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ABSTRACT

Human activities such as river corrections and deviations, lake-level

regulations and installations of hydropower plants affect and often strongly

modify natural processes in lacustrine systems. In 1714, the previously

bypassing Kander River was deviated into peri-alpine Lake Thun. This

pioneering geo-engineering project, the first river correction of such

dimensions in Switzerland, doubled the water and sediment input to the

lake. In order to evaluate the sedimentary consequences of the Kander River

deviation, the lacustrine sediments were investigated using a combined

approach of high-resolution (3Æ5 kHz) reflection seismic data and sediment

cores (maximum length 2Æ5 m). The significance of this study is increased by

the possible hazard represented by ammunition dumped into the lake (from

1920 to 1960) and by the recent installation of a gas pipeline on the lake floor

in 2007/2008. The first 130 years after the river deviation were dominated by

an extremely high sediment input, which led to the frequent occurrence of

subaquatic mass movements. Slope failures primarily occur due to rapid

sediment accumulation, but were occasionally triggered in combination with

earthquake-induced shocks and lake-level fluctuations. After 1840, mass-

movement activity and sedimentation rates decreased due to a reduced

sediment input as the Kander River adjusted to its new base level and, to a

smaller degree, by further engineering of the Kander River bed and gravel

withdrawal at the Kander Delta. A further consequence of the Kander River

deviation is that the shores around Lake Thun have been more frequently

affected by flooding due to the increased water input. In the time span from

1850 to 2006, six historically and/or instrumentally documented flood events

could be correlated to flood turbidites in the sediment cores. This study

demonstrates the significant usefulness of lacustrine sediments, not only in

archiving natural hazards and human impact but also in assessing the

consequences of future anthropogenic interventions on lacustrine systems.
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INTRODUCTION

The first river engineering projects realized in
Switzerland in the 18th and 19th Centuries aimed
to regain marshy terrain for agriculture and to
prevent the flooding of nearby towns and villages
(Vischer, 2003; Nast, 2006). These engineering
activities comprised river diversions, as well as
modifications of channel geometry and the bed
morphology. Such interventions were innovative
and brought new land-use opportunities, but the
consequences of such drastic interference with
river systems were only partly anticipated. River
corrections and deviations induced hydrological,
sedimentological and ecological, as well as eco-
nomical and societal changes. Moreover, these
actions often created new problems, such as
destabilization of river banks and displacement
of flooding zones (Vischer, 2003).
The Lake Thun area was affected by the oldest

major river correction in Switzerland. This pio-
neering project was carried out in 1714 and is
known as the ‘Kanderschnitt’. In order to prevent
severe flooding in further downstream areas, the
Kander River was redirected into Lake Thun. This
action increased the catchment area of the lake by
50% and, therefore, had important consequences
for the sedimentary and hydrological budget of
the lake.
Lacustrine sediments provide high-resolution

archives to reconstruct past anthropogenically
induced modifications of lake systems, as well
as environmental and climatic changes (e.g.
Gaillard et al., 1991; Anselmetti et al., 2007;
Mueller et al., 2010). The frequency and intensity
of past natural catastrophes, such as flood events,
earthquakes and subaquatic mass movements,
can be inferred in detail from the lacustrine
sediment record (e.g. Siegenthaler & Sturm,
1991; Noren et al., 2002; Schnellmann et al.,
2006; Bertrand et al., 2008). Nowadays, the occur-
rence and severity of natural disasters may be
influenced by human activities that change the
boundary conditions of lake systems. Hence,
sediment-based event records can also reflect
human activity, such as river corrections and
deviations, lake-level and river-discharge regula-
tions, as well as gravel withdrawal at river deltas

(Arnaud et al., 2003; Anselmetti et al., 2007;
Strasser & Anselmetti, 2008). In this context, the
sediments of Lake Thun provide an ideal record
of natural hazards and human impacts, as well as
of their possible interrelations.
Recently, Lake Thun has also attracted atten-

tion because of gonadal malformations in lake
whitefish (Coregonus sp.). One of the several
possible causes for such deformations could be
contamination by ammunition residues (Bernet
et al., 2008; Bogdal et al., 2009), because 4600 t of
army ammunitions were dumped into the lake
between 1920 and 1963 (Eidgenössisches Depart-
ement für Verteidigung, Bevölkerungsschutz und
Sport, 2004), also increasing the environmental
risk of mass movements. This hazard, as well as a
15 km long gas pipeline installed on the sediment
surface in 2007 and 2008 (Erdgas Thunersee AG,
2009), provides an additional reason to study the
sediment record and history of the lake. More-
over, the sediments of Lake Thun have not been
investigated since the 1970s (Matter et al., 1971;
Sturm & Matter, 1972) and analytical and dating
methods have improved since then.
The goal of the present study is to document

the sedimentation history of Lake Thun since the
deviation of the Kander River, based on high-
resolution (3Æ5 kHz) reflection seismic data and
sediment core material (maximum 2Æ5 m core
length). The emphasis is placed on documenting
the primary sedimentary changes induced by the
Kander River deviation, but also on demonstrat-
ing the development of the sedimentary system in
the subsequent 300 years, particularly regarding
the frequency of flood and subaquatic mass-
movement events.

STUDY AREA

Geological setting

Lake Thun is situated in the Canton of Bern
within the frontal region of the Swiss Alps
(Figs 1 and 2; Table 1). The catchment area
comprises tectonic units of the Helvetic, Penninic
and Molasse domain, along with a minor part
of the Aar massif (Bundesamt für Wasser und
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Geologie, 2005b). The Kander catchment area is
characterized by Penninic (Klippen, Simme and
Niesen nappes) and Helvetic (Wildhorn and
Diablerets nappes) units. The Klippen, Wildhorn
and Diablerets nappes are dominated by sili-
ceous, marly and massive limestones of Mesozoic
age, whereas the Simme and Niesen nappes

comprise Flysch deposits of Cretaceous to Eocene
age (Bundesamt für Wasser und Geologie, 2005a;
Froitzheim et al., 2008). The Kander catchment
area therefore contains sedimentary lithologies
that are responsive to both chemical and mechan-
ical denudation: the limestones represent a major
carbonate source to the lake, whereas the
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sandstones (Flysch) provide a fair amount of
magmatic and metamorphic minerals to the clas-
tic input of the lake (Sturm & Matter, 1972;
Tiefbauamt des Kantons Bern and Amt für Land-
wirtschaft und Natur des Kantons Bern, 2004;
Bundesamt für Wasser und Geologie, 2005b).
The lake basin is an overdeepened valley

eroded by the Aare glacier during former alpine
glaciations. Post-glacial delta deposits of the
Lütschine and Lombach Rivers divided the for-
mer single basin into Lake Thun and Lake Brienz
(Matter et al., 1971). The basin of Lake Thun can
be subdivided into three parts (Fig. 2A): the
north-western part is characterized by (i) a gentle
slope (0Æ5� to 1�) starting at the Kander Delta and
ending near Spiez, where a step in the lake
morphology leads to (ii) the deep part of the lake.
This deep central part of Lake Thun has a near
uniform water depth of 215 to 217 m. At the
eastern end of the lake, the lake bottom ascends
to (iii) a platform of intermediate water depth (48
to 78 m), representing the sublacustrine part of
the post-glacial delta deposits dividing the basins
of Lake Thun and Lake Brienz. The lateral flanks
of Lake Thun are steep, especially along the
northern shore.
Two main tributaries, the Kander and Aare

Rivers, are responsible for 90% of the water
supply to Lake Thun (Table 1). The Aare River,
which first flows through deep Lake Brienz,
arrives in Lake Thun almost free of suspended
particles (Sturm & Matter, 1972). Therefore,
today, 85% of the sediment supply to Lake Thun
is due to the Kander River (Sturm & Matter, 1972),
as demonstrated by the development of a large
delta deposit at the Kander mouth in the

300 years since the river was diverted into the
lake. Estimated values for the sediment load of
the Kander River range from 30 to 1000 kt year)1

(Steiner, 1953; Niklaus, 1969; Hinderer, 2001;
Schlunegger & Hinderer, 2003; Tiefbauamt des
Kantons Bern and Amt für Landwirtschaft und
Natur des Kantons Bern, 2004), reflecting both
scientific uncertainty in the estimates and varia-
tions in the sediment load during the 19th and
20th Centuries. One half of the Kander catchment
is drained by the Simme River (Fig. 1) which has,
on average, a nearly identical water discharge to
the upstream Kander (both ca 21 m3 s)1) but a
lower sediment transportation capacity due to a
smaller river slope (Schlunegger & Hinderer,
2003). Remnant water input (10%) and sediment
load (15%) of the Lake Thun catchment area
derive from small tributaries (Figs 1 and 2A)
along the northern and southern shores of the
lake, of which the Lombach River is the largest.

The Kander River deviation (‘Kanderschnitt’,
1714)

The deviation of the Kander River into Lake
Thun, completed in 1714, was the first major river
modification in Switzerland (Vischer, 2003). Prior
to 1714, the Kander River flowed into the Aare
River 2Æ5 km downstream of the city of Thun
(Fig. 2A; Vischer, 2003). It regularly flooded
villages along its way and also dammed the Aare
River (outflow of Lake Thun) at the confluence by
delivering large sediment loads. To solve these
flooding problems, the decision was taken to lead
the Kander River directly into Lake Thun by
digging a channel through the moraine hill near

Table 1. Physical characteristics of Lake Thun and its catchment area (Bundesamt für Umwelt, 1903 to 2007; Sturm
& Matter, 1972; Amt für Gewässerschutz und Abfallwirtschaft des Kantons Bern, 2003).

Surface area 47Æ69 km2 Maximum water depth 217 m
Surface elevation 558 m a.s.l. Average water depth 136 m
Length 17Æ5 km Catchment area 2451 km2

Maximum width 3Æ5 km Average elevation of catchment area 1748 m a.s.l.
Water volume 6Æ42 km3 Present trophic state Oligotroph

Tributary
Catchment
area (km2)

Discharge
(average 2007)
(m3 s)1)

Sediment
supply (%)

Water
supply (%)

Carbonate
content (%)

Aare (A) 1129 59Æ5 ca 0 ca 50 <25
Kander and Simme 1120 42Æ8 ca 85 ca 40 >45
Kander (B) 496 21Æ2 ca 65 ca 20 –
Simme (C) 564 21Æ6 ca 20 ca 20 –
Small tributaries 202 10 to 15 ca 15 ca 10 <20 to >45

Capital letters (A, B and C) refer to locations of gauging stations in Fig. 1.
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the town of Einigen (Figs 2A and 3). The river
deviation corresponded to a shortening of the
Kander course by 8 km, thus steepening the river
gradient downstream of the deviation site and
increasing the stream power and the bed shear.
This effect led to strong erosion and high incision
rates in the channel, as well as to a higher
sediment transport capacity. In 1716, the river
bed in the new channel was already at a level
27 m below its projected depth and, at present, it
is situated 40 m lower than projected (Tiefbauamt
des Kantons Bern and Amt für Landwirtschaft
und Natur des Kantons Bern, 2004). Incision rates
increased not only in the diversion channel itself
but also progressively in upstream reaches of the
Kander River. Observations indicate that the river
bed of today is situated 20 to 30 m below the level
in 1714, at least in the lowest 10 km of the course

of the Kander (Tiefbauamt des Kantons Bern and
Amt für Landwirtschaft und Natur des Kantons
Bern, 2004). As a further consequence, the dou-
bling of the water flow into Lake Thun increased
the frequency of severe floods in the city of Thun
located at the outflow of the lake. New water gates
to control these Kander floods were completed in
1726 and improved in 1788 (Vischer, 2003). In the
19th and 20th Centuries, numerous engineering
interventions on the Kander River bed were
performed, aiming to decrease the energy level
of the river and, thus, to reduce the threat and
damage due to floods.

METHODS

High-resolution reflection seismic data

A reflection seismic grid consisting of ca 70 km of
seismic profiles (Fig. 2B) was acquired in May
2007 using a 3Æ5 kHz pinger source fixed on an
inflatable catamaran that was pushed in front of a
small vessel. The seismic profiles were recorded
digitally in SEG-Y format using a global position-
ing system (GPS; error ± 5 m) for navigation.
Seismic data were processed with spw� (Seismic
Processing Workshop; Parallel Geoscience Corp.,
California City, CA, USA) software including
band-pass filtering (2Æ2 to 6Æ3 kHz). The time-
depth conversion in water and sediment is based
on a p-wave velocity of 1450 m s)1, resulting in a
theoretical vertical resolution of 10 to 20 cm at
the applied frequency (Rayleigh, 1885). Interpre-
tation of seismic data was accomplished with
KingdomSuite� 8.1 (Sesimic Micro-Technology,
Houston, TX, USA). Defined seismic horizons
were imported into surfer� software (RockWare,
Golden, CO, USA) to create grids for sediment
thickness and volume calculations.

Sediment core analysis

Sediment cores (Fig. 2B) were collected in Octo-
ber 2006, May 2007 and June 2009 using a gravity
corer (maximum core length 130 cm) and a
modified gravity corer that is equipped with an
additional weight for hammering (maximum
reached core length 255 cm). However, hammer-
ing on top of the instrument, gas expansion and
the use of a core catcher induced compression
and disturbances in the longer core material.
Bulk density, magnetic susceptibility and

p-wave velocity of the sediment material were
measured at 0Æ5 cm resolution on unsplit cores

Deviation channel
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50 m

Fig. 3. Photographs illustrating the incision channel
through the moraine hill produced by the Kander River
deviation. (A) Depression in the moraine ridge due to
the deviation channel seen from the lake. (B) Entry into
the deviation channel, walls are up to 45 m high. The
white arrow indicates water flow direction.

Tracking a river deviation in lake sediments 1741

� 2011 The Authors. Journal compilation � 2011 International Association of Sedimentologists, Sedimentology, 58, 1737–1761



using a multi-sensor core logger (MSCL) (Geotek
Limited, Daventry, UK). After cores were split,
the fresh sediment surface was photographed,
macroscopically described and sampled. Particle-
size analysis of bulk sediment was carried out
using a Mastersizer 2000 (Malvern Instruments
Limited, Malvern, UK) laser diffraction instru-
ment measuring particle sizes from 0Æ02 to
2000 lm. Total carbon (TC) and total inorganic
carbon (TIC) content was analysed using a 5012
Coulometer (UIC Inc., Joliet, IL, USA) measuring
the CO2 content derived from previously freeze-
dried samples by burning (TC) and acidification
(TIC). Total organic carbon (TOC) was then
calculated as the difference between TC and
TIC. X-ray fluorescence (XRF) core scanning
(instrument from Avaatech, Den Burg, The Neth-
erlands) at 1 cm resolution provided a rapid non-
destructive means of analysing the elemental
composition of sediment material. X-ray fluores-
cence core-scanning results are semi-quantitative
and are presented as intensity (Richter et al.,
2006; Weltje & Tjallingii, 2008).

SEISMIC STRATIGRAPHY

Seismic penetration reaches 60 m in the deep
lake basin, imaging a well-stratified thick sedi-
ment succession (Fig. 4A). Towards the Kander
Delta, seismic penetration generally decreases
and the acoustic facies becomes more chaotic/
transparent (Fig. 4B to D). Minimal or no seismic
penetration is observed on the steep lake flanks
and at the north-western and eastern ends of the
lake, where proximal delta sediments are depos-
ited (Kander Delta, Eastern platform; Fig. 2A).
The seismic record is divided into four seismic

Sequences (from top to bottom S1 to S4) that are
delimited by seismic Horizons a, b and c (Figs 4

and 5; letters in white squares). The lower limit of
Sequence S4 is not defined, as seismic imaging
did not reach the base (i.e. bedrock/moraine) of
the lacustrine sediment cover. Seismic Horizons
d, e and f represent the top reflections of three
major disturbed seismic units within Sequence
S4 (Fig. 5).

Sequence S1

Sequence S1 comprises the top package of the
sediment cover mostly characterized by parallel,
continuous and high-amplitude reflections (Fig.
4A to C). However, the base of Sequence S1
consists of a partly low-amplitude to transparent
facies, which is more prominent in the north-
western part of the lake than in the deep lake
basin. In addition, seismic reflections in the
north-western lake part have an undulating/
hummocky shape (Fig. 4B to D). The sediment
thickness map of Sequence S1 confirms a rela-
tively uniform sediment distribution with a slight
increase in thickness towards the north-west
(Fig. 6A).

Sequence S2

Sequence S2 is characterized by contrasting seis-
mic facies between the deep lake basin and the
north-western part of the lake. In the deep lake
basin, its lower and upper boundaries are, respec-
tively, defined by the base-reflection and top-
reflection of a well-stratified sediment package
onlapping towards the northern shore (Fig. 4A).
Within this onlapping package, high-amplitude
reflections alternate with thin transparent inter-
vals. In the north-western part of the lake,
Sequence S2 presents a chaotic/transparent facies
that covers most of the sub-surface slope
(bounded by a white line; Fig. 4B to D). This

Fig. 4. Interpreted 3Æ5 kHz reflection seismic profiles of Lake Thun focussing on the onset of the Kander River input.
The small map of the lake shows the location of profiles presented in this figure (grey) and Fig. 5 (black). S1 to S4 are
defined seismic Sequences, ‘a’ to ‘f’ represent seismic Horizons. Dashed lines indicate bases of chaotic/transparent
units. (A) Crossing seismic profile demonstrating the excellent seismic penetration in the deep lake basin. Note the
uniform sediment distribution of Sequence S1. Sequence S2 shows an internal onlap geometry with interlayering of
high-amplitude reflections and thin transparent intervals. In Sequence S3, sediment accumulation is highest at the
northern shore, contrasting to Sequence S2. Sequence S4 shows a comparatively even thickness distribution across
the lake basin. Also note the absence of large mass-movement deposits in all seismic sequences. (B) Longitudinal
seismic profile located at the change in slope gradient near Spiez, illustrating the transition from chaotic/transparent
deposits (in white) to high-amplitude reflections and intercalated transparent seismic intervals towards the south-
east. (C) Transverse seismic profile through the slope in front of the Kander Delta, with large chaotic/transparent
deposits marked in white (in S2) and below Horizon ‘c’. (D) Longitudinal profile along the slope in the north-western
part of the lake, presenting chaotic/transparent deposits (in white) building up most of Sequence S2 and contrasting
to the overlying undulating reflections of Sequence S1. Note also the thinning of Sequence S2 towards the mor-
phobathymetric step near Spiez.
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seismic facies is typical for mass-movement
deposits (Nakajiama & Kanai, 2000; Schnellmann
et al., 2002). The thickness map of Sequence S2
documents strong lateral differences in sedimen-
tation (Fig. 6B): the sediment is up to 7 m thick in

the central and southern part of the deep lake
basin, then decreases at the morphological step
near Spiez (2 to 5 m) and steadily regains thick-
ness on the slope towards the Kander Delta (12
to 14 m).
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Sequence S3

Sequence S3 shows parallel seismic reflections of
varying amplitudes. Reflections are more clearly
shaped in the deep lake basin than in the north-
western part of the lake which is due, at least
partly, to the overlying chaotic deposits of
Sequence S2 attenuating the seismic waves. In
the north-west, the base of Sequence S3 (i.e.
Horizon c) is defined by the top of large mass-
movement deposits with a chaotic/transparent
facies (Figs 4C and 5). At the same seismostrati-
graphic level, a complete acoustic blanking of the
deeper units in the northern third of the crossing
seismic profile near Spiez occurs, yielding no
stratigraphic information (Fig. 5B). The acoustic
blanking is probably due to gas-rich sediment or
to rock debris (for example, rock fall material)
preventing deeper penetration of acoustic energy.
In the deep lake basin, seismic Horizon c covers a
transparent interval thinning out towards the
north (Fig. 4A). In contrast to Sequences S1 and
S2, the thickness map of Sequence S3 (Fig. 6C)
presents a maximum sediment thickness in the
eastern and northern part of the deep lake basin
(10 to 14 m). From there, the thickness constantly
decreases towards the north-west (<6 m).

Sequence S4

The sediment package below seismic Horizon c
consists of Sequence S4. In the deep lake basin,
seismic reflections are continuous and regularly
layered (Fig. 4A). In contrast, three prominent
seismic subunits with chaotic/transparent facies
interrupt the layering of the reflections in the
north-western part of the lake (Fig. 5); they are
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typical for mass-movement deposits. The high-
amplitude reflections bounding the top of the
chaotic/transparent units are defined as seismic
Horizons d, e and f, representing the seismo-
stratigraphic level of the events. Horizons d, e and
f can be followed to the deep lake basin, where
they overlie, similar to Sequence S2, thin trans-
parent intervals expanding over the entire width
of the lake basin (Fig. 4A).

SEDIMENT CORE RECORD

A selection of 10 sediment cores were used for
this study, eight gravity short cores and two
longer cores retrieved with the manual percus-
sion system (Fig. 2B). The sediment material is
composed mainly of authigenic calcite and detri-
tal deposits but is poor in organic material, except
in the most recent interval.

Lithotypes

Four lithotypes (I to IV) were differentiated to
characterize the sediment succession (Fig. 7).

Regular background sediments (Lithotype I)
The regular background sediments consist of
fine-grained (grain size 4 to 7 lm) light-grey
authigenic calcite interlayered with millimetre
to sub-millimetre thick brownish, yellowish or
dark greyish laminae of detrital origin.

Graded deposits (Lithotypes II and III)
Graded deposits also show variable colours and
consist of detrital material, but are thicker than
the laminae of the background sediments and
contain normally or inversely graded sections.
Grain sizes range from coarse sand to clay.
Thin graded deposits (Lithotype II) are 2 to

5 mm thick and show only faint grading. These
deposits probably derive from floods of small
tributaries leading to local distribution of the
sediment load or representing the distal deposi-
tion of flood material from larger tributaries.
Thick graded deposits (Lithotype III), >5 mm
thick, are clearly graded with coarse sand to silt-
sized basal and finer silt to clay-sized upper parts;
they are often topped by a thin clay cap and are
interpreted as turbidity current-generated (under-
flows) deposits. In such lake environments, tur-
bidity currents are due to large flood events or
subaquatic mass movements (Siegenthaler &
Sturm, 1991; Mulder & Alexander, 2001; Beck,
2009). Accordingly, graded deposits are based on

grain-size analysis, characterized as flood-related
(Lithotype IIIA) or mass-movement-related turbi-
dites (Lithotype IIIB).

Organic-rich sediments (Lithotype IV)
Organic-rich deposits characterized by the black
colour of the fresh, unoxidized sediment surface
reflect anthropogenically induced lake eutrophi-
cation, during which enhanced nutrient supply
led to an increase in biological productivity (for
details on this lithotype, see Wirth, 2008; Rellstab
et al., 2011). This interval is situated at core
depths between 10 and 50 cm.

Turbidite deposits

A precondition for the reconstruction of the event
history of Lake Thun is the ability to distinguish
between flood-related and mass-movement-re-
lated turbidite deposits (Lithotypes IIIA and IIIB).
This classification of the turbidites is based on
grain-size distributions, the thickness evolution
within the core transect and observations in the
seismic data. Furthermore, the results are com-
pared to former studies discussing the different
types of turbidites in lacustrine and fjord envi-
ronments (Siegenthaler & Sturm, 1991; Gorsline
et al., 2000; St-Onge et al., 2004; Beck, 2009).

Grain-size distributions
Flood-related turbidite deposits consist of nor-
mally and potentially inversely graded sections
(Mulder & Alexander, 2001; Mulder et al., 2003;
St-Onge et al., 2004; Gilli et al., 2011, in press).
Coarsening-up sections result from high-magni-
tude flood events (Mulder et al., 2003), reflecting
increasing and peak water discharges. The con-
cluding section at the top of a flood turbidite
consists of a fining-up section mostly completed
by a light-coloured clay cap representing the final
fine-grained fallout (Gilli et al., 2003; Mulder
et al., 2003; Girardclos et al., 2007). Furthermore,
grain-size changes occur gradually, reflecting the
dynamic increase and decline of the river dis-
charge (Mulder et al., 2003; Beck, 2009).
In contrast, subaquatic mass movements pri-

marily produce chaotic mass flows from which a
suspension cloud evolves, providing the material
for turbidites or even megaturbidites (Siegen-
thaler et al., 1987; St-Onge et al., 2004; Schnell-
mann et al., 2006). The focused release of the
sediment in one specific moment leads to high
sediment concentrations in the suspension cloud
and, therefore, enables a separation of fine-
grained and coarse-grained material (Shiki et al.,
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2000; Mulder et al., 2003). This observation
results in initial settlement of the coarse fraction
and a secondary settlement of the finer suspended
material in the deepest part of the lake basin
(Siegenthaler et al., 1987). Hence, the transition
from the coarse-grained basal part to the finer-

grained upper part is characterized by a sharp
decrease in grain size (Siegenthaler & Sturm,
1991; Chapron et al., 1999; Bertrand et al., 2008;
Beck, 2009). The coarser basal part may show
fluctuations in grain size generated by a seiche
wave (Siegenthaler et al., 1987; Schnellmann
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et al., 2006). However, this texture was not
observed in Lake Thun. In the upper fine-grained
part of the turbidites, the grading is faint to nearly
absent. Therefore, these deposits are often also
referred to as ‘homogenites’ (originally intro-
duced by Kastens & Cita, 1981; adopted by, for
example, Siegenthaler et al., 1987; Chapron et al.,
1999; Bertrand et al., 2008). Based on the sedi-
ment volume involved, mass-movement-related
turbidites can be significantly thicker than flood-
related turbidites (Gorsline et al., 2000).
Examples of turbidite grain-size distributions

are presented in Fig. 8. Labelling of deposits is

based on turbidite layers used for core to core
correlations (Fig. 7). Layers A and L show similar
grain-size patterns (Fig. 8A and B). These layers
both have the coarsest fraction in the basal part,
followed by a fining-up section and a second
‘pulse’ of coarser material, which is succeeded by
the final fining-up section. The main differences
are: (i) the overall grain size, as Layer L consists
of generally coarser material than Layer A; and
(ii) the thin inversely graded section at the base of
Layer L. Layer H (Fig. 8C) comprises a thin basal
part, overlain by a finer, very homogeneous main
body and a clay cap on top. Layer M (Fig. 8D)
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shows a very coarse (sand to coarse silt) and thick
basal part contrasting with a finer-grained upper
part (mainly silt with some clay). This contrast
between the basal and upper parts, which have
different surface textures, is easily distinguished
on the core photograph. The grain-size pattern of
Layer M resembles that of Layer H; however, the
coarser part is considerably thicker and grain size
generally is coarser.
Based on these observations, Layers A and L are

interpreted as flood-related turbidites; they con-
tain inversely graded sections and gradually
occurring grain-size changes (as presented in
Mulder et al., 2003; St-Onge et al., 2004; Beck,
2009). Layers H and M are typical for mass-
movement-related turbidites because of the larger
thickness and the clear transition from the coarser
basal part to the finer and fairly homogeneous
upper part. Layer H strongly resembles the
‘homogenite’ described by Chapron et al. (1999)
in Lake Le Bourget, and Layer M corresponds to
megaturbidites observed in Lake Lucerne (Sie-
genthaler & Sturm, 1991; Schnellmann et al.,
2006). In an analogous manner, all relevant
turbidite deposits in the sediment core record
could be classified as either flood-induced or
mass-movement-induced.

Core to core correlation and turbidite
deposition
The core to core correlation (Fig. 7) is based on
the stratigraphy of graded deposits (Lithotypes II
and III) and is achieved by visual observation of
their sedimentary characteristics, such as bed
thickness, grain-size distribution, grading and
colour. Stratigraphic layers are arranged in single
turbidites or bundles of turbidites and are
labelled with capital letters (Layers A to Q).
The core transect illustrates that prominent

flood turbidites are thickest in the north-western
part of the lake and decrease in thickness towards
the deep lake basin, indicating that the sediment
source is located at the north-western end of the
lake (Fig. 7). In contrast, mass-movement turbi-
dites are thickest in the centre of the deep basin.
Here, seismic data are used to reconstruct the
sediment distribution mechanism. These data
show a chaotic/transparent facies typical for
mass-flow deposits in seismic Sequence S2 on
the slope in the north-western part of the lake
(Fig. 4D). This chaotic/transparent facies passes
into high-amplitude reflections intercalated with
transparent sections at the morpho-bathymetric
step to the deep basin, representing the turbidites
that settled out from the suspension cloud

(Fig. 4A and B). Thus, the source area of the
mass-movement material is, similar to the flood
material, the north-western end of the lake. These
observations correspond to the deposition model
for mass-wasting material presented by Siegent-
haler et al. (1987) and adopted by, for example,
Schnellmann et al. (2006) and Bertrand et al.
(2008), demonstrating that the chaotic deposits
of the mass flow become overlain by massive
turbidite deposits. However, Lake Thun differs
from these studies in the spatial separation of
mass-flow and turbidite deposits. This separation
is probably due to the morphology of the lake
basin and the large distance between the source
area and the deepest part of the lake.

Small-scale deformation structures

Most of the short cores include a ca 15 cm thick
stratigraphic interval (Layer I; Figs 7 and 9)
showing disturbed layering, microfaults and
liquefaction structures. The most remarkable
deformation structures are (Fig. 9): (i) a sediment
section full of microfaults and disrupted material;
(ii) a mushroom-like intrusion in core THU07-05;
(iii) a structure in core THU07-06, illustrating the
liquefaction of a sandy turbidite, provoking the
rupture and sinking down of the layer situated
above; and (iv) microfaults in core THU07-02.
Longer cores were not considered for these
detailed observations, because coring artefacts
due to hammering, gas expansion and core
catcher induced strong deformations overprinting
the original sediment structures.
Previous work in Swiss lakes and other study

areas report similar deformation structures in
relation to earthquake events (Youd, 1973;
Monecke et al., 2004). The occurrence of the
deformation structures throughout the cores at
the same stratigraphic level determines earth-
quake-induced lake bottom shaking as a likely
trigger mechanism. This interpretation is strength-
ened by a mass-movement-related turbidite (Layer
H; Fig. 7) sitting on top of the deformed strati-
graphic interval.

137Cs dating

In order to date core THU06-4, 137Cs activity was
measured at 1 cm resolution from 0 to 41 cm and
at 2 cm resolution from 41 to 53 cm core depth
(Fig. 10). Results reveal two clear activity peaks
corresponding to 1963, the maximum fallout of
137Cs due to atmospheric nuclear weapons test-
ing, and to 1986, the Chernobyl nuclear power
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plant accident, at 29Æ5 cm and 13Æ5 cm core
depth, respectively. The zero 137Cs activity at
38 cm is associated with the start of the atmo-
spheric nuclear weapon testing in the years 1951
to 1954 (Appleby, 2001). Average sedimentation
rate is ca 0Æ7 cm year)1 between 1951 and 2006 in
core THU06-4. The correlation of 137Cs dates
to other cores results in a range of sedimenta-
tion rates from 0Æ6 cm year)1 (THU07-02) to
0Æ9 cm year)1 (TS09-02-01) for the same time
period.

SEDIMENTOLOGICAL EVIDENCE FOR
THE KANDER RIVER DEVIATION

A combined approach of seismic data and sedi-
ment core analysis is used to assess the primary
impact of the Kander River deviation on the
sedimentary system of the lake.

Evidence in seismic data

Seismic sequence stratigraphy highlights a major
change in lake sedimentation at the transition from
Sequence S3 to S2 in the form of the following
three features: (i) the onlapping S2 reflection
terminations onto the S3/S2 boundary in the deep
basin (Figs 4A and 11A); (ii) the shift of the
depositional centre (Fig. 6B and C); and (iii) the
presence of a massive chaotic/transparent body
representing the main part of Sequence S2 in
the north-western part of the lake (Fig. 4C and D).
The onlap geometry and the shift of the depo-

sitional centre indicate a change in the main
sediment input. During Sequence S3, the rivers at
the eastern end of the lake, the Lombach, Aare

and Sundbach Rivers, are certainly responsible
for most of the sediment input (Figs 2A and 6C).
During Sequence S2, the sediment supply from
rivers at the eastern end of the lake is propor-
tionally reduced due to a new sediment input
coming from another direction. The depositional
centre of Sequence S2 in the north-western part of
the lake points to a new sediment source from the
north-west, which is interpreted as the Kander
River (Fig. 6B).
The additional depositional centre in the cen-

tral and southern part of the deep lake basin is
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explained by increased sediment accumulation
due to mass-movement-related turbidites. These
turbidites are seismically imaged by the transpar-
ent intervals interbedding with high-amplitude
reflections (Fig. 4A; Kastens & Cita, 1981; Sie-
genthaler et al., 1987; Chapron et al., 1999; Hieke,
2000; Schnellmann et al., 2002). The large num-
ber of such seismically transparent intervals in
the deep lake basin points towards frequent mass-
movement events during Sequence S2 (Fig. 4A).
Seismic profiles demonstrate that the mobiliza-
tion of sediment material occurred in the north-
western part of the lake, illustrated by the large
seismic unit with chaotic/transparent facies in
that part of the lake (Fig. 4D). Accordingly, the
mass-movement-related turbidites in the deep
lake basin represent the distal deposits of the
mobilized sediment material. However, in con-
trast to the numerous turbidite horizons, the
north-western part of the lake displays only one
‘merged’ chaotic/transparent seismic unit with
almost no internal divisions (Fig. 4B to D), sug-
gesting that the observed mass-movement body
was reworked by numerous mass-movement
events.
The change in direction of the sediment input

and the shift of the depositional centre, as well as
the intensification of the mass-movement activity,
are interpreted as being induced by the sudden
onset of the intense sediment input of the
diverted Kander River. This effect defines seismic
Horizon b as the seismostratigraphic level corre-
sponding to the Kander River deviation.

Lithological evidence from the core record

Seismic to core correlations on the crossing
seismic profile in the deep lake basin (Fig. 4A)
define the position of sequence boundaries S1/S2
(Horizon a) and S2/S3 (Horizon b) in the sedi-
ment cores THU06-7 and THU07-04 (Fig. 11A).
At the location of core THU06-7, the S1/S2
boundary is correlated to Layer L (Fig. 11A),
and the underlying seismically transparent inter-
vals correspond to mass-movement-related turbi-
dite deposits (Layers H, M, N, P and Q). This
observation confirms the present seismic facies
interpretation (see above).
At the lateral location of core THU07-04, this

sequence of mass-movement-related turbidites is
condensed, thus proportionally reducing the
sedimentation rate (Figs 6B, 7 and 11A). The
slope position of core THU07-04 does not allow
a very precise seismic to core correlation, but the
core record reaches the S2/S3 boundary at ca 2 m

depth. As THU07-04 did not display any obvious
sedimentological changes revealing the new Kan-
der River input, the lower part of core THU07-04
(172 to 232 cm core depth) was investigated for
changes in magnetic susceptibility, elemental
distribution (XRF core scanning) and concentra-
tions of TIC and TOC (Fig. 11B).
From 232 to 208 cm core depth, magnetic

susceptibility fluctuates between 8 and 9Æ5 SI ·
10)5 units. It evolves upcore into slightly lower
but very steady values (7Æ8 to 8Æ2 SI · 10)5) from
207 cm towards the top of the core. Changes in
elemental composition are illustrated by intensi-
ties of Ca and the sum of Al, Fe, K and Ti. The
latter group is used as a proxy for detrital input
(Rothwell et al., 2006; Moreno et al., 2008). The
results exhibit a general increase in Ca above
207 cm. Short-interval decreases in Ca intensity
above 207 cm are due to turbidite deposits, which
enforce the signal of the detrital elements. Carbon
analysis shows a strong upcore rise in the TIC
concentration at 207 cm core depth, whereas the
TOC progression only shows some slight fluctu-
ations between 210 and 200 cm core depth
followed above by a low-gradient change to
former values.
These results imply a change in Lake Thun

sediment properties at 207 cm core depth. The
dominance of Ca and the increase in TIC, a
measure for carbonate content, as well as the
slightly decreasing magnetic susceptibility values
indicate that the lake experiences a new major
input of calcium carbonate. This input seems to
affect primarily the background sediments, that
is, the authigenic calcite precipitation, whereas
turbidite deposits rather reduce the carbonate
signal.
The increased amount of authigenic carbonate

is interpreted as being related to the Kander
waters entering the lake. The Kander River has a
much higher dissolved calcium-carbonate con-
tent than the larger rivers entering from the east,
that is, the Aare and Lombach Rivers (Table 1).
Furthermore, the distribution of high and low
carbonate contents in the background sediments
and the flood turbidites, respectively, can be
explained by the different slope gradients of the
Kander and Simme Rivers (see Fig. 1 for loca-
tions), as well as by the catchment geology
composed of sandy Flysch deposits and various
limestones. Erosion and transportation of the
sandy lithologies occur mostly in the part of
the catchment area drained by the Kander River
upstream of the confluence with the Simme
River, because the steeper river slope favours
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mechanical denudation, as well as the transpor-
tation of bed and suspension load. In the Simme
catchment, chemical dissolution of limestones
and the transport of dissolved river load are
predominant. According to Schlunegger & Hin-
derer (2003), the mechanical denudation in the
Upper Kander catchment area accounts for 82%
of the total denudation, whereas, in the Simme
catchment, only 26% of the denudation is due to
mechanical weathering. Thus, the input of Ca and
carbonate ions to the Kander River occurs in a
continuous mode and probably derives mainly
from the Simme catchment. This is in contrast to
the concentrated input of the detrital siliciclastic
fraction (from sandstones) that may be mobilized
primarily in the Kander catchment. The transport
of this siliciclastic bed and suspended load
requires a more intense river runoff and, there-
fore, is focused in the case of flood events.
The core depth of the calcium-carbonate

increase coincides with the depth of seismic
Horizon b, within an error range associated with
the compression of core material and a possible
offset between the seismic line and coring loca-
tion due to the large water depth (Fig. 11A). In
conclusion, results from sediment core analysis
paired with the seismic to core correlation con-
firm that the above proposed seismostratigraphic
level of Horizon b corresponds to the occurrence
of the Kander River deviation.

RECONSTRUCTED EVENT HISTORY
SINCE THE KANDER RIVER DEVIATION

Since 1714, the high water and sediment input of
the Kander River has dominated the sedimenta-
tion in Lake Thun and therefore has favoured the
enhanced occurrence of strong flood events and
subaquatic mass movements. Both processes have
distributed sediment material over wide areas of
the lake basin.

Major flood events since 1850

The flood history was investigated on the short
cores covering the time period 1850 to 2007.
Taking into account the sedimentation rates
emerging from the time horizons provided by
the 137Cs data (Fig. 10), the most prominent flood-
related turbidite deposits could be correlated to
historic flood events in the Lake Thun area
reported by Röthlisberger (1991), as well as to
the annual maximal discharge data of the Kander
River (Bundesamt für Umwelt, 1903 to 2007).

Details about the flood events in 2005 and 1999
that are not covered in Röthlisberger (1991) are
provided by federal reports (Bundesamt für Was-
ser und Geologie, 1999, 2005c). Floods of the
Kander River are considered for this correlation,
because the decrease in thickness of the flood
turbidites from north-west to east in the core
transect (Fig. 7) demonstrates that the corre-
sponding turbidity currents were generated by
the Kander River. The flood-turbidite record and
the resulting age-depth model are presented using
the example of core THU07-02 (Fig. 12A).
At the core top, Layer A is associated with the

2005 flood event that caused major damage in
the Lake Thun area. Layers B and C correlate to
severe floods in 1999 and 1968, respectively.
Below the organic-rich interval, the thick turbi-
dite of Layer D is associated with a strong flood in
1944. Layer F probably was generated by three
consequent flood events in 1930, provoking three
successively deposited turbidites. Layer G may
represent a catastrophic flood event in 1910,
causing only a minor deposit in Lake Thun.
Layers J and K could not be correlated with
specific floods, but they probably reflect a period
with intense flooding between 1860 and 1890.
This high flood frequency might be a consequence
of the end of the Little Ice Age (LIA) cold period,
which was accompanied by high volumes of melt
water and sediment from the vanishing glaciers
(Pfister, 1988). The outstanding flood turbidite
near the base of the gravity short cores (Layers L)
correlates to a high-magnitude flood in 1852.
The correlated events were triggered primarily

by heavy precipitation, often in combination with
snow melt and, less frequently, by thunderstorms
(Table 2). Out of this record, the flood events in
2005 and 1852 are among the most extreme floods
in Switzerland during the past 160 years (Röth-
lisberger, 1991; Bundesamt für Wasser und Geol-
ogie, 2005c). These floods were caused by similar
weather situations with heavy precipitation cells
over central Switzerland (Röthlisberger, 1991;
Frei, 2005). Both the 1852 and the 2005 flood
deposit show, in addition to the coarse-grained
base, a second ‘pulse’ of coarse material (Fig. 8A
and B). It is possible that this second pulse
reflects a temporal offset between the peak runoffs
of the Kander and Simme Rivers (Fig. 1). In 1910,
Switzerland was affected by another catastrophic
flood event. However, this event did not lead to a
notable deposit in Lake Thun; this is certainly
due to the different weather situation having the
centre of heavy precipitation located in eastern
Switzerland, while only minor precipitation cells
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were situated over the Lake Thun area (Röthlis-
berger, 1991; Gilli et al., 2003; Frei, 2005).
The presented flood events were compared

with the maximum annual discharge of the
Kander River, which has been recorded since
1903 (Fig. 12B, location of gauging station: letter
‘B’ in Fig. 1; Bundesamt für Umwelt, 1903 to
2007). Except for the deposits related to the three
consecutive events in 1930, the presented flood-
related turbidites correlate to most of the highest
discharge values of the Kander River; this indi-
cates that the size of turbidite deposits is, to a
certain extent, dependent on flood magnitude and
the associated mobilization of sediment. How-
ever, many other factors may influence sediment
mobilization and transport during a flood event.
For instance, sediments that were mobilized

during a strong flood but remained in the catch-
ment may be easily remobilized by a minor flood,
thus creating a sediment-storage effect (Gilbert
et al., 2006).

Subaquatic mass-movement events since 1714

Seismic data revealed that an increase in mass-
movement frequency appeared simultaneously
with the Kander River deviation in 1714, raising
the question of related trigger mechanisms. For-
mer studies have shown that earthquake-induced
shocks play an important role in Swiss lakes (e.g.
Monecke et al., 2004; Schnellmann et al., 2006;
Strasser et al., 2007). Monecke et al. (2004) used
sediments from various Swiss lakes to demon-
strate that deformation structures start to be

A B

0.6 cm year–1

[m3 sec–1]

Fig. 12. (A) Correlation of prominent flood turbidites in core THU07-02 to major historically and/or instrumentally
documented flood events since 1850 (lithology legend in Fig. 7). As a result, a more detailed age-depth model can be
established. (B) Maximal annual discharge of the Kander River between 1903 and 2006 (for location of gauging
station, refer to Fig. 1, letter ‘B’). Note that most of the highest discharge values correlate to prominent turbidite layers
in the sediment record.
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formed at a groundshaking intensity of VI, and
that an even higher intensity of VII and more is
necessary to induce basin-wide slope failures.
However, these values may be dependent on

the actual conditions in the sediments. The rapid
sediment accumulation due to the Kander River
deviation probably reduced the threshold for
slope failures, especially at the Kander Delta
slopes. For the period between 1714 and 2001,
seven earthquake events with epicentres within
30 km of Lake Thun are registered in the earth-
quake catalogue of Switzerland (ECOS, Fäh et al.,
2003; Table 3). Moment Magnitudes (Mw) were
between 4Æ2 and 5Æ6 and intensities (I0) were
between V and VII (Youd, 1973; Fäh et al., 2003;
Monecke et al., 2004). In the core record, turbidite
deposits of Layers H, M and N can be associated

with the earthquakes in Kandersteg (1898), Inter-
laken (1835) and Wengen (1827), respectively; in
contrast, no earthquake events match the coarse
deposits of Layers P and Q (Fig. 13A). The
stratigraphic position of the events in 1774 and
1729, the latter being one of the strongest earth-
quakes ever registered in Switzerland, is situated
beyond the length of the sediment core record.
However, it seems very likely that these events
also provoked slope failures; they may be repre-
sented by two of the numerous transparent seis-
mic intervals (Fig. 13A).
The crucial factor for earthquake-induced liq-

uefaction is the presence of water-saturated sed-
iment material (Monecke et al., 2004). Water
content rapidly decreases with greater core depth,
restricting the generation of deformation struc-
tures to the immediate vicinity of the sediment
surface. Observed deformations occuring within
the stratigraphic interval correspond to the time
period 1880 to 1900. Hence, the earthquakes
potentially responsible for the small-scale defor-
mation structures are the three events in 1881,
1885 and 1898 (Table 3). However, analysis of the
exact stratigraphic position of the various defor-
mation structures showed that a correlation of
specific deformations to a particular earthquake
event is not possible.
Even so, the number of seismically imaged

turbidite intervals in the deep lake basin is larger
than the number of registered earthquakes poten-
tially responsible for slope failures. Such a deficit
of registered events compared with evidence in
the sediments is often observed because historic
records are lacking low-intensity earthquakes
(Rodrı́guez Pascua et al., 2003). However, in Lake
Thun, the Kander River deviation creates an
extraordinary situation and this deficit may thus

Table 2. Major flood events and their correspondent
triggers occurring between 1850 and 2006 and corre-
lating to prominent flood-related turbidite deposits in
sediment cores (Figs 7, 8 and 12).

Year HP SM Th H-M Layer

2005 August x x A
1999 May x x B
1968 September x C
1944 November/
December

x D

1930 July x F
1930 June x F
1930 May x x F
1910 June x x x G
1860 to 1890 x x J and K
1852 September x x L

HP, heavy precipitation; SM, snow melting; Th, thun-
derstorm, H-M, high-magnitude event. Source: Röth-
lisberger (1991), Bundesamt für Wasser und Geologie
(1999); Bundesamt für Wasser und Geologie (2005c).

Table 3. Earthquake events in the Lake Thun area (Fäh et al., 2003) correlating to deposits in the seismic data and/or
in the sediment core record from the central deep lake basin.

Year Mw I0 Location
Epicentral distance
to Lake Thun (km) Correlated deposits

1898 4Æ8 VII Kandersteg (BE) ca 20 Unit H: Fg-t and Unit I: Def
1885 5 VI Zweisimmen (BE) ca 30 Unit I: Def
1881 5 VII Bern (BE) ca 30 Unit I: Def
1835 4Æ2 V Interlaken (BE) ca 2 Unit M: Cg-t
1827 4Æ3 V Wengen (BE) ca 10 Unit N: Cg-t
1774 5 V Bern (BE) ca 30 Probably S-t
1729 5Æ6 VI Frutigen (BE) ca 10 Probably S-t

See Figs 7 and 13 for stratigraphic position of the correlated deposits.
Fg-t, fine-grained turbidite deposit; Cg-t, coarse-grained turbidite deposit; Def, small-scale deformation structures
(Layer I); S-t, transparent turbidite interval in seismic data; Mw, moment magnitude; I0, intensity.
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be explained by additional trigger mechanisms.
It is very likely that mass movements were also
triggered by other, non-seismic events including:
rapid sediment accumulation leading to under-
consolidated sediments and pore-fluid overpres-
sure; gas releases due to biochemical processes;
and the destabilization of lake-shore sediments by
gravel removal and lake-level fluctuations (Gors-
line et al., 2000; Nakajiama & Kanai, 2000; Sultan
et al., 2004; Girardclos et al., 2007; Strasser &
Anselmetti, 2008). In addition, non-seismic trig-
ger mechanisms are likely because the assump-
tion of predominantly earthquake-induced mass
movements would imply an enormous increase in
seismic activity since 1714 for which no scientific
or historic evidence exists.
It is likely that many slope failures in Lake

Thun are mostly due to rapid sediment accu-
mulation, as the Kander Delta grew very fast
after the Kander River deviation. This rapidly
growing load of sediment may have induced
pore-fluid overpressures in the underlying
low-permeability fine-grained sediments, thus
destabilising the entire succession. In addition,

short-term water and sediment discharge peaks
during flood events of the Kander River, as well
as lake-level fluctuations, are very likely to have
intensified such unstable conditions on the
delta slopes. Highly unstable slope conditions
are witnessed not only by the numerous mass
flows but also by the general delta-slope
morphology with the undulating/hummocky
shape of the seismic reflections, interpreted as
resulting from sediment creep (Fig. 4B to D,
Sequence S1).

VARIATION IN SEDIMENT INPUT

The Kander River deviation induced large
changes in sediment input. Sedimentation rates
were reconstructed with seismic event data for
the pre-Kander period and with both sediment
cores and seismic data for the time period after
1714. In addition, sediment yields of the Kander
River, as well as erosion rates in the Kander
catchment area since 1714, were evaluated by
sediment-volume calculations.

0·7 cm year–1

4·7 cm year–1

2
·3

 cm
 y

e
a

r –
1

0·8 cm year–1

A B

Fig. 13. (A) Age-depth model between 1714 and 2007, based on the event layer record of sediment core THU06-7
and on seismic data in the deep lake basin (for the full seismic profile, see Fig. 4A). Dates for the age-depth model are
provided by the Kander River deviation, by three earthquake events in 1827, 1835 and 1898 correlating to mass-
movement turbidites in core THU06-7 (Table 3), as well as by two high-magnitude flood events in 1852 and 2005
(Table 2 and Fig. 12A). Layer O (flood) and Layers P and Q (mass movements) do not correlate to any documented
events. (B) Age-depth model extended to 598/599 at the same location, based on seismic event horizons defined by
the Ralligen rock fall in 598/599, the Kander River deviation in 1714 and the decrease in sedimentation rate ca 1840.
As a result of the mass-movement-related turbidites, sedimentation rates are very high between 1714 and 1840,
whereas they readjust to pre-Kander conditions after 1840.
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Pre-Kander sedimentation rate

Evidence for the pre-Kander sedimentation rate is
given through the acoustically masked section on
the crossing seismic profile near Spiez (Fig. 5B).
This section, interpreted as a mass-movement
deposit, is possibly the product of a rock-fall
event in the village of Ralligen in 598/599, which
is mentioned in a historic report (Fredegarius,
1888). The geographical locations of Ralligen at
the lake shore and of the transparent section in
the seismic data match perfectly (Fig. 2A). The
report also mentions ‘dead fish washed ashore’
and a ‘cooking lake’, supporting the hypothesis of
a major impact wave affecting the lake shores.
Whether the Ralligen rock fall was linked to an
earthquake event is unclear, neither the earth-
quake catalogue of Switzerland (ECOS, Fäh et al.,
2003) nor historic documents could give evidence
for this possibility.
Using this time horizon, sedimentation rates

during seismic Sequence S3 (pre-Kander: 598/599
to 1714) vary between 0Æ4 and 0Æ7 cm year)1,
depending on the location in the lake basin. For
the time period since the Kander River deviation
(Sequences S1 + S2, 1714 to 2007), sedimenta-
tion rates geographically range from 0Æ6 to
2Æ3 cm year)1, thus representing an increase
in sediment input by a factor of two or three
because of the Kander River deviation. This result
is consistent with the doubling or tripling
proposed by Sturm & Matter (1972).

Quantification of the Kander River
sediment input

Moreover, sedimentation rates have not been
constant since the Kander River deviation
(Fig. 13). The first 130 years after the river devi-
ation were dominated by intense river channel
erosion, high sediment input and instabilities at
the Kander Delta slopes indicated by the frequent
mass-movement events. Several aspects of the

present results point to a subsequent decrease in
sediment input and in the frequency of mass-
movement events occurring ca 1840: (i) the
sediment thickness map of seismic Sequence S1
(Fig. 6A) shows a quite uniform lateral distribu-
tion of the sediment, in contrast to the uneven
sediment distribution during seismic Sequence
S2 (Fig. 6B); (ii) large mass-movement deposits
are not observed on the slope towards the Kander
Delta in seismic Sequence S1, where only evi-
dence of sediment creep is observed (Fig. 4B to
D); (iii) mass-movement-related turbidite deposits
older than 1840 are coarser and thicker than the
turbidites deposited after 1840 (Figs 7 and 8); and
(iv) the grain sizes of flood-related deposits
become finer, as illustrated by the difference in
grain size between the two high-magnitude flood
events in 1852 and 2005 (Fig. 8A and B). These
observations might reflect reduced sediment
input to the lake due to a decline in water energy
and sediment availability in the catchment area
after 1840. Consequently, a slight stabilization of
the lake sediments is observed, particularly in the
Kander Delta area.

Sediment yields and erosion rates
The observed reduction in sediment input since
1840 is corroborated by sediment-volume calcu-
lations providing sediment yields of the Kander
River during seismic Sequences S1 (1852 to 2007)
and S2 (1714 to 1852; Table 4). As boundary
layers for the volume calculations, the sediment
surface as well as seismic Horizons a and b are
used (see Fig. 2B for the dimension of the used
grid). Although Horizon a is defined in the
Kander Delta region, Horizon b can only be
extrapolated into the Kander Delta from the slope
in the north-western part of the lake because of
the acoustic blanking of the delta gravel that was
deposited mainly during Sequence S2. To quan-
tify the Kander-derived sediment yield, values for
lake-sediment porosity, the fraction of authigenic
calcite in the lake sediment and non-Kander

Table 4. Sediment yields of the Kander River and erosion rates in the Kander catchment area for seismic Sequences
S1 and S2 derived from lake-sediment volumes, confirming a decrease in sediment input by a factor of 1Æ9.

Lake-sediment
volume (Mm3)

Mineral-grain
volume (KR)
(Mm3)

Sediment
yield (KR)
(t km)2 year)1)

Erosion rate
(KR) (mm year)1)

Sequence S1 (1852 to 2007 ad, 155 years) 107Æ7 24Æ2 363 0Æ14
Sequence S2 (1714 to 1852 ad, 138 years) 182Æ5 41Æ0 690 0Æ22

Lake-sediment density = 1Æ5 g cm)3; mineral grain density = 2Æ6 g cm)3; fraction of authigenic calcite = 20%; non-
Kander sediment input = 7Æ5%; catchment area of Kander River = 1120 km2.
KR, Kander River.
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sediment input are required. Using an average
sediment density of 1Æ5 ± 0Æ1 g cm)3 given by the
multi-sensor core logger data and a mineral grain
density of 2Æ6 g cm)3, a porosity of 69 ± 6% was
calculated for the lake sediment. Organic content
is very low and therefore negligible for the grain
density (Fig. 11B). Regarding the authigenic
calcite fraction, it is assumed that most of the
inorganic carbon in the sediment is bound in
calcite, thus indicating a calcite content of ca
26% after the Kander River deviation (see Fig.
11B for TIC). Because probably only a small
fraction of the carbonate derives from detrital
calcite grains (see low-Ca XRF-counts in turbidite
layers; Fig. 11B), an authigenic calcite content of
20 ± 5% is assumed. To estimate the amount of
the non-Kander sediment input, the value of 15%
(Table 1; Sturm & Matter, 1972) is reduced to
7Æ5 ± 2Æ5%, as the lake area covered by the
applied grid (Fig. 2B) does not contain lateral
regions and the eastern platform that are most
susceptible to non-Kander sediment input.
In general, the calculations provide minimal val-
ues because no correction for gravel withdrawal
was applied due to a lack of records reliably
quantifying these activities. Incorporating the
stated uncertainty of the applied parameters, the
error of the final yields is estimated to be ca 22%.
The resulting sediment yields for the Kander

River of 363 and 690 t km)2 year)1 for seismic
Sequences S1 and S2 (Table 4), respectively,
confirm a decrease in sediment input by a factor
of 1Æ9. The sediment yield of 363 t km)2 year)1 is
consistent with 200 to 400 t/km)2 year)1 given by
Hinderer (2001) for the modern sediment yield.
Furthermore, these sediment yields correspond to
erosion rates in the Kander River catchment of
0Æ14 mm year)1 (S1) and 0Æ22 mm year)1 (S2),
respectively (Table 4). The erosion rate of
0Æ14 mm year)1 for Sequence S1 agrees with
modern denudation rates of 0Æ15 mm year)1 for
the total Kander River catchment (Kander River:
0Æ3 mm year)1, Simme River: 0Æ03 mm year)1)
derived from measurements of the suspended
river load (Schlunegger & Hinderer, 2003). As
chemical weathering is not included in the
present sediment-yield based calculations, abso-
lute denudation rates increase by the amount of
limestone dissolution.

Factors reducing the sediment input
The most important factor contributing to the
decrease in sediment input is probably the
decline of the erosion in the deviation channel
and further upstream in the Kander River bed

once the river had adjusted to its new base level.
The evaluation of river cross-profiles shows that
bed incision has stabilized with <1Æ5 m level
altitude variation between 1970 and 2000 (Tie-
fbauamt des Kantons Bern and Amt für Land-
wirtschaft und Natur des Kantons Bern, 2004).
In addition, human activities affecting the

catchment area and the lake could also have
played an important role:

1 Intense engineering on the Kander River bed
between 1899 and 1950 (Eidgenössisches
Departement des Innern & Eidgenössisches Obe-
rbauinspektorat, 1890 to 1916; Tiefbauamt des
Kantons Bern and Amt für Landwirtschaft und
Natur des Kantons Bern, 2004) reduced the
energy level and, therefore, the sediment trans-
port capacity of the river. Hence, these correc-
tions contributed to a decrease of transported
grain-size ranges and to a general reduction in
sediment input.
2 Gravel withdrawal at the Kander Delta since

1913 (Niklaus, 1969; Tiefbauamt des Kantons
Bern and Amt für Landwirtschaft und Natur des
Kantons Bern, 2004) has diminished the delta
volume and probably the chance of slope failures
due to reduced overloading of the delta slopes.
In addition, gravel withdrawal in the Kander
River itself (ca 20 km upstream) since 1950 (Tie-
fbauamt des Kantons Bern and Amt für Land-
wirtschaft und Natur des Kantons Bern, 2004) has
reduced the sediment input to the lake.
3 The installation of water gates at the outflows

of Lake Brienz in 1856 (Geiser, 1914) and Lake
Thun in the 1870s and 1880s (Vischer, 2003)
contributed to a more stable lake level and,
therefore, might have stabilized shore and delta
sediments.

Relating to climate, the end of the LIA, which
is well-documented by the beginning of the
retreat of the Grindelwald glacier (Pfister, 1988)
ca 30 km from Lake Thun, chronologically fits the
change in sedimentation rate ca 1840. In theory,
the end of the LIA should have led to an increased
sediment input due to increased melt water and
glacial sediment availability. However, this phe-
nomenon is not observed in the present data,
perhaps because of the strength of other factors,
particularly the initial river adjustments. Never-
theless, the enhanced frequency of flood-related
turbidites between 1860 and 1890 (Layers J and K;
Fig. 12A) is a possible signature of this climate
shift at the end of the 19th Century.
The consequence of the reduced sediment

input since ca 1840 is more stable lacustrine
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sediments, as indicated by the absence of major
subaquatic mass-movement deposits. Accord-
ingly, the ammunition material dumped between
1920 and 1963 has probably never been affected
by major mass movements. Only slow ‘creeping’
in the north-western part of the lake and minor
fine-grained mass-movement turbidites (Layers E
and H) were detected in the seismic and sediment
record after 1840. However, results show that a
strong magnitude earthquake in the Lake Thun
area could trigger subaquatic mass movements
involving large sediment volumes, in similar
ways as for other peri-alpine lake basins (Sch-
nellmann et al., 2002; Strasser et al., 2007). Thus,
such an event represents an important environ-
mental hazard regarding remobilization of ammu-
nition material, as well as potential economic loss
linked to the damage of the recently installed gas
pipeline.

CONCLUSIONS

The artificial redirection of the Kander River in
1714, which delivered large volumes of sediment
into Lake Thun, has led to persistent changes in
the sedimentary system of the lake. Sedimento-
logically, the Kander River deviation is repre-
sented by the emergence of large seismic units
with a chaotic/transparent facies in the proximity
of the Kander Delta. In the distal deep lake basin,
the date of the Kander River deviation is defined
by the base of a prominent onlap geometry,
demonstrating a shift of the depositional centre
and confirming a change in direction of the main
sediment input from the eastern tributaries to the
Kander River. In the sediment core record, the
onset of the Kander River input is recorded by an
increase in Ca and inorganic carbonate concen-
trations, reflecting the carbonate-rich catchment
area of the Kander River.
Seismic profiles and sediment cores indicate

frequent mass-movement events between 1714
and ca 1840. The mass movements are very likely
to be triggered by failures of the overloaded
Kander Delta slopes due to rapid sediment accu-
mulation, lake-level fluctuations and/or earth-
quake-induced shocks (Mw: 4Æ2 to 5Æ6 and I0: V
to VII). Mass-movement deposits are proximally
deposited as large units with a chaotic/transpar-
ent seismic facies and appear distally as turbidite
intervals in the deepest part of the lake.
After 1840, the sediment input to Lake Thun

decreased. This reduction is reflected in the
absence of major mass-movement deposits, in

finer grain sizes of the flood-related turbidite
deposits, in a generally more uniform sediment
distribution and in a lower sediment yield of the
Kander River. The reduction is associated with
the adjustment of the Kander River to its new base
level, which thus took ca 130 years and resulted
in less intense river-bed erosion. In addition,
human activities, such as lake-level regulations
and structural corrections on the Kander River
bed, as well as gravel withdrawal in the river bed
and at the Kander Delta, have also contributed to
the reduction of the sediment loads of the Kander
River. However, ‘creeping’ movements in the
north-western lake part and minor mass-move-
ment-related turbidite deposits in the distal deep
lake basin still occur.
Flood turbidites that can be followed through

the complete core transect correlate to major flood
events of the Kander River between 1850 and
2006. This flood-turbidite record includes the
events in 1852, 1910, 1930, 1944, 1968, 1999 and
2005. The two thickest turbidites correlate to
high-magnitude flood events in 1852 and 2005,
ranking among the most severe floods in Switzer-
land within the past 160 years.
Despite the efforts that were taken for realising

the Kander River deviation, this action could not
completely solve the flooding problem in the Lake
Thun area. The river deviation indeed reduced
floods in the further downstream areas of the
Kander River but led to higher waters at the lake
outflow in the city of Thun. This problem has
recently been addressed by the construction of a
subterranean high water discharge tunnel at the
lake outflow, which is currently in its testing
stage. Ongoing management, such as this, of
environmental systems that impinge on human
activities requires the best possible knowledge
base. This study demonstrates the importance of
understanding a lake sedimentary or any sedi-
mentary system before realising an extensive
engineering project. Valuable knowledge is
gained that may make it possible to anticipate
positive and negative consequences for the hydro-
logical and sedimentological environment, as
well as for economic and societal sectors.
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Eidgenössisches Departement für Verteidigung, Bevölker-

ungsschutz und Sport (2004) Historische Abklärungen zu
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