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Abstract 19 

The 1601 Common Era earthquake (Mw ca. 5.9) in "Unterwalden", Central Switzerland 20 

triggered multiple subaqueous mass movements and a subaerial rockfall that generated tsunami 21 

waves with devastating run-up heights of up to 4 m and several hundred meters of inundation 22 

along the coastal lowland plain of Lake Lucerne. In the shallow Lucerne Bay at the outlet of the 23 

perialpine lake, historical chronicles reported a seiche with an initial amplitude of ~1–2 m and a 24 

period of 10 min that decreased with time but persisted for several days after the event. The 25 

impact and erosion potential of the tsunami wave on the Lucerne Bay is assessed with sediment 26 

core analysis and numerical simulation of wave propagation. A 60 cm thick offshore event 27 

deposit was recovered and radiocarbon dated along a sediment-core transect. The event deposit 28 

has a sharp basal contact with carbonate shell fragments and a normal graded succession of 29 

siliciclastic sand to silt with high amount of terrestrial-derived horizontally bedded wooden 30 

particles. The simulated tsunami waves have a water-surface displacement of up to 1.5 m and 31 

bed shear-stresses that are likely capable of remobilizing large amounts of sediment in the 32 

Lucerne Bay area. Our study thus successfully links the sedimentology of event deposits with 33 

physical principles of sediment mobilization derived from numerical wave modeling, providing a 34 

tool to improve the identification and interpretation of potential tsunami deposits. 35 

 36 

Plain Language Summary 37 

An earthquake in Central Switzerland generated a tsunami on Lake Lucerne in the year 1601 that 38 

was historically documented. The tsunami waves caused casualities, flooded coastal plains and 39 

considerably damaged the lakeshore. Previous studies have shown that several underwater 40 

landslides and a rockfall caused by the earthquake generated the tsunami waves that propageated 41 

along the several lake basins . To better characterize tsunami hazard in Lake Lucerne, we 42 

examined sediment cores from the Lucerne Bay that host a sedimentary deposit, which has been 43 

associated to the historically reported evenet in 1601. Additionally, we simulated the tsunami 44 

waves with specialized computer codes and studied the erosion potential in the Lucerne Bay. 45 

 46 

1 Introduction 47 

Tsunami hazard is frequently associated with megathrust earthquakes at convergent plate 48 

boundaries in the marine environment (e.g., 2011 Common Era (CE) Tohoku-Oki tsunami (e.g., 49 

Goto et al., 2011a; Suzuki et al., 2011)). But also, earthquake-triggered subaqueous mass 50 

movements have generated devastating tsunami inundation in the recent past (e.g., 2018 CE 51 

Sulawesi earthquake (e.g., Heiderzadeh et al., 2019)). Moreover, tsunamis in lakes have been 52 

recognized as a considerable natural hazard with high magnitudes and low recurrence rates (e.g., 53 

Hilbe & Anselmetti, 2015; Kremer et al., 2015; Kremer et al., 2020; Nigg et al., 2021; Strupler et 54 

al., 2018a, 2018b). Large subaqueous and subaerial mass movements are considered to be the 55 

most common triggering mechanism for the tsunami generation in lakes (e.g., Hilbe & 56 

Anselmetti, 2015; Kremer et al., 2020; Mountjoy et al., 2019; Nigg et al., 2021; Roberts et al., 57 

2013; Strupler et al. 2020). Historic chronicles document that lacustrine tsunamis have caused 58 

severe shore erosion, inundation, and fatalities (e.g., Cysat, 1969; Hilbe & Anselmetti, 2015; 59 

Kremer et al., 2014). For example, lacustrine tsunamis have been reported in historical 60 

chronicles at Lake Geneva (564 CE Tauredunum rockfall (Montandon, 1925; Favrod, 1991)), 61 
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Lake Baikal (1861 CE Tsagan earthquake (Klyuchevskii et al., 2011)), Lake Lucerne (1601 CE 62 

Unterwalden earthquake (Cysat, 1969) and 1687 CE Muota Delta collapse (Bünti, 1973; Billeter, 63 

1923; Dietrich, 1689)). Additionally, they have been proposed to occur in the prehistoric period 64 

as a consequence of large subaqueous and subaerial mass movements (e.g., Hilbe & Anselmetti, 65 

2014; Kremer et al., 2015; Nigg et al., 2021; Schnellmann et al., 2006; Siegenthaler et al., 1987). 66 

And have also been suggested from numerical tsunami simulations (e.g., Hilbe & Anselmetti, 67 

2015; Kremer et al., 2012; Mountjoy et al., 2019) and subaqueous lake morphology (e.g., 68 

Gardner et al., 2000; Moore et al., 2006). However, depositional signatures of tsunami impact in 69 

the on- and offshore have received little attention in the lacustrine environment. Nevertheless, 70 

Roberts et al. (2013) document onshore sedimentary signatures of the 2007 CE subaerial 71 

landslide-generated tsunami in Lake Chehalis and Nigg et al. (2021) found sedimentary evidence 72 

of a prehistoric tsunami generated by a delta collapse in the shallow water and coastal area of 73 

Lake Sils, Switzerland, that are comparable to marine tsunami deposits. 74 

Tsunami deposits are the accumulation of remobilized sediment from tsunami inundation 75 

and backwash in the on- and offshore setting (e.g., Einsele et al., 1996), which have been 76 

predominantly investigated in marine environments. These deposits have been increasingly 77 

studied following the devastating 2004 CE Indian Ocean tsunami (e.g., Feldens et al., 2009; Paris 78 

et al., 2010; Sakuna et al., 2012; Sugawara et al., 2009) and 2011 CE Tohoku-Oki tsunami (e.g., 79 

Goto et al., 2014; Haraguchi et al., 2013; Ikehara et al., 2014; Yoshikawa et al., 2015; Tamura et 80 

al., 2015). Although offshore deposits may contribute to improved tsunami-hazard assessment in 81 

the future (Costa et al., 2020), especially in areas with fragmented terrestrial records (Goodman-82 

Tchernov & Austin, 2015), anthropogenically influenced coastal areas (e.g., Fritz et al., 2008; 83 

Spiske et al., 2013), limited tsunami preservation (Spiske et al., 2013), and sediment-limited 84 

coastal settings (Apotsos et al., 2011), the number of publications examining their signatures is 85 

rather small compared to their onshore counterparts (e.g., Dawson and Stewart, 2008; Costa et 86 

al., 2020). This may be related to poor preservation of the primary deposits, especially due to 87 

reworking by wind-induced bottom currents above the storm-wave base within months (Weiss & 88 

Bahlburg, 2006) and by bioturbation from aquatic organisms (van den Bergh et al., 2003). 89 

Nevertheless, previous studies have successfully identified historic and prehistoric offshore 90 

tsunami deposits in the shallow marine setting (e.g., Abrantes et al., 2008; Goodman-Tchernov et 91 

al., 2009; Riou et al., 2020; Smedile et al., 2011; van den Bergh et al., 2003). Their depositional 92 

signatures are characterized by a wide range of sedimentological characteristics (e.g., Fujiwara, 93 

2008) including lower erosional surfaces (e.g., Ikehara et al., 2014; Riou et al., 2020; Smedile et 94 

al., 2020; Yoshikawa et al., 2015), coarse-grained clastic materials (Abrantes et al., 2008; 95 

Goodman-Tchernov et al., 2009; Paris et al., 2010; Sakuna et al., 2012; van den Bergh et al., 96 

2003), terrestrial-derived organics (Goodman-Tchernov et al., 2009; Paris et al., 2010; Sakuna et 97 

al., 2012), as well as single- and multiple-graded sandy deposits (e.g., Tamura et al., 2015). Yet, 98 

no universal criteria for the recognition offshore tsunami deposits are defined. Nevertheless, 99 

multiproxy-based sedimentological and geophysical methods combined with numerical 100 

simulation of sediment transport will help to improve the understanding of tsunami-induced 101 

sediment remobilization and deposition (e.g., Goto et al., 2011b; Noda et al., 2007). 102 

Tsunami sediment-transport and deposition have increasingly been studied using inverse 103 

(e.g., Huntington et al. 2007; Jaffe & Gelfenbaum, 2007; Jaffe et al., 2011; Jaffe et al., 2012; 104 

Johnson et al., 2017; Spiske et al., 2010; Tang & Weiss, 2015; Woodruff et al., 2008) and 105 

forward modelling (e.g., Apotsos et al., 2011; Apotsos et al., 2012; Ontowirjo et al., 2013; 106 

Pritchard & Dickinson, 2008) in the onshore setting to reconstruct tsunami flow speed based on 107 
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the grain-size distribution of tsunami deposits (Jaffe and Gelfenbaum, 2007). Moreover, forward 108 

models combine hydrodynamics and sediment transport models (including erosion and 109 

deposition) to simulate observed sedimentary deposits (e.g., grain-size distribution and spatial 110 

thickness distribution) (Apotsos et al., 2011). Although, little attention has been drawn to the 111 

quantification of tsunami erosion in the nearshore area to date (Yoshikawa et al., 2015), Goto et 112 

al. (2011b) determined severely impaired stability of coastal infrastructures due to strong 113 

localized scouring and sediment rearrangement. Additionally, remarkable bathymetric changes 114 

caused by tsunamis have been numerically simulated (e.g., Orai Port, Japan (Kuriyama et al., 115 

2020)) and observed in several nearshore areas (e.g., Kirinda Harbor, Sri Lanka (Goto et al., 116 

2011b)), suggesting substantial sediment remobilization by tsunami waves in the shallow 117 

offshore area. 118 

The particle entrainment by flows has been quantified from flume experiments (e.g., 119 

Mantz, 1977; Shields, 1936) and identified as being strongly dependent on the bed shear-stress, 120 

flow regime, as well as grain-size distribution, grain shape, grain packing, and density of the bed 121 

surface sediment (e.g., Boggs, 2014; Buffington & Montgomery, 1997). The resulting 122 

hydrodynamic description may be partially transferable to tsunami-induced sediment transport in 123 

shallow water (Kihara et al., 2012). Therefore, for the incipient motion of sediment particles by 124 

tsunami propagation, the fluid force, which consists of the bed-parallel drag force and the 125 

horizontal lift force, need to be larger than the resistance force of the particles to be moved (e.g., 126 

Lee & Balachandar, 2012; Van Rijn, 2007). Here, the Shields diagram that relates the 127 

dimensionless bed shear-stress and the grain Reynolds number, can be used for determining the 128 

threshold of sediment motion in uniform and non-uniform flows (Shields, 1936). 129 

The main objective of this study is to find evidence for sediment remobilization in the 130 

Lucerne Bay caused by the 1601 CE tsunami in Lake Lucerne (Hilbe & Anselmetti, 2015; 131 

Schwarz-Zanetti et al., 2003) using sediment cores, lake-surface samples, and numerical 132 

simulations of tsunami wave propagation. First, we investigate the sedimentary properties in the 133 

Lucerne Bay through a series of collected sediment cores and modern lake-surface samples. 134 

Then we simulate tsunami generation by one of the largest subaqueous mass movements 135 

triggered by the 1601 CE earthquake and examine the simulated wave characteristics (water-136 

surface displacement, and flow-velocity magnitude) and spatial extend of threshold conditions 137 

for incipient motion using the dimensionless bed shear-stress (Shields parameter) in the Lucerne 138 

Bay of Lake Lucerne. 139 

 140 

2 Study Site 141 

Lake Lucerne is a perialpine lake located in Central Switzerland at an altitude of 433.6 m 142 

above sea-level (m a.s.l). It geologically lies between the Helvetic nappes, the Subalpine 143 

Molasse, and the Swiss Molasse basin (Figure 1; Funk et al., 2013; Hantke et al., 2005; Kopp et 144 

al., 1955). The fjord-like lake consists of several subbasins with a maximum (max.) water depth 145 

of 214 m and predominantly steep-sided lakeshores. 146 

Lucerne Bay is a relatively shallow subbasin in the eastern part of the lake with a water 147 

depth between 2.5 to 5 m (max. water depth 8 m) and a sharp transition in the west leading to 148 

deeper parts of the lake (Figure 2). The basin is glacially eroded into Burdigalian sandstones of 149 

the Upper Marine Molasse (UMM) and Aquitanian sandstones and conglomerates of the Lower 150 
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Freshwater Molasse (USM; Kopp et al., 1955; Schlunegger et al., 1997). The top of the bedrock 151 

occurs at a lowermost elevation of 408.8 m a.s.l at the lake outlet (Keller, 2020) and at 152 

~335 m a.s.l at the Lucerne railway station in the southwest of the Lucerne Bay (Figure 2a; 153 

Keller, 2013). The up to 100-m-thick overlying Quaternary deposits consist of a sedimentary 154 

succession formed by a thick package of Late Pleistocene sediments characterized by glacially 155 

overconsolidated basal lodgment diamicts, and local esker gravels above the bedrock surface, 156 

which are overlain by heterolithic glaciolacustrine silts with sand lenses (Keller, 2020). Around 157 

14’700 years Before Present (yr. BP), the area of the Lucerne Bay was filled with Late 158 

Pleistocene sediments up to 422 m a.s.l at the Lucerne railway station and up to 426 m a.s.l at the 159 

northern lakeshore (Keller, 2020). These sediments are overlain by a relatively thin (1–4 m) 160 

sequence of transgressive-regressive Holocene deposits that comprise shallow lake to alluvial 161 

plain deposits, peat-rich swamp deposits, carbonate mud, as well as deltaic deposits and gravelly 162 

lobes at the toe of incoming rivers (Keller, 2020). Major inflowing tributaries of the Lucerne Bay 163 

are the Würzenbach River in the northeast and the Krienbach River in the west, delivering 164 

dominantly siliciclastic material (Figure 2a). The Würzenbach, entering the lake at the northern 165 

shore, is today artificially canalized, but formed a large delta over time. In the southwestern area 166 

of the City of Lucerne, the Krienbach formed an extensive Holocene flood plain with gravelly 167 

alluvial fan deposits and overbank sands that repeatedly clogged temporarily the lake outlet 168 

caused high lake levels (Keller, 2013; Keller, 2020). Nowadays, the river is artificially diverted 169 

underground with tunnels feeding into the River Reuss, the main outflow of Lake Lucerne 170 

(Figure 1). 171 

Lake level is relatively stable at 433.6 m a.s.l., with high lake levels in spring and late 172 

summer and low lake levels in winter and peak summer (BAFU, 2009). At the time of the city 173 

foundation (~1200 CE) lake-level was around 432.2 to 433.2 m a.s.l. (Keller, 2013). Through the 174 

construction of mills and a weir at the lake outlet in the 13
th

 to 14
th

 century, lake level was 175 

stabilized at 433.0 m a.s.l. (Keller, 2013). Prior to the historical record, lake level was 176 

presumably lower, with greater seasonal fluctuations (±1.5 m; Keller, 2020). In the Late Glacial 177 

Interstadial (~15’000–13’000 yr. BP), lake level was at ~432 m a.s.l (Keller, 2020) and during 178 

the Neolithic Period (5000–6000 yr. BP) lake was presumably lowest at around 428.6–179 

429.5 m a.s.l. (Keller, 2013; Michel et al., 2012). After 1800 CE until today, strong artificial 180 

shoreline changes were carried out, especially around the City of Lucerne, but also around the 181 

lake in smaller villages. 182 

 183 

2.1 The 1601 CE Earthquake and Lake Lucerne Tsunami 184 

The 1601 CE earthquake with an epicenter in "Unterwalden", Central Switzerland 185 

(Mw ca. 5.9; Fäh et al., 2011; Schwarz -Zanetti et al., 2003) triggered multiple subaqueous mass 186 

movements (e.g., Hilbe et al., 2011; Siegenthaler et al., 1987; Schnellmann et al., 2002, 2006) 187 

and a subaerial rockfall (e.g., Keller, 2017; Schnellmann et al., 2006; Schwarz-Zanetti et al., 188 

2003). All of these mass movements generated a basin-wide tsunami with wave heights 189 

exceeding 4 m and devastating inundation and run-up along the lakeshore (e.g., Cysat, 1969; 190 

Hilbe & Anselmetti, 2015). Several casualties caused by the tsunami waves were reported 191 

(Cysat, 1969). In the shallow Lucerne Bay, at the outflow of the lake, historical chronicles report 192 

a seiche with an amplitude of about 1 to 2 m and an initial period of 10 min. Its amplitude 193 

decreased with time but the seiche persisted for several days after the event (Cysat, 1969). 194 
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 195 

Figure 1. Western part of Lake Lucerne with individual lake basins (note that the Uri Basin in 196 

the east is not shown), extent of numerical simulation (light-blue area), dashed line indicating 197 

open weir boundary condition towards adjacent lake basins), and areal extent of the simulated 198 

Weggis-slide mass movement (yellow). The map is based on the swisstopo swissALTI3D digital 199 

terrain model, geological map of swisstopo (GK500-Geol) and the bathymetry map of Hilbe et 200 

al. (2011). 201 



manuscript submitted to Geochemistry, Geophyics, Geosystems 

 

 202 

Figure 2. (a) Detailed map of the Lucerne Bay with the interpolated bathymetry (modified from 203 

Hilbe et al., 2011) used for the numerical simulation with its outline (solid black line) and 204 

artificial obstacles such as landfills and coastal infrastructure that were cut off (exact shoreline 205 

course: dashed line). The map is based on the swisstopo digital terrain model swissALTI3D and 206 

the national map LK50 from swisstopo. The sediment core location (red dots), sediment core ID 207 

(red), surface sediment samples (blue dots) and virtual gauges (black crosses) plotted in Figure 9 208 

are shown. (b) Detailed high-resolution bathymetric map (Hilbe et al., 2011) of the east-west 209 
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oriented depression shows the location of the sediment cores (red dots) and the area (black 210 

shaded) used for the volume estimation of the siliciclastic-rich, normally graded Unit 2. The 211 

shallowest and rugged topography represents artifacts caused by aquatic plants. 212 

 213 

3 Methods 214 

3.1 Sedimentological Investigations 215 

High-resolution (1 m grid cell) bathymetrical data of Lake Lucerne (Hilbe et al., 2011) 216 

were used for the coring-site selection (Figure 2b). Three sediment cores (Core LU18-1, -2, and -217 

3) were recovered from a floating platform in water depth between 7 to 8 m (Figure 2b) with a 3-218 

m-long percussion piston-coring system (UWITEC Co. Austria) up to a subsurface depth of 219 

3.5 m. A gravity corer was used to recover the undisturbed water-sediment interface. The 220 

observed lithological units are visually correlated. Lake-surface samples were collected at four 221 

locations along the Lucerne Bay. 222 

 223 

3.1.2 Sediment Cores 224 

Petrophysical properties (bulk density gamma-ray attenuation, magnetic susceptibility, 225 

and p-wave velocity) were measured on all recovered whole round cores with a Geotek multi-226 

sensor core logger (MSCL-S). Whole round cores also underwent X-ray computed tomography 227 

(CT) imaging using a medical Siemens Somatom Definition AS scanner. Full core CT-scan data 228 

were obtained at a voxel size of 100 μm and visualized with the RadiAnt DICOM Viewer 229 

software (version 4.6.9.18463). Sediment cores were split longitudinally, imaged with the 230 

MSCL-S core logger line-scan camera, and sedimentologically described. A complete composite 231 

sediment record was obtained by visual correlation of overlapping piston and gravity cores. 232 

High-resolution assessment of sediment geochemistry by means of X-ray fluorescence (XRF) 233 

scanning was performed on split core surfaces of Core LU18-2 with an ITRAX-XRF core 234 

scanner (Cox Ltd., Sweden). Measurements were performed with a Cr-tube set to 30 kV and 235 

50 mA using longitudinal 2 mm integrals and 20 s integration times. Here we report relative 236 

intensities of calcium (Ca) and silicon (Si) to aluminum (Al) and titanium (Ti), respectively. 237 

Sediment samples were continuously taken at 10 cm intervals in Unit 1 and 2 (Core 238 

LU18-2) and at 1 cm intervals in Unit 3 (Core LU18-1). Only two subsamples were taken from 239 

the top of Unit 4 (Core LU18-1) due to its presumably glacio-lacustrine sediment appearance. 240 

All sediment subsamples were freeze-dried and homogenized using mortar and pestle. Total 241 

carbon (TC), total nitrogen (TN) and total sulfur (TS) concentrations were measured on these 242 

samples with a Flash 2000 NCS (Thermo Fisher Scientific Co.) flash combustion elemental 243 

analyzer configured with a MAS plus autosampler (Thermo Fisher Scientific Co.) and thermal 244 

conductivity detector. For analysis samples were weighed into tin (5–8 mg) capsules for TC, TN, 245 

and TS measurements and silver (4–5 mg) capsules for total organic carbon (TOC) 246 

measurements. For TOC concentration measurements samples were treated with 1M HCl until 247 

no visual reaction occurred. The remaining HCl was evaporated prior to flash combustion 248 

analysis. Total inorganic carbon (TIC) was calculated from the differences between TC and 249 

TOC. The molar carbon-to-nitrogen (C/N) ratio was determined from TOC and TN 250 
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concentrations. CaCO3 was calculated from TIC using the stoichiometric conversion factor of 251 

8.33. 252 

A sandy deposit (Unit 2) was continuously subsampled at 1 cm intervals between 37 and 253 

120 cm depth in Core LU18-2 for grain-size analysis. Subsamples with a wet weight of 1 g were 254 

treated with 10%vol HCl and 10%vol H2O2 to remove solid carbonate species and organic 255 

matter. A dispersion solution containing Na6P6O18 and Na2CO3 was added to the remaining 256 

clastic fraction and shaken in aqueous suspension for an 1 h prior to analysis. Laser diffraction 257 

analysis (LDA) was then carried out with a Malvern Mastersizer 3000 particle size analyzer. 258 

Volume percentages (%vol) was calculated for each sample from the average of 3 aliquot 259 

measurements. Grain-size classes are presented after the classification proposed by Wentworth 260 

(1922). 261 

Radiocarbon dating of terrestrial plant macro-remains from Core LU18-2 was used to 262 

date a sandy deposit (Unit 2). In total 6 samples were measured by accelerator mass spectrometry 263 

(AMS) with the Mini RadioCarbon Dating System (MICADAS) at the Department of Chemistry 264 

and Biochemistry, University of Bern. Radiocarbon ages were calibrated into calendar years 265 

Common Era (cal CE) using the OxCal software (version 4.3; Ramsey 2009) and the IntCal20 266 

Northern Hemisphere calibration curve (Reimer et al. 2020). 267 

 268 

3.1.2 Lake-Surface Sediment 269 

Lake surface samples (uppermost ~10 cm) were collected by diving with a shovel and a 270 

bucket during summer from a sailboat. The collected lake-surface sediment samples (Figure 2a) 271 

were described macroscopically using a binocular. Total carbon, TN, TS, and TOC 272 

concentrations were measured, and TIC and CaCO3 concentrations as well as the molar C/N ratio 273 

was calculated according to the procedure described above. For the grain-size analysis the same 274 

procedure as described in the previous section was performed. 275 

 276 

3.1.3 Estimation of sediment volume for Unit 2 277 

The depositional volume of Unit 2 was estimated based on the high-resolution 278 

bathymetric data from Hilbe et al. (2011) and the thickness of Unit 2 observed in sediment cores. 279 

Polygons of the estimated areal extent of the sediment packages were drawn, and the area was 280 

calculated using ArcMap (version 10.8.1). Due to high gas content of sediment in the Lucerne 281 

Bay area, previously acquired seismic reflection data could not be used to characterize the spatial 282 

distribution of sedimentary units. 283 

 284 

3.2 Numerical Simulation, Visualization, and Sensitivity Analysis of the Bed Shear-285 

Stress 286 

The wave generation, propagation, and inundation were numerically simulated with the 287 

software BASEMENT (BAsic-Simulation-EnvironMENT). The software, originally designed for 288 

quasi-1D and 2D simulations of river hydro- and morphodynamics in alpine and subalpine 289 
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regions (Vanzo et al., subm.), has been recently validated for the hydrodynamic modelling of 290 

tsunami waves on lakes. 291 

BASEMENT is a freeware (www.basement.ethz.ch). The numerical modelling tool is 292 

used in academic research as well as engineering practice and provides a user-friendly 293 

environment for study of manifold problems. It enables the simulation of steady and unsteady 294 

hydraulic flow conditions with complex geometries as well as sediment transport. The 295 

underlying mathematical description is based on a decoupled system of equations given by the 296 

2D-depth averaged non-linear shallow-water model for the hydrodynamics and the Exner 297 

equation for morphodynamical modelling. Finite volume spatial discretization in combination 298 

with Riemann solver guarantees the stability and robustness of the numerical solution (Vetsch et 299 

al., 2020). Due to its highly optimized design, the software allows for accelerated simulations 300 

using multi-core CPUs, GPUs (graphic processing unit), and hybrid CPU-GPU. For 301 

hydrodynamic simulations, BASEMENT computes water-surface elevation h and specific 302 

discharges qx and qy in a selected computational domain. From these quantities, the water-surface 303 

displacement  304 

𝐴 = ℎ − ℎ𝑟𝑒𝑓, 305 

with href initial still water reference-level and the flow-velocity magnitude  306 

𝑢 =
√𝑞𝑥

2 + 𝑞𝑦
2

ℎ
 

can be derived (Figure 3). 307 

The bed shear-stress is defined as 308 

𝜏 =
𝑢2𝜌𝑓

𝑐𝑓
2 , 309 

with ρf fluid density, cf friction coefficient for fully turbulent flow computed according to Chézy 310 

as 311 

𝑐𝑓 = 5.75 log(12
ℎ

𝑘𝑏
) 

(e.g., Bobrowsky & Marker, 2018) and bed roughness (kb), which may range from grain 312 

roughness to total physical bed-roughness as mentioned in Houwman & van Rijn (1999). The 313 

dimensionless form of the bed shear-stress derived by Shields (1936) based on dimensional 314 

analysis (also known as the Shields parameter) is defined as  315 

𝜃 =
𝜏

(𝜌𝑠−𝜌𝑓)𝑔𝑑𝑠
, 316 

where 𝜌𝑠 represents the sediment density, 𝑔 the gravitational acceleration and 𝑑𝑠  the grain 317 

diameter of bed surface sediment. 318 

 319 

http://www.basement.ethz.ch/
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 320 

Figure 3. Sketch of computed numerical quantities: initial still-water reference-level (href), 321 

water-surface elevation (h), water-surface displacement (A) and flow-velocity magnitude (u). 322 

 323 

The considered computational domain is limited to the Vitznau Basin and the Lucerne 324 

Bay with open boundaries (non-reflective boundary condition) to allow a natural outflow 325 

towards the Gersau, Küssnacht, and Horw Basins and at the lake outlet in the Lucerne Bay 326 

(Figure 1). The digital elevation model is based on the high-resolution bathymetric data obtained 327 

by Hilbe et al. (2011), which was resampled to a cell size of 25 m
2
. Shallow-water areas (water 328 

depth 0–4 m), which are not entirely covered by the bathymetrical data were linearly interpolated 329 

to the current shoreline, whereas large artificial obstacles (islands and port facilities) were cut out 330 

(Figure 2). From the resampled bathymetry, the computational grid with 787.4k triangular 331 

elements with an average cell size of 115 m
2
 in the central Vitznau Basin and 25 m

2
 in the 332 

Lucerne Bay area was created. Details on the computational performance are summarized in 333 

Table 1 to allow an estimation on the computing time requirements for the numerical simulation 334 

performed. 335 

The initial volume of the mass movement was taken from the bathymetric reconstruction 336 

prior to the 1601 CE earthquake (Hilbe & Anselmetti, 2015). The initial displacement of the 337 

water column caused by the “Weggis-slide”, was modelled with an instantaneous downward 338 

vertical displacement of the identified area by 5 m (2.3 km
2 

area with a total failed volume of 339 

11.4 x 10
6
 m

3
; Figure 1). 340 

 341 

Table 1. Details of the numerical set-up and performance of the simulation via BASEMENT. 342 

number of mesh 

elements 

element area 

range [m
2
] 

simulation time 

[s] 

computing time 

[s] 
GPU card 

787.4k 25-115 1800 312 
TeslaP100-

PCIE-12GB 

 343 

Data visualization was performed with the numerical data visualization software 344 

Paraview (V5.8.1, www.paraview.org). Three virtual gauges were placed in the Lucerne Bay: 345 
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gauge 1 is located at the entrance of the Lucerne Bay, gauge 2 in the shallow-water area and 346 

gauge 3 in the east-west oriented depression (Figure 2a). Time series of water-surface 347 

displacement, flow-velocity magnitude, specific discharge, bed shear-stress and dimensionless 348 

bed shear-stress (Shields parameter) were investigated using gauge data (Figures S1, S2, and S3). 349 

In addition, the spatial variability of the variables at different time steps was analyzed on map 350 

scale. Flow-field vectors were used to reconstruct the flow path and direction of potential 351 

sediment transport. 352 

 353 

4 Results 354 

4.1 Lake-Surface Sediments 355 

The lake-surface sediment samples (Table 2) are characterized as carbonate mud with 356 

coarse organic remains (Sample LS-1 and LS-2), poorly sorted siliciclastic sand with fine gravel 357 

and carbonate shells (Sample LS-3), and a mixture of siliciclastic fines and carbonate mud with 358 

coarse organic remains (Sample LS-4). Sample LS-1 and LS-2 are collected in the central part of 359 

the Lucerne Bay (Figure 2A). Sample S-3 is taken in the western part of the Würzenbach river 360 

delta, and Sample LS-4 on the northeastern lakeshore of the Lucerne Bay (Figure 2a; see 361 

Supporting Information SI for coordinates of the sample location (Table S1) and results of the 362 

CNS measurements (Table S2)). 363 

 364 

Table 2. Lake-surface sediment samples collected in the shallow area of the Lucerne Bay: 365 

sample ID, macroscopic description, TOC and CaCO3 concentrations, molar C/N ratio, D50 of 366 

the grain-size distribution as well as the volume percentage of the clay-, silt- and sand fraction. 367 

Sample 

ID 
Macroscopic description 

TOC CaCO3 C/N ratio 

(mol mol-1) 

D50 

(μm) 

Clay Silt Sand 

(wt.%) (wt.%) (vol.%) (vol.%) (vol.%) 

LS-1 
Carbonate mud with 

coarse organic 
2.208 80.8 6.7 45 3 60 37 

LS-2 
Carbonate mud with 

coarse organic  
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 
Carbonate mud with 

coarse organic 
2.481 26.9 9 45 3 62 35 

 368 

4.2 Sediment-Core Data 369 

Based on high-resolution bathymetric data (Hilbe et al., 2011) a topographic depression 370 

was identified in the Lucerne Bay near the lake outlet (Figure 2b). The depressional feature is 371 

characterized by an east-west oriented longitudinal shape with a length of ~400 m and width of 372 

~200 m, and an average water depth of 7.5 m, while the surrounding plateau of the Lucerne Bay 373 

has a water depth of ~3.5 m. This depression surrounded by shallow water provide an ideal 374 

depositional environment suitable for trapping remobilized sediment from tsunami inundation 375 
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and backwash. Three sediment cores (LU18-1, LU18-2, and LU18-3) were retrieved along an 376 

east-west oriented transect within the depression to study sedimentary composition and 377 

structures (see Supporting Information SI for coordinates of core location (Table S3). 378 

Recovered sediment cores have a complete composite sediment record of 284 cm (Core 379 

LU18-1); 288 cm (Core LU18-2) and 218 cm (Core LU18-3). The lithostratigraphy consist of 380 

four well-traceable sedimentary units (Figure 4) observed along the offshore sediment core 381 

transect (Figure 5), which were identified by visual appearance and core-log data (see Supporting 382 

Information SI (Table S4) for CNS measurements in Unit 1, 2, 3, and 4). 383 

 384 

 385 

Figure 4. Complete composite sediment Core LU18-2, selected line-scan images of the four 386 

lithologic units, and its sedimentologic properties (TOC, CaCO3 and TS concentrations, as well 387 

as molar C/N ratio, D50 of the LDA grain-size distribution, density, and magnetic susceptibility 388 

(MS)). Note that in the line-scan image of Unit 3, the lower gradual contact and upper sharp 389 

contact are indicated with a dashed black line. 390 

 391 
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 392 

Figure 5. Sediment core transect of core LU18-1, -2, and -3 recovered along the east-west 393 

oriented depression in the Lucerne Bay (Figure 2b). The sedimentological transect overview 394 

shows calibrated radiocarbon ages, sedimentary units, line-scan images, CT-grayscale images, 395 

density, magnetic susceptibility (Magn. susc.), Si/Al- and Ca/Ti ratio from the XRF scans, 396 

CaCO3, TOC and TS concentrations, and molar C/N ratio (see Figure 7 for results of Unit 3). 397 

 398 

4.2.1 Sedimentary Unit Description 399 

4.2.1.1 Unit 1: Carbonate Mud 400 

Unit 1 is light gray in color, varies in thickness between 17 and 43 cm, consists of shell 401 

fragments embedded in an endogenous carbonate mud matrix, with siliciclastic minerals only as 402 

accessories. It has a CaCO3 concentration of 70–80 wt.%, a gradual downcore decrease in TOC 403 

(3.3–1.5 wt.%), and an increase in the C/N ratio (7–13 mol mol
-1

) and density (1.2–1.5 g cm
-3

; 404 

Figure 5). Magnetic susceptibility is slightly negative in the upper 20 cm (-4 SI 10
-5

) and has a 405 

peak at 27.5 cm depth (197.5 SI 10
-5

), which is due to metallically shiny, black, gravel-sized coal 406 

particles. 407 

 408 
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4.2.1.2 Unit 2: Normal Graded Sand to Silt 409 

Unit 2 is dark brown in color and consists of a thick (40 to 67 cm), dense, siliciclastic 410 

normal graded fine to medium sand with sharp lower and upper contacts and four internal 411 

subunits (Subunit 2A to 2D; Figure 6). Coarse sand-sized shell fragments are finely dispersed in a 412 

fine siliciclastic sand at the bottom of the 40 to 67 cm thick normal graded sand to silt deposit 413 

with sharp lower and upper sedimentary contacts observed by sediment core line scan and CT 414 

grayscale images (Figure 5). The enrichment of macroscopically observed carbonate shell 415 

fragments at the bottom is also expressed in the distinct XRF Ca/Ti ratio peak at the base 416 

(Figure 5). In the upper part, carbonate is homogeneously present (13.5–16.5 wt.%) and is 417 

occasionally found as fine sand-sized shell fragments. The C/N ratio (14 to 20 mol mol
-1

) could 418 

only be calculated in the top three subsamples at 40, 50, and 60 cm core depth, but not in the 419 

lower subsamples due to nitrogen concentrations below detection limit (Figure 5). The high C/N 420 

ratio fits well to the large amount of macroscopic, horizontally embedded wood fragments, 421 

whose abundance decreases toward the base. Magnetic susceptibility ranges from 3 to 18 SI 10
-5

, 422 

and density increases downcore from 1.5 to 2.1 g cm
-3

 (Figure 5). Similarly, the mean grain size 423 

(D50) and sorting increases downcore from poorly to moderately sorted silt to well sorted fine 424 

sand (Figure 6). Four subunits were identified from the LDA grain-size data (2A (37-55 cm), 2B 425 

(55-60 cm), 2C (60-95 cm) and 2D (37-55 cm)), which are grouped based on their mean grain-426 

size (D50) and grain-size distribution. The XRF Si/Al ratio correlates well with the LDA grain-427 

size data and can be used as grain-size indicator (Figure 5). 428 

 429 

 430 

Figure 6. Line-scan image, CT-grayscale image, and particle-size distribution from the LDA of 431 

Unit 2 in Core LU18-2. The grain-size distribution of the siliciclastic fraction shows a 432 

pronounced fining upward trend in Unit 2, which is divided into 4 subunits (Subunit 2A to 2D). 433 
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 434 

4.2.1.3 Unit 3: Light Brown Gyttja 435 

Unit 3 is a light brown gyttja with occasional beige laminae, variable thickness between 2 436 

to 10 cm with coarse sand and carbonate shell fragments embedded in an organic-rich matrix 437 

with low density (1.7 g cm
-3

), and a gradual transition over > 2 cm at the base (Subunit 3T). The 438 

low density of the unit is well pronounced in the CT grayscale image, which has sand-sized 439 

particles (siliciclastic grains as well as complete and fragmented carbonate shells) embedded in 440 

an organic matter-rich matrix (Figure 7). Total organic carbon is high (1.5–2 wt.%) in the upper 441 

part (83–91 cm) and decreases to ~0.2 wt.% at the base of the unit. The C/N ratio varies between 442 

9.5 to 13 mol mol
-1

 and sulfur is present (0–0.2 wt.%). CaCO3 varies between 13–54 wt.% and is 443 

highest within the beige laminae. Magnetic susceptibility is ~3 SI 10
-5

. A gradual transition with 444 

variable thickness along the sediment-core transect is evident at the base of the unit on the CT 445 

grayscale image (Figures 5 and 7). The transitional base of Unit 3 is brownish gray in color and 446 

consists of fine to medium sand with carbonate shell fragments (Figure 5) and a distinct peak in 447 

the XRF Ca/Ti ratio (Figure 5). 448 

 449 

 450 

Figure 7. Line-scan image, CT-grayscale image, CaCO3, TOC and TS concentrations, and the molar C/N 451 

ratio of subsamples from Unit 3, its lower transitional base and the uppermost of Unit 4 in Core LU18-1. 452 

The sharp basal contact of Unit 2 is well recognizable in the CT-grayscale image. 453 

 454 
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4.1.2.4 Unit 4: Dense – Cohesive Silty Clay 455 

Unit 4 is light gray in color and consists of a cohesive, very dense (~2.1 g cm
-3

) silty, 456 

clay-rich sedimentary deposit. Magnetic susceptibility varies only slightly within the unit (7–457 

12 SI 10
-5

). Fine laminae of variable thickness and graded fine sand to silt are well recognizable 458 

on CT grayscale images (Figure 5). These graded intervals are also well expressed in the XRF 459 

Si/Al ratio that may be used as grain-size indicator (Figure 5). 460 

 461 

4.3 Radiocarbon Dating 462 

Four radiocarbon dates obtained from terrestrial organic macro remains found in Unit 2 463 

have calibrated radiocarbon ages in the range of 1306–1442 cal CE (Table 3, Figure 5). The four 464 

samples were collected at regular intervals throughout the unit. One sample of fragmented leaves 465 

from Unit 3 yields a radiocarbon age of 1174–1277 cal CE. Another sample of leaf fragments in 466 

Unit 1 has a modern radiocarbon age (Table 3). The calibrated radiocarbon age ranges presented 467 

are given within a 2σ confidence level, which corresponds to a 95.4% probability. 468 

 469 

Table 3. AMS radiocarbon age and δ
13

C results from terrestrial organic macro remains from 470 

Core LU18-2. Radiocarbon age uncertainties refer to 1-sigma uncertainties. Range of calibrated 471 

represent 95.4% probability (2σ). 472 

Sample Core depth 

(cm) 

Sample material δ13C (‰) 14C age ± 1σ 

(14C years BP)a 

Calibrated 2σ 

range (cal CE)b 

BE-10751.1.1 35–36 Leave fragments -28.7 -572 ± 31 Modern 

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

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

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

BE-10755.1.1 98–99 Leave fragments -31.8 544 ± 30 1321–1437 

BE-10756.1.1 102–103 Leave fragments -29.7 812 ± 36 1174–1277 
a Stuiver & Polach (1977); b Ramsey (2009); b Reimer et al. (2020). 473 

 474 

4.4 Volume Estimation of Unit 2 475 

The estimation of the total volume of Unit 2 along the east-west oriented depression is 476 

based on high-resolution bathymetrical data and retrieved sediment cores. Three polygons with 477 

areas of 10’395 m
2
, 14’507 m

2
 and 8’148 m

2
, with a corresponding thickness of 0.4 m, 0.64 m, 478 

and 0.67 m, respectively, yield an estimated total depositional volume of 18’902 m
3
 (Figure 2b; 479 

Table S5). 480 

 481 

4.5 Numerical Tsunami Model 482 

4.5.1 Tsunami Generation and Propagation 483 

The 1601 CE Weggis-slide collapse with a volume of 11.4 x 10
6
 m

3
 (Hilbe & Anselmetti, 484 

2015) was simulated by an instantaneous collapse of a 5 m thick sediment drape located on the 485 

northern lateral slope of the Vitznau Basin (Figure 1). This moving slab and the affected area (> 486 



manuscript submitted to Geochemistry, Geophyics, Geosystems 

 

2 km
2
) correspond to the well-defined 1601 CE Weggis-slide described by Schnellmann et al. 487 

(2005) and Hilbe et al. (2011). The numerically simulated wave generation and propagation can 488 

be divided in three phases: wave generation (phase 1), wave propagation in the Vitznau Basin 489 

(phase 2), and arrival of a first wave trough in the Lucerne Bay that is followed by 3 main wave 490 

pulses (phase 3). See Supporting Information SI for the animation of the wave proapagtion 491 

(Movie 1). 492 

A wave trough with a water-surface displacement with respect to the lake at rest of more 493 

than -3 m forms immediately after the instantaneous collapse along the failed area (Figure 8a). 494 

After 20 s (Figure 8b) the first waves reach the nearest shore in the Gersau area with wave crests 495 

of 2 m forming after 40 s (Figure 8c). The tsunami wave reaches the steep southern shore within 496 

60 s (Figure 8d) and is reflected towards the Vitznau Basin. A complex wave pattern is formed 497 

along the northern shoreline (Figure 8e and 8f). In the initial phase, a wave trough approaches 498 

the shore (after 10 s), which is followed by a long lasting spatially heterogeneous wave crest 499 

with water-surface displacements up to 2 m (from 40 to 140 s), until the reflected wave trough 500 

from the southern shore superposes the established wave crest (after 140 s). 501 

Figure 9 shows four time-snapshots of the computed tsunami propagation and water-502 

surface displacement in the Lucerne Bay. A train of waves arrives in the narrow and shallow 503 

Lucerne Bay with an initial wave trough and a water-surface displacement of up to -1 m after 504 

410 s (Figure 9a). At the transition from the deeper to the more shallow-water area of the 505 

Lucerne Bay, a strong surge occurs in the direction of the wave trough with a flow-velocity 506 

magnitude greater than 2 m s
-1

. At ~550 s (Figure 8b) the first wave crest with a water-surface 507 

displacement between +0.2 and +0.5 m inundates the bay with a bore-like appearance and max. 508 

flow-velocity magnitudes of 2.2 m s
-1

 at the wave front. The second wave trough is characterized 509 

by a complex and heterogeneous flow field, which inundates the bay at ~755 s (Figure 8c). The 510 

second wave crest has an impressive bore-like wave (Figure 8d) with an initial wave trough of -511 

1 m and a following wave crest of +0.5 m (Figure 10a) and a max. flow-velocity magnitude of 512 

~2.4 m s
-1

 at gauge 1 and ~0.9 m s
-1

 at gauge 3 (Figure 10b). The third wave has a smaller water-513 

surface displacement than the first two, but flow-velocity magnitudes reached at gauges 2 and 3 514 

are similar (Figure 10b). The third wave is followed by waves with smaller water-surface 515 

displacements and flow-velocity magnitudes (Fig 10a). 516 

 517 
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 518 

Figure 8. Time snapshots of the computed tsunami propagation and water-surface displacement 519 

(-3 to +3 m with respect to the lake at rest) of the 1601 CE Weggis-slide (simulation LU18-S4) 520 

within the first 100 s after the simulated slope collapse. 521 
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 522 

Figure 9. Time snapshots of the computed tsunami propagation and water-surface displacement 523 

of the 1601 CE Weggis slide (simulation LU18-S4) in the Lucerne Bay. The water-surface 524 

displacement (-1 to +1 m) and flow-velocity direction (black arrows redrawn for better 525 

visualization of actual model data indicated with fine, light-blue arrows) are shown at four 526 

distinct time steps (410 s, 550 s, 755 s, and 875 s). Time series of water-surface displacement 527 

and flow-velocity magnitude at the virtual gauges 1, 2, and 3 (black crosses) are plotted in 528 

Figure 10. Core locations (red dots) are shown in the map. 529 

 530 

 531 
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Figure 10. Timeseries of water-surface displacement (a) and flow-velocity magnitude (b) at 532 

gauges 1–3 (see Figure 9 for location) of the simulation LU18-S4. 533 

4.5.2 Sensitivity Analysis of the Bed Shear-Stress 534 

To determine the dependency and robustness of the computed flow parameters, a 535 

sensitivity analysis of the bed roughness kb was performed. Six scenarios were simulated with 536 

different bed roughness values (kb) ranging from 0.0002 to 0.1 m (Table 4). The sensitivity of the 537 

bed roughness (kb) on the dimensionless bed shear-stress (θ) was evaluated by simulations 538 

computed with different bed roughness values (kb) between 0.0002 and 0.1 m, keeping fluid 539 

density (1 g cm
-3

), sediment density (2.65 g cm
-3

), and sediment porosity (0.4 vol%) constant 540 

(Table 4). The area with a dimensionless bed shear-stress θ ≥ 0.03 (Table 4) was calculated with 541 

ArcMap (version 10.8.1). 542 

 543 

Table 4. Sensitivity analysis of the dimensionless bed shear-stress to the bed roughness (kb): 544 

applied bed roughness in the different scenarios computed with BASEMENT and the calculated 545 

area with a dimensionless bed shear-stress θ ≥ 0.03. 546 

 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 

 547 

The analysis of the computed data on map-scale and gauge data indicates that the applied 548 

bed roughness kb has a strong effect on the dimensionless bed shear-stress. However, water-549 

surface displacement, flow-velocity magnitude, and specific discharge are hardly affected. For 550 

example, flow-velocity magnitude has a variance of less than 10% within the range of the 551 

different simulations at gauge locations. Whereas the computed dimensionless bed shear-stress is 552 

strongly influenced by the applied bed-roughness coefficient as shown in Figure 11. 553 

The max. dimensionless bed shear-stress (θ) computed at gauge locations range from 554 

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, 555 

S2, and S3). From the map-based analysis, it is evident that the highest observed max. 556 

dimensionless bed shear-stresses are most pronounced along the shoreline and in the shallow 557 

water area of transition from the deeper to shallower water in the Lucerne Bay (Figure 11). The 558 

area with a max. dimensionless bed shear-stress θ ≥ 0.3 ranges from 0.2 to 0.6 x 10
6
 m

2
 for the 559 

various simulated bed-roughness coefficients (Table 4). See Supporting Information SI for the 560 

animation of the dimensionless bed shear-stress in the Lucerne Bay (Movie S2). 561 

 562 
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 563 

Figure 11. Results of the sensitivity analysis of bed roughness to the dimensionless bed shear-564 

stress. The max. dimensionless bed shear-stress reached in each computational cell throughout 565 

the simulated time is shown for the simulation with different bed roughness (kb: 0.0002–0.1 m). 566 

Sediment core (red dots) and gauge (black crosses) locations are shown on the map. 567 

 568 

5 Discussion 569 

5.1 Depositional History 570 

5.1.1 Unit 4: Dense – Cohesive Silty Clay 571 

The lowermost Unit 4, characterized as a dense, cohesive, light-gray clay to silt deposit 572 

has been previously described in other sediment cores in the area (Keller et al., 2020). These 573 

deposits are interpreted as glacio-lacustrine sediments deposited during an early lake phase 574 

around 15’000 yr. BP (Keller et al., 2020). The fine-grained cohesive sediment originates from 575 

the retreating Reuss Glacier and probably corresponds to rock flour delivered by glacial runoff. 576 

A gradual transition overlies Unit 4 discordant with a hiatus of several 1000 years. This hiatus is 577 
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probably caused by the incision of the eroding outflowing Reuss River during lake-level low 578 

stands. 579 

5.1.2 Unit 3: Light Brown Gyttja 580 

With the construction of mills in the 13
th

 century at the outflow of the lake, lake level was 581 

stabilized at today’s level (Keller et al., 2020 and references therein). This early stabilized lake-582 

level phase corresponds to the Unit 3, dated to 1174–1411 cal CE, which is characterized by 583 

organic-rich deposits with limited carbonate production and variable thickness along the coring 584 

transect (Figure 7). 585 

5.1.2 Unit 2: Normal Graded Sand to Silt 586 

The normally graded Unit 2 overlies Unit 3 with a sharp basal contact, indicating an 587 

abrupt deposition reflecting a severe event on Lake Lucerne. The narrow radiocarbon age range 588 

(1306–1437 cal CE) with minor age reversals as well as the normally graded sedimentary 589 

sequence of Unit 2 (Figure 5) indicate event deposition. Unit 2 is characterized by a fine sandy 590 

base and fines gradually upwards to a poorly sorted fine silt (Figures 5 and 6). A clear shift in the 591 

grain-size distribution is observable in Core LU18-2 at a depth of 95 and 60 cm (Figure 6). The 592 

two lowermost subunits have a well sorted grain-size distribution, whereas the two uppermost 593 

subunits are moderately to poorly sorted. Such types of normal grading haven been described for 594 

high-energy flows such as tsunamis and turbidity currents (Kuene & Menard, 1952; Middleton, 595 

1967; Jaffe et al., 2011). The gradual upward decrease in grain size is a signature of deposition 596 

from suspension (Jaffe et al., 2012). This specific type of normal grading is termed suspension 597 

grading (Jaffe et al., 2012) and is primary caused by the settling velocity of the particles, but also 598 

by the flow velocity (Woodruff et al., 2008; Johnson et al., 2017). Thick normal graded deposits 599 

have been reported from the off- (e.g., Sakuna et al., 2012; Tamura et al., 2015) and onshore 600 

(e.g., Jaffe et al., 2012 and references therein) environment deposited by the inundation and 601 

backwash of marine tsunamis. For example, Kempf et al. (2015) have observed normal and 602 

multiple graded sand deposits with mud caps and variable thicknesses (5–60 cm) in two Chilean 603 

coastal lakes, that record the local inundation of the 1960 Great Chilean Earthquake tsunami. Of 604 

the few offshore tsunami deposits studied worldwide, several authors describe sharp lower 605 

and/or upper sedimentary contacts (e.g., van den Bergh et al., 2003; Sakuna et al., 2012; 606 

Abrantes et al., 2008; Goodman-Tchernov et al., 2009; Smedile et al., 2020) as observed at the 607 

basal contact of Unit 2. In Lake Sils, Nigg et al. (2021) observed thick normal graded sand 608 

deposits that were formed by the backwash currents of a prehistoric lake tsunami. Although the 609 

radiocarbon ages in Unit 2 are ~200 years younger than the historically described 1601 CE Lake 610 

Lucerne tsunami, the observed siliciclastic-rich, normally graded deposit (Unit 2) is interpreted 611 

to have been formed by this event. The single normally graded siliciclastic sand succession was 612 

deposited during a unique event. The sediment originates from the uppermost part of the lakebed 613 

in the Lucerne Bay, which was reworked by the erosive power of the wave, as is simulated in the 614 

numeric model and discussed in detail in Section 5.3 below. The event deposit was then formed 615 

at the depression by sediment deposition from suspension as the flow-velocity decreased. 616 

However, another historically reported tsunami event on Lake Lucerne in 1687 CE is unlikely to 617 

have the same order of magnitude in the Lucerne Bay because the tsunami was generated by a 618 

single subaqueous mass movement in a more distant basin and therefore no preserved 619 

sedimentary structures were observed in the sediment cores associated with this later event. 620 
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 621 

5.1.4 Unit 1: Carbonate Mud 622 

Uppermost Unit 1 represents a modern lake system with high endogenous carbonate 623 

production in an oligotrophic lake (Bossard et al., 2001) that became more nutrient-rich during a 624 

period of eutrophication in the 1970s to 1980s (Theveneon et al., 2012). The high magnetic 625 

susceptibility is attributed to combustion particles associated with the development of steam 626 

navigation on Lake Lucerne from the beginning of the late 1830s. 627 

 628 

5.2 Numerical Simulation 629 

The selected tsunami generation mechanism, relying on the collapse of a selected area of 630 

the bathymetry is, despite its strongly simplified dynamics, in good agreement with similar, 631 

relying on more complex, approaches (Hilbe et al., 2015), reflecting a reasonable generated wave 632 

pattern. From both historical reports (e.g., the tsunami occurred in 1998 along the shores of the 633 

Sissano Lagoon in Papua New Guinea (Davies et al., 2003), it is well known that usually 634 

shorelines are hit by a wave train, with the first incoming wave characterized by a smaller 635 

amplitude with respect to the succeeding ones. Nevertheless, as also well described in (Lampela, 636 

2019), near the shore the water most often undergoes a first drawback, forming a bore in a 637 

shallow area near the coast. This behavior is well reproduced by the numerical simulation 638 

obtained via BASEMENT. Indeed, considering for instance Figure 9, at 410 s, the water flows 639 

towards the center of the lake, i.e., creating a drawback (Figure 9a), while at 550 s one observes 640 

the formation of a bore in the shallow area, represented by the two distinct flow directions which 641 

meet to form a steep wave front, i.e., the bore (Figure 9b). Further, confirming the overall 642 

observations of tsunami behavior (e.g., Davies et al., 2003), the first simulated wave in the 643 

considered 1601 CE event results to be lower in height with respect to the subsequent ones, as 644 

can be seen for instance for the water-surface displacement over time in Figures S1, S2, and S3. 645 

The reported hydrodynamic quantities for the sensitivity analysis of the bed roughness height in 646 

the selected area of interest appear to not undergo significant changes where the water column is 647 

large (gauge 1). Indeed, as one may observe from Figures S1, S2, and S3, the wave amplitude 648 

and flow velocities appear less deformed in gauge 1, whereas in gauges 2 and 3 which are in 649 

shallow water, the wave amplitude displays several minor displacements when considering 650 

different kb, as expected. 651 

 652 

5.3 Sediment Erosion, Transport, and Deposition 653 

5.3.1 Erosion, Maximum Dimensionless Bed Shear-Stress, and Bed Roughness 654 

The max. dimensionless bed shear-stress is the key value that defines whether sediment is 655 

eroded by flow events (Van Rijn, 2007). The bed shear-stress reached during the propagation of 656 

the tsunami generated by the 1601 CE Weggis-slide (Figure 1) in the Lucerne Bay was 657 

numerically simulated with BASEMENT to better understand the erosion and mobilization 658 

potential of the tsunami waves. For this purpose, the influence of bed roughness on the incipient 659 

motion of particles was considered. Sediment may be eroded when the effective dimensionless 660 

bed shear-stress is larger than the dimensionless critical bed shear-stress, i.e., θ > θcr (Choi & 661 
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Kwak, 2001). However, critical dimensionless bed shear-stress depends on the grain-size 662 

distribution and cohesion of the sediment bed (Houwing & Van Rijn, 1998). For the given 663 

situation, the threshold for incipient motion was chosen at θ = 0.03, which has been previously 664 

suggested to be a reasonable number based on flume experiments (e.g., Shields, 1936; Houwing 665 

& Van Rijn, 1998). As soon as the threshold for incipient motion is reached, sediment particles 666 

may be entrained by the flow (van Rijn, 2007). Once sediment particles are set in motion, less 667 

energy is generally required to keep particles in motion after entrainment (Boggs, 2014). 668 

The applied physical bed roughness (kb) varies from 0.0002 to 0.1 m (Figure 11), which 669 

is a reasonable range from grain roughness to total physical bed roughness (Houwman & van 670 

Rijn, 1999). Total physical bed-roughness may be influenced by sedimentary bed forms (e.g., 671 

ripples and dunes), superimposed bed forms (e.g., megaripples), grain-size distribution and 672 

packing, mineralogical sediment composition, and the presence of an organic biofilm on the 673 

lakebed (van Rijn, 2007). Therefore, accurate estimates of total physical bed roughness are 674 

difficult to obtain. Houwman & van Rijn (1999), for example, have found that physical bed 675 

roughness of 0.1 m gives best agreement between measured and predicted current velocities in 676 

the North Sea at water depths of 5–10 m and a d50 of 200 μm. Thus, considering the above-677 

mentioned factors and that surf beats are less expressed in the Lucerne Bay than at the North Sea 678 

coast, physical bed roughness of 0.02 to 0.06 m is a reasonable and realistic value for the given 679 

situation. 680 

Considering the above limitations in the estimation of incipient motion, our simulation 681 

shows large areas with a dimensionless bed shear-stress θ ≥ 0.03 (Figure 11), indicating large 682 

amounts of sediment may have been eroded, transported, and resuspended by the main wave 683 

pulses of the 1601 CE tsunami in the Lucerne Bay. The areal extent of max. dimensionless bed 684 

shear-stress θ ≥ 0.03 computed for different physical bed-roughness is in the order of 0.2–685 

0.6 x 10
6
 m

2
 and follows the regression curve y = 0.8225 kb

0.163 
(Figure 12a). A simple estimate 686 

of the erosion volume (4 to 11.5 x 10
4
 m

3
; Figure 12b) can be calculated based on a 687 

homogeneous thickness of erosion (0.02–0.2 m) on the area with θ ≥ 0.03 (Table S6). Thus, our 688 

simulations show clearly that substantial amount of sediment gets eroded and mobilized by the 689 

waves. The erosion mostly affects the uppermost water-rich layer near the lakebed. The age data 690 

of Unit 2 (1306 to 1442 cal CE; Table 3) with radiocarbon ages of up to 200 years older than the 691 

tsunami event confirms that sediment may get mobilized to a chronostratigraphic depth of 692 

200 years, corresponding to a thickness of up to 20 cm at a sedimentation rate of 0.1 cm yr
-1

. 693 

Therefore, eroded volume in the Lucerne Bay is likely in the order of 10
4
 to 10

5
 m

3
 (Figure 12b; 694 

kb: 0.02–0.06 m) with an erosional thickness of 0.2 m. 695 

 696 
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 697 
Figure 12: (a) Mapped area with a max. dimensionless bed shear-stress θ ≥ 0.03 reached computed with different 698 

bed roughness kb. (b) Estimation of remobilized sediment volumes with different homogeneous erosional 699 

thicknesses and bed roughness kb. 700 

 701 

5.3.2 Sediment Source 702 

The numerical simulations clearly show where and when the tsunami wave causes bed 703 

shear-stress in the Lucerne Bay capable of substantial sediment erosion and mobilization 704 

(Figure 12). Erosional forces are pronounced in the shallow-water area of geomorphological 705 

obstacles marking the transition from the deeper to the shallower area of the Lucerne Bay and 706 

along the lakeshore, as indicated by the computed max. dimensionless bed shear-stress 707 

(Figure 11). These areas are likely the sediment source of remobilized sediment particles during 708 

the 1601 CE tsunami inundation of the Lucerne Bay. Another important sediment source is the 709 

lakeshore, where predominantly siliciclastic sand is found (e.g., lake-surface sediment Sample 710 

LS-3). At these locations, constant wave motion leads to sandy-dominated surface sediments 711 

from winnowing of fines. 712 

5.3.3 Sediment Transport and Deposition 713 

The sediment transport towards the coring site can be observed by visualizing vectors of 714 

flow-velocity magnitude indicating the sediment transport direction (Figure 9). Three main wave 715 

pulses propagate in the Lucerne Bay in the first 1800 s after the instantaneous simulated Weggis-716 

slide collapse (Figure 10). During the first wave, a strong surge towards the wave trough is 717 

observable (Figure 9a). At this stage, sediment particles may be mobilized and brought into 718 

suspension. With the arrival of the 2
nd

 wave expressed as an impressive bore-like wave, particles 719 

are then transported westwards towards the coring location (Figure 9d). These main wave pulses 720 

have high flow velocities (> 2 m s
-1

; Figure 10b) and specific discharges (> 4 m
3
 s

-1
; Figures S1, 721 

S2, and S3) that are capable to transport large amounts of sediment from the areas with high bed 722 

shear-stress towards the coring location. At the coring location, due to the geomorphological 723 

depression, flow velocity drops instantaneously, and sediments are deposited from suspension 724 

forming the graded event deposit. 725 
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A depositional volume of 2 x 10
4
 m

3
 is estimated from the thickness of Unit 2 in 726 

recovered sediment cores and multibeam bathymetry map (Figure 2b). This estimate fits well 727 

with the proposed eroded sediment volume in the order of 10
4
 to10

5
 m

3
, that is estimated with the 728 

numerical model more accurate estimation of eroded volume would be possible by using a fully 729 

featured model for suspended-sediment transport, which is currently still under development. 730 

Such a model would allow for simulation of variable erosion related to the dimensionless bed 731 

shear-stress and provide more realistic transport of the sediment with the flow. However, many 732 

uncertainties may persist, e.g., sediment-erosion thickness is likely not homogenous over the area 733 

and sediment erosion may be strongly influenced by local variations of sediment composition 734 

(e.g., mineralogy, grain-size distribution, and bed roughness). However, the presented 735 

methodology proves to be a reasonable simplification of the complex mechanism of erosion by 736 

tsunami waves and allows for basic reconstruction of related events and processes involved. 737 

 738 

6 Conclusions 739 

An offshore event deposit was observed in sediment cores recovered along a transect 740 

across a depression in the shallow-subaqueous environment of Lucerne Bay. The normally 741 

graded deposit with a thickness of up to 60 cm consists predominantly of siliciclastic sand- to 742 

silt-sized particles with increased amounts of coarse sand-sized carbonate shell fragments at the 743 

base. The deposit has a sharp basal contact with horizontally bedded organic, mostly woody 744 

particles that become more abundant in the upper part of the deposit. Radiocarbon dates of 745 

terrestrial plant macro remains isolated from the clastic deposit yield ages in the range of 1306-746 

1442 cal CE. 747 

The sedimentary features clearly reflect deposition from a high-flow event, which we 748 

interpret to be the historically reported 1601 CE Lake Lucerne tsunami. This interpretation is 749 

supported by i) the grain-size pattern of Unit 2 indicating suspension settling, ii) the narrow 750 

200 years age offset of the event deposit indicating erosion, mobilization of the uppermost 751 

sediment column, as well as iii) the performed numerical tsunami-wave propagation and bed 752 

shear-stress simulation in the Lucerne Bay, providing a criterion for incipient motion of sediment 753 

by the incoming waves. 754 

The numerical simulation of the 1601 CE Lake Lucerne tsunami was simulated using the 755 

software BASEMENT by an instantaneous collapse of the second largest subaqueous mass-756 

movement failed during the 1601 CE earthquake. In addition to simulating the wave propagation, 757 

water surface-displacement, and flow-velocity magnitude, the dimensionless bed shear-stress 758 

was used to characterize and locate areas of tsunami-induced sediment erosion in the shallow-759 

subaqueous environment of Lucerne Bay. The simulated results clearly show that the critical 760 

dimensionless bed shear-stress is exceeded in large areas where significant erosion must have 761 

occurred. Flow direction pointing from the erosional areas toward the sediment sink in the 762 

depression indicate sediment transport towards the coring locations. 763 

Our study thus documents the high potential of combining sedimentological observations 764 

of event deposits with numerical simulations of water motion. This approach is not restricted to 765 

lacustrine systems and mass movement-induced tsunami waves but can be applied to any basin 766 

where high-flow events occur. 767 

 768 
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