013; Wirth et al., 2013). This succession is directly related to the waxing 
and waning of the hydrologic sequence of river discharge during heavy precipitation events (Gilli et al., 2013; 
Mulder et al., 2001). The thickness distribution strongly depends on the catchment area and in some cases 
on the flood intensity but is generally in the range of several cm (Wilhelm et al., 2013). This contrasts with 
observations made in the sediment cores analyzed in our study. The event deposit is characterized by a 60-cm 
thick, normally graded siliciclastic sand unit with coarse shell fragments at the base (Figure 8). Although the 
Krienbach River drainage basin caused repeated flooding in Lucerne City during the historic period, these 
events were not observed in the studied sediment record. Nonetheless, the 1342/1343 CE floods likely deliv-
ered large sediment volumes that were resuspended and transported during the 1601 CE tsunami.

 4.  The 1601 CE Lake Lucerne tsunami is clearly an unprecedented natural hazard event in Central Switzerland 
with profound consequences as described in more detail above (Section 2.1). The Mw 5.9 earthquake with an 
epicentral intensity of VII (exceeding VI in large parts of the lake; Monecke et al., 2004) triggered multiple 
subaqueous mass movements and a subaerial rockfall that impacted the lake surface (Hilbe & Anselmet-
ti, 2015; Keller, 2017; Schnellmann et al., 2006; Schwarz-Zanetti et al., 2003). These mass movements gen-
erated a basin-wide tsunami with run-up heights of several meters and inundation of coastal plains by several 
hundred meters (Cysat, 1969; Hilbe & Anselmetti, 2015) and entire shoreline sections submerged into the lake 
(Cysat, 1969). At the lake outlet, oscillation of the entire lake by several meters was recognized for several 
hours after the event, causing the River Reuss to flow back into the lake and partially drained the riverbed 
(Cysat, 1969).

http://www.seismo.ethz.ch/en/knowledge/earthquake-country-switzerland/historical-earthquakes/basel-1356/
http://www.seismo.ethz.ch/en/knowledge/earthquake-country-switzerland/historical-earthquakes/basel-1356/
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 5.  Tsunami deposits are generally dated directly and/or indirectly using material from within and/or from above 
and below the event deposit (Ishizawa et al., 2020). In this study, we took samples for dating above, within, 
and below the event deposit using short-lived terrestrial plant remains. The event underlying Unit 2 was radio-
carbon dated to 1174–1277 cal CE (Table 1). The event overlying Unit yields a modern radiocarbon age. Four 
samples were radiocarbon dated from within the event deposit and range in age between 1306 and 1442 cal 
CE. However, dating of reworked material from within a tsunami deposit are considered a maximum age 
because it consists of reworked sediment deposited prior to the event (Ishizawa et al., 2020). Thus, the series 
of too-old ages from the event deposit is consistent with other studies on dating tsunami deposits and does 
not argue against the 1601 CE Lake Lucerne event. The youngest dated sample with an age of 1326–1442 cal 
CE corresponds to a maximum age for Unit 3 of 1326 cal CE, which likely represents sediment previously 
deposited in Lucerne Bay during the 1342/1343 CE floods, and resuspended and transported during the 1601 
CE tsunami. Remarkable sediment remobilization by the 2011 CE Indian Ocean tsunami, for instance, was 
observed from bathymetric changes at Kirinda Harbor, Sri Lanka (Goto, Takahashi, et al., 2011). Substantial 
remobilization and redeposition of pre-event sediments along the shallow water and onshore is likely an im-
portant process in freshwater tsunamis too. Therefore, we numerically simulated the Weggis slide with BASE-
MENT and investigated wave velocity, flow field vectors, and the dimensionless bed shear-stress to estimate 
the erosional potential in Lucerne Bay.

5.3. Numerical Simulation

Subaqueous mass movements are highly dynamic processes that are very complex to simulate adequately numer-
ically (Behrens et al., 2021; Urlaub et al., 2013). The characteristics of subaqueous mass movement-generated 
tsunamis strongly depend on the initial stages of the failure (e.g., mass-movement volume, initial acceleration, 
maximum velocity, water depth, and slide dynamics) (Harbitz et al., 2006; Løvholt et al., 2015; Watts, 1998). 
Failures in the shallow water induce typically tsunamis with large run-up heights close to the mass movement 
(Løvholt et al., 2015; Okal & Synolakis, 2004). However, Løvholt et al. (2017) have found evidence that some 
giant landslides may not have produced tsunamis. The temporal evolution of mass movement is critical. Multi-
stage retrogressive failures, separated by several days, will have lower tsunamigenic potential than a single-block 
failure (Hunt et al., 2011). This highlights the importance of single- and multistage-slide dynamics. The simulta-
neous failure of multiple subaqueous mass movements greatly increases complexity and uncertainty of numerical 
simulations.

The tsunami triggering mechanism used in this study greatly simplifies the natural processes of subaqueous mass 
movements. The Weggis slide was simulated by an instantaneous collapse of 5 m along the identified failure area 
(Figure 2) corresponding to a worst-case scenario. Anyhow, the computed results are reasonable (e.g., water-sur-
face displacement, inundation distance, and flow depth) and compare well with the historic reports of the 1601 
CE event (Cysat, 1969) and the simulation of Hilbe and Anselmetti (2015). Therefore, we are confident that the 
strong simplification of the tsunami triggering mechanism can be well used for the identification of potential 
sediment source in Lucerne Bay. However, overestimates of water-surface displacement and run-up proximal to 
the tsunami source must be considered. Moreover, since the historical 1601 CE Lake Lucerne tsunami was gen-
erated by multiple simultaneously failed subaqueous mass movements, complex wave interaction likely occurred. 
However, this phenomenon was not included in this study. Beyond that, this approach could be used for a rapid 
tsunami hazard assessment for subaqueous mass movement-generated tsunamis in lakes (Strupler, Anselmetti, 
et al., 2020).

Tsunamis generated by earthquakes and subaqueous mass movements are characterized by a series of propagating 
waves that can cross entire oceans within hours (Bryant, 2014). From historical reports (e.g., 1998 CE Papua New 
Guinea), it is well known that coasts are usually hit by a wave train, with the first wave having a lower amplitude 
than subsequent waves (Davies et al., 2003). The arrival of the first wave may be characterized by a retreat of 
the water (draw down), exposing the seabed (Röbke & Vött, 2017). The drawback and the propagating wavefront 
will collide and form a wave with sharp drop downward, resulting in a wave break that rapidly approaches the 
shoreline (Lampela, 2019). However, depending on the position with respect to the tsunami source, sometimes 
the arrival of the wave train may also be characterized by an approaching wall of water (Bryant, 2014). This be-
havior is well reproduced by our numerical simulation with BASEMENT. After tsunami generation, a wave train 
propagates along the Vitznau Basin (Figure 10). The arrival of the tsunami in the Lucerne Bay is characterized by 
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a drawback of the water (Figures 11a and 11b). The collision with the propagating wave train forms a steep wave-
front (Figure 11b). Moreover, as confirmed by general observations of tsunami behavior (Davies et al., 2003), 
the first wave is lower than the subsequent waves. This can be observed from the water-surface displacement of 
individual wave numbers in the time series of gauge data (Figure 12). From the sensitivity analysis, it is evident 
that the flow parameters (water-surface displacement, specific discharge, and flow-velocity magnitude) in deep 
water (gauge 1) are almost not influenced by different bed roughness values (Figure S1 in Supporting Informa-
tion S1). In contrast, in shallow water these effects are already pronounced at the arrival of the first wave (Figures 
S2 and S3 in Supporting Information S1). However, after 1,000 s of computation time, slight differences appear at 
gauge 1, due to reflection and backwashes in shallow water, where bed roughness influences the flow parameters.

5.4. Sediment Source, Erosion, Transport, and Deposition

5.4.1. Erosion, Maximum Dimensionless Bed Shear-Stress, and Bed Roughness

The max. dimensionless bed shear-stress is the key value that defines whether sediment is eroded by flow events 
(Van Rijn, 2007). The dimensionless bed shear-stress reached during the propagation of the tsunami generated 
by the 1601 CE Weggis slide (Figure 1) in Lucerne Bay was numerically simulated with BASEMENT to better 
understand the erosion and mobilization potential of the tsunami waves. For this purpose, the influence of bed 
roughness on the incipient motion of particles was considered. Sediment may be eroded when the effective 
dimensionless bed shear-stress is larger than the dimensionless critical bed shear-stress, that is., θ > θcr (Choi 
& Kwak,  2001). However, critical dimensionless bed shear-stress depends on the grain-size distribution and 
cohesion of the sediment bed (Houwing & Van Rijn, 1998). For the given situation, the threshold for incipient 
motion was chosen at θ = 0.03, which has been previously suggested to be a reasonable number based on empir-
ical experiments (e.g., Shields, 1936; Houwing & Van Rijn, 1998). As soon as the threshold for incipient motion 
is reached, sediment particles may be entrained by the flow (Van Rijn, 2007). Once sediment particles are set in 
motion, less energy is generally required to keep particles in motion after entrainment (Boggs, 2014).

The applied physical bed roughness (kb) varies from 0.0002 to 0.1 m (Figure 13), which is a reasonable range 
from grain roughness to total physical bed roughness (Houwman & Van Rijn, 1999). Total physical bed-rough-
ness, and thus effective dimensionless bed shear-stress, may be influenced by sedimentary bed forms (e.g., rip-
ples and dunes), superimposed bed forms (e.g., megaripples), grain-size distribution and packing, mineralogical 
sediment composition, and the presence of an organic biofilm on the lake bed (Van Rijn, 2007). Therefore, accu-
rate estimates of total physical bed roughness are difficult to obtain. Houwman and Van Rijn (1999), for example, 
have found that physical bed roughness of 0.1 m gives best agreement between measured and predicted current 
velocities in the North Sea at water depths of 5–10 m and a D50 of 200 μm. Thus, considering the above-men-
tioned factors and that surf beats are less expressed in the Lucerne Bay than at the North Sea coast, physical bed 
roughness of 0.02–0.06 m is a reasonable value for the given situation (Figures 10d and 10e).

Considering the above limitations in the estimation of incipient motion, our simulation shows large areas with 
a dimensionless bed shear-stress θ ≥ 0.03 (Figure 13). This indicates large amounts of sediment that may have 
been resuspended and transported by the main wave pulses in shallow Lucerne Bay. The areal extent of max. 
dimensionless bed shear-stress θ ≥ 0.03 computed for different physical bed-roughness is in the order of 0.2–
0.6 × 106 m2 (Figure 14a). A very rough estimate of the erosion volume can be calculated based on the assump-
tion of a homogeneous erosion thickness on the area with θ ≥ 0.03. The calculated volume of eroded material 
for an erosion thickness between 0.02 and 0.2 m is in the order of 4–11.5 × 104 m3 (Figure 14), indicating that 
the 1601 CE Lake Lucerne event likely eroded and remobilized large sediment volumes in the Lucerne Bay. 
Significant reworking is further supported by radiocarbon ages of up to 300 years older than the tsunami event 
as determined in the event bed.

5.4.2. Sediment Source

The numerical simulations clearly indicate where and when the tsunami waves cause bed shear-stress in the 
Lucerne Bay capable of substantial sediment erosion and mobilization (Figure 13, Movie S2 in Supporting In-
formation S1). Erosional forces are pronounced in the shallow-water area of the geomorphological obstacle that 
mark the transition from the deeper to the shallower area of the Lucerne Bay and along the lake shore, as indicated 
by the computed max. dimensionless bed shear-stress (Figure 13). These areas are likely the sediment source 
for remobilized sediment particles during the 1601 CE tsunami propagation in Lucerne Bay. Another important 
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sediment source is the lake shore, where predominantly siliciclastic sand is found (e.g., lake-bed sediment Sample 
LS-3). At these locations, constant wave motion leads to sandy-dominated surface sediments from winnowing 
of fines.

The enrichment of horizontally embedded wood fragments toward the top of the event unit indicates a terrestrial 
sediment source. In the near shore or subaerial areas, wood is abundant and can be mobilized by the wave. Due 
to its low density, when compared to minerogenic particles, mobilized wood fragments eventually accumulate in 
the upper part of the event deposits. In this study, we did not further characterize and investigate the overland flow 
in the Lucerne Bay area, mainly due to the heavily artificially altered shoreline. A historical reconstruction of 
shore-line topography was nearly impossible within the objectives of this study. However, we corrected for large 
shoreline modifications performed in the last century (Figure 2). In addition to exposed shore areas, a terrestrial 
component may also originate from the tributaries of the Würzenbach and Krienbach. The distinction of the sub-
aqueous from the subaerial source, however, is not straight forward. Goto, Takahashi, et al. (2011) found through 
repeated bathymetric surveys that the amount of sediment mobilized by tsunamis is much more substantial in the 
nearshore than onshore. Therefore, we propose that the subaqueous sediment source is more dominant compared 
to the onshore, which is also supported by the numerical simulation of the max. dimensionless bed shear-stress.

5.4.3. Sediment Transport and Deposition

The sediment transport toward the coring site can be observed by visualizing flow-velocity vectors indicating the 
sediment-transport direction (Figure 11). Three main wave pulses propagate in Lucerne Bay in the first 30 min af-
ter the instantaneous simulated Weggis-slide collapse (Figure 11 and 12). During the first wave, a strong flow to-
ward the wave trough is observable (Figure 11a). At this stage, sediment particles may be mobilized and brought 
into suspension. With the arrival of the second wave, particles are transported westward (Figure 11d). These main 
wave pulses have high flow velocities (>2 m s−1; Figure 12b) and specific discharges (>4 m3 s−1; Figures S1, S2, 
and S3 in Supporting Information S1) that are capable to transport large amounts of sediment from the areas with 
high bed shear-stress, where erosion occurs, toward the coring location. Due to the geomorphological depression 
at the coring location (Figure 2b), flow velocity drops instantaneously, and sediments are likely deposited from 
suspension forming the normally graded event deposit. Historical reports document an oscillation of the entire 
lake with an initial amplitude of 1–2 m and a period of 10 min in the following hours and days after the event 
(Cysat, 1969). The oscillation of the water column was not included in our simulation. Therefore, the dimension-
less bed shear-stresses generated by the motion are unknown. However, the persistent water motion might have 

Figure 14. (a) Mapped area with a max. dimensionless bed shear-stress θ ≥ 0.03 reached, computed with different bed roughnesses kb. (b) Estimation of remobilized 
sediment volumes with different homogeneous erosional thicknesses and bed roughnesses kb.
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contributed to the sediment mobilization. The horizontally embedded wood fragments likely indicate continuous 
flow and deposition under these conditions.

The up to 60-cm-thick normally graded Unit 3 clearly indicates deposition from suspension. The shift of the en-
tire distribution from coarser to finer sizes is a signature of sediment falling out of suspension (Jaffe et al., 2012). 
However, the thickness of suspension-graded portion of tsunami deposits is, however, typically 10 cm or thinner 
(Jaffe & Gelfenbaum, 2007). We suggest that the observed geomorphologic depression strongly influences the 
sedimentary architecture of the event deposit. Sediment convergence is situated at the coring location, where flow 
velocity abruptly decreases due to the depression in the lake-bed morphology (Figures 2b and 12b). Deposition 
from suspension-settling occurs as the flow wanes during the final stage of the event. However, several studies 
have observed evidence of bedload transport in the lower section of tsunami deposits (Jaffe et al., 2012; Nanay-
ama et al., 2007). These textural characteristics include massive or inversely graded intervals, current ripples, 
and dunes (Jaffe et al., 2012; Nanayama et al., 2007). The absence of signatures of bedload transport in the 1601 
CE Lucerne Bay tsunami deposit can be explained by several reasons. Sediment cores provide selective infor-
mation on the spatial variability of sedimentary deposits. Therefore, nonobservance of a certain feature is not an 
argument for its absence. Moreover, bedload transport accounts for less than 10% of the total tsunami-induced 
sediment-transport (Jaffe & Gelfenbaum, 2007). In addition, Jaffe and Gelfenbaum (2007) assumes that tsunami 
deposits reflect primarily suspended load transport when sediment transport is large. Grading is better developed 
when the sediment source is poorly sorted (Jaffe et al., 2012). This is consistent with our numerical simulation 
of the bed shear-stress, which gives an indication for the sediment source location. High bed shear-stresses are 
observed at the transition from the deeper to shallower Lucerne Bay, at the toe of the Würzenbach River Delta and 
along the lake shore (Figure 13). The latter two sites are characterized by moderate to poorly sorted sediment (Ta-
ble 2; LS-3 and LS-4). These areas are likely the sediment source of the siliciclastic-rich normally graded Unit 3.

A depositional volume of 3.5 × 104 m3 is estimated from the thickness of Unit 3 in recovered sediment cores 
and spatial extend of contour line 426.6 m asl (Figure 2b; Table S3 in Supporting Information S1). This estimate 
fits in dimension with the proposed area of erosion and a homogeneous erosion thickness of at least 10 cm (Fig-
ure 14), explaining the ages of reworked particles that are ∼300–200 years older than the event. However, it is 
unknown if and where the event deposit is also present along the shallow-water platform of Lucerne Bay or if it 
is spatially restricted to the geomorphologic depression. A more accurate estimation of eroded volume would be 
possible by using more sediment cores, ground penetrating radar, and a fully featured model for suspended-sed-
iment transport. Such a model would allow for simulation of variable erosion related to the dimensionless bed 
shear-stress and provide more realistic transport of the sediment with the flow. However, many uncertainties may 
persist, for example, sediment-erosion thickness is likely not homogenous over the area and sediment erosion may 
be strongly influenced by local variations of sediment composition (e.g., mineralogy, grain-size distribution, and 
bed roughness).

6. Conclusions
An offshore event deposit was observed in sediment cores recovered along a transect across a depression in the 
shallow water of Lucerne Bay. The normally graded deposit with a thickness of up to 60 cm consists predom-
inantly of siliciclastic sand-to silt-sized particles with increased amounts of coarse sand-sized carbonate shell 
fragments at the base. The deposit has a sharp basal contact with horizontally bedded organic, mostly woody 
particles that become more abundant in the upper part of the deposit. Radiocarbon dates of terrestrial plant mac-
ro-remains isolated from the clastic deposit yield ages in the range of 1306–1442 cal CE.

The sedimentary features clearly reflect deposition from a high-flow event, which we interpret to be the histor-
ically reported 1601 CE Lake Lucerne tsunami. This interpretation is supported by (a) the grain-size pattern of 
Unit 3 indicating deposition from suspension, (b) radiocarbon dating of the event deposit, which suggests sig-
nificant sediment resuspension and transport of previously deposited sediment along Lucerne Bay, and (c) the 
performed numerical tsunami-wave propagation and dimensionless bed shear-stress simulation which provides a 
criterion for incipient motion and thus resuspension of sediment by the incoming waves.

The 1601 CE Lake Lucerne tsunami was simulated using the software BASEMENT considering an instantane-
ous collapse of the second largest subaqueous mass movement failed during the 1601 CE earthquake. Although 
mass-movement processes were simplified, the results obtained agree well with historical reports of the tsunami 
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event and previous numerical simulations. In addition to the simulation of the wave propagation, water sur-
face-displacement, flow-velocity magnitude, and the dimensionless bed shear-stress was used to characterize and 
identify areas of tsunami-induced sediment erosion in the shallow water of Lucerne Bay. The simulated results 
clearly show that the critical dimensionless bed shear-stress is exceeded in large areas, where significant erosion 
must have occurred. Flow direction pointing from the erosional areas toward a geomorphological depression, 
where sediment cores were recovered along a transect.

Our study thus documents the high potential of combining sedimentological observations of event deposits with 
numerical simulations of wave propagation and dimensionless bed shear-stress. Based on the reconstructed pro-
cess chain, we have successfully identified areas susceptible to tsunami erosion and deposition in shallow water 
based on sediment cores and numerical simulations. The proposed approach is not limited to lacustrine systems 
and mass movement-induced tsunami waves but can be applied to any basin where high-flow events occur.

Data Availability Statement
Data of core scans (MSCL and XRF), LDA particle-size measurements, virtual gauge used for the sensitivity 
analysis, interpolated lake bathymetry of the area used for numerical wave-propagation simulation, and coordi-
nates of sediment cores, lake-bed samples, and virtual gauges used in this research are available from the data 
repository Pangaea (https://doi:10.1594/PANGAEA.938716) by Nigg, Bacigaluppi, et  al.  (2021). The BASE-
MENT software used in this research is described in detail in Vetsch et al. (2020) and Vanzo et al. (2021).
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