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VORWORT DER SCHWEIZERISCHEN GEOTECHNISCHEN
KOMMISSION

Im internationalen Vergleich gehort die Schweiz zu den
Lédndern mit mittlerer Erdbebenaktivitit. In historischen
Quellen wird von Erdbeben in der Schweiz berichtet, die
teilweise enorme Schidden an Mensch und Umwelt ange-
richtet haben. So beispielsweise im Jahre 1356, als Basel
von einem Erdbeben verwiistet wurde. Auch am 18. Sep-
tember 1601 fiihrte ein Erdbeben in der Zentralschweiz zu
massiven Schidden. Als interessantes Folgephdnomen des
Bebens wurde damals in Luzern ein Tsunami beobachtet,
bei dem unter anderem das Wasser in der Reuss mehrmals
versiegt und wieder iiber die Ufer getreten ist. Der kleine
Rat von Luzern fiihrte die Katastrophe damals auf die
Siinden der Menschen zuriick und interpretierte sie als
Zorn Gottes. Er erliess als Busse ein aus heutiger Sicht-
weise fragliches Tanzverbot bis zur folgenden Fasnacht.
Heute weiss man, dass solch starke Erdbeben vielmehr
natiirlichesse Ereignis sind, die sich in der Schweiz im
Durschnitt nach mehreren Generationen wiederholen und
bis in prihistorische Zeit nachweisbar sind.

Michael Strasser ist es in seiner Arbeit auf eindriickliche
Art und Weise gelungen, in den Sedimenten des Vier-
waldstitter- und Ziirichsees subaquatische Massenbewe-
gungen zu identifizieren und diese mit historischen und
prihistorischen Erdbebenaktivititen zu korrelieren. Mit
Hilfe von reflektionsseismischen Profilen, Sedimentkernen
und Radiokarbondatierungen konnte die rdumliche und
zeitliche Verbreitung von Massenbewegungen detailliert
rekonstriert werden. Mittels rechnerischer Analysen
konnte er zudem aufzeigen, welche kritische seismische
Bodenbeschleunigung zu Massenbewegungen in ansonsten

stabilen Hiingen fiihrt. Die zeitliche Ubereinstimmung
der Unterwasserrutschungen im Ziirich- und Vierwald-
stéttersee ldsst auf grosse Beben entlang des nordlichen
Alpenrandes schliessen.

Die Schweizerische Geotechnische Kommission dankt dem
Autor fiir die Moglichkeit, diese Arbeit in ihrer Publikati-
onsreihe veroffentlichen zu diirfen.

Der vorliegende Band ergénzt die Publikationen in den
Beitrigen zur Geologie der Schweiz, Geotechnische
Serie Nr. 92 «Erdbebengefihrdung in Abhingigkeit vom
Geologischen Untergrund» (Ch. Beer, 1997) sowie Nr. 78
«Herkunft und Zusammensetzung von Silt in fliessenden
Gewissern und Stauseen-Geotechnische Abtragsanalysen
im Alpenraum» (M. Ammann, 1988).

Fiir den Inhalt von Text, Tabellen und Figuren ist der Autor
allein verantwortlich.

Ziirich, im Mérz 2008

Der Prisident der Schweizerischen Geotechnischen
Kommission

Prof. Max W. Schmidt
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ABSTRACT

Understanding geological processes that govern nature,
evolution and consequences of geohazards, as well as
quantitative information on their magnitudes and recur-
rence frequencies is a key requirement for natural hazard
assessments in highly populated areas, such as central
Switzerland. This thesis investigates and quantifies causes
and effects of Late Quaternary seismic and environmental
impacts in and around Lake Zurich and Lake Lucerne,
by studying in detail subaquatic slope failure processes
and their deposits with combined geophysical, sedimen-
tological, in situ geotechnical and numerical modeling
techniques.

Subaqueous mass movements are common features in
both marine and lacustrine environments and can have
severe impacts on offshore infrastructures and coastal
areas. They can originate from various processes includ-
ing rapid sedimentation and earthquakes. In this study,
the fjord-type perialpine Lake Lucerne and Lake Zurich
are used as model basins to investigate subaqueous slope
stability under static and dynamic loading conditions
and to decipher the role of seismic vs. aseismic trigger
mechanisms. In the investigated lakes, lateral non-deltaic
slopes generally are stable under static loading conditions
but failed during past earthquakes along planar sliding
surfaces that systematically developed at the glacial-
to-postglacial lithological boundary. Coring and in situ
geotechnical measurements in Lake Lucerne reveal this
critical interface to be characterized by slightly under-
consolidated, weak Late Glacial clay deposits above and
overconsolidated, glacially-deformed, glacio-lacustrine
deposits with excessive formation pore pressure below.
In deltaic settings, however, sediment supply from local
creeks and high sedimentation rates exhibit an important
control on slope stability conditions, which may change
over relative short geological time scales, and may facili-
tate aseismically-triggered delta slope failures.

The occurrence of historic and prehistoric earthquakes in
the greater Lucerne area, as recorded by multiple coeval
mass-movement deposits in the subsurface of Lake Lu-
cerne, has already been documented in previous studies.
New in situ geotechnical site characterization along failed
and stable lateral slopes, combined with limit equilibrium
calculations back-analyzing slope stability during past fail-
ure events allow for reconstruction of critical earthquake
intensities. Results reveal seismic peak ground acceleration
of ~0.08 g and ~0.14 g for the historic 1601 A.D. Mw ~6.2
earthquake and a prehistoric, ~2220 cal yr. B.P. earthquake,
respectively. The value for the 1601 A.D. event lies in the
range of calculated accelerations deduced from predictive
ground motion models and suggests comparable macroseis-
mic threshold intensities for basin-wide sliding (I=VII) as

estimated from historical data. These findings thus pinpoint
the potential of detailed subaqueous slope stability analysis
as paleoseismological tool to quantitatively reconstruct
prehistoric earthquake shaking intensities.

For the greater Zurich area, it was so far unknown whether
or not strong seismic shaking occurred during prehistoric
times. However, new Lake Zurich data comprising ~300 km
of high-resolution seismic profiles, 6 gravity piston cores
and 15 radiocarbon ages allow for establishing a complete
Late Glacial-to-Holocene mass-movement catalogue that
clearly reveals the occurrence of three events, during
which multiple coeval landslides occurred throughout the
lake. This clearly suggests a seismic trigger. Furthermore,
the ages of these events match the ages of reconstructed
prehistoric earthquakes recorded in Lake Lucerne. This
correlation thus implies that three large earthquakes (at
2220, 11600 and 13770 cal. yr B.P.) shook central Switzer-
land, strong enough to trigger multiple mass movements in
both lakes located ~40 km apart. Using calibrated macro-
seismic threshold intensities for lacustrine landsliding as
input parameter for macroseismic reconstructions, empiri-
cal seismic attenuation models reveal minimal earthquake
magnitudes of Mw > 6.5 and epicentres that potentially
were located close to North-Alpine front. These findings
indicate ongoing Alpine deformation that generated and
could potentially again generate destructive earthquakes
in heavily-populated regions that are unaccustomed to
seismic activity during historic times.

In the subsurface of Lake Zurich, the oldest of these
three events is associated with sediment waves that in-
dicate formation under strong current conditions. This
observation, combined with geomorphological and core
data in downstream areas of Lake Zurich point towards a
sudden collapse of the Zurich moraine and a subsequent
lake outburst flood that lowered lake level by ~12 m.
Fluid dynamic calculations reveal that averaged outburst
discharge exceeded minimum values of ~2400 m3s-! and
estimated peak discharge of ~20600 m3s-!. The moraine
breakthrough could have been caused either by primary
earthquake shaking and/or secondary effects, such as
landslide-generated waves.

In summary, data and results presented in this thesis reveal
occurrence and quantitative information on frequencies
and intensities of varying seismic and environmental
impacts that affected Lake Zurich and Lake Lucerne and
their surroundings during the last ~17000 years. This
study thus demonstrates the multi-disciplinary approach
studying subaquatic mass movements in different basins
to be a successful and promising strategy to assess the
geo-hazard potential arising from such rare but potentially-
destructive events.
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ZUSAMMENFASSUNG

Die Abschitzung des Gefdhrdungspotentials natiirlicher
geologischer Ereignisse verlangt prozess-basierte Kenntnisse
iiber die Entstehung und iiber mogliche Konsequenzen von
Naturgefahren sowie quantitative Informationen iiber deren
Intensitdten und Wiederkehrraten. Diese Studie befasst
sich mit spétquartiren Erdbeben und Umweltereignissen in
und um den Ziirich- und Vierwaldstittersee. Insbesondere
wird aufgezeigt, wie mit Hilfe von geophysikalischen, se-
dimentologischen, in situ geotechnischen und numerischen
Modellierungs-Methoden detaillierte Untersuchungen von
subaquatischen Hangrutschungen und deren Ablagerungs-
produkten zum Verstindnis solcher Naturgefahren beitragen
konnen.

Subaquatische Rutschungen treten sowohl in Ozeanen als
auch in Seen auf und koénnen eine Gefidhrdung fiir Bauten und
Verankerungen am Boden der Gewisser sowie fiir Mensch
und Infrastruktur am Ufer darstellen. Solche Hanginstabili-
titen konnen durch verschiedene Mechanismen ausgelost
werden, wie zum Beispiel durch Erdbeben oder durch
erhohte Sedimentzufuhr. Die fjorddhnlichen Schweizer
Alpenrandseen, wie Ziirich- und Vierwaldstittersee, sind
besonders geeignet, den Einfluss von seismischen bzw. nicht-
seismischen Auslosemechanismen zu erforschen und die
Hangstabilitit als Funktion von statischer und dynamischer
Belastung im Detail zu studieren. In den untersuchten Seen
sind seitliche Unterwasserabhénge, welche nicht von Delta-
Prozessen beeinflusst werden, unter statischer Belastung
stabil. Erst zusitzliche dynamische Belastungen, welche
durch Erdbebenerschiitterungen hervorgerufen werden, 16sen
Hangrutschungen aus. Die Rutschungsflachen bilden sich
bevorzugt entlang der lithologischen Grenze zwischen leicht
unterkonsolidierten spétglazialen Tonen mit relativ geringen
Scherfestigkeiten und den darunterliegenden iiberkonsoli-
dierten, glazial deformierten Gletscherseeablagerungen mit
erhohten Porenwasserdriicken. Grossrdaumige Versackungen
und Massenbewegungen wihrend des endeiszeitlichen
Gletscherriickzugs sowie nacheiszeitliche Hanginstabilitdten
entlang von Deltaabhiingen konnen unter dem Einfluss von
erhohtem Sedimenteintrag hingegen auch aseismisch aus-
gelost werden.

Friihere Studien in der Region Luzern haben bereits auf-
gezeigt, dass historische und préhistorische Erdbeben die
Region mehrfach erschiittert und im Vierwaldstittersee
gleichzeitig mehrere subaquatische Rutschungen verursacht
haben. Mit rechnerischen Analysen der Hangstabilitét, welche
dank Daten von in situ geotechnischen Messungen quantitativ
durchgefiihrt werden konnen, wird neu die fiir das Auslosen
der Rutschungen nétige kritische seismische Bodenbeschleu-
nigung vergangener Beben rekonstruiert. Demnach entsprach
die Erschiitterung wihrend des historischen Mw ~ 6.2 Erd-
bebens im Jahre 1601 einer Bodenbeschleunigung von ca.
0.08 g. Fiir ein prihistorisches Beben 2220 Jahre vor heute
ergeben sich Werte von ~0.14 g Die Resultate der 1601-Erd-
beben-Rekonstruktion liegen in der gleichen Grossenordnung
wie die mit stochastischen Simulationsmethoden errechnete
theoretische Bodenbeschleunigung. Sie sind ebenfalls ver-

gleichbar mit lokalen Intensitidtsangaben in historischen
Quellen. Somit zeigt diese Studie auf, dass die quantitative
Analyse von vergangenen subaquatischen Hanginstabilitéten
eine vielversprechende Methode fiir die Rekonstruktion
prahistorischer Erdbebenintensitiiten darstellt.

Fiir die Region Ziirich war es bis anhin nicht bekannt, ob in
der Vergangenheit grossere Erdbebenerschiitterungen statt-
gefunden haben. Die neuen Untersuchungen im Ziirichsee,
wo mit Hilfe von 300 km reflektionsseismischen Profilen, 6
Sedimentkernen und 15 Radiokarbondatierungen die zeitliche
und rdumliche Verbreitung von Unterwasserrutschungen im
Detail rekonstruiert wurde, zeigen aber drei grosse Ereignisse
mit simultan ausgeldsten Rutschungen auf, was auf drei
prahistorische Erdbeben schliessen lédsst. Auffallenderweise
stimmen die Alter der drei Beben (2220, 11600 und 13770
Jahre vor heute) mit den Altern von im Vierwaldstittersee
rekonstruierten Beben iiberein, was einen genetischen Zu-
sammenhang impliziert. Mit Hilfe von makroseismischen
Rekonstruktionen, fiir welche die fiir die Auslosung von
Rutschungen kritischen Intensitéten sowie empirische seis-
mische Wellenausbreitungsmodelle verwendet wurden, wird
die minimale Magnitude dieser drei Erdbeben auf Mw > 6.5
geschitzt. Die Epizentren diirften wohl irgendwo entlang
des nordlichen Alpenrandes gelegen haben. Diese Resultate
lassen vermuten, dass aktive alpin-tektonische Krifte zur
Aktivierung von seismogenen Zonen in den Alpen gefiihrt
haben und auch in Zukunft fithren konnten.

Im Weiteren wurden im Ziirichsee Sedimentstrukturen beob-
achtet, welche im Zusammenhang mit dem éltesten dieser drei
Erdbeben entstanden sein miissen und auf grosse Wasserstro-
mungen hinweisen. Zusitzliche geomorphologische Daten
und Bohrkernaufnahmen im Raum Ziirich zeigen auf, dass
diese Strukturen durch einen Ziirichsee-Ausbruch mit durch-
schnittlichen Ausflussraten von mindestens 2400 m3s™! und
einer resultierenden Seespiegelabsenkung von ~12 m gebildet
wurden, welcher sich als Folge eines Durchbruchs durch den
stauenden Morédnenriegel von Ziirich ereignet hatte. Maxi-
male Spitzenabflussraten diirften in der Grossenordnung von
~20600 m3s™! gelegen haben. Der Morinendurchbruch selbst
wurde entweder primér durch die seismische Erschiitterung
oder sekundér von liberschwappenden Wellen ausgelost, wel-
che durch die Wasserverdringung von erdbebeninduzierten
Rutschungen im See entstehen kénnen.

Zusammengefasst dokumentiert diese Arbeit das Auftreten
verschiedener geologischer Ereignisse, wie Massenbewe-
gungen, Erdbeben und Seeausbriiche, welche sich im Verlaufe
der letzten rund 17000 Jahren in der Ziirich- und Vierwald-
stittersee Region ereignet haben. Daten und Resultate dieser
Studie erlauben es, Intensititen und Wiederkehrraten solcher
Prozesse quantitativ abzuschétzen. Der angewandte multi-
disziplinire Ansatz, die Entstehung und Konsequenzen von
subaquatischen Hangrutschungen im Detail zu erforschen,
kann daher als relevante und vielversprechende Methode
betrachtet werden, um das Gefdhrdungspotential von solch
seltenen aber moglicherweise katastrophalen geologischen
Ereignissen abzuschitzen.
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I INTRODUCTION

1.1  Research motivation and general objectives

Natural hazards, such as earthquakes, landslides, and lake
outbursts can have severe impacts on civil infrastructures
and human society. Hence, understanding geological pro-
cesses that govern nature and evolution of such geohazards
is a fundamental and societal relevant goal of modern Earth
Science. Enormous scientific and economic efforts are
undertaken to assess the hazard potential associated with
such rare but potentially-destructive events and to develop
future scenarios, especially in highly populated areas. In
order to achieve these fundamental goals, studying in
detail past events, assessing their recurrence intervals and
quantitatively reconstructing magnitudes and intensities of
both causal and subsequent processes and impacts are key
requirements. Most extreme geological events, however,
show recurrence rates typically exceeding the time span
covered by instrumental data and often also by historical
archives. Hence, studying prehistoric events preserved in
the geological record is essential to assess the geohazard
potential associated with such rare events.

This thesis investigates Late Quaternary natural hazards
as recorded in the lacustrine record of Swiss Lakes. As an
overall scientific objective, it aims to better determine and
quantify causes and effects of natural hazards related to
subaquatic landslides. Large subaqueous mass-movement
events gained wide attention in the marine environment not
only because of their catastrophic impacts on both offshore
infra-structures (e.g. pipelines, cables and platforms) and
coastal areas (e.g. landslide-induced tsunamis) (e.g. Locat
and LEg, 2002; CAaMERLINGHI et al, 2007; and references
therein), but also because they can be directly related to
primary trigger mechanisms including earthquakes, rapid
sedimentation, gas release, glacial and tidal loading, wave
action, or clathrate dissociation, many of which representing
potential geohazards themselves (e.g. HAmpTON et al, 1996;
Locar and LEg, 2002; SuLtaN et al., 2004; SoLHEIM, 2006;
OWwEeN et al., 2007; and references therein).

Similarly, subaquatic mass movements have also been ob-
served and described in lakes (e.g. HEmv, 1908; KeLTs and
Hsu, 1980; SIEGENTHALER et al, 1987; SuiLts and CLAQUE,
1992; DauT, 1998; CHAPRON et al., 1999; SCHNELLMANN et
al. 2002; 2005; 2006; MoNEckE et al, 2004; 2006; MOER-
NaUT et al, 2007; GirarpcLos et al., 2007). Due to their
well-constrained boundary conditions, their smaller size
and the possibility to be investigated on a complete bas-
inwide scale, mass movements in lacustrine environments
offer a series of advantages that make lake studies vital to
also improve our knowledge on marine processes. With
their regular sedimentation, steep lateral slopes and great
water depths, Swiss perialpine fiord-type lakes, therefore,

provide ideal model basins to study in detail subaquatic
slope failure and mass-movement processes.
Furthermore, lakes have been shown to provide valuable
archives to reconstruct the regional earthquake history
(Smms, 1973; SHiLts and CLAQUE, 1992; SCHNELLMANN et
al. 2002; 2006; MoNEckE et al, 2004; 2006; NOMADE et
al, 2005; MoEgrNAUT et al, 2007). It has been shown that
seismic shaking leaves its characteristic fingerprint (in
particular multiple coeval landslide deposits and soft
sediment deformation) in the otherwise-continuous lacus-
trine sedimentary record that can be spatially correlated
and precisely dated. Primary objectives addressed in this
thesis thus are to test the utility of (i) assessing critical
seismic threshold intensities for triggering sub-aquatic
slope failures and of (ii) temporal and spatial correlation
of subaquatic landslides deposits in different lake archives
as paleoseismologic tool to quantitatively reconstruct past
local ground shaking intensities and to constrain chronol-
ogy, magnitudes and epicenters of prehistoric seismicity.
These scientific objectives are addressed by investigat-
ing Lake Zurich and Lake Lucerne (Central Switzerland;
Fig. 1.1) using combined sedimentological, geophysical, in
situ geotechnical and numerical modeling techniques. The
combination of these methods represents a novel approach
for lacustrine slope stability assessment and for quantita-
tive paleoseismologic reconstructions. Additionally, the
benefit of systematic quasi 3-D seismic stratigraphic
mapping, coring and dating is not limited to investigation
of subaqueous mass-movement processes and paleoseis-
mologic reconstructions. It also allows identifying and
reconstructing other potentially-hazardous processes and
impacts that affected the lake and its surroundings over
geological timescales. An additional objective of this the-
sis, therefore, is to shed light on a Late Pleistocene outburst
of Lake Zurich that was postulated by ScHINDLER (1971) but
that has so far lacked conclusive interpretations of trigger
mechanism(s), accurate timing and consequences.

1.2 Regional setting
1.2.1  Study areas

Lake Lucerne and Lake Zurich occupy perialpine, glacigenic
overdeepend troughs situated in central Switzerland in the
Swiss Plateau and at the North-Alpine front, respectively
(Fig. 1.1). Both lakes consist of several sub-basins separated
by subaqueous sills. The sub-basins generally are charac-
terized by elongated shapes, steep lateral slopes and sharp
lower slope breaks towards intermediate flat basin plains.
The sedimentary infill in both lakes generally consists of



a thick succession of mainly glacial and glacio-lacustrine
deposits. The majority of theses sediments were accumu-
lated in a subglacial environment and only the uppermost
~10-30 meter were deposited after the glacier retreated from
the lake basins (FiNckH et al., 1984; Hsu and KELts, 1984
and references therein; SCHNELLMANN, 2006).

Lake Lucerne

In the subsurface of Lake Lucerne, previous studies by
SIEGENTHALER et al. (1987), LEMcKE, (1992), and SCHNELL-
MANN et al. (2002; 2005; 2006) identified numerous
mass-movement deposits related to a historic Mw ~6.2
earthquake occurring in 1601 A.D. (SCHWARZ-ZANETTI
et al., 2003; GisLER et al., 2004). 13 synchronous mass
movements related to this event triggered a tsunami wave
up to 4 meter in height and a subsequent seiche wave that
lasted for several days (Cysat, 1601; SCHNELLMANN et al.,
2002). In the deeper subsurface, several mass-movement
deposits comprising five additional seismically-triggered
synchronous mass-movements events were identified
(ScHNELLMANN et al. 2006). This complete chronological
catalogue of Late Glacial and Holocene mass-movement
deposits in Lake Lucerne provides an ideal basis to sys-
tematically and quantitatively investigate slope stability
during both seismic and static loading conditions and to
shed light on slide plane development and slope failure
initiation mechanism(s).

Lake Zurich

In Lake Zurich, previous studies in the 1970’s and 1980’s
described Lake Zurich’s geology and its general sedimen-
tary and environmental evolution since the Last Glacial

Maximum (Hst and KeLts, 1970; 1984; SCHINDLER, 1971
1974; 1976; KeLrs, 1978; GiovanoLi, 1979; Pika, 1983;
LisTER, 1985; 1988; SipLER, 1988). In early Late Glacial
times lake level was significantly higher than today,
because during an intermediate stagnation phase during
overall deglaciation, the retreating Linth Glacier deposited
a large frontal moraine that dammed (paleo) Lake Zurich
at a higher level (ScHINDLER, 1971). On the basis of geo-
morphological data and information from drill cores and
open construction pits in downstream areas of Lake Zurich,
ScHINDLER (1971) proposed that the drop in lake level may
have been instantaneous as a consequence of the collapses
of the Zurich moraine dam and a subsequent lake outburst.
Since the early 1970’s, however, only very few studies
tested this hypothesis (FURGER, 1991; ScHINDLER, 2004)
but occurrence, timing and trigger mechanism(s) of such
an event could not be conclusively revealed.

Subaquatic mass-movement deposits in Lake Zurich have
been described both in core and seismic data acquired
during previous studies (SCHINDLER, 1976; KELTs, 1978;
GiovanoLl, 1979; Pika, 1983; Hst and KELts, 1984).
In particular, a series of subaqueous slumps that were
triggered by human landfill along the shore near Horgen
in 1875 A.D. was extensively studied and described by
Hem, (1976), KeLrs (1978), KeLrs and Hsu (1980) and
SIEGENTHALER et al. (1984). In the deeper sedimentary
section, however, none of the previous studies particularly
examined spatial and temporal distribution of Late
Glacial-to-Holocene mass-movement deposits and their
causes remain speculative. It thus remains open, whether
Late Glacial and Holocene mass movements in Lake
Zurich systematically occurred during specific events and
whether their deposits may record information on past
seismic and/or environmental impacts.

Figure 1.1: Map of Switzerland
locating study areas Lake Zurich
and Lake Lucerne (dark-grey
areas) and showing general
tectonic units and epicenters of
instrumentally (gray dots) and
historically (M = 5.5, dark-gray
dots) recorded earthquakes (Fin
etal.,2003). NAF=North-Alpine
nappe front.




1.2.2  Seismotectonic setting and previous paleoseismic
studies

The cities of Lucerne and Zurich are situated in the north
alpine foreland basin, 7 and 40 km north of the North-
Alpine nappe front, respectively (Fig. 1.1). This frontal
thrust strikes WSW-ENE and marks the northern topo-
graphic boundary of the Alpine nappes that overthrust
the Molasse basin. The instrumentally registered recent
seismicity in central Switzerland over the last 30 years has
been very low. In the foreland, small earthquakes gener-
ally occur throughout the crust to Moho level (~30 km),
nucleating in crystalline basement with predominantly
strike-slip focal mechanisms and minor normal faulting
components. Upper-crust shallow thrust and strike-slip
faulting dominates the external Alpine nappes (KAsTRUP
et al., 2004). The observed changes in earthquake-depth
distribution and style of faulting between the foreland
and the inner-alpine zones reflect the superposition of
the regional compressional stress, induced by large-scale
continental convergence, with the uniaxial tensional stress
related to lateral spreading within the Alpine orogenic belt
(KasTrup et al., 2004). However, the sparse data do not
allow to identify or even to speculate on seismically active
fault zones capable of generating large and potentially-
destructive earthquakes.

In the foreland, the largest known historic earthquake
(Mw ~5.4) occurred in 1674 A.D. near Thalwil, ~20 km
southeast of Zurich (FAH et al., 2003), whereas the inner-
alpine central Switzerland region south of Lucerne was
seismically more active throughout the historic period.
Three events with Mw > 5.7 were chronicled during the past
millennium (Fig. 1.1), including the 1601 A.D. Mw ~6.2
event, that may be associated with a ~20-km-long, left
lateral shallow-seated strike-slip fault system within the
Helvetic nappes located approximately along the valley
of Obwalden (GisLER et al., 2004). The historical record
of seismicity in central Switzerland, however, spans
only ~1000 yr, and certainly does not reflect the overall
seismic potential. Previous paleoseismological studies
calibrated the effect of historic earthquakes on sediments
in different lakes in the greater Lucerne area and identified
6 additional prehistoric paleoseismic events (with effects
similar to those produced by the 1601 A.D. event) that
occurred in the past 15 k.y. (SCHNELLMANN et al, 2002;
2006; MonNECKE et al, 2006). MoNECKE et al. (2004; 2006)
further documented that the northwestern part of central
Switzerland was also influenced by large earthquakes
with epicenters in the Basel region that is characterized
by enhanced seismicity both during historic (Basel
earthquake 1356 A.D. Mw 6.9 (MEGHRAOUI et al., 2001))
and during prehistoric times (BECKER et al, 2002; FERRY
et al, 2004; MoNECkE et al, 2006).

The greater Lake Zurich area, however, so far lacks
any paleoseismic information and it remains unknown,
whether the reconstructed earthquakes in the greater
Lucerne and/or Basel area or so far unknown prehistoric
seismic events may have affected Lake Zurich and its
surroundings. Due to the limited geographical distribution

of the previously investigated archives in the greater
Lucerne area, estimations of epicenters and magnitudes
of prehistoric events remained dubious and, therefore,
it is not known whether these events may be associated
with the proposed fault zone along the Obwalden valley
(GisLErR et al, 2004) or with other, so far unknown,
neotectonic faults zones capable of generating rare but
large earthquakes.

1.3  Outline of the thesis

Chapters 2 to 5 represent four individual peer-reviewed
scientific articles that either are published (Chapters 2 and
4) or in press (Chapter 5) in scientific journals or within
this publication (Chapter 3). They cover different aspects
within the overall thesis framework of «Late Quaternary
Natural Hazards in Swiss Lakes» and aim to better deter-
mine and quantify causes and effects of natural hazards
related to subaquatic mass movements. The general or-
ganization of the thesis is as follows:

Chapter 2, published in «Marine Geology», presents three
detailed case studies of seismically-triggered slope failures
in Lake Lucerne. Sedimentological and geotechnical
data from coring and from on-site deployment of in situ
geotechnical testing devices allow for reconstruction of
the geological and sedimentological processes acting on
submerged slopes and for discussion of their influence
on physical and geotechnical properties that affect
the subaqueous stability conditions and slope failure
initiation. The obtained data eventually are implemented
into limit equilibrium slope stability calculations that
reveal quantitative information on threshold conditions
for subaqueous landslide initiation.

In Chapter 3, a chronological catalogue of Late Glacial-
to-Holocene mass-movement activity in Lake Zurich is
established. The systematic characterization of types and
distribution of different mass-movement deposits allow
determining the associated depositional, transport and
slope-failure trigger mechanism(s) and provide the basis
for deciphering various seismic and environmental impacts
that affected Lake Zurich and its surrounding during the
last 17000 years.

Chapter 4, published in «Geology», identifies striking
evidences for three large paleo-earthquakes (Mw > 6.5) in
central Switzerland by spatial and temporal correlation of
multiple coeval lacustrine deposits in Lake Zurich and Lake
Lucerne. A novel quantitative paleoseismic approach apply-
ing macroseismic reconstructions on the basis of empirical
seismic attenuation models and calibrated threshold values
for landslide initiation then reveals estimates on earthquake
magnitudes and potential epicenter locations. This allows
for discussion of seismotectonic implications and provides,
for the first time, quantitative information on the seismic
hazard potential for the greater Zurich area.



In Chapter 5, in press in «Journal of Geophysical Research:
Earth Surface», several independent evidences for the oc-
currence of a Late Pleistocene moraine collapse and sub-
sequent Lake Zurich outburst are presented that also allow
for discussion of causes and consequences of this unique

event. Furthermore, the potential outburst magnitude is
estimated using hydrodynamic calculations to reconstruct
outflow discharge scenarios. The findings then are placed
in a broader context to generally discuss natural hazards
related to outbursts from moraine-dammed lakes.



2 QUANTIFYING SUBAQUEOUS SLOPE STABILITY DURING SEISMIC
SHAKING: LAKE LUCERNE AS MODEL FOR OCEAN MARGINS

Published as: STRASSER, M., STEGMANN, S., BussmaNN, F., ANSELMETTI, F.S., Rick, B., and Kopr, A. (2007): Quantifying subaqueous slope
stability during seismic shaking: Lake Lucerne as model for ocean margins. Marine Geology, 240, 77-97.

Abstract

Lakes can be used as model basins to investigate subaque-
ous slope stability under static and dynamic loading condi-
tions. This study combines geophysical, sedimentological
and in situ geotechnical methods with limit equilibrium
calculations in order to discuss (i) the geological and sedi-
mentological processes acting on submerged non-deltaic
lateral slopes in Lake Lucerne; (ii) their control on physi-
cal and geotechnical properties that eventually affect the
subaqueous stability conditions and slope failure initiation,
and (iii) the quantitative assessment of subaqueous slope
stability. Three detailed case studies are presented to de-
scribe and quantitatively reconstruct stability conditions of
slopes that failed during a well-documented historic earth-
quake in 1601 A.D. and during a prehistoric Late Holocene
earthquake around 2220 cal yr. BP (both Mw > 6).
Glacio-lacustrine sedimentation dominated by suspension
settling from meltwater plumes and slight overconsolida-
tion from ice-grounding during small readvances of a
generally retreating glacier lead to a peculiar glacial-to-
postglacial lithologic slope succession that eventually
was burried by the Holocene sediment drape. During
past earthquake shaking, the slopes that were stable under
static loading conditions (factor of safety of 1.5-2) failed
along planar sliding surfaces that developed at the litho-
logical boundary between fine grained, thinly-laminated,
slightly underconsolidated cyclic plume deposits with low
undrained shear strength values above and overconsoli-
dated, glacially-deformed, glacio-lacustrine deposits with
excessive formation pore pressure below. Measured in situ
shear strength characteristics and sediment geometries
were implemented into limit equilibrium models that allow
for quantitative reconstruction of critical ground accelera-
tions of past earthquakes in Central Switzerland. Results
reveal seismic peak ground acceleration (PGA) of ~0.08 g
and ~0.14 g for the historic 1601 A.D. Mw ~6.2 earthquake
and the prehistoric, ~2220 cal yr. B.P. earthquake, respec-
tively. Additionally, results reveal that stability conditions
change over relative short geological time scales because
the postglacial sedimentation rate, which mainly controls
the static weight of the slope sediment acting on the criti-
cal lithological boundary, turns out to be a key parameter
in «charging» slopes susceptible to sliding.

Zusammenfassung

Diese Studie befasst sich mit der Stabilitdt von Unter-
wasserabhédngen unter statischer und dynamischer (i.e.
seismischer) Belastung. Mit Hilfe von geophysikalischen,
sedimentologischen, in situ geotechnischen und nume-
rischen Modellierungs-Methoden wird untersucht (i) wie
die geologischen, sedimentiren- und postsedimentéren
Prozesse entlang Unterwasserabhénge wirken, (ii) was deren
Einfluss auf die physikalischen Sedimenteigenschaften ist
und (iii) wie diese die Hangstabilitét kontrollieren. In drei
detaillierten Fallstudien wird die Hangstabilitéit berechnet,
um subaquatische Rutschungen, ausgeldst durch ein histo-
rischen Erdbeben im Jahre 1601 n. Chr., bzw. durch ein
prahistorisches Erdbeben ~2220 Jahre vor heute, quantitativ
zu rekonstruieren.

Die Untersuchungen zeigen auf, dass glazio-lakustrine
Sedimentationsprozesse, welche durch Ablagerung aus
Gletschermilch-Suspensionwolken dominiert wurden,
sowie eine postsedimentire leichte Uberkonsolidierung
verursacht durch Eiskontakt, zu einer besonderen glazial-
bis-spitglazialen lithologischen Abfolge entlang der Unter-
wasserabhiinge fiihrten. Diese Abfolge wurde schliesslich
von Holozinen Seeablagerungen iiberlagert. Wihrend
vergangener Erdbeben entwickelten sich entlang der litholo-
gischen Grenze zwischen den feinkornigen, feinlaminierten,
leicht unterkonsolidierten spitglazialen Sedimenten, welche
geringe Scherfestigkeiten aufweisen, und den darunter
liegenden glazial-deformierten, leicht iiberkonsolidierten
glazio-lakustrinen Ablagerungen, welche zusitzlich durch
leichte Porenwasseriiberdriicke charakterisiert sind, planare
Rutschungsflichen, entlang welcher das unter statischer
Auflast stabile post-glazialen Sedimentpacket (Sicherheits-
beiwerte von 1.5-2) abrutschte.

Limit Equilibrium Hangstabilititsberechnungen, welche
die in situ bestimmten Sedimentfestigkeiten sowie die aus
reflexionsseismischen Untersuchungen bekannten Hang-
geometrien beriicksichtigen, erlauben es die kritischen
seismischen Bodenbeschleunigungen fiir die vergangenen
Erdbeben quantitativ zu rekonstruieren. Die Resultate
liefern minimale Bodenbeschleunigungen in der Grossen-
ordnung von 0.08 g fiir das historische Erdbeben im Jahre
1601 n. Chr. und 0.14 g fiir das prihistorische Beben vor
~2220 Jahren. Die Resultate zeigen im Weitern auf, dass sich
die Hangstabilititsverhéltnisse geologisch betrachtet tiber
relative kurze Zeitrdume signifikant dndern konnen. Dies
wird als Folge von unterschiedlichen post-glaziale Sedi-
mentationraten, welche schlussendlich die statische Auflast
des Sedimentpakets auf die kritische glazial-postglaziale
lithologische Grenze kontrollieren, interpretiert.



2.1 Introduction

Local instability of submerged sediment-covered slopes
are common features in both marine and lacustrine
environments and may have considerable catastrophic
impact on offshore and coastal infrastructure (e.g. SHILTS
and CLAGUE, 1992; CHAPRON et al., 1999; Locar and LEE,
2002; BoE et al, 2004; Leg, 2005). They originate from
various processes such as erosion, rapid sedimentation, gas
release or migration, earthquake shaking, diapirism, glacial
and tidal loading, wave action, or clathrate dissociation
(HamptON et al., 1996, Locar and Lee 2002). Some of
these geological processes act on the submerged slopes
over longer time periods and are considered as causal
factors whereas others are of instantaneous nature (e.g.
earthquakes) and are thus referred to as short term trigger
mechanisms (Locat and LEg, 2002; SuLtaN et al., 2004;).
To understand past slope failure events and to eventually
assess subaqueous landslide hazard, it is essential to
reconstruct the prefailure and failure conditions associated
with subaquatic landslides (LErROUELL et al., 1996), and
also to quantitatively distinguish between long-term and
short-term trigger processes.

Much of what is known today about subaqueous slope
stability and hazard-related issues of underwater mass
movements has been established from case studies during
international campaigns along continental margins (e.g
Costa-Project (MIENERT, 2004; and references therein)
and Strataform-Project (NITTROUER, 1999; and references
therein); see Locat and LEE (2002) for general summary)
or from theoretical approaches using laboratory data or
numerical modeling techniques (e.g. BisconTIN et al.,
2004; AziziaN and Popescu, 2006). These studies present
major advances in the quantitative assessment of subma-
rine slope stability, but have also shown the challenges in
determining in situ physical and geotechnical properties
(e.g. shear strength and pore pressure) that are crucial
for quantitative slope stability analysis. In the submarine
environment, coring and in situ testing tools are expen-
sive and critical subsurface structures along which failure
occurred (or might occur in the future) are often located
in depths inaccessible by those devices. Therefore, the
acquired shallow subsurface data have to be extrapolated
to critical depths (e.g. URGELES et al., 2006) or the stability
has to be assessed through normalized approaches (LEE
and EpwaRrDps, 1986).

This study uses the lacustrine environment as a «model
ocean» to quantitatively analyze subaqueous slope stabil-
ity under static and dynamic loading. Due to their well-
constrained boundary conditions, their smaller size and
the possibility to be investigated on a complete basinwide
scale, mass movements in lacustrine environments offer a
series of advantages that make lake studies vital to improve
our knowledge on marine processes. The three case stud-
ies of seismically-triggered slope failures in perialpine,
fjord-type Lake Lucerne (Central Switzerland) presented
here allow a quantitative discussion about the relationship
between long-term causal factors and short-term trigger
mechanisms. Methods developed for oceanographic and

geotechnical investigations campaigns were utilized for
site characterization. The limited sediment thickness cov-
ering the bedrock allows a complete in situ characterization
of the slope-covering strata in failed as well as in stable
areas. The combined geophysical, sedimentological, in
situ geotechnical and limit equilibrium study presents a
novel approach for slope stability assessment in the la-
custrine environment, but resulting conceptual ideas give
also new inputs in the context of larger slope instabilities
occurring in particular in fjords or - more generally - on
continental margins.

The primary objectives of the study are: (i) to understand
the sediment dynamics and their control on the stability
conditions along the lateral, non-deltaic slopes of Lake Lu-
cerne; (ii) to quantify the sliding related key-characteristics
(morphology, sedimentology, physical properties and in
situ geotechnical parameters) of three earthquake-triggered
slopes failures; and (iii) to quantitatively reconstruct
seismic ground accelerations that affected the slopes at
the time of failure.

2.2 Geological Setting/Lake Lucerne

Lake Lucerne is a fjord-type, perialpine lake of glacial origin
situated in Central Switzerland (~47°N, 8.5°E; 437 m asl.;
area = 116 km?2; Fig. 2.1). It consists of seven steep-sided
sub-basins with relatively flat basin plains down to 220
m maximum water depth (BUHRER and AMBUHL, 1996).
The substratum of Lake Lucerne is composed from S to
N by the Helvetic Nappes, the Subalpine Molasse and
the Plateau Molasse which are separated by the Northern
Alpine thrust and Subalpine thrust, respectively (Fig.2.1).
The lake’s complex shape and morphology result from
efficient glacial erosion along weak zones associated with
the regional geology. Past lake levels were slightly lower
(~-9 m) and probably increased stepwise related to the
growth of two opposing deltas in the outlet region near
the city of Lucerne (Kopp, 1938).

This study concentrates on the lateral non-deltaic slopes
of the external Chriiztrichter and Vitznau basins (Figs.
2.1 and 2.2) that are separated from the major deltas by
sills formed by submerged moraines (HANTKE, 2003). The
three discussed study sites (i.e. the Weggis, St.Niklausen
and Chriiztrichter sites) are located north of the Northern
Alpine Front in areas with a molassic substratum consist-
ing of sandstones and conglomerates.

In the central region of the investigated sub-basins the
bedrock is covered with an up to 120 m-thick, mainly
glacial and glacio-lacustrine infill (FINckH et al., 1984).
The majority of these sediments were deposited in a
subglacial environment within relatively short time dur-
ing the end of the last Glacial period. The Late Glacial
basin sediments comprise thinly-laminated light gray to
yellowish mud with frequent intercalated graded turbidite
beds. The Holocene sediments consist of 5 to 15 m-thick,
faintly laminated grayish to brownish mud with dark lay-
ers rich in organic matter and some intercalated graded
turbidite beds (SCHNELLMANN et al., 2006). Previous stud-



Figure 2.1: Overview map of Lake
Lucerne and its surroundings (shaded
relief from 25 m digital terrain model,
Swisstopo) showing the seven steep-

sided sub-basins with flat basin plains.
Bathymetric contour interval is 40 m.
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2003, GIsSLER et al., 2004).
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ies identified numerous mass-movement deposits related
to a historic Mw 6.2 earthquake occurring in 1601 A.D.
(Unterwalden Earthquake; SCHWARZ-ZANETTI et al., 2003;
GisLER et al., 2004) in the subsurface of Lake Lucerne
(SIEGENTHALER et al, 1987, LEMCKE, 1992; SCHNELLMANN
et al., 2002, 2005, 2006). 13 synchronous mass move-
ments related to this event triggered a tsunami wave up
to 4 meter in height and a subsequent seiche wave that
lasted for several days (Cysar, 1601; SCHNELLMANN et
al.,2002). In the deeper subsurface, five additional event
horizons containing seismically triggered synchronous
mass movements were identified that have occurred in

the last 15000 years. SCHNELLMANN et al. (2006) provide
a chronological catalogue of Late Glacial and Holocene
mass-movement deposits and related subaqueous land-
slide scars in the two studied sub-basins. Slope failures
are mostly characterized by translational movement and
occurred in water depths ranging from 30—100 m. This
study focuses on the source areas and on the prefailure
and failure conditions of three well-dated landslides, the
deposits and depositional mechanisms of which are well
constrained and for which strong seismic shaking was
singled out as trigger mechanism (SCHNELLMANN et al,
2005, 2006; Fig 2.2).
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Figure 2.2: Modified after Schnellmann et al., 2005. Bathymetric map of Chriiztrichter and Vitznau basins showing the
outline of the Weggis, St. Niklausen and Chriiztrichter Slides (see Figure 2.1 for location of the map segment). Slide com-
plexes are marked with grey shadings, whereby dark and light grey indicate erosional and depositional zones, respectively.
Contour interval is 10 m. The bold dotted line in the SE corner indicates a major subaqueous sill and corresponds to an
intermediate glacier-front stage during deglaciation (HANTKE, 2003). Bold lines indicate position of 3.5 kHz seismic profiles
presented in subsequent figures. Open white circles give position of piston cores and in situ testing sites.



2.3 Methods

2.3.1  Subbottom profiling

Closely spaced (~30-50 m grid spacing), single channel
high-resolution 3.5 kHz seismic profiles (pinger source)
were acquired in 2005 in order to refine the existing bas-
inwide seismic data set (SCHNELLMANN et al, 2006) in the
areas of the three study sites. The source/receiver was
mounted on a cataraft that was pushed in front of a small
vessel. DGPS-positioning with a maximum error of £2 m
guaranteed accurate navigation. The digitally recorded data
was processed using both a flat gain and band-pass filter-
ing. Two-way travel time was converted to water depth and
sediment thickness using a constant velocity of 1450 ms-!.
No migration was applied to the data because visual quality
and readability is better in the non-migrated data and slope
dip errors due to non-migration of the seismic sections are
negligible (< 2 %).

2.3.2  Coring and laboratory analysis

Ateach study site, two Kullenberg-type gravity piston cores
(KeLrs et al., 1986), each 4.5-7 m in length, were recovered
in the undisturbed slope-covering sediments adjacent to the
failure scars. These cores provide material for both detailed
characterization of sedimentological and physical proper-
ties, and for further geotechnical analysis on undisturbed
samples. Additionally, at each study site 3 short gravity
cores with a maximum length of 2 m were recovered along
the failed slopes downslope of the failure scar.

The cores were logged in the Limnogeology Laboratory
at ETH Zurich using a GEOTEK multisensor core log-
ger (MSCL), which measures Gamma Ray Attenuation
bulk density, compressional wave velocity and magnetic
susceptibility. Afterwards, cores were split for sedimen-
tological description (macroscopically and using smear
slide techniques; RoTHWELL, 1989; KeLTs 1998). Immedi-
ately after splitting, cores were photographed and natural
water content measurements were performed by weighing
10 cm3 of sediment before and after drying in an oven at
105°C. On the freshly split sediment surface, undrained
shear strength was measured perpendicular to bedding at
~15 cm intervals using a pocket vane shear testing device
(Eijkelkamp). Atterberg limits were determined according
to British Standards 1377 (Institute B.S., 1977) using a
Casagrande apparatus. Grain size analysis were performed
using laser diffraction techniques (Malvern Mastersizer
Hydro 2000S) at ~10 cm intervals along the split core.
Gravel clasts > 2000 um in the glacio-lacustrine sediments
recovered at the bottom of the cores were removed by siev-
ing prior to analysis, and clast diameters were estimated
visually. Additionally, selected samples were analyzed
for solid volume using a helium pycnometer device at the
Rock Deformation Laboratory at ETH Zurich to derive
grain density values. To characterize the consolidation
history of the material, one dimensional consolidation
tests (oedometer) were performed on two end-member
lithologies from undisturbed samples taken from core
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4WS05-K5 (Weggis Site) at the Research Centre Ocean
Margins (RCOM), in Bremen. Specimens of 2 cm height
and 5 cm in diameter were trimmed out of whole-round
core samples and incrementally subjected to normal loads
of up to 4 MPa.

2.3.3 Insitu geotechnical testing

At the Weggis and St.Niklausen sites (see Fig. 2.2 for
location) in situ geotechnical strength measurements were
performed at ~50 cm intervals throughout the sediment
profile. Both vane shear tests and Cone Penetration Testing
(CPT; with pore pressure measurements) were performed
to identify the in situ undrained strength profile. By us-
ing two independent methods the strength versus depth
profile could be independently confirmed. Additionally,
local induced excess pore pressure response could be
measured and monitored to approximate the in situ pore
pressure distribution.

The in situ vane shear tests were performed using a vane
shear probe of 6.5 cm diameter (Geonor A/S) that was
lowered in a casing mounted on an anchored platform. At
each target depth the probe was extruded carefully from the
casing into the undisturbed sediment and rotated mechani-
cally from the platform at constant rate (6°/min) until failure
occurred. In the water saturated, fine-grained sediment, the
hereby induced excess pore pressure does not have time to
dissipate, thus the measured peak strength is inferred to be
the in situ undrained shear strength (cy in situ). The residual
strength was then deduced from a consecutive test at the
same interval. Only in the lowermost part of the section
the measurements might be biased by the presence of
gravels that occasionally block the vane shear device
during rotation. Calibrating the system in the casing
in the water above the lake bottom revealed negligible
additional friction of the rotating rod. However, some
inaccuracy results from the slight sediment disturbance
when the probe is lowered. This results in underestimat-
ing the real in situ strength condition. Although the meas-
urements were performed during calm periods with no
wind-driven waves on the lake, minor waves from boats
could not always be avoided so that early failure due to
wave induced vertical movement of the vane shear device
during the tests cannot always be excluded, potentially
providing a second source for underestimating the actual
in situ strength values.

A marine free-fall penetrometer from RCOM Bremen
was used to measure strength and pore pressure in situ
(STEGMANN et al. 2006). The autonomous working tool
consists of a standard industrial 15 cm? CPT cone and a
pressure housing containing the power supply, data acquisi-
tion and an acceleration sensor. The tests were performed at
the same location and at comparable depth intervals as the
vane shear test. The CPT-instrument was lowered carefully
from the anchored platform using a 4x4 car winch at the
lowest possible rate (average rate ~2 cm/sec) into the sedi-
ment, rested at each level for 10 minutes for pore pressure
dissipation, and was then lowered to the next level, and so
on. Insertion of the probe results in a compaction of the



sediment, which generates an artificial excess pore pressure
spike followed by pressure decay that approaches ambient
values. By monitoring and evaluating the pore pressure
dissipation after insertion, qualitative permeability con-
ditions can be estimated (for details see TERzAGHI, 1925).
Additionally, these measurements provide confirmation
that the strains induced during testing result in excess pore
pressures and thus undrained loading at the test locations.
Undrained shear strength (cuy in situ) Was derived based on
an empirical equation with the measured cone resistance
during CPT-lowering using a standard cone factor (Nk) of
15 and 17 for normally consolidated clays and overcon-
solidated clays, respectively (for details see LUNNE et al,
1997). Vane and cone penetration derived undrained shear
strength cannot be directly compared because absolute
values may differ significantly due to fundamental differ-
ences in the mechanical behavior between vane shearing
and cone penetration (Lu and Bryant, 1997). Thus, the
two independently measured cu in situ values are only
considered for first-order comparison of magnitude, but
they can be used to identify characteristic strength versus
depth trends.

2.34  Slope Stability evaluation

2-D limit equilibrium slope stability analysis (for details
see e.g. DuNcaN, 1996) were carried out using the com-
mercially available software package Slide (Rocscience
Inc.) that is widely used in geotechnical engineering for
slope stability assessments under subaerial conditions,
but allows for adaptation to the subaqueous environment.
The program uses equal-width slices and allows for input
of a slope profile, sub-bottom geometry of layers, their
geotechnical properties and a predefined failure surface
geometry. Additionally, a pseudostatic acceleration can
be used to model the peak ground acceleration generated
by earthquakes and to evaluate the seismic slope stability.
This parameter assumes that the earthquake acceleration
is applied over a significantly long period of time so that
the induced stresses can be considered constant (HAMPTON
etal., 1996). Thus, the dynamic response of the sediment
cannot be taken into account. The output factor of safety
(FS; i.e. the ratio between the resisting shear strength and
the sum of all loading forces (mobilized shear stress)) is
calculated using a combined General Limit Equilibrium
(GLE)/Morgenstern-Price method (FREDLUND and KRAHN,
1977; MoRGENSTERN and Price, 1965).

Two types of analysis were performed: (i) Deterministic
back-analysis of seismically-triggered slope failures, and
(i) probabilistic limit equilibrium slope stability calcula-
tions. The back-analysis approach assumes FS=1 at failure
and tries to constrain the parameter combinations that
could produce instabilities. Contrary to this deterministic
method that uses one single constant value for each input
parameter, the probabilistic approach considers variability
and hence uses a mean and standard deviation value. Here,
the input data samples are randomly generated using the
Monte Carlo sampling method simulating the uncertainty
and variability of each input parameters. FS is calculated

for > 1000 runs and model outputs reveal mean FS value
of the modeled slope and the corresponding probability of
failure (i.e. % of all analyses with FS < 1).

2.4 Data and Results

Seismic interpretation and bathymetric evaluation allowed
three target locations to be identified that are well suited
for the purpose of this study (i.e. the Weggis, St.Niklausen
and Chriiztrichter sites). They are characterized by (i) clear
landslide scars related to known mass-movement events,
(i1) undisturbed postglacial drape thickness adjacent to
the failure scar < 8 m (i.e., can be penetrated with coring
and in situ testing probes), and (iii) water depth < 40 m
for in situ vane shear testing. In this section the analyzed
morphological, sedimentological and geotechnical char-
acteristics of this three studied lateral slopes that failed
during past earthquakes are presented.

24.1 Case study sites

24.1.1 Weggis Slide

The largest slide in the study area, the Weggis Slide,
mobilized ~8.5 x 10° m? of sediment and is located on
the northern slope of the Vitznau sub-basin (Figs. 2.2 and
2.3A). Previous studies by SIEGENTHALER et al. (1987),
LeEMcKE (1992) and ScHNELLMANN et al., (2002, 2005, 2006)
have shown that this landslide is related to the 1601 A.D.,
Mw ~6.2 earthquake. The slide scar reaches a maximum
height of 6 m and extends laterally over more than 6 km in
water depths ranging from 30 to 100 m along the relatively
gently dipping, 5° to 15° steep lateral slope. In Figure 2.3A,
the slide scar appears in approximately 35 m water depth
in a zone, where the slope inclination increases down-
wards from < 10° to ~15°. In the uppermost part of the
eroded slope acoustically chaotic to transparent proximal
mass-movement deposits can be identified. The observed
bathymetric step in the lower part of the slope is caused
by conglomerate banks of subalpine molasse rocks in the
substratum. The slide scar cuts through a 4 m-thick, acous-
tically laminated sedimentary drape (referred to Holocene
and Late Glacial deposits in Fig. 2.3) that overlies a thin
seismostratigraphic unit characterized by a high-amplitude
chaotic reflection pattern that is hardly distinguishable
from the acoustic basement. This observation suggests that
bedrock is covered by a few meters of glacial deposits.
However, seismic penetration and resolution do not allow
for exact mapping of this boundary. The absence of the
entire drape clearly points towards a translational sliding
mechanism with the glacial deposits acting as a base for
the failure surface.

24.1.2 St. Niklausen Slide

Offshore the village of St. Niklausen in the western Chriiz-
trichter sub-basin (Fig. 2.2), stacked debris-flow deposits
in the basin plain (Fig. 2.3B) indicate that parts of the slope
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Figure 2.3: 3.5 kHz seismic lines illustrating the structure of the Weggis Slide (A) and St .Niklausen Slide (B). See Figure 2.2
for location of seismic lines. Inlets show enlarged details of the scars with slope model interpretations of lithological units
as cored in reference cores. In the uppermost part of the eroded Weggis slope (A) the acoustically chaotic to transparent
unit with an irregular upper surface is interpreted as proximal mass-movement deposit.
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Figure 2.4: Two parallel-oriented 3.5 kHz seismic lines across the sub-lacustrine slope in the northeastern edge of Chriiz-
trichter basin. Distance between the lines is about 80 m. For location see Figure 2.2.(A) Profile shows an undisturbed slope
characterized by an approximately 6 m-thick continuous sedimentary drape directly overlaying acoustic bedrock and location
of cores 4WS05-K3 and K4. (B) Profile displays failure scar of Chriiztrichter slide with slope model interpretation of litho-
logical units as cored in reference core 4WS05-K4 and short cores 4WS04-7 and 8, which recovered the failure plane of the
1601 A.D. slope failure in core depths of 0.4 m below lake floor. Figure modified after SCHNELLMANN et al., (2005).
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have repeatedly been active in Late Glacial and Holocene
times, with the youngest being the largest event that affects a
total mobilized volume of ~1.5 x 106 m3. St. Niklausen Slide
is smaller than the Weggis Slide described above and is of
medium size compared to other Lake Lucerne subaqueous
mass movements (SCHNELLMANN et al., 2005, 2006). It was
dated at 21802410 cal. yr B.P. (SCHNELLMANN et al., 2006)
and is part of a multiple-slide event that was triggered by
a major northern alpine earthquake (Mw > 6.5; 2220 +40
cal yr B.P.; STrRASSER et al., 2006). A 1.5 km long and up to
6 m high slide scar assigned to this 2220 cal. yr B.P. slope
failure event is located on a steepening-downward slope in
40-50 m water depth (Fig. 2.3B). Below the failure scar,
a 1.6 m-thick post-landslide sedimentary drape covers the
~13° steep slope. Seismic data reveal the same acoustic
characteristics as observed on the Weggis slope described
above, with slightly more pronounced continuous, parallel
high-amplitude reflections in the undisturbed, acoustically-
laminated drape up-slope the failure scar (Fig 2.3).

2.4.1.3 Chriiztrichter Slide

A third subaqueous landslide, triggered by the 1601
A.D. earthquake (ScHNELLMANN et al, 2005), was sur-
veyed in great detail. The relatively small Chriiztrichter
Slide (~0.18 x 10° m3 eroded volume) is located on the
northeastern edge of the Chriiztrichter basin and affects
an area of 0.3 km?2 from the failure scar to the toe of the
deposits. The failure scar lies on a ~13° steep, northward-
dipping slope of a small subaqueous mound at 30-40 m
water depth. It cuts a ~6 m thick, acoustically laminated
sedimentary drape that overlies acoustic basement in the
undisturbed slope environment, both upslope and lateral
to the failure scar (Fig. 2.4).

24.2  Lithostratigraphy

The continuous glacial-to-postglacial sedimentary succes-
sion covering the undisturbed lacustrine slope at the three
study sites was recovered in 6 piston cores (two at each site)
immediately upslope (Weggis/St.Niklausen) or adjacent
(Chriiztrichter) to the failure scar (see Figs. 2.2-2.4 for
location). Figures 2.5,2.6 and 2.7 show the composite plots
of all data obtained at the three study sites. The sedimentary
succession is very similar at all three sites and shows three
distinct lithologic units composed of (from top to bottom):
Unit 1 (2.5-4.9 m thick): homogenous to mottled, olive
gray, silty clays with abundant organic material. The sedi-
ment is mainly of detrital origin with variable amounts of
authigenically-produced carbonates and diatoms; Unit 2
(1.2-1.6 m thick): yellowish light gray, thinly-laminated
(mm to sub-mm-scale), clays and clayey silts of detrital
origin (Fig. 2.8A); Unit 3 (1-2 m thick) tilted and deformed
thinly-laminated yellowish to light gray clayey silts to silty
clays with sparse (< 20%) sand and medium-sized gravels
up to 4 cm in diameter (Fig. 2.8B) floating in the fine-
grained matrix. These angular, poorly sorted gravels show
clear glacial striation and cover a wide range of lithologies

also including crystalline basement rocks that only outcrop
far south of Lake Lucerne. At the base of core 4WS05-K1
(St. Niklausen), a 15 cm-thick diamict deposit with clasts of
glacial origin in a poorly sorted, clay-silt-sand matrix was
recovered. Although the lowermost part of this core shows
coring disturbances, this basal layer can be interpreted as
a till deposit.

Unit 3 can be assigned to the thin seismostratigraphic unit
showing high amplitude, chaotic reflection patterns as
observed at the Weggis site (see subsection 2.4.1.1) and is
interpreted to represent glacially deformed glacio-lacustrine
deposits (see discussion in subsection 2.5.1.1). Units 1 and
2 can be correlated by seismic stratigraphy, lithological
facies and physical properties (mainly magnetic susceptibil-
ity and bulk density) to lithologies recovered and dated in
sediment cores from the deep basin (SCHNELLMANN et al.,
2006; Thevenon and Anselmetti, 2007) revealing Holocene
(< 11500 cal yr. B.P.) and Late Glacial (> 11500 cal yr B.P.)
ages, respectively. They represent the draping «slope-
cover» sediment facies deposited in Lake Lucerne since
the glacial retreat from the Swiss Plateau around 17500
cal yr B.P (LisTer 1988; WESSELs 1998; see discussion in
subsection 2.5.1.2). Sedimentation rates in the Late Glacial
Unit 2 are similar at the Weggis and Chriiztrichter sites
(20-21 cm/ka) and slightly higher at the St. Niklausen site
(~26 cm/ka). There, the sediments have slightly higher silt
contents and few 0.5-2 cm-thick sand layers in the lower
part of the postglacial section indicate higher detrital input
possibly from a small local creek entering the lake nearby. In
contrast, sedimentation rates for the Holocene Unit 1 differ
significantly from site to site. At the Weggis site, they are in
the same order as during Late Glacial times (~22 cm/ka),
while they are clearly higher along the submerged slope
offshore St. Niklausen (~36 cm/ka) and reach maximal
values at the Chriiztrichter site (42 cm/ka). The difference
in sedimentation rate may be caused by small local creeks,
currents (AEscHBACH-HERTIG, 1994) and different amounts
of biogenic sedimentation that favors deposition along the
St. Niklausen and Chriiztrichter slope.

24.3  Physical properties

Physical property data from all three sites reveal significant
contrasts in most measured parameters between the postgla-
cial (Units 1 and 2) and the glacio-lacustrine deposits (Unit
3; Figs 2.5, 2.6 and 2.7). Generally, the Holocene section
is characterized by downward increasing values of bulk
density (pbulk) with depth, whereas natural water content
and Atterberg limits decrease gradually down-section. Only
solid grain densities are more or less constant throughout
the section with values of ~2.75 g/cm? and ~2.8 g/cm3 in
the Holocene deposits and in the Glacial to Late Glacial
material, respectively. At the Weggis Site, absolute pbulk
values increase stepwise at lithological boundaries from
1.3-1.4 g/cm3 in Unit 1 to 1.45-1.55 g/cm? in Unit 2,
whereas at the two other sites, pbulk values more gradually
increase from ~1.3 g/cm? in the middle part of the Holo-
cene section to ~1.55 g/cm? in the Late Glacial deposits.
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Figure 2.5: Data obtained from core 4WS05-K6 and from in situ tests summarizing sedimentological and geotechnical
characteristics of the undisturbed continuous glacial-to-postglacial sedimentary succession covering the sublacustrine

slope offshore Weggis. The site is located immediately upslope the failure scar (see Figs. 2.2 and 2.3A for location). As-
terisks indicate the presence of material with grain size > 2 mm (that are not considered in this plot).
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Figure 2.6: Data obtained from core 4WS05-K1 and from in situ tests summarizing sedimentological and geotechnical
characteristics of the undisturbed continuous glacial-to-postglacial sedimentary succession covering the sublacustrine
slope offshore St.Niklausen. The site is located immediately upslope the failure scar (see Figs. 2.2 and 2.3B for location).

Asterisks indicate the presence of material with grain size > 2 mm (that are not considered in this plot).

The boundary between the postglacial and the glacial
deposits is characterized by a dramatic increase in pbulk of
~0.3 g/cm? at Weggis and Chriiztrichter sites. This bound-
ary is further characterized by a significant change in the
liquidity index, because natural water contents (w) in the
postglacial sediments (decreasing from ~150-175% of dry
weight in the uppermost part to ~60—75% in the laminated
Late Glacial clays) are higher than the liquid limits (wr) of
theses sediments, whereas w values (~40-50%) plot below
the respective wi-values in the glacio-lacustrine deposits
of Unit 3. However, at the St. Niklausen site the contrast in
physical properties between the postglacial sediments and
glacial deposits is less pronounced than at the other sites
(Fig.2.6). This is most likely caused by coring disturbances
in the lowermost part of core 4WS05-K1.

At the Weggis site, two samples from immediately above
and below the characteristic boundary between Units 2
and 3 were examined with one dimensional consolidation
tests (oedometer) to determine the consolidation history
and relative permeability of the material. Results reveal
that the laminated Late Glacial clays are slightly under-
consolidated (OCR = 0.86) whereas the glacio-lacustrine
deposits of Unit 3 are overconsolidated (OCR = 1.58).
Both sediment types show low permeability, with the
plastic glacial material from Unit 3 being less permeable
(hydraulic conductivity (K) = 5.35 x 10"19 m/s) than the
postglacial sample (K = 5.32 x 10" m/s) (for details see
STEGMANN et al., 2007).
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244  Shear strength

Undrained peak (cy) and residual shear strengths slightly
vary with respect to the three different test methods utilized,
but all three approaches reveal the same relative trend (Figs.
2.5,2.6 and 2.7): The Holocene Unit 1 is characterized by
linearly increasing cu values with depth, whereas values
in the upper part of the Late Glacial Unit 2 are constant
and even show a clear downward decrease immediately
above the contact with the glacial deposits that again show
significantly higher strength values (well pronounced at St.
Niklausen and Chriiztrichter sites; Figs. 2.6 and 2.7).

Measured Cy insitu Values from in situ vane shear tests gener-
ally show slightly lower values than those from in situ CPT
and laboratory test. This result is interpreted to be caused
by disturbances to the material during probe insertion and
small waves during the vane shear testing, resulting in slight
underestimates of cy in situ (See subsection 2.3.3). At the
Weggis site, cu in situ Values derived from CPT testing and
cu values obtained from laboratory tests correlate well and
reveal similar values that increase within the upper 2.5 m

(Unit 1) to ~5 kPa. At the St. Niklausen and Chriiztrichter
site, highest laboratory-derived cu values at the base of
the Holocene Unit 1 reach 9 and 7.5 kPa, respectively. In
the laminated Late Glacial clays of Unit 2, ¢y values vary
between 5-8 kPa (laboratory and in situ CPT-test) and
2-5 kPa (in situ vane shear test) but indicate more or less
constant strength characteristics in the upper part and a
clearly downwards decreasing trend in the lowermost part
of the cores. The glacio-lacustrine sediments of Unit3
show significantly higher strength values, but absolute
values derived from the different methods scatter between
3 and 27 kPa. Given the fact that Unit 3 shows some het-
erogeneity with slightly higher sand content (up to 20 %)
and presence of gravels (see subsection 2.4.2), vane shear
tests might not be perfectly applicable and partly account
for the scatter. However, as the bulk sediment in this lower
section consists mainly of silty clay with a relative low
permeability, undrained loading conditions predominate
(LamBE and WHITMAN, 1979). Thus, the measured undrained
strength values are interpreted to adequately represent the
strength characteristics in this unit.
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24.5 Insitu pore pressure (Weggis site)

At the Weggis site, in situ formation pore pressure (Uin situ)
was estimated after 10 minutes of monitoring the pressure
evolution after CPT insertion at different target depths.
Figure 2.5 shows measured excess pore pressure values
(i.e. absolute measured pressure minus hydrostatic pres-
sure) at CPT-insertion and after 10 min. All tests conducted
in the postglacial section reveal dissipation curves with a
pore pressure spike upon impact of the probe, followed by
anon-linear asymptotical decay. Although ambient excess
formation pore pressure cannot be extrapolated from only
10 minutes of monitoring, the characteristic exponential
decay of the dissipation curves points toward equilibrium
values slightly above hydrostatic. In the glacio-lacustrine
sediments of Unit 3, however, the monitored pore pressure
after insertion shows the opposite trend. Insertion pressures
are relatively low compared to the postglacial sediments,
possibly due to suction and fluid displacement at the tip
during insertion or due to a dilatant material response. With

>)

RTR

Figure 2.8: Core photographs showing:

A) thinly laminated Late Glacial clays (core
4WS05-K6);

B) glacially deformed overconsolidated glacial-
lacustrine deposits

(core 4WS05-K6),

C) 2 cm-thick, grey homo-genous silty clay layer
between 44 and 46 cm of core 4WS05-WG/SC
assigned to the Weggis Slide overlying tilted
glacio-lacustrine deposits;

D) sharp and erosive boundary at 46 cm of
core 4WS04-7 (i.e. failure plane of Chriiz-
trichter Slide) between glacially deformed
glacio-lacustrine de-posits and post-landslide
deposits. Note reworked glacial mud clasts
(at 45 c¢cm) at the base of the overlying post-
landslide deposits.

time, however, pressure increases significantly. This obser-
vation is interpreted to result from considerably elevated
formation pore pressure in Unit 3. One test carried out for
about 45 minutes attested that a plateau in pore pressure
rise is reached after approximately 25 minutes.

24.6  Failure plane characteristics

Short gravity cores from the slide-eroded slopes at all
three sites recovered tilted and deformed glacio-lacustrine
deposits (Unit 3) in 0.36,0.4 and 1.6 m core depth at the
Weggis, Chriiztrichter and St.Niklausen sites, respectively.
The upper boundary of the glacial deposits in all cores is
sharp and erosive. These boundaries are interpreted as
the failure surfaces of the 1601 A.D. and 2220 cal yr. B.P
earthquake-triggered landslides (Weggis-/Chriiztricher and
St. Niklausen slide, respectively). At the two 1601 A.D.
landslide sites, the thickness of overlying post-landslide
deposits (Unit 1) reveals sedimentation rates for the last
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400 years of ~1 mm/a, which is consistent with estimated
recent sedimentation rates by LEMcKE (1992). At St.
Niklausen, the 1.6 m thick deposition of post-landslide
sedimentary drape on the eroded slope reveals mean
sedimentation rates over the last 2220 yr in the order
of ~0.75 mm/a. At the Weggis site, a gray, 2 cm-thick,
homogenous silty clay layer overlying the failure surface
can be related to the Weggis Slide (Fig.2.8C). Additionally,
reworked glacial mud clasts recovered at the base of post-
landslide deposits at the Chriiztrichter and St. Niklausen
sites (Fig. 2.8D) clearly pinpoint the failure surfaces to
be related to the glacio-lacustrine Unit 3. However, as
observed in the seismic data, there are no evidences for
significant erosion of Unit 3 during translational sliding
(Figs. 2.3 and 2.4). Therefore, combined geophysical
subsurface and core data suggests the failure to be located
immediately at the top of the glacial Unit 3.

2.5 Discussion

Results from our study consistently imply that, regardless
of regional variations between the sub-basins, initiation
and evolution of earthquake-triggered lateral subaqueous
slope failures occurred along glide planes that developed
at the lithological boundary between overconsolidated,
overpressured glacio-lacustrine deposits (Unit 3) and
weak, slightly underconsolidated laminated Late Glacial
clays (Unit 2). Similarly, it has been reported from other
studies in peri-alpine, fjord-type lakes and fjords that slides
also mobilized the slope-covering drape down to glacial
deposits comparable to those described here (e.g. Horgen
Slide and Oberrieden Slide in Lake Zurich, Switzerland
(KEeLts 1978; STRASSER and ANSELMETTI, 2008); Pointe-Du-
Fort Slide in Saguenay Fjord, Canada (Locar et al., 2003);
submarine slides in Karmsundet and Skudenesfjorden,
Norway (BoE et al., 2000)). It is thus interpreted that the
glacial-to-postglacial evolution in sedimentation proc-
esses along the lateral slopes in similar settings as Lake
Lucerne results in characteristic physical and geotechnical
properties that eventually control the stability conditions
and that in turn favor subaqueous slope failure initiation
at systematic stratigraphic levels.

In the following section, a conceptual slope-sedimentation
model since the last glaciation is presented (Fig. 2.9), and
its control on the evolution of the physical properties is dis-
cussed. In the subsequent section, the measured geotech-
nical parameters are implemented into limit equilibrium
models in order to quantitatively assess the slope stability
condition of the submerged slopes at the time of failure.
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2.5.1 Sedimentation model and its influence on the
geotechnical properties

2.5.1.1 Glacial

The sedimentary facies of the tilted and deformed lami-
nated clayey silts with sparse sand and glacially striated,
allochtonous gravels (Unit 3) clearly point towards depo-
sition in a glacio-lacustrine environment and subsequent
glacial deformation by ice-grounding and/or ploughing.
The fact that the material experienced higher pre-consol-
idation pressure than the effective overburden stress today
(OCR > 1) can in this context be interpreted to result from
glacial compaction under the additional weight of ice mass
acting on the material. Additionally, long-term postglacial
secondary compression within the compressible glacio-
lacustrine clays and silts (TErRzAGHI, 1996) may also partly
explain the observed formation-wide overconsolidation.
Other processes that would lead to overconsolidation, such
as erosion of previously overlying material or diagenetic
cementation, are ruled out, because evidence favoring
these processes was neither observed in the seismic data
nor in cored material. Glacial compaction and secondary
compression also results in reduction of permeability.
Therefore, the observed pore fluid overpressures in Unit 3
are interpreted to be a result of the limited drainage capac-
ity in these relative low permeable deposits. The proc-
ess of overpressuring, however, remains unknown. One
possibility is that elevated pore pressures were initially
induced during partially undrained glacial-compaction and
sustained thereafter, although one would rather expect the
formation pore pressure to stabilize over such a long time
period. Alternatively, and more likely, there could be an
influence from a recent local groundwater flow sustaining
a positive lateral flux that results in higher pore pressures
than expected under hydrostatic conditions.

Because the observed glacial overconsolidation of the
deposits is relatively low (OCR = 1.58), we exclude that
glacial compaction took place during times when the gla-
cier fully occupied the deep basins and the study sites were
covered by ~800 meters of ice (FLORINETH and SCHLUCHTER,
1998). Therefore, the glacio-lacustrine deposits have to be
younger then the Last Glacial Maximum (~24-19 ka B.P;
Ivy-Ocss et al., 2004). Generally, deglaciation of glacially
over-deepened basins such as Lake Lucerne occurred by
stagnation-zone retreat rather than by the retreat of an
active glacier front (LISTER et al, 1984). Deposition of
glacio-lacustrine sediments first takes place in the deep
basin of a sub-glacial lake that formed once the buoyancy
of the ice body exceeds its weight and the glacier floats
up. Further ablation, water-contact melting, and calving
lead to rapid disintegration of remaining glacial ice back to
shallower up-valley parts (e.g. HAEBERLI and SCHLUCHTER,
1987). Most of the sediment is deposited in the topographic
depressions but a thin veneer of fine grained glacio-lacus-
trine sediments is also deposited along the lateral slopes
settling out of meltwater plumes containing suspended
glacial mud (e.g. Mackiewicz et al., 1984; Brass et al.,
2003; ANseLMETTI et al., 2007; Fig. 2.9C). Sand and gravel



clasts occasionally are deposited as ice-rafted debris. In
this highly dynamic periglacial setting, relatively short-
lived periods of colder climate conditions result in minor
glacial readvances with higher intensities of ice-calving,
during which ploughing and grounding of icebergs along
the lateral slopes result in deformation and compaction of
the glacio-lacustrine sediment (Fig. 2.9D).

2.5.1.2 Post Glacial

After the final glacier retreat (~17500 cal yr. B.P.; LiSTER
1988; WEssELs 1998), most of postglacial sedimentation oc-
curs on deltas and is focused in the topographic depressions
of the deep basins through underflow processes. However,
suspension settling from meltwater plumes that uniformly
distribute the fine fraction of the suspended glacial mud

over the lake basin also drapes the submerged lateral slopes.
Cyclic (e.g. seasonal) fluctuations in meltwater discharge
result in thinly-laminated and fine-grained draping slope
deposits as recovered in the lower part of Unit 2 (Fig. 2.8A),
which potentially could represent proglacial clastic varves
(Mackiewicz et al., 1984; BLass et al., 2003, ANSELMETTI et
al.,2007). With further glacial retreat into the alpine valley
during Late Glacial times, the influence of glacial meltwa-
ter plumes on the lacustrine sedimentation is continuously
diminished and suspended material entering the lake as un-
der-, inter- and overflows after high precipitation and flood
events continuously dilutes the rhythmically laminated Late
Glacial clays. With climate amelioration at the Late Glacial
to Holocene transition around 11500 cal yr B.P., sedimen-
tation along the slope is increasingly influenced by both
authigenic carbonate and biogenic production as well as
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Full glacial Glacier retreat
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sedimentation

Earthquake-triggered
slope failure

Figure 2.9: Conceptual glacial-to-postglacial sedimentation model along lateral non-deltaic slopes in perialpine fjord-
type lakes. Schemes (not to scale) are perpendicular to the basin axis and show schematically the depositional and post-
depositional processes acting on the submerged slope: (A) Last Glacial Maximum_: the basin is fully occupied by the glacier.
Glacial bedrock erosion rather then sedimentation occurs along the slopes; (B) Glacial decay results in the formation of a
subglacial lake (see subsection 2.5.1.1). Glacio-lacustrine deposition occurs focused in the deep basin, along the lateral
slope, little sedimentation, erosion, creeping and slumping occurs. (C) Further rapid desintegration of remaining glacial
ice back to shallower up-valley parts results in a periglacial setting where a fine veneer of fine-grained sediments also is
deposited along the lateral slopes settling out from meltwater plumes. (D) Relatively short-lived periods of colder climate
conditions result in minor glacial readvances, during which ploughing and grounding of icebergs along the slope leads
to deformation and compaction of the glacio-lacustrine sediment. (E) After the final glacier retreat suspension settling
from meltwater plumes and settling from flood-induced over- and interflows mixed with authigenic carbonate production
occurs during the Late Glacial and Holocene, respectively. Continuous sedimentation «charges» the slopes until external
trigger mechanism triggers slope failures. (F) Post-failure situation.
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detrital input from small local rivers during high discharge
events (STUrRM and MATTER, 1978). This observed change in
the sedimentation processes along the lateral slopes reflects
the general Late Glacial to Holocene shift in the sedimentary
system also recorded in many other perialpine lakes (e.g.
VaN RENSBERGEN et al, 1999; EvLEs et al., 2000; Beck et
al., 2001) and fjords (e.g. Evans et al., 2002; Lysa et al.,
2004). It further explains the increased sedimentation rates
along the lateral slopes during the Holocene compared to
Late Glacial times, as estimated from the core data (see
subsection 2.4.2).

The distinct differences in Late Glacial and Holocene sedi-
mentation mechanisms also influence the strength character-
istics of the slope covering material. In the Holocene Unit 1
gradients of undrained shear strength with depth (Vcy) are
constant in the order of ~1.8 kPa/m (Weggis ~1.75 kPa/m,
St. Niklausen ~2.0 kPa/m, Chriiztrichter 1.75 kPa/m).
Similar Holocene - Vcy values also have been reported
from in situ testing results in other Swiss lakes (GYGER et
al., 1976). Sediment strength thus correlates with effective
stress (ratio cy/0’y ~0.2-0.4) and the characteristic profiles
suggest a continuous self weight consolidation associated
with a relatively continuous sedimentation rate. In contrast,
cu values in the Late Glacial clays (Unit 2) are constant
in the upper part and even reveal negative cu-gradients at
their base, where the lamination of proglacial cyclic plume
deposits is well pronounced. This observation suggests a
connection between the laminated clays and their unfavora-
ble stability conditions. Indeed, geotechnical investigations
of similar Late Glacial varve-deposits in Switzerland and
Canada show significant influences of the clay lamination
and microstructure on strength characteristics and me-
chanical behavior (e.g. QUIGLEY and OGUNBADEJO, 1972;
PLoTzE et al 2003). Additionally, the postglacial deposits
are characterized by slight formation overpressures, which
is interpreted to be related to the relatively high sedimen-
tation rates (20—40 cm/ka) and incomplete drainage of the
low-permeable sediments. As a consequence, the normal
consolidation phenomenon is retarded and the sediment is in
an underconsolidated state (SuLTan et al, 2004), as measured
by consolidation tests (OCR = 0.86).

In summary, the depositional and consolidation mecha-
nism of sediments covering the submerged lateral slope
of Lake Lucerne created particular sedimentological and
geotechnical slope characteristics that control the stability
condition and that predefine the eventual failure location.
With an external trigger mechanism (i.e. strong seismic
shaking) these lithologically inherited conditions result
in subaqueous slope failure initiation along the bound-
ary between overconsolidated glacio-lacustrine deposits
with overpressured formation pore pressures (Unit 3) and
slightly underconsolidated laminated Late Glacial clays
(Unit 2) characterized by low shear strength values at their
base. Based on the principle of effective stress, STEGMANN
et al. (2007) show in detail that, as a result of co-seismic
stress fluctuations and stress-transfer upward to the base of
the weaker unit, pore pressure exceeds lithostatic load and
initiates sliding along a failure plane developing at the
boundary between Unit 2 and 3.
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2.5.2  Limit Equilibrium slope stability analysis

In order to reconstruct slope failure conditions at the study
sites and to quantify seismic ground accelerations affecting
the slopes at the time of failure, the obtained data were
implemented into a limit equilibrium slope stability model
that serves to back-analyze the slope failures triggered by
the historic 1601 A.D. and the prehistoric 2220 cal yr. B.P
earthquakes. At both Weggis and St.Niklausen sites, the
pre-failure slope geometry was reconstructed as a 3-layer
model (Units 1-3) assuming constant sediment thicknesses
as recovered in the reference cores immediately upslope
of the failure scars and subtracting the uppermost post-
landslide deposits as recovered in short cores along the
eroded slopes. This assumption is justified by seismic data
that show constant sediment thicknesses in undisturbed
sections draping the slope adjacent to the slide. The lower
model boundary was chosen to be 1 m below the bound-
ary between Units 2 and 3, modeling the thickness of the
overconsolidated glacial Unit 3 as indicated in the seismic
data (see subsection 2.4.1). Mean pbulk, cy at the layer top
and Vcy were assigned to each layer according to results
from core analysis and in situ testing (Table 2.1). Based on
the observation in the geophysical subsurface data and on
the results from in situ and cores analysis, the glide plane
along which translational sliding occurred, is interpreted
to correspond to the lithological boundary between Unit 2
and Unit 3 (see subsection 2.4.6 and 2.5.1). Therefore, a
failure plane at the boundary between these to units was
predefined in the slope stability analysis.

For all analysis it was assumed that the sediment is sub-
jected to undrained loading conditions because cyclic load-
ing during earthquake shaking is rapid enough that excess
pore pressure does not have time to dissipate through the
fine grained medium. The slightly higher sand content in
Unit 3 potentially could indicate that loading conditions
in the lowermost unit might not fully be undrained. Also,
liquefaction induced by pore pressure increase during seis-
mic shaking cannot completely be excluded as potential
failure initiation mechanism. However, given the relatively
low permeability and predominant fine-grained character
of the glacial deposits, undrained loading is interpreted to
be the predominant mechanism at the critical depth where
failure occurs. Liquefaction as potential failure initiation
processes is interpreted to by unlikely because estimations
of the susceptibility for liquefaction based on a rough cri-
terion proposed by ANDREWS and MARTIN (2000) reveal no
critical conditions (i.e. measured clay contents and liquid
limits at critical depth in all cores are much higher than
critical values of 10% and 32%, respectively). Additional
uncertainties in our slope stability analysis arise from the
fact that the used pseudostatic modeling approach does
not consider the dynamic behavior of the sediment and
therefore does not account for potential failure mechanism
in addition to the load generated by horizontal seismic
acceleration (e.g. degradation of soft clays, accumulation
of plastic strains and shear-induced excess pore water
pressure with increasing number of cycles (SuLrtan et al,
2004; BisconTiN et al., 2004)). Future investigations on the



Table 2.1: Geotechnical parameters used for deterministic limit equilibrium back-anaylsis.

undrained shear strength at the  undrained shear strength

layer thickness d  Unit weight'y top of layer c, gradient with depth Vc,
[m] [kN m?] [kPa] [kPa m’]
Weggis Site at 1601 A.D.
layer 1 (Holocene) 2.5 13.25 1 1.75
layer 2 (Late Glacial) 1.25 14.72 54 0
layer 3 (Glacial) 1 17.7 varying values 5
St.Niklausen Site at 2220 cal. yr B.P.
layer 1 (Holocene) 2.7 12.8 1 2
layer 2 (Late Glacial) 1.6 14.72 7.1 0
layer 3 (Glacial) 1 17.7 varying values 5

dynamic behavior of the material under cyclic loading as
well as detailed clay mineralogy analysis are required in
order to better constrain these uncertainties. Therefore,
our pseudostatic limit equilibrium model used here only
represents a first order estimation of quantifying seismic
ground accelerations that affected the Lake Lucerne slopes
during past earthquakes.

Sensitivity analysis of the model used in this study revealed
that the impact of cu at the depth of failure and the hori-
zontal acceleration ay is several-fold higher in comparison
with the other parameters for the chosen slope geometry
and failure plane location. Absolute cu values slightly vary
with respect to the three different measurement methods
and therefore add uncertainties in the back-calculated criti-
cal pseudostatic seismic ground acceleration. The back-
analysis was therefore carried out with varying values of
cu at the top of Unit 3 and results are presented as contour
plots showing the factor of safety (FS) as a function of both
cu at the depth of failure and ay (Fig. 2.10).

For the Weggis site, measured cy values at the top of Unit
3 vary between 3 and 6 kPa as measured with the different
independent methods, whereas they are slightly higher at
the St. Niklausen site. Results of deterministic stability
analysis using these cu ranges reveal that both slopes are
stable under static loading condition (i.e. ag = 0) with FS
ranging between 1.1 to 1.7 and 1.3 to > 2, respectively.
As discussed above, the lower values estimated from in
situ vane shear tests most probably underestimate the
actual strength conditions, so that realistic cy in situ Should
be ~5 kPa at the Weggis and ~6 kPa at St. Niklausen site,
as inferred from in situ CPT tests. Using these values for
the model input reveal static FS between ~ 1.5 and 2 at
Weggis and St. Niklausen, respectively. To trigger slope
failure at the Weggis site, an additional pseudostatic
seismic acceleration between 0.01 and 0.06 g (~0.04 g, if
applying the estimated probable cy in situ Value of ~5 kPa)
is required, whereas the slope at St. Niklausen remains
stable up to critical ag values between 0.03 and 0.08 g
(~0.07 g, if applying the estimated probable cy in situ Value
of ~6 kPa) (Fig 2.10).

LeEyNnauD et al. (2004) suggested that the pseudostatic
horizontal seismic acceleration only represents about
50% of the effective earthquake peak ground acceleration
(PGA). Results from slope stability back-calculations thus
imply minimal PGA’s of about 0.08 g (range of uncer-
tainty ~0.02-0.12 g) and ~0.14 g (range of uncertainty
~0.06-0.16 g) during the 1601 A.D. and the 2220 cal yr B.P.
earthquake, respectively. The result for the 1601 A.D. event
from the Weggis site lies in the range of calculated values for
PGA’s deduced from predictive ground motion models for
Central Switzerland (Bay et al., 2005), assuming a Mw 6.2
earthquake and an epicentral distance of 12 km (Fig. 2.1).
The estimated PGA value for the prehistoric 2220 cal yr B.P
earthquake in the order of 0.14 g, however, is slightly higher
than the expected ground motion induced by low frequency
(1Hz) seismic waves with a return period of 2500 year as
estimated by probabilistic earthquake hazard assessment for
the Lake Lucerne area (Giarpint et al., 2004).

Although one would need to consider site effects that
might amplify or attenuate seismic shaking and the fact
that the accuracy of the used pseudostatic approach is gov-
erned by the simplification, with which the pseudostatic
inertial forces represent the complex dynamic inertial
forces during earthquake shaking (KramEer, 1996), the
results from slope stability back-analysis suggest that
during the prehistoric 2220 cal yr B.P earthquake that
triggered the St.Niklausen Slide the Lake Lucerne area
experienced significantly higher ground motions than
during the historic 1601 A.D. Mw ~6.2 earthquake. This
interpretation is supported by the fact that the 2220 cal
yr BP earthquake also triggered subaqueous landslides in
Lake Zurich at a distance of 40 km from Lake Lucerne,
requiring a significantly larger magnitude (Mw > 6.5)
than the historic 1601 A.D. earthquake (STRASSER et al.,
2006). However, the interpretation of higher ground mo-
tions during the 2220 cal yr B.P. event seems to contradict
the observation that the Weggis and Chriiztrichter slopes
remained stable during this stronger prehistoric event.
In order to investigate this apparent contradiction, the
Weggis and Chriitztrichter slope stability conditions at
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Figure 2.10: Results of deterministic limit equilibrium slope stability back-analysis of Weggis (A) and St. Niklausen (B)
Slides during the 1601 A.D. Mw ~6.2 earthquake and the 2220 cal. yr B.P. earthquake (Mw > 6.5), respectively. Contour
plots show factor of safety (FS) as a function of the undrained shear strength at the failure surface and the pseudosta-
tic acceleration (fraction of gravitational acceleration g). The gray shaded areas indicate solutions leading to instable
conditions (FS < 1). The range and reliable in situ values of measured undrained shear strength at the two study sites is
shown as a fine dotted and bold dashed line, respectively. See Table 2.1 for model input data.

2220 cal yr B.P. were analyzed with a probabilistic limit
equilibrium approach using the calculated critical horizontal
seismic accelerations by the back-analysis described above
(Table 2.2 summarizes the input parameters used). Both
scenarios reveal mean FS values > 1 (1.03 and 1.14) and
failure probability of < 50% (45.6 % and 43.7 %) for both the
Weggis and Chriiztrichter slopes, respectively. Both slopes
were relatively close to failure, but obviously remained stable

during the 2220 cal yr. B.P. event. These results indicate that
the «charging» state of a submerged slope is a function of the
sedimentation rate during the Holocene (i.e. the only param-
eter changing significantly from site to site), that controls the
static weight of the slope-covering drape. Similar conclusions
were drawn based on a significant increase in the frequency of
lateral mass-movement deposits identified during Holocene
times in other lakes (e.g. WALDMANN et al., 2008).

Table 2.2: Geotechnical material statistics used for probabilistic limit equilibrium slope stability analyses.

d[m] y [kN m*] c.[kPa] Ve, [kPam’]

mean std.dev rel.min rel. max  mean std.dev rel.min rel.max mean std.dev rel.min rel. max
Weggis Site at 2220 cal. yr B.P.
Layer 1 1.5 1325 0.3 0.5 0.5 1 0.5 0.5 0.5 1.75 0.5 0.75 0.5
Layer 2 1.25 1472 05 0.5 0.5 54 3 3 3 0
Layer 3 1 17.7 1 1 3 54 2.5 24 2 5 2 3 5
Chriiztrichter Site at 2220 cal. yr B.P.
Layer 1 34 1325 0.3 0.5 0.2 1 0.5 0.5 0.5 1.75 05 0.75 0.5
Layer 2 1.2 14.72 0.5 0.5 0.5 7.5 3 5 0.5 -2 0 1 2
Layer 3 1 20.6 1 3 15 85 2.5 4.5 2 5 2 3 3
Pseudostatic acceleration k, during 2220 cal yr B.P earthquake [x g] mean  std.dev rel.min  rel. max

007 0.03 0.012 0.023
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These observations further imply that ongoing sedimenta-
tion along the submerged slopes will continuously load
the slopes so that the susceptibility for slope failure will
increase in the future. As an end member scenario we
investigated how long it would take to charge the Weggis
slope (assuming constant sedimentation rates), so that the
sediments acting on the critical surface would become
unstable under static loading conditions. Solving the
infinite slope equation (MORGENSTERN, 1967) for critical
sediment thickness to initiate failure reveals as a first
order assumption that the slopes only will become stati-
cally unstable in ~24500 years (input parameters: mean
values for cy, v’ and a as observed in the data described
above). This is one order of magnitude longer than the
time that separated the last two major earthquakes around
Lake Lucerne implying that the occurrence of seismic
events acts as main control on landslide triggering. Local
differences in site-specific stability conditions, however,
are governed by regional variations in sediment supply
so that slope stability conditions may change locally over
relative short geological time scales.

2.6 Summary and conclusions

This study presents the results from three comprehensive
case studies of seismically-triggered, lateral non-deltaic
subaqueous slope failures in perialpine, fjord-type Lake
Lucerne (Central Switzerland). The combined sedimen-
tological, geophysical and in situ geotechnical approach
provides a better understanding of the influence of the
glacial-to-postglacial evolution in sedimentation processes
along the investigated lateral slopes and their impact on
the characteristic physical and geotechnical properties
of the slope-covering sediments that control the stability
condition and subaqueous slope failure initiation. On a
larger scale, comparable slope stability conditions may
evolve in fjords and high-latitude ocean margins, where
glacially overconsolidated deposits are overlain by post-
glacial (glacio-) marine sediments accumulated during
deglaciation periods and by pelagic and hemi-pelagic
sediments deposited during interglacials (e.g. BoE et al,
2000; 2004, Locar et al., 2003). Our comprehensive lake
study and resulting conceptual ideas thus also improve
our understanding of larger slope instabilities occurring
along formerly glaciated ocean margins.

A summary list of the main conclusions includes the fol-
lowing:

(1) Sedimentation dominated by suspension settling
from meltwater plumes, slight overconsolidation
by ice-grounding and postglacial draping lead to
particular slope conditions characterized by: (i)
fine-grained, thinly-laminated, slightly undercon-
solidated Late Glacial cyclic plume deposits with
low undrained shear strength values overlying (ii)
overconsolidated, glacially deformed glacial deposits
with overpressured formation pore pressure. This
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(&)

(6)

)

particular succession is overlain by a Holocene drape
with variable thickness that acts as a surcharge on
the lower sediment layers.

During past earthquake shaking, slopes that were
stable under static loading conditions (FS of 1.5-2)
failed along glide planes that developed at this litho-
logical boundary.

This glide plane location is a consequence of the
comparably low strength conditions within the
overlying thinly-laminated Late Glacial clays and
the additional excess in situ pore pressure in the un-
derlying overconsolidated, low permeable material
reducing effective strength at and below the zone of
failure.

Limit equilibrium back-analysis reveal seismic
peak ground accelerations (PGA) at the study sites
of ~0.08 g (range of uncertainty ~0.02-0.12 g) and
~0.14 g (range of uncertainty ~0.06-0.16 g) for the
historical 1601 A.D. Mw ~6.2 earthquake and a pre-
historic, 2220 cal yr. B.P., Mw > 6.5 northern alpine
earthquake, respectively.

The results thus pinpoint the potential of detailed
subaqueous slope stability analysis as paleoseismo-
logical tool that allow for quantitative reconstruction
of past earthquake shaking.

Holocene sedimentation rates are a key parameter
in «charging» subaqueous slopes susceptible for
sliding. Stability conditions thus may change over
relative short geological time scales.

Lessons learned from the high-resolution case stud-
ies presented here should be implemented in future
studies on a basinwide scale. In combination with
more detailed analysis on the dynamic behavior of
the material under cyclic loading these results even-
tually will yield strong arguments in identifying sites
of potential slope instability in the future.
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3 MASS-MOVEMENT EVENT STRATIGRAPHY IN LAKE ZURICH:
A RECORD OF VARYING SEISMIC AND ENVIRONMENTAL IMPACTS

Peer-reviewed article co-authored by F.S. ANSELMETTI.

Abstract

Combining basin-wide high-resolution seismic imag-
ing with coring in perialpine Lake Zurich (Switzerland)
reveals a chronological catalogue of Late Glacial-to-
Holocene mass-movement units, documenting a complex
history of varying tectonic and environmental impacts
affecting the lake and its surrounding. A total of 149
mass-movement deposits have been identified and mapped
with a dense grid of seismic profiles ~300 km in length.
They are allocated to 21 seismic stratigraphic event ho-
rizons, each of which comprising 1-23 individual mass-
movement deposits. An age model based on information
from previous studies, 6 new long piston cores and 15 new
AMS-14C ages allowed establishing a well-constrained
chronological mass-movement event catalogue covering
the last ~17000 years. Results include the documentation
of 3 major (2210, 11600, 13760 cal yr. B.P.) and 2 minor
(640 and 7270 cal yr. B.P), simultaneously-triggered
basin-wide lateral slope failure events interpreted as the
fingerprint of paleo-seismic activity in the Zurich area.
Furthermore, two major slide events were discovered,
which occurred during the transition from the Pleniglacial
to the Late Glacial time period and thus are likely related
to the activity of the nearby Linth glacier. Additionally,
our record reveals higher frequency of Holocene mass
movements in deltaic settings during specific periods that
may be related to climate-controlled increase of sediment
supply, supposing climatic causing factors for subaqueous
delta slope failures. These findings thus point at a variety
of potentially hazardous processes, such as earthquakes,
lake outbursts and floods, that affected the Zurich area
over the last ~17000 years.

Zusammenfassung

Hochauflosende reflexionsseismische Profile, welche den
Untergrund des schweizerischen Ziirichsees beckenweit
abbilden, und Sedimentproben an gezielt ausgewéhlten
Kernlokalititen erlauben es, Spitglaziale und Holozédne
Ablagerungen subaquatischer Massenbewegungen im See
rdaumlich und zeitlich auszukartieren. Der somit erfasste
Ereigniskatalog ldsst auf eine Vielzahl unterschiedlicher
geologischen, tektonischen und klimatologischen Einfliisse
schliessen, welche in der Vergangenheit auf den See und
auf dessen Umgebung eingewirkt haben miissen.

In den ~300 km umfassenden seismischen Profilen, wel-
che in einem engmaschigen Gitter iiber den See verteilt
aufgenommen wurden, lassen sich total 149 einzelne Mas-
senbewegungsablagerungen kartieren. Diese finden wir in
21 stratigraphischen Niveaus (i.e. seismostratigraphische
Ereignishorizonte), welche jeweils 1-23 individuelle Ab-
lagerungen umfassen. Mit Hilfe von Informationen aus
fritheren Studien und 6 neu abgeteuften Kolbenlotkernen,
an welchen insgesamt 15 neue Radiokarbondatierungen
(14C) durchgefiihrt wurden, lisst sich ein hochauflo-
sendes Altersmodel der Sedimentationsgeschichte im
See erstellen. Daraus ergibt sich die Chronologie der
Massbewegungsereignisse im Ziirichsee tiber die letzten
~17000 Jahre. Die Studie dokumentiert 3 grosse (2210,
11600, 13760 Jahre vor heute) und 2 kleinere (640 und
7270 Jahre vor heute) Ereignisse, welche durch gleich-
zeitig ausgeloste, beckenweite Rutschungen entlang der
seitlichen Unterwasserabhingen charakterisiert sind, und
welche als Zeugen vergangner Erdbebenaktivitdt im Raum
Ziirichsee interpretiert werden. Im Weiteren wurden zwei
grossriumige Versackungens- und Massenbewegungs-
ereignisse wihrend des endeiszeitlichen Gletscherriick-
zugs entdeckt, welche wohl im Zusammenhang mit der
Aktivitidt des damals nahegelegenen Linth Gletschers
stehen diirften. Entlang von Deltaabhingen konnten
nacheiszeitliche Hanginstabilitdten wihrend bestimmten
Zeitintervallen nachgewiesen werden, welche moglicher-
weise mit Klimaphasen zusammen fallen, die zu einem
erhohtem Sedimenteintrag in den See fiihrten. Dies lédsst
einen klimatischen Kontrollfaktor fiir die Stabilitit von
subaquatischen Deltaabhingen vermuten.

Die Resultate der Studie dokumentieren somit das Auftre-
ten verschiedener geologischer Ereignisse, wie Erdbeben,
Seeausbriiche oder Hochwasser, welche sich im Verlaufe
der letzten rund 17000 Jahren in der Ziirichsee Region
ereignet haben und welche, aus heutiger Sicht betrachtet,
mogliche Naturgefahren darstellen konnten.
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3.1 Introduction

Subaqueous mass movements such as slides, slumps,
mass flows and turbidity currents are important play-
ers for sediment transport and redeposition mechanism
in both marine and lacustrine environments. They also
pose societal and environmental risks to offshore infra-
structures (e.g. pipelines, cables and platforms) as well as
to coastal areas (e.g. due to shore collapses and landslide-
induced tsunamis) (CAMERLINGHI et al, 2007). Mass flows
and turbidity currents often evolve from mass-failure
processes along the submerged sediment-covered slopes
(e.g. translational or rotational slides) that may originate
from various processes including rapid sedimentation,
gas release or migration, earthquake shaking, glacial
and tidal loading and wave action (HampTON et al, 1996;
MuLberR & CocHonNAT, 1996; Locar & LEg, 2002). Some
of these geological processes act on the submerged slopes
over longer periods whereas others are of instantaneous
nature (e.g. earthquakes). Studying the geological record
of subaquatic mass-movement deposits, determining and
characterizing their type, distribution and frequency as
well as deciphering their causes and effects, thus may
reveal important information to evaluate the geo-hazard
potential arising from such processes.

Lakes provide ideal sedimentary archives to track such
processes, as lacustrine deposits usually are spatially and
temporally continuous (e.g. STURM & LOTTER, 1995). This
allows investigation on a basin-wide scale and offers a
well-constrained age control. Characteristic mass-move-
ment event beds in lake sediments have been allocated to
historically described catastrophic events, including earth-
quakes (e.g. SHILTS & CLAQUE, 1992; CHAPRON et al., 1999;
ScHNELLMANN et al, 2002; 2006), human-induced shore
collapses (e.g. KeLts & Hsu, 1980; Hst & KELts, 1985;
Lonava et al., 2003) and delta failures (e.g. SIEGENTHALER
& STurM, 1991). Based on the fingerprints of such historic
events in «recent» sediments, similar prehistoric events can
be recognized in the sedimentary archive (e.g. SCHNELL-
MANN et al., 2002; 2006; SLETTEN et al., 2003; STRASSER
et al., 2006) and allow for evaluating recurrence times of
related geological impacts that often exceed the time span
covered by historical archives.

However, the here studied perialpine Lake Zurich (Switzer-
land) was so far not specifically investigated for studying
prehistoric subaqueous mass movements and for explor-
ing their related geological processes. In this study, the
presented combined basin-wide high-resolution reflection
seismic and coring approach aims (i) to identify and date
Late Glacial-to-Holocene mass-movements deposits, (ii) to
characterize their types and distribution, (iii) to determine
the associated depositional, transport and slope-failure
trigger mechanism(s), and (iv) to establish a chronological
catalogue of past mass-movement events, which eventually
provides the basis to (v) discuss impact and frequency of
various potentially-hazardous natural processes that af-
fected the Lake Zurich area over the last ~17000 years.
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3.2  Geological setting and previous studies

Lake Zurich occupies a perialpine, glacigenic overdeepened,
NW-SE trending trough situated in the northern part of the
Swiss Plateau (Fig. 3.1). It can be divided into two basins that
are carved into mainly flat-lying sandstones, siltstones and
marls of the Tertiary «Obere Siisswasser Molasse» (OSM)
formation. The general morphology consists of (i) a north-
western, elongated deep basin (max water depth 135 m) with
steep lateral slopes and a flat basin plain, and (ii) a flat and
shallow (~20 m water depth), sediment-filled upper basin,
which is divided from the lower basin by a sediment-covered
subaqueous rock barrier showing a complex, step-like mor-
phology descending towards NW (Hsu and Kerrs, 1970;
SCHINDLER, 1976) (hereafter termed «escarpment structures).
A mostly sub-aerial sill formed by the Hurden Moraine
between Rapperswil and Pfiffikon with only 2 m deep lake
passages separates Lake Zurich in the northwest from Obersee
in the east. Note that Obersee often also is referred to be a
part of Lake Zurich. In this study, however, «Lake Zurich»
only comprises the lower deep and the upper flat and shallow
basins, whereas Obersee is treated as separate lake.

The main rivers (Linth, Jona, and Wigitaler Aa), contribut-
ing about 90 % of Lake Zurich’s water supply, discharge
into Obersee, which acts as the dominant sink for the clastic
sediment supply from the mainly alpine catchment. During
the Late Glacial period, the Sihl river temporarily discharged
into the lower Lake Zurich basin depositing a large, nowa-
days inactive delta (HUBER, 1938; SCHINDLER, 1968), which,
together with the moraine from the Zurich Stadium, boarders
the lake on its northwestern margin (Fig.3.1). Since Early
Holocene times, the here studied Lake Zurich lacks major
active deltas and, as a consequence, shows relatively low
sedimentation rates. However, local creeks laterally enter-
ing the lake contribute to Lake Zurich’s clastic sediment
supply and form small local deltas along the shorelines
(e.g. deltas of Kiisnacht, Erlenbach, Meilen and Horgen/
Kipfnach; Fig 3.1). Lake level during that time generally was
stable and only oscillated by max. 2—3 m corresponding to
climatic variations, precipitation pattern and Sihl river sedi-
ment discharge that may have influenced the Limmat river
outflow situation (SCHINDLER, 1971; MaGNY, 2004; RIESEN
and NEAF, 2007).

Several previous studies in the 1970’s and 1980°s described
Lake Zurich’s geology and its sedimentary and environ-
mental evolution since the Last Glacial Maximum (HsU and
Kerrs, 1970; 1984; ScHINDLER, 1974; 1976; KeLTs, 1978;
GiovanoLl, 1979; Pika, 1983; LisTER, 1985; 1988; SIDLER,
1988). These studies are mainly based on data from the deep
northwestern basin comprising some seismic lines and piston
cores, and one deep drill hole termed «Ziibo» (see Hsu and
KEeLts, (1984) and references therein). These data reveal
that in the lower Lake Zurich basin, the molassic bedrock
is covered with an up to 140 m-thick, mainly glacial and
glacio-lacustrine infill. The majority of theses sediments
were accumulated in a subglacial environment. Only the
uppermost ~30 m were deposited after the glacier retreated
from the lower Lake Zurich basin (see lithostratigraphic
description in subsection 3.4.2.1).



In this upper sedimentary succession, none of the previous
studies specifically addressed interpretation and correla-
tion of Late Glacial-to-Holocene mass-movement deposits
throughout the lake. Only a series of subaqueous slumps
on the shore near Horgen that occurred in 1875 A.D. was
extensively studied and described by Hem (1976), KELTs
(1978), KeLts & Hst (1980) and SIEGENTHALER et al. (1984).
Additionally, shore collapses near Riischlikon in 1898,
1900 and 1907, near Oberrieden in 1918 and near Kiisnacht
in 1943 and 1955 were mentioned in the literature (e.g.
Nipkow, 1920; Kuen, 1999). All these slopes instabilities
resulted directly from human-induced loading of sand and
gravel landfill on a weak foundation of lacustrine chalk.
These shore collapses and slumps resulted in mud-flow and
mud-flow-evolved turbidite deposits that can be traced in the
sedimentary record throughout the lower Lake Zurich basin
(KeLts, 1978; Pika, 1984).

3.3 Methods

With the objective to identify, characterize, map and date
Late Glacial-to-Holocene mass-movement deposits, the
existing sedimentary model of the postglacial infill of Lake
Zurich was refined by acquiring new high-resolution seis-
mic reflection data and 6 new long sediment piston cores
(Fig 3.2). Additionally, a sidescan-sonar survey covering
a limited area offshore Oberrieden aimed to characterize
the lake floor surface expression and spatial geometry of a
prominent sub-recent mass-movement deposit.

3.3.1  Reflection seismic subsurface imaging and seismic
stratigraphic mapping

A dense grid of ~300 km of single channel 3.5 kHz seismic
profiles (acoustic pinger source) was acquired to image the
subsurface in quasi 3-D. The source/receiver was mounted on
a cataraft that was pushed in front of a small vessel. DGPS-
positioning with a maximum error of +2 m guaranteed accu-
rate navigation. The digitally-recorded data were processed
using a flat gain and a band-pass filter. Two-way travel time
was converted to water depth and sediment thickness using
a constant velocity of 1450 ms™L.

Landslide deposits in the seismic data were identified based
on characteristic chaotic to transparent seismic facies that
contrasts with continuous reflections produced by regular,
undisturbed sediments (see subsection 3.4.1.2). The top of
each mass-movement deposit was defined at its pinch-out
point and assigned to a distinct «event horizon» (i.e. seismic
stratigraphic horizon related to at least one mass-movement
deposit (SCHNELLMANN et al, 2006)). Such horizons represent
isochrons that can be traced throughout the entire lake ba-
sin, establishing a basin-wide catalogue of mass-movement
deposits and allowing recognition of synchronous landslide
events.

3.3.2  Sidescan-sonar imaging

Offshore Oberrieden, a limited lake floor area was imaged
using a digital dual frequency (100/325 kHz) sidescan-sonar

system (C-Max sidescan with a 760 CodaOctopus acquisition
system). The fish was deep-towed maintaining a constant
fish-to-lake floor offset of ~15 m and a constant boat speed
along parallel track lines to obtain a uniform spatial footprint
without distortion. The digitally-recorded data of each single
track was processed using slant-range and signal-attenuation
corrections implemented in the processing software (Octopus
461 Processing Toolkit). For positioning of the lake floor im-
ages, the layback of the fish has been calculated by matching
the positions of acoustically prominent lake floor features
imaged in two parallel lines that advance in opposite direc-
tions. Resulting images of single track lines were exported
and manually mosaiced using Adobe Photoshop.

3.3.3  Coring and dating

Six Kullenberg-type gravity piston cores (KeLts et al., 1986),
each 8-10 m in length, were recovered at key positions
to groundtruth the seismic data, for detailed sedimento-
logical analyses and dating. The cores were scanned with a
GEOTEK multisensor core logger, which measures gamma
ray attenuation bulk density, compressional wave velocity
and magnetic susceptibility. Afterwards, cores were split,
photographed and sedimentologically described (macroscop-
ically and using smear slide techniques). Accelerator mass
spectrometry 4C analysis on terrestrial organic matter (ide-
ally leaf fragments to minimize the risk of dating reworked
material) sampled at different stratigraphic levels in four
cores were performed at the Particle Physics Laboratory of
ETH Zurich to date the sedimentary succession. Radiocarbon
14C-ages were calibrated using the IntCal04 calibration curve
(REIMER et al., 2004). In addition, core and age information
from previous studies (KELTs, 1978; GiovanoLi, 1979; Pika,
1983; LisTer 1988; SIbLER, 1988) were incorporated using
core-to-core and seismic-to-core correlation. Non-calibrated
radiocarbon ages given in these previous studies were also
calibrated (REIMER et al., 2004), so that all ages in this study
refer to the same time scale.

For dating an individual event horizon the lithostratigraphi-
cally closest 1-4 14C-ages were selected (in different cores,
if possible). The error introduced by the offset between
the lithostratigraphic position of 4C-ages and the event
horizon was corrected using the estimated sedimentation
rates applied to the sample-horizon offset. Sedimentation
rates were estimated for each individual core by linearly
interpolating between two 14C samples after correcting for
the thickness of instantaneously deposited turbidite layers.
For each of the 14 selected samples an age range for the
event horizon then was calculated. Subsequently, the overlap
of the obtained age-ranges and its center was determined.
The same procedure was repeated for each of the event
horizons. Additionally, counting of sediment laminations
in lithostratigraphic Unit 1a and 1b (see subsection 3.4.2.1)
that have been interpreted as varve couplets by GIOVANOLI
(1979),Za0 (1984), and NiEsseN et al. (1992), as well as age
information based on geomagnetic correlations (BASTER,
2002) were used to refine the estimated sedimentation rates
and resulting age model for the sedimentary succession prior
to ~14000 cal yr B.P..
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Figure 3.1: Geographic location of Lake Zurich: A) location with respect to Europe and the Alpine chain (gray shaded
area). B) Close up view showing the Alps (gray shaded area) and the northern Swiss Plateau (white area). Dotted lines
mark country borders of Switzerland, Germany, Austria, Liechtenstein and Italy. Rectangle indicates position of Fig.3.1C.
LC = Lake Constance. C) Lake Zurich's and Obersee's colored bathymetric map embedded in its geographic and geologi-
cal context. Dashed red lines show prominent geomorphic features resulting from retreatal moraines that were formed
during overall glacier retreat (ZM = Zurich Moraine, HM = Hurden Moraine). Blue arrows and annotations indicate flow
direction and major rivers, respectively. Background: Shaded relief of digital elevation model (dhm25, Swisstopo) overlain
by the general geological setting (OSM = Obere Siisswasser Molasse; OMM = Obere Meeres Molasse).

Fig 3.4B
Fig 3.5G
b Fig 3.4A Fig 3.5
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Fig 3.6 '
Fig 3.5A Fig 3.5F

Figure 3.2: 3.5 kHz seismic survey grid in Lake Zurich and location of cores. Black dots and open circles indicate positions
of new cores ZHKO04-1 to 7 (this study) and from previous studies (KeLts, 1978; GiovanoLi, 1979; Pika 1983; Lister, 1988;
SIDLER 1988), respectively. Solid black lines mark locations of seismic lines shown in subsequent figures. Gray shaded areas
indicate marginal areas where the acoustic signal did not penetrate into the subsurface. Black square marks location of
sidescan-sonar survey area and map shown in Figure 3.6.
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Figure 3.3: 3.5 kHz reflection seismic profile (pinger source) imaging the subsurface of Lake Zurich along the whole
longitudinal lake axis with projected locations of cores shown in Figures 3.7 and 3.8. Black line in the seismic data cor-
responds to the boundary between seismic stratigraphic Unit A below and Unit B above. Inlet in the lower right corner
shows location of the seismic line (solid red line). Contour interval is 50 m. Dotted contour line marks 20 m-depth contour
line and aims to clarify basin morphology in the upper flat basin.
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Figure 34: 3.5 kHz reflection seismic profiles illustrating general features of the seismic stratigraphy of Lake Zurich. See
Figure 3.2 for location of seismic lines. A) Seismic section illustrating the two distinct differences in the geometry-style
(ponding vs. draping) of Unit A and B, respectively. Red arrows indicate onlap patterns. A coring site is indicated with a
vertical solid black line. B) Seismic line perpendicular to the lake axis in the northwestern part of Lake Zurich illustrating
stacked mass-movement deposits of a few 10's to 100's of meters horizontal extension with internal chaotic-to-transparent
seismic facies and clear lateral pinch-out geometries. Different-colored solid lines mark seismic stratigraphic horizons
relating to the top of individual mass-movement deposits (i.e. event horizons B to R). Dashed colored lines mark the base
of individual mass-movement bodies. The thin package of coherent, high-amplitude reflections between event horizons N
and K corresponds to the transition zone between seismic stratigraphic units A and B.

34 Data and Results (i)  The seismic Unit A comprises a thick (~15 to 25 m
and up to 55 m in the lower and upper basin, respec-
34.1  Reflection seismic data tively) succession of acoustically stratified sediments
characterized by parallel reflections of varying
3.4.1.1 Seismic stratigraphy amplitudes. Towards the basin margins, the vertical
amplitude variations are more closely spaced and the
Two seismic stratigraphic units can be identified in the reflections often onlap onto the acoustic basement,
seismic data that image ~50 and ~75 ms or the upper ~35 indicating a dominant ponding-style of sedimenta-
and ~60 m of the sedimentary infill of the lower and the up- tion (Fig. 3.4A).
per basin, respectively (Fig. 3.3). In the deep basin the two
seismic units are separated by a thin package (0.5 to 1 m (ii) The overlying seismic Unit B (~5 to 7 m thick) is
thick) of coherent, high-amplitude reflections (Fig.3.4A). characterized by closely-spaced, parallel reflections
The two seismic units are characterized as follows: of medium-to-high and low-to-medium amplitudes
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in the lower and the upper basin, respectively. Unit
B forms a drape across the entire basin generally
also covering the slopes. However, the drape is
absent on the uppermost ~ 20 m-high scarp where
glacio-lacustrine deposits outcrop along the es-
carpment structure (Boner et al., 1999) and moat
features suggest current-induced erosion and/or
non-sedimentation (Fig. 3.5E).

34.1.2 Types of mass-movement deposits

Sedimentary bodies of a few 10’s to 100’s of meters horizon-
tal extension with internal transparent to chaotic-to-trans-
parent seismic facies and clear lateral pinch-out geometries
can be identified throughout the sedimentary succession in
the lower basin and along the escarpment structure (Figs.
3.4B and 3.5). On the basis of different geometries, seismic
facies and geographical occurrence, four different types of
mass-movement deposits can be distinguished. They are
described in the following section, which also delineates the
interpreted transport and depositional mechanism associated
to these types of mass-movement deposits.

Mass-flow deposits resulting from translational sliding
along lateral steep slopes

The most prominent mass-movement deposits identified
in the study area occur in the lower basin close to the
slope breaks and are characterized by basinward-thinning
bodies with distinct distal terminations, a transparent to
sometimes partly chaotic-to-transparent seismic facies and
generally smooth top surfaces (Figs,3.4B,3.5A,Cand D).
These observed geometries and seismic facies are typical
characteristics of subaquatic mass-flow deposits (e.g. PRIOR
et al, 1984; MULDER & COCHONAT, 1996; SCHNELLMANN €t
al. 2006) and indicate mass transport from the 15-20° steep
lateral slopes towards the basin. Along the lateral slopes,
failure scars related to the mass-flow deposits can be identi-
fied in seismic profiles (Figs. 3.5A and B). They reach > 5 m
in height and generally occur on steepening-downwards
slopes in water depth > 40 m. Observed geometries indi-
cate translational sliding of the whole sedimentary drape
covering the slopes along a basal gliding plane. A short
gravity core recovered along the eroded slope offshore
Oberrieden (i.e. slope failure event associated to the mass-
flow deposit shown in Figures 3.5C and D) revealed that
the sliding plane consists of glacial deposits and indicate
comparable characteristics as described for lateral slope
failures in Lake Lucerne (STRASSER et al., 2007).

In Lake Zurich mass-flow deposits that evolved from
translational sliding along the steep lateral slopes reach
thicknesses of 1 to 7 meters and cover areas of a few 10’s
to 100’s of meters horizontal extension. Seismic profiles
crossing thick mass-flow deposits often indicate that the
chaotic-to-transparent seismic facies reaches deeper than
the mass-flow deposit itself indicating deformation of the
overridden basal basin-plain sediments. This deforma-
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tion sometimes is visualized by steeply dipping, high-
amplitude reflections/diffractions in the frontal part of
the acoustically chaotic-to-transparent bodies (Fig. 3.5C)
suggesting frontal thrusting as the result of an adjustment
of the underlying sediments to the increased static and dy-
namic loading during mass-flow deposition (SCHNELLMANN,
2005). Sidescan-sonar data of a sub-recent lateral mass-
flow deposit offshore Oberrieden show arcuate frontal
compressional ridges associated with the mass-movement
deposit (Fig. 3.6), supporting the interpretation of gravity
spreading induced by loading of the slope-adjacent lake
floor during lateral mass-flow deposition.

Mass-flow deposits resulting from rotational sliding along
the escarpment structure

A second type of acoustically transparent mass-flow de-
posits was identified in the seismic data at the toe and in
the intermediate sub-basins of the step-like escarpment
structure (Fig. 3.5E). They only occur within seismic Unit
A. On the basis of their geometries they clearly indicate
mass-transport direction parallel to the lake axis. The source
area of theses mass movements thus is interpreted to be
situated along the upper scarps of the escarpment structure.
However, complex geometries and potentially current-
induced erosion and/or non-sedimentation as indicated
by moat structures and outcropping of glacio-lacustrine
deposits along the uppermost ~ 20 m-high scarp (BoNEr et
al, 1999 ) (Fig. 3.5E) mask clear indicators of slope failure
processes associated with this type of mass-flow deposition.
Nevertheless, few seismic lines indicate rotational slide
blocks associated with these mass-flow deposits (Fig. 3.5F),
which thus are interpreted to have evolved from rotational
sliding along the escarpment structure.

Wedge-shaped mass accumulation bodies in distal deltaic
areas

Apart from the well-defined mass-flow deposits described
above, seismic data in distal areas of small lateral del-
tas often show small wedges that taper off towards the
basin. They generally comprise one to 3 low-amplitude
reflections that downlap on a single seismic stratigraphic
horizon in a basinward direction (Fig. 3.5G). No single
mass-movement can be assigned to such wedge-shaped
bodies because seismic penetration often is limited in
delta-proximal areas and individual remobilization events
along the delta supposedly are too small to be resolved
on seismic sections. Therefore, these depositional units
mapped as the correlated seismic stratigraphic horizons
rather represent a series of individual small events and are
interpreted to indicate periods of increased mass accumula-
tion in the distal part of small lateral deltas resulting from
small-scale remobilization on the steep delta slopes (e.g.
mass flows induced by delta front collapses) and partially
from higher clastic input from small creeks laterally enter-
ing Lake Zurich (see subsection 3.5.3).
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Figure 3.5: Selected 3.5 kHz seismic profiles illustrating
mass-movement deposits in Lake Zurich. See Figure 3.2 for
location of seismic lines. A) Lateral slope with failure scar
and acoustically transparent mass-flow deposit of event N. B)
Close-up of subaquatic landslide scar in ~50 m water depth.
C) Prominent acoustically transparent to chaotic mass-flow
deposit from lateral slope failure event F. D) Seismic line
along the longitudinal lake axis crossing event F mass-flow
deposits shown in panel C. Note well-defined lateral pinch-out
geometry indicated by solid and dashed line. E) Longitudinal
profile along the upper part of the escarpment structure show-
ing two prominent Late Glacial mass-flow deposits (events Q
and U). Note moat structures and lack of Holocene sedimenta-
tion indicating currents along the upper scarp. F) Close-up of
rotational slide block (event Q) along the escarpment structure.
G) Seismic line showing the distal part of Erlenbach Delta and
mapped wedge-shaped mass accumulation bodies.
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Turbidite deposits

In the deepest depressions of the lower basin, event hori-
zons assigned to mass-movement deposits often correlate
to few dm to m-thick, acoustically almost transparent
bodies that are characterized by smooth top surfaces and
by well-defined ponding geometries. This geometry and
acoustic signatures is typical for thick, extensive turbidite
and homogenite deposits, which generally result from
large mass flows (e.g. STURM & MATTER, 1978; Hsu &
KEeLTs 1985; Bouma, 1987; SCHNELLMANN et al, 2006). In
Lake Zurich, only event horizons related to larger mass-
flow deposits are associated with seismically resolvable
turbidite deposits. However, smaller events often are asso-
ciated with seismic reflections showing higher amplitudes
indicating the presence of smaller turbidite layers (see
subsection 3.4.2.3).

342 Coredata
34.2.1 Lithostratigraphy

All six newly acquired sediment cores (see Figure 3.2 for
core locations) recovered the characteristic postglacial
stratigraphic succession that reflects the general sedi-
mentary and environmental evolution of Lake Zurich as
already described in previous studies (KeLts, 1978; Gio-
vaNoLl, 1979; Pika, 1983; Hstr and KELTs, 1984; LISTER,
1988; SIDLER, 1988). Figure 3.7 shows a compilation of all
available core information from Lake Zurich. The general
sedimentary succession comprises three lithologic units
(from bottom to top):
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Lithologic Unit I «glaziale Seebodenlehme» - plastic mud

Sticky, medium-gray, plastic clays to silty clays with high
bulk densities showing distinct up to 5 cm-thick lamina-
tions in the lower part (Ula - laminated plastic mud),
thin mm-scale laminations intercalated with yellowish,
mm-scale silt to fine sand layers in the middle part (U1b -
faintly laminated plastic mud) and homogenous to mottled
textures in the upper part (Ulc - mottled plastic mud). This
lithologic unit corresponds to the upper part of seismic Unit
A. Thicker laminae in deep-water cores contrast thinner
laminae in shallow-water cores and thus confirm the pond-
ing-style depositional character of this sedimentary unit.
The lithology and infill pattern indicate glacio-lacustrine
sedimentation by underflows in a proglacial environment.
The lamination in the lower and middle part of this unit
has been interpreted as varve deposits, reflecting annual
pulses of suspension input from meltwater plumes of a
nearby glacier (Ula) (Zao et al, 1984) and seasonal aeolian
dust sedimentation (loess) during the Oldest Dryas (U1b)
(GrovanoLl, 1979; NiesseN 1992)

Lithologic Unit 2 «Basaler Faulschlamm» - iron sulfide mud

Dark greenish-gray clays to silty clays with low carbonate
content and low bulk densities showing a distinct appear-
ance of several highly FeS-pigmented black laminations
and intercalated cm-thick sandy to silty turbidites. From
its stratigraphic position, this unit corresponds to the
seismic high-amplitude reflections in the transition zone
between seismic Units A and B. It is interpreted that, with
postglacial climatic amelioration and the final retreat of the
glaciers back into the Alps, catchment erosion and runoff
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Ato T). Uncertain correlations are indicated with dashed lines and are mainly based on seismic-to-core correlation.

into the lake was reduced and the lake became stratified.
Lacustrine biota is established and oxygen content in the
bottom-water dropped occasionally to anoxic levels, result-
ing in characteristic FeS-pigmented black laminations of
the lithologic unit (e.g. KeLTs, 1978; Pika, 1983).

Lithologic Unit 3 «Seekreide» and «Seekreide-Mergel»-
lacustrine chalk and marls

Light gray (U3a) to greenish gray (U3b), faintly layered
lacustrine chalk (U3a) and marls (U3b) composed of ter-
rigenous mud rich in authigenic carbonate, intercalated
with cm-thick sandy and muddy turbidites. These deposits
correspond to seismic Unit B and were deposited when bio-
induced calcite precipitation and minor clastic input from
small local creeks were the dominant sediment sources in
the mesotrophic holomictic lake. Clastic input is especially
evident at two coring sites close to the Kiisnacht and Er-
lenbach deltas, where sedimentation rates are significantly
higher than in the deep basin (Fig. 3.7). Cores ZHKO04-1
and 2 recovered in the distal part of these deltas show
frequent 0.5 to 2 cm-thick clastic layers with high organic
content. The uppermost 50 to 70 cm of lithologic Unit 3
(U3c) show distinct rhythmically layered calcite/organic
couplets (varves) throughout the deep basin representing
human-induced lake eutrophication after 1897 A.D. (e.g.
KELTs, 1978; Pika, 1983).

34.2.2 Age model

The general age model of the postglacial sedimentary infill
of Lake Zurich has already been established based on few
14C samples from the Ziibo core (LIsTER, 1988) and based
on palynological data from core M54 (SIDLER, 1988). The
new !4C ages covering the last ~14000 years (Table 3.1)
are in good agreement with these data and refine the age
control since the beginning of the Bglling stage (Units 2
and 3). The new high-resolution age model established in
core ZHKO04-7 (Fig. 3.8) reveals Holocene ages for the
lithologic Unit 3 (seismic Unit A) and Younger Dryas to
Bglling ages for lithologic Unit 2.

The age model of the sedimentary succession in Unit 1
is only based on two “C ages of wood samples from the
Ziibo core. LisTErR (1988) dated the transition Ula/Ulb
and Ulb/Ulc to 17100-18050 and 16500-17300 cal yr
B.P.,respectively (Tab. 3.1). Counting of rhythmites (pre-
sumably varves) in cores ZHKO04-4 and 7 reveal duration
of ~575 yrs (565 and 587 in cores 4 and 7, respectively)
for the deposition of Ulb, which is in good agreement
with the relative time span estimated from the two Ziibo
14C samples. However, geomagnetic correlation of this
interval between Lakes Zurich, Constance, Lugano and
Geneva (BasTER, 2002, and references therein) consist-
ently suggests younger absolute ages. Additional support
for younger ages arises from sedimentological correlation
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lation, core log, bulk density log, lithostratigraphy and age model. See Figure 3.2 for core location and legend in Figure 3.7 for
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core (LISTER, 1988) that are projected here (see subsection 34.2.2 and Table 3.2). Gray area marks 20-range of calibrated ages.

of loess deposits recovered in several Swiss Lakes (e.g.
Lakes Constance (NIESSEN et al., 1992; WESSELS, 1998)
and Geneva (BASTER, 2002; GIRARDCLOS et al., 2005). Geo-
magnetic correlation between Lakes Zurich and Constance
reveal that Lake Zurich’s Units Ulb and Ulc (faintly lami-
nated and mottled plastic mud, respectively) correlate to
laminated loess deposits (beige-brown rhythmites) in Lake
Constance (WESSELS, 1998). In his record, WESSELS (1998)
counted 1370 lamination couplets between the correlated
lithologic boundaries U1b/Ulc and U1/U2, which suggests
that Ulc covers ~1400 years. Following this interpretation
and assuming a synchronous transition, as indicated by
the geomagnetic correlation, between Units Ul and U2
in both lakes (dated to ~14500 cal yr B.P (Fig. 3.8 and
Table 3.1)), the age model for lithologic Units Ula and
U1b might be shifted by ~1000 (range: 650—1350) years
towards younger ages (i.e. age (and range) discrepancy be-
tween Ziibo date of U1b/U ¢ transition and correlated age
in Lake Constance). Although only a first order assump-
tion, this accounts for the (too) low sedimentation rates
for Ulc as estimated from the '4C ages. While the Ziibo
ages propose that Ulc sedimentation rates are in the same
order of magnitude as in Unit 2 (Fig. 3.8), sediments of
Ulc still indicate a glacio-lacustrine sedimentation mode
that clearly suggests higher sedimentation rates.
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34.2.3 Sedimentary facies of mass-movement deposits
Mass-flow deposits

Coring the distal part of a mass-flow deposit that evolved
from subaquatic translational sliding along the steep lateral
slope in core ZHKO04-7 recovered a characteristic succes-
sion showing a 2 cm-thick basal shear zone that is overlain
by a fining upward matrix-supported mud-clast conglomer-
ate (Fig. 3.9A). This typical mud-flow deposit is overlain
by a 4 cm-thick graded turbidite layer characterized by a
multiple, graded sandy to silty sequence at the base and
by a homogenous clayey top layer. Similar sedimentary
facies have been observed in core ZHK04-6 that recovered
the distal part of a mass-flow deposit evolved from mass
transport in an axis-parallel SE-NW direction along the
escarpment structure. The lower part of this deposit shows
a 15 cm-thick interval of heavily deformed and folded
glacio-lacustrine sediments indicating slumping rather
than full disintegration of the source material (Fig. 3.9B).
This observation supports the interpretation that this type
of mass-flow deposits evolved from rotational sliding of
glacio-lacustrine sediments covering the bedrock sill in the
uppermost part of the escarpment structure (see subsection
34.12).



Wedge-shaped mass accumulation bodies in distal deltaic
areas

Core data from distal deltaic areas show frequent 0.5-2 cm-
thick clastic layers with high organic content and sedimen-
tation rates are significantly higher than in the central deep
basin (Fig. 3.7). Seismic-to-core correlation reveals that
intervals assigned to seismically imaged wedge-shaped
mass accumulation bodies correspond to more frequent,
thicker and coarser clastic layers (Fig. 3.9C). This observa-
tion confirms the interpretation that these wedge-shaped
bodies do not represent single mass-movement events
but rather periods of increased small-scale remobilization
on the steep delta slopes (e.g. delta front collapses) and
higher clastic input from small creeks laterally entering
Lake Zurich (see subsection 3.5.3).

Turbidite deposits

A number of 1-5 cm-thick turbidite deposits have been
recovered in cores retrieved in the central part of the deep
basin (Fig. 3.7). In general, they show a coarser sandy to
silty lower base, which sometimes comprises multiple
graded sandy layers, and a fining upward sequence to-

wards a homogenous clayey top layer (Fig. 3.9D). Smaller
turbidite layers, however, do not always have a graded
character and sometimes comprise only a 0.5—1 cm-thick
homogenous silt or clay layer and/or a thin top layer with
higher organic content (Fig. 3.9E). Occasionally, amal-
gamation of small individual turbidite layers lacking inter-
calated undisturbed sediment can be observed (Fig. 3.9F).
Most of the turbidite layers recovered in cores from the
deep basin can be correlated to event horizons assigned to
mass-movement deposits mapped elsewhere in the deep
basin (Fig. 3.8). In distal deltaic areas, however, they occur
more frequent and probably also represent flood-related
hyperpycnal-flows deposits.

34.3 Catalogue of past mass-movement deposits

Actotal of 149 mass-movement bodies have been identified
in the seismic data (64 mass-flow deposits associated to
lateral sliding, 19 mass-flow and rotational-slide deposits
along the escarpment structure, 51 small wedge-shaped
mass accumulation bodies and 15 turbidite deposits). They
were mapped and correlated to a total of 21 individual
event horizons, each of which was independently dated 1-4
times in different cores (see subsections 3.3.1 and 3.3.3,

Table 3.1: '*C ages and calibration of samples from Lake Zurich.

Core Nr. Location " Depth in core Sample Nr. Sample age” Sample age” material
[m] [“C yr B.P.] [cal. yr B.P.]
ZHK04-1 685585 / 240583 1.98 ETH-30711 1585 +50 1350 - 1570 leaf remains
ZHK04-1 685585 / 240583 3.19 ETH-30712 3230 +50 3360 - 3570 leaf remains
ZHK04-1 685585 / 240583 4.6 ETH-30713 4420 + 60 4860 - 5290 leaf remains
ZHK04-1 685585 / 240583 6.26 ETH-30762 6505 +65 7270 - 7520 leaf remains
ZHK04-2 685744 | 240619 245 ETH-30707 470 + 50 430 - 560 leaf remains
ZHK04-5 699687 / 230486 3.38 ETH-30216 5740 70 6390 - 6730 leaf remains
ZHKO04-5 699687 / 230486 3.78 ETH-30215 8995 + 80 9750 - 10300 leaf remains
ZHKO04-5 699687 / 230486 4.12 ETH-30715 11560 + 90 13240 - 13640 wood
ZHKO04-7 688526 / 236159 2.07 ETH-30212 1095 + 50 920 - 1150 leaf remains
ZHKO04-7 688526 / 236159 2.81 ETH-30210 2135 55 1990 - 2320 leaf remains
ZHK04-7 688526 / 236159 3.52 ETH-30213 3615 £55 3820 - 4090 leaf remains
ZHKO04-7 688526 / 236159 4.13 ETH-30209 6105 +70 6790 - 7170 leaf remains
ZHK04-7 688526 / 236159 5.03 ETH-30208 8895 + 80 9700 - 10250 leaf remains
ZHK04-7 688526 / 236159 5.32 ETH-30206 10230 + 85 11600 - 12400 leaf remains
ZHK04-7 688526 / 236159 5.76 ETH-30207 11710 + 100 13340 - 13770 wood
Ziibo 1980 687615 | 237266 5.75 GLS 9990 + 150 11150 - 12100 wood
Ziibo 1980 687615 | 237266 7.4 GLII1 12400 + 250 13750 - 15250 wood
Ziibo 1980 687615 / 237266 7.5 GLI5 12800 + 250 14150 - 15850 wood
Ziibo 1980 687615 | 237266 9.5 GLI0 14150 +250 16500 - 17300 wood
Ziibo 1980 687615 / 237266 13.8 GL?2 14600 + 250 17100 - 18050 wood

' Location is given in Swiss Grid (CHI1903) Coordinates.

@ Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).

) Calibration (20 range) was carried out applying the IntCalO4-calibration curve (Reimer et al., 2004).

“ Dates by Lister (1988).
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Figure 3.9: Core photos illustrating characteristics of mass-movement deposits in Lake Zurich.A) Core ZHK04-7 (event N):
mass-flow and turbidite deposit evolved from translational sliding along the lateral slope. B) Core ZHK04-6 (event Q):
slide, mass-flow and turbidite deposit evolved from rotational sliding and longitudinal flow along the escarpment structure.
C) Sedimentary succession in core ZHKO04-1 showing frequent clastic redeposition layers in a distal deltaic setting. Interval
with higher frequency of coarser and thicker layers correlates to a wedge-shaped mass-accumulation body mapped in the
seismic data (horizon D). D) Core ZHK04-7 (event K): Turbidite deposit showing multiple layers of sands and silts at the
base, a fining-upward sequence and a fine homogeneous clayey cap. E) ZHK04-7 (event J): two small brownish redepo-
sition layers in the lower part of Unit 3a (lacustrine chalk). F) ZHK04-7 (event F): Amalgamation of individual turbidite
deposits evolved from multiple, coeval lateral landsliding lacking intercalated undisturbed sediment.
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Tab. 3.2). The distribution of mass-movement deposits
related to each event horizon (labeled as event A (young)
to U (old) according to stratigraphy) are shown in Figure
10. Each of the individual event horizon comprises 1 to
23 mass-movement deposits.

The catalogue of past mass-movement activity in Lake Zu-
rich shown in Figure 3.10 may not be complete because:
(1) Limited seismic penetration in the northwestern-most
part of the lower Lake Zurich basin, in proximal areas
of lateral deltas and in shallow waters did not allow for
mapping mass-movement deposits in these area (gray
shaded area in Fig. 3.2), (2) relatively small and/or old
deposits may not have been recognized due to rework-
ing and deformation by younger and larger events, and
(3) only the Holocene deposits were mapped out in the
northwestern part of the lower basin due to the fact that
the seismic signal did not penetrate into the Late Glacial
succession in this area.

3.5 Discussions

The chronological catalogue of Late Glacial-to-Holocene
mass-movement deposits together with the identification
and characterization of different deposit types in terms of
geometry, seismic and sedimentary facies, allows recon-
structing an event-based history of slope failure, remobili-
zation and sediment transport processes in peri-alpine Lake
Zurich. It furthermore provides the basis for evaluating
long-term causes and short-term trigger mechanism of
subaquatic landslides in this setting. The following sec-
tion aims to discuss Lake’s Zurich mass-movement event
history with respect to different geological processes and
impacts that have affected the lake basin over the last
~17000 years.

3.5.1 Human-induced landslides within the last 150
years

During the last 150 years several shore collapses and
slumps occurred along the shore of Lake Zurich (e.g.
Horgen 1875, Riischlikon 1898, 1900 and 1907, Ober-
rieden 1918 and Kiisnacht 1943 and 1955 A.D. (NPkow
1920; KeLrs & Hsu, 1980; Kuen, 1999)). They directly
resulted from human-induced loading of sand and gravel
landfill on a weak foundation of lacustrine chalk and
have been reported to leave characteristic traces in the
sedimentary record of Lake Zurich (Nipkow, 1920; KELTS,
1978, KeLts & Hst, 1980; Pika, 1984). In the seismic data,
mass-movement deposits related to these documented
shore collapses can clearly be identified and assigned to
corresponding event horizons (events A and B; Note that
for the mass-movement deposits near Riischlikon and
Kiisnacht it remains unclear, which of the seismically
imaged deposits corresponds to which reported event;
Fig. 3.10). However, the seismic stratigraphic approach
did not allow for assigning individual seismically resolv-
able event horizons to each of the historically documented
events. Therefore they all occur within only two seismic
stratigraphic horizons (events A and B) and the mapped

turbidite deposit corresponding to horizon B thus comprise
the stacked succession of all events that occurred between
1875 and 1918 A.D..

3.5.2  Events affecting the entire basin («glacial events»
and paleo-earthquakes)

One of the most remarkable characteristics of the mass-
flow deposits in the subsurface of Lake Zurich is the oc-
currence of event horizons with multiple coeval mass-flow
deposits. 50 of the total 64 mapped mass-flow deposits
associated to lateral sliding relate to only 3 event horizons
(events F, K and N) and all 19 mass-flow and rotational-
slide deposits along the western escarpment of the bedrock
high occur only within two event horizons (events Q and
U). These outstanding event horizons often also comprise
seismically resolvable turbidite deposits, which are char-
acterized in core data by multiple graded sandy layers
and amalgamated redeposition layers lacking intercalated
undisturbed sediment (Fig. 3.9F). These observations
confirm the concurrence of individual landslides and
show that regional triggers destabilizing simultaneously
the subaquatic slopes repeatedly affected the Lake Zurich
area in the past ~17000 years.

The two oldest events (events Q and U) occurred during the
transition from the Pleniglacial to the Late Glacial period,
when the retreating Linth glacier still was in proximity
of Lake Zurich, as indicated by the sedimentary facies
of lithologic Unit 1a and b. LisTER (1988) interpreted the
transition from Unit la to 1b to correspond to the time,
when the Linth Glacier retreated back behind the Hurden
moraine. During that time, deglaciation of the Linth Gla-
cier has influenced to a large extent sediment input and
depositional processes in the upper Lake Zurich basin
and along the escarpment structure. High sedimentation
rates, potentially punctuated by rapid glacier destabiliza-
tion phases and/or episodic glacier outburst events, are
likely to have influenced slope stability conditions of the
glacio-lacustrine deposits. However, whether or not the
two rotational sliding events Q and U along the escarpment
structure can be related to such episodic «glacial events»
remains open.

Alternatively, strong earthquake shaking might be a reli-
able regional trigger mechanism, as it has been reported in
many other studies documenting the relation between syn-
chronicity for a series of subaquatic landslides with strong
seismic events that triggered slope failures on a regional
scale (e.g., SHiLts and CLAGUE, 1992; SCHNELLMANN, et al.,
2002; 2006). Such an earthquake trigger also is the most
likely process to explain the occurrence of the three younger
event horizons F, K and N, each characterized by at least
10 individual slides along the lateral slopes throughout the
lower Lake Zurich basin. In fact, STRASSER et al., (2006)
show that all three events correlate to multiple subaquatic
landslide deposits in Lake Lucerne. This correlation indi-
cates that three very large earthquakes (Mw > 6.5) shook
central Switzerland in the past ~15000 years that were
strong enough to trigger multiple mass movements in these
two lakes located ~40 km apart.
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Event M - 13 400 cal. yr B.P. \_ Event N - 13 760 cal. yr B.P.

Legend:
- lateral slide deposits

mass-flow and slump deposits
- indicating lake axis parallel transport

wedge-shaped mass accumulation bodies

turbidite and homogenit deposits

* corrected ages (see subsection 3.4.2.2 and table 3.2)

Figure 3.10: Catalogue of mass-movement deposits in the subsurface of Lake Zurich. The upper left panel shows the
seismic survey grid, which was used for mapping and correlating the mass-movement deposits. The other panels show the
aerial distribution of events A to U as imaged by the seismic data. For dating procedure and age ranges, see Tables 3.1
and 3.2. Asterisks in panel O to U indicate that the age was corrected by 1000 years towards younger ages (see subsection
3.4.2.2 and Table 3.2). Event J cannot be tracked on seismic data and was only observed in core data. It therefore is not
included here.
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Table 3.2. Dating of prehistoric event horizons.

Horizon Sample Nr. Sample age'” Sample age” Offset”?  Sed.rate" Horizon age Horizon age (overlap range) ~ Center of overlap '
Name [“C yr B.P.] [cal. yr B.P.] [cm] [cm/yr] [cal. yr B.P.] [cal. yr B.P.] [cal. yr B.P.]
C  ETH-30707 470 + 50 430 - 560 -18 0.13 569 - 699
ETH-30212 1095 +50 920 - 1150 46 0.14 590 - 820 590 - 699 640
D  ETH-30212 1095 +50 920 - 1150 -21 0.06 1291 - 1521
ETH-30711 1585 +50 1350 - 1570 2 0.11 1331 - 1551 1331 - 1521 1430
E  ETH-30210 2135 55 1990 - 2320 16 0.06 1707 - 2037 1707 - 2037 1870
F  ETH-30711 1585 +50 1350 - 1570 -37 0.05 2092 - 2312
ETH-30712 3230 50 3360 - 3570 60 0.05 2157 - 2367
ETH-30210 2135 +55 1990 - 2320 3 0.06 1937 - 2267 2157 - 2267 2210
ETH-30213 3615 +55 3820 - 4090 24 0.04 3190 - 3460 3190 - 3460 3330
H  ETH-30713 4420 + 60 4860 - 5290 -2 0.07 4889 - 5319 4889 - 5319 5100
1 ETH-30209 6105 +70 6790 - 7170 -3 0.03 6897 - 7277
ETH-30762 6505 +65 7270 - 7520 1 0.07 7255 - 7505 7255 - 7277 7270
J  ETH-30208 8895 +80 9700 - 10250 - - 9700 - 10250 9700 - 10255 9980
K ETH-30206 10230 + 85 11600 - 12400 1 0.02 11534 - 12334
ETH-30215 8995 + 80 9750 - 10300 -14 0.01 11109 - 11659
GL8 9990 + 150 11150 - 12100 - - 11150 - 12100 11534 - 11656 11600
L  ETH-30206 10230 + 85 11600 - 12400 -15 0.01 12656 - 13456 12656 - 13456 13060
M  ETH-30207 11710 = 100 13340 - 13770 6 0.04 13189 - 13619 13189 - 13619 13400
ETH-30207 11710 = 100 13340 - 13770 -3 0.04 13425 - 13855
ETH-30715 11560 + 90 13240 - 13640 -5 0.03 13407 - 13807
GLI11” 12400 + 250 13750 - 15250 5 0.04 13607 - 15107
GLI15" 12800 + 250 14150 - 15850 15 0.04 13721 - 15421 13721 - 13807 13760
O GLI0? 14150 + 250 16500 - 17300 - - 16500 - 17300 16500 - 17300 16900
corrected age ”': 15500 - 16300 15900
P GLIO” 14150 +250 16500 - 17300 -25 0.20 16625 - 17425 16625 - 17425 17030
corrected age ”: 15625 - 16425 16030
Q0 GLIO® 14150 + 250 16500 - 17300 -80 0.20 16900 - 17700
GL29 14600 + 250 17100 - 18050 100 0.20 16600 - 17550 16900 - 17550 17230
corrected age ”: 15900 - 16550 16230
R GL2"® 14600 + 250 17100 - 18050 45 0.20 16875 - 17825 16875 - 17825 17350
corrected age ”: 15875 - 16825 16350
S GL2” 14600 + 250 17100 - 18050 35 0.20 16925 - 17875 16925 - 17875 17400
corrected age ”: 15925 - 16875 16400
T GL2” 14600 + 250 17100 - 18050 - - 17100 - 18050 17100 - 18050 17580
corrected age ”: 16100 - 17050 16580
U GL2? 14600 + 250 17100 - 18050 -600 4.29® 17240 - 18190 17240 - 18190 17720
corrected age ”: 16240 - 17190 16720

"Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).
? Calibration (20 range) was carried out applying the IntCal04-calibration curve (Reimer et al., 2004).

DPosition of the dated sample relative to the event horizon.

“Estimated by lineraly interpolating between two "C samples after correcting for the thickness of instantaneously deposited turbidite layers.

“Ages are rounded to the decade.

“Dates by Lister (1988).

7Correction of -1300 yrs to account for the likelyhood of overestimated ""C ages (see text section 3.4.2.2).

“Sedimentation rates from Zao et al., (1984).
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Beside the 5 above mentioned event horizon F, K, N, Q and
U that all comprise at least 10 prominent large mass-flow
and thick turbidite deposits in the central basin, two iden-
tified event horizons are also characterized by more than
one evidences for lateral landsliding (event horizon C and
I). Event horizon I is associated with 3 small mass-flow
deposits in the vicinity of small lateral deltas and event
horizon C shows 5 small to medium-sized mass-flow
deposits, among which three occur close the deltas. Both
horizons are also associated with deltaic wedge-shaped
mass accumulation bodies indicating phases of higher
remobilization along lateral deltas (see subsection 3.5.3).
However, the multiple-deposit pattern might also suggest
an earthquake trigger, although strong seismic shaking can
be excluded as they would presumable destabilize more
slopes at the same time.

Event horizon C is dated to 590-700 cal yr B.P.
(1250-1360 A.D.) and might coincide with the Mw 6.9
Basel earthquake in 1356 A.D. (MEGHRAOUI et al, 2001).
Macroseismic reconstructions based on historical docu-
ments suggest that the northwestern part of Lake Zurich
may have experienced macroseismic intensities close to
VII (MaYER-Rosa & Capiot, 1979), which is interpreted to
be the threshold intensity for multiple subaquatic landslide
initiation (MoNECKE et al, 2004; STRASSER et al., 2006).
However, an interdisciplinary revision of the 1356 A.D.
Basel earthquake rather suggests slightly lower intensi-
ties for the study area (FAH et al., subm.). In any case, the
Basel earthquake remains a candidate to have triggered the
Lake Zurich event C, because the mass-flow deposits are
partly related to slope failures along lateral deltas where
threshold stabilities might be lower (see subsection 3.5.3)
and delta slopes may have been additionally «charged» by
a historically documented super-regional flooding event
in 1342 A.D. (ScCHWARZ-ZANETTI, 1998).

3.5.3 Deltaic remobilization events during climatic
periods of higher clastic sediment supply

Event horizons D,E,G,H,L,M, O,R and S are charac-
terized by either single lateral mass-flow deposits lack-
ing more than one counterpart and/or by wedge-shaped
mass accumulation bodies in distal deltaic areas. Given
the fact that also the single lateral mass-flow deposits
often occur close to lateral deltas these 9 event horizons
are interpreted to reflect sediment remobilization events/
periods along the lateral deltas. Additionally, periods of
higher frequency of exceptional high discharge events
in the small catchment and resulting hyperpycnal flows
may partly explain the occurrence of the distal deltaic
wedge-shaped mass accumulation bodies. For instance,
such deposits are also associated with above-mentioned
event horizon C (Fig. 3.10) and, hence, might partly be
related to the historically documented super-regional flood-
ing event in 1342 A.D. (SCHWARZ-ZANETTI, 1998).

Slope stability conditions of deltas, especially in the proxi-
mal area, where the slope is steep, may be relatively close
to a critical state where sediment failure may be triggered
by only small external disturbances (e.g. weak seismic

shaking) or even can occur spontaneously (GIRARDCLOS
et al, 2007). Reduced stability conditions and thus the
likelihood of delta collapse initiation can be caused by
a variety of geological processes, among which the two
most dominant are: (i) high sedimentation rates increas-
ing the gravitational load and leading to the formation of
excess pore pressure (SULTAN et al, 2004) and (ii) biogenic
gas production from decomposition of organic material
reducing the inter-particle cohesion and friction (COLEMAN
& Prior, 1988). Both the input of organic material and
sedimentation rates are likely to be higher during periods
of enhanced precipitation and run-off in the catchment of
the small creeks laterally entering Lake Zurich.

The proposed influence of climate-controlled increase of
sediment supply as the causing factor for subaquouse delta
slope failures in Lake Zurich can be tested by plotting the
occurrences of Holocene event horizons C, D, E, G, H,
against reconstructed phases of mid-European lake level
high-stands interpreted as proxy for higher precipitation
and increased river run-off (Macgny, 2004) (Fig. 3.11).
However, the resulting correlation is ambiguous and,
therefore, the Lake Zurich dataset does not allow for
conclusive interpretation.

3.54  Exceptional event layers in Lake Zurich

Two event horizons (J and T) have been identified that
are not associated with any mass-flow deposits or wedge-
shaped mass accumulation bodies. Event T comprises an up
to 1 m-thick deposit characterized by a ponding geometry
with internal laterally-continuous very-low-amplitude
reflections and thick homogeneous clay deposits in the
seismic and core data, respectively (Fig. 3.7). It occurs at
the lithological boundary between Unit la and 1b which
has been interpreted to correspond to the time when the
Linth glacier retreated behind the Hurden moraine (LISTER,
1988). Therefore, it is likely that event T is somehow
related to the termination of the Hurden Stage, but the
physical process of sediment mobilization and deposition
remains unknown.

Event J only is defined in cores from the central part of
the deep basin (Fig. 3.7) and can not be resolved in the
seismic data. It consist of two characteristic 1-2 cm-thick
brownish turbidite layers only 2 cm apart (Fig. 3.9E) that
occur in the lower part of lithostratigraphic Unit 3a (la-
custrine chalk) and that can be correlated as marker beds
throughout the deep basin in all cores. Palynological data
from core ZHM54 (SipLER, 1988) show that these two
layers comprise high amounts of pre-Quaternary pol-
len grains indicting a major clastic input from an alpine
catchment (HocnuLi, 2004, personal communication). The
occurrence of the two characteristic clastic layers thus sug-
gests two exceptional events likely related to exceptional
flood events. They may have resulted for instance from
outbreaks of a naturally-dammed lake somewhere in the
alpine catchment of Lake Zurich, because floods resulting
from local high precipitation events may not explain the
deposits throughout the lower basin. It remains unclear
whether the source of such events may be within the Sihl
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catchment (if the Sihl at that time still was discharging
into Lake Zurich) or within the catchment of the Linth
or Wigital Aa. The latter appears to be less likely as the
flood deposits would rather be expected to be deposited
in upstream depocentres (e.g Obersee). However, the two
layers of event J are somewhat similar and in comparable
stratigraphic position as two exceptional clastic layers de-
scribed in Lake Constance (SCHNEIDER et al, 2004). These
two layers have been interpreted to be related to the failure
of two rockslide dams in the catchment area of the Rhein
river (deposited by the Flims and Tamins rockslides) and
the catastrophically drainage of the landslide-dammed
lakes resulting in major floods. However, although it would
theoretically be possible that these exceptional flood events
could somehow be connected to the catchment area of
Lake Zurich (i.e. through the Walensee/Seez valley and the
Linth river), the slightly older ages of event J (9700-10250
cal yr B.P) compared to the age of the Flims rockslide
(9460-9490 cal yr. B.P. (DepLAZES et al., 2007)) and the
unlikelihood of clastic material reaching all the way down
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to the lower Lake Zurich basin, do not suggest a causal
relation between event J and the Flims rockslide.

Among all reconstructed mass-movement events, event N
is the most prominent showing 23 individual landslides
deposits all over Lake Zurich and it is the only horizon,
along which mass-movements deposits have been recov-
ered in all cores (including shallow water cores ZHMS52
and ZHKO04-5; Fig 3.7). STRASSER et al, 2008 show that this
exceptional event horizon furthermore is associated with
sediment waves indicating strong currents in the upper flat
basin. On the basis of geomorphological and core data in
downstream areas of Lake Zurich and of data presented
here, STRASSER et al., 2008 interpret that a reconstructed
earthquake ~13760 cal yr B.P. may not only have trig-
gered subaquatic landslides all over Lake Zurich but that
primary earthquake shaking or secondary effects, such as
landslide-generated waves, may have resulted in a sudden
collapse of the Zurich moraine leading to a subsequent lake
outburst flood lowering the lake level by ~12 m.

Figure 3.11: Left panel: Stratigraphic distribution of
identified mass-movement horizons C, D, E, G, H, and
I comprising single lateral mass-flow deposits closed to
small lateral deltas and/or distal deltaic wedge-shaped
mass-accumulation bodies interpreted to result from in-
creased remobilization and slope failure processes along
the delta. Right panel: Gray bars mark reconstructed peri-
ods of mid-European lake level high-stands interpreted as
proxy for higher precipitation and increased river run-off
(Macny, 2004).



3.6 Summary and conclusions

The combined basin-wide high-resolution seismic and core
study of the subsurface of Lake Zurich enable identification
and dating of Late Glacial-to-Holocene mass-movements
deposits and allow for determination and characterization
of their type, distribution and frequency. The resulting
chronological event catalogue presents a record of varying
environmental impacts and provides the basis for decipher-
ing seismic vs. climatic trigger mechanism of subaquatic
slope failures. Results reveal that a variety of potentially
hazardous processes, such as earthquakes, outbursts and
floods, affected the study area over the last ~17000 year.
The presented mass-movement event stratigraphy provides
first information on their frequency and impact, and even-
tually may yield the means for assessing the geo-hazard
potential arising from such natural processes in the densely
populated region around Lake Zurich.

A summary list of the main conclusions includes the fol-
lowing:

(1) 3 major simultaneously-triggered basin-wide lateral
slope failure events (translational sliding) occurred
at ~2210, 11600 and ~13760 cal yr. B.P. and are
interpreted as the fingerprint of strong paleo-seismic
activity in the Zurich area.

(2) Additionally, 2 smaller simultaneously-triggered
slope failure events were identified (640 and 7270

3

“

&)

(6)

cal yr. B.P), which also might be related to seismic
events of lower local intensity. The younger event
potentially corresponds to the historic 1356 A.D.
Basel earthquake and suggests far-field seismic in-
tensities in the Zurich area, strong enough to trigger
subaqueous landslides.

Two major mass-movement events (rotational slid-
ing) occurred during the transition from the Plenigla-
cial to the Late Glacial time period and are likely
related to the activity of the nearby Linth glacier.
The record reveals higher frequency of Holocene
mass movements in deltaic settings during specific
periods that may be related to climate-controlled
increase of sediment supply, supposing climatic
causing factors for subaqueous delta slope fail-
ures.

Two outstanding event layers, which are not related
to lacustrine mass movements, suggest the occur-
rence of exceptionally high discharge events in the
Alpine catchment around 9980 cal yr. B.P.

The most prominent event layer (dated to 13760 cal
yr. B.P.) shows 23 individual landslides deposits all
over Lake Zurich and furthermore is associated with
sediment waves indicating strong currents in the up-
per flat basin. These features are interpreted as the
fingerprint of an earthquake-triggered collapse of the
Zurich moraine dam that resulted in a large outburst
of Lake Zurich.
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4 MAGNITUDES AND SOURCE AREAS OF LARGE PREHISTORIC
NORTHERN ALPINE EARTHQUAKES REVEALED BY SLOPE
FAILURES IN LAKES

Published as: Strasser, M., Anselmetti, F.S., Fih, D., Giardini, D., and Schnellman, M. (2006): Magnitudes and source areas of large
prehistoric northern alpine earthquakes revealed by slope failures in lakes. Geology, 34, 1005-1008.

Abstract

This study presents evidences for three large paleo-
earthquakes in central Switzerland with moment magni-
tudes (M > 6.5-7.0) significantly exceeding historically
known values. These earthquakes occurred during the past
15000 years and were strong enough to simultaneously
affect a large region that includes the present-day major
cities of Lucerne and Zurich. Chronology, magnitudes
and epicenters of these prehistoric earthquakes were
reconstructed using temporal and spatial correlation of
multiple subaqueous landslide deposits in Lake Zurich and
Lake Lucerne through high-resolution seismic surveys,
radiocarbon-dated sediment cores and spatial calculations
using an empirical seismic attenuation model. Results
indicate ongoing Alpine deformation that generated and
could potentially generate destructive events in heavily-
populated regions that are unaccustomed to seismic activ-
ity during historic times.

Zusammenfassung

In dieser Studie werden drei grosse Schweizer Paleo-Erdbe-
ben rekonstruiert, welche Moment-Magnituden von > 6.5-7
erreicht haben und somit die bisherigen historisch be-
kannten Hochstwerte signifikant tiberschreiten. Diese Erd-
beben, welche sich in den letzten 15000 Jahren ereigneten,
waren so stark, dass sie gleichzeitig Gebiete, welche heute
die Stiddte Ziirich und Luzern umfassen, zum Erschiittern
brachten und im Ziirich- und Vierwaldstittersee subqua-
tische Rutschungen ausldsten. Die zeitliche Abfolge,
Magnituden und Epizentren dieser Beben werden mittels
Ablagerungen von subaquatischen Rutschungen rekonstru-
iert. Dazu werden hochauflosende reflexionsseismische
Untersuchungsmethoden, radiometrische Datierungen an
Sedimentkernen sowie empirische Gleichungen fiir die
Ausbreitung und Abschwichung seismischer Wellen mit
zunehmender Distanz vom Epizentrum und Erdbebensze-
narien verwendet. Unsere Daten lassen vermuten, dass
andauernde Alpine Deformation zu grosseren Erdbeben
in der jiingeren geologischen Vergangenheit fiihrte und
auch in Zukunft zu Beben fiihren konnte, welche heute
starkbesiedelte Gebiete ohne nennenswerte historische
Erdbebenvergangenheit stark treffen wiirde.

4.1 Introduction

Long-term earthquake models and probabilistic seismic
hazard assessments require knowledge of a well-dated and
quantitative earthquake history. In intraplate continental
regions with low crustal deformation rates, the recurrence
interval of strong earthquakes often exceeds the time span
covered by instrumental and historical records, making
seismically active fault-zones difficult to identify. Hence,
knowledge about the temporal and spatial distribution of
prehistoric seismic events with long recurrence intervals
is essential for understanding regional seismicity and for
assessing earthquake hazard-potential of such regions.
During the past 30 yr, paleoseismology has provided a
wealth of information about paleoseismicity in a variety
of geologic settings (MICHETTI et al., 2005; VITTORI et al.,
1991). This information usually relates to identification
of specific events on recognized active faults (SieH, 1978)
or to more general descriptions of secondary effects (i.e.,
soil liquefactions, elevation changes, landslides) suggest-
ing the occurrence of a prehistoric event (KEgrer, 2002;
Smvs, 1975). However, earthquake parameter determina-
tion from only secondary effects still poses a challenge
in paleoseismic research (MICHETTI et al., 2005). Here we
constrain the chronology, magnitudes and epicenters for
the intraplate area of central Switzerland by correlating
in time and space sedimentary deposits of seismically-
triggered subaquatic lacustrine landslides, and by spatial
macroseismic reconstructions using a grid-search approach
with a calibrated intensity-attenuation model.

Large earthquakes often spur mass movements, such as
subaqueous landslides, that are recorded in sedimentary
archives (HampTON et al., 1996). On 18 September 1601,
the greater Lucerne area in central Switzerland was hit by
one of the largest known earthquakes in central Europe
(moment magnitude M = 6.2) that damaged parts of the
city of Lucerne and its surroundings (SCHWARZ-ZANETTI
et al., 2003). The villages along the shoreline of Lake
Lucerne experienced waves up to 4-m high and a sub-
sequent seiche that lasted several hours. These effects
were produced by 13 synchronous earthquake-triggered
subaquatic landslides in Lake Lucerne (SCHNELLMANN
et al., 2002). In the temporally and spatially continuous
sediments of perialpine lakes in central Switzerland coeval
mass-movement deposits can thus be tracked throughout
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the entire basin as the «fingerprint» of prehistoric seismic
events. In the here-studied lake basins of Lake Zurich
and Lake Lucerne (Fig. 4.1), paleoseismic shaking can
be singled out as the trigger mechanism because these
basins lack major stream deltas and lake-level fluctuations
are minor, so that additional potential trigger mechanisms
for multiple slope failures can be excluded (HampTON et
al., 1996). Furthermore, lacustrine landslide-deposits in
such settings record this intensity-threshold of seismic
shaking independent of the earthquake focal-mechanism
as revealed by calibration of multiple landslide deposits
associated with historic earthquakes in central Switzer-
land. This demonstrates that sublacustrine slope-failures
occurred only within areas that experienced shaking of
macroseismic intensities (EMS98) VII or more (MONECKE
et al., 2004). These sedimentary archives are thus critical
components for quantitatively assessing the seismic hazard
potential in a region including the major urban centers of
Zurich and Lucerne with their high population density, key
communications nodes, and critical lifelines.

4.2  Seismotectonic setting

Lucerne and Zurich are situated in the North Alpine foreland
basin, 7 and 40 km north of the North-Alpine nappe front,
respectively (Fig.4.1). This frontal thrust strikes WSW-ENE
and marks the northern topographic boundary of the Alpine
nappes formed during the Tertiary collision between Europe
and Africa. In the foreland, earthquakes generally occur
throughout the crust to Moho level (~30 km), nucleating in
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crystalline basement with predominantly strike-slip focal
mechanisms and minor normal faulting components. Upper-
crust shallow thrust and strike-slip faulting dominate the
external Alpine nappes (Kastrup et al.,2004). The observed
change in earthquake-depth distribution and style of fault-
ing between the foreland and the inner-alpine zones reflect
the superposition of the regional compressional stress,
induced by large-scale continental convergence, with the
uniaxial tensional stress related to lateral spreading within
the Alpine orogenic belt (KasTrup et al., 2004). This is in
agreement with the overall central-alpine geodynamic situ-
ation characterized by the indentation of the Adriatic block
into the European Plate (Fig. 4.1) and isostatic plate forces
acting on the steeply SSW dipping lithosperic slab (KissLING,
2004). It further suggests that the Aar massif basement uplift
(Fig.4.1) is still growing in response to ongoing Alpine
collision (PERsauD and PFIFFNER, 2004).

In the foreland, the largest known historic earthquake
(M =5.4) occurred in 1674 A.D. near Thalwil, ~20 km
southeast of Zurich (FAH et al., 2003), whereas the inner-
alpine central Switzerland region south of Lucerne was
seismically more active throughout history. Three events
with M = 5.7 were chronicled during the past millen-
nium, including the 1601 A.D. M = 6.2 event that may
be associated with a ~20-km-long, left lateral strike-slip
fault system (Sarnen fault system; Fig. 4.5B) (GISLER et
al., 2004). However, the historical record of seismicity in
central Switzerland spans only ~1000 yr, and certainly
does not reflect the overall seismic potential. Previous
paleoseismological studies in Lake Lucerne calibrated the
effect of seismic shaking in lake basins using the 1601 A.D.

Figure 4.1: A) Location map showing tectonic units and
epicenters of instrumentally (gray dots) and historically
(M = 5.5, dark grey dots) recorded earthquakes (FiH et
al., 2003). Box in the center locates the study area with
Lake Zurich and Lake Lucerne. Profile line and swath
(dashed lines) indicate Alpine profile and maximum
earthquake-projection distance in Figure 4.1B. NAF =
North-Alpine nappe front. B) Present-day uplift rates
(after Schlatter and Marti, 2002) along Alpine tectonic
profile (after PFiFFNER and HEITZMANN, 1997 PFIFFNER and
Kunnt, 2001) with depth distribution of known earthquake
(M > 2) hypocenters since 1975 (DEICHMANN et al., 2000).
a = Molasse basin, b = European margin (EM) Mesozoic
cover, ¢ = EM upper crustal basement, d = EM lower
crust, e = EM mantle, f = Penninic uppercrustal basement
and cover, g = Apulian Plate (AP) upper crust and cover,
h = AP lower crust, i = AP mantle.



earthquake and identified 5 additional paleoseismic events
(with effects similar to those produced by the 1601 A.D.
event) that occurred in the past 15000 years. (SCHNELL-
MANN, 2004). Due to the limited geographical distribu-
tion of the investigated archives, however, estimations of
epicenters and magnitudes remained dubious.

4.3  Paleoseismologic observation in Lake Zurich

To identify the occurrence of strong prehistoric seismic
shaking in the foreland area of Zurich, we examined sedi-
ments in Lake Zurich for characteristic multiple landslide
patterns by surveying a dense grid of high-resolution
seismic profiles (3.5 kHz pinger source). We identified
numerous landslide deposits in the seismic data based on
chaotic-to-transparent seismic facies that contrast with
continuous reflections produced by regular, undisturbed
sediments (Fig. 4.3). We then connected the top of each
mass-movement deposit at its pinch-out point with a dis-
tinct seismic-stratigraphic horizon. Such horizons repre-
sent isochrons that can be traced throughout the lake basin,
allowing recognition of synchronous landslide events.
Three event horizons were identified, each comprising at

least 10 individual mass-movement deposits across the
entire lake basin. In the deepest part of the lake, these event
horizons are associated with multiple stacked turbidite de-
posits lacking intercalated background sediment (Fig. 4 .4),
confirming the simultaneity of individual sublacustrine
landslides derived from source areas of varying distance.
In analogy to observations in Lake Lucerne, we interpret
these three event horizons as subsurface «fingerprints» of
three prehistoric earthquakes.

To date these earthquakes we retrieved 6 piston cores of
up to 11 m in length from key locations identified in the
seismic data. Each of the three seismic-stratigraphic mul-
tiple landslide horizons were dated independently three to
five times by combining AMS !4C analysis of terrestrial
organic matter, tephrachronology, sedimentation rate and
seismic data-to-core correlations (Tables 4.1, 4.2). The
resulting ages of the three events are 2200 +55, 11530
+185 and 13840 +145 cal. yr B.P.

These results indicate that every few thousand years, the
foreland region of Zurich experienced seismic events
strong enough to trigger basin-wide slope instabilities. The
ages of these three events match the ages of three of five
reconstructed prehistoric earthquakes recorded in Lake
Lucerne (SCHNELLMANN, 2004) (Fig. 4.2). This correlation
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Figure 4.2: A) correlation between dated multiple mass-movement events assigned to paleo-earthquakes in Lakes Zurich (this
study) and Lucerne (SCHNELLMANN, 2004). The black open circle indicates the historic 1601 A.D. M=6.2 earthquake, black dots
correspond to prehistoric regional events similar to 1601 A.D. event that are not recorded in Lake Zurich and grey dots corre-
spond to 3 large prehistoric earthquakes recorded in both lakes (numbered from I to 3). Gray bars indicate age-range overlap
of the two dated layers in both lakes. B) Maps showing simultaneous multiple mass-movement deposits (light grey areas) in both
lakes for the three large paleo-earthquakes. Hatched areas mark extent of turbidite deposits associated with the landslides.
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Figure 4.3: Two of the total 127 (see insets in the lower right corner) 3.5 kHz seismic profiles showing the subsurface of
Lake Zurich where we identify the mass movement deposits due to their chaotic-to-transparent seismic facies and their
characteristic onlap geometries. Dashed lines show the three seismostratigraphic horizons and their corresponding lands-
lide deposits. 1, 2 and 3 correspond to the 2200+55, 11530+185 and 13840+145 cal yr B.P. event, respectively, where
multiple simultanous slope failures occurred throughout the lake basin. b) Seismic profile with location of core ZHK04-7 .
Intervals marked with bold lines are shown as photographs in Figure 4. 4. Note prominent mass-movement deposit in the
uppermost part on the left side. It corresponds to the 1875 A.D. landslide triggered by human construction along the shore
(Kelts, 1980).
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Figure 4 4: Lithologic profile, bulk density log and grayscale core photos (by Urs Gerber) at two specific sections (A and
B) from gravity piston core ZHK04-7 retrieved from the deepest central part of Lake Zurich. It shows the distinct sedimen-
tologic «fingerprint» (i.e. mass flow deposits and turbidite deposits) of sublacustrine slope failures triggered by the three
major paleo-earthquakes (numbered from 1 to 3).* indicate position of AMS 14C sample (see Table 4.1).
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Table 4.1: 14C ages and calibration of samples used to date the prehistoric event horizons.

Core Nr. Location " Depth in core Sample Nr. Sample age” Sample age” a°C material
[m] ["CyrB.P] [cal. yr B.P] [%o]
ZHK04-7 688526 / 236159 532 ETH-30206 10230 + 85 11350 - 12650 27712 leaf remains
ZHK04-7 688526 / 236159 5.76 ETH-30207 11710 £ 100 13250 - 15150 -26.7 1.2 wood
ZHK04-7 688526 / 236159 2.81 ETH-30210 2135 +£55 1990 - 2310 -322+12 leaf remains
ZHKO04-5 699687 | 230486 3.78 ETH-30215 8995 + 80 9750 - 10400 27412 leaf remains
ZHKO04-1 685585 / 240583 1.195 ETH-30711 1585 £ 50 1340 - 1570 -26.5+1.2 leaf remains
ZHK04-1 685585 / 240583 2.395 ETH-30712 3230 +50 3350 - 3580 -292+12 leaf remains
ZHK04-5 699687 | 230486 4.12 ETH-30715 11560 + 90 13150 - 13950 25312 wood
Ziibo 1980 687615 | 237266 575 GL8® 9990 + 150 11058 - 11975 - wood
Ziibo 1980 687615 | 237266 7.5 GL11? 12800 +250 14000 - 15595 - wood
LST® - - Tephra 11,230 +40 13003 - 13755 -

' Location is given in Swiss Grid (CH1903) Coordinates.

@ Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).

@ Calibration (20 range) was carried out applying the Intercal98-calibration curve (Stuiver and Reimer, 1993).
“ Dates by Lister (1988).
' Laacher See Tephra (LST), radiocarbon dated by Hajdas et al. (1995).

Table 4.2: Dating of prehistoric events.

Sample Nr. Sample age'” Sample age? Offset”  Sed.rate™ Horizon age Horizon age (overlap range) Center of overlap ©'
[“C yr B.P.] [cal. yr B.P.] [cm] [emlyr] [cal. yr B.P.] [cal. yr B.P.] [cal. yr B.P.]

Event horizon 1

ETH-30711 1585 £ 50 1340 - 1570 -37 0.05 2082 - 2312

ETH-30712 3230 +50 3350 - 3580 60 0.05 2147 - 2377

ETH-30210 2135 55 1990 - 2310 3 0.06 1937 - 2257 2147 - 2257 2200

Event horizon 2

ETH-30206 10230 £ 85 11350 - 12650 - 0.02 11350 - 12650

ETH-30215 8995 + 80 9750 - 10400 -14 0.01 11109 - 11759

LST® 11230 +40 13003 - 13755 21 0.01 10964 - 11716

GL8"” 9990 + 150 11058 - 11975 - - 11058 - 11975 11350 - 11716 11530

Event horizon 3

LST® 11230 40 13003 - 13755 -12 0.04 13304 - 14056

ETH-30207 11710 = 100 13250 - 15150 -3 0.04 13325 - 15225

ETH-30715 11560 + 90 13150 - 13950 -5 0.03 13317 - 14117

LST® 11230 40 13003 - 13755 -7 0.03 13236 - 13988

GL11” 12800 + 250 14000 - 15595 15 0.05 13700 - 15295 13700 - 13988 13840

“'Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).

@Calibration (20 range) was carried out applying Intercal98-calibration curve (Stuiver and Reimer, 1993).

@Position of the dated sample relative to the event horizon.

“Derived from C" data.

YAges are rounded to the decade.
“Laacher See Tephra (LST), radiocarbon dated by Hajdas et al. (1995).
“Dates by Lister (1988).
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Figure 4.5: A) Zones of earthquake epicenters (dotted and dashed lines for deep foreland and shallow northern Alpine
source, respectively) of minimum given magnitude sufficient to produce the observed landslides in Lake Zurich and Lake
Lucerne, identified by the grid-search approach (Bakun and WentwortH, 1997). NAF = North-Alpine nappe front. B) Map
showing possible epicentral locations (shaded area) satisfying positive and negative paleoseismologic evidences in dif-
ferent lake archives (LZ = Lake Zurich, LL = Lake Lucerne, B = Lake Baldegger, S = Lake Seelisberg). Arrows indicate
the two different stress regimes in the foreland and Alpine setting (Kastrup et al., 2004 ). Superimposed black dashed lines
and rectangles conceptually indicate potential Alpine foreland strike-slip fault orientations and projected rupture areas
of thrust-type earthquakes, respectively (WELLs and CoppersmiTH, 1994), as expected in the present stress field. Note that
exact locations of faults are speculative, because to date, no seismogenic faults are known in the area. Black dots south of
Lake Lucerne indicate epicenters of the three historical earthquakes (M = 5.7) and black dashed line south west of Lake
Lucerne indicates the known ~20 km long seismically active Sarnen strike-slip fault system (SF) (GIsLER et al., 2004).

indicates that three very large earthquakes shook central
Switzerland in the past 15000 years, strong enough to trig-
ger multiple mass movements in these two lakes located
~40km apart. Using the overlap of event-age ranges in
both lakes, we date these events at 2220 +40, 11600 120
and 13770 +70 calendar yr B.P. (Fig. 4.2).

44  Source parameter determination

To estimate minimum magnitudes at epicentral locations
required to produce mass movements in both lakes, we first
assigned EMS98 intensities VII to the sites of lacustrine

landslides in Lakes Zurich and Lucerne. This value is the
accepted threshold intensity for basinwide landsliding
which was calibrated with historic earthquakes in central
Switzerland (MoNECKE et al., 2004). We then calculated
magnitudes over a grid of trial source locations (Bakun and
WENTWORTH, 1997) using an empirical intensity-attenuation
relation (FAH et al., 2003), a function of epicentral distance
and hypocentral depth*. Based on geologic, structural
and seismotectonic information (Fig. 4.1) (Kastrup et al.,
2004), we selected a deeper average depth for events in the
foreland, and a shallower depth for potential Alpine thrust
fault scenarios south of the North-Alpine nappe front. The

* Source Parameter Determination:

The calculations of magnitudes over a grid of trial source loca-
tions (Bakun and Wentworth, 1997) are based on an empirical
intensity attenuation relation (Fih et al., 2003). The calibration
relations are:

For shallow earthquake sources (< ~10 km depth):
Mi = [Ii - 0.096 + 0.043di]/1.27 (for di < 70km)
Mi = [Li +1.93 + 0.0064di]/1.27 (for di > 70km)

For deep earthquake sources (> ~10 km depth):
Mi = [Li +1.73+ 0.030di] /1 .44 (for di < 70km)
Mi = [Ii +3.04 + 0.0064di]/1.44 (for di > 70km)

Mi is the moment magnitude estimates, Ii the EMS98 Intensity
value at site i, and di the distance (km) from the source location to
site i. Ii was set to 7 for all sites of lacustrine landslides in Lakes

Zurich and Lucerne, as this is the accepted threshold intensity
for basinwide landsliding calibrated with historic earthquakes
in Central Switzerland (Monecke et al., 2004). To account for
uncertainties of the threshold values of macroseismic intensity
for basin wide landsliding and to estimate a lower bound for
the calculated magnitude in our study we also applied a more
conservative threshold values of 6.5 in the grid search calcula-
tions which reduces the resulting magnitude estimates by about
0.3 magnitude units. For high magnitudes (M > 6) the empirical
intensity attenuation relation for shallow earthquake sources is
not well established because calibration events with M > 5.5 are
rare. However, sensitivity analyses of uncertainties related to the
hypocenter depth location are relatively small (e.g. applying the
attenuation relationship for a deep source south of the NAF rather
than a shallow source would only increase magnitude estimates in
the near epicentral distance (< 20 km) by ~0.2 magnitude units).
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result of this grid-search approach indicates a minimum
required magnitude of M = 6.5 if all three events were
centrally located between the two lakes, whereas values
approaching and exceeding M = 7 are required if the events
were located farther away (Fig. 4.5).

To further constrain the potential epicentral area, we
considered other well established lacustrine paleoseismic
archives within a radius of 60 km from the study area
(MonECkE et al, 2006) (Fig. 4.5). Lake Baldegger, situated
west of the study area, has no earthquake-generated de-
posits identified in the critical periods for all three events.
In the grid-search calculations including these negative
evidences we therefore assigned EMS98 intensities <VII to
the Lake Baldegger site. Results reveal only valid solutions
for a confined sector suggesting that epicentral areas for
all three seismic events were located to the east of Lake
Lucerne and southeast of Lake Zurich (Fig. 4.5). Lake
Seelisberg, a small mountain lake south of Lake Lucerne
with specific characteristics not comparable to the other
lakes and therefore not considered for grid-search calcu-
lations, shows positive evidence for seismically induced
deformations dated to 11660 £590 cal. yr B.P. (MONECKE
etal,2006). This further confirms the occurrence of a large
paleo-earthquake around 11600 cal. yr B.P.

4.5 Discussion

Due to the absence of known seismogenic faults with
surface ruptures and the lack of direct observations in the
instrumental and historical catalogue, the location and
geometry of faults capable of producing the three large pre-
historic earthquakes cannot be identified directly. Never-
theless, plausible earthquake scenarios may be formulated
using geologic, structural and seismotectonic information
(Fig.4.1),including the general stress regime for the area
NW and SE of the North-Alpine nappe front (KAsTruP et
al., 2004) and generally accepted relationships between
magnitudes and rupture area (WELLS and COPPERSMITH,
1994) (Fig. 4.5). The spatial reconstruction suggests that
large prehistoric earthquakes were probably not related
to the historically active Sarnen strike-slip fault system
south of Lake Lucerne. Furthermore, the calculated mag-
nitude of an event located south of Lake Lucerne would
be M= 7.2 and rupture length would be = 60 km (WELLS
and CopPpPERSMITH, 1994), whereas the observed length of
the Sarnen fault system is only ~20 km.

A possible scenario involves a deep-seated strike-slip fault
below the foreland basin, capable of producing M = 6.5
events. With the present regional stress regime in the
northern Alpine foreland (Kastrup et al., 2004), such a
seismogenic fault would strike NW-SE (dextral) or N-S
(sinistral), which is in agreement with a recently identified,
seismically active N-S trending sinistral strike-slip fault in
the crystalline basement below the western Swiss molasse
basin (Kastrupr, 2002).

An Alpine thrust fault system which strikes parallel to the
front of the Alpine nappes, is a second and geologically
more plausible scenario that could produce the required
M 6.5-7.0 event. In the east of the study area, where instru-
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mental earthquake data indicate thrust fault focal-mech-
anisms close to the North-Alpine nappe front (2nd April,
1989 in Weesen, M = 3, (FAH et al., 2003)), the calculated
minimal magnitude would amount to M ~7. Such earth-
quakes could be produced by release of accumulated NW-
SE compressional stress related to an active basal thrust
beneath the Aar massif, along which the central Aar massif
is overthrusted onto the autochthonous foreland cover and
forms a growing fault-propagation fold (Fig. 4.1). Driving
forces for such a major thrust fault might be ongoing Al-
pine collision (PERsAUD and PFIFFNER, 2004) and/or isostatic
plate forces acting on the NW-ward retreating European
lithospheric slab (KissLiNnG, 2004). Post-glacial faults in
the eastern Swiss Alps (PERsauD and PFIFFNER, 2004) and
strong NW-SE gradients in surface-uplift rates across the
northern front of the Aar massif (SCHLATTER and MARTI,
2002) (Fig.4.1) provide further support for an active basal
thust beneath the Aare massif.

4.6 Conclusion

We identify three prehistoric earthquakes more intense
than any historically known earthquake in the Alpine area
(1601,M = 6.2) and much more intense than those recorded
in the foreland (1674, M = 5.4). These prehistoric events
are comparable to the largest historically documented
earthquake in central Europe (1356, Basel, M = 6.9 (MEGH-
raoul et al.,2001)). Notably, they also affected the location
of present-day Zurich, a densely-populated region that was
previously believed to be free of major seismic hazards.
Furthermore, the occurrence of three strong events along
the northern Alpine topographic front within the last 15000
years indicates active Alpine deformation that potentially
will generate rare but destructive events in the future.
We conclude that temporal and spatial correlation of pre-
cisely dated paleoseismologic archives, such as the record
of sublacustrine landslide deposits, is a valuable tool to
constrain chronology, magnitudes and epicenters of pre-
historic seismicity. This approach is especially critical in
intraplate settings, often characterized by faults that lack
surface expression and produce events on timescales much
longer than recorded human history.



5 LATE PLEISTOCENE EARTHQUAKE-TRIGGERED MORAINE DAM
FAILURE AND OUTBURST OF LAKE ZURICH, SWITZERLAND

In press for publication as: Strasser, M., Schindler, C., and Anselmetti, F.S. (2008): Late Pleistocene earthquake-triggered moraine dam
failure and outburst of Lake Zurich, Switzerland. Journal of Geophysical Research-Earth Surface, doi:10.1029/2007JF000802.

Abstract

Lakes impounded by moraines may be considered haz-
ardous in glaciated areas throughout the world because
dams can fail suddenly producing destructive floods
with peak discharges far in excess of normal flows. This
chapter presents a comprehensive case study in the Zurich
area (Switzerland) that reveals several independent lines
of evidences for the occurrence of a Late Pleistocene
(~13760 cal yr. B.P.) moraine breach and subsequent
Lake Zurich outburst (discharge volume ~2.5 km?).
Seismic and core data are used in order to track and
date the geological fingerprint of this event. Data from
areas downstream of the lake show coarse-grained mas-
sive (> 25 m-thick) reworked morainic deposits behind
4 breached zones. In Lake Zurich, sedimentary structures
recorded in a paleo-water depth of ~36 m indicate strong
outburst-induced currents. Hydrodynamic calculations
reconstructing the sediment transport capacity explaining
the observed bedforms allow estimating averaged outburst
discharge to exceed minimum values of ~2400 m3s-!. The
potential maximal magnitude of the outburst is inferred
from calculations considering critical flow conditions
through the breaches revealing estimated peak discharge
of ~20600 m3s!. Results further allow for discussion of
long-term causes and short-term trigger mechanisms of
the dam failure that occurred several thousand years after
moraine formation and it is shown that it coincides with
a reconstructed strong northern alpine earthquake (Mag-
nitude > 6.5). The study thus suggests that catastrophic
drainage of Lake Zurich was initiated as a consequence
of the moraine dam failure that either was triggered by
primary earthquake shaking or by secondary effects, such
as overtopping by landslide-generated waves.

Zusammenfassung

In glazialen Gebieten konnen Seen, welche durch Moré-
nenwelle aufgestaut sind, ein erhebliches Naturgefahren-
potential beinhalten, da die stauenden Ddmme plotzlich
versagen konnen und daraus resultierende Seeausbriichen
zu katastrophalen Fluten mit enormen Abflussraten fiihren
konnten. In dieser Studie werden mehrere, unabhingige
Evidenzen in und um den Ziirichsee présentiert, welche
auf einen Spit-Pleistozédnen (~13760 Jahre vor heute)
Durchbruch des Ziircher Mordanenwalls und einen darauf-
folgenden Ziirichsee-Ausbruch mit einem rekonstruierten
Ausflussvolumen von ca. 2.5 km? schliessen lassen. Mit
Hilfe von reflexionsseismischen Daten und Bohrkerndaten
identifizieren, werden die geologischen Spuren dieses
Ereignisses charakterisiert und datiert. Unterhalb des
Moridnendamms zeigen sich hinter 4 Durchbruchszonen
grobkornige, massive, mehr als 25 m michtige Ablage-
rungen von aufgearbeitetem Mordnenmaterial. Im Ziirich-
see existieren Sedimentstrukturen in Paleo-Wassertiefen
von ca. 36 m, die auf grosse Wasserstromungen hinweisen.
Mit Hilfe von hydrodynamischen Berechnungen konnen
die Stromungen, welche bendtigt werden um solche
Strukturen zu formen, abgeschitzt werden. Daraus ldsst
sich auch rekonstruieren, dass durchschnittliche Ausfluss-
raten wihrend des Ziirichsee-Seeausbruch mindestens
~2400 m3s~! erreicht haben miissen. Maximal Spitzenab-
flussraten diirften in der Grossenordnung von ~20600 m3s!
gelegen haben, wie sich aus Berechnungen iiber kritische
Fliesseigenschaften durch die Durchbruchszonen herleiten
lasst. Im Weiteren wird gezeigt, wie sich langzeitliche
klimatische Verdnderungen auf die Stabilitéit des Mordnen-
damms auswirkten, welcher erst mehrere Tausend Jahre
nach seiner Entstehung durchbrochen wurde. Es wird
gezeigt, dass der Durchbruch zeitlich mit einem starken
nordalpinen Erdbeben mit einer Magnitude von > 6.5 auf
der Richterskala zusammenfillt. Die Untersuchungen
rekonstruieren somit den katastrophalen Abfluss des
Ziirichsees als Folge des Mordnendurchbruchs, welcher
entweder primir durch seismische Erschiitterungen oder
sekundir von tiberschwappenden Wellen, welche durch die
Wasserverdriangung von erdbebeninduzierten Rutschungen
im See entstehen konnen, ausgeldst wurde.
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5.1 Introduction

Moraine-dammed lakes are common features in glaciated
areas throughout the world. They are considered as a hazard
to people and infrastructure in downstream areas because
dams may fail suddenly producing destructive floods with
peak discharges far in excess of normal flows (e.g. Costa
and ScHUSTER, 1988; CLAGUE and Evans, 2000; HUGGEL et
al.,2004). Such lakes form during phases of glacial retreat
behind moraine ridges deposited during an earlier advance.
In alpine areas, still existing moraine-dammed lakes were
formed after some glacial readvances and subsequent
retreats during the Late Pleistocene, or much later, after
the maximum advances of the Neoglacial (Little Ice Age)
between the mid-19™ and early 20% century. Scenarios
for the future waning of glaciers in the context of global
warming (e.g. OERLEMANS, 2000) anticipate a significant
increase in number and extent of potentially hazardous
moraine-dammed proglacial lakes.

Historically documented failures of moraine dams,
subsequent lake outbursts and their geomorphic effects
have been reported from numerous locations, including
North America (O'Connor and Costa, 1993; CLAGUE and
Evans, 2000), the Himalayas (WATANABE and ROTHACHER,
1996), the Andes (REYNOLDs, 1992) and the European Alps
(HUGGEL, et al., 2002; Brass et al., 2003). These studies
have shown that such events can be caused by different
mechanisms including: i) moraine dam overtopping by a
wave or a series of waves generated by mass movements
into or within the lake or by upstream glacial outbursts,
(ii) piping controlled by seepage in mostly silty and sandy
diamictic deposits, (iii) ice core or interstitial ice melting
within the moraine wall during times of climatic warming,
(iv) earthquake shaking or (v) combinations of above men-
tioned mechanisms (see review in Costa and SCHUSTER,
1988 and CLAGUE and Evans, 2000).

Considering longer geologic timescales, many studies
document large prehistoric lake outburst floods that re-
sulted from collapses of natural dams (not exclusively
moraines but also landslide-, ice- and others dams (e.g.
Rupoy, 2002; SCHNEIDER, et al., 2004; CARTER, et al., 20006)
(see general considerations in Costa and SCHUSTER (1988)).
Especially in Late Pleistocene and Early Holocene times
very large outburst floods occurred during the destabiliza-
tion of large continental ice sheets after the Last Glacial
Maximum (LGM). They include the «Spokane flood»
from Lake Missoula (O'ConNor and Baker, 1992), Lake
Agassiz paleofloods (SmiTH and FisHEr, 1993) and Lake
Bonneville flood (MaLDE, 1968). Theses floods are gener-
ally interpreted to have had significant impact on landscape
evolution in downstream areas, for instance in the context
of formation of outburst gorges and changes in river rout-
ing systems (e.g. TELLER and THORLEIFsSON, 1983; Rupoy,
2002)). Furthermore, they potentially could have triggered
short-term climatic excursions due to the large fresh water
input into the ocean that temporarily affected the thermo-
haline circulation pattern (CLARKE, et al., 2004; BROECKER,
2006). Whereas most of these documented mega-floods are
related to ice-dam collapses draining both supra- and/or

52

subglacial lakes, detailed case studies on processes, causes
and consequences of Late Pleistocene postglacial lake
outbursts resulting from moraine-dam failures are rare.
Such geologic information is crucial in order to assess the
hazard potential of future events, especially in the context
of present-day climatic warming and rapid glacier retreat,
during which the formation rate of potentially hazardous
moraine-dammed lakes is increasing.

Here we present results from a detailed case study in the
Zurich area (Central Switzerland, Fig. 5.1) that aims to
reconstruct a Late Pleistocene moraine-dam failure and
subsequent lake outburst. Occurrence of such an event
has been hypothesized by ScHINDLER (1971), but has so
far lacked conclusive interpretation of trigger mechanism,
accurate timing and consequences. Our new geophysical,
sedimentological and geomorphological data of Lake Zu-
rich sediments and of downstream deposits combined with
hydrodynamic calculations allow us to reliably support
and refine SCHINDLER’s outburst hypothesis (1971) and to
discuss in detail long-term causes and short-term trigger
mechanism(s) and their impact as recorded in geological
archives.

5.2 Geological/ Geomorphological background
5.2.1 Regional setting

The Linthplain-Lake Zurich-Limmat valley occupies
a perialpine, glacially overdeepened, NW-SE trending
trough situated in the northern part of the Swiss Plateau
(Fig. 5.1). During the last glacial period it was fully oc-
cupied by two coalesced alpine glaciers (Linth Glacier and
a branch of the Rhine Glacier; Fig 5.1B) with a maximum
extent during the LGM reaching ~20 km downstream of
today’s City of Zurich. During deglaciation, intermediate
phases of stagnation and minor glacial readvances resulted
in a succession of recessional moraines separating several
basins and damming proglacial lakes (PENK and BRUCKNER,
1909; voN Moos, 1942; SCHINDLER, 1968; 1974, 2004). The
most prominent ice-marginal stages are from NW to SE
(from oldest to youngest) (i) Schlieren Moraine (SM in
Fig. 5.1) damming the former Schlieren Lake, (ii) Zurich
Moraine (ZM) damming Lake Zurich, (iii) Hurden Moraine
(HM) separating Lake Zurich from Obersee, (iv) Reichen-
burg (RM) and (v) Schinis Moraines (SaM) (Fig.5.1).
In early Late Glacial times immediately after the glacial
retreat back into the alpine valleys, an extended paleolake
combining today’s Lake Zurich, Walensee and probably
also Lake Constance (MULLER, 1995) occupied most of the
formerly glaciated area. This paleolake was dammed by
the Zurich Moraine at a lake level of 416—418 m above
sea level (masl) that was significantly higher than today's
Lake Zurich level (406 masl). This is indicated by elevated
glacio-lacustrine deposits along the shorelines and higher
levels of proglacial delta deposits in the vicinity of the
Hurden, Reichenburg and Schinis Moraines (SCHINDLER,
1971; 2004). The altitude level of these delta deposits
allowed for absolute paleolake level reconstruction after



Figure 5.1: Geographic location of the study area embedded in its geomorphic and geological context. A) location with
respect to Europe and the Alpine chain (gray shaded area). B) Close up view showing the Alps (gray shaded area) and the
northern Swiss Plateau. The catchment area of Lake Zurich (Linth river) is mapped with a solid black line. Dashed line
indicates additional glacial catchment area during the Last Glacial Maximum, when a branch of the Rhine glacier coa-
lesced with the Linth glacier (indicated by black arrow). LC = Lake Constance. C) Outlines of today’s Lake Zurich (LB =
Lower Basin; UB = Upper Basin), Obersee and Walensee (blue) and reconstructed extent (light blue) of the paleolake at
~14000 cal yr. B.P. (see section 5.5.3). Blue arrows and annotations indicate flow direction and major rivers, respectively.
Dashed red lines show prominent geomorphic features resulting from moraines that were formed during overall glacier
retreat. From oldest to youngest: SM = Schlieren Moraine, ZM = Zurich Moraine, HM = Hurden Moraine, RM = Reichen-
burg Moraine, SiM = Schdnis Moraine. Black arrow (PKR) marks location of Planggen-Klontal Rockslide [SCHINDLER,
2004]. Background: Shaded relief of digital elevation model (dhm25, Swisstopo) overlain by the general tectonic setting.

Rectangle in the northwestern part of figure C indicates location of subsequent figures.

correcting for differential surface uplift between the Zurich
and Walensee area (measured uplift rates today, are ~0.1
and 0.6 mm/yr, respectively (KAHLE et al., 1997)). Constant
altitude levels of paleodelta deposits in the whole study
area indicate that a general lake level highstand prevailed
during all recessional deglaciation phases after the glacier
retreated from the lower Lake Zurich basin at ~17600 cal
yr. B.P. (LISTER, 1988; calibrated using InterCal04 calibra-
tion curve by REIMER, et al., 2004).

In the eastern part of the study area, the paleolake size
successively was reduced by the progradation of the Linth
delta (Fig. 5.1). This resulted in the separation between
Lake Zurich and Walensee ~11500 cal yr. B.P and in the
infilling of the Linthplain during Holocene times (SCHIN-
DLER, 2004). Paleolake level since ~Bglling/Allergd and
throughout Holocene times, as reconstructed from altitude
information of delta deposits, shore terraces and lake shore

dwellings, respectively, was significantly lower than the
416—418 masl during the deglaciation phase. These lower
lake levels only slightly oscillated between min. 403 and
max. 407 masl corresponding to climatic variations, pre-
cipitation pattern and Sihl river sediment discharge that
partially may have influenced the Limmat river outflow
situation (ScHINDLER, 1971; MacGNy, 2004; RieseN and
NAEF, 2007)

52.2 City of Zurich area

In the Zurich area, the Zurich Moraine (maximal age
~23700 cal yr. B.P (ScHLUCHTER and ROTHLISBERGER, 1995;
calibrated using InterCal04 calibration curve by REIMER,
et al., 2004)) reaches a height of ~20 m above the present
valley floor. The moraine wall itself is composed of up to
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three amalgamated structurally complex frontal recessional
moraines (Fig. 5.2A). They are partly covered with basal
tills from a glacier oscillating back and forth several times
during the Zurich Stage (SCHINDLER, 1968). In the north
the Schlieren Lake (estimated paleolake level ~405 masl
(ScHINDLER, 1968)) initially occupied most of the Lim-
mat valley. High sediment supply from the Sihl river and
subsequent Sihl delta progradation continuously reduced
the size of the Schlieren Lake so that since early Holocene
times the basin has been completely filled (Fig. 5.2B).
Today, there are only isolated remnant hills from the frontal
part of the Zurich Moraine, which are separated from each
other by four ~200—400 m-wide eroded zones (Fig. 5.2B).
In all of these four areas data from drill cores and open
constructions pits reveal the top of the indurated moraine
deposits to be systematically at a similar topographic level
of 402—405 masl. These moraine surfaces occur below
~4-7 m of alluvial, lacustrine and artificial infill deposits
(e.g. SCHINDLER, 1968; 1971; JAckLI, 1989; and references
therein). This indicates that at these locations the upper-
most ~20-30 meter of the moraine dam has been eroded
sometimes in the past and that the breaches afterwards
have been infilled to the present-day level. Several stud-
ies (e.g. HUBER, 1938; JAckLi, 1989) have reported that
the Sihl river temporarily discharged into Lake Zurich
backwards through the eroded breaches as indicated by
Sihl delta deposits accumulated in Lake Zurich during
Bglling/Allergd to Early Holocene times.

5.2.3  Moraine breach hypothesis (SCHINDLER, 1971)

Due to the fact that the level of Lake Zurich was initially
higher than the base level of the Sihl river (Fig. 5.2A),
and because of observations that all four proposed breach
locations are eroded down to a similar topographic level
(402—405 masl), ScHINDLER (1971) postulated that the
erosion of the moraine wall was mainly caused by an in-
stantaneous moraine failure sometime during Late Glacial
times. As a consequence, the level of Lake Zurich must
have been lowered within a very short time by ~12 m (i.e.
the difference between paleolake level and lake level at
the beginning of Sihl delta sedimentation in Lake Zurich).
ScHINDLER’s hypothesis (1971) was partly supported by
observations from drill cores and open construction pits
immediately north of the former moraine wall that showed
thick reworked morainic deposits (hereafter termed RM-
deposits) intercalated between normally consolidated
lake sediments assigned to the Schlieren Lake below,
and alluvial gravels assigned to the Sihl fan and Limmat
river above.

Since the early 1970°s, however, only very few studies test-
ed this hypothesis (FURGER, 1991; SCHINDLER, 2004), and
it has not been shown so far whether these RM-deposits
conclusively reveal the occurrence of a moraine-dam fail-
ure and subsequent lake outburst. Furthermore, the effects
that such an event would have had on Lake Zurich and on
downstream parts of the Limmat valley, as well as the exact
timing and triggering mechanism, remain unknown.
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524  Lake Zurich

Lake Zurich can be divided into two basins: (i) a north-
western, elongated deep basin (max depth 135 m) with
steep lateral slopes and a flat basin plain, and (ii) a flat
and shallow (~20 m water depth) upper basin, which is
separated from the lower basin by a subaqueous rock bar-
rier showing a complex, step-like morphology descending
towards the NW (Hst and KeLrs, 1970; SCHINDLER, 1976).
A mostly sub aerial sill formed by the Hurden Moraine
with only 2 m deep lake passages separates Lake Zurich
from Obersee in the E.

Several previous studies in the 1970’s and 1980’s described
Lake Zurich’s geology and its sedimentary and environ-
mental evolution since the LGM (Hst and KEeLts, 1970;
1984; ScHINDLER, 1974; 1976; KELTS, 1978; GIOVANOLI,
1979; Pika, 1983; LiSTER, 1985; 1988; SIDLER, 1988). These
studies are mainly based on data from the deep north-
western basin comprising some seismic lines and piston
cores, and one deep drill hole termed «Ziibo» (see Hst and
KELTs, (1984) and references therein). These data reveal
that in the lower Lake Zurich basin, the molasse bedrock
is covered with an up to 140 m-thick, mainly glacial and
glacio-lacustrine infill. The majority of these sediments
were accumulated in a subglacial environment. Only the
uppermost ~30 m were deposited after the glacier retreated
from the lower Lake Zurich basin (see lithostratigraphical
description in section 5.4.2.2). In this upper sedimentary
succession, none of the previous studies specifically ad-
dressed the correlation of characteristic event layers
throughout the lake in order to test the moraine-dam failure
and lake outburst hypothesis.

5.3 Methods

With the objective to identify and date traces of the pro-
posed lake outburst, we refined the existing sedimentary
model of the postglacial infill of the lower Lake Zurich
basin and extended it to the upper basin by acquiring new
high-resolution seismic reflection data and four new long
sediment piston cores. A dense grid of ~300 km of single
channel 3.5 kHz seismic profiles (pinger source) was ac-
quired and allowed for imaging the subsurface in a quasi
3-D fashion. The source/receiver was mounted on a cataraft
that was pushed in front of a small vessel. DGPS-position-
ing with a maximum error of +2 m guaranteed accurate
navigation. The digitally-recorded data were processed
using both a flat gain and band-pass filtering. Two-way
travel time was converted to water depth and sediment
thickness using a constant velocity of 1450 ms!.

Four Kullenberg-type gravity piston cores (KEeLTs et al.,
1986), each 8—10 m in length, were recovered at key
positions identified in the seismic data to ground truth
the seismic data, for detailed sedimentological analyses
and dating. The cores were scanned with a GEOTEK
multisensor core logger, which measures bulk density by
gamma ray attenuation, p-wave velocity and volumetric
low field magnetic susceptibility. Afterwards, cores were



split, photographed and sedimentologically described.
One core section that recorded a conspicuous sedimentary
succession was imaged with a medical fluoroscope X-ray
instrument in order to visualize sedimentary structures that
were not visible in the cores macroscopically. The same
distinctive interval was analyzed for grain size distribu-
tion of bulk sediment using laser diffraction techniques
(Malvern Mastersizer Hydro 2000S) at ~0.5 cm intervals
along the split core. Accelerator mass spectrometry '4C
analysis on terrestrial organic matter (mainly leaf frag-
ments) sampled at different stratigraphic levels in three
cores were performed at the Particle Physics Laboratory
of ETH Zurich to date the sedimentary succession. Ra-
diocarbon '4C-ages were calibrated using the InterCal04
calibration curve (REIMER et al.,2004). Non-calibrated ages
given in previous studies were also calibrated (REIMER et
al., 2004), so that all ages in this study refer to the same
time scale.

In order to evaluate whether the described RM-deposits
(SCHINDLER, 1971) downstream of the Zurich Moraine can
be related to the proposed moraine-dam failure, published
as well as unpublished core information from the Zurich
City area were collected and compiled (KEmpF and WAL-
TER, 1985; KEMPF, et al., 1986; unpublished data provided
by geo-consulting companies Jackli AG, Dr. von Moos
AG, Sieber Cassina + Partner AG) (Auxiliary Material,
Table AS5.1). Here, we only considered interpreted log
information from cores reaching deep enough to clearly
identify the RM-facies (see section 5.4.1). Visual spatial
core-to-core correlation then allowed reconstructing the
relative stratigraphic position, extent and distribution of
thickness of these target deposits.

54  Data and Results
54.1 Reworked morainic deposits (RM-deposits)

Several boreholes drilled in the urban area of Zurich during
the last ~40 years recovered a characteristic lithological
unit composed of massive diamictic deposits containing
subangular, sometimes striated cobbles and boulders, sug-
gesting a glacial origin or glacial deposits as source material
(KEempF and WALTER, 1985; Kempr et al., 1986; unpublished
data provided by geo-consulting companies Jackli AG, Dr.
von Moos AG, Sieber Cassina + Partner AG) (Auxiliary
Material, Table A 5.1). This unit is normally consolidated
and overlies either laminated lacustrine silt and fine sand
or well-sorted alluvial sand and gravel deposits that also
are normally consolidated and lack any evidences of be-
ing formed or affected by glacial processes. In core logs,
the diamictic deposits were described and interpreted as
«morédnen-artig» (morainic), «verschwemmte Moridne»
(flushed till deposits), «verschleppte Moridne» (remobilized
till deposits) or «moridnenartige Murgang Ablagerungen»
(morainic debris flow deposits). From its sedimentary
facies, absent evidence of glacial compaction and its pecu-
liar stratigraphic position within a normally consolidated
postglacial sedimentary succession, these deposits (here

summarized as RM-deposits) are interpreted to indicate a
postglacial remobilization of moraine material.
Systematic mapping of thickness, stratigraphic position
and elevation of the RM-deposits base and top reveal
distinctive spatial depositional features (Fig. 5.3). In the
western moraine-proximal part, the deposits form two
small well-pronounced lobes with maximum thickness of
~15 to 20 m at their apex points that coincide with the po-
sitions of two eroded breach locations through the Zurich
Moraine. These two lobes have a length of ~200—-600 m.
Their stratigraphic position implies that they were depos-
ited above Sihl fan deposits with a contact at an elevation
level of ~395 to 400 masl. In the eastern proximal part,
the RM-deposits are up to 30 m-thick and stratigraphi-
cally overly mostly proglacial lake deposits at ~370-380
masl. Only in the easternmost part the unit is thinner and
overlies alluvial fan deposits assigned to a small local
creek draining the eastern flank of the Limmat valley
(Wolfbach; Fig. 5.3) at ~395 masl. At ~3 km distance from
the Zurich Moraine the unit is 5 to 10 m-thick, and a fining
and thinning towards more distal parts can be observed
in the bore log data. Further downstream, core logs lack
any descriptions of the RM-facies but a conspicuous, up
to 5 m-thick sand layer was recovered at the stratigraphic
position between the lacustrine sediments of Schlieren
Lake below and coarse alluvial deposits assigned to the
Limmat river above.

54.2  Lake Zurich data
54.2.1 Seismic stratigraphy

Seismic penetration of the 3.5 kHz signal amounts to ~50
and ~75 ms, corresponding to ~35 and ~60 m in the lower
and upper basin, respectively (Fig. 5.4). The imaged suc-
cession can be divided into two main seismostratigraphic
units:

(i) The lower seismic Unit A comprises a thick
(~15-25m and up to 55 m in the lower and upper ba-
sin, respectively) succession of acoustically stratified
sediments characterized by parallel, widely-spaced
reflections showing alternating high and low seis-
mic amplitudes. Towards the basin margins, these
reflections are more closely spaced and often onlap
onto the acoustic basement, indicating a dominant
ponding-style of sedimentation.

(i) The upper seismic Unit B (~5—7 m thick) is character-
ized by closely-spaced, parallel reflections (medium-to-
high and low-to-medium amplitudes in the lower and
the upper basin, respectively). Unit B forms a drape
across the entire basin, which also generally covers the
steep slopes and the bedrock high.

In the deep basin the two seismic units are separated by a

thin package (0.5—1 m thick) of coherent, high-amplitude
reflections. Sedimentary bodies with a horizontal extent
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Figure 5.2: Maps showing the reconstructed geomorphologic situation in the area of the City of Zurich based on unpublished
reports and core information from geo-consulting companies Jickli AG, Dr. von Moos AG, Sieber Cassina + Partner AG
and publications by Schindler (1968), Kempf et al. (1986) and Jéickli (1989): A) Situation during early Late Glacial times
after the Linth Glacier left the Lake Zurich basin (~17500 cal yr. B.P). B) Situation during Holocene times. Background:
Shaded relief of digital elevation model (dhm25, Swisstopo) and isohypse of molassic bedrock after Jéckli (1989).
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Figure 5.3: Map showing reconstructed thick-
ness distribution of reworked morainic deposits
(RM-deposits). The reconstruction is based on
core logs from unpublished reports and core in-
formation from geo-consulting companies Jéickli
AG, Dr.von Moos AG, Sieber Cassina + Partner
AG and publications by Kempf and Walter (1985)
and Kempf, et al. (1986). Open circles indicate
locations, where core information was available.
Question marks indicate areas, where data co-
verage was not sufficient enough to reconstruct
exact extent and thickness of the RM-deposits.
Red arrows indicate positions of four breaches
eroded through the frontal ring of the Zurich
Moraine. Black dashed lines indicate boundaries
between areas, where the RM-deposits stratigra-
phically overlay Sihl fan (western part), Schlieren
Lakes deposits (central part), and local alluvial
fan deposits (eastern part), respectively.
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Figure 54: 3.5 kHz reflection seismic profile (pinger source) imaging the subsurface of Lake Zurich along the whole
longitudinal lake axis and locations of cores shown in Figure 5.5. Yellow line in the seismic data marks the characteristic
E-layer showing multiple mass-movement deposits (Figs. 5.7A and B) and wavy seismic features (Fig. 5.7D) in the lower
deep and upper flat basin, respectively. It also corresponds approximately to the boundary between seismostratigraphic
Unit A below and Unit B above. Inlet in the lower right corner shows location of the seismic line (solid red line). Contour
interval is 50 m. Dotted contour line marks 20 m-depth contour line and aims to clarify basin morphology in the upper

flat basin.

of a few 10°s—100’s of meters with internal chaotic-to-
transparent seismic facies and clear lateral pinch-out
geometries can be identified throughout the sedimentary
succession. They indicate that slumping and landsliding
along the relatively steep lateral slopes occasionally punc-
tuated the otherwise continuous postglacial sedimentation
in Lake Zurich.

54.2.2 Lithostratigraphy

All four acquired sediment cores recovered the character-
istic postglacial stratigraphic succession that reflects the
sedimentary and environmental evolution of Lake Zurich
as already described in previous studies from cores in
the central part of the deep basin (GiovanoLi, 1979; Hsu
and KEeLts, 1984; KeLTs, 1978; LISTER, 1985; PikaA, 1983;
SIDLER, 1988). Figure 5.5 shows a compilation of avail-
able core information and physical property data from
Lake Zurich along the longitudinal lake axis. The general
sedimentary succession comprises three lithologic units
(from bottom to top):

- Lithologic Unit 1 «glaziale Seebodenlehme» - plastic mud

Sticky, medium-gray, plastic clays to silty clays with high
bulk densities showing distinct up to 5 cm-thick lamina-
tions in the lower part (laminated plastic mud), thin mm-
scale laminations intercalated with yellowish, mm-scale
silt to fine sand layers in the middle part (faintly laminated
plastic mud) and homogenous to mottled textures in the
upper part (mottled plastic mud). This lithologic unit cor-
responds to the lower seismic Unit A described above.
Thicker clastic laminae in deep-water cores contrast
thinner laminae in shallow-water cores and thus confirm
the ponding depositional style of this sedimentary unit.
The lithology and infill pattern indicate glacio-lacustrine
sedimentation by underflows in a proglacial environment
(KEeLrs, 1978; Hst and KEeLrs, 1984; LISTER, 1985).

- Lithologic Unit 2 «Basaler Faulschlamm» - iron sulfide mud

Dark greenish-gray, fine-grained mud with low carbonate
content and low bulk densities showing a distinct appear-
ance of several highly FeS-pigmented black laminations
and intercalated cm-thick sandy and muddy turbidites.
From its stratigraphic position, this unit corresponds to the
seismic high-amplitude reflections in the transition zone
between seismic Units A and B. It is interpreted that, with
postglacial climatic amelioration and the final retreat of
the glaciers back into the Alps, sediment supply into the
lake was reduced and the lake became stratified. Lacus-
trine biota increased and oxygen content in the bottom-
water dropped occasionally to anoxic levels, resulting in
characteristic FeS-pigmented black laminations of the
lithological unit (KELts, 1978; Pika, 1983).

- Lithologic Unit 3 «Seekreide» and «Seekreide-Mergel»-
lacustrine chalk and marls

Light gray (lower part) to greenish gray (upper part), faintly
layered lacustrine chalk (lower part) and marls (upper part)
composed of terrigenous mud rich in authigenic carbonate,
intercalated with cm-thick sandy and muddy turbidites.
These deposits correspond to the upper seismic Unit B
and were deposited when bio-induced calcite precipitation
and minor clastic input from small local creeks were the
dominant sediment sources in the mesotrophic holomictic
lake. The uppermost 50—70 cm show distinct rhythmically
layered calcite/organic couplets (varves) representing sedi-
mentation during the last ~100 year of human-induced lake
eutrophication (KEeLts, 1978; Pika, 1983).

Sixteen 14C ages derived from samples in four different
cores footnote: Auxiliary Material, Table A 5.2 provide
a high-resolution age control for the cored sedimentary
succession. The resulting age model of the composite
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Figure 5.5: Core transect compiling available core information and physical property data from Lake Zurich along the
longitudinal lake axis ((1) GiovanoLrr, 1979, (2) LisTer, 1988, (3) Pika, 1983, (4) this study, (5) bulk density data by EBERLI,
1984) and age model of the composite stratigraphic section. See Fig. 5.4 for core locations. Red colored deposits and
dashed line show the E-layer mass-movement deposits and core-to-core correlation, respectively.

stratigraphic section (Fig. 5.5) reveals Holocene ages for
the lithologic Unit 3 (seismic Unit B), Younger Dryas to
Bglling ages for lithologic Unit 2 and Oldest Dryas and old-
er ages for the lower lithologic Unit 1 (seismic Unit A).

5.4.2.3 An outstanding event layer

The newly acquired basin-wide quasi-3D stratigraphy
allows identifying a conspicuous event layer that was re-
corded throughout Lake Zurich (hereafter termed E-layer).
It occurs in the lowermost part of lithologic Unit 2, a few
cm above the boundary to the underlying Unit 1 and is
dated to 13760 +45 cal yr. B.P. (i.e. overlap age of inde-
pendently dated ages in three different cores, Table5.1).
In all cores (including shallow-water cores ZHMS2 and
ZHKO04-5) this E-layer is characterized by the occurrence
of a prominent 1-5 cm-thick turbidite or by 0.5-2 m-thick
mass-flow deposits (Fig. 5.5). In the seismic data the E-
layer corresponds to a distinct seismostratigraphic horizon
at the base of the transition zone between seismic Units A
and B. Along this horizon, a total of 23 individual mass-
movement bodies with internal chaotic-to-transparent
seismic facies and clear lateral pinch-out geometries have
been mapped in the seismic data all over Lake Zurich (Figs.
5.6, 5.7A and 5.7B; see SCHNELLMANN et al., (2006) and
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StrAssER and ANSELMETTI (2008) for detailed description
of the used seismic stratigraphic mapping procedure). The
occurrence of multiple mass-movement deposits within
one isochronous seismostratigraphic horizon suggests si-
multaneous landsliding throughout the lake and implies a
regional trigger mechanism for mass-movement initiation,
such as earthquake shaking or lake level change (cf. SHILTS
and CLAGUE, 1992; HampTON et al., 1996; SCHNELLMANN,
et al., 2002).

In the upper basin the E-layer seismically stands out as a
remarkably high-amplitude reflection in ~4 m depth (Figs.
5.7C and D). This reflection is immediately overlain by a
distinctive seismic facies showing wavy layering formed
by one to maximal four seismic reflections with limited lat-
eral continuity (Figs. 5.6B and 5.7D). These features form
long-wavelength (50-100 m), low-amplitude (<50 cm)
structures that can be observed throughout the entire up-
per basin. The resulting undulating upper surface of these
features is smoothed out by few overlying reflections, so
that the uppermost ~3.5 m of seismic Unit B show the same
parallel «layer-cake» reflection pattern as the entire under-
lying >55 m-thick sedimentary infill (Unit A; Fig. 5.7C).
In order to sedimentologically characterize these seismi-
cally imaged wavy features, core ZHK04-5 was recovered
through such a bed form (Fig. 5.7D) and the correlative



Table 5.1: Dating of outburst event.

Sample Nr. Sample age'” Sample age” Offset?  Sed.rate” Horizon age Horizon age (overlap range)  Center of overlap ©'
[“C yr B.P.] [cal. yr B.P.] [em] [cmlyr] [cal. yr B.P.] [cal. yr B.P.] [cal. yr B.P.]

ETH-30207 11710 + 100 13340 - 13770 -3 0.04 13425 - 13855

ETH-30715 11560 + 90 13240 - 13640 -5 0.03 13407 - 13807

GLI11" 12400 + 250 13750 - 15250 5 0.04 13607 - 15107

GLI15"” 12800 + 250 14150 - 15850 15 0.04 13721 - 15421 13721 - 13807 13760

“Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).

© Calibration (2s range) was carried out applying the IntCalO4-calibration curve (Reimer et al., 2004).

YPosition of the dated sample relative to the event horizon.
“Derived from C" data.
“'Ages are rounded to the decade.

“Dates by Lister (1988).

core interval was analyzed in detail. Figure 5.8 shows the
compiled data of the target section. In both, core photo
and X-ray image, a clear ~2 cm-thick, light gray layer with
a fine-sand base can be identified at 4.13 m below lake
floor (mblf). It is characterized by an upward decrease in
both bulk density and mean grain size and clearly shows

stratigraphic position and its high impedance contrast
compared to the surrounding sediment, as indicated by high
bulk density and high p-wave velocity values, this layer
correlates to the high-amplitude reflection observed in the
seismic data at ~4 m depth (Fig. 5.7D) that corresponds
to the basin-wide mass-movement event layer. Above

a graded textural character. From its sedimentary facies, this sand layer, no sedimentary features can be visually

Figure 5.6: A) 3.5 kHz seismic survey grid in Lake Zurich and location of profiles (solid black line) and core ZHK04-5
(open circle) shown in subsequent figures 5.7 and 5.8. Gray shaded areas indicate marginal areas where acoustic signals
did not penetrate into the subsurface. B) Distribution of coeval subaquatic landslide deposits (dark grey areas) and bed
form structures (~ wiggles) as mapped along the characteristic E-layer in the seismic data from the lower and upper flat
basin. Background shows grayscale bathymetry with 50 m contours intervals (black lines). Dotted line marks 20 m-depth
contour line and aims to clarify basin morphology in the upper flat basin.
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Figure 5.7: 3.5 kHz reflection seismic profiles (pinger source) showing the characteristic seismic features that occur along
the E-layer marked by yellow dashed lines in all four panels. See figure 5.6A for location of seismic lines: A) Longitudinal
profile along the lake axis in the lower deep basin showing three coeval mass-movement deposits (M). B) Perpendicular
cross profile showing the distinct transparent seismic facies of one mass-flow deposit with well-defined lateral pinch out
geometry (black arrow). C) Seismic section showing the monotonous parallel-laminated reflection pattern in the sediment-
filled upper basin. Rectangle shows approximate location of Figure 5.7D. D) Close up view of wavy seismic features im-
mediately overlying the E-layer in the upper basin. Vertical line gives the position of core ZHK04-5 and arrows indicate

the core interval shown in Figure 5.8.

identified within the dark greenish-gray iron sulfide mud.
Grain size analysis, however, reveal values of ~30 um
mean grain size within this specific interval indicating
slightly coarser material than in the sediment above and
below. Furthermore, grain size data suggest inverse grad-
ing within a small interval between 4.09 and 4.11 mblf.
This interval is overlain by a ~3 cm-thick succession that
clearly shows a fining-upward trend. In this section, a ~8°
inclining, faint high-density layering can be observed in
the X-ray image providing evidence for cross-bedding
structures. From its stratigraphic position, this few cm-
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thick succession characterized by a sequence of reversed
and normal grading and cross-bedding, correlates to the
observed wavy structures in the seismic data.

Our seismic grid spacing of ~50—-100 m does not allow for
3D spatial reconstruction of crest and trough orientations
of these wavy structures, nor do 2D seismic lines indicate
any consistent symmetries or asymmetries. Nevertheless,
these structures clearly appear to be long-wavelength
(50-100 m), low-amplitude (< 50 cm) bed forms formed
under flowing water conditions that only prevailed dur-
ing a very short time period. Lacking higher-resolution
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spatial information, reconstruction of flow direction and
interpretation of formation processes remain inconclusive.
Nonetheless, the occurrence of these conspicuous current-
induced sedimentary structures immediately overlying the
prominent basin-wide mass-movement layer is unique
within the entire sedimentary succession and suggests
an exceptional event during the Late Pleistocene basin
evolution.

5.5 Discussion

Our data from the subsurface of Lake Zurich recorded the
fingerprint of an outstanding event (E-layer) affecting both
the lower deep as well as the upper flat basin at ~13760
cal yr. B.P. This E-layer thus is a valuable candidate to
be related to the proposed catastrophic drainage of the
moraine-dammed Lake Zurich (SCHINDLER, 1971). In the
following section we will first discuss the relationship
between RM-deposits and the proposed moraine breaches
and then discuss arguments supporting that the observed
bed forms in Lake Zurich can be related to the sudden lake
drainage in the aftermath of the moraine dam failure. In
the subsequent section we will dwell on possible causes
and trigger mechanisms and place our findings in a more
general context of natural hazards related to outbursts from
moraine-dammed lakes.

55.1  Zurich Moraine dam breaches

The sedimentary facies, reconstructed thickness and
spatial distribution of the RM-deposits downstream of
the moraine suggests that these deposits are related to
the four eroded zones of the moraine dam as indicated by
thick lobes deposited below the breached dam (Fig. 5.3).
It further attests that the Sihl river, which temporarily
discharged backwards into Lake Zurich, could not have
been the dominant eroding agent, because in this case, one
would expect the erosion products to be deposited in the
S of the moraine dam and not in the N of it, as observed.
Therefore, the four gateways through the moraine must
have been formed by erosion from outflowing Lake Zurich
water prior to the period, during which the Sihl river dis-
charged southwards into the lake. The lack of quantitative
information on the former moraine dam geometry and on
the exact location of the lowest points on the initial dam
does not allow to conclusively explaining number, location
and occurrence of the four breaches. However, as these
four gateways are all eroded down to the same topographic
level, it is likely that breaching occurred in a single event,
because one would expect that continuous erosion of the
moraine rather results in one single Lake Zurich outlet
channel, which — once started to incise — abandons the
other outflow gateways due to lower base level in the
incised outflow channel.
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The spatial depositional pattern of the RM-deposits and its
sedimentary facies with boulder-sized clasts in proximal
areas and cobbles and pebbles also > 3 km downstream
of the moraine, indicate very high energy transport condi-
tions. Such conditions appear less likely to be related to
continuous remobilization in successively eroding lake
outlet channels, because an initial Lake Zurich outflow
prior to the erosion of the dam may have had a topographic
gradient of only ~2-3° (i.e. calculated from the ~12m
height difference between Lake Zurich and Schlieren Lake
paleolake levels and reconstructed width of the moraine
dam (200—400 m)). Further information on erosion rates
and processes comes from our results reconstructing the
stratigraphic position of the RM-facies relative to the la-
custrine sediments of the Schlieren Lake and the alluvial
gravel deposits of the Sihl and Limmat rivers. The two
western lobes clearly overlie alluvial gravels assigned to
the Sihl fan and thus indicate RM-deposition after the Sihl
river already filled in the western parts of the Schlieren
Lake basin. There are no evidences in core logs that RM-
deposits interfinger with alluvial Sihl fan deposits, but they
are described as a massive single unit. These observations
point towards discrete remobilization within a short time
long after the formation of the moraine dam. In the east-
ern moraine-proximal area and also in more distal areas
further downstream, RM-deposits overlie Schlieren Lake
sediments. The resulting boundary separating Sihl fan
gravels in the W and Schlieren Lake deposits in the E as
RM-deposit substratum (black dashed line in Fig. 5.3),
is interpreted to correspond to the paleodelta front of the
Sihl river within the Schlieren Lake during the time of
RM-deposition. Alternatively, it may mark the boundary
of a ~500 m-wide and ~20 m-deep zone where an excep-
tional flood, potentially resulting from a lake outburst,
was channelized incising into formerly deposited alluvial
gravels and lacustrine deposits along a former river bed
of the Limmat river (Fig. 5.2B).

Combining all arguments, our findings support SCHINDLER’s
hypothesis (1971) of a sudden Zurich Moraine failure that
consequently resulted in catastrophic drainage of Lake
Zurich.

5.5.2 Timing

In order to conclusively assign the E-layer observed in
Lake Zurich to the moraine dam failure and outburst
event, an independent age control is required. The timing
of the breaches can be relatively constrained by evaluating
the stratigraphic position of Sihl delta deposits in Lake
Zurich. The Sihl river temporarily discharged into Lake
Zurich after the moraine was breached and the lake level
was lowered, so that the partly emptied lake acted as the
local base level for the Sihl river. Previous studies (HUBER,
1938; ScHINDLER, 1968; 1971; 1974; 1976) revealed that
Sihl delta deposits are intercalated with lacustrine sedi-
ments of lithologic Unit 2 and the lower part of lithologic
Unit 3. They are never associated with Unit 1 deposits.
Thus, the stratigraphic position of the Sihl delta deposits
provides a rough age estimate suggesting that the moraine
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breaches occurred immediately before the onset or during
the deposition of lithologic Unit 2.

This independent age estimate is within the same range as
the date obtained for the outstanding E-layer (~13760 cal
yr. B.P.) that records a remarkable event of simultaneous
basin-wide subaquatic landsliding and subsequent forma-
tion of peculiar current-induced bed forms in the upper
flat basin. We therefore interpret these features to be the
fingerprint of the moraine dam failure and subsequent
lake outburst.

5.5.3  Lake Zurich outburst

The peculiar bed forms in the upper flat basin suggest that
they were formed under flow conditions that allowed for
entrainment and transport of sediment particles. Also, the
observed sedimentary succession in our core data show-
ing a normally graded turbidite overlain by a sequence of
reversed and normal grading with cross-bedding structures
indicates peculiar transient sediment transport and flow
conditions. The basal turbidite is interpreted to be related
to the basin-wide mass-movement event (see subsection
5.4.2.3). The overlying succession of reversed and normal
grading may be interpreted as the sedimentary deposits
following a hyperpycnal flow (e.g. MULDER et al., 2003).
However, a hyperpycnal flow alone may not fully explain
the occurrence of cross-bedding structures and the high-
wavelength, low-amplitude bed forms throughout the
upper flat basin. These structures are rather interpreted to
have originated from water movements within the whole
water column. We hypothesize that such hydrodynamic
conditions may have been induced by far-field drawdown
effects related to the sudden lake drainage following the
moraine-dam failure.

In order to test this hypothesis, we quantitatively analyzed
theoretical discharge scenarios induced by the lake out-
burst. By performing simple calculations of flow velocities
and sediment transport threshold criteria, we evaluate,
whether the modeled flow conditions allow for the forma-
tion of the observed bed forms. In this first-order approach,
we assume that the formation of sedimentary structures is
controlled by the capacity of the drainage-induced flow to
entrain and transport particles along the bed of the upper
flat basin. In cohesive fine-grained material the sediment
transport capacity can be approximately evaluated by
quantitatively comparing the shear velocity (u*) of a flow,
which tends to move particles, and the grain settling veloc-
ity (w), which counteracts movement (e.g. MIDDLETON and
SOUTHARD, 1984). The critical threshold condition for full
suspension then is given as w = u* and we can formulate
that our hypothesis is a reasonable scenario if:

w<u* D
with,
w=1/18 * D?y'/u Stokes’law )

u* =ul/[(1/k) In (y/yo)] Logarithmic velocity law (3)



where D is the grain size, y* is the submerged specific
weight (i.e. the difference between solid grain and water
density times gravitational acceleration), u is the water
viscosity (equal to 0.001567 kg s'! m! at 4°C), u is the
flow velocity (i.e. discharge volume divided by the cross
sectional area divided by time), k is Von Karman’s constant
(equal to a value about 0.4 in clear flows), y is the flow
depth and yo is the roughness length (equal to a value of
about 1/30 of the mean grain size D (ALLEN, 1997)).

To calculate the settling velocity we used a mean grain
size of 30 £2.5 wum as measured in core ZHKO04-5, and a
solid grain density of 2.71 £0.02 g cm™3 (GiovanoLi, 1979).
To calculate the shear velocity, we first have to estimate
the discharge volume, paleowater depth, and duration of
the outflow. Standard GIS software is able to reconstruct
the surface area of the paleolake prior to the lake-level
fall using reconstructions in the Linthplain and Walensee
area (MULLER, 1995; ScHINDLER, 2004) and extrapolating
the paleolake level to ~417 masl in a digital elevation
model (DEM) after correction for differential surface uplift
between Lake Zurich and Walensee over the last ~14000
years (estimated to be in the order of ~7 m (KAHLE et al.,
1997)). This reconstructed outline of the paleolake (Fig.
5.1) has an area of ~210 km? 10 km? (uncertainties are
mainly due to slight discrepancies in the different paleolake
outline reconstructions in the eastern part). Assuming a
lake-level drop of ~12 m +2 m (i.e. difference between re-
constructed paleolake level and lake level at the beginning
of Sihl delta sedimentation in Lake Zurich) the outburst
drainage volume then is estimated to be ~2.5 0.5 km?3.
Note that this estimate does not account for the different
slope geometries along the shoreline, which may add an-
other, but negligible small error (< 1 %). Water depth at
the sites of observed bedforms were reconstructed based
on paleobathymetry reconstructions from the seismic data
that recorded the sedimentary structures today at a depth of
~24 +2 m below lake level corresponding to a paleowater
depth of ~36 +4 m. The discharge cross section was de-
fined perpendicular to the E-W trending axis of the upper
Lake Zurich basin because flow directions induced due to
far-field drawdown effects of the lake outburst must have

Table 5.2: Parameters used for flow calculations.

been oriented in an axis-parallel fashion. As a representa-
tive discharge cross section we calculated an area through
the location of site ZHKO04-5 using paleobathymetry re-
constructions and DEM-data. There, the discharge cross
section is ~1.06 +0.06 km? (uncertainties mainly due to
inaccurate knowledge of paleoshore line position and value
of slope inclinations).

Having constrained estimates of all input parameters
and their uncertainties (Tab. 5.2), the shear velocity now
mainly depends on the unknown duration of the flow. Our
hypothesis can now be tested by plotting w/u* as function
of different outflow durations (Fig. 5.9), for which the
criterion w/u* =1 can be used as the critical threshold for
the formation of the bed forms. The results of our calcula-
tions show that particle entrainment and thus the potential
to form the observed bed form structures can be related to
Lake Zurich outburst scenarios if the reconstructed outflow
volume of ~2.5 +0.5 km? drains within maximal 12 days
(range of uncertainties ~7—19 days) or faster (Fig. 5.9).
Assuming a most conservative scenario of draining the
whole drainage volume V within the maximal duration of
12 day at constant discharge rates, estimated minimal dis-
charge values would be ~2400 m3s-! (range of uncertainties
~ 1200-5000 m3s'!). However, effective peak discharge
values may have been significantly higher because the
lake outflow may not have lasted as long as the estimated
maximal duration. Also, the assumption of constant dis-
charge rates over the entire drainage duration represents a
simplified assumption because discharge is likely to have
decreased significantly as the lake level dropped. Further-
more, reconstructions considering drainage volume and
duration of outflow alone do not account for the complex
physical, hydraulic and hydrological processes involved in
flowing water through the moraine breaches. WALDER and
O’ConNER (1997) argue that for large outbursts (where the
volume of the lake is large relative to the lake level drop
as in the Lake Zurich situation) the volume does not exert
primary control on peak discharge and maximum values
rather are controlled by critical flow conditions defined by
the breach geometry and amplitude of lake level drop.

lower uncertainty — upper uncertainty

input parameter mean value limit limit references
grain size D [um] 30 275 - 325 this study
discharge volume \%4 [km’] 2.5 2-3 this study
cross sectional area A [km?] 1.06 1-1.12 this study
Sflow depth y [m] 36 32 - 40 this study
solid grain density 0, [glem’] 2.71 2.69 - 2.73 Giovanoli(1979)
Karman's constant k [] 0.4 Allen(1997)
roughness length Yo [um] 1/30 D Allen(1997)
water density [g/em’] 1 at4°C
water viscosity u [gs'm'] 1.567 at4°C
gravitational acceleration g [m/s?] 9.81
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In order to obtain a first-order estimate of potential maxi-
mal magnitude of the Lake Zurich outburst we here use
a simple, empirically calibrated model-based equation
assuming rectangular breach geometry as proposed by
FRrREAD (1996):

Op’=3H"W (H’)05 (Fread, 1996) (4)
where Op’ is peak discharge, and H” and W’ are the breach
height and width, respectively (note that the equation uses
non-SI units; Op’ is given in cubic feet per second with
1 m3s! = 353147 ft3s”!, and H’ and W’ are given in feet
with 1 m = 3.2808 ft). Using representative mean values
as inferred from our study (i.e. H’ = lake level drop =
12+2 m and W’ = mean width of the four breaches =
300 m 100 m) peak discharge values for the Lake Zurich
outburst are estimated to ~20600 m3s™! (range of uncertain-
ties ~ 10500-34700 m3s1).

These results provide a first-order estimate on the potential
magnitude of the Lake Zurich outburst event and can be
compared to published studies of catastrophic drainages of
moraine-dammed lakes that occurred during historic times
(Costa and ScHUSTER, 1988; CLAGUE and Evans, 2000 and
references therein). Although most of the reported historic
events are mostly smaller in terms of discharge volume
and thus also in terms of outflow duration, they are in a
comparable order of magnitude related to peak discharge
rates (~103-10* m3s'!). Our simple approach thus sup-
ports the interpretation that a moraine-breach-triggered
sudden drainage of Lake Zurich induced a current flow
in the lake that was strong enough to form the observed
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Figure 5.9: Results from calculations evaluating
hydrodynamic conditions for different Lake
Zurich outburst scenarios (i.e. time of outflow
duration) in order to test whether the observed
sedimentary structures in the upper flat basin
can reasonably be related to the proposed
sudden drainage event. We used a threshold
criteria (marked as red dashed line) where sett-
ling velocity (w) equals shear velocity (u*) (see
section 5.5.3). Bold line indicates solutions with
reconstructed mean values (Table 5.2) and gray
area marks range of uncertainties.

30

sediment structures. Furthermore, the high estimated peak
discharge values are in agreement with our interpretation
that the RM-deposits downstream the Zurich Moraine were
transported under high energy conditions.

554 Trigger mechanism of the moraine dam failure
The E-layer associated with the moraine dam failure and
subsequent catastrophic drainage of Lake Zurich comprises
a series of sublacustrine landslides and turbidite deposits
that have been recorded throughout the Lake Zurich basin.
In core ZHK04-5 retrieved in the upper flat basin, the 2 cm-
thick turbidite assigned to the basin-wide mass-movement
event stratigraphically underlies the current-induced sedi-
ment structures (Fig. 5.8). This observation suggests that
landsliding and remobilization of sediment from the slopes
predates the occurrence of strong currents induced by the
lake drainage. Therefore, we interpret that landsliding
was not caused as a consequence of the lake level drop
(e.g. shore collapses due to the lake level lowering along
freshly emerged water-saturated lake deposits). This is in
line with observations from the lower Lake Zurich basin,
where seismic data along the slopes show landslide scars in
> 30 m water depth. Furthermore, none of the cored mass-
flow deposits contains sediments pointing towards remo-
bilization of shore material. Therefore, our data suggest
that basin-wide landsliding resulted from sublacustrine
slope failures that are related to a process that eventually
initiated the catastrophic lake drainage.



It has been reported in many studies that synchronous
subaquatic landslide and turbidite deposits can be related
to earthquakes that triggered slope failures on a regional
scale (e.g., SHILTS and CLAGUE, 1992; SCHNELLMANN, et al.,
2002; GOLDFINGER, et al., 2003). STRASSER et al., (2006)
showed that the discussed E-layer characterized by 23 in-
dividual slides in Lake Zurich is the oldest of three events,
during which earthquake shaking led to multiple sliding
along the slopes of Lake Zurich. In fact, by temporal
and spatial correlation of multiple subaquatic landslide
deposits in Lake Zurich and Lake Lucerne, STRASSER et
al. (2006) reconstructed the occurrence of three major
northern alpine earthquakes (Magnitude M > 6.5) that hit
the area of Central Switzerland, with one of them occurring
around ~13770 £70 cal yr. B.P. Hence, we interpret that the
moraine-dam failure and subsequent Lake Zurich outburst
is related to this large northern alpine earthquake.

It remains unknown, however, whether the primary effects
of strong ground motions during the earthquake directly
triggered the moraine dam to fail (e.g. NEWMARK, 1965). We
further consider the possibility that the earthquake-induced
subaquatic landslides have the potential to trigger tsunamis
in the lake that may eventually overtop the moraine and
initiate incision into the moraine dam. It has been shown
that lacustrine landslides that failed during a M ~6.2 earth-
quake in 1601 A.D. triggered up to 4 m-high tsunami in
Lake Lucerne (SCHNELLMANN, et al., 2002). Considering
that the Lake Lucerne landslides are comparable in terms
of volume, slope angle and mode of failure initiation to the
landslides observed in Lake Zurich (STRASSER et al., 2007;
STRASSER & ANSELMETTI, 2008), the potential of landslide-
triggered wave generation in Lake Zurich has to be taken
into account. Furthermore, the earthquake may also have
triggered rockfalls and landslides in the eastern part of the
paleolake (e.g. Planggen-Klontal Rockslide (SCHINDLER,
2004); Fig.5.1) and/or instabilities along the steep slopes
of today’s Walensee) that might have caused impulse waves
and thus could have contributed to wave generation.

Our findings imply that the Zurich Moraine dam was stable
over several thousands of years before it eventually failed
~13760 cal yr. B.P. We therefore interpret that the internal
moraine structure and geometry generally provided favo-
rable moraine dam stability conditions. From a climatic
perspective, the Zurich Moraine breach occurred during
the Bglling stage, a time period that represents the onset
of mid-European climatic amelioration after the end of
the LGM (e.g. DENTON, et al., 2005). Interstitial ice and
permafrost within the moraine dam could potentially have
sustained prior to climatic warming and added to the mo-
raine stability for several thousand of years. Ice and/or
permafrost thawing in the core of the moraine as well as
increasing amount of water discharge from rapidly melt-
ing alpine glaciers in the catchment area of Lake Zurich
during climate warming at the beginning of the Bglling
stage then may have contributed to decreasing moraine
stability conditions.

Given that our findings suggest four simultaneously
breached zones, ice core melting or piping as the ultimate

trigger is anticipated to be unlikely because it would rather
result in one single breach, as has been often reported
from historic events (Costa and SCHUSTER, 1988; CLAGUE
and Evans, 2000 and references therein). This therefore
supports our interpretation that a strong northern alpine
earthquake was the critical process to eventually cause
the moraine to fail at ~13760 cal yr. B.P. The breach was
either triggered by primary seismic ground shaking or by
secondary earthquake effects such as subaquatic landslide-
generated tsunami or rockslide-generated impulse waves,
which might have overtopped the moraine dam and initi-
ated failure and subsequent lake outburst.

5.6 Summary and conclusions

Results from our comprehensive case study in the Zurich
area (Central Switzerland) provide several independent
evidences for the occurrence of a Late Pleistocene (~13760
cal yr. B.P.) moraine dam failure and subsequent Lake Zu-
rich outburst, and thus confirm and refine the Lake Zurich
outburst-hypothesis proposed by ScHINDLER (1971). Our
geophysical, sedimentological and geomorphological data
combined with fluid dynamic calculations reveal a first-
order lower-limit estimate on averaged outburst discharge
(exceeding minimum values of ~2400 m3s'!) as well as
a estimate on the potential maximal magnitude of the
outburst event (peak discharge values ~20600 m3s1). We
conclude that the catastrophic drainage of Lake Zurich was
initiated after the moraine dam failed as a consequence of
a strong northern alpine earthquake due to either primary
earthquake shaking or secondary effects, such as overtop-
ping by landslide-generated waves. Long-term causes,
i.e. destabilization due to potential ice and/or permafrost
thawing in the core of the moraine, as well as increasing
amount of water discharge from rapidly melting glaciers
in the catchment during a phase of climate warming, may
have partially contributed to enhance the susceptibility of
failure initiation prior to the occurrence of the eventual
earthquake trigger.

In general, our findings reveal that moraines damming
lakes can be stable over several thousands of years, but
also that stability conditions may decrease during periods
of climate warming and that failure can be initiated sud-
denly during a strong seismic shaking event. To assess
long-term future hazard scenarios resulting from lake
outbursts, especially in the context of present-day climatic
warming and rapid glacier retreat, during which the forma-
tion rate of potentially hazardous moraine-dammed lakes
is increasing, the interplay of neotectonic activities and
climate change thus needs to be considered. Both factors,
together with moraine-specific internal strength character-
istics (e.g. width-to-height ratio, material properties and
consolidation stage (cf. CLaGUE and Evans, 2000)) define
threshold stabilities of natural dams and control occurrence
and timing of hazardous future lake outburst.

65



66



6 CONCLUSION AND OUTLOOK

6.1 Conclusion

This study aimed to better determine and quantify causes
and effects of natural hazards related to subaquatic land-
slides. Using the perialpine, fjord-type Lake Zurich and
Lake Lucerne in central Switzerland as natural laborato-
ries, threshold parameters for slope failure initiation along
submerged slopes were quantitatively assessed combining
sedimentological, geophysical, in situ geotechnical and nu-
merical modeling techniques. This allows evaluating the ef-
fects of long-term causes vs. short-term trigger mechanism
and provides the basis for deciphering seismic vs. aseismic
triggers of subaqautic landslides. Furthermore, systematic
investigation of the spatial and temporal distribution of
mass-movement deposits in both lakes allows, for the first
time, to estimate lower limit magnitudes of prehistoric
geological impacts such as earthquakes and lake outbursts
that affected the study area over the last ~15000 years.
This study thus demonstrates the multi-methodological
approach studying the subaquatic-landslide record in dif-
ferent basins to be a successful and promising strategy to
tackle the reconstruction of frequency and intensity of past
natural impacts. This eventually may yield the means for
assessing the geo-hazard potential arising from such rare
but pontentially-destructive events.

On the basis of the results from this study, the following
major conclusions can be drawn:

6.1.1 Subaqueous slope stability

Lake Lucerne

. Slope stability conditions along non-deltaic lateral
slopes of Lake Lucerne are, apart from the slope
inclination predefined by the bedrock topography,
mainly controlled by the distribution of physical
and geotechnical properties of the slope-covering
sedimentary succession. The controlling key bound-
ary condition resulted from the glacial-to-postglacial
evolution in sedimentation processes and post-
depositional consolidation mechanisms.

. Holocene sedimentation rate is a key parameter in
«charging» subaqueous slopes. As a consequence,
stability conditions thus change over relative short
geological time scales.

. Non-deltaic lateral slopes are stable under static load-
ing conditions and an external trigger is required to
initiate failure.

. During past earthquake shaking slope failures
systematically initiated along glide planes that
developed at the lithological boundary between
overconsolidated glacio-lacustrine deposits with
overpressured formation pore pressures and over-
lying slightly underconsolidated laminated Late
Glacial clays characterized by low shear strength
values at their base.

Lake Zurich

o Subaquatic landslides along lateral non-deltaic slopes
in Lake Zurich show similar characteristics as in
Lake Lucerne and thus imply comparable slope sta-
bility conditions and a seismic trigger mechanism. In
addition, slope failures occurring along small lateral
deltas suggest the influence of climate-controlled
increase of sediment supply from small creeks as
the cause for subaqueous delta slope failures.

. Two major rotational slide events that occurred dur-
ing the transition from the Pleniglacial to the Late
Glacial period suggest glacial processes, such as
rapid glacier destabilization phases and/or episodic
glacier outbursts resulting in high sedimentation
rate, to be the cause for theses instabilities of glacio-
lacustrine deposits in Lake Zurich.

6.1.2  Paleoseismology

U Limit equilibrium slope stability back-analysis of
past earthquake-triggered slope failures in Lake
Lucerne reveal site-specific minimum horizontal
seismic peak ground accelerations of ~0.08 g and
~0.14 g for the historic 1601 A.D. Mw ~6.2 earth-
quake and a prehistoric, 2220 cal yr. B.P., earthquake,
respectively. The result for the 1601 A.D. event
lies in the range of calculated values deduced from
predictive ground motion models (Bay et al., 2005)
and suggests comparable macroseismic threshold
intensities (correlation function by MurpHY and
O’BRrieN (1977)) as estimated from historic data (I
= VII; Scuwarz-ZANETTI et al., 2003). These findings
thus pinpoint the potential of detailed subaqueous
slope stability analysis as paleoseismological tool
that allows for site specific quantitative reconstruc-
tion of prehistoric earthquake shaking.

J The temporal coincidence of three basin-wide coeval
multiple slope failure events recorded in Lake Zurich
with paleo-earthquakes reconstructed in the Lake Lu-
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cerne record imply that three very large earthquakes
shook central Switzerland in the past 15000 years,
strong enough to trigger multiple mass movements
in these two lakes located ~40 km apart. They are
dated to 2220 +40, 11600 +120 and 13770 +70 cal-
endar yr B.P. They reached minimum earthquake
moment magnitudes of Mw = 6.5 with epicentres
located east of Lake Lucerne and southeast of Lake
Zurich, as reconstructed by spatial calculations us-
ing an empirical seismic attenuation model. These
results indicate ongoing Alpine deformation that
generated and potentially will generate again rare but
destructive events in heavily-populated regions that
are unaccustomed to seismic activity during historic
time.

6.1.3  Lake Outburst

The Lake Zurich data acquired for this study, combined
with geomorphological and core information from down-
stream areas, allowed to identify and to reconstruct a Late
Pleistocene earthquake-triggered moraine dam failure
and subsequent outburst of Lake Zurich. Fluid dynamic
calculations reveal that averaged outburst discharge ex-
ceeded minimum values of ~2400 m3s'! and estimated
peak discharge of ~20600 m3s-1. General findings reveal
that (i) moraines damming lakes can be stable over sev-
eral thousands of years, that (ii) stability conditions may
decrease during periods of climate warming and that (iii)
failure can be initiated suddenly during a strong seismic
shaking event.

6.2 Outlook

Although this study contributed to a better understand-
ing of causes and effects of natural hazards related to
subaquatic landslides and provided, for the first time,
quantitative information on magnitudes and source areas
of prehistoric earthquake in central Switzerland, some
problems remain unsolved and a lot of new questions
arose. In the following sections, some major challenges
and possible research approaches to solve open questions
are briefly outlined.

6.2.1  Subaqueous landslide initiation and slope stability
assessment

Pore pressure is a fundamental parameter for the un-
derstanding of the stability of saturated sediments (e.g.
THERZAGHI, 1925; HuBBERT and RuUBEY, 1959). Results
from the in situ geotechnical site characterization in Lake
Lucerne suggest that the pore pressure conditions in the
glacial deposits are in excess of hydrostatic conditions.
The process of overpressuring, however, remains uncertain
and, to date, we lack precise quantitative information on
in situ pore pressures. Future campaigns monitoring pore
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pressure in critical depths over longer periods will yield
important information to elucidate mechanisms of over-
pressuring, to evaluate its fluctuation as a function of time
and to quantify the excess formation pore pressure and its
effect on stability and landslide initiation.

STEGMANN et al. (2007) conceptually showed that during
past earthquake shaking transient pore pressure pulses
migrated upwards from the overconsolidated section to
the weak overlying postglacial section and exhibited an
important role in landslide initiation. This effect of pore
pressure transients was so far not taken into account in
the quantitative slope stability calculations presented in
this study. Also, the here used pseudostatic slope stability
analysis approach does not consider the dynamic behavior
of the sediment during cyclic loading, and therefore does
not account for potential failure mechanisms in addition
to the load generated by horizontal seismic acceleration.
These effects include degradation of soft clays, accumu-
lation of plastic strains, shear-induced excess pore water
pressure with increasing number of seismic cycles (e.g.
Surran et al., 2004, BisconTIN, 2002). Geotechnical labora-
tory tests studying the dynamic behavior of the sediment
and absolute pore pressure values to estimate effective
stresses are needed to better understand landslide initiation
and to refine input parameters for future slope stability
assessments.

The comprehensive Lake Lucerne data set provides an
ideal basis to address these challenges in future studies.
Understanding in more detail the interplay between seismic
shaking, (transient) pore pressure evolution and subaquatic
landslide initiation in Lake Lucerne may also yield im-
portant conceptual ideas to improve our understanding of
larger submarine landslide occurring at active and passive
continental margins.

Detailed in situ geotechnical site characterizations are also
needed in Lake Zurich to quantify slope stability condition
both along lateral non-deltaic and deltaic slopes. This will
yield the means for more in depth evaluation of causes and
effects of different processes (e.g. climatic vs. seismic trig-
ger mechanism) affecting slope stability in Lake Zurich. It
will also provide quantitative lower limit thresholds needed
for reliable back-analysis and quantitative assessments of
future scenarios.

6.2.2  Paleoseismology

In this study, minimal earthquake magnitudes and potential
epicentre location of three major paleo-earthquakes were
estimated using a historically calibrated macroseismic
threshold intensity of VII as input parameter for macro-
seismic reconstructions. These reconstructions could be
refined by using reconstructed critical seismic accelera-
tions rather than macroseismic threshold intensities. Data
sets of both Lakes Zurich and Lake Lucerne provide the
basis for such quantitative reconstruction of critical seismic
accelerations during past earthquakes. Past subaquatic
slope stability conditions during specific earthquake events
may be back-analyzed in future studies on a basin-wide



scale and compared with the known distribution of past
earthquake-triggered mass-movement deposits in the
basins. This would allow for more quantitative paleo-
seismologic investigations assessing regional minimal
and maximal ground shaking accelerations during past
earthquake events that eventually may be incorporated into
regional models back-analyzing more reliably magnitudes
and epicentre locations.

An important open question that arose from the result
of this study is the exact location, focal mechanism and
tectonic driving forces of the identified large northern Al-
pine earthquakes. In order to achieve advancements in our
understanding of the underlying geological/tectonic pro-
cesses capable of producing the observed events, further
paleoseismological archives are needed. Positive and/or
negative evidences in such additional archives will better
constrain epicenter locations, which will allow for a more
detailed process-oriented seismotectonic discussion. Addi-
tionally, theoretical considerations of strain accumulation
during seismic cycles in potentially capable source areas
or even along potentially capable fault zones may further
reveal arguments for identifying or excluding areas/faults
that may produce rare but destructive seismic events.

6.2.3  Tsunami hazard

SCHNELLMANN et al. (2002) showed that the subaquatic
landslides in Lake Lucerne are capable of triggering
tsunami waves of up to 4 m in height matching historic
descriptions (Cysar, 1601). Although lateral, non-deltaic
landslides in Lake Zurich show similar characteristics
as in Lake Lucerne and thus are likely to also have trig-

gered tsunami waves in Lake Zurich, it remains to be
proven whether or not Lake Zurich indeed experienced
waves during past earthquake events. This could be
addressed by evaluating the tsunamigenic potential of
subaquatic landslides using numerical tsunami models
and by investigating coastal archives not affected by
human settlements (e.g. pond south of peninsula Au) for
tsunami deposits.

In order to assess tsunami hazard in Swiss lakes, a basin-
wide slope stability assessment modeling potential future
seismic shaking events is required to identify areas suscep-
tible for future slope instabilities. Critical slopes then can be
analyzed for there tsunamigenic potential (e.g. volume of
potentially unstable strata, rigidity of slope-covering sedi-
ment, etc.). Further improvement in the current knowledge
of regional variability of slope characteristics and hence
also in assessing the tsunamigenic-landslide susceptibility
is expected to be gained from spatial bathymetric mapping
using multibeam techniques. High-resolution bathymetric
maps nowadays are key requirements for reliable slope
stability analysis and subaquatic natural hazard assessments
(e.g. Locar ant LEg, 2002; SoLHEIM, 2006 and references
therein). Multibeam bathymetry maps further may allow
for identifying creep structures and incipient scars in areas
that have been identified in the slope stability model to be
susceptible for future (tsunamigenic) landsliding. In com-
bination, such quantitative information eventually can be
implemented into numerical tsunami models that will reveal
estimates on potential wave height and inundation scenarios.
These data then may yield important information for assess-
ing the risk of tsunami impacts on coastal infrastructure and
communities along the shore lines of Lake Lucerne, Lake
Zurich and eventually other Swiss lakes.
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Table A 5.1: Compiled core information on remobilized morainic deposits (RM-deposits).

APPENDIX A

Stratigraphic ~ core ID X Yy« Base of RM-  Thickness of RM-  references
succession coordinate  coordinate  deposit [masl] deposits [m]
9 681841 249454 387 7 JG? (GW Limmattal, 1969)
23 682820 248585 377 21 JG? (GW Limmattal, 1969)
83-6 682720 247712 377 2 JG? (SZU)
83-8 682652 247609 378 12 JG? (SZU)
- 682863 248069 380 25 JG? 71.251
o - 682494 248821 377 1 JG? 79/126
S § 1 682474 248424 381 9 Kempf et al., 1986
N 3 682823 248277 381 30 Kempf et al., 1986
§ 20 4 682911 248228 364 31 Kempf et al., 1986
3 '§ 5 682951 248211 378 24 Kempf et al., 1986
== . 6 682972 248196 380 20 Kempf et al., 1986
SN 7 683016 248184 382 20 Kempf et al., 1986
g A § 8 683087 248152 376 24 Kempf et al., 1986
NS S 9 683099 248147 375 25 Kempf et al., 1986
2% 10 683221 248093 382 19 Kempf et al., 1986
R 8 11 683252 248079 389 11 Kempf et al., 1986
SIS 12 683274 248065 392 6 Kempf et al., 1986
% ~§ 13 683298 248043 394 4 Kempf et al., 1986
= 14 683325 248021 395 4 Kempf et al., 1986
15 683354 247991 396 4 Kempf et al., 1986
16 683395 247970 394 7 Kempf et al., 1986
- 679751 250394 386 2 S+C%”
- 682770 247887 370 10 VM©
- 683153 248129 380 25 VMY 2018-5
. 682638 248892 395 5 VMY 4067
32/126 682906 247583 385 10 VMY 7007
2 682617 247442 393 10 JG? (SZU)
4 682585 247450 401 2 JG? (SZU)
I3 423 682595 247671 370 6 JG? (SZU)
&= 426 682467 247166 398 10 JG? (SZU)
= 433 682586 247567 395 4 JG? (SZU)
Ny ;‘\ 83-11 682431 247105 400 7 JG? (SZU)
N ] 83-7 682611 247524 385 16 JG? (SZU)
238 84-51 682409 247060 405 4 JG? (SZU)
RS 84-51 682443 247036 398 15 JG? (SZU)
@“ ‘3 % 84-53 682378 247021 406 3 JG? (SZU)
S 84-63 682601 247492 391 11 JG? (SZU)
X 84-65 682593 247472 392 7 JG? (SZU)
8.2 BI-23 682605 247387 397 5 JG? (SZU)
3 § 104 682401 248948 390 2 Kempf & Walter, 1985
§. 8 202-25 682524 247938 396 9 Kempf et al., 1986
Sl 501-24 682628 248056 399 1 Kempf et al., 1986
503-26 682429 247840 399 5 Kempf et al., 1986
- 682695 247809 400 5 %74
3 8 681105 249827 <383 >7 JG? (GW Limmattal, 1969)
o § 11 681795 249415 <400 >5 JG? (GW Limmattal, 1969)
S T8 D4 681025 249617 <385 >7 JG? (GW Limmattal, 1969)
§ A2 421 682670 247441 <381 > 19 JG? (SZU)
£ 422 682724 247593 <385 >3 JG? (SZU)
] E % 84-B 682671 247632 <384 >2 JG? (SZU)
§ T8 2 682737 248311 <384 > 16 Kempf et al., 1986
5 2 % 21 682540 248234 <387 > 19 Kempf et al., 1986
= R 22 682571 248321 <380 > 12 Kempf et al., 1986
< - 682569 248383 <485 > 20 VM"Y 2018-5

' Location is given in Swiss Grid (CHI1903) Coordinates.

Punpublished data provided by Jickli Geologie Ziirich

P unpublished data provided by Sieber & Cassina, Ziirich
“ unpublished data provided by Geo Von Moos AG, Ziirich
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Table A 5.2: 1#C ages and calibration of samples from Lake Zurich.

Core Nr. Location " Depth in core  Composite depth” Sample Nr. Sample age” Sample age” material
[m] [m] ["C yr B.P.] [cal. yr B.P.]

ZHK04-7 688526 | 236159 2.07 141 ETH-30212 1095 + 50 920 - 1150 leaf remains
ZHK04-7 688526 / 236159 2.81 2.05 ETH-30210 2135 +55 1990 - 2320 leaf remains
ZHK04-7 688526 / 236159 3.52 2.68 ETH-30213 3615 +55 3820 - 4090 leaf remains
ZHK04-7 688526 / 236159 4.13 3.21 ETH-30209 6105 +70 6790 - 7170 leaf remains
ZHK04-7 688526 / 236159 5.03 3.71 ETH-30208 8895 + 80 9700 - 10250 leaf remains
ZHK04-7 688526 / 236159 5.32 3.9 ETH-30206 10230 +85 11600 - 12400 leaf remains
ZHK04-7 688526 / 236159 5.76 4.17 ETH-30207 11710 + 100 13340 - 13770 wood
ZHK04-5 699687 | 230486 3.38 3.38 ETH-30216 5740 =70 6390 - 6730 leaf remains
ZHK04-5 699687 | 230486 3.78 3.78 ETH-30215 8995 + 80 9750 - 10300 leaf remains
ZHK04-5 699687 /| 230486 4.12 4.12 ETH-30715 11560 + 90 13240 - 13640 wood
ZHKO04-1 685585 / 240583 6.62 3.35 ETH-30762 6505 + 65 7270 - 7520 leaf remains
Ziibo 1980 ? 687615 | 237266 5.75 3.86 GLS 9990 + 150 11150 - 12100 wood
Ziibo 1980 687615 | 237266 7.4 4.2 GLI11 12400 = 250 13750 - 15250 wood
Ziibo 19807 687615 | 237266 7.5 4.27 GLI5 12800 +250 14150 - 15850 wood
Ziibo 1980 687615 | 237266 9.5 4.71 GLIO 14150 =250 16500 - 17300 wood
Ziibo 1980 © 687615 | 237266 13.8 5.05 GL2 14600 + 250 17100 - 18050 wood

" Location is given in Swiss Grid (CH1903) coordinates.

@ Projection to composite depth (i.e. relative to ZHK04-5) based on lithostratigraphic (visual core description, bulk density and magnetic susceptibility logs) and seismostratigraphic correlation
% Dating by AMS (accelerator mass spectrometry) with the tandem accelerator at the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH).

“ Calibration (2s range) was carried out applying the IntCal04-calibration curve (Reimer et al., 2004).

@ Dates by Lister (1988).
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APPENDIX B

Figure B 1: Bathymetry of the Lake Zurich study area (50 m contour interval and 20 m-depth contour (dottet line) in the
upper flat basin), and location of sediment cores and seismic profiles shown in appendix.

Figure B 2: Bathymetry of the Lake Lucerne study area (10 m contour interval) and location of sediment cores shown in
appendix.
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Figure B 3: Seismic Profile Z21-4Q
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Figure B 4: Seismic Profile Z15-5Q
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Figure B 6: Seismic Profile Z0-1Q
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Figure B 10: Seismic Profile Z18-4Q
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Figure B 12: Core 4WS05-4K (Kullenberg coring system)

Core 4WS05-4K Coring Site (Swiss Grid): 672225 /209150
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Figure B 13: Core 4WS05-6K (Kullenberg coring system)

Core 4WS05-6K Coring Site (Swiss Grid): 675025 / 208983
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Figure B 14: Cores 4WS05-SC, 04-7 and 06-1 (gravity short core system)

4WS05-WG-SC 4WS04-7 4WS06-1
Coring Site (Swiss Grid): Coring Site: Coring Site:
675073 /208798 672156 /209123 668676 /208815
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Figure B 15: Core ZHKO04-1 (Kullenberg coring system)
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Figure B 16: Core ZHK04-2 (Kullenberg coring system)

Core ZHK04-2 Coring Site (Swiss Grid): 685744 / 240619
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699687 / 230486

Coring Site (Swiss Grid)
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Core ZHK04-7 (Kullenberg coring system)
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Figure B 21: Cores ZH05-SC1 and SC2 (gravity short core system)

ZH05-SC1 ZH05-SC2
Coring Site (Swiss Grid): Coring Site (Swiss Grid):
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