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Abstract The southern slopes of Rossberg mountain,

Central Switzerland, on which one of the largest historic

landslides of the Alpine region was released in 1806 AD

(Goldauer Bergsturz), are prone to large-scale mass wasting

processes. This has led to numerous sliding events, which are

well-recognizable in the modern topography but lack accu-

rate dating. In order to provide new insights into the timing

and the processes associated with past landslides as well as

into the frequency of exceptional flood events, long sediment

cores were retrieved from the subsurface of Lake Lauerz that

lies in the pathway of these landslides and that records strong

runoff events with typical flood layers. Analyses of the

recovered cores display a sedimentologic succession with

variable fingerprints of past landslides and flood events,

depending on the coring location within the lake. The land-

slide signature can be calibrated using the 1806 AD event: An

organic-rich peaty unit, which is found in two cores located

close to the rockmass impact, points towards a sudden,

gravity spreading-induced lateral displacement of the

swampy plain where parts of the rock mass were accumu-

lating. This rapid lateral mobilization of soft sediments, and

not the rock masses, acted as ultimate trigger for the reported

*15 m-high impulse waves on the lake. In the more distal

areas, the 1806 AD event led to the deposition of a thick,

organic-rich redeposited layer. The 10 m-long core from the

distal basin covers a radiocarbon-dated *2,000 years sedi-

mentation history and contains a highly similar event layer

that was deposited in 810 ± 60 AD. This layer is most likely

the product of a major historic landslide, known as Röthener

Bergsturz, which, based on scarce historical reports, was

commonly dated to 1222 AD. In the 2,000 years record, we

identify three periods with enhanced occurrence of flood

turbidites dated to 580–850 AD, 990–1420 AD, and 1630–

1940 AD. Among the 54 detected flood layers, 6 probably

mark exceptionally heavy rainfall events that are dated to

*610, *1160, *1290, *1660, *1850, and *1876 AD,

the latter being associated to one of the most intense rainfall

events ever recorded instrumentally in the region.
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Introduction

Mass movements are common features in mountainous

regions. They represent an important landscape-forming

factor, are a considerable hazard and cause major disasters

on a global scale every year (Nadim et al. 2006). Addi-

tionally, if the sliding mass falls into a water body or is

released on subaqueous slopes, they can cause catastrophic

waves, comparable with marine tsunamis (Fritz et al. 2001,

2004; Fritz 2002; Schnellmann et al. 2002, 2005; Bardet

et al. 2003). These waves can cause disaster due to run-up

along the shoreline and overtopping of dams (Vischer and

Hager 1998). The Lituya Bay rockslide impact, as an

example, is probably the most prominent event for this

Editorial handling: H. Weissert and A. G. Milnes.

F. Bussmann

Department of Earth Sciences, Geological Institute,
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kind of natural disaster: In 1958, an 8.3 magnitude earth-

quake triggered a major subaerial rockslide into the bay of

Lituya, Alaska. The sliding mass impacted the water at

high speed, which resulted in the largest impulse wave run-

up of 524 m ever recorded in history (Fritz et al. 2001).

On 2 September 1806 AD, a huge rock mass was released

on the slopes of Rossberg mountain, Central Switzerland,

referred to as ‘Rossberg slide’ or ‘Goldauer Bergsturz’

(Fig. 1). The rock avalanche claimed 457 victims and

destroyed almost the entire former village of Goldau (Zay

1807; Heim 1932; Zehnder 1988). Additionally, it is

reported that the easternmost part of the sliding mass hit

Lake Lauerz, triggering devastating water waves of

*15 m height and reducing the lake’s superficial area by

at least 1/7 of its original size. Around ten people died in

the resulting flood on the southern shores of the lake (Zay

1807; Zehnder 1988).

The Rossberg slide, which involved approximately 36

million m3 of rock (Berner 2004; Thuro et al. 2006) is

known as one of the major historic landslides in the alpine

region and was therefore investigated by numerous geol-

ogists (e.g. Heim 1932; Kopp 1936; Lehmann 1942; Berner

2004; Thuro et al. 2006). Results of these studies reveal

that the 1806 AD event was not the only mass wasting event

emanating from the slopes of Rossberg mountain but rather

the preliminary terminus of an ongoing landslide succes-

sion. Kopp (1936) identified around 20 mostly prehistoric

mass wasting events through field observations of slide

scars and mass movement deposits, whereof the 1806 AD

rock avalanche was not even the biggest event. A more

recent study confirms that besides the 1806 AD sliding

plane, several other sliding planes can be recognized in the

field (Berner 2004; Thuro et al. 2006). In addition to the

1806 AD event, three major mass movements are reported

in the literature, whereof one event took place in historic

times (Fig. 1). This historic slide, referred to as ‘Röthener

Bergsturz’, which destroyed the former village of Röthen,

is believed to have occurred in 1222 AD or before 1354 AD

respectively, depending on the historic document cited

(Zay 1807; Dettling 1860). The other two major precursors

Fig. 1 Lake Lauerz and its catchment. The dotted line indicates the

North-Alpine nappe front, which broadly separates the Helvetic

Nappes in the southeast from the Subalpine Molasse in the northwest.

Gnipen and Wildspitz are the two main summits of the Rossberg

chain. The limits of four major rockfall bodies are outlined with bold

lines (after Gasser 2003). Locations referred in the text are indicated

with tokens: SA Steiner Aa, SÄ Sägel, BU Buosigen, WE Weidstein,

BW Blattiswald. Topographic map and digital elevation model by

swisstopo
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of the 1806 AD event, the ‘Rubenen Bergsturz’ and the

‘Oberarther Bergsturz’, are of prehistoric postglacial age

(Gasser 2003). The latter involved an even larger volume

of failing rock than the 1806 AD event (Fig. 1) and can thus

be regarded as the biggest mass wasting event in the

Rossberg rockslide succession (Kopp 1936). However, the

present knowledge about the Rossberg landslide history is

scarce, since exact datings of the different mass wasting

events are lacking. In this study, a new approach to

reconstruct this history is presented.

Lake sediments provide some of the most precise natural

archives that might record past environmental changes (e.g.

Last 2001; Gilli et al. 2005; Anselmetti et al. 2006) as well

as past extreme events such as floods (e.g. Brown et al.

2000; Noren et al. 2002; Gilli et al. 2003), earthquakes (e.g.

Schnellmann et al. 2002; Becker et al. 2005; Strasser et al.

2006) or subaerial and subaqueous mass movements

(Sletten et al. 2003; Schneider et al. 2004; Schnellmann

et al. 2005). Such exceptional events often create a char-

acteristic sedimentological fingerprint within the lake

deposits, which can be analyzed with standard limnogeo-

logical methods. Moreover, different dating techniques

provide an excellent time control and allow a highly-

resolved reconstruction of these past events. A landslide-

generated impulse wave, as triggered by the 1806 AD

sliding event or by any of the large prehistoric slides, is

likely to have left a characteristic sedimentary pattern in

the lacustrine deposits, even in the slide-distant areas of

Lake Lauerz. The main goals of the present study are (1)

recognition of the sedimentological fingerprint created by

the 1806 AD sliding event, (2) scanning the sedimentary

archive for similar patterns that were created by compa-

rable preceding events and (3) dating of detected events

within the sedimentary record in order to reconstruct the

mass movement history of Lake Lauerz. Further goals

include (4) the reconstruction of flood event history based

on recovered and dated flood layers and (5) reconstruction

of the infilling rates to predict the future evolution in

morphobathymetry of Lake Lauerz, as concerns arose

among local authorities and lake-side communities that an

already shallow bay could soon be separated from the rest

of the lake due to high infill rates.

Study site

Lake Lauerz is a perialpine lake at an altitude of

447 m.a.s.l. situated in the Canton of Schwyz, Central

Switzerland. Erratic blocks, which were transported by the

Reuss-Glacier, can be found in several locations around the

lake (e.g. Blattiswald, Weidstein, Buosigen; see Fig. 1 for

geographical locations) and confirm the glacial overprint of

the lake’s surroundings (Gasser 2003). Two main theories

concerning the lake’s origin and evolution prevail: Gasser

(2003) suggests a mainly glacial origin of the lake whereas

Kopp (1960) and Thuro et al. (2006) contend the lake to be

the product of the postglacial, prehistoric Oberarther

Bergsturz, which reportedly was able to dam a former river

that was discharging into Lake Zug in the west. Lake

Lauerz has a surface area of 3 km2 and occupies a NW-SE

trending trough, with two main basins that are divided by a

ridge (Fig. 2a) formed by nummulitic limestone outcrop-

ping on two islands, along which methane exhalation in the

order of 1,000 m3 day-1 occurs (Büchi and Amberg 1983).

This subaquatic ridge marks the North-Alpine nappe front,

a major, SW-NE striking tectonic overthrust, which

broadly divides the Helvetic Nappes in the SE from the

Subalpine Molasse in the NE (Fig. 1).

The lake’s western basin reaches a depth of 10 m

whereas the maximum depth of 13 m is located in the

eastern basin (Fig. 2a). Besides the two main basins, Lake

Lauerz is composed of a northwestern bay, where the river

Steiner Aa nowadays enters the lake through a fast growing

delta. 28.5 km2 of the total catchment area of 69 km2

account for this main tributary (Lambert and Pfeiffer 1990).

The rest of the tributaries are of minor importance in terms

of sediment supply, since they are all fed by catchments

with a surface area of less than 8 km2 each. A study, which

was based on diatom assemblages, focused on the trophic

state of Lake Lauerz and revealed a considerable human

impact on the lake’s ecology expressed in a shift from rather

mesotrophic conditions before 1960/1970 to a highly

eutrophic state from 1970 to 1980 (AquaPlus 2002, 2006).

In the last 20 years, nutrient concentrations decreased again

due to water protection measures approaching slowly a

trophic state as observed before 1960.

The catchment geology can be roughly subdivided into

four members: (1) In the SE of the catchment, marls and

limestones (Helvetic borderchain) of Early Cretaceous age

occur. Presumably, their contribution to the lacustrine

sedimentation in Lake Lauerz is small, due to their narrow

extent and the lack of significant streams originating in this

area. (2) Clastic deposits consisting of turbiditic calcareous

sandstones with graded bedding intercalated by marly

shales outcrop around the upper course of the Steiner Aa in

the NE of the catchment (‘Wägitaler Flysch’). These flysch

sediments were deposited in the Penninic realm during the

Late Cretaceous. (3) Eocene limestones, which are often

iron-bearing and abundant in nummulites (‘Einsiedeln

Formation’) associated with marly sediments (‘Stad Mer-

gel’) compose the Subalpine ‘Randflysch’, which transects

the lake from SW to NE, forming the above described

subaquatic ridge (Hantke 2006). (4) The greatest portion of

the lake’s catchment corresponds to sediments of the

Subalpine Molasse composed of thick conglomerates int-

erstratified with thinner beds of marls and sandstones,
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which conveys the typical banded aspect to mountains such

as Rossberg and Rigi, north and south of the lake respec-

tively (Trümpy 1980). This unit was deposited during

Upper Oligocene/Lower Miocene and is generally dipping

towards S with angles between 15� and 30� (Thuro et al.

2006).

Especially the shallow northwestern bay of Lake Lauerz

is subject to significant aggradational processes, which are

mainly caused by the constant sediment supply provided by

the Steiner Aa. Gravel extraction in the order of

1,000 m3 year-1 in the lower course of the Steiner Aa is

performed since a few decades in order to reduce the

supply of coarse sediment and subsequently, the rapid infill

of the lake (Lambert and Pfeiffer 1990). On its western

end, Lake Lauerz is delimited by the Sägel, an ample

swamp of outstanding botanical and zoological interest,

which is the remnant of a very shallow former part of the

lake (Gasser 2003). This area also was affected by parts of

the 1806 AD rock avalanche and, possibly, by preceding

mass wasting events that diminished the lake’s original size

vastly. Numerous conglomerate boulders that can be found

in the area witness these processes.

Methods

A single-channel reflection seismic survey was performed

in order to (1) image the geometries of the lacustrine

a

b

Fig. 2 a Bathymetry of Lake

Lauerz. Contour interval of

solid lines is 1 m, 0.5 m steps

are additionally indicated by

dashed lines. Water surface is at

447 m.a.s.l. The course of the

modern and ancient Steiner Aa

is indicated with bold solid and

bold dashed line, respectively.

Coring locations are

emphasized with crosses.

Modified after Lambert and

Pfeiffer (1990). b Longitudinal
seismic line (vertically

exaggerated) along Lake Lauerz

with the water surface at the top

margin. Ship track is indicated

on the bathymetric map above.

The division of the lake basin

into three subbasins is clearly

visible: A shallow northwestern

bay, the western basin and the

eastern basin comprising the

lake’s deepest area (13 m water

depth). Retrieved sediment

cores are projected onto the

seismic line. The three to four

reflections following

immediately after the first lake

floor reflection are caused by the

ringing of the transducers and

are part of the emitted source

signal. Note also the strong

multiples indicating an almost

complete reflection of the

seismic energy at the lake floor.

Inset shows a detailed view of

the seismic signal in the area of

the subaquatic ridge, which is

the only spot in the lake basin

where the acoustic signal

penetrates the subsurface
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sediments, (2) detect possible event layers due to distinct

seismic facies, (3) determine appropriate coring locations

for the retrieval of both, short and long cores, and (4)

generate a bathymetric map. The seismic equipment con-

sisted of a 3.5 kHz Geoacoustic Pinger source/receiver.

The Pinger was mounted on an inflatable cataraft that was

pushed in front of a Zodiac raft. Raw data were recorded in

SEG-Y format and subsequently processed, applying a

time variant bandpass filter.

In 2004, two short gravity cores and four long piston

cores were retrieved from four different locations. Coring

sites are indicated in Fig. 2a and b. The recovery of the

short cores was performed using an ETH short coring

device consisting of a weight-armed top part on which a

PVC-liner is attached. Maximum length of the short cores

was 1 m. The long cores were retrieved using an Uwitec

piston-coring device mounted on a platform with inflat-

able floats. The maximum coring depth of 9.77 m was

achieved in the deepest part of the lake in the eastern

basin. Physical core logging including p wave velocity,

gamma-ray attenuation bulk density and magnetic sus-

ceptibility was performed on the non-splitted core

sections in 5 mm-intervals using a GEOTEK multi-sensor

core logger. Further core preparation included opening,

photographing and visual description of the cores. As the

long cores were retrieved in 3 m-sections with overlaps of

50 cm, a composite section for every coring location was

established based on visual correlation of the split cores.

For the uppermost section this composite section con-

sisted also of the short cores taken at the same location.

In the following sections and figures, depth values always

refer to this composite depth scale. Bended strata, as

visible in some core photos within this manuscript, are the

product of the coring method applied and must thus be

regarded as artifacts. Furthermore, high gas contents

within the sediments have led to significant coring dis-

turbances, making the definition of the above mentioned

composite section particularly challenging. No regular

sampling interval but rather targeted sampling within

visually outstanding sedimentary layers was performed.

Grain size was analyzed using a laser-optical Malvern

Mastersizer 2000 device. Furthermore, a UIC Inc.TM

coulometer was used for the determination of the total

organic carbon (TOC) and total inorganic carbon (TIC; a

measure for carbonate content).

A total of five samples were extracted from the two

basinal cores LZ04-1 and LZ04-3 and submitted to the

radiocarbon lab at ETH Zürich for accelerator mass spec-

trometer (AMS) 14C dating. All samples consisted of

terrestrial plant macrofossils (leave remains and in the case

of the lowermost/oldest dating a wood fragment) that were

washed out of the sediment with distilled water using a fine

sieve. Dates were calibrated using CALIB v 5.0.1 (Stuiver

and Reimer 1993; Stuiver et al. 1998) and are reported in

calendar years (AD).

Lacustrine lithologic succession of Lake Lauerz

Reflection seismic profiles

All seismic lines of Lake Lauerz show little to no pene-

tration of the seismic signal into the lacustrine sediments

and do therefore not provide valuable subsurface infor-

mation (Fig. 2b). Only the area of the subaquatic ridge

separating the two deep basins shows few seismic sub-

surface reflections (Fig. 2b, inset). Poor seismic

penetration is not unusual in alpine and perialpine lakes

and has been reported previously by several authors (e.g.

Giovanoli et al. 1984; Niessen 1987; Leemann 1993; Gilli

et al. 2003). It is most likely originating from high gas

contents within the sediment, either due to decomposition

of organic matter or by the observed exhalation of fossil

methane, which is dispersed through the sedimentary

column. Rising gas bubbles during coring operations

confirmed the assumption of gas rich sediments in the

subsurface of Lake Lauerz.

Delta cores

Two long piston cores were retrieved in front of the pro-

grading delta of the Steiner Aa in order to recover the

Rossberg-proximal landslide signature and to quantify the

sediment budget provided by this major tributary and

subsequently predict the future infill of the apparently

shallowing and shoaling northwestern bay to the north of

the delta. Core LZ04-4 (hereafter named core 4) was

retrieved on the delta itself in 2.5 m water depth whereas

core LZ04-5 (hereafter named core 5) was extracted in a

more delta-distal area in a water depth of 3.9 m on a

smooth topographic saddle, which nowadays divides the

mentioned northwestern bay from the rest of the lake (see

Fig. 2a for core positions). We identified three Lithologic/

Lithostratigraphic Units D1–D3 (‘D’ for delta), which can

be correlated among both cores based on the visual

description of the sediments as well as their petrophysical

properties (Fig. 3).

Unit D1 (0–255 cm in core 4; 0–87 cm in core 5) con-

sists of a dark yellowish brown, faintly-laminated clastic

silt intercalated by layers of coarser sediment (fine to

medium sand and fine sand in core 4 and 5, respectively),

which partially contain coarse organic debris (terrestrial

plant macrofossils at mm-scale). These intercalated layers

can be as thick as 15 cm in core 4 and up to 10 cm in core

5. In core 4, the silty background sediment shows bulk

densities of 1.7 g cm-3, whereas the coarse layers reveal
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density values of 1.4–1.5 g cm-3 when associated with

organic debris and 1.9–2.0 g cm-3 without organic debris,

respectively. In contrast, bulk density of Unit D1 is rather

constant in core 5, reaching an approximate mean value of

1.55 g cm-3. Due to the occurrence of the intercalated

coarse-grained layers, median grain-size is varying

strongly between 17 and 54 lm in core 4 and in the range

of 9–18 lm in core 5.

Underlying Lithologic Unit D2 can be split up into two

subunits in core 4: Unit D2A (255–380 cm) consists of pale

to dark yellowish brown, faintly to well-laminated clastic

silt intercalated by coarser layers (fine sand) of few cm

thickness, which in contrast to the sand layers of Unit D1

do not show significant density peaks. Layers containing

organic debris comparable to those of Unit D1 are scarce

and only a few cm-thick. The whole unit shows a rather

uniform bulk density of 1.7 g cm-3. Median grain-size is

continuously increasing upwards from 9 to 20 lm; Unit

D2B (380–491.5 cm) is composed of pale yellowish brown,

well-laminated clastic silt. No coarse organic debris is

present and intercalated layers of fine sand are scarce with

thicknesses below 1 cm. The bulk-density curve for this

unit shows a very uniform pattern with a mean value of

1.75 g cm-3. Similarly, median grain-size is quite constant

with values around 9 lm. In core 5, Unit D2 (87–187 cm)

contains pale to dark yellowish brown, well-laminated

clastic silt punctuated by up to 3 cm-thick, normally-gra-

ded layers with bases of fine sand and elevated content of

fine organic detritus. These layers are easily recognizable

also due to their rather grayish color. No coarse organic
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debris as described for Unit D1 is found within Unit D2.

Density is quite constant showing a mean value of

1.65 g cm-3. Within this unit, median grain-size is

increasing upwards from 7 to 10 lm in core 5.

In both cores, Unit D2 is delimited at its base by a sharp

transition from the visually outstanding Unit D3 (below

491.5 cm in core 4; below 187 cm in core 5) consisting of

dusky brown, organic ‘peaty’ deposits with no persistent

internal layering (Fig. 4a). These deposits are interfingered

on several spots by brighter-colored, calcite-bearing

lacustrine sediments (Fig. 4b). The transition from Unit D2

to Unit D3 is marked by a major downcore drop in the bulk

density to 1.1–1.2 g cm-3 (Fig. 3). In core 5, positive

density anomalies of up to 2 g cm-3 result from several

rock pebbles of maximum 4 cm-diameter, which can be

found throughout the whole unit below 230 cm subsurface

depth. These pebbles, which are mostly well-rounded and

partially coated with remnants of an orange to reddish-

colored sandy matrix, can clearly be attributed to the

conglomeratic rocks of the Subalpine Molasse outcropping

in the Rossberg area to the north of the lake. In both cores,

the base of Unit D3 was not reached through coring.

Fig. 4 Photographs of sediment

cores. Coring positions are

indicated in Fig. 2. The scale

that is given on the left edge of

the pictures does not correspond

to the composite depth of the

cores. Bending of layers results

from coring disturbance. Core

photographs from delta cores 4

(a) and 5 (b). (a) Sharp

transition from the organic-rich

deposits of Lithologic Unit (LU)

D3 (below) to the lacustrine

sediment of LU D2B (above).

(b) Patch of carbonate bearing

lacustrine sediment, which is

embedded in the organic-rich

deposits of LU D3. Core

photographs from basinal cores

3 (c) and 1 (d) showing the

Lithotype (LT) B3-layers

deposited by the 1806 AD mass

wasting event. Note that the

layers are not shown in full

extent. (c) The top of the 1806

AD LT B3-layer in landslide-

proximal core 3 is characterized

by a bright, whitish cap. The

transition from the underlying

LT B1 sediment to the 1806 AD

LT B3-layer is also clearly

visible. (d) The top of the 1806

AD LT B3-layer in landslide-

distal core 1 is characterized by

a similar bright, whitish cap as

within the same layer in core 3.

Transition from underlying

background sediment (LT B1)

to 1806 AD LT B3-layer is rather

faint. Core photographs from

basinal cores 3 (e) and 1 (f)
showing the background

sedimentation (LT B1), which is

irregularly intercalated by LT

B2 layers, recognizable by their

rather dark gray color

Landslides and floods recorded in Lake Lauerz 49



Basinal cores

In order to track the sedimentological fingerprint left by the

1806 AD rock avalanche, by the possibly preceding events

and by extreme floods, we retrieved two long piston cores

in the two main basins of Lake Lauerz. Coring was focused

on the almost flat basin plains of the respective basin,

where the sedimentary succession is most continuous. Core

LZ04-1 was retrieved in the eastern basin where the lake

reaches its maximum water depth of 13 m, whereas core

LZ04-3 was taken in the western basin in an approximate

water depth of 9 m. The total lengths of the composite

section are 977 and 794 cm in core LZ04-1 and LZ04-3,

respectively (hereafter named cores 1 and 3, respectively).

Three different lithotypes B1–B3 (‘B’ for basin) were

described (Fig. 4c–f), which have been recognized in both

basinal cores (Fig. 5). Unlike D1–3, these lithotypes B1–3

are not stratigraphic units. They are subsequently charac-

terized upon their sedimentological, petrophysical and

geochemical properties: The lacustrine succession in both

basinal cores consists mainly of Lithotype B1, which forms

the background sediment. Within these deposits, layers of

Lithotypes B2 and B3 are irregularly intercalated. Litho-

type B1 deposits comprise gray to brown mud partially

exhibiting a faintly to well-developed lamination. Macro-

fossils (mostly terrestrial plant remains) can be found in

this lithotype throughout the whole cores. Coulometric

determination of carbon content within Lithotype B1

deposits revealed median values in carbonate content of

13.9 and 20.3 wt% in core 1 and 3, respectively. Median

values of TOC amount to 1.32 and 1.01 wt% in core 1 and

3, respectively. These values document a strong gradient in

the amount of carbonate and the portion of organic carbon

that is deposited and preserved with respect to the distance

to the main sedimentary source (Steiner Aa). Notably, the

carbonate portion decreases with increasing distance to the

river estuary whereas the opposite trend is valid for the

occurrence of organic carbon.

Layers of Lithotype B2 can easily be distinguished from

the background sedimentation (B1) by their rather dark gray

color (Fig. 4e, f). Additionally, they are often blackish

mottled due to the occurrence of fine plant macrofossils.

These macroremains are clearly of terrestrial origin (wood

and leaves), pointing towards a terrestrial, clastic sediment

input, as described in other lakes (Brown et al. 2000).

Lithotype B2 layers can be as thick as 7 cm in core 1 and

11 cm in core 3 and are commonly associated with positive

density peaks, reaching values of up to 1.7–1.8 g cm-3.

Grainsize analysis reveals an often normally graded pattern

within layers of Lithotype B2. The carbon portion within

Lithotype B2 is almost equally distributed between TOC

(median values of 1.60 and 1.92 wt% in core 1 and core 3,

respectively) and TIC (median values of 1.47 and 1.86 wt%

in core 1 and core 3, respectively). The TIC corresponding

carbonate values are 12.2 and 15.5 wt% in core 1 and core 3,

respectively. In contrast to the pattern described for the

Lithotype B1, both, carbonate and TOC values are

increasing with increasing distance to the main sedimentary

source. In average, Lithotype B2 layers occur 5.5- and 8.5-

times per meter in core 1 and 3, respectively. Previous work

has demonstrated that such terrigenous layers are deposited

by exceptional runoff events when rainfall of great intensity

and/or duration affects mountainous lake drainage basins

(Eden and Page 1998; Brown et al. 2000; Chapron et al.

2002; Noren et al. 2002; Gilli et al. 2003). Therefore, we

interpret those frequently occurring strata as flood layers,

which were deposited during episodically strong rainfall

events in the catchment of Lake Lauerz. Such exceptional

runoff events have led to a temporarily increased transport

capacity of the tributaries, mainly the Steiner Aa, inducing

the formation of sediment-laden density currents, bringing a

large amount of clastic sediment into the center of the lake

basin. Comparable flood horizons have been used to

reconstruct the chronology and periodicity of major storms

in a lake’s catchment (e.g. Eden and Page 1998; Brown

et al. 2000; Noren et al. 2002; Gilli et al. 2003).

Lithotype B3 comprises layers of light to dark brownish

sediments, which commonly show negative density peaks

and often exhibit a high abundance of coarse organic

macroremains. They are normally graded, can be as thick

as 20 and 32 cm (core 1 and 3, respectively), and do rep-

resent the most prominent layers intercalating the

background sediment (Lithotype B1). Due to the high

occurrence of organic material, TOC contents (median

values of 2.42 and 3.00 wt% in core 1 and 3, respectively)

are generally higher than corresponding TIC/carbonate

contents (median values of 1.64 TOC/13.6 wt% CaCO3 and

2.13 TOC/17.7 wt% CaCO3 in core 1 and 3, respectively),

what serves, next to the color and density, as main proxy

for distinguishing lithotype B3 from B2. Lithotype B3-

strata are interpreted as layers, which contain the sedi-

mentological fingerprint left by major mass wasting events

(see below).

Sedimentological fingerprint of the 1806 AD event

Proximal signature

The most conspicuous feature within both delta cores is the

visually outstanding Unit D3, which shows sedimentological

Fig. 5 Lithologic sections of basinal cores 3 (left) and 1 (right) with

the density curve and the measured carbon contents (TIC and TOC

shown in open and solid circles, respectively). Three lithotypes (LT)

were distinguished, whereas layers of LT B3 are shaded with gray.
14C ages are indicated with an asterisk and the 2r-ranges

c
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and petrophysical patterns totally differing from those

observed within the overlying Units D2 and D1. The sedi-

ments comprised in Unit D3 are mostly of a non-lacustrine

source and only few intercalated carbonate-bearing spots of

lacustrine sediment can be found. We interpret the sediments

of Unit D3 to be initially deposited under subaerial or

swampy conditions, as it is supported by the high abundance

of well-preserved terrestrial plant macrofossils and tiny plant

roots, which interfinger the deposits on several spots. The

deformed lake sediment pieces contained within D3 and the

lack of physical mechanism to explain a lake level lowering

make us interpret these D3-deposits as lakeward displaced

swamp material. On its top, they are sharply overlain by

lacustrine delta sediments, which comprise the chronologi-

cally subsequent Units D2 and D1. We suggest that Unit D3

was transported into the lake basin by a gravity spreading-

induced mobilization of swamp material, which was pro-

voked by the loading of the accumulating sliding mass on top

of mechanically weak swamp deposits during the 1806 AD

rock avalanche.

Distal signature

In basinal core 3, we interpret a 32 cm-thick B3-layer in

457–489 cm depth to be the product of the 1806 AD land-

slide event. The mottled, dark brownish color sharply

contrasts the over and underlying background sediment,

and its thickness is almost three times as high as the

thickness of the second-thickest layer of either lithotype B2

or B3. At its bottom, the layer is separated by a coarse

fining-upward base from the background sediment,

whereas a bright, whitish cap is marking its top (Fig. 4c). A

significant density low with a decreasing upwards pattern

and very high TOC values are additional features, which

punctuate the exceptional characteristics of this layer. The

remarkably high content in TOC of 4 wt% can directly be

explained to be the product of the laterally displaced

organic swamp deposits, which were mobilized into the

water body (see above).

In the landslide-distal of the two basinal cores (core 1), a

similar, albeit thinner layer of lithotype B3, can be found at

158–168 cm subsurface depth (Fig. 4d), which we interpret

to be the product of the 1806 AD landslide event. This

preliminary assumption is supported by sedimentation rates

revealed in a previous study, which dated the topmost

sediment recovered by a core in the immediate proximity

of coring location 1 using a 137Cs-profile (AquaPlus 2002).

An approximate bulk sedimentation rate of 1 cm year-1

resulted for the last 18 years, a value which is highly

similar to the bulk sedimentation rate of 0.8 cm year-1 for

the last 200 years as inferred from the assumption made

here. However, the slight discrepancy between the two

values is most likely caused by stronger compaction in the

deeper sediments. As its counterpart in the landslide-

proximal basinal core, the layer shows elevated contents in

organic matter, decreased density values and a bright,

whitish cap on its top (Fig. 4d). The base of the layer

appears to be smeared since a rather gradual transition from

the underlying background sediment is visible (Fig. 4d).

The observed differences between the proximal and the

distal fingerprint at the base of the layer most likely result

from a change in the sediment transport capacity, which

could be caused by the increasing distance to the sedi-

mentary source (mobilized swamp and eroded lake

sediment) and/or by the subaqueous ridge, which divides

the two basins and thus acts as a topographic barrier with

significant influence in the flow conditions during major

mass wasting events.

Age model and sedimentation rates

The chronology of basinal core 1 is based on the sedi-

mentological recognition of the 1806 AD event-layer,

supported by 137Cs dating of the topmost sediment per-

formed by a previous study (AquaPlus 2002), and a total of

four AMS 14C ages. Radiocarbon ages were calibrated

using CALIB v 5.0.1 (Stuiver and Reimer 1993; Reimer

et al. 2004) and are reported in Table 1. Linear interpola-

tion among these well-constrained datings have led to a

consistent age model for core 1 (Fig. 6). The age model

was defined as straight segments through the center of the

Table 1 Radiocarbon dates for cores LZ04-1 and LZ04-3, Lake Lauerz, Switzerland

Core Section Section

depth

Comp.

depth

Lab. number Material 14C age d13 C 2r calib. mean 1r calib

mean

(cm) (cm) (years BP) (%) (AD) (AD)

LZ04-1 3A 69 562 ETH-32360 Leaf remains 1195 ± 45 -24.3 ± 1.2 831 ± 70 832 ± 58

LZ04-1 3B 9 606 ETH-32361 Leaf remains 2195 ± 45 -28.0 ± 1.2 274 ± 113 BC 317 ± 40 BC

LZ04-1 4A 51 800 ETH-32472 Leaf remains 1470 ± 55 -26.9 ± 1.2 594 ± 66 597 ± 45

LZ04-1 4C 62 960 ETH-32362 Wood fragment 1910 ± 50 -29.1 ± 1.2 116 ± 116 80 ± 57

LZ04-3 3A 54 560 ETH-32471 Leaf remains 155 ± 55 -27.6 ± 1.2 1,777 ± 116 –
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1-sigma range of the radiocarbon dates and the 1806 AD

event marker. The two-sigma bars in Fig. 6 visualize the

uncertainty of the age model. However, sample ETH-

32361 (2,195 ± 45 14C years BP), which was taken close

to sample ETH-32360 (1,195 ± 45 14C years BP) is

apparently not fitting into the overall downcore trend

indicated by the other datings. This age is interpreted to

mark an older reworked component and was therefore not

included into the core chronology.

Because event layers as recognized in lithotypes B2 and

B3 sediments do not represent significant time within the

chronology, but do represent a significant thickness (Eden

and Page 1998), two different age models were established.

In a first step, bulk sedimentation rates were calculated,

whereas in a second step background sedimentation rates

were deduced after removing the recognized event layers.

The latter procedure allows for a more accurate dating of

individual event layers occurring between the fixed ages in

core 1 assuming constant sedimentation rates between

successive age constrain points. Bulk sedimentation rates

within the last 2,000 years varied considerably between

0.33 and 1.00 cm year-1 (Fig. 6), whereas this variation is

slightly less pronounced when considering only back-

ground sedimentation rates, which vary between 0.30 and

0.79 cm year-1.

Significantly higher sedimentation rates within core 3 are

the product of a more direct influence of the Steiner Aa

sediment supply into the western basin. In this core, the

chronology is solely based on the sedimentary recognition of

the 1806 AD event layer (Lithotype B3). This layer is found in

a subsurface depth of 457 cm resulting in a bulk sedimen-

tation rate of 2.31 cm year-1 and a corresponding

background sedimentation rate of 1.83 cm year-1 for the

post-1806 AD time. An additional radiocarbon sample (ETH-

32471) in a composite depth of 559.5 cm revealed a 2r-

range of 1,777 ± 116 AD, confirming the absence of a major

erosional discordance at the bottom of the 1806 AD event

layer. However, due to its rather high error compared with

the absolute age of the sample, the dating cannot be used for a

further refinement of the chronology within core 3.

Discussion

Impulse wave generation

Our data indicate that, unlike the frequently made

assumption (e.g. Heim 1932), the immediate impact of the

rock mass into the water body was not the major trigger for

the reported catastrophic impulse wave. Rather, this wave

was caused by the sudden, gravity spreading-induced lat-

eral displacement of a significant amount of swamp

deposits into the lake basin (Fig. 7a, b). Gravity spreading

effects, as proposed in this study, were previously descri-

bed for the subaqueous realm, where accumulating mass-

movement deposits induced the formation of basinal fold-

and-thrust belt structures due to the successive loading of

the slope-adjacent basin-plain sediment (Schnellmann et al.

2005). The fact that west of Lake Lauerz major amounts of

large boulders can only be found within a considerable

distance away from the pre-1806 AD shoreline as recon-

structed by Gasser (2003) additionally supports the concept

of wave-triggering by rapid swamp mobilization. More-

over, sixteen years-old eyewitness David Alois Schmid,

who observed the rock avalanche from his hometown

Schwyz located 2 km east of the lake, clearly illustrated a

mechanism, which is quite similar to the one described

here in his famous painting ‘Der Bergsturz von Goldau

1806’, which nowadays represents the probably best known

illustration of the devastating catastrophe (Fig. 8). Therein,

the falling rock mass is accumulating far beyond the

western shoreline on a swampy plain. Vegetation-covered

slices of the substrate of this plain are ejected towards the

lake in ridges reaching heights of small buildings and

thereby acting as potential trigger for disastrous impulse

waves within the water body (see detail, Fig. 8). Another

congruent description of this mechanism is found in Zay

(1807), who described the process he witnessed as follows:

Durch eigene errungene Kraft setzte diese besondere

Lauwine ihren Blitzeslauf fort; und was noch auffallender
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Fig. 6 Age models of core 1 based on sedimentological evidences

and 4 AMS 14C datings. Dots represent mean values of 1r-ranges

whereas error bars indicate 2r-ranges. All dates were calibrated with

CALIB v 5.0.1. The age model considering bulk sedimentation-rates

(including event layers LT B2 and B3) is indicated by dashed lines,

whereas the age model based on background sedimentation-rates

(event layers LT B2 and B3 removed) is drawn with solid lines. For

the purpose of establishing a concise event chronology, the age model

on the basis of background sedimentation was used in this study
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war, so borst das Erdreich des Sägels und des dortigen

Geländes mit einer ausserordentlichen Bereitwilligkeit in

die Höhe, bäumte sich wie flüssige Wasserfluth in Wellen

auf, und eilte wogenartig der nachjagenden Lauwinen-

masse voran. Sehr merkwürdig muss gewiss jedem

Nachdenkenden dies wahrhaft beobachtete Ereignis seyn,

und sehr schwer ist es zu begreifen, wie diese Fluthung des

Erdreichs sich ergeben, und die ganze Erdenrinde des

Sägels und umliegenden Geländes so mit Einmal in die

Höhe geworfen, und fluthend habe gemacht werden

können.

(Rough translation by the authors: Even more conspic-

uous was the fact that the soil in the Sägel and surroundings

was bursting upwards with exceptional readiness, roaring

up in waves like a water surge, and running ahead of the

moving rock avalanche mass.)

a b

c d

Fig. 7 Schematic sedimentological model proposed for the evolution

of the northwestern part of Lake Lauerz within the last 200 years.

Note the approximate location of the profiles, furthermore the coring

positions of the delta cores are indicated on map d. Modern shoreline

is indicated on all maps with a dashed line. Bathymetrical contours

are hypothetical. a Pre-1806 AD stage: the shoreline of Lake Lauerz is

characterized by a very shallow arm extending into the swamps of

Sägel in the west. The river mouth of the Steiner Aa is prograding at

3 m year-1 in a southwestern direction. b 1806 AD rock avalanche:

the accumulation of rockslide debris (dark gray with blocky

signature) on the mechanically weak swamp deposits (medium gray)

leads to a gravity spreading-induced mobilization of swamp material

and eroded lake sediment into the lake basin and reduces the lake’s

superficial area by roughly 1/7 of its original size. As a secondary

effect, the process triggers the formation of impulse waves of 15 m

amplitude. The indicated formation of fold-and-thrust belt structures

is hypothetical. However, similar processes were described for the

subaqueous realm by Schnellmann et al. (2005). c Pre-1934 AD stage:

delta sediment (LU D2; light gray) is deposited on top of the

mobilized swamp (LU D3; medium gray). The Steiner Aa is

constantly prograding in a southwestern direction. d 1934–2006 AD:

during a major flood in 1934 AD, the estuary of the Steiner Aa is

relocated westwards, corresponding to the sharp transition from LU

D2 (light gray) to LU D1 (dark gray). This event marks the onset of a

new progradation direction of the delta, which is associated with the

ongoing separation of the shallow northwestern bay from the rest of

the lake
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Our interpretation implies that the Lake Lauerz impulse

wave was not the result of a simple landslide-induced wave

generation. Landslide–water body interactions are com-

monly grouped into three categories including (1) subaerial

landslide impacts, (2) partially submerged landslides, and (3)

subaqueous or submarine landslides (Fritz 2002). However,

none of these categories are applicable to the observed

rockslide–water interaction of the 1806 event. The data

presented here points towards a conversion from an origi-

nally subaerial landslide into a partially submerged

landslide–water body interaction as ultimate trigger of the

reported impulse waves (Fig. 7a, b) and thus contradicts the

prevailing theory that parts of the 1806 AD landslide mass

were impacting directly into the western part of former Lake

Lauerz. This mechanism implies that an impact-wave hazard

is not restricted to areas, where rock masses can fall directly

into water bodies, but should be considered also in areas

where rockfalls may reach water-adjacent valley plains.

Deltaprogradation and evolution of northwestern bay

Lithologic Unit D3 of the delta-proximal areas, tied to the

laterally mobilized swamp deposits of the 1806 AD event,

represents an outstanding and well-constrained time hori-

zon implying that the consecutively deposited Units D2 and

D1 are the product of roughly 200 years of delta sedimen-

tation. The upwards continuously increasing median grain-

size within Unit D2 (Fig. 3) suggests that these sediments

were deposited under the immediate influence of a pro-

grading (and thus approaching) feeding system, which in

this case can be attributed to the delta formed by the Steiner

Aa (Fig. 7c). Heavy rainfall events within the past

200 years episodically increased the sediment transport

capability of the feeding river leading to the deposition of

the intercalated sandy layers. The transition to Unit D1 is

marked by a discrete increase in grainsize and thickness of

these flood layers, which can only be explained by the

sudden shift of the sediment source (river mouth) closer to

the depositional area (coring locations). Since the estuary of

the Steiner Aa was naturally relocated westwards in Sep-

tember of 1934 during a heavy rainfall event (Lambert and

Pfeiffer 1990), the transition from Unit D2 to Unit D1 is

attributed unambiguously to this well-documented event

(Fig. 7d). Since then, both coring locations became situated

immediately on or in front of the newly developing delta,

leading to a substantial increase in median grain-size and

thickness of intercalated flood layers within Unit D1.

Lambert and Pfeiffer (1990) report delta progradation

rates to be 260 m or 3 m year-1 in a southwestern direc-

tion for the time interval between 1846 AD and 1934 AD,

whereas the modern delta is prograding in a western

direction. The resulting potential separation of the north-

western bay has led to concerns among various groups of

lake users, resulting in different political demands for

remedy measures. According to the sedimentologically

established age model derived in this study, the relocation

of the river mouth resulted roughly in a doubling of the

bulk sedimentation rates (including flood layers) from 1.8

and 0.8 cm year-1 to 3.6 and 1.2 cm year-1 in core 4 and

core 5, respectively, which substantially contributed to the

rapid growing of the prograding delta fan. It becomes clear

that without any remedy measures, the remaining part of

the northwestern bay of Lake Lauerz will be separated

from the rest of the lake as an isolated pond in less than

200 years (Bussmann 2006).

Reconstructing regional palaeostorminess

We identified at least 54 and 68 flood layers (Lithotype B2)

in core 1 and 3, respectively. To account for the difference

Fig. 8 Historic painting of the 1806 AD catastrophe drawn by

16 years old eyewitness David Alois Schmid, who observed the rock

avalanche from his hometown Schwyz. The entire original painting is

shown on the left side; with close up of the swampy western shore

(Sägel area) on right side. Schmid clearly illustrates that upon the

impact of the rock masses the substrate of the swampy deposits were

laterally ejected towards the lake in vegetated slices reaching heights

of small houses. This process subsequently triggered the devastating

water waves on Lake Lauerz
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in sedimentation rates between the rapidly deposited flood

layers and the comparably slow accumulation of the

background sediment, we excluded the B2-layers from

each of the two cores before creating age models. More-

over, constant sedimentation rates for the whole core and

between successive fixed ages were assumed in core 3 and

1, respectively. The resulting flood event chronology

reveals a major difference in the number of flood events

that are recorded per 100 year between the two cores. A

mean of 2.7 flood layers per 100 year are deposited in

delta-distal core 1, whereas up to 28 flood layers occur

within 100 year of sedimentation during the past 300 year

in delta-proximal core 3. Presumably, this difference is

caused by the smooth subaquatic ridge, which divides the

western, delta-proximal basin from the eastern, delta-distal

basin. Potentially, this ridge reduces significantly the sed-

iment transport capability of density currents in addition to

the normal decrease with increasing source-distance.

However, one could argue that only major flood events are

likely to deposit a B2-layer in the eastern basin, what

makes this flood event record even more valuable for

assessing the frequency of truly exceptional runoff events.

Therefore, the subsequent reconstruction of outstanding

rainfall events is based on core 1.

Within the past 2,000 years, we identified clearly three

periods, in which the recurrence frequency of extreme

storm-related floods was significantly high (Fig. 9). These

evenly numbered intervals (II, IV, VI) are separated from

each other by odd intervals (I, III, V, VII), in which almost

no flood layers were deposited. The complete absence of

flood layers within interval V could partly be attributed to

the occurrence of coring disturbances at this particular

composite depth, which might inhibit the recognition of

potentially existent B2-layers. The clusters of frequently

occurring storms are dated to 1940–1630 AD (interval II),

1420–990 AD (interval IV), and 850–580 AD (interval VI),

respectively, and exhibit an average recurrence interval of

flood layers of 21.3 years.

The thickness of the flood layers deposited in core 1

ranges between 0.5 and 9 cm implying variations in the

energy or size of density currents causing sediment trans-

port and layer deposition. Such variations suggest time-

dependent changes in storm size (Brown et al. 2000). By

calibrating the most recent flood layer thickness using

historical or even instrumental data, rough estimates of past

storm magnitudes can be made (Brown et al. 2000). Zeller

et al. (1978) provide instrumental precipitation data

recorded at a meteorological station located on the upper

course of the Steiner Aa (Sattel) for the period between

1901 and 1970 AD. In core 1, the topmost, 2.5-cm-thick

flood layer (composite depth 57.0 cm; see Fig. 5) reveals

an age (1926 AD), which is within age uncertainties con-

sistent with the date of the largest flood (amount of

precipitation within 24 and 48 h) occurring in the period of

measurement in September of 1934 AD (slight discrepancy

between the ages can be attributed to higher sedimentation

rates due to lower compaction rates at the top of the core).

As described beforehand, this exceptional hydrologic event

resulted in a severe flood capable of rerouting the Steiner

Aa in its delta. It was caused by a powerful storm, which

led to severe devastation focused in the area around Lake

Lauerz (Röthlisberger 1991).

If layer thickness is a proxy for the storm magnitude, as

suggested by Brown et al. (2000), then 17 of the 54 events

we identify in the basinal core 1 were larger than the 1934

AD flood pointing towards the occurrence of highly cata-

strophic runoff events in the past 2,000 years within the

catchment of Lake Lauerz (Fig. 9). Six events are clearly

standing out from the 17 layers since they show layer

thickness of more than 4 cm. The first of them is 4.5 cm

thick and exhibits an age (1883 AD) likely coinciding with

the catastrophic flood event of 1876 AD, which was caused

by the highest precipitation within the past 130 year

(Pfister 1999). In the city of Zürich, located 35 km to the

north of the catchment area in the Swiss Plateau, 430 mm

of precipitation were registered, which corresponds to the

highest amount of monthly rainfall ever recorded at this

particular location. Moreover, the continuous rain was

focused on Central and Eastern Switzerland (Pfister 1999)

supporting the assumption that this layer can be attributed

to the described exceptional runoff event. The five

remaining outstanding storm events are dated to 1850,

1660, 1290, 1160, and 610 AD and are recorded as even

thicker B2-layers underlining the remarkable magnitude

of these events. However, to further establish the
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Fig. 9 Chronology of flood layers based on sedimentological recog-

nition of 1806 AD event layer and additional 14C ages from core 1.

Individual layers were dated after removing thickness of B2- and B3-

layers assuming constant sedimentation rates for individual intervals

between adjacent datings. Even numbered, shaded areas represent

periods with frequent occurring flood layers separated from each other

by calm periods (odd numbered) with few to none flood events.

Events marked with stars represent the six most outstanding layers,

revealing thickness [4 cm. They are dated to 1876 (see text), 1850,

1660, 1290, 1160, and 610 AD, respectively, and are interpreted to

represent runoff events with exceptionally high magnitudes
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palaeostorminess of Central Switzerland, additional

archives should be considered since storm chronologies

derived from single lakes can be susceptible to local

environmental bias (Noren et al. 2002). Such bias includes

the geologic character of the drainage basin, local differ-

ences in antecedent soil moisture or other factors of

landscape conditioning, and core location, so that rela-

tionships between local events and wider climate patterns

may not be revealed clearly by a single record (Noren et al.

2002). Nevertheless, the chronology of outstanding flood

events established in this study represents an independent

climate record, which reveals new and highly resolved data

illustrating the regional climate history of the past

2,000 years.

The Rossberg landslide history

In order to track past mass wasting events occurring in the

Rossberg area, both basinal cores were scanned for layers,

which show similar sedimentological patterns as the 1806

AD-B3-layers described above. In core 3, which is located

more proximal to the sedimentary source and to the area

potentially affected by Rossberg landsliding events,

remarkably high sedimentation rates delimit the use of this

particular archive for the reconstruction of past mass

wasting events, since the base of the core dates back only

as far as 1700 AD. However, two layers exhibit sedimen-

tological characteristics similar to those observed within

the outstanding 1806 AD layer. They are located at 579–

586 cm and below 789 cm, respectively, whereas the base

of the deeper layer was not retrieved (bottom of core). The

most conspicuous features are their relatively high TOC

contents pointing towards an increased influx of organic

matter during deposition yielding a brownish color of these

layers. However, the thickness of the upper layer is sig-

nificantly smaller (7 cm) as the thickness observed for the

1806 AD layer (32 cm), and coarse organic macroremains

are missing. Moreover, assuming the same constant sedi-

mentation rate as deduced for the last 200 years also for the

pre-1806 interval, the layers are dating only as far back as

1770 and 1690 AD, leading to the assumption that associ-

ated potential events would have been reported in written

chronicles if their impact on society was in the order of a

major landslide. To explain the apparently high TOC

contents, a scenario, which includes debris flow activity or

minor shallow slides either in the area south of Lake

Lauerz or around the course of the Steiner Aa during heavy

rainfall seems to be the most likely explanation. The cal-

culated ages for these two layers correlate within age

uncertainties with the datings of two major flood-layers

(1780 and 1660 AD) deposited in distal core 1, pointing

towards increased runoff during time of deposition of the

discussed strata. Considering all this, we interpret both

layers to be flood layers, which potentially reflect the signal

of increased small-scale mass wasting activity within the

catchment area.

In core 1, we identified in addition to the 1806 AD layer

one layer, which clearly can be attributed to a major

landslide event. This layer is found at a composite depth of

578–598 cm and is visually unambiguously distinguishable

from the frequently occurring B2-layers. A base containing

coarse organic macroremains, probably reed plants, is the

most remarkable feature of this prominent layer and leads

to exceptional high TOC values of up to 7.6 wt%. A fining

upward pattern is delimited at its top by a bright, albeit

smeared cap. Density values reveal a significant minimum,

which is reached by a decreasing downwards pattern sim-

ilar to the one observed for the 1806 AD layer in the same

core. Due to its outstanding thickness and the sedimento-

logical, petrophysical, and chemical characteristics being

highly similar to the ones described for the 1806-B3-layer,

this layer is likely to represent the deposit created by a

major landslide. By using the established age model, we

derive a calibrated age of 810 ± 70 AD (2r-range) for this

event.

Only one additional major rockslide released from

Rossberg is thought to have happened in historical times.

Zay (1807) confirms the existence of a small village called

‘Röthen’, which was destroyed totally by the so-called

Röthener rock avalanche before 1354 AD. Dettling (1860)

suggests the year 1222 AD to be the date of the Röthener

catastrophe, because based on archive studies, he claims

the existence of a former village Röthen in 1220 AD.

However, the assumed age is not well-constrained as

written testimonies are lacking. Based on our data, we

propose an approximate age of 810 ± 70 AD for this major

mass wasting event, which is consistent with the age pro-

posed by Zay (1807) but contradicts the age suggested by

Dettling (1860). For this landslide, it is very likely that the

release of the rock mass was associated with a catastrophic

impulse wave comparable to the one observed in 1806 AD,

because a huge amount of terrestrial material was relocated

into the water body. Assuming an extent of Lake Lauerz

even further to the west, a rock mass–water interaction,

possibly identical or even stronger to the one described for

the 1806 AD event is very likely because, although smaller

in volume, the Röthener rock mass was released closer to

the lake as the rock mass in 1806 AD (Fig. 1).

Next to this prominent B3-layer, five layers in core 1

reveal sedimentological characteristics, which are partially

similar to both the 1806 AD and the 810 AD layer. Similar to

core 3, they show TOC values that are significantly higher

than observed in frequently occurring B2-layers. For the

same reasons described above, we interpret these layers to

be the product of exceptional rainfall events potentially in

combination with small-scale mass wasting activity (e.g.
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debris flows, shallow slides), which mobilized a higher

amount of terrestrial organic matter as usually observed

within B2 layers.

A reconstruction of the chronology of major rockfalls in

the Rossberg area back to prehistoric times is impeded by

remarkably high sedimentation rates observed in this

highly clastic lake basin. Additional drilling within the

frame of a larger project would probably be the key to

overcome this problem providing a sedimentary record,

which expands further back in time.

Conclusions

The analysis of four long piston cores containing the

lacustrine succession deposited in Lake Lauerz during the

past 2,000 years revealed the following main conclusions:

1. The catastrophic impulse wave observed in the course

of the 1806 AD rock avalanche on Lake Lauerz was

triggered by a sudden, gravity spreading-induced

lateral displacement of a considerable amount of

swamp deposits into the lake basin. This contradicts

previous suggestions that the direct impact of the slide

mass into the water body caused the devastating wave.

The mobilization of the swampy material was the

product of a mechanical failure of these deposits due to

the rapid loading caused by the accumulating rock

mass. As a consequence, we propose a conversion

from an originally subaerial into a partially submerged

landslide–water body interaction to be the ultimate

trigger of the reported impulse waves. Such a process

has furthermore implications on impulse-wave hazard

assessments, since even shore-distal rockfalls may

cause devastating water movements.

2. Basinal landslide event layers can be distinguished

from flood layers on the basis of a higher TOC content

caused by organic macroremains and by lower bulk-

density values. A prominent mass movement-induced

event layer is dated with 810 ± 70 AD and is proposed

to represent the fingerprint of a major rock avalanche,

the so-called Röthener Bergsturz. Based on our results,

we suggest this mass-movement event to be substan-

tially older than previously assumed.

3. The natural relocation of the Steiner Aa’s river mouth

during a exceptional rainfall event in 1934 AD is clearly

identifiable in two cores from the modern delta area

and resulted in a significant increase of sedimentation

rate at these particular locations. This increase con-

tributed substantially to the rapid growth of the actual

prograding delta fan. We assume that without any

remedy measures, the remaining part of the shallow

northwestern bay of Lake Lauerz will be separated

from the rest of the lake as an isolated pond in less than

200 years.

4. We identify three periods with clusters of frequently

occurring flood events, which are dated to 580–850 AD,

990–1420 AD, and 1630–1940 AD, each revealing a

mean recurrence interval of major flood layers of

*20 years. These periods are separated from each

other by comparably calm periods, during which

almost no flood layers were deposited.

5. Assuming flood layer thickness to be a proxy for the

magnitude of a heavy rainfall, 17 events within the past

2,000 years are supposed to reveal runoff events of

higher intensity as the heavy rainfall in 1934 AD pointing

towards the occurrence of highly catastrophic flood

events during the analyzed period. Within these 17 flood

layers, 6 are outstanding in terms of layer thickness and

are dated to approximately 610, 1160, 1290, 1660, 1850,

and 1876 AD, respectively. The most recent one is

representing a well-known flood event involving the

highest amount of precipitation ever recorded in

numerous regions of the Swiss Plateau (Pfister 1999).

6. Traces of prehistoric mass wasting events (e.g. the

postulated ‘Oberarther landslide’) were beyond the

reach of the coring techniques applied in this study.

However, this pilot work points towards the ability of

using lake sediments for reconstructing past landslide

activity. Additional drilling would probably be the key

to further establish the prehistoric chronology of the

Rossberg’s mass wasting succession.
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framework, site survey and seismic stratigraphy. In Quaternary

geology of Lake Zurich: An interdisciplinary investigation by deep-

lake drilling. Contributions to Sedimentology, vol. 13, pp 5–20.

Hantke, R. (2006). Blatt 1151 Rigi, mit Nordteil von Blatt 1171
Beckenried. Geologischer Atlas der Schweiz 1:25 000, Karte
116. Wabern: Bundesamt für Landestopographie.

Heim, A. (1932). Bergsturz und Menschenleben. Beiblatt zur
Vierteljahrsschrift der Naturforschenden Gesellschaft in Zürich
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Röthlisberger, G. (1991). Chronik der Unwetterschäden in der
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