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Abstract
Glacigenic perialpine lakes can constitute continuous post-last glacial maximum (LGM) geological archives which 

allow reconstruction of both lake-specific sedimentological processes and the paleoenvironmental setting of lakes. Lake 
Mondsee is one among several perialpine lakes in the Salzkammergut, Upper Austria, and has been previously studied 
in terms of paleoclimate, paleolimnology and (paleo)ecology. However, the full extent and environment of Late Glacial 
to Holocene sediment deposition had remained unknown, and it was not clear whether previously studied core sections 
were fully representative of 3D sediment accumulation patterns.

In this study, the sedimentary infill of Lake Mondsee was examined via high-resolution seismic reflection survey 
over a 57-km extent (3.5 kHz pinger source) and a sediment core extracted from the deepest part of the lake, with a 
continuous length of 13.76 m. In the northern basin, seismic penetration is strongly limited in most areas because of 
abundant shallow gas (causing acoustic blanking). In the deeper areas, the acoustic signal reaches depths of up to 
80 ms TWT (two-way travel time), representing a postglacial sedimentary sequence of at least 60-m thickness. Holo-
cene deposits constitute only the uppermost 11.5 m of the sedimentary succession. Postglacial seismic stratigraphy 
of Lake Mondsee closely resembles those of well-studied French and Swiss perialpine lakes, with our data showing 
that most of Lake Mondsee’s sedimentary basin infill was deposited within a short time period (between 19,000 BP 
and 14,500 BP) after the Traun Glacier retreated from the Mondsee area, indicating an average sedimentation rate of 
about 1.4 cm/yr.

Compared to other perialpine lakes, the seismic data from Lake Mondsee reveal little indication of mass movement 
activities during the Holocene. One exception, however, is rockfalls that originate from a steep cliff, the Kienbergwand, 
situated on the southern shore of Lake Mondsee, where, in the adjacent part of the lake, seismic profiles show mass 
transport deposits (MTDs), which extend approximately 450  m from the shore and are mappable over an area of 
about 45,300  m2. Sediment cores targeting the MTDs show two separate rockfall events. The older event consists 
of clast-supported angular dolomitic gravels and sands, showing high amounts of fine fraction. The younger event 
exhibits dolomitic clasts of up to 1.5 cm in diameter, which is mixed within a lacustrine muddy matrix. Radiocarbon 
dating and correlations with varve-dated sediment cores hint at respective ages of AD 1484 ± 7 for Event 1 and AD 
1639 ± 5 for Event 2. As our data show no evidence of larger-scale mass movements affecting Lake Mondsee and its 
surroundings, we infer that the current-day morphology of the Kienbergwand is the result of infrequent medium-scale 
rockfalls.

Zusammenfassung
Perialpine Seen stellen kontinuierliche geologische Archive dar und ermöglichen die Rekonstruktion von see-internen 

Sedimentationsprozessen und der Umgebung des Sees vom letzteiszeitlichen Maximum bis heute.
Der Mondsee ist einer von vielen perialpinen Seen des Salzkammergutes in Oberösterreich und wurde bisher anhand 

von Seebohrkernen im Hinblick auf Paläoklima, Paläolimnologie und (Paläo-)Ökologie untersucht. Die Sedimentfüllung 
des Sees wurde jedoch bisher nie mithilfe einer Kombination aus Sedimentkernen und reflexionsseismischen Profilen 
erforscht. Somit sind die dreidimensionalen Ablagerungsmuster, das vollständige Ausmaß und die Ablagerungsbedin-
gungen des spätglazialen bis holozänen Sediments noch unbekannt.

Im Zuge dieser Studie wurde die Sedimentfüllung des Mondsees mithilfe von etwa 57  km an reflexionsseismischen 
Profilen (3.5  kHz System) und eines 13,76 m langen Sedimentkernes aus dem tiefsten Bereich des Sees untersucht. Im  
Nordbecken ist die Reichweite der akustischen Wellen durch stark gashaltiges Sediment bis auf wenige Bereiche stark limi
tiert. Im tieferen Bereich reicht das verwertbare akustische Signal bis in eine Tiefe von etwa 80 ms TWT (two-way travel time).  
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Die Sedimentmächtigkeiten betragen über 60 m, wobei die holozänen Ablagerungen nur etwa die obersten 11,5 m  
ausmachen. Die postglaziale seismische Stratigraphie hat große Ähnlichkeiten zu jener der gut untersuchten Voralpenseen 
Frankreichs und der Schweiz. Unsere Daten zeigen, dass der Großteil des Sediments innerhalb einer kurzen Zeitspanne 
(19000 bis 14500 BP) abgelagert wurde, nachdem sich der Traungletscher aus dem Mondseegebiet zurückgezogen hatte. 
Die Sedimentationsraten für diesen Zeitraum liegen im Bereich von 1.4 cm/Jahr.

Verglichen mit anderen perialpinen Seen geben die seismischen Daten des Mondsees wenig Hinweis auf Massen-
bewegungen während des Holozäns. Eine Ausnahme bilden hier jedoch Felssturzereignisse an der sogenannten  
Kienbergwand, einer steilen Felswand am Südufer des Mondsees. Hier zeigen sich Ablagerungen von Massenbewegungen  
in den seismischen Profilen, welche sich etwa 450 m in den See erstrecken. Diese Ablagerungen sind über eine Fläche 
von 45300  m2 kartierbar. Sedimentkerne aus den Ablagerungsgebieten zeigen zwei Felssturzereignisse an. Das ältere 
Ereignis besteht aus korngestützten angularen dolomitischen Kiesen und Sanden mit hohem Feinanteil, das jüngere ist 
durch in einer feinen lakustrinen Matrix schwimmende Dolomitklasten charakterisiert. Radiokarbondatierungen und Kor-
relationen zu varven-datierten Sedimentkernen erlauben eine zeitliche Einordnung der Felssturzereignisse um die Jahre 
1484 ± 7 und 1639 ± 5 nach Christus. Die heutige Morphologie der Kienbergwand ist das Resultat mehrerer kleinerer und 
mittlerer Felsstürze, die nur in geringer Häufigkeit auftreten. Unsere Daten zeigen keine Anzeichen für große Massenbe-
wegungen in der Umgebung des Mondsees oder im See selbst.

1. Introduction
Perialpine lakes, created by glacial erosion during 

past glacial maxima, represent excellent geological 
archives that record the deglaciation and postglacial 
evolution of lake basins and their surroundings (Cohen, 
2003; Hinderer, 2001; Preusser et al., 2010; among  
others). Besides information about environmental evo-
lution during the late Quaternary (e.g. Lauterbach et al., 
2011), the imprints of high-energy natural events such 
as floods (Schillereff et al., 2014; Simonneau et al., 2013) 
along with debris flows (Sletten et al., 2003; Lastras  
et  al., 2013), rockfalls (Bussmann and Anselmetti, 
2010), shore collapses (Longva et al., 2003), and lake 
internal sediment remobilisation caused by strong 
seismic shaking (Kremer et al., 2017; Moernaut et al., 
2017) are all preserved in lake sediments. These natural 
phenomena are associated with potential danger and 
pose a particular risk to nearshore settlements: sed-
iment or rockfall masses entering lakes at high velocity  
have been demonstrated to cause catastrophic waves 
in the past (Hilbe & Anselmetti, 2015; Huber, 1982; 
Kremer et al., 2012; Schnellmann et al., 2002). It is 
therefore of potential benefit to assess recurrence rates 
of such events and understand their spatio-temporal 
distribution. To do this, an ability to distinguish the 
lacustrine fingerprints of different sedimentological 
events is crucial.

In the Lake Mondsee area (Salzkammergut, Austria), 
the type and distribution of terrestrial mass move-
ments are closely linked to regional geology (Fig. 1A): in 
the Rhenodanubian Flysch zone, sliding and creeping  
predominate, whereas the most competent rocks 
of the Northern Calcareous Alps (NCA) tend to 
be associated with rockfalls and rock avalanches  
(Geologische Bundesanstalt, 2017). Over the course 
of the past ~70  years, a few small-scale rockfalls were 
reported in the Mondsee area, some of which occurred 
near the “Kienbergwand”, the near vertical cliff face that 
forms the extreme southern shore (Fig. 1B; Geologische 
Bundesanstalt, 2017; OTS, 1999). The dramatic natural 
setting here has prompted hypotheses concerning a 

major event, a rockfall originating in the southeast of 
the lake (red star on Fig. 1A), which could have caused 
a catastrophic “Mondsee Tsunami”, which has then, in 
turn, been cited as responsible for an abandonment of 
Neolithic lake dwellings 5000 years ago (Schulz, 2008). 
This hypothesis is highly debatable from an archaeo-
logical viewpoint (Breitwieser, 2010; the chronology 
and nature of prehistoric lacustrine settlement on Lake 
Mondsee have to date remained underdetermined). In 
addition, although Janik (1969) found evidence of rock-
fall material near the outflow of the Seeache river in the 
form of large boulders, the sedimentary archive of Lake 
Mondsee has never before been investigated in detail 
regarding possible rockfall/tsunami events.

Lake Mondsee – as one of many perialpine lakes –  
has previously been studied with a focus on sedi-
mentological (Irlweck & Danielopol, 1985; Kämpf 
et  al., 2014, 2015; Swierczynski et al., 2009), paleocli-
matic (Andersen et al., 2017; Lauterbach et al., 2011),  
paleolimnological (Klee & Schmidt, 1987; Schmidt, 
1991; Swierczynski, 2012; Swierczynski et al., 2013) and 
paleoecological/paleoethnobotanical (Kowarik et  al. 
2017; Namiotko et  al., 2015; Schultze & Niederreiter,  
1990) perspectives using sediment cores retrieved 
mostly from the deepest part of the lake. However, the 
sedimentary infill of Lake Mondsee has not previously 
been studied by means of seismic stratigraphy includ-
ing spatial investigation of event-related mass move-
ment depositions. Thus, event layers observed in the 
sediment cores remained to be investigated in terms of 
their relevance for basin-wide sedimentation patterns 
vs. mass movement processes.

In this study, we (1) resolve the 3D lake infill with 
reflection seismic methods to evaluate Late Glacial to 
Holocene sedimentary dynamics in Lake Mondsee; (2) 
trace the spatial distribution of event layers, allowing us 
to distinguish different origins of the layers described 
by Swierczynski (2012) and (3) identify, describe and 
date the mass movement and rockfall events visi-
ble in the seismic and sedimentary record of Lake  
Mondsee.
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2. Study Area

2.1. �Hydrological and geological setting of the  
Lake Mondsee area

Lake Mondsee is an oligo-mesotrophic hardwater lake 
located at the northern margin of the Austrian Alps 
(47°49’N, 13°22’E; Fig. 1A) in the federal state of Upper 
Austria, 481 m above sea level. The lake basin (area: 
13.8 km2; volume: 0.51 km3) can be subdivided into two 
parts: an NW–SE-oriented shallow basin (of max. 50-m 
water depth) in the north-to-north-western part and 
a deeper WNW-ESE-oriented basin (max. depth 68 m; 
Jagsch and Megay, 1982) striking parallel to the main tec-
tonic boundary between the NCA and the Flysch zone. 
The basins were formed and repeatedly modified by the 
Pleistocene glacial activity of the Traun glacier (Egger 
and van Husen, 2009; van Husen, 2004; van Husen and 
Egger, 2014). Following the final retreat of the Traun gla-
cier, the catchment area (ca. 241 km2) may be subdivided 
into (1) the smaller southern part (25%), consisting of the 
Mesozoic dolomites and limestones of the NCA, and (2) 

the northern part (75%), comprising the siliciclastic sed-
iments of the Rhenodanubian Flysch zone (van Husen 
and Egger, 2014).

Lake Mondsee is fed by three main tributaries (Fig. 1A) 
that account for more than 70% of the water inflow  
(Gumpinger, 2011) draining the predominant Rheno-
danubian Flysch zone catchment in the north. The Zeller 
Ache (“Ache” = rivulet), with a catchment area of 38.4 km2, 
drains from the smaller Lake Irrsee in the northwest, which 
acts as a sediment trap to reduce sediment flux into Lake 
Mondsee from this area, while the Wangauer Ache (catch-
ment area 35.3 km2) from the northeast and the Griesler 
Ache (117.6  km2) from the west jointly account for the 
main siliciclastic sediment flux into Lake Mondsee (Kämpf 
et al., 2015) and form the convex lakeward shoreline mor-
phologies typical for lacustrine delta systems (Fig.1A). 
Another tributary, the Kienbach brook, has its catchment 
area in the NCA and enters Lake Mondsee from the south 
in the vicinity of Scharfling (Fig. 1A). Lake Mondsee drains 
into Lake Attersee via the river Seeache, which debouches 
at the south-easternmost end of Lake Mondsee.

Figure 1: Location of Lake Mondsee (Salzkammergut, Austria) and data coverage. A) Simplified tectonic (modified after van Husen, 1989) and bathy-
metric map of Lake Mondsee calculated based on the seismic data acquired in the southern sub-basin (green lines) and the contour lines provided by 
the Austrian topographic map (ÖK 50) where seismic data are scarce. The dashed line indicates the outline of the catchment area (see e.g. Lauterbach 
et al. (2011) for full map). Recent mass movements recorded by the Austrian Geological Survey (Geologische Bundesanstalt, 2017) are depicted as blue 
(rockfalls) and green (landslides) stars. The red star in the southeast indicates the presumed rockfall related to the highly debated “Mondsee Tsunami” 
(Breitwieser, 2010; Schulz, 2008). The core MON K1 analysed by Behbehani (1987) was taken at the location depicted by a green circle. B) Close-up 
map of coring locations (see Supplementary Table 1 for coordinates). Short cores are depicted in yellow, the Mon2016 core in red and core Mo-05  
(e.g. Lauterbach et al., 2011) in blue.
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In the past century, studies on the sediments of Lake 
Mondsee focused mainly on historically recent changes 
in lake ecology related to eutrophication (Irlweck 
& Danielopol, 1985; Klee & Schmidt, 1987; Schmidt, 
1991) and on general lake evolution (Behbehani et 
al., 1985; Löffler, 1983). Behbehani (1987) provided a  
low-resolution study on littoral cores up to 8 m in length 
(MON K1) taken in the easternmost part of Lake Mondsee  
(Fig. 1A), concentrating on Late to Post-Glacial sedi-
mentary and climatic evolution. A basinal core, taken at 
a 67-m water depth and nearly 14  m long, was inves-
tigated by Schultze & Niederreiter (1990), who focused 
on Late Glacial to Holocene vegetation change. Both of 
these studies, however, relied on palynological data to 
date the stratigraphic succession. A detailed age model 
of the Lake Mondsee sedimentary infill was established 
by Lauterbach et al. (2011), who dated a composite 
15-ka profile taken from the deepest part of the lake 
(core Mo-05; see Fig. 1B and supplementary Table 1 for 
location) based on varve counting, radiocarbon dating 
and wiggle matching of δ18O values with the Greenland 
NGRIP record (e.g. Rasmussen et al., 2006). Analyses 
of flood layer formation and flood chronology (Kämpf 
et al., 2014, 2015; Swierczynski, 2012; Swierczynski 
et al., 2012, 2013) and paleoclimatic reconstructions  
(Andersen et al., 2017; Lauterbach et al., 2011) were  
performed on the same core.

2.2. �The geological setting of the Kienbergwand
The southern shoreline of Lake Mondsee, east of 

Scharfling, is characterized by a prominent cliff, approx-
imately 400-m high (Fig. 1B), the “Kienbergwand” 
(“wand” = cliff ). This feature is part of the Tirolic nappe 
(Staufen-Höllengebirgsdecke, Schafbergtirolikum) and 
is mainly composed of Dolostones of the Triassic  
Hauptdolomit Formation (van Husen, 1989). Talus 
deposits, rockfall debris and overlain moraines con-
stitute the foot of the Kienbergwand as it forms the 
southern shoreline of Lake Mondsee (Hittenberger et 
al., 2006), and these cover the EW trending thrust of the 
Tirolic nappe onto the Bajuvaric nappe, which mainly 
consist of conglomerates of the Gosau Group, marls 
(Tannheimer Schichten) and marly carbonates (Schram-
bachschichten) in this area (Hittenberger et al., 2006).

The Kienbergwand is affected by several joint sets and 
is tectonically weakened, leading to many local fissures 
and water discharges (Hittenberger et al., 2006). Thus, 
the steep rock face as it dips almost vertically into Lake 
Mondsee, being subject to physical weathering, is pre-
disposed to rockfalls. Before the construction of a road 
tunnel through the Kienbergwand, the road at the 
base of the Kienbergwand was often affected by rock-
falls (e.g. in 1999, when a car was hit by a 10-kg rock; 
OTS, 1999.), and the so-called Kreuzstein, a prominent 
boulder lying in Lake Mondsee, testifies to even larger  
rockfall activity at Kienbergwand in the past (van Husen 
and Egger, 2014). Further information on the physical 
geography here includes the information, recorded by  

Schadler (1958), that waterlogged tree trunks can be 
found standing upright in the sediment offshore from 
the Kienbergwand, while divers have observed a mas-
sive overhanging block near the Kienbergwand in a 17-m 
water depth, reporting that the steep cliff continues to 
a water depth of about 20–40 m (Tourismusverband 
MondSeeLand, 2017). Such evidence suggests repeated 
instability of the Kienbergwand rock face. However, it 
was a matter of speculation when and how often past 
rockfall events had occurred in the past, and what mag-
nitude these events might have had.

3. Methodology

3.1. �Seismic reflection survey and data processing
High-resolution single-channel seismic profiles were 

acquired in October 2015 and again in April 2016. Both 
surveys were carried out using a 3.5-kHz pinger source 
and a shot interval of 0.5 seconds: in 2015, a GeoAcoustics  
3.5-kHz 4-element pinger (ETH Zürich) was used; in 
2016, a Geopulse pinger (University of Innsbruck) 
served as the acoustic source and receiver. Both  
systems provide a theoretical vertical resolution of 10 cm. 
The seismic source/receiver was mounted on an inflat-
able cataraft, which itself was attached to the Research 
Department for Limnology, Mondsee (University of  
Innsbruck) research vessel “Wilhelm Kuehnelt”. Survey 
speed was about 6–7  km/h. The incoming analogue  
signal was converted to a digital SEG-Y format (Coda 
Octopus Survey Engine). Navigation was carried out 
using GPS and Fugawi Navigation Software, enabling an 
accuracy of ± 5 m. Overall, 56.8 km of seismic profiles was 
acquired, focusing strongly on the southern lake basin 
because of low penetration depths in the NW part of the 
lake. Data were processed using a bandpass filter (lower 
cut 2 kHz, upper cut 6 kHz) in the IHS Kingdom (v. 2015)  
Seismic and Geological Interpretation Software, which 
was also used for volumetric analyses. The bathymetric 
map (Fig. 1A) was created in Surfer (Golden Software) 
by interpolation (Kriging method) of the picked lake 
floor horizon from the seismic data (and the contour 
lines provided by the Austrian topographic map (ÖK 50) 
where seismic data is scarce). For time-to-depth conver-
sions, a constant velocity of 1500 m/s for both water and 
sediment was assumed.

3.2. �Coring campaigns
Sediment coring was carried out in June 2016, using 

a UWITEC Piston Corer with a drill core diameter of 
60 mm. At the location (X: 380926, Y: 5295879; 47°48’19’’ 
N, 13°24’35’’ E), two parallel sister cores (Mon2016_1 
and Mon2016_2) were taken with overlapping  
3-m-long core barrels, which allowed core-to-core 
correlation between overlapping sections by distinct 
macroscopic lithological marker layers to establish 
a continuous composite core of 13.76  m. In a second 
coring campaign in April 2017, five short cores labelled 
Mon2017-01 to Mon2017-05 were retrieved offshore, the 
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Kienbergwand, using a gravity short corer with hammer 
technique (Fig. 1B; Supplementary Table 1). These cores 
targeted the youngest Kienbergwand mass transport 
deposits (MTDs) discovered during seismic data pro-
cessing (Section 4.2.1).

3.3. �Sedimentological core analyses

3.3.1. �Multi-sensor core logging and  
lithological description

The physical properties of the sediments were deter-
mined by a Geotek Multi-Sensor Core Logging (MSCL) 
at the Austrian Core Facility for scientific core logging 
and scanning at the Institute of Geology in Innsbruck. 
Gamma density, P-wave velocity and magnetic suscep-
tibility were measured at 0.5-cm vertical resolution on 
the unopened cores, and magnetic susceptibility was 
re-measured at 2-mm vertical resolution on the opened 
split cores using a Bartington MS2E point sensor. MSCL 
measurements and calibrations followed the methods 
described by Blum (1997). The core halves were photo-
graphed using a SmartCIS Imaging System at a resolu-
tion of 500  dpi. Sedimentary facies were distinguished 
by macroscopic visual description (colour after Munsell 
Color, 2009; grain size; sedimentary structures) and by 
microscopic smear-slide analyses (following the protocol 
defined by Schnurrenberger et al., 2003).

3.3.2. �Grain size analysis
Sieving was carried out on three short cores (Mon2017-

01, Mon2017-02 and Mon2017-05). To obtain a represen-
tative sample size, 6  cm of sediment was combined to 
form each single sample. The samples were dried over-
night at 60°C and were then sieved using mesh sizes of 
2  mm and 63  μm, so gravel, sand and the fine fraction 
could be distinguished. A laser diffraction particle anal-
yser (Malvern Mastersizer 2000) was used to determine 
grain size of fine-grained sediments. Measurements were 
done on bulk sediment at varying intervals (down to 
0.2 cm).

3.3.3. �Shear strength analysis
The undrained shear strength (su) along the sediment 

cores was determined immediately after core splitting 
according to the British Standards Institute’s BS1377 
(1975) standard, with a Wille Geotechnik free-fall cone 
penetrometer and applying a cone factor of 0.85 for the 
used 30°cone (Wood, 1985). The standard measurement 
spacing was 6 cm; in the intervals affected by the Kien-
bergwand MTD, the measurement spacing was reduced 
to 3 cm.

3.3.4. �Age-depth model
The most well-laminated sediments in the uppermost 

part of core Mon2016 allowed varve counting by eye 
(unaided). Due to sections of poorly preserved lamina-
tion, multiple counting only yielded an accuracy of about 
± 5–10% (0.5–1 year error for every 10 counted years). 

This error was reduced by correlation of core Mon2016 
to core Mo 05. For this core, Lauterbach et al. (2011), 
Swierczynski (2012) and Andersen et al. (2017) estab-
lished a Holocene varve chronology by varve counting 
on thin sections, Accelerated Mass Spectrometry (AMS) 
radiocarbon dating and δ18O wiggle matching to Green-
land ice cores (Section 5.2). Stratigraphic core-to-core 
correlation between core Mon2016 and core Mo-05 was 
carried out using high-resolution core pictures. The cor-
relation is based on matching the colour and thickness of 
prominent layers.

To constrain the ages of the sediments cored offshore 
from the Kienbergwand, stratigraphic correlation with 
prominent marker layers in cores Mon2016 and Mo-05 
was validated by three new Accelerated Mass Spectrom-
etry (AMS) radiocarbon dates (LARA Laboratory of the 
University of Bern, Switzerland). Dating was carried out 
on determined macro-remains from terrestrial plants, 
and AMS radiocarbon ages were calibrated using the cal-
ibration curve IntCal13 (Reimer et al., 2013).

4. Results

4.1. �Sedimentary infill of Lake Mondsee

4.1.1. �Seismic stratigraphy of Lake Mondsee
In the northern part of the lake (except for a small win-

dow), seismic penetration is limited by acoustic blanking 
(Fig. 2). In the southern part, the shallow areas and the 
vicinity of the Kienbach delta show acoustic blanking as 
well. Acoustic blanking is typical for sedimentary units 
containing (biogenic) gas (e.g. Cukur et al., 2013). These 
units show a high-amplitude reflection and total wipeout 
of seismic data (Figs. 2, 3E). In the deep basin, however, 
the reflection seismic profiles revealed up to 61.5 m of 
sedimentary infill in Lake Mondsee (Fig. 3A). In these 
areas, the acoustic basement and four seismic units were 
distinguished. The acoustic basement shows from one to 
several high-amplitude reflections. Below its boundary, 
no coherent seismic data can be retrieved. It is overlain 
by acoustically stratified sediment, divided into four seis-
mic units and one sub-unit (Fig. 2). The units 1 to 4 are 
listed from bottom to top.

Unit 1: It is transparent at its base, gradually changing 
to a chaotic seismic facies. It is present only at the north-
ern part of the southern sub-basin (Auhof-Bay; Figs. 3B, 
C, and F). It rests against the acoustic basement, which 
probably consists of bedrock in this area, as suggested 
by Flysch slopes, west and east of the bay. Its maximum 
thickness is about 15 m at the northern shoreline, thin-
ning out towards the basin. Its upper boundary consists 
of a clear unconformity marked by onlapping seismic 
units 2, 3, 3b and 4. Unit 1 is the source of widespread 
vertical narrow low-amplitude features, which indicate 
dewatering (e.g. Moernaut et al., 2009) and partly alter 
the appearance of the overlying units (Fig. 3C).

Unit 2: Penetration in this unit (commencing from 
approximately 35 m below lake floor (blf )) was limited to 
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the uppermost 20–25 m (Fig. 2B). It cannot be traced to 
its bottom because of (1) the interference with lake floor 
reflection multiples and (2) the attenuation of the seismic 
wave energy within Unit 2 in the central part of the lake 
basin. The widely spaced continuous reflections are of 
intermediate to very low amplitudes and reach from the 
southern into the northern basin of Lake Mondsee. The 
reflection pattern in the central part of the basin shows 
a ponding geometry (indicated by arrows in Fig. 2A). An 
initially more pronounced basin depression is filled by 
ponding sediment infill within seismic Unit 2. The reflec-
tions terminate in onlap onto the acoustic basement. 
Unit 2 is conformably overlain by Unit 3.

Unit 3: It is about 4–10-m thick (upper limit ca. 20 m blf ) 
in the basin. Unit 3 narrows from east to west and from 
south to north in the vicinity of the current-day Kienbach 
delta. It shows closely spaced reflections of highly vary-
ing lateral continuity and amplitude, with some erosional 
truncations (Fig. 3D). In the northern part of the south-
ern basin, the reflections are generally more continuous 
and less chaotic than in the south. In the northern basin, 
a similar seismic facies can be seen in the small seismic 
window (see Figs. 2A, 3C). Based on their very similar 
acoustic reflection characteristics and comparable seis-
mic stratigraphic succession, a stratigraphic correlation 
to the northern basin can be proposed.

Unit 3b: It is present only at the northern part of the 
southern sub-basin (Auhof-Bay, see locations in Fig. 1; 
Supplementary Fig. 2) and near Mooswinkl Bay (Figs. 
3B, 3C and 3F). Here, bedrock morphology shows a 

slight shoulder on which Unit 3b 
was deposited. Unit 3b shows sim-
ilar seismic facies as Unit 3: closely 
spaced high-amplitude reflections. 
The erosional truncations, however, 
are missing. The parallel reflections 
dip towards the basin at a low angle 
and are separated from the basinal 
part by chaotic seismic facies, the 
landward boundary of which cross-
cuts older strata (Fig. 3F). This indi-
cates slumping of Unit 3b and dis-
turbance through dewatering of the 
underlying deposits of Unit 1. The 
stratigraphic position of the result-
ing MTDs, however, is not entirely 
clear: in the northern part of Auhof-
Bay, Unit 3 seems to be onlapping 
onto the MTDs originating from Unit 
3b, whereas MTDs are downlapping 
onto Unit 3 in the southern part 
of Auhof-Bay, probably indicating 
multi-stage mass transport deposit 
within Unit 3.

Unit 4: It comprises the upper-
most 20 m of sediment infill in the 
basinal part of Lake Mondsee and 
drapes Unit 3 across the entire lake 

basin. The relationship of Unit 4 with Unit 3b changes 
with the absence or presence of underlying MTDs. 
Where MTDs are present, Unit 4 terminates in an onlap 
structure onto the MTDs. In areas without MTDs, Unit 4  
conformably overlies Unit 3b. Overall, Unit 4 shows 
continuous reflections of widely spaced (intermediate 
to high) amplitudes, which tend to increase towards 
the lake basin. Laterally confined and very narrow areas 
showing transparent- to low-amplitude reflections are 
a common feature of Unit 4. The base of these columnar 
patches either lies in the underlying MTDs or reaches 
into seismic Unit 3 itself. These areas are interpreted as 
fluid escape (dewatering) structures (e.g. Fig. 3F).

4.1.2. �Late Glacial to Holocene lithostratigraphy
The sedimentary infill of Lake Mondsee cored in 

Mon2016 is composed of five lithostratigraphic units, 
labelled lithozones I–V (from base to top; in analogy 
to Lauterbach et al., 2011, described in core Mo-05), of 
which lithozone V can be subdivided into several litho-
types (Fig.  4). These can be distinguished both macro- 
and microscopically based on their colour, the amount 
and thickness of the detrital layers, the amount of organic 
material and the quantity of authigenic calcite.

Lithozone I (1376–1250  cm) consists of dense grey 
(Munsell colour 5Y 6/1) sediment composed of detri-
tal carbonates and occasional thick (up to 7 cm) calcitic 
turbidites. There are abundant intercalated yellowish 
(5Y 5/2) detrital layers (poorly sorted medium-sized silt) 
and light grey layers (5Y 7/1) made up of sandy to silty 

Figure 2: Reflection seismic profiles of Lake Mondsee (Salzkammergut, Austria), showing general 
seismic stratigraphy. Blue line indicates the transition of seismic Unit 1 to the overlying units. Green 
line indicates the transition from Unit 2 to Unit 3. Red line indicates the upper border of Unit 3 or 
Unit 3b. A: Longitudinal section (line mondsee1-01) along the lake axis. Note that seismic penetra-
tion is limited to the southern sub-basin. The interval showing higher seismic amplitudes in the  
northern window is interpreted as the northern continuation of seismic Unit 3 (see Figure 3E).  
B: Section perpendicular to the lake axis (line mondsee2-17) and outline of subsequent zoomed 
figure 3F). See inset for locations of seismic lines.
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siliciclastics and aggregated carbonate mud. Density 
ranges from about 1.8 g/cm3 to nearly 2 g/cm3. Magnetic 
susceptibility (MS) fluctuates between 4  ×  10-5 SI (light 
grey layers) and 11 × 10-5 SI (intervals of abundant yellow-
ish layers). The transition from lithozone I to lithozone II  

(1250–1170  cm) is characterised by the first appear-
ance of authigenic carbonate (compare Lauterbach et 
al., 2011). Authigenic carbonate (appearing as regular 
rhombs, up to 30 μm) can be easily distinguished from 
detrital carbonate (pitted and irregularly shaped grains, 

Figure 3: Details of seismic facies and stratigraphy of Lake Mondsee (Salzkammergut, Austria). See fig. 1A, 2A/B for location. A) Penetration depth 
of 3.5-kHz seismic signal in two-way travel time (TWT) in the southern part of Lake Mondsee. Penetration depth is defined as the depth from which 
interpretable seismic data can be retrieved. Note that areas showing good penetration are limited to the deeper basin. B) Locations of seismic profiles. 
C) Fluid escape features (wiggled arrows) originating in semi-transparent seismic Unit 1. Low-amplitude Unit 2 is onlapping onto Unit 1 and overlain 
by Unit 3, showing high reflection amplitudes. D) Erosional features and lateral variability of reflection amplitudes in seismic Unit 3. E) Gas blanking se-
verely limits seismic penetration in the northern basin. However, Unit 3 and Unit 4 can still be distinguished in a small window. F) Fluid escape features 
(indicated by wiggled arrows) originating in slump deposits, which separate Unit 3b laterally from Unit 4.
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often larger than 50  μm) in smear-slide analysis. The  
lithological change is reflected in a small drop in density: 
average values are about 1.85  g/cm3 in lithozone I vs. 
1.75 g/cm3 in lithozone II.

Lithozone II shows regular dark grey (5Y 6/1) to light 
grey (5Y 7/1) and yellowish (5Y 5/2) layer triplets. 
Ochre-coloured detrital layers (consisting of detrital 
sandy silt, some siliciclastics present) are still abundant 
in lithozone II. Large turbidites as seen in lithozone I, 

however, are missing. Density ranges from 1.72 to 1.9 g/
cm3. As in lithozone I, light grey layers exhibit the lowest 
MS values (around 4 × 10-5 SI), and the yellowish layers 
show peak values of about 10  ×  10-5 SI. Generally, MS 
values steadily decrease towards the top of lithozone II, 
reflecting decreasing detrital input.

Lithozone III (1170–1115 cm) consists of light grey auth-
igenic silty carbonates with interspersed clays, where 
detrital layers are barely present. The vast majority of 

Figure 4: Seismic to core correlation of core Mon2016 from Lake Mondsee (Salzkammergut, Austria; for position see Fig. 2). Grey areas indicate the cor-
relation between high-amplitude reflective zones and flood layer thickness/frequency. Note that distinctive detrital layers are shown only for lithotypes 
(LT) V1–V5. The other lithotypes and lithozones generally show high frequency of detrital layers, with the exception of lithozone III. TWT: two-way travel 
time; MS: magnetic susceptibility. Sediment colours according to Munsell Color (2009).
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the sediment is made up of authigenic micritic carbon-
ate with little to no detrital grains. In lithozone III, den-
sity decreases drastically to average values of 1.5 g/cm3. 
The decreasing trend of MS values in lithozone II contin-
ues in lithozone III, reaching values as low as 2 × 10-5 SI. 
Towards lithozone IV (1115–1071 cm), this changes sud-
denly: magnetic susceptibility shows average values of 
4 × 10-5 SI. Frequent detrital layers interrupt the continu-
ous sedimentation of grey laminated lake marl. This marl 
mostly consists of authigenic carbonates (clay to silt size); 
however, some detrital carbonates and siliciclastics are 
present as well. The detrital layers comprise silty detrital 
carbonates, some siliciclastics and little organic material. 
Density shows a similar pattern as MS, reaching higher 
values (1.6  g/cm3 on average) than in lithozone III. The 
transition from lithozone IV to lithozone V is marked by 
a sudden decrease in magnetic susceptibility: the values 
drop to an average of 1.5  ×  10-5 SI at the beginning of 
lithozone V. This represents the overall minimum of MS in 
the Mon2016 composite core. Density slightly increases 
for a short interval at the transition to lithozone V. The 
overall decreasing trend, however, continues.

Lithozone V (1071–0 cm) is composed of well to faintly 
laminated sediment with abundant organic material  
and intervals of high detrital input (distinct brown 
layers). Lithozone V can be subdivided into several 
lithotypes (LT V1–V6) based on lamination, colour and 
organic content. LT V1 comprises non-laminated light 
grey authigenic carbonate with abundant diatoms and 
intercalated detrital layers. LT V2 is similar in content to 
LT V1, but shows a distinct lamination with laminae of 
about 1 mm thickness. Sediment microfacies and 137Cs 
dating carried out by Lauterbach et al. (2011) proved 
the annual characteristics of the lamination. The dis-
tinct lamination of LT V2 allows varve counting. LT V3 
consists of faintly laminated grey carbonate-rich clayey 
silt; varve counting is difficult but possible in some 
intervals of LT V3. LT V4 is limited to a small interval at 
the top of the long and short sediment cores. It is rep-
resented by well-laminated (1–2 mm) yellow brownish 
carbonate-rich clayey silt and is probably related to 
an eutrophication period from the 1960s to the early 
1980s (Schmidt, 1991). LT V5 is composed of thickly 
(up to 1  cm) laminated grey silty carbonate mud with 
almost no detrital input. LT V6, the lowermost part of 
lithozone V, consists of well-laminated ochre-coloured 
carbonate-rich clayey silt with abundant diatoms.  
Density is relatively stable (around 1.2  g/cm3) in litho-
zone V (Fig. 4). Magnetic susceptibility of lithozone 
V ranges from 2 × 10-5 SI to about 10 × 10-5 SI, with an 
average of about 5  ×  10-5 SI. Detrital layers generally  
correspond to minima of magnetic susceptibility.

4.1.3. �Seismic-to-core correlation
Core Mon2016 approximately penetrates the upper 3/4 

of seismic Unit 4 (Fig. 2B). Comparison of seismic data 
with lithostratigraphy and gamma-ray density of the 
composite core reveals that high-amplitude reflections 

are mainly linked to thick detrital layers (> 1 cm). Intervals 
of high detrital input are reflected in the MSCL data as 
sections of high density and low magnetic susceptibility. 
Intervals of frequent, but thinner (< 1 cm) detrital layers 
yield medium amplitude reflections, whereas intervals of 
no to very few detrital layers show low-amplitude reflec-
tions (Fig. 4).

4.2. �Kienbergwand Mass Transport  
Deposit (MTD) data

4.2.1. �Seismic survey
In the south-eastern part of the lake, near the Kien-

bergwand cliff, the reflection seismic data along and 
across the foot of the slope show a thin (max. 1.8 ms or 
ca. 1.5 m) laterally confined body with a chaotic seis-
mic facies and a hummocky surface, terminating in the 
deep basin (Fig. 5A). These are typical seismic attributes 
and geometries of MTDs (e.g. Mulder and Cochonat, 
1996). The MTD has its source area in the south (near the  
Kienbergwand cliff, therefore hereafter mostly called 
Kienbergwand Mass Transport Deposit or Kienbergwand 
MTD) and is covered by approximately 1 m of well- 
stratified sediment. In a west–east section, the MTD 
extends for over 240 m, clearly wedging out in the west 
and east (Fig. 5B). The MTD can be subdivided into two 
bodies (western body: 80 m wide; eastern body: 50 m 
wide), connected by a thinner (ca. 1 milliseconds) central 
part. These bodies define the lake floor morphology in 
this area. The MTD is characterised by two types of seis-
mic facies: the lower part (shaded darker blue in Fig. 5B) 
consists of partly continuous high-amplitude reflections. 
These reflections are cut and overlain by a chaotic, inter-
mediate amplitude seismic facies, in both the central 
western and eastern body. In between the bodies, the 
thickness of this seismic facies is strongly reduced. In the 
downslope direction, the MTD can be traced over a hori-
zontal distance of about 280 m (Fig. 5A). Closer than 150 
m to the shoreline (where slope angles are > 10°), seismic 
penetration and resolution does not allow mapping of 
the MTD. At the toe of the mass movement, gas blank-
ing occurs precisely to the point where the moving mass 
ran out onto the basinal flat. In the transversal section 
(west to east), acoustic blanking is also present directly 
below the Kienbergwand MTD, severely affecting seismic 
penetration in this area. Volumetric analysis of the MTD 
revealed a volume of about 47,500 m3, covering an area 
of 45,300 m2.

However, the Kienbergwand MTD is not the only 
irregularity in the seismic data near the Kienbergwand. 
Although most of the seismic data in this area are sub-
ject to gas blanking, at least two stratigraphic levels with 
distinct acoustic facies and reflection geometries can be 
identified. These occur in about 85 and 88 ms TWT depth 
and comprise high-amplitude reflections (Fig.  5B) with 
irregular surfaces and roughly wedge-shaped lateral 
geometries. Towards the west, at least the lower seismic 
horizon clearly shows decreasing amplitudes, suggesting 
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that the source of higher impedance material was derived 
from the Kienbergwand. The susceptive intervals extend 
below the Kienbergwand MTD, into an area where their 
larger-scale geometries and internal reflection charac-
teristic cannot be closely constrained due to gas blank-
ing. Nevertheless, according to the distinct seismic facies 
characteristic, MTDs are interpreted at the respective 
stratigraphic levels, which correspond to the middle part 
of seismic Unit 4 and correlate with core Mon2016 at 
approximately a stratigraphic level of lithozone IV.

4.2.2. �Proximal short cores
The proximal short cores, Mon2017-01 (Fig. 6), 

Mon2017-02 (Fig. 7) and Mon2017-05 (Fig. 8), taken ~250 
m from the southern shore in front of the Kienbergwand, 
target the Kienbergwand MTD. Mon2017-02 (116  cm) 
was retrieved at the western end of the MTD in a water 
depth of 57 m, and Mon2017-01 (111 cm) and Mon2017-
05 (94  cm) were taken approximately 100 m further to 
the east, targeting the central part and the eastern body 
of the MTD in 57 m water depth. The uppermost part of 
all proximal cores consists of lithotypes already described 
for Core Mon2016. These intervals consist of ochre- 
coloured, distinctly to faintly laminated sediment  
(LT V2-V4) and non-laminated carbonate mud, which is 
rich in diatoms (LT V1). The lithozones and intercalated 
detrital layers can be correlated among the proximal and 
distal cores (Fig. 9). The lower part of the cores reveals 

three additional lithotypes, which are referred to as K1–K3  
(due to their vicinity to the Kienbergwand).

Lithotype K1 (56–88 cm in Mon2017-02; 63 cm – base of 
core in Mon2017-05; not present in Mon2017-01) consists 
of gravel-sized angular dolomitic fragments (up to 1 cm in 
diameter; 30 wt% of sediment) in a muddy matrix contain-
ing high amounts of organic matter (terrestrial plant mac-
rofossils). Sieving analysis revealed normal grading in both 
cores Mon2017-02 and Mon2017-05. Intervals of higher 
gravel content show peaks in density (up to 1.3  g/cm3  
in Mon2017-02, nearly 1.4  g/cm3 in Mon2017-05) and 
undrained shear strength (5.5 kPa in Mon2017-02; 9 kPa in 
Mon2017-05). In some intervals, gravel content is too high 
for reasonable measurements of shear strength. The high 
dolomitic input is responsible for relatively low MS values 
(2 × 10-5 SI) compared to lithotypes V1–V4 (4–6 × 10-5 SI). 
In core Mon2017-05, an interval rich in organic material 
(plant macro-remains; 85–88  cm) separates LT K1 into 
a lower and upper part. The lower part may correlate 
with the gravel layer (LT K2) in cores Mon2017-01 and 
Mon2017-02, although no clast-supported gravel interval 
is present. Grain size distribution, magnetic susceptibility 
and undrained shear strength all show a slight increase 
towards the top of LT K1 in core Mon2017-05, whereas in 
core Mon2017-02, only MS shows two distinct negative 
peaks at the top of LT K1. The upper boundary of LT K1 is 
marked by a graded detrital layer. This layer is overlain by 
homogeneous lacustrine mud.

Figure 5: Seismic profiles showing Kienbergwand MTD (SE Lake Mondsee, Salzkammergut, Austria). A: Longitudinal section through the Kienbergwand 
MTD. B: Transversal section. Note the two different types of seismic facies visible in the MTD. Grading from black to white in the depiction of short cores 
indicates the uncertainty of the time-to-depth conversion.
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Figure 6: Sedimentological data of core Mon2017-01 from Lake Mondsee (Salzkammergut, Austria).

Figure 7: Sedimentological data of core Mon2017-02 from Lake Mondsee (Salzkammergut, Austria).
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Lithotype K2 (105  cm – base of core in Mon2017-01; 
100–106.5  cm in Mon2017-02; not present in Mon2017-
05) is characterized by even higher dolomitic gravel 
(50 wt%) and sand (20 wt%) content and shows a clast- 
supported fabric in the lower part. The basal gravels have 
a sharp (erosional?) contact to underlying homogeneous 
lacustrine mud and show densities of up to 1.55  g/cm3 
and MS values as low as 0.5 × 10-5 SI. The upper boundary 
of LT K2 is an indistinct transition to homogeneous grey 
mud. This mud is overlain by a graded detrital layer rich 
in organic matter.

LT K3 is present only in Mon2017-01 (86–94  cm). It is 
characterised by deformed layers showing effects of 
shearing and a slight increase in grain size.

4.2.3. �Distal short cores
To investigate a potential turbidite layer associated with 

the Kienbergwand MTD in the deeper basin and to cor-
relate a respective event layer with the long core Mon2016, 
two short cores labelled Mon2017-03 and Mon2017-04 
were taken in the distal part, approximately 500 m offshore 
from the Kienbergwand. Mon2016-1_0-1m, Mon2017-03 
and Mon2017-04 showed no major differences in terms 
of general sedimentation patterns (Fig. 9). Well-laminated  
(LT V2 and LT V4) and faintly laminated (LT V3) sediment 
alternate and detrital layers are frequent. Macroscopically, 
two main types of detrital layer can be distinguished: (1) 
greyish to black (2.5GY 4/2) layers with a sharp base mainly 
consisting of organic, siliciclastic and carbonate detri-
tus (black arrows in Figs. 9, 10) and (2) brownish (10Y 4/2)  
slightly graded layers with less organic material but 
enriched in calcitic and dolomitic fragments (red arrows 
in Fig. 10). However, a 1.2-cm-thick layer at about 72 cm 

depth in both cores Mon2017-03 and Mon2017-04 is 
distinctly different and consists of a basal brownish part 
(0.7 cm; red arrow in Fig. 10) and an upper greyish darker 
part (0.5  cm; green arrow in Fig. 10). The lower part of 
this layer is rich in clastic detrital carbonate grains (up to 
150 μm) with little organic content. The darker upper part 
is rich in organic matter. Grain size analysis showed slightly 
higher values for the lower part (Fig. 10).

4.2.4. �Core-to-seismic and core-to-core correlation
The three lithotypes, K1–K3, identified in the proximal 

cores all are typical sedimentary deposits of gravitational 
mass transport (e.g. Schnellmann et al., 2006) and are 
interpreted as linked to the Kienbergwand MTD mapped 
in about 1 m subsurface depth in reflection seismic data. 
Both seismic and core data show that the Kienbergwand 
MTD is the result of at least two depositional phases. 
Seismic-to-core correlation of cores Mon2017-01 and 
Mon2017-05 suggests that the high-amplitude seismic 
facies corresponds to the gravel layer of LT K2, whereas  
LT K1 shows chaotic intermediate-amplitude facies.

Core Mon2017-02 clearly reveals that the two deposi-
tional phases are separated by continuous deposition of 
LT V1, thus revealing two mass movement events sepa-
rated in time. The LT K1 deposits of the younger event are 
absent in core Mon2017-01 but reveals a stratigraphically 
correlative sheared interval (LT K3) and overlying indistinct 
LT V1. This is interpreted to be deformed LT V1 affected by 
nearby mass movement during the deposition of LT K1; 
the two respective seismic reflection patterns of which 
cannot be separated in the seismic data (Fig. 5).

As the dolomite gravels in the proximal cores sug-
gest, the distal sedimentological signature of the 

Figure 8: Sedimentological data of core Mon2017-05 from Lake Mondsee (Salzkammergut, Austria).
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Figure 9: Correlation of short cores and the uppermost section of the long core Mon2016-1 from Lake Mondsee (Salzkammergut, Austria). Correlation 
of event layers related to the 2 MTD events is highlighted in green. Brown arrows indicate detrital layers enriched in calcitic and dolomitic fragments. 
Black arrows point out detrital layers consisting of organic, siliciclastic and carbonate detritus. For each core, magnetic susceptibility is plotted. Ages 
were determined based on varve counting and correlation with the varve-dated core Mo-05 (Lauterbach et al., 2011; Swierczynski, 2012). Radiocarbon 
ages were calibrated using IntCAL calibration curve (Reimer et al., 2013; see supplementary data for further information).
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Kienbergwand MTD should mainly consist of dolomitic 
detritus with little organic content. Correlation of proxi-
mal and distal cores based on macroscopic appearance, 
magnetic susceptibility and composition of detrital layers 
determined by smear-slide analyses (Fig. 9) reveals that 
the 1.2-cm-thick two-part layer at 72  cm depth in core 
Mon2017-03, which contains large clastic detrital car-
bonate grains with little organic content, is the best can-
didate for association with Event 2 of the Kienbergwand 
MTD. This suggests that the fingerprint of LT K1 in the 
basin is small, yet distinct: the other detrital layers occur-
ring in the stratigraphic succession (as described Section 
4.2.3) can be linked to be flood and/or debris flow-related 
event layers either sourced from the Flysch zone (e.g. via 
Griesler Ache) or the NCA (via the Kienbach brook) based 
on their mixed organic composition (either siliciclastic 
and calcitic or calcitic and dolomitic) with high organic 
content composition (black and brown arrows in Fig. 9 

and 10, respectively; Swierczynski, 2012). In contrast, 
the event layer from the Kienbergwand MTD, at least in 
the proximal part, is characterised by a distinct layering 
of dolomitic clastic grains with little organic content in 
the lower part, separated from an overlaying part with 
higher organic content. In cores Mon2016 and Mo-05 
(which is most distal), however, the two layers cannot be 
distinguished anymore and the sedimentation of organic 
material dominates.

4.2.5. �Dating the Mass Movement Deposits
The three AMS radiocarbon values from cores Mon2017-

05 and Mon2017-02 provide age estimates for the depo-
sition of LT K1 and LT K2, respectively (Supplementary 
Table 2, Supplementary Fig. 1). The minimum age of the 
younger MTD event can only be broadly constrained to 
AD 1666-1815 (2σ), because the IntCal13 calibration curve 
(Reimer et al., 2013) shows a plateau at the 14C age of the 

Figure 10: The basinal fingerprint of the younger mass movement event at Lake Mondsee (Salzkammergut, Austria). Four detrital layers are present 
in the target interval determined by macroscopic core description and magnetic susceptibility. Of these, three could be determined as flood layers 
(denoted by black arrows), showing significant siliciclastic input. The two-part layer (red and green arrow), consisting of abundant silty to sandy  
dolomitic detritus, overlain by organic matter, represents the younger event. The two-part nature is confirmed by grain size analysis as well.
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dated piece of bark (Pinaceae indet.; Mon2017-05_60 cm, 
i.e. 4 cm above LT K1). The maximum age of this younger 
event is constrained by a fir (Abies alba) needle fragment 
dated to AD 1460–1637. Based on the principle of strati-
graphic superposition, this age range then also serves 
as minimum age for the older Kienbergwand MTD. A 
narrower calibrated age date could be obtained for the 
respective maximum age from AMS dating of a fir (Abies 
alba) twig sampled at Mon2017-02_106 cm (i.e. within LT 
K2) = AD 1437–1486. To further constrain the age of the 
Kienbergwand MTDs, the respective event layers were 
correlated by detailed event layer-by-layer core-to-core 
correlation with the Mo-05 core which was varve dated 
by Lauterbach et al. (2011) and Swierczynski (2012). 
Stratigraphic correlation revealed a varve age of about  
AD 1639 ± 5 years for the younger event, which fell into the  
same range as the radiocarbon-dated fir needle fragment 
within the event deposits. For the older event, the respec-
tive event layer recorded in core Mon2017-03 was affected 
by coring disturbance but best-candidate correlation sug-
gested that the layer occurs in 96.5 cm depth, which can 
be correlated with Mo-05 (Swierczynski, 2012) to deter-
mine an age of about AD 1484 ± 7. This varve-correlated 
age fits very well with the radiocarbon age estimate  
(AD 1437–1486) of a twig within the event deposits.

5. Discussion

5.1. �Seismic stratigraphy of Lake Mondsee
van Rensbergen et al. (1998) distinguished five main 

facies units in Lake Annecy (north-western Alps, France), 
which later were defined as “type stratigraphy” for gla-
cial lakes by some authors (Charlet et al., 2008). The five 
main facies units consist of (from bottom to top): (1) 
chaotic to irregularly stratified reflections with irregular 
external form; (2) a lower basin fill that ponds the axial 
deep and generally shows no reflections; (3) a divergent 
onlap fill that ponds the axial deep; (4) a prograding or 
divergent fill and (5) a low-amplitude sheet drape. These 
were interpreted as (1) grounding-line deposits related 
to sub-aqueous meltwater discharge (sub- or proglacial); 
(2) a glaciolacustrine sediment fill quickly deposited in 
a proglacial or subglacial lake; (3) lacustrine fans fed by 
meltwater streams in a proglacial lake; (4) fan deltas in a 
post-glacial lake and (5) authigenic lacustrine sediments.

In comparison to these units found in perialpine (van 
Rensbergen et al., 1998, Fiore et al., 2011) and Chilean 
lakes (Heirman et al., 2011), the seismic units of Lake 
Mondsee are interpreted as follows: Unit 1, overlying 
the acoustic basement and showing transparent to cha-
otic seismic facies, is interpreted as a (Würmian) glacier- 
derived, morainic or ice contact deposit formed by the 
Traun glacier. Unit 2 consists of mostly continuous low- to 
intermediate-amplitude reflections with ponding geom-
etries. This suggests deposition by underflows linked to 
glacial meltwater pulses entering a proglacial paleo-Lake 
Mondsee (Sturm and Matter, 1978; van Rensbergen et al. 
1998).

Unit 3, showing high- to very-low-amplitude reflections 
and cut-and-fill structures with strong lateral variations, 
was deposited in a higher-energy environment than seis-
mic Unit 2. In analogy to Charlet et al. (2008), Unit 3 is inter-
preted as distal lacustrine fan deposits of a proglacial lake. 
As in Unit 2, the main transport mechanism was under-
flows, but the cut-and-fill geometries and higher reflection 
amplitudes indicate erosion and deposition of coarse-
grained, sandy sediments. Unit boundaries converging 
towards the north and the west indicate two separate 
sediment sources for the southern sub-basin: one near the 
current-day outflow of Seeache and one near Scharfling. 
The westwards increasing continuity of reflections indicate 
dominant meltwater pulses from the east. Unit 3b, as Unit 
3, shows high-amplitude reflections. These are influenced 
from dewatering of the underlying seismic Unit 2. Deposi-
tional conditions and the stratigraphic position of Unit 3b 
cannot be constrained by unique seismic interpretations. 
Thickness of Unit 3b and the overlying Unit 4 as well as 
stratigraphic considerations in the northern part of the 
Auhof Bay indicate that the deposition of Unit 3b started 
before Unit 3 was deposited. Following this, a considerable 
amount of sediment was deposited by interflows (Sturm 
and Matter, 1978). Underflows would not have reached 
the bedrock shoulder on which Unit 3b was deposited.

Increasing sediment loading and erosional undercut-
ting during the more dynamic deposition of Unit 3 may 
have destabilised large portions of the lateral slope, 
resulting in the observed MTDs and slumps. Repeated 
creeping and slumping is typical for quick clay-type gla-
ciolacustrine sediments, due to fast deposition and low 
hydraulic conductivity (Wiemer et al., 2015).

Unit 4, a draping sedimentary unit with intermediate- 
to high-amplitude reflections, is indicative of authigenic 
sedimentation (van Rensbergen et al., 1998; Charlet et 
al., 2008). The higher amplitudes hint at increased ter-
rigenous input. Towards the lake margins, sedimenta-
tion rates are lower. This is especially pronounced in the 
Mooswinkl and Auhof Bays: Herrmann (1990) reported 
that Late Glacial sediments are only covered by 2 cm of 
authigenic sediment in Mooswinkl Bay. Herrmann (1990) 
excluded erosional processes because of lacking ero-
sional discordances and because bedrock ridges protect 
the sediment from erosional currents in Mooswinkl Bay. 
Except for the fourth seismostratigraphic unit defined 
by van Rensbergen et al. (1998), all the typical seismic 
units are therefore present in Lake Mondsee. This fourth 
unit, consisting of fan deltas, may be present near the 
south-eastern shoreline, where seismic penetration is 
limited by gas blanking.

5.2. �Age of the sedimentary infill of Lake Mondsee
The core Mon2016 only penetrates the uppermost 13.76 

m of seismic Unit 4. Comparison to the Mo-05 sediment 
core (Lauterbach et al., 2011) allows for age estimations 
of the main lithozone boundaries: LT I–LT II: 14,625 cal. a 
BP; LT II–LT III: 13,500 cal. a BP; LT III–LT IV: 12,500 cal. a BP; 
LT IV–LT V 11,510 cal. a BP (Fig. 11). Therefore, lithozone V  
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largely corresponds to the Holocene, whereas lithozone 
IV is equivalent to the Younger Dryas. Allerød, Older 
Dryas and Bølling are contained in lithozones III, II and I.  

The grey–yellow layer couplets 
of lithozone I are interpreted by 
Lauterbach et al. (2011) as depo-
sitions of over- (which is unlikely) 
and interflows, indicative of 
meltwater pulses in spring.  
Lauterbach et al. (2011) reported 
dropstones in lithozone I as well, 
indicating seasonal ice cover. 
Baster et al. (2003) for Lake 
Geneva and Ndiaye et al. (2014) 
for Lake Neuchâtel (Switzerland) 
described similar layers; how-
ever, these authors considered 
such layer couplets to have an 
aeolian origin (Loess-like depos-
its). To resolve the origin of these 
layers in core Mon2016, further 
investigation is needed. Never-
theless, both Lauterbach et al. 
(2011) and Ndiaye et al. (2014) 
considered these grey–yellow 
layer couplets as dating into the 
Oldest Dryas.

Apart from the uppermost 
10–11 m covered by cores Mo-05 
and Mon2016, most of the seis-
mically imaged postglacial sed-
imentary infill of Lake Mondsee 
(as interpreted from the seismic 
stratigraphy) was deposited in a 
rather short time after the retreat 
of the Traun Glacier. Ice decay 
after the Last Glacial Maximum 
(LGM; 20.9 ± 1.5 ka; Ivy-Ochs et 
al., 2008) occurred during a short 
period from 21,000 to 19,000 BP 
(Reitner, 2011). Seismic Unit 1 
probably was deposited within 
that time frame. Units 2 and 3 and 
the lowermost quarter of seismic 
Unit 4 were deposited between 
19,000 BP and 14,625  cal. BP. 
Assuming higher acoustic veloc-
ities of about 1700 m/s below 20 
mblf, as described by Finckh et al. 
(1984), at least 55 m of sediment 
was accumulated in this period. 
Mean sedimentation rates were 
in the order of at least 1.4 cm per 
year. Compared to other perial-
pine lakes (e.g. Lake Geneva: Ver-
net et al., 1974) and the nearby 
Lake Traun (Traunsee), which has 
accumulated more than 350 m 

of sediment since the LGM (Burgschwaiger and Schmid, 
2001), this would still be only a minor amount. Schneider 
et al. (1987), who investigated Lake Traunsee with seismic 

Figure 11: Comparison between the sediment cores, Mon2016 and Mo-05, from Lake Mondsee (Salz-
kammergut, Austria). Correlation was carried out by comparison of optical images and distinct detrital 
layers. Ages were defined by the following methods and authors: a varve counting (Swierczynski, 2012); 
b radiocarbon dating (Lauterbach et al., 2011); c varve counting (Lauterbach et al., 2011); d δ18O wiggle 
matching with Greenland NGRIP ice record. Note that lithozone V corresponds to the Holocene and 
lithozone IV to the Younger Dryas. Lithozone V of core Mo-05 was not further divided into lithotypes by 
Lauterbach et al. (2011); detrital layers of core Mo-05 are not plotted.
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methods, reported Late- and Postglacial sediment thick-
nesses of more than 45 m. Note, however, that the seis-
mic data in Lake Mondsee are only available to a depth 
of 150  ms TWT (60 m blf ) and the acoustic basement 
was not reached. Thus, the mean sedimentation rates of 
at least 1.4 cm per year for Unit I reported here are only 
lower minimum rate estimates; actual sedimentation 
rates may well be higher depending on the real base-
ment depth (which was not imaged by the seismic data).

Van Husen (2003) reported a glacial advance filling the 
basins of Lake Hallstatt, Lake Altaussee, Lake Grundel, 
Lake Öden and Lake Gosau, at about 16,000 years cal. BP. 
This event could correspond to the Gschnitz stadial, which 
according to Ivy-Ochs et al. (2008) has a maximum age of 
15,400 ± 470 14C a BP (18,020–19,100 cal. a BP) and a min-
imum age of 15.4 ± 1.4 ka (determined by 10Be surface 
exposure dating). This glacial advance may potentially 
be related to the deposition of seismic Unit 3, reflecting 
increased erosion in the hinterland. As described earlier, 
the stratigraphic position and depositional age of Unit 3b 
are unclear and require further investigation.

5.3. �Kienbergwand rockfall and lacustrine mass 
movement processes

5.3.1. �Emplacement of the Kienbergwand MTDs?
The resulting deposits from the younger AD ~1639 

event (LT K2) and the older AD ~1484 event (LT K1) that 
comprise the Kienbergwand MTDs are strikingly different 
in two points: (1) The gravelly layer of LT K1 is clast sup-
ported with little (as low as 30%) silt and clay content, 
whereas LT K2 is characterized by a gravel-in-mud facies; 
(2) The deposits of the older event have a rather planar 
extension as imaged in reflection seismic data, while 
geometries resulting from the younger event show chan-
nel-levee-type structures, suggesting, respectively, sheet-
type and channelized flow.

Lithofacies LT K1 shows the characteristics of an inter-
mediate between a cohesive flow and a modified grain 
flow as described by Lowe (1982). A modified grain flow 
differs from a grain flow sensu stricto in that the modi-
fied grain flow shows an interstitial fluid denser than the 
ambient fluid. This is the case, if suspended silt and clay is 
present in between the coarse grains (density-modified 
grain flow). The dispersion against gravity is then aided 
by the buoyant effect of the interstitial fluid (Lowe, 1976). 
These flows advance through the dispersive pressure 
of continuous grain collisions. For such a movement to 
occur and be maintained, however, slope angles of about 
9° are necessary for a sediment composition of the kind 
indicated for LT K2 (Lowe, 1976). In case of the lower 
Kienbergwand MTD (AD ~1484 event), gravels are the 
main coarse material involved in the process, which may 
lower the slope angle needed. As revealed by the inter-
polated bathymetric data, however, approximately 200 
m away from the Kienbergwand, the slope angle is even 
shallower than 5°. It is thus likely that at least part of the 
movement during this event occurred as a cohesive flow. 

Initially then, it seems probable that rocks and debris 
entering Lake Mondsee from the southern Kienbergwand 
rockslope moved downslope as a density-modified grain 
flow. During movement, in particular when reaching the 
base of the slope, underlying lacustrine silt and clays as 
well as fine material resulting from friction among the 
rockfall debris were added to the moving mass. This 
resulted in lowering dispersive pressure within the flow 
and the clasts settled as the flow slowed down, leading to 
the mud cap on top of the gravel layer. Fine organic mate-
rial and silts and clays suspended in the water column 
slowly settled after the deposition of the transported 
mass, leading to the organic-rich detrital layer topping 
the MTD.

The deposits of the young event (LT K2), in contrast, 
show much higher (at least 60%) amounts of silt to 
clay, in which the dolomite clasts are embedded. This 
facies is typical for cohesive flow (mudflow) depos-
its (Lowe, 1982). Buoyancy and cohesiveness of the 
matrix, consisting of clay/silt and water, support the 
bigger fragments during movement. Similar depos-
its were described in Lake Lucerne, to have resulted 
from rockfall into the lake and remobilizing lacustrine 
slope sediments when moving downslope into the 
basin therewith deforming in situ basin sediments 
upon the impacting stress by the mass movement  
(Schnellmann et al., 2006). The latter process also sat-
isfactorily explains the shear deformation in LT K3 
observed on the side of the Kienbergwand MTD.

While both emplacement processes reveal different flow 
behaviour of the mass movement in the deeper waters 
of the Lake Mondsee basin, the initiation in both cases is 
most likely a rockfall event into the lake and downward 
movement along the steep subaquatic lateral slope. The 
second event and resulting mass flow, however, remobi-
lized and incorporated much more fine-grained material 
than the first event. A possible explanation for this could 
be that the second event remobilized part to the proxi-
mal deposits from the previous event. Alternatively, the 
second event might have been of larger magnitude in 
its initial phase to have affected more lacustrine slope 
sediments. Due to limited seismic penetration and steep 
upper slopes near the shoreline reflection, seismic data 
do not allow us to resolve these processes in further 
detail.

5.3.2. �Magnitude of the Kienbergwand rockfall
Similarly, the limited data coverage and resolution do 

not allow complete mapping of individual rockfalls or 
constraining either their volumes or those of subsequent 
subaqueous mass flow deposits. The mappable area of 
the MTD in the reflection seismic data is limited to within 
about 200 m from the shoreline. The volumetric analy-
sis (volume of 47,500  m3, area of 45,300  m2; Fig. 12) of 
the MTD in this distal part comprises both the AD ~1484 
and the AD ~1639 event. If we only take into account 
the coarse fraction (i.e. the dolomitic gravels belonging 
to the rockfall mass and neglect the fine fraction which 
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Figure 12: Considerations on the rockfall source and extent at the Kienbergwand on the southern part of Lake Mondsee (Salzkammergut, Austria). A: El-
evation model based on digital elevation model (10 m; Geoland.at) and bathymetry interpolated from seismic survey. Elevation denoted in meter above 
sea level. B: Cross section through the Kienbergwand scarp into the Lake basin. See Fig. 12A for course of section. Boulders and coarse rockfall debris is 
likely to be present in the nearshore area. C: Photograph showing the possible rockfall niche (Riesner, ©http://www.mondsee-kultur.at).
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might represent lake-internal lacustrine sediment remo-
bilization) and the observed thicknesses of the MTD 
as revealed from coring, we find that the mappable  
volume of rockfall debris is significantly smaller. For the 
AD ~1639 event (LT K2; ~70 wt% dolomitic material, 
~50 vol%, thickness 7  cm), it is 1585.5  m3, for the AD 
~1484 event (LT K1; ~20 wt% dolomitic material, ~15 
vol%, thickness 35 cm) it is 2378.25 m3. Therefore, these 
two rockfall phases only resulted in about 4000  m3 of 
rockfall debris in the mappable area. However, these 
numbers are at best minimum volume estimates of 
the entire rock volume that fell into the lake, because a 
considerable depositional area in the nearshore area is 
not part of the volume calculations. Schnellmann et al. 
(2006), for instance, showed that for the AD 1964, rock-
fall event (~70,000  m3) into Lake Lucerne, Switzerland, 
the rockfall cone reaches about 300 m into the lake and 
the thickness of the respective deposits increases drasti-
cally towards the shoreline. Compared to this event, the 
Kienbergwand rockfall events appear to have been on a 
considerably smaller scale. The rockfall cone is not visible 
within 150 m to the shoreline.

An upper-scale maximal rock volume that might have 
been mobilized can be analysed by terrestrial digital 
elevation models of the Kienbergwand rockface. In the 
hillshade map (Schummerung Land Salzburg, resolu-
tion: 5 m), an impressive rockfall scarp can be seen (Fig. 
12). As it is positioned just south of the Kienbergwand 
MTD, this might be considered as the potential source 
area of the Kienbergwand rockfall and its related MTD. 
Calculations on the data provided by the Digitales  
Geländemodell Österreich (Digital elevation model of 
Austria, horizontal resolution: 10 m) revealed the vol-
ume of the rockfall niche to be between 435,000 and 
600,000  m3 (for these calculations, the rockfall volume 
was assumed to just fill the present niche to the height 
of its surroundings, which is likely an overestimation of 
the pre-event rockface topography). Even assuming that 
two events released this rock volume, the numbers are 
about one order of magnitude higher than what has been 
acoustically resolved in the reflection seismic data set and 
about two orders of magnitude higher than the rock vol-
ume estimated from clastic analyses in the sediment cores. 
However, through comparison to the rockfall event into 
Lake Lucerne in 1964 (Schnellmann et al., 2006), we inter-
pret the rockfalls from the Kienbergwand as significantly 
smaller than ~70,000 m3. Thus, the Kienbergwand niche 
is more likely to be the product of repeated smaller-scale 
rockfall events than of one or two single large events. 
This interpretation is supported by our observation in the 
deeper part of the reflection seismic data set, revealing 
previous occurrences of similar events in the postglacial 
evolution of the Lake Mondsee and its surroundings.

In addition, the 1964 event described by Schnellmann 
et al (2006) in Lake Lucerne is reported to have caused 
waves up to 15 m high near the rockfall area and causing 
substantial damage in the nearshore area 3.5 km from the 
impact site (Schnellmann et al., 2006). We cannot exclude 

that the substantially smaller estimated rockfall events 
from the Kienbergwand may also have generated impact 
waves; however, due to the fast dispersion of wave energy 
with distance it is unlikely that these waves would have 
severely impacted the shorelines of Lake Mondsee. To the 
best of our knowledge, there is no historical document 
that would describe such a phenomenon for the times 
around AD 1639 and AD 1484. In addition, larger wave- 
generating mass movement events into lakes are expected 
to also remobilize larger amounts of fine-grained material, 
the deposits of which would form distinct “megaturbidite” 
deposits, discernible in core and reflection seismic data 
(e.g. Kremer et al., 2012; Schnellmann et al., 2006). The 
seismic data of Lake Mondsee, however, show no major 
irregularity of continuous deposition in the deep basin.  
This result is especially important as it rules out the  
Kienbergwand and its immediate surroundings as the 
source area for any hypothetical “Mondsee Tsunami” (e.g. 
Breitwieser, 2010; Schulz, 2008).

5.4. �Age and cause of the Kienbergwand  
rockfall events

Correlations between the fingerprints left in the distal 
cores and the varve-dated core Mo-05 (Swierczynski, 
2012) yield ages of about AD 1639 for the younger 
and AD 1484 for the older event. The most prominent  
evidence for comparable past events as revealed by 
reflection seismic data dates to about 11,000–12,000 years 
ago. These data, however, are constrained only by seismic 
stratigraphic correlation with the age model of Mo-05. 
Nevertheless, the sparse occurrence of seismically 
ascertainable MTDs linked to rockfall deposits into Lake  
Mondsee suggests very low recurrence and thus low 
probability of an occurrence of such an event.

The trigger mechanisms of rockfalls are manifold. They 
include strong precipitation, earthquakes and freeze–
thaw processes (Wieczorek and Jäger, 1996; Dorren, 
2003). Seismic shaking as a trigger of the Kienbergwand 
rockfall events is unlikely because there is no other inde-
pendent evidence of seismic shaking (delta or shore 
collapses, turbidite deposits, soft-sediment deformation 
structures: Strasser et al., 2013) present in the sedimen-
tary infill of Lake Mondsee, and at least the two younger 
events occurred during historic times when one would 
expect to have some historical documentation for signif-
icant earthquake events (Hammerl, 2017).

The age of both MTD events lies within the Little Ice Age 
(LIA) period, which lasted from about AD 1350 to 1850 in 
the Alpine region (Wanner et al., 2008). According to the 
SPA 12 stalagmite record (Mangini et al., 2005), the older 
event occurred in a warm phase of the LIA, whereas the 
younger event falls into a rather cold interval. Trachsel et 
al. (2012), however, reported that during the time period 
from AD 1630 to 1650, summer temperatures in the Alps 
were not significantly below the mean summer tempera-
ture during AD 1901–2000. In the Swiss Alps, landslide 
activity increased from 750 to 300 cal. BP (Dapples et al. 
2003), whereas Prager et al. (2008), who collected data 
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of large mass movements in the Eastern Alps (focusing 
on Tyrol), found no evidence of big rockfalls during the 
LIA. Gruner (2006) even showed that between AD 1600 
and 1850, the amount of big rockfall and rock avalanche 
events was rather small compared to warmer peri-
ods. Swierczynski et al. (2013) identified 18 intervals of 
increased flooding during the past 7100 years in Lake 
Mondsee. Of these intervals, one occurred during the LIA 
and may therefore be connected to this glacial advance. 
As our data do not show enhanced rockfall activity during 
the other flood periods, however, increased precipitation 
is unlikely to have triggered the Kienbergwand rockfalls. 
Based on these considerations, we suggest freeze–thaw 
cycles as the most plausible cause of rockfall activity 
associated with the Kienbergwand.

6. Conclusions
Our combined approach, using both reflection seismic 

surveys and multiple cores to investigate the sedimen-
tary environments of Lake Mondsee, allows us to formu-
late the following conclusions:
•	 The sedimentary infill of Lake Mondsee, which 

exhibits extensive acoustic blanking due to 
high sediment and organic matter flux (and its 
postdepositional degradation) by river inflows 
in different parts of the lake, consists of at least 
60 m of sediment, with the Holocene only 
comprising the uppermost 11.5 m. The general 
seismostratigraphy closely resembles those of 
other perialpine lakes in France and Switzerland. 
A distinct seismic unit with high reflection 
amplitudes, however, may correspond to the 
glacial advance during the Gschnitz stadial.

•	 The south-eastern shoreline has been affected 
by infrequent rockfalls, of which the two biggest 
events occurred during the Little Ice Age. The 
Kienbergwand that was responsible for any 
putative “Mondsee Tsunami” can be excluded, and 
no evidence of an event of such a scale is present in 
the seismic record of Lake Mondsee.

•	 Similar external (rockfall) processes can lead to 
diverse sedimentological imprints in the nearshore 
area, based on the sediment predisposition prior to 
the event.

•	 On the other hand, different environmental processes 
(floods, landslides, rockfalls, lacustrine sediment 
remobilization) can result in similar signatures of 
detrital layers in the deep lake basin. To accurately 
interpret the event-layer origins in long basin records, 
it is necessary to fully understand the spatio-temporal 
sedimentation patterns of the lakes studied. This can 
be achieved through reflection seismic surveys and 
suitably spatially distributed cores.
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Online Supplementary Data:

Core X-Coordinate (UTM) Y-Coordinate (UTM) Water Depth Reference
Mon2016 380926 5295879 63 m
Mon2017-01 381388 5295428 57 m
Mon2017-02 381276 5295404 57 m
Mon2017-03 381350 5295646 63 m
Mon2017-04 381289 5295667 63 m
Mon2017-05 381373 5295435 57 m
Mo-05 380308 5296081 63 m Lauterbach et al., 2011;  

Swierczynski et al., 2012
Supplementary Table 1: Coring Locations at Lake Mondsee (Salzkammergut, Austria).

Core Depth (Cm) Lab No. Radiocarbon age  
(14C year BP) ± 1 σ

Calibrated radiocarbon  
age (AD) 2σ ranges

Material 

Mon2017-05 60 BE-7132.1.1 157 ± 18 1666 – 1815 Bark (Pinaceae indet.)
Mon2017-05 79.2 BE-7133.1.1 348 ± 30 1460 – 1637 Needle (Abies sp.)
Mon2017-02 106 BE-7134.1.1 417 ± 18 1437 – 1486 Twig (Abies sp.)
Supplementary Table 2: Radiocarbon Ages performed at the LARA AMS Laboratory (University of Bern, Switzerland) on organic remains from terres-
trial plants (for details see Fig. 9). For calibrated ages, only the most probable age is shown. For calibration curves, see supplementary figure 1.

Supplementary Figure 1: Radiocarbon Calibration Curves. 
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Supplementary Figure 1: Continued.
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Supplementary Figure 2: Isopach Maps of the Seismic Units.
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