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Figure 5: Examples of energy-related features in deposits of the Flims Rock Avalanche
(Switzerland): (A) Shattering into cube-like, sharp-angled fragments of different size (cm-dm)
in dark grey Helvetic limestone, secondarily cemented with white matrix of rock powder.

(B) ‘Snapshot’ of pulverization with multiple grain-internal layers of micro-shearing. (C) and
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Figure 7: Setup for a reflection seismic survey showing a) the boat and the catamaran, b)
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During operation, d) the catamaran is navigated in front of the boat, with e) the pinger
positioned directly below the water surface. ......ccccvvviiiiiiriiiii e 33

Figure 8: a) Schematic sketch of the Wenner and Schlumberger-Wenner arrays according to
Hauck and Kneisel (2008) and the ERT setup in the field with b) the TUM equipment used in
the presented studies, c) rolling out the electric cables, and d) measuring local topography
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swimming platform, from where b) lake sediments are retrieved; c) after recovery, the core
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Figure 10: Working in the laboratory on a) a core half filled with rock-avalanche clasts
embedded in a fine-grained matrix and b) smear slides for microscopic analysis; c) wet
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Figure 11: Analysis of terrestrial sediments includes a) taking samples in outcrops along a
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sediment structures visible and ready for photo documentation, and c) wet sieving for
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Figure 12: Overview of Lake Oeschinen in the Bernese Oberland in Switzerland.

a) Topographical map showing Lake Oeschinen and the Kander valley. b) 3D-view showing
Lake Oeschinen and the scarp of the ~9.5 cal kyrs BP rockslide event (Tinner et al., 2005).

c) Bathymetric map of Lake Oeschinen with core locations and 3.5 kHz seismic survey grid.
The cores OES11-02, -03 and -06 were used by Amann et al. (2014); Amann et al. (2015).... 47

Figure 13: Seismic profile oes19 showing rock-slope failure deposits (chaotic-to-transparent
units, e.g. Event F) and related turbidites as seismic stratigraphic horizons and time markers
in the composite core. The composite core contains all event-related turbidites and includes
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Figure 14: Overview of seismic and sediment record in Lake Oeschinen. a) Seismic-to-core-
correlation with oes19 and 0es08 showing the composite core reaching down into Event A.
b) Types of turbidites detected in the sediment cores. c) Distribution and location map. d)
Lowermost part of composite core (sections 04-D3 and 01-E1) with massive clay cap,
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Figure 15: Core-to-core-correlation for short and percussion cores for dating the uppermost
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Figure 16: Age-depth models of all events A-K. a) Modelling with OxCal v.4.2.4 and IntCal13
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a) Seismic evidence with distribution maps and potential scarps indicated on aerial images
with energy assumptions, b) all events and the gas distribution (grey) collated in one map
next to the core, and a 3D-view of all scarp niches (image © 2016 Google, Landsat,
Cnes/Spot, Flotron/Perrinjaquet). See Figure S4 for detailed aerial images...........ccceuveeeenneee. 57



X Index of Figures

Figure 18: Multistage events | and J. a) Overview of seismic profile lines, core location and
event deposits. b) Short core OES11-11 with distinct matrix-supported turbidites. c) Aerial
image with a 3D-view of five potential scarps. Seismic profiles oes11 (d) with onlap against
slope, and o0es26 (e) and oes28 (f) showing complex rock-fall deposits with variable thickness
and multiple events along SAME tranNSECt. ....ccuviiiiriiieiiiiie e 58

Figure 19: Synthetic sketch highlighting the polyphase development of modern Lake
Oeschinen. Assumed paleotopography of Oeschinen valley, covered with rock avalanche
deposits from 9.5 cal kyrs BP Kandersteg event (Tinner et al., 2005) and the multistage
events from Mount Spitzstein, A-C (green) and D-F (blue). Spatial limits of the single events
remain unclear. Without SCale. .......coccuuiiiieiiiie et 63
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Abstract 1

Abstract

Natural hazards and catastrophes like earthquakes, floods, avalanches or landslides are world-
wide known phenomena. Large landslides belong to the most dangerous natural hazards in
alpine environments. Among single-event landslide disasters, massive rock-slope failures ac-
count for 75% of disasters with more than 1000 casualties per occurrence. Rock avalanches
destroy and reshape landscapes within only a few minutes. Water within the travel path often
causes high impact waves and exceptional runouts. Moreover, recent studies show that
mountain flanks do not collapse in a single event, but rather through multistage progressive
failures, often detaching from identical scarps or neighbouring niches. As younger event de-
posits superimpose, partially cover and hide older ones, deciphering the multistage character
of rock-slope failures is a challenging task. Thus, the frequency of rock-slope failures is often
highly underestimated and their magnitudes misinterpreted. Especially Lateglacial and Holo-
cene rock-slope failures often occur as multistage failures, where paraglacial adjustment and
stress adaptation are hypothesized to control phases of detachment. It often takes hundreds
of years for the catchment to stabilize again. For hazard assessment, it is essential to refine
recurrence rates and to better understand progressive-failure evolution as well as multistage
reshaping of the geomorphology in the impact zone.

Lake Oeschinen, situated in the Bernese Alps, Switzerland, reveals a unique inventory covering
~2.5 kyrs of rock-slope failure history. The lake sediments have been investigated using sedi-
ment-core analysis, radiocarbon dating and seismic-to-core and core-to-core correlations,
which were linked to (pre-) historic and meteorological records. The results imply that the lake
in its present extent is significantly younger than the ~9.5 kyrs old Kandersteg rock avalanche
in the close vicinity. Up to eleven rock-slope failure events could be identified and related to
specific detachment scarps, which provided information for energy considerations. Four
events likely coincided with (pre-) historic earthquakes. At least six events detached from the
same area. The data imply unexpected high recurrence rates (~1/300 yrs) and additionally
help to understand the generation of a historical lake-outburst flood.

The ~0.2 km? Eibsee rock avalanche in the Bavarian Alps detached from Mount Zugspitze and
presumably impacted Paleolake Eibsee, which in turn became completely displaced. The stud-
ies on the lacustrine and terrestrial archives analyse the catchment response to the large fail-
ure and the effects of the lake impact. In the lake, a quasi-3D reflection seismic survey, four
sediment cores from modern Lake Eibsee, nine radiocarbon dates from event deposits, and
geomorphological analysis make it possible to distinguish the main rock-avalanche event from
a debris avalanche and sturzstrom in the aftermath. The highly fluidized debris avalanche
formed a megaturbidite and multiple swashes captured in the lake sediments. The newly cal-
ibrated age shows a coincidence with other megaevents in the Fernpass cluster, especially in
the neighbouring Lake Plansee and Lake Piburg, which makes an earthquake as regional trig-
ger more likely. On land, 9.5 km of Electrical Resistivity Tomography (ERT) profiles with up to
120 m penetration depth and more than 34,000 datum points allow to decipher multiple in-
teractive processes caused by the impact. Finally, this study enable to reconstruct both posi-
tion and dimension of the paleolake prior to the catastrophic event.
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The ~10-12 km?3 Flims rockslide in the eastern Swiss Alps is the largest known rock-slope failure
in the Alps and has fascinated researchers with its complex and diverse features ever since.
Here we focus on the hypothesized impact of the Flims rockslide on Lake Bonaduz, which
caused intensely fluidized rock material, known as Bonaduz gravels, and Toma hills. Geophys-
ical investigation with ERT to a sediment depth of up to 160 m and sedimentological analyses
answer long-debated questions on the stratigraphic relation between the Flims and Tamins
rockslide deposits. There is new field evidence that the Bonaduz gravels build an onlap on the
IIs Aults and were therefore formed after the Tamins rockslide. We further consider a simul-
taneous transport of the Toma within the Bonaduz gravels. Finally, this study helps to decipher
water-rich entrainment in rock avalanches, the genesis and transport of outburst-flood depos-
its, in particular of Toma hills resp. hummocks.

In this dissertation, the attention is mainly centralized on large rock-slope failures impacting
lakes with a focus on refining recurrence rates and deciphering effects of the impact and the
consequences for the mobility of the propagating rock mass. Complementary method appli-
cation at three test sites, namely Lake Oeschinen (Bernese Alps, Switzerland), Lake Eibsee /
Eibsee rock avalanche (Bavarian Alps, Germany) and Flims rockslide (Grisons Alps, Switzer-
land), yields novel results for the reconstruction of rock-slope failure in time and space and
their secondary effects when impacting a lake. At Lake Oeschinen und Lake Eibsee, reflection
seismology, radiocarbon dating, sedimentology on cores and geomorphology are used to re-
construct multistage rock-slope failure recorded in lake sediments. Here we show how
polymethodical analysis of lake sediments can help to decipher multistage rock-slope failures,
which are often camouflaged in subaerial settings. At Lake Eibsee, the complex history of ero-
sion and sedimentation can thus be disclosed, and the catchment response and the "rebirth"
of the lake after the catastrophic impact can be revealed. Furthermore, the studies on terres-
trial deposits applying electrical resistivity tomography (ERT), geomorphology and sedimen-
tology in outcrops at the Eibsee and Flims rock avalanches decipher multiple effects of a rock
avalanche impacting a lake. The reconstruction and close-up of subsequent impact phases
with bulldozing, fluidization of the rock mass, the entrainment of lake sediments and valley
infill, and the transport of outburst-flood deposits such as Toma hills, are valuable contribu-
tions to understanding processes, future modelling and hazard assessment.
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Zusammenfassung

Naturgefahren und Naturkatastrophen wie Erdbeben, Hochwasser, Lawinen oder Hangbewe-
gungen sind weltweit bekannte Phanomene. GroRRe Hangbewegungen gehdren zu den gefahr-
lichsten Naturgefahren in alpinen Gebieten. Betrachtet man einzelne Katastrophenereignisse
mit mehr als 1000 Toten, machen massive Felsabbriiche davon etwa 75% aus. Bergstlirze ver-
wandeln beziehungsweise zerstdren Landschaften binnen weniger Minuten. Die Anwesenheit
von Wasser in der Auslaufzone fiihrt oft zu hohen Flutwellen und grofRen Reichweiten. Neuere
Studien haben aulRerdem gezeigt, dass Bergflanken nicht auf einmal kollabieren, sondern dass
es sich vielmehr um multiple Felsabbriiche handelt, die oft aus derselben oder aus benachbar-
ten Ausbruchsnischen stammen. Das flhrt dazu, dass die Ablagerungen alterer Ereignisse von
jungeren Uberlagert und dabei teilweise bedeckt oder gar versteckt werden. Die Entschlisse-
lung mehrerer Ereignisse wird dadurch zur Herausforderung. Dadurch werden vor allem die
Haufigkeit von Felsabbriichen unterschatzt, und deren Magnituden fehlinterpretiert. Insbe-
sondere spatglaziale und holozdne Ereignisse treten als multiple Felsabbriiche auf. Dabei be-
einflussen die Umweltverdanderungen in der unmittelbaren Umgebung von Gletschern auch
die mechanischen Spannungsverhaltnisse im Fels und stehen somit in Verdacht, die Felsab-
briche zu kontrollieren. Es dauert oft Hunderte von Jahren, bis sich das Einzugsgebiet wieder
stabilisiert. Fiir die Gefahrenanalyse ist es wesentlich die Wiederkehrraten genauer zu bestim-
men und besser zu verstehen, wie es zu dem stufenweisen Felsversagen kommt, und wie sich
die Landschaft in der Auslaufzone mit jedem weiteren Ereignis verandert.

Der Oschinensee im Berner Oberland, Schweiz, offenbart ein einzigartiges Archiv der seit iber
~2500 Jahre andauernden Bergsturzgeschichte. Die Seesedimente wurden anhand von Bohr-
kernen, Radiokarbondatierungen und Reflektionsseismik untersucht, und die daraus abgelei-
teten Resultate wurden mit meteorologischen Daten verglichen. Der heutige See ist deutlich
junger als der ~9500 Jahre alte Kandersteg-Bergsturz in der unmittelbaren Umgebung. Bis zu
elf Felsabbriiche konnten identifiziert und bestimmten Ausbruchsnischen zugeordnet werden.
Die Analyse der Ausbruchsnischen liefert auRerdem Erkenntnisse Gber die Energiebilanzen der
Felsablosungen. Vier Ereignisse kdnnen mit (pra-) historischen Erdbeben in Zusammenhang
gebracht werden. Mindestens sechs Events stammen von derselben Bergflanke. Die Ergeb-
nisse implizieren unerwartet hohe Wiederkehrraten (~1 Event alle 300 Jahre) und helfen dar-
Uber hinaus, die Entstehung einer historischen Ausbruchsflut nachzuvollziehen.

Der ~0,2 km? groRe Eibsee-Bergsturz in den Bayerischen Alpen |6ste sich von der Zugspitze
und stirzte in einen vermuteten Paldo-Eibsee. Dieser wurde durch den Impakt zerstort. Die
Studien der lakustrinen und terrestrischen Archive untersuchen die Auswirkungen auf das Ein-
zugsgebiet infolge des Felsversagens und Impakts auf den See. Hierflir kamen im See quasi-
3D Reflektionsseismik, vier Sedimentbohrkerne aus dem heutigen See, neun Radiokarbonda-
tierungen aus Eventlagen und geomorphologische Analyse zum Einsatz. So ist es gelungen das
Grolereignis des Eibsee-Bergsturzes von zwei aufeinanderfolgenden Fels- bzw. Bergstiirzen
zu unterscheiden. Das zweite Event war hochfluidisiert und hinterlie einen Megaturbidit so-
wie Spuren mehrerer Schwappwellen in den Seesedimenten. Das neu kalibrierte Alter von
~4000 cal BP zeigt einen zeitlichen Zusammenhang mit anderen Grol3ereignissen im soge-
nannten Fernpass-Cluster auf, insbesondere mit dem benachbarten Plansee. Diese Erkennt-
nisse machen ein Erdbeben als regionalen Trigger wahrscheinlicher. An Land ermdglichen 9,5
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km ERT-Profile mit bis zu 120 m Eindringtiefe und mehr als 34.000 Datenpunkten die Unter-
scheidung von diversen interaktiven Prozessen, die durch den Impakt des Bergsturzes auf den
See ausgelost wurden. Letztlich kann der Paldo-Eibsee anhand der Ergebnisse nachgewiesen
und in seiner Position und Dimension bestimmt werden.

Der ~10-12 km3 groBe Flimser Bergsturz in den 6stlichen Schweizer Alpen ist der groRte be-
kannte Bergsturz in den Alpen und fasziniert die Forscher mit seinen komplexen und diversen
Merkmalen seit jeher. Hier fokussieren wir uns auf den vermeintlichen Impakt des Flimser
Bergsturzes auf den Bonaduzer See. Dies fiihrte zur Bildung einer hochfluidisierten Geroll-
masse, auch bekannt als Bonaduzer Kiese, sowie zur Ausformung von Tomahiigeln. Geophysi-
kalische ERT-Messungen bis zu einer Eindringtiefe von 160 m und sedimentologische Analysen
beantworten langwahrende Diskussionen {ber den stratigraphischen Zusammenhang zwi-
schen den Ablagerungen des Flimser und Taminser Bergsturzes. Es gibt nun neue Hinweise,
dass die Bonaduzer Kiese einen Onlap auf den lls Aults bilden, d. h. sie wurden nach dem Ta-
minser Bergsturzereignis abgelagert. AuBerdem nehmen wir einen simultanen Transport der
Tomahigel in den Bonaduzer Kiesen an. In dieser Studie werden auRerdem die Aufnahme von
Substrat unter dem Einfluss grofer Mengen an Wasser sowie die Genese und der Transport
von Ausbruchsflutsedimenten, insbesondere von Tomahiigeln, entschlisselt.

Diese Dissertation behandelt vornehmlich groBe Felsabbriiche, die in einen See gestirzt sind.
Dabei liegt der Fokus auf der genaueren Bestimmung von Wiederkehrraten, der Entschlisse-
lung der Folgen des Impakts und den Konsequenzen fiir die Mobilitat der weiter flieRenden
Felsmasse. In drei Untersuchungsgebieten, ndmlich am Oschinensee (Berner Alpen, Schweiz),
am Eibsee beziehungsweise Eibsee-Bergsturz (Bayerische Alpen, Deutschland) und am Flimser
Bergsturz (Graublindner Alpen, Schweiz) werden durch den Einsatz komplementarer, d.h. sich
erganzender Methoden neuartige Ergebnisse erzielt. Dabei werden die Felsabbriiche in Zeit
und Raum rekonstruiert, sowie deren Auswirkungen bei einem Impakt auf einen See ermittelt.
Am Oschinensee und Eibsee kommen die Methoden der Reflektionsseismik, Radiokarbonda-
tierung, Sedimentologie an Bohrkernen und Geomorphologie zum Einsatz, um multiples Fels-
versagen anhand von Seesedimenten zu rekonstruieren. Damit wird deutlich, wie die Unter-
suchung von Seesedimenten unter dem Einsatz verschiedener Methoden dabei helfen kann,
stufenweises Felsversagen zu entschliisseln, wo es doch an Land so oft unentdeckt bleibt. So
kann die komplexe Landschaftsgeschichte vom Eibsee inklusive der Verdnderungen im Ein-
zugsgebiet und der ,,Wiedergeburt” des Sees nach dem katastrophalen Impaktereignis nach-
vollzogen werden. Weiterhin werden die Auswirkungen des Impakts auf einen See auch an
terrestrischen Sedimenten am Eibsee- und Flimser Bergsturz untersucht. Dabei werden die
Methoden der Widerstandstomographie (ERT), Geomorphologie und Sedimentologie in Ge-
landeaufschliissen angewandt. Aufeinanderfolgende Phasen des Impakts, angefangen bei
Bulldozing, Fluidisierung der Felsmasse, Aufnahme und Einarbeitung von Seesedimenten und
Talflllungen in die Felsmasse, sowie letztlich dem Transport von Sedimenten in der Aus-
bruchsflut, wie zum Beispiel Tomahiigel, werden auf diese Weise detailliert betrachtet. Diese
Ergebnisse wiederum tragen entscheidend zum allgemeinen Prozessverstandnis, zur zukiinf-
tigen Modellierung und Gefahrenanalyse bei.
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1 Introduction

1.1 Research Motivation

Natural hazards and catastrophes like earthquakes, floods, avalanches and landslides are
worldwide known phenomena. In the perspective of advancing climate change and numerous
disastrous events being spreading by the media, human kind is gradually realizing the threat
to modern society and the economy, fascinated and feeling threatened at the same time. No-
body really knows how much climate change will affect our lives. Therefore, research in the
field of natural hazards can be substantially important to us all. This way, our knowledge of
the frequency and severity of catastrophic events in the past will be improved, and the key
mechanisms and triggers will be encoded. Finally, a detailed hazard assessment and risk man-
agement, combined with the establishment of early warning and monitoring systems will in
future protect lives and infrastructure from damage and destruction to a highest possible ex-
tent.

Large landslides belong to the most dangerous natural hazards in all alpine environments. A
very high percentage of people affected by a landslide lose their lives, and this is a notable
fact when compared to other catastrophes. The hazard potential is impressively illustrated by
the most deadly landslide disaster in history with more than 100,000 fatalities, triggered on a
widespread and gigantic scale by the M 7.8 Gansu Earthquake of December, 1920 in China
(e.g. Zhang and Wang, 1995; Havenith and Bourdeau, 2010; Wang et al., 2014).

Among single-event landslide disasters, massive rock-slope failures account for 75% with more
than 1000 casualties (Evans, 2006). Massive rock-slope failures are defined by Evans et al.
(2006) as extremely rapid movements of failed rock mass such as rockslides, rock avalanches
and catastrophic rockfalls with a high socio-economic impact potential. Although large rock
failures are relatively rare in space and time (Abele, 1974), they are extremely destructive
compared to other types of smaller landslides like rockfalls, debris flows etc. (Plafker and
Ericksen, 1978; Evans, 2006; Hermanns et al., 2006). Large rock-slope failures are generally
characterized by a highly pulverized mass, which moves like a slurry. The geometry of the
moving rock material is highly influenced by the valley topography and determines runout
behaviour. Large rock-slope failures often occur in sedimentary rocks, where the dip of the
sedimentary strata seems to determine the volume of the rock-slope failure. Steep dips of
strata correspond with less volume and vice versa (Ekstrom and Stark, 2013).

1.2 Problem Statement and Research Needs

In this dissertation, the attention is mainly turned to large rock-slope failures impacting lakes
with a focus on refining recurrence rates, and deciphering effects of the impact and the con-
sequences for the mobility of the propagating rock mass. Moreover, the case studies aim at
deciphering the event history at the specific test sites.

Frequency and Magnitude of Rock-Slope Failures

Massive rock-slope failures can reduce rather than increase slope stability (Hermanns et al.,
2006), i.e. large rock failures tend to produce even more events in the aftermath. We hypoth-
esize that the multistage character of massive rock-slope failure is often not deciphered, and
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therefore magnitude and frequency are highly misestimated. This is because single event de-
posits are camouflaged on land under massive piles of debris deposits, which makes it hard to
identify multiple events. Knowing the magnitude and frequency of rock-slope failures at a spe-
cific site, however, is essential for future hazard assessment at certain rock slopes. Therefore,
studies on multistage rock-slope failures with the goal of refining recurrence rates and mag-
nitudes are in great demand and subject of this dissertation.

Effects of Lake Impact on Mobility Processes in Rock Avalanches

Climate warming leads to a drastic change of the high-mountainous landscape with perma-
frost degradation and glacier retreat (Haeberli et al., 2017). As a result, more destabilized
mountain flanks will be exposed above newly formed (meltwater-) lakes. Large rock-slope fail-
ures impacting lakes have a very high hazard potential due to secondary effects such as impact
waves, dam failures and highly fluidized rock material. Lubrication due to the entrainment of
water and fine-grained sediments is hypothesized to play a major role for rock avalanches to
reach long distances.

Site-Specific Event History and Paleotopography

Knowing from a specific mountain flank and its surroundings, how many, when and from
which scarp niche rock-slope failures have actually occurred and how lakes and dams have
developed during the last few thousands of years, improves the preconditions for future haz-
ard assessment at this specific site to a substantial degree. Being confronted with a rapidly
increasing risk from destabilized mountain flanks due to deglaciation and permafrost degra-
dation and newly formed meltwater lakes, many Alpine communities are asked for resolute
action and the installation of an early warning system and prevention measures (e.g. Lake
Oeschinen and Grindelwald Glacier; Werder et al., 2010; Huggel et al., 2013; Haeberli et al.,
2017). Where possible, potential (regional) triggers such as seismic tremors are discussed in
the case studies.

In conclusion, investigating lake sediment archives may play a key role in this research field
and is a main subject of this dissertation. The lacustrine basin acts as the final sink for incoming
sediment and is a natural chronometer, which records both long-term environmental changes
and short-term catastrophic events. Revealed in lake sediments, rock-slope failures may be
deciphered in time and space. Hence, there is a high need of fieldwork-based case studies with
a complementary method application on terrestrial and lacustrine sediments for a better un-
derstanding of these interactive processes. These factors were taken into account when
choosing three suitable test sites for this dissertation.

1.3 Thesis Outline

This thesis is structured in 7 chapters and an Appendix with supporting figures and tables.
Chapter 2 describes the three test sites of Lake Oeschinen, Lake Eibsee and Flims, with a focus
on the characteristics that make them suitable for the research approach. Chapter 3 is an ex-
tensive overview of the state of knowledge, including well established concepts, as well as
recent developments in the research fields of rock-slope stability and failures, lake systems,
and their combination in alpine environment. A short review paper on the energy budget of
rock avalanches is included here. In Chapter 4, a detailed methodology is illustrated. All ap-
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plied methods are described with regards to their general function, their potential and limita-
tions for our research approach, and the applied setup. Chapter 5 continues with the case
studies, consisting of three embedded publications on Lake Oeschinen and Lake Eibsee, and
the preliminary results of a paper in preparation on the Flims deposits. Chapter 6 contains the
synopsis and discussion of the major outcomes of this dissertation, including the evaluation
of the applied method set, as well as further research needs and suitable methods, which
might be applicable in future studies on this subject. Finally, in Chapter 7, an outlook is given
with future perspectives on the reaction to atmospheric warming and the contribution of the
research results to the research communities and society. At the end of the document, an
Appendix provides ten supporting Figures S1-S10 and five supporting Tables S1-S5.
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2 Test Sites and Research Questions

Most and the largest massive rock-slope failures in the Alps detach from limestone headwalls
(Abele, 1972). Thus, we aim to compare three test sites with rock-slope failures of different
magnitudes, but generally similar geotechnical properties of the limestone host rock (Table

1).

Table 1: Key parameters of the test sites Lake Oeschinen, Lake Eibsee and Flims.

Test site Size of rock-slope | Lithology Unique characteristics

failures
Lake Oeschi- | Varying between | Helvetic Lime- | Rockslide-dammed lake; multiple rock-slope
nen, Ber- | 10,000 m3 and | stone failures documented since lake formation,
nese Alps, | ~40 mio. m3 partially multistage; different types and vary-
Switzerland | (Kopfli et al., 2018) ing volumes of rock-slope failures; historical

outburst flood

Lake Eibsee,

150-200 mio. m3

Wetterstein Li-

Assumed paleolake displaced by rock ava-

shale

Bavarian (Haas et al., 2014; | mestone lanche, phases of lake “rebirth” revealed in
Alps, Ger- | Leith et al., 2016) modern lake; multiple detachments from
many Mount Zugspitze and surroundings

300-400 mio. m3

(Jerz and

Poschinger, 1995)
Flims, 12,000 mio. m3 Triassic and Ju- | Largest rockslide/ rock avalanche in the Euro-
Grisons rassic lime- | pean Alps; rockslide-dammed paleolake dis-
Alps, Swit- stone, dolo- | placed by rock avalanche, dam breakage; wa-
zerland mite, Helvetic | ter-rich entrainment (Bonaduz gravels) and

Toma type locality
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2.1 Lake Oeschinen, Bernese Alps, Switzerland

Figure 1: Impressions of Lake Oeschinen showing a) steep rock walls and melting glaciers surrounding the lake,
b) scarp niches at Mount Spitzstein ("Spitzer Stein") with rockslide deposits below, and c) a western view towards
the rockslide dam.

Surrounded by steep, nearly vertical slopes and several active glaciers (Figure 1a), Lake Oeschi-
nen is situated in an area prone to rock-slope failures (Figure 1b) and related natural hazards.
The lake is part of the Jungfrau-Aletsch-Bietschhorn UNESCO World Heritage Site, and is there-
fore of high touristic interest, so it is necessary to assess the hazard potential properly. For
limnogeological research, Lake Oeschinen is an ideal place, as it is the largest naturally formed
alpine lake in the northern Swiss Alps at an elevation between 1,000 and 2,000 m a.s.l. without
any surficial outflows (Niklaus, 1967). Thus, any incoming sediment is recorded at the lake
bottom and can be used to decipher the history of rock-slope failures impacting the lake and
the related effects. It is worth noting that there is a handed down outburst flood of the lake
in 1846 AD, which overtopped the rockslide dam (Figure 1c) and demonstrates the possible
severity of hazards around the lake and the downstream valley of Kandersteg.

Research Questions
Deciphering Multistage Rock-Slope Failures
e How can continuous lake sedimentation contribute to a better understanding of mul-
tistage rock-slope failures?

e How accurate can the recurrence rates of repeated massive rock-slope failures be de-
termined?
e Can the single event deposits be deciphered and how far did the rock mass(es) reach?

Effects of Impact on the Lake
e How does the impact of a rock-slope failure alter the lake and its sedimentation?

Event History
e How and when was the lake formed? Was there more than one rock-slope failure that

dammed the lake to its recent size? What can we learn about the paleotopography?
Can we decipher potential (regional) triggers?
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2.2 Lake Eibsee, Bavarian Alps, Germany

Zugspitze

Figure 2: impressions of Mount Zugspitze and Lake Eibsee depicting a) Lake Eibsee at the foot of the Wetterstein
Mountains, b) the scarp niche "Bayerisches Schneekar" below the summit, and c) a northwestern view of Lake
Eibsee with its numerous islands containing rock-avalanche material.

The Zugspitze area is part of the Wetterstein mountains (Figure 2a) in the Bavarian Alps, Ger-
many, near Garmisch-Partenkirchen. Situated at the edge of the Northern Calcareous Alps and
consisting mainly of limestone, the area is prone to rock-slope failures at varying scales
(Krautblatter et al., 2012b). Especially Mount Zugspitze is affected by destabilization due to
permafrost degradation (Krautblatter et al., 2010; Schroeder et al., 2020). The Holocene Eib-
see rock avalanche detached from the scarp of the “Bayerisches Schneekar” (Figure 2b), had
a volume of ~200 mio m® and a remarkable runout of ~9-10 km (Jerz and Poschinger, 1995).
The deposits reaching the village Grainau and the town of Garmisch-Partenkirchen demon-
strate clearly how dangerous rock-slope failures can be in this region and that detailed hazard
assessment in the close vicinity is essential. The assumed impact on a paleolake, which was
presumably displaced by the rock avalanche, makes the area around Lake Eibsee (Figure 2c) a
unique large-scale study site, where event phases including lake impact and interactive pro-
cesses with the fine-grained lake sediments and water can be analysed. Also, the complex
interaction with an obstacle in the main flow direction (Mount Zirmerskopf) after crossing the
paleolake is of high research interest. Furthermore, the formation of modern day Lake Eibsee
on top of the rock-avalanche deposits make it possible to combine geophysical and sedimen-
tological methods, both on terrestrial and lacustrine sediments.

Research Questions
Deciphering Multistage Rock-Slope Failures
e Can we find evidence of multiple collapses from the rock walls around Mount Zug-
spitze? Can we decipher them in magnitude and frequency, and classify them accord-

ingly?

Paleolake Eibsee
e Can we prove the existence of the assumed paleolake? Can we further reconstruct the
dimensions of this paleolake? What can we learn about the paleotopography? Can we
decipher phases of the lake’s “rebirth”?

Effects of Impact on the Lake
e Can we decipher interactive processes related to the impact, the entrainment of water
and fines, and the collision with obstacles in a confined setting?
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2.3 Flims, Grisons Alps, Switzerland

Flimserstein ,
£ ¥

Figure 3: Impressions of the area around the Flims rockslide/rock avalanche showing a) the landscape formed
by the rockslide deposits at the foot of Mount Flimserstein, b) large outcrops of the rock-avalanche deposits in
the Rhein river gorge (Ruinaulta), and c) view of the Toma hill Tum Arsa from the Tuma Tschelli.

The Flims rockslide/rock avalanche (Figure 3a) had a volume of ~8-12 km? and is the largest
rock-slope failure known in the European Alps (Poschinger et al., 2006), as well as one of the
largest on Earth. The deposits provide the researchers with outstanding options of analyzing
the sediments due to the incision of the river Rhine (Figure 3b). The rock-slope failure started
as a rockslide and transformed into a rock avalanche. For reasons of simplification, it will be
here termed rockslide, only. The Flims rockslide is supposed to have impacted a paleolake
(Lake Bonaduz) that was dammed by the deposits of the Tamins rockslide, which presumably
occurred only short time earlier. The exceptional outcrop conditions allow for investigation of
processes related to disintegration, water-rich entrainment, and transport and deposition of
rock-avalanche deposits. Especially the formation of the famous Bonaduz gravel deposits and
the so-called Toma (or Tuma; Figure 3c), i.e. rock-avalanche hills containing Helvetic rock ma-
terial, are of high research interest and give insights into mobility processes of large fluidized
mass flows (Calhoun and Clague, 2018). How enormous the outburst flood due to the failure
of the Tamins rockslide dam was, can be shown by two clastic layers in the Upper Lake Con-
stance, which were ascribed to the downstream influence of the Flims rockslide and should
be mentioned here (Schneider et al., 2004).

Research Questions
Paleolake Bonaduz
e Can we find evidence of the Tamins rockslide deposits damming Paleolake Bonaduz?

Effects of Impact on the Lake
e Howdid the impact of the rockslide affect the paleolake sediments and the valley infill?
Can we decipher different modes of fluidized transport and ascribe them to distinct
deposit types?

Event History
e Can we conclusively establish a geological timeline of event phases and related

transport and sedimentation processes?
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3 State of Knowledge

3.1 Rock-Slope Stability and Failure in Alpine Environment

3.1.1 Development of Rock-Slope Stability due to Atmospheric Warming

Rock slopes in high-mountainous regions are often associated with ice and permafrost, and
indeed, permafrost is detected in many mountain ranges characterized by rugged topography
(Gruber, 2012a; b). The long-term stability of rock slopes containing ice is defined by three
primary factors: geology, topography and ice distribution/temperature (Haeberli et al., 2017).
The relation between permafrost degradation and rock-slope stability in cold mountains re-
mained unclear for a long time, but as we now know, it is the ice conditions that are affected
most rapidly by climate change and are therefore especially crucial (Haeberli et al., 2017).
Much research was done in the last two decades in order to provide concepts and models on
this topic (e.g. Fischer et al., 2006; Gruber and Haeberli, 2007; Krautblatter et al., 2012a;
Krautblatter et al., 2013; Deline et al., 2015b; Schroeder et al., 2020; Stoll et al., 2020). Labor-
atory tests on the stability of rock slopes with ice-filled joints show that these rock slopes
already become unstable just below 0° C (e.g. Davies et al., 2001; Mamot et al., 2018), i.e.
critical conditions can already arise before melting. Then short-term effects of e.g. heavy rain-
storms, earthquakes or warm summer temperatures could be strong enough to trigger large
rock/ice avalanches (Huggel et al., 2010; Huggel et al., 2012), which can be shown by several
cases in the European Alps (e.g. Ravanel and Deline, 2011; Fischer et al., 2012).

In general, permafrost distribution depends on the mean annual air-temperature, the altitude,
and the incoming solar radiation, the latter of which varies widely during the year in mid-
latitude mountain ranges. Here, permafrost is often distributed in complex patterns (Boeckli
et al., 2012; Haeberli et al., 2017). Beside air-temperature and solar activity, snow cover vari-
ability is an important player concerning the evolution of permafrost in time and space at a
specific site (Haberkorn et al., 2015; Draebing et al., 2017; Magnin et al., 2017). When intact
water-saturated rocks thaw, fracture toughness and tensile/compressive strength are in-
tensely reduced. Thereby, rock-mechanical characteristics on the one hand are related to de-
stabilizing processes that come along with high normal stresses and correspond with larger
event magnitudes due to greater depths affected. On the other hand, smaller affected depths
and magnitudes as well as accelerating deformation are ascribed to ice-mechanical properties
(Mellor, 1973; Krautblatter et al., 2013; Haeberli et al., 2017). In steep mountains, permafrost
degradation progresses rapidly, because the melting effect of the warming air temperatures
affects a mountain in several places and can penetrate to great depths (Noetzli and Gruber,
2009). This causes heat flow anomalies, which already reach up to several tens of meters into
permafrost-holding summits in Europe (e.g. Harris et al., 2009; Krautblatter et al., 2010;
Magnin et al., 2015; Ravanel et al., 2017; Krautblatter et al., 2018; Magnin et al., 2019;
Scandroglio and Krautblatter, 2020; Schroeder et al., 2020). Debuttressing by glacier retreat
will further decrease rock-slope stability and lead to crack propagation in exhumed bedrock
(e.g. Leith et al., 2014).

With global warming continuing, the presented results suggest a long-term destabilization of
permafrost peaks in all regions on Earth. Thereby, the destabilization tends to increase from
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lower to higher altitudes and warmer to colder rock walls (Hewitt et al., 2011; Haeberli et al.,
2017).

3.1.2 Classification of Rock-Slope Failures Based on Movement Types

In the following, definitions are given for the most important mass movements discussed in
this dissertation. The following landslide types are classified after Hungr et al. (2014) with re-
spect to the original classification by Varnes (1978) and Cruden and Varnes (1996). This mod-
ified classification includes 32 landslide types and is mainly based on the type of material,
mechanism of failure and type of movement. Thereby, the failure stage is key to post-failure
performance, i.e. a sliding movement may transform into a flow or a fall, which consequently
influences the runout and hazard potential of the mass movement. The authors propose to
use the classification as a flexible system, in which the term assigned to the landslide type
reflects the particular focus of the research. For example, a “debris flow” can also be termed
“debris slide” or “slope deformation” if the focus is more on the pre-failure stage. In the con-
text of the presented studies in this thesis, the most general term “landslides” is in most cases
specified as “rock-slope failures”. Rock-slope failures are in the first order referred to from a
mechanical point of view, i.e. as failed solid rock mass, which detached from a mountain flank.
Also, this term stresses the focus of the material, which is failed ice/rock mass and not soil,
earth or other weak substrate. Hewitt et al. (2011) define “catastrophic rock slope failure” as
the sudden failure and downslope movement of a large mass of intact rock. Rapid disintegra-
tion and long-runout flows with acceleration of up to 100 m/s and lengths of up to several
kilometers are common. Especially in high, glaciated areas with eroded and unstable, steep
rock slopes, catastrophic rock-slope failures are numerous and often show enhanced mobility.

Fall Movement

Rock/ice fall

“Detachment, fall, rolling, and bouncing of rock or ice fragments. May occur singly or in clus-
ters, but there is little dynamic interaction between the most mobile moving fragments, which
interact mainly with the substrate (path). Fragment deformation is unimportant, although
fragments can break during impacts. Usually of limited volume.” (type 1; Hungr et al., 2014)

Important about the distinction of a “fragmental” rock fall is that single fragments move inde-
pendently as rigid bodies and episodically impact the substrate (Evans and Hungr, 1993),
whereas e.g. rock or debris avalanches move as a flow of masses of fragments.

Slide Movement
Rock (planar) slide

“Sliding of a mass of rock on a planar rupture surface. The surface may be stepped forward.
Little or no internal deformation. The slide head may be separating from stable rock along a
deep, vertical tension crack. Usually extremely rapid.” (type 7; Hungr et al., 2014)

Also referred to as “translational slides”, some of the largest and most dangerous landslides
belong to this type. Examples include the 1248 Mt. Granier rock avalanche in the Savoy Alps,
which killed ~5,000 people and is regarded the deadliest landslide in European history (Cruden
and Antoine, 1984; Hungr et al., 2014), and the Seimareh slide in the Zagros Mountains of Iran
(Roberts and Evans, 2013), with a debris volume of ~44 km?3 the largest known subaerial non-
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volcanic landslide on Earth. Planar rock slides usually occur at all scales in bedded and folded
sedimentary as well as metamorphic and intrusive rocks. A dominant preparing factor is often
the undercutting of dip slopes during erosion or excavation. Usually, the entire rock body is
actively sliding.

Flow Movement
Rock/ice avalanche

“Extremely rapid, massive, flow-like motion of fragmented rock from a large rock slide or rock
fall.” (type 18; Hungr et al., 2014)

Heim (1932) defined rock avalanches as sturzstroms with volumes > 10® m3. There is often a
transition between rock fall or slide and rock avalanche, due to dynamic disintegration. Fa-
mous examples from the European Alps are the Flims rock avalanche in the eastern Swiss Alps
(e.g. Poschinger 2006) and the Tschirgant rock avalanche in the Austrian Alps (e.g. Dufresne
et al., 2016b). The deadliest known single landslide event is the earthquake-triggered 1970
Huascaran rock/ice avalanche, which killed ~ 15,000 people (Plafker and Ericksen, 1978). In
chapter 3.1.4, the enhanced mobility of such large rock-slope failures is described in detail.

Debris flow

“Very rapid to extremely rapid surging flow of saturated debris in a steep channel. Strong en-
trainment of material and water from the flow path.” (type 22; Hungr et al., 2014)

Debris flows (“Murgang” in German) are common hazardous phenomena in mountain areas.
The term refers to periodical landslides in established channel paths, often triggered by heavy
rainfalls, and with hazard potential related to a specific site/path (e.g. Dietrich and
Krautblatter, 2017). Debris flows often evolve from other types, for example rock avalanches.
“Debris flowslide” (type 20; Hungr et al., 2014) is an alteration of this term and is reserved for
failures with spontaneous or earthquake liquefaction.

Debris avalanche

“Very rapid to extremely rapid shallow flow of partially or fully saturated debris on a steep
slope, without confinement in an established channel. Occurs at all scales.” (type 25; Hungr et
al., 2014)

At a specific site, debris avalanches are usually unique events, in contrast to debris flows. De-
bris avalanches may enter established debris-flow paths on their way and might transform
into debris flows. Clusters of debris avalanches and debris flows, which might occur during
heavy rainstorms or earthquakes, belong to the most hazardous regional landslide disasters,
for example the 1999 Vargas State disaster of Northern Venezuela, where ~15,000 people lost
their lives (Larsen et al., 2006).

Complex Types

Transformations between the presented landslide types are possible and common. Rock slides
often transform into rock avalanches or can trigger further debris flows or debris avalanches
(Sassa and Wang, 2005; Dufresne and Geertsema, 2020). It is therefore sometimes essential
to combine two or three types when describing a case, and it is down to the researcher to find
appropriate compounds for the specific case (Hungr et al., 2014). Hungr and Evans (2004) for
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example, describe several cases with transformations from rock slides to debris avalanches,
and use the term “rock slide — debris avalanche”. In another instance, Walter et al. (2020)
document the 2017 Piz Cengalo rock-slope collapse with ensuing debris flows.

The attempt to classify based on a maximum volume with a fixed boundary (e.g. Heim, 1932;
Whalley, 1984) proved as being challenging or even problematic (Hungr et al., 2014). In the
German language, the terms “Felssturz” and “Bergsturz” are differentiated by the volume
boundary of 10% m3.

3.1.3 Multistage and Progressive Rock-Slope Failures

Massive rock-slope failures can reduce rather than increase slope stability (Evans et al., 2006).
They produce post-failure slopes, which are prone to fail again and again, because they often
result in (i) irregular slopes, which might be as steep or even steeper than the pre-failure slope,
and (ii) zones of weakness due to sudden unloading, which causes slope deformation and ten-
sional cracks to open. Such “repeated, non-random rock-slope failure along the same moun-
tain slope” (Hermanns et al., 2006) are referred to as “multistage” in the presented studies of
this thesis.

Famous examples of multiple rock collapses from one single mountain flank can be found in
all parts on Earth. First, Plafker and Ericksen (1978) interpreted an older lobe of rock avalanche
deposits, which was found below the 1970 Huascaran rock avalanche (Cordillera Blanca, Peru),
to be of prehistoric origin. In British Columbia, Canada, Mathews and McTaggart (1978) also
detected prehistoric deposits beside the 1965 Hope rockslide, which was supported by seismic
analysis by Weichert et al. (1994). In New Zealand two rock avalanches happened at Mt. Cook
within 118 years, and at Mt. Flechter within only 88 days (McSaveney, 2002). In Taiwan, four
rockslides were documented at Mt. Tsao-Ling between 1862 and 1979, three of which de-
tached from the same slope (Hung et al., 2002). In Norway, two rock avalanches occurred in
in Loen in 1905 and 1936, which killed 61 and 73 people, respectively, due to the impact wave
from Lake Loenvatnet, with another rockfall occurring in 1950 (Hermanns et al., 2006). More
recent cases are also known, for example, from the Swiss Alps, the famous Randa rockslides
in 1991 detached within only 3 weeks of another (Eberhardt et al., 2002), and the Piz Cengalo
rock/ice avalanche in 2017 was followed by multiple debris flows within subsequent hours
and days (Mergili et al., 2020; Walter et al., 2020).

These examples demonstrate that unless historic sources like chronicles or eyewitnesses doc-
ument multiple failures from one single slope, it is hard to distinguish between single events
of one series. The failure deposits interpreted as prehistoric in Huascaran or at the Hope rock-
slide, could neither be deciphered in time nor in space so far. In these cases, the researchers
could only determine the two-event character without age determination. Only by applying
geomorphological and dating methods, like cosmogenic nuclide dating (Martin et al., 2014;
Ivy-Ochs et al., 2017; Hilger et al., 2018; Von Wartburg et al., 2020), a distinction between
single events becomes possible. The presented studies within this thesis will even show re-
fined recurrence rates and classification of multistage rock-slope failures at Lake Oeschinen
and Lake Eibsee by using lake sediments and radiocarbon dating (chapters 5.1 and 5.3).

Progressive failure is likely to occur in the context of multistage rock-slope failures, e.g.
proved by numerical modelling at Tafjord in western Norway (Hermanns et al., 2006)
or at Randa (Eberhardt et al., 2004).
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The term “progressive” describes the case when different parts of a failure surface reach
failure at different times. If joints or pre-existing failure surfaces are pre-sent in the
potential failure surface, the rock often first breaks along existing cracks/fissures, where the
peak shear strength is reached before other places (e.g. Voigtlander et al., 2018). The term
is mostly used in relation to failure in stability and deformation analyses (Hungr et al., 2014).

3.1.4 Mobility of Rock Avalanches

Large rock-slope failures tend to show a higher mobility than small ones. Thereby, the mobility
increases systematically with topographic confinement, e.g. in narrow valleys (Nicoletti and
Sorriso-Valvo, 1991), and with the volume of the event (Hungr et al., 2014). There are several
effects which control the motion of rock avalanches. The main acting forces are linked to dis-
integration including fragmentation, and the entrainment of water and/or soft substrate com-
bined with fluidization and/or lubrication. All these processes alter the grain size distribution
and modulate the physical properties of the flow (Pudasaini and Krautblatter, 2014; Pudasaini
and Mergili, 2019). As a result, these factors define the velocity and mobility, and provide the
most striking questions for the researchers.

Rock avalanches have longer runouts than can be derived from the internal angle of friction
of loose debris, which is 32° (Hsi, 1975). Long runouts are ascribed to a large involved volume
of rock, to a pervasive, intense fragmentation of the debris (McSaveney and Davies, 2007),
and to the entrainment of material, which reduces basal friction (Aaron et al., 2017; Aaron
and McDougall, 2019). When grains fragment quickly during disintegration, then very high
local pressures occur, and the frictional resistance to shear can be reduced (Bowman et al.,
2012). The rock avalanche velocity and travel distance are therefore increased. Velocities may
rise to several 100 km/h (Plafker and Ericksen, 1978).

When it comes to entrainment and the affected substrate is water-saturated, the rock ava-
lanche is likely to spread further than it would without water (Imre et al., 2010). In water-
saturated debris, the intergranular direct stress between the single grains is reduced by the
pore-water pressure. The pore-water pressure increases with depth below the surface due to
the effect of undrained loading (e.g. Hungr and Evans, 2004). Increasing pore pressure leads
to fluidization at the front and enhances mobility (Abele, 1997). Fluidized lobes can travel far
beyond the main deposit. The 2000 Yigong rock avalanche in Tibet, China, received worldwide
attention as one of the largest non-seismic landslides in recent years, with a volume of ~100
mio. m? (Xu et al., 2012; Delaney and Evans, 2015). Very high basal pore pressure due to steam
production led to much higher erosional power than expected and yielded a runout of ~10
km.

How much sediment can be entrained, depends on the momentum and impact energy of the
rock mass, and on the strength and geometry of the basal surface. In order to make a state-
ment of the properties of the substrate, one needs to know about the presence of ice or water
(Pudasaini and Krautblatter, 2014). Rock avalanches involving glacier ice either as part of the
moving mass or as the substrate, often show “excessive mobility”, like the recent 2016 Lamp-
lugh Glacier rock avalanche with ~10 km runout (Bessette-Kirton et al., 2018), the 2012 Lituya
rock/ice avalanche in Alaska with ~9 km runout (Geertsema, 2012), or the 2002 Karmadon-
Kolka event in the Caucasus Mountains (Haeberli et al., 2004). It is worth noting that long
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runouts are also possible without water (Legros, 2006; Weidinger et al., 2014) and that there
is still a large need to research how entrainment changes flow behaviour.

3.1.5 Energy Considerations of Rock Avalanches

This chapter has been published in the Journal Frontiers in Earth Science under the title “Con-
ceptual Framework of Energy Dissipation during Disintegration in Rock Avalanches” by Sibylle
Knapp and Michael Krautblatter (2020).

Abstract

Rock avalanches usually progress through three consecutive phases: Detachment (Phase 1),
Disintegration (Phase 2) and Flow (Phase 3). While significant advances have been achieved in
modelling Rock Avalanche Phase 1 (Detachment) and Phase 3 (Flow), the crucial link between
both during Phase 2 (Disintegration) is still poorly understood. Disintegration of the detached
rock mass is often initiated as soon as sliding starts, and in-situ measurements are impossible
due to the excessive energy release equivalent to multiple nuclear explosions. Better under-
standing the energy dissipation during Phase 2, and the resulting residual kinetic energy that
propels the rock avalanche in Phase 3, is one of the keys to defining the mechanical properties
of the avalanche in the runout zone and thus also the resisting force within the avalanche. This
paper is a review of our knowledge of energy dissipation in rock avalanches with a focus on
processes like friction, collision, fragmentation, comminution, entrainment and explosion dur-
ing the phase of disintegration. We distinguish between energy sources and sinks and consider
not only physical processes, but also chemical alterations that might occur at high tempera-
tures. With that, we make a contribution to improve our understanding of Phase 2 “Disinte-
gration”, which is needed for accurately modelling rock avalanches and assessing their hazard
potential.

Introduction

Rock avalanches are defined as “extremely rapid, massive, flow-like motion of fragmented
rock from a large rock slide or rock fall” (Hungr et al., 2014). Due to their high velocity, volume
and runout distance, rock avalanches have a significant impact on human activities in moun-
tain areas, can seriously damage infrastructure and settlements and can cause high numbers
of casualties (Evans et al., 2006; Legros, 2006; Hewitt et al., 2008). Landslides resulting from
large-scale rock-slope failures are especially hazardous; in the 20%" century, disasters of this
type have killed more than 50,000 people globally (Evans et al., 2006). As a consequence of
increasing population density and the development of infrastructure in mountain areas, the
number of elements at risk is growing and accelerating the vulnerability to landslide hazards
(Fischer, 1999; Korup, 2005; Hungr, 2006; Legros, 2006). At the same time, the number of
massive rock failures from permafrost warming appears to be increasing with potentially dis-
astrous consequences especially when causing rock-ice avalanches with high mobility
(Haeberli et al., 2004; Huggel, 2009; Huggel et al., 2012; Krautblatter et al., 2013; Krautblatter
and Leith, 2015) or causing flooding after impacting lakes (Haeberli et al., 2016b; Knapp et al.,
2018).

Better understanding the disintegration (Phase 2; Figure 4) is key to defining mechanical prop-
erties like grain size composition and content of large blocks in the runout zone and therefore
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the hazard potential of rock avalanches. Current approaches based on Mohr-Coulomb friction
models adequately describe the detachment processes (Phase 1; Figure 4) and its energy dis-
sipation (Maddock, 1986) or the rock avalanche flow (Phase 3; Figure 4) utilizing fluid (Bing-
ham) or snow avalanche (Voellmy) analogues with adequate parameterisation (Hungr, 2006;
Christen et al., 2010; Preuth et al., 2010; Pudasaini and Krautblatter, 2014; Pudasaini and
Mergili, 2019). For Phase 2, some models on dynamic fragmentation were just developed (e.g.
Zhao et al., 2017; Ghaffari et al., 2019), whereas other disintegration processes, e.g. heat
transfer and phase transitions still represent major research gaps. This situation is mainly re-
lated to insufficient understanding of energy dissipation during Phase 2, and the resulting re-
sidual kinetic energy that propels the ensuing rock avalanche (Phase 3). The material proper-
ties of the avalanche result from these energetic processes and from the material being over-
run. Only by understanding disintegration, will more precise modelling of rock avalanches and
their hazard potential be possible. In this paper, we are going to primarily concentrate on the
intrinsic properties of rock avalanches that influence disintegration, and we are going to focus
on disintegration and energy dissipation in Phase 2, that is directly after the detachment.

Phase 2: Disintegration
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Figure 4: Energy dissipation in Rock Avalanche Phase 2 (Disintegration). The primary energy input to the system
is mostly derived from the potential/kinetic energy of the moving rock mass (“Energy sources”). "Energy sinks"
cover different types of energy transformation, the majority of which involve heating. (A) Friction. (B) Inelastic
collision: breaking at bonds stretching and friction. (C) Entrainment: ploughing, scouring. (D) Compression: crustal
deformation. (E) Chemical energy consumption: e.g. mineral transformation. (F) Phase transition: solid — fluid —
gas, needs latent energy. (G) Dust production and bouncing. (H) Sound and microseismicity. (I) Momentum ex-
change between solid and fluid phase: energy dissipates to shock wave. The sediment record theoretically shows
transitions linked to (A)-(F). (F) and (I) may be present, but cannot be illustrated in the figure. Small arrows indi-
cate direction of energy transfer.

Energy dissipation during disintegration

Disintegration processes

Large rock-slope failures usually undergo different stages of downhill movement which may
occur consecutively (Abele, 1974): i) The rock mass moves as a coherent block, and transla-
tional shearing occurs along the contact of the bottom of the rock avalanche and the ground
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surface. ii) Subsequently, differential movement of individual blocks initiates crushing of the
original rock mass. iii) If the coherent rock mass loses its internal cohesion and disintegrates
intensely (shattering) it can evolve into a rapid granular flow (Pollet and Schneider, 2004),
which is defined as the distributed shear motion of a group of clasts where individual grains
interact with each other and with the boundaries of the moving flow (Dufresne and Davies,
2009). The result can be a highly fragmented (pulverized) rock mass which consists of angular
grains of all sizes down to < 1 micrometre (Figure 5A-D; e.g. Davies and McSaveney, 2012).

To decipher individual processes during disintegration, two types of disintegration can be dis-
tinguished: (i) static disintegration, a collision-free process driven mainly by gravity, and (ii)
dynamic disintegration, referring to particle comminution by grain-to-grain collisions driven
by motion. Disintegration refers to fracturing by rapid changes in stress coupled with sudden
(un-)loading caused by bending, transverse shearing or delamination of the rock mass creating
large blocks, thin vertical slabs or, horizontal sheets, respectively (Erismann and Abele, 2001).
Static disintegration is an essential precursor for dynamic disintegration as it creates fractures
along which further relative shearing and fragmentation can occur. Shearing along predefined
bedding and foliation planes induces shear crushing and the creation of a granular layer.

Energy sources and sinks

Energy dissipation in rock avalanches occurs by transformation of the total energy into ther-
mal energy, acoustic energy or inelastic deformation energy (Nicoletti and Sorriso-Valvo,
1991), where due to the law of energy conservation, the final energy available for mechanical
work is less than the initial amount. The energy release is often in the range of dozens to more
than a thousand Hiroshima bombs (~15 kt TNT or 63 TJ each) for large rock avalanches. Recent
work also emphasizes the energy transfer into chemical reactions and phase transitions
(Anders et al., 2010; Mitchell et al., 2015). Energy “release” and “consumption” describe the
transfer of energy into a different form. Energy in rock avalanches is released by friction, col-
lision and fracturing. Far from a continuous process, energy release is concentrated at points
of impact with the ground surface and obstacles where major friction and disintegration of
the rock mass is initiated (Erismann and Abele, 2001).

Field conditions constraining energy dissipation can be derived from i) paleotopography
(Nicoletti and Sorriso-Valvo, 1991), ii) compressive and extensional flow structures in the rock-
avalanche deposits (Hewitt, 2006; Dufresne and Davies, 2009; Dufresne et al., 2015), iii) posi-
tions inside the flow recording differences between intact rock and major shear zones (Pollet
et al., 2005), iv) the sedimentological record (Yarnold, 1993; Weidinger et al., 2014) with v)
fine-sediment signatures (Reznichenko et al., 2012), and vi) melting mineral formation
(Weidinger and Korup, 2009). Referring to i), Nicoletti and Sorriso-Valvo (1991) differentiate
dissipation types and rates dependent on geomorphic controls along the runout path: The
low-energy dissipative type refers to rock avalanches which are, for example, channelized in
narrow valleys. Here, little potential energy is dissipated to other processes than kinetic en-
ergy, and mobility is enhanced. The moderate-energy dissipative type refers to radial spread-
ing “free from lateral constraints”, resulting in moderate mobility. Finally, the high-energy dis-
sipative type describes running across a narrow valley and impacting against the opposite, at
best perpendicular slope, which results in low mobility. Here, most initial energy is dissipated
to energy sinks, and only little is left for the transfer into kinetic energy.
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During disintegration, ~20-50 % of the potential energy is consumed (Locat et al., 2006; Haug
et al., 2016). Considering multiple energy sinks in Figure 4, A-D (friction, inelastic collision,
entrainment, crustal deformation) cause heating to some degree, E-F (chemical energy con-
sumption, phase transition) require latent energy for phase transitions, and G-I (dust produc-
tion and bouncing, sound and microseismicity, momentum exchange) act to export energy
outside the impact/disintegration zone. The relative importance of D, G, Hand | (compression,
dust production and bouncing, sound and microseismicity, and momentum exchange) has yet
to be determined, but Erismann and Abele (2001) assumed that they are of minor importance.
If A-C (friction, inelastic collision and entrainment) have a major share in the energy dissipation
and cause a mean frictional shear resistance whereas E-F (chemical energy consumption,
phase transformation and dust production) consume energy for phase transitions, the rate of
frictional heat generation per unit area Q is

Q=1v-¢=wow—o

where tis the average frictional shear resistance, v is the average velocity, ¢ is the heat sink-
rate due to latent heat, p is the kinetic coefficient of friction and oy is the normal stress across
the sliding plane (Maddock, 1986). Effective latent heat sinks could be from decarbonation of
dolomite and calcite in sedimentary rock failures (Mitchell et al., 2015) or from phase transi-
tions of water during melting and vaporisation (De Blasio and Medici, 2017). The heat flow
away from a source (e.g. a sliding plane) can be calculated by 1D-heat diffusion (Carslaw and
Jaeger, 1959; Mitchell et al., 2015), where the temperature increase AT within the observed
slip zone is
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AT (x,t) = chﬁfo V=7 e dt
where x is the distance from the slip zone, t is time, p is mass density, Ais thermal diffusivity,
c is heat capacity.

Physical processes

Fragmentation / Collision / Comminution

Fragmentation describes the initiation and propagation of fractures and breaking apart and
movement of grains (Turcotte, 1997). The related process energy is both linked to the length
of the crack extension within existing grains (microcracking) and to the surface energy of the
new created grains during comminution (Bieniawski, 1967; Hamdi et al., 2008). Fragmentation
occurs as a static (Eberhardt et al., 2004; Wang et al., 2011; Zhang, 2016) or dynamic process
(Pollet and Schneider, 2004; Crosta et al., 2007; Imre et al., 2010; Zhang et al., 2019). Static
fracture occurs before any collision triggers the disintegration of a mass, whereas dynamic
fragmentation shows more intense disintegration, e.g. in shear zones at the base of rock ava-
lanches.

Grains fragment quickly under high local pressures and, thus, general intergranular effective
stress and the frictional resistance to shear are reduced (Bowman et al., 2012). In laboratory
experiments, the overburden strain-rate is directly related to the fragmentation process. If
load is applied sufficiently quickly, particles will dynamically fragment and the kinetic energy
of the resulting fragments will cause collisions with surrounding particles. Under dynamic dis-
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integration, kinetic energy is dispersed through the system as colliding particles undergo fur-
ther fragmentation (Rait and Bowman, 2010). The higher the spatial concentration of simul-
taneously-fragmenting grains, the lower the effective direct stress on the grain flow (Davies
and McSaveney, 2009b). Thereby, the basal sliding friction dissipates upwards and laterally
through the mass, which causes the slabs at the bottom to come to rest first. Thus, slabs higher
in the moving mass travel further than the ones lower down (Erismann and Abele, 2001; Pollet
and Schneider, 2004). Grain-to-grain collisions require an unconfined environment, in which
particles can move freely. In such a case the highest levels of friction, crushing and collision
occur in the lower part of a rock avalanche due to high compressing forces and large differ-
ences in velocity between the moving particles and the ground (Erismann and Abele, 2001).
Running on dry rock substrates, it is mainly fragmentation that leads to an increased travel
length of the rock avalanche (Pollet and Schneider, 2004; McSaveney and Davies, 2007; Davies
and McSaveney, 2009b). After Haug et al. (2016), increased fragmentation mostly affects the
front of a rock avalanche travelling further, whereas the center of mass crucial for energy
considerations, is hardly displaced or decelerates. In comparison to previous papers stating
that fragmentation accelerates the flow (Bowman et al., 2012; Langlois et al., 2015), Haug et
al. (2016) confirmed that high fragmentation rather favours a more energy-efficient transport
mode yielding longer runouts without acceleration.

In either case, fragmentation is considered an ‘energy sink’ (Locat et al., 2006; Crosta et al.,
2007; Haug et al., 2016). Haug et al. (2016) propose that static fragmentation may use up to
50% of the potential energy. Also, Ghaffari et al. (2019) postulate that the kinetic energy is
only a small portion of dissipated energy during fragmentation, and the energy rather trans-
fers into intergranular collision and friction. Thereby, it is important to note that the energy
input for grain-internal ‘micro-cracking” weighs far more than for ‘macro-fragmentation’, i.e.
the formation of new grains (OQuchterlony et al., 2004; Hamdi et al., 2008). Zhao et al. (2017)
guantify the energy dissipation by friction and plastic deformation to ~ 90 %, and the energy
needed by bond breakage to <5 %. Plus, the smaller the grain size becomes, the more energy
is needed for comminution (Locat et al., 2006). The process of dynamic rock pulverization
(Figure 5A-D) consumes massive amounts of energy, e.g. in gouge formation it sums up to 50%
of earthquake energy (Wilson et al., 2005). During grinding, most energy (~ 97 %) is converted
to heat, with only a small portion (< 1 %) actually contributing to fracturing (Spray, 1992).

Friction / Heat

Near the base of the moving rock mass, confining forces are largest and so the majority of
frictional energy dissipation occurs in this zone (Pollet and Schneider, 2004). Disintegration
and heating of the rock mass mainly arise (i) along well-defined persistent shear planes, or (ii)
as a total disintegration of the whole mass. Shearing may be localized to a thin, discrete layer
and frictional heating of bedrock may reduce basal strength (Hu et al., 2018; Hu and
McSaveney, 2018; Hu et al., 2019). For (i), a high proportion of the energy release is focused
on only a small proportion of the whole mass and will cause significant heating up to a partial
melting of clasts, called frictionite (Heuberger et al., 1984; Erismann and Abele, 2001).
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Figure 5: Examples of energy-related features in deposits of the Flims Rock Avalanche (Switzerland): (A) Shat-
tering into cube-like, sharp-angled fragments of different size (cm-dm) in dark grey Helvetic limestone,
secondar-ily cemented with white matrix of rock powder. (B) ‘Snapshot’ of pulverization with multiple grain-
internal layers of micro-shearing. (C) and (D) Grinding within a shear zone. (E) Entrained lump of lake sediment
in the Bonaduz gravel deposits. (F) Vertical Pavoni pipes indicate rapid water discharge after deposition (person
for scale).

As soon as particles are ~1 micron and below, the amount of heat produced by their elastic
and plastic deformation leads to their melting (Spray, 2005). In rare cases (i) this heating can
cause centimetre-thick melting of rock and formation of frictionites at temperatures of 1700
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°C (Erismann et al., 1977; Weidinger et al., 2014). Discrete layers of more intense fragmenta-
tion contain micro-breccias and traces of partial melting (frictionite along shear planes;
Schramm et al., 1998; Weidinger and Korup, 2009). For phase transitions, latent energy is ab-
sorbed. Besides, frictional shearing is controlled by the production and decay of random ki-
netic energy during gravitational work (Preuth et al., 2010). Random kinetic energy is referred
to the random motion and inelastic interaction between the fragments; it is irreversible be-
cause it cannot perform mechanical work (Bartelt et al., 2006; Buser and Bartelt, 2009;
Christen et al., 2010). For quantification, Schneider et al. (2010) argue that the total frictional
work best correlates with the seismic signal of a rock (-ice) avalanche. The seismograph rep-
resents a small, but proportional fraction of this energy loss.

Erosion / Entrainment / Role of Water

There is an apparent increase in rock-avalanche mobility with volume (e.g. Heim, 1932;
Scheidegger, 1973). The volume can be increased either by fragmentation up to 25-30 %
(Hungr and Evans, 2004; Crosta et al., 2007) or by the entrainment of substrate material. How
enormous the effect of entrainment is, can be shown by the 2000 Tsing Shan event (Hong
Kong), where a small volume of 150 m? of material grew to 1620 m? because of the strong
erosion along the slope. Entrainment strongly depends on the character of the path material
(Hungr and Evans, 2004; Crosta et al., 2009; Aaron and McDougall, 2019) and, for example,
may cause high basal shear resistance and momentum loss, when overrunning bedrock or dry
bed material (lverson et al., 2011; Aaron et al., 2017; Whittall et al., 2017; Aaron and
McDougall, 2019). In other cases, basal friction is reduced and mobility enhanced (Hungr and
Evans, 2004; Aaron and Hungr, 2016; Coe et al., 2016). On the one hand, entrainment is an
energy sink because the erosion, uptake and incorporation of material along the travel path
by ploughing, scouring or even surficial scratching (Hu and McSaveney, 2018) is mechanical
work, accompanied by heating. On the other hand, the gain in weight increases the energy
budget by acting as an energy source and must not be neglected. Water plays an important
role for the amount and rate of entrainment and erosion (lverson and Ouyang, 2015). Espe-
cially for rock avalanches travelling on ice (Huggel et al., 2008; Deline et al., 2015a; Bessette-
Kirton et al., 2018; Walter et al., 2020) or wet, soft sediments (e.g. lake sediments, Figure 5E),
the increased pore pressure enhances the scour of the bed, reduces basal friction and causes
velocity, mass and momentum to increase (Iverson et al., 2011; Iverson, 2016; Johnson et al.,
2016). Pure ice has a basal friction which is about 75 % lower than that of pure rock. Hence,
in rock-ice avalanches, a ~12.5 % reduction of basal friction angle is observed for every 10 %
increase in ice content (Sosio et al., 2012). The intergranular direct stress between single
grains is reduced by pore-water pressure, i.e. in initially wet sediment more overburden is
necessary to start fragmentation than in dry sediment (Abele, 1997). Water may escape
quickly after deposition like at the Flims Rock Avalanche (Figure 5F; Pavoni, 1968b; Calhoun
and Clague, 2018) but increasing temperature may cause water to be pressurized (Voight and
Faust, 1982) and / or vaporized, as it is proposed for the Vajont Rockslide (Habib, 1975) or the
Kofels Rockslide (De Blasio and Medici, 2017). For the melting of ice, a specific latent heat of
334 kJ/kg is needed, and for vaporization ~2265 kJ/kg, which is almost 7 times as much. There
is a momentum exchange that consumes energy (Pudasaini and Krautblatter, 2014), and
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steam explosions are present, but probably camouflaged in the other energy dissipative pro-
cesses. We have yet to understand the sedimentological imprint of steam explosions in the
sediments.

Chemical processes

Chemical processes are often neglected in the energy balance of rock avalanches. Novel fric-
tion experiments on carbonate rocks, for example, show that at velocities of several meters
per second carbon dioxide starts to degas due to thermal decomposition induced by flash
heating after only a few hundred microns of slip (Mitchell et al., 2015). This process creates
vesicular degassing rims in dolomite clasts and crystalline calcite cement (Anders et al., 2010;
Mitchell et al., 2015) and may allow the upper rock mass to slide over a ‘cushion’ of pressur-
ized material. Around 800-850°C, talc and dolomite start to decompose (Hu et al., 2018) and
to produce high-pressure live steam and carbon dioxide (Habib, 1975; Hu et al., 2019). De
Blasio and Medici (2017) found bubbles grown in the frictionites of the Kofels Rockslide, which
they ascribe to water vapor, either due to seeping of vadose water through rock fissures prior
to the rock-slope failure, or due to dehydroxylation of the mica, which occurs at ~ 700°C
(Alexiades and Jackson, 1967). Also, the existence and relative increase of pyrophyllite on slid-
ing surfaces indicate hydrothermal alteration around 450 °C (Schabitz et al., 2015). The accu-
mulation of pyrophyllite at the sliding surface results in reduced shear strength. Also, graphi-
tization (crystallization of amorphous carbon) was recognized in slip zones as phase transfor-
mation, which implies frictional heating due to rapid sliding (Oohashi et al., 2011). Graphite is
well known as an effective solid lubricant in fault zones with a friction coefficient as low as
that of smectite, u = 0.1 (Oohashi et al., 2014).

Discussion of research needs

Processes during the disintegration phases of rock avalanches are beyond observation, and
we have very few analogues that show pressure and temperature conditions inside rock ava-
lanches. Thus, it is likely that we neglect important processes such as steam explosions, partial
melting, chemical transitions and material explosion processes at high pressures.

To systematically decipher relevant processes in rock avalanches, we propose that the energy
balance needs to be considered more seriously, since it will help us to reveal energy-relevant
processes that we would otherwise neglect. Here we propose to balance the primary energy
input to the system constrained by the potential/kinetic energy of the moving rock masses
(“Energy sources”). "Energy sinks" include heating, friction, inelastic collision, entrainment,
compression during crustal deformation, chemical energy consumption, phase transition solid
- fluid — gas, dust production and bouncing as well as sound and microseismicity, and momen-
tum exchange between solid and fluid.

Using an energy balance approach, we can attribute proportions of the energy transmission
to certain processes and we can rule out others. However, for this approach, we have to find
ways to accurately constrain the 3D deposition temperature of the rock avalanche by new
methods as has been exemplified in a few cases in this paper. The influence of the substrate
on types and rates of energy dissipation during disintegration and during the flow represent
major research gaps and ask for more studies. For the hazard assessment of rock avalanches,
it makes sense not only to differentiate between energy sources and sinks, but also to sepa-
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rate processes that favour mobility and runout length from those which may consume or re-
lease energy but do not essentially contribute to the hazard potential. Furthermore, we need
to transfer the achievements gained in qualitative assessment towards a more quantitative
approach.

Future research in the field should focus on analysing spatial patterns of disintegration using
surface mapping and 3D subsurface reconnaissance of rock slide/avalanche deposits using ge-
ophysical methods at varying scales. Sedimentological analyses reveal abundant information
on internal processes, for instance high-stress comminution preserved in fine-sediment signa-
tures (Reznichenko et al., 2012). There is a great demand for study cases with petrographic
analysis at microscopic scale (Weidinger et al., 2014), and for such with cross sections through
the debris (Locat et al., 2006).

Future research in the laboratory should focus on the implementation of disintegration sce-
narios in large-scale analogue models to help better understand the impact of disintegration
and heating on runout length. This way, a conceptual physical (and chemical) model of rock-
avalanche disintegration in time and space may be set up in a first step, followed by the im-
plementation in benchmark one- and two-phase runout models.

Conclusions

1. Due to the law of energy conservation we have a superior tool to decipher processes we
have yet neglected in rock avalanches: heating, friction, inelastic collision, entrainment,
compression crustal deformation, chemical energy consumption, phase transformation
solid - fluid — gas, dust production and bouncing as well as sound and microseismicity
generation and momentum exchange.

2. Energy dissipation is concentrated in the disintegration zone where energy estimations
indicate considerable heating above 100°C of significant portions of the rock mass.

3. The spatial pattern of heating is characteristic for individual types of movement ranging
from concentrated heating by friction along defined sliding planes to diffuse clustered
heating in crushing zones near to obstacles.

4. Massive entrainment where large rockslides drive into, or override, valley sediments also
evidently causes crushing and very likely significant heating.

5. Massive energy dissipation may leave a distinct sedimentological signal detectable in
compressive and extensional flow structures, melting or new mineral formation, rock-
avalanche structure, material composition, brecciation and fine-sediment signature.
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3.2 Lake Sediment Archives

3.2.1 Potential of Lake Sediments

Lake sediments provide researchers with archives of earth and ecosystem history that are
highly resolved in time and of long duration. Thus, at best, it is possible to decipher annual
events and environmental changes over the whole life cycle of a lake, for example over Lake
Tanganyika’s 10-million-year history (Central Africa, e.g. Rosendahl et al., 1986; Cohen, 2003;
O'Reilly et al., 2003; Tierney et al., 2010). What makes lakes such ideal archives, are (i) the
special properties of their depositional environment that turn lakes into a final sediment sink
and chronometer, (ii) the enormous range of questions that can be examined with lake sedi-
ments, and (iii) the numerous sampling techniques for the retrieval of the rather easily acces-
sible, unconsolidated sediments (Cohen, 2003; Ariztegui and Wildi, 2013; Gilli et al., 2013).

Thus it is not surprising that paleolimnologists work with lake sediments in all regions on Earth
in order to constrain the timing of past climate change (e.g. Hajdas et al., 1993; Brauer et al.,
1999; Amann et al., 2014; Amann et al., 2015), flood frequencies (e.g. Arnaud et al., 2005; Bge
et al., 2006; Wolfe et al., 2006; Glur et al., 2013; Wirth et al., 2013), anthropogenic impact
(e.g. Blegen et al., 2015; Sufke et al., 2019), and changes in sea and lake levels (e.g. Van Daele
et al., 2011).

Lakes also enjoy a high reputation for studying seismic tremors. Lakes situated close to active
faults are sensitive recorders of seismic activity (Howarth et al., 2012; Moernaut et al., 2014)
and thus contribute to a qualitative and quantitative earthquake assessment in a specific re-
gion (Monecke et al., 2006; Strasser et al., 2013; Kremer et al., 2017; Praet et al., 2017; Van
Daele et al., 2020).

In the studies presented in this thesis, an alternative approach is applied. The lake sediments
of Lake Oeschinen and Lake Eibsee are used to date and reconstruct the rock-slope history in
the catchment area, as well as decipher the spatial extent of the distinct deposits, which is
especially valuable for identifying multistage rock-slope failures.

3.2.2 Lake Sedimentation Processes

Sediments in a lake system are characterized on the basis of (i) their origin and genesis, (ii)
climatic conditions, (iii) transport mechanisms, and (iv) processes within the lake, just to name
the most important factors (Glew et al., 2002). Consequently, lake sediments vary widely in
density and consistency. According to Sturm (1979), five different sources of sediment can be
deciphered, each of which supplies suspended matter to the lake basin: (i) River sediment,
respectively all kinds of subaerial runoff, (ii) Aerial sediment, respectively all kinds of dust par-
ticles, (iii) Autochthonous sediment, i.e. (bio-) chemically produced within the water column,
(iv) (Re-)Suspended sediment, i.e. through processes like bioturbation, degassing and bottom
currents, and (v) Upwelling sediment, i.e. through groundwater flow or subaqueous springs.
In the following, the sources and processes that are most important in the presented studies
at Lake Oeschinen and Lake Eibsee, are described in detail.

River Input / Subaerial Runoff
River tributaries supply the lake with suspended matter. Differences in density occur due to
gradients of temperature, salt concentration and the amount of supplied suspended matter.
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This supply may follow a seasonal and/or discontinuous pattern, and may favour, combined
with a stratification of the lake, the formation of laminated sediments. In this case, varves can
be formed. The term “varve” is of Swedish origin and was first introduced by De Geer (1912).
It is defined as a rhythmic sequence that represents the deposition of sediments or growth of
a precipitate over one single year. Clastic varves and nonglacial organic or biogenic varves
need to be distinguished (Zolitschka et al., 2015). In proglacial and periglacial environments,
clastic varves predominate (e.g. Amann et al., 2014; Boes et al., 2018) and show a high influ-
ence of intense physical weathering and sparse vegetation in the catchment. Clastic varves
contain a clayey winter unit, which represents the slow setting of suspended matter, and a
silty to sandy summer unit, which is highly influenced by glacial melting (Mérner, 2014).

It is worth noting that subaerial mass movements in the catchment, like debris flows, also alter
the sediment supply and related elemental concentrations in the water (e.g. Kiefer et al.,
2020).

Aerial Sediment

Dust particles can be transported by air over huge distances. Lake surfaces may trap these
sediments, which in most cases are of clay to silt size. Settling down through the water column,
they may build distinct, slightly graded layers, which can be distinguished from the (autoch-
thounuos) background sediment. Examples of dust particles captured in lake sediments are (i)
volcanic tephra layers, which may be used for setting up chronologies (e.g. Hajdas et al., 1993;
Blegen et al., 2015; Moernaut et al., 2019), (ii) pollen, often used for climate reconstruction
(e.g. Wick et al., 2003; Peyron et al., 2005), and (iii) dust particles derived from rock-slope
failures, e.g. rock-avalanche dust from the Flims rockslide (Deplazes et al., 2007).

Resuspension and Redeposition

As soon as the bottom shear stress exceeds the critical state for the sediment, the deposits
are resuspended. Thereby, the mechanical properties of the respective lake sediment, for ex-
ample grain size and pore volume, determine critical shear stress. For resuspension, the forces
of gravity and cohesion need to be overcome. The periodical mixing process in stratified lakes
involves the whole water column and leads to resuspension at the water-sediment-interface
(Bloesch 1995). The morphology of the lake basin and the surroundings, the exposure to wind,
and the river input are important factors, which influence the degree of disturbance in the
water column and therefore determine sediment resuspension (Wetzel, 2001). Hence, shal-
low deposits are more easily affected by (wind-driven) waves compared to sediments in the
deeper parts of the basin.

Turbidity Currents

Turbidity currents are a type of sediment gravity flow, in which suspensions flow along the
bottom of a standing water body (Hsi and Kelts, 1985). These suspensions show differences
in concentrations of salts and materials, and thus occur as overflows, interflows and under-
flows — depending on the density difference between suspension and lake water (Sturm and
Matter, 1978; Middleton, 1993). During the flow, bed friction causes an overhanging lobe at
the front with turbulent mixing at the back of the head (Middleton, 1993). High-density tur-
bidity currents deposit thick, graded sand layers and are usually linked to catastrophic events
like floods, earthquakes or subaerial landslides. These impact the water body and supply high
amounts of terrestrial sediment. Overflows and interflows, however, have lower densities,
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usually occur seasonally during periods of high river discharge and transport fine-grained sed-
iment, which settles down continuously during summer thermal stratification.

Deposits from turbidity currents, turbidites, are common in lacustrine and marine realms and
are of high research interest due to their material content, amount and grain size distribution,
as well as their distribution in the water basin and their stratigraphic position (e.g. Wynn and
Masson, 2003; Girardclos et al., 2007; Moernaut et al., 2014; Vandekerkhove et al., 2020).

Methanogenesis

Organic matter is either transported to the lake from terrestrial sources (allochthounous) or
produced in the water column (autochthonous). Due to low redox conditions in the water
column and the surface sediment, some of the buried organic matter degrades through meth-
anogenesis (Wetzel, 2001). Anaerobic bacteria and methane-producing bacteria convert ace-
tate into carbon dioxide and methane, as well as reducing carbon dioxide to methane. These
degassing processes lead to turbation of overlying sediments and strongly influence reflection
seismology (Vanneste et al., 2001).

3.2.3 Development of Lakes in Deglaciating Alpine Areas

Glacial ice is one of the most important agents in cold, alpine environments. In most high-
mountainous regions on Earth, mountain glaciers are shrinking rapidly due to atmospheric
warming (Kaser et al., 2006; Zemp, 2008; Gardner et al., 2013). For example, in the European
Alps, the glaciers are decreasing in volume by ~2-3 % per year (Haeberli et al., 2007). From
modelling there is evidence that many mountain ranges are likely to lose their glacier cover
within the next decades (Zemp et al., 2006; Radi¢ et al., 2014) and will develop into new alpine
landscapes characterized by bare bedrock, loose debris, stinted vegetation and newly formed
lakes. Glacial ice-scour lakes emerge in over-deepened glacier beds, which become exposed
as the glacier retreats (e.g. Farinotti et al., 2009). The water is then held in cirque depressions
with steep rock walls by a rock lip or moraine deposits (e.g. Clague and Evans, 2000; Hubbard
et al., 2005; Werder et al., 2010). These new landscapes will show a strong disequilibrium for
a long time, mainly affecting the evolution of the ecosystem, the erosion-sedimentation-cycle
and slope stability (Haeberli et al., 2017). Based on quantitative approaches for the Swiss Alps,
the future lakes built after deglaciation in the entire Alps will contain about a few km?3 volume,
i.e. a few percent of the presently remaining glacier volume (Haeberli and Linsbauer, 2013).
Many of these lakes — not only in the European Alps but also in other cold mountain areas —
will likely form right at the foot of steep rock walls, which are being destabilized by degrading
permafrost and de-buttressing by glacier retreat (Oppikofer et al., 2008; Haeberli et al., 2017).
Hence, the hazard conditions will fundamentally change in regions of glacier retreat/disap-
pearance and it is therefore necessary to model potential future lake outbursts (Frey et al.,
2010).

3.3 Alpine Rock-Slope Failures and Lakes — Secondary Effects and Haz-
ards

The most important secondary effects of rock-slope failures and lakes in alpine environment
include the formation and failure of rockslide dams and impact waves of landslides which en-
ter these lake basins. Important for the hazard assessment are the damming potential of a



3 State of Knowledge 29

future rock-slope failure dependent on the valley geometry and runout direction of the land-
slide (Hermanns et al., 2011), the size of the dam, and the possible size of the dammed lake.
Further, the outburst hazard and the downstream risk include the potentially new damming
and lake formation after the first dam breakage, like in the case of the Tangjiawan landslide
after the 2008 Wenchuan earthquake, Sichuan, China (Fan et al., 2018).

3.3.1 Formation and Failure of Dams

As outlined above, new lakes form due to the immense erosional and depositional influence
of glacier retreat on the geomorphology. However, spontaneous mass movements may also
lead to a damming of valleys and cirques with material of rock, ice or any other substrate.
Rockslide dams are formed in bedrock landscapes as a result of landslides blocking drainage,
thus they are natural dams (Evans et al., 2011). Often, lakes created by such dams only persist
for a short time because the unconsolidated deposits are quickly eroded by the outflows of
the lake. The Dadu River in Sichuan, China, for example, was dammed by an earthquake-trig-
gered rockslide in 1786 (Dai et al., 2005). The dam breached after only 10 days, killed 100,000
people downstream, and is still the most destructive single-event landslide disaster in history.

If the dam is large enough and contains sufficient non- or semipermeable material, the lake
can become permanent. Consequently, the whole flow regime in the closer environment is
subject to change (Wetzel, 2001). Lake Sarez, Tajikistan, was formed in 1911 by the earth-
guake-triggered Usoi rockslide (Schuster and Alford, 2004), and is presently the largest land-
slide-dammed lake on Earth, with a volume of 17 km? (Evans et al., 2011). As the examples
demonstrate, these dammed lakes are not restricted to deglaciating areas, but are common
in all mountainous regions, and are often linked to earthquake-triggered rock-slope failures
and landslides. Therefore, they are sometimes referred to as “Quake Lakes” and are formed
in high numbers after major earthquakes. After the 2008 M7.9 Wenchuan Earthquake in Si-
chuan, China, for example, about 200 “quake lakes” were dammed by landslides. (Evans et al.,
2011)

The outburst hazard potential of a rockslide-dammed lake mainly depends on the stability of
the dam. Many rockslide dams do not fail at once, but rather gradually degrade as soon as the
dammed lake has run full and the dam is overtopped (Hermanns et al., 2011). In the worst
case, the whole volume of the stored water drains after a dam breakage (e.g. Hermanns et al.,
2004). If they breach suddenly, for example triggered by another rock-slope failure impacting
the lake, catastrophic flooding may devastate downstream valleys. Thus, formation and failure
of dams resulting in massive outburst floods are to be taken into account when assessing the
hazard potential of rock-slope failures (Evans et al., 2011).

3.3.2 Lake Impact — Triggering Waves, Outburst Floods and Fluidized Mass Flows

The newly forming lakes in deglaciating areas (chapter 3.2.3), in addition to existing alpine
lakes, may on the one hand be attractive for tourism and hydropower generation, but can also
represent a major hazard for humans and infrastructure (Frey et al., 2010; Schaub et al., 2013;
Haeberli et al., 2017). Due to the close proximity to now unsupported, destabilized rock
slopes, the potential of a rock-slope failure impacting a lake is highly increased. Rock ava-
lanches may trigger large outburst floods with impact waves of tens to hundreds of meters
high, as exemplified by the 1905/1936 Loen rockslides in Norway (Grimstad and Nesdal, 1990),
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the 1958 Lituya Bay landslide in Alaska (Fritz et al., 2009), the 1963 Vajont rockslide in Italy
(Crosta et al., 2016) and the 2015 Taan Fjord landslide in Alaska (Higman et al., 2018). Also
glacier surges during deglaciation or ice avalanches from upper glacier slopes may reach and
impact a lake and lead to flooding, e.g. Lake Nostetuko, British Columbia, Canada (Clague and
O'Connor, 2015) or Laguna Safuna Alta, Cordillera Blanca, Peru (Hubbard et al., 2005).

In the worst case, the impact waves can affect the whole water column and develop into land-
slide tsunamis with far-reaching runups. These can extend to areas well above the shoreline
and endanger infrastructure and human life. This was shown dramatically in the case of the
1963 Vajont rockslide, when the downstream town of Longarone was completely devastated
and almost all ~2000 inhabitants were killed by the wave (e.g. Genevois and Tecca, 2013;
Wolter et al., 2014). Landslide tsunamis in lakes need to be distinguished from tsunamis at
sea, usually linked to earthquakes, due to three main reasons: (i) the affected areas of the
wave(s) are close to the wave source, (ii) the highest runups occur without a time lapse, i.e.
the tsunami hazard is directly linked to the catastrophic landslide event, and (iii) the often
enclosed lake geometry keeps the energy within the basin and the near field around it, which
leads to tremendous impacts at the shoreline and beyond (Couston et al., 2015). Due to the
high hazard potential of landslide tsunamis, much research has been recently done on physical
modelling (e.g. Miller et al., 2017) as well as numerical modelling (Fine et al., 2003; Fritz et al.,
2009; Couston et al., 2015). Concerning multistage rock-slope failures, it is worth noting that
lakes might fill successively with each further rock-slope failure deposit, and thus only small
landslide tsunamis occur during subsequent events of a series (Hermanns et al., 2006).

The impact on the lake may not only result in impact waves and outburst floods, but may also
trigger debris flows or debris avalanches, if the sediment load has enough momentum to over-
come the lake barrier, which was the case in the 2013 Kedarnath disaster, Indian Himalaya
(Allen et al., 2016). For high-energetic impacts with large volumes of rock mass and water
involved, hyperconcentrated mass flows can be formed, which is, for example, postulated for
the Flims rock avalanche, Switzerland (Calhoun and Clague, 2018). Furthermore, the energy
transferred to the lake basin may lead to a dam breakage and the formation and long-distance
transport of characteristic outburst-flood deposits such as Toma hills (e.g. Poschinger et al.,
2006; Calhoun and Clague, 2018).
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4 Methodology

The method application combines geophysical, sedimentological, geomorphological and da-
ting techniques, which enable an analysis bridging scales (Figure 6). Both direct and indirect
measurements are used for investigation.

Illustration
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Figure 6: Overview of applied methods with respect to the covered scales and the systematical approach.

4.1 Geophysical Methods

The geophysical investigation aims to image the subsurface, either on land or under water.
For this, rock and /or sediment structures are analyzed in terms of stratigraphic sequence,
thickness and volumes of geological strata, their mechanical characteristics and insights into
paleotopography. The techniques are indirect, i.e. the imaging needs some computing, and
therefore it is important to correlate the results with independent analyses, e.g. in outcrops

or drillings.

4.1.1 Reflection Seismology

General Function

Reflection seismology is an applied geophysical method which is based on seismic waves. Nat-
ural seismic waves travel through the Earth at different velocities through the Earth’s layers.
The velocity depends on the physical properties of the geological strata. When they encounter
an interface, some portion of the wave energy will reflect off, and some portion will refract
through. An interface in this context is usually a tectonically or geologically relevant layer, e.g.
the interface between two different lithologies. However, this means not only the change in
petrological content, but also an abrupt change in grain size, for example between loosely
packed lake background sediments and coarse rockfall deposits.
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For the measurement, elastic waves are generated artificially by a pinger source at a certain
frequency. It is then recorded how long the waves travel through a layer, are reflected by an
interface, and travel back to the surface, there being detected by a receiver or geophone,
respectively (Sheriff and Geldart, 1995). Knowing the two-way traveltime from the source to
the receiver and the velocity of the seismic waves, a seismic profile can be computed in order
to image the subsurface. Seismic profiles are distance-travel time curves, where usually the
distance is plotted on the x-axis and the travel time on the y-axis. The depth of the recorded
seismic reflection can be calculated based on the measured travel time. The resolution of sed-
imentary features in the seismic profiles may be as fine as 0.1-0.2 m if systems with high-fre-
guency transducers are used. They are able to penetrate from a few tens of metres up to a
few hundred metres into the subsurface, with source bandwidth ranges from 1 kHz to 6-12
kHz, accordingly (Scholz, 2002). The seismic profiles are interpreted by tracing and correlating
along continuous reflectors throughout the 2D or 3D dataset. This way, seismic units can be
identified and build the basis for further geological interpretation.

Potential and Limitations

The system is easily transported and installed on location, which makes it ideal for the appli-
cation in an alpine environment. The high-resolution seismic data provides accurate infor-
mation on the subsurface, which can then be used to assign suitable coring locations, and to
link core features directly to seismic data. It is ideal for locating coring sites in fine-grained and
unlithified sediment in a Holocene or late-Pleistocene context (Scholz, 2002). The correlation
to lake sediment cores and measurements of physical parameters like y-ray density constrain
the seismic interpretation and represent a powerful combination of independent, comple-
mentary methods.

The quality of the results may be limited, for example, by i) the difficulty of distinguishing
between primary reflections and noise, ii) interbed multiples, and iii) degassing sediments.
Noise and processing may lower the quality of the picture, and multiple reflections are also
recorded. Therefore, a seismic profile must be carefully evaluated. Often an indication of mul-
tiple reflections is a two-way traveltime that is exactly half of another reflection horizon
above. Multiple reflections are more common in shallow water, as the water surface is close
to the reflected horizons in the sediment (Gilli et al., 2013). Furthermore, gas sources in or
underneath the sediment may cause artefacts in the seismic images (Vanneste et al., 2001;
Gilli et al., 2013). Better data can only be acquired using multichannel methods (Scholz, 2002).

Applied Setup

In the presented lake studies, a catamaran is attached to a boat and equipped with a seismic
source and receiver (Figure 7a). The source and receiver positions are very close to each other
(Figure 7b). This setup of single channel seismic profiling assures that a normal pathway is
described by both the source signal and the reflected signal back to the receiver (Scholz, 2002).
The 3.5 kHz seismic system contains four piezo crystals (Figure 7c). By contraction, these crys-
tals release a pressure wave. The electrical impulse is transformed into a mechanical impulse,
whereby the seismic wave is released into the water. During the survey (Figure 7d,e).
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Figure 7: Setup for a reflection seismic survey showing a) the boat and the catamaran, b) equipped with a
seismic source (red), which c) contains four piezo crystals (black / white). During operation, d) the catamaran is
navigated in front of the boat, with e) the pinger positioned directly below the water surface.

Every half a second a signal is shot. The velocity of the seismic wave in the water is ~1500 m/s,
and thus a vertical resolution of ~0.4 m can be gained. The seismic signals, received by the
apparatus on the catamaran, are then recorded and transmitted by the OCTOPUS 360 sub-
bottom processor™, which is installed on the boat. For the study on Lake Eibsee, the OCTOPUS
760 Geophysical Acquisition System™ is operated. The research boat is navigated by GPS with
the Fugawi Global Navigator™, ideally combined with bathymetric maps. The seismic lines
are recorded perpendicularly to the objects of interest (cross sections) and are analysed by
the KingdomSuite™ interpretation software.

4.1.2 Electrical Resistivity Tomography

General Function

The electrical resistivity tomography (ERT) is a geophysical method based on electric currents.
As the current is induced directly into the ground via electrodes, it is a direct current (DC)
method (Milsom, 2003). It is based on the varying electrical conductivity or resistivity, i.e.
1/conductivity, of different ground materials (Hauck and Kneisel, 2008). The current is mostly
transported in the liquid phase of rocks or other ground materials, as rock-forming minerals
usually have a low conductivity. If ionized salts are present in the pore water, the electrical
conductivity is positively influenced by these ions (Milsom, 2003). Archie’s law (1942) de-
scribes the resistivity of a rock, which contains a liquid and solid (rock) phase, as follows:
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pe =ap—mS—npw

pe = resistivity of damp rocks; ¢ = porosity of rock; S = pore space occupied by liquid water;
pw = resistivity of water; @ m, n = constants (Krautblatter and Hauck, 2007).

According to this law, the resistivity of damp rocks depends on porosity, the pore space filled
with water and the resistivity of the pore water. At its most basic, a measurement needs four
electrodes with two current electrodes inducing the electrical current into the ground, and two
potential electrodes measuring the voltage difference (Figure 8; Hauck and Kneisel, 2008).
Ohm’s law describes the basic physical principle:

V=IR

V = voltage [V]; I = current [A]; R = resistance [Q] (Milsom, 2003).
This formula states that the current in a conductor is proportional to the voltage which runs
across it. From that, the apparent resistivity p can be calculated:

AV
p=K=

AV = voltage difference; K= geometric factor (depends on configuration) (Kneisel and Hauck,
2008). Applied to the basic principle of four electrodes, the formula is:

AV 1
p= TZT[ ( 1 1 )_ 1 1
CiP1 C1P2 (P1cz chz)

AV = voltage difference between electrodes P1 and P;; I = durrent between C1 and Cy;
CxPy = distance between the electrodes Cx and Py (Milsom, 2003).

The Wenner, Schlumberger-Wenner and Dipole-Dipole configurations are most common. For
the presented studies, the Wenner and Schlumberger arrays are used, and are described in
the following. The Wenner array, with a constant distance a between the electrodes (Figure
8a), yields relatively short measuring times (Hauck and Kneisel, 2008) and a better resolution
for horizontally layered structures in comparison with the Schlumberger array (Milsom, 2003).
However, the Wenner array only investigates the ground to a moderate depth. Therefore, a
combination of Wenner and Schlumberger is the best choice for most applications. For this,
the terrameter starts to measure in the Wenner configuration, and then stepwise increases
the spacings of the current electrodes while keeping the spacing of the potential electrodes
constant, which describes the Schlumberger array (Figure 8a). This way the Wenner and
Schlumberger arrays complement each other and yield a good vertical and horizontal resolu-
tion with a reasonable measuring time (Hauck and Kneisel, 2008).

Potential and Limitations

ERT has been proven to be a powerful tool for a wide variety of permafrost landforms and
purposes (e.g. Krautblatter and Hauck, 2007; Hauck and Kneisel, 2008; Hilbich et al., 2008;
Kneisel et al., 2014; Draebing and Eichel, 2018) and has also been applied to rock-avalanche
deposits (e.g. Socco et al., 2010; Ostermann et al., 2012). The method can even be used in
difficult terrain, as long as sufficient electrical contact between electrodes and the ground is
provided. It has the broadest potential of all terrestrial geophysical methods. With the TUM
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equipment, ERT can reach up to ~160 m depth. With that, it becomes possible to i) detect and
map rock-avalanche deposits, ii) distinguish coarse rock avalanche material from finer-grained
underlying material, iii) determine mixing with comminuted or entrained material, and iv) help
to detect the paleotopography and bedrock obstacles. This makes ERT suitable to alluvial and
lake sediment materials that can be or were entrained. Even meter to decameter large lumps
of entrained lake deposits can be assessed with ERT profiles. This helps to i) find fine-grained
sediment which is in-situ or displaced by entrainment, and to ii) estimate how much material
has been entrained in the rock avalanche material subsequent to the take-up.

Wenner Schlumberger-Wenner

a, a/ a =n*a_|ayl=n*a=

cC P P C C P P C
ABEM Terrameter

electric

ABEM Terraméter '

Figure 8: a) Schematic sketch of the Wenner and Schlumberger-Wenner arrays according to Hauck and Kneisel
(2008) and the ERT setup in the field with b) the TUM equipment used in the presented studies, c) rolling out the
electric cables, and d) measuring local topography with an inclinometer.

However, depending on the equipment and the spacing of the measurement, there is a limited
vertical resolution. Moreover, the differentiation between ice/water, air and specific rock
types can sometimes be challenging and often needs correlation with independent methods.
The method is only applicable on either free of or at least only lightly covered ground with
snow as galvanic contact between electrodes and ground is required. Also, good electrical
contact between the electrodes and the ground is essential. The method is quite sensitive to
noise, which can be metal-covered pipes and cables in the ground, electric fences, mobile
phones or power lines (Reynolds, 2011).

Applied Setup
For the surveys in the presented studies, an ABEM Terrameter System SAS 1000™ is connected
to a battery and an Electrode Switcher Unit (Figure 8b). Here, the electric cables are plugged
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in and then rolled out (Figure 8c). With this equipment, up to four highly durable multi-con-
ductor cables can be used in a “roll along”, reaching a maximum investigation depth of ap-
proximately 0.2*total length of the cables. The cables are interlinked with each other by con-
nectors (Figure 8a). Each cable has 21 contacts, which are distributed every 5 or 10 m along
the cable. Here, the electrodes are connected to the cable with cable jumpers. Depending on
the set of cables used, spacings of up to 10 m can be reached. The ABEM Terrameter induces
the current according to the selected array at the current electrodes, and measures the volt-
age difference at the potential electrodes. From that, the apparent resistivity is calculated
according to the configuration — Wenner and/or Schlumberger. The local topography influ-
ences the current and is therefore recorded by measuring slope gradients with an inclinome-
ter (Figure 8d). The interpretation of the measured apparent resistivity datum points is based
on a Gauss-Newton inversion, processed by applying the RES2DINV™ (v. 3.5) software.

4.2 Sedimentological Methods

Sediments in general and rock-slope failure deposits in particular can be assessed in depth
directly through drillings and outcrops. Sediments of any kind, i.e. terrestrial and subaquatic,
reveal information related to their origin, transport and deposition, and moreover, document
involved processes over time and space. Sedimentological techniques are direct and yield im-
portant complementary data for the correlation with geophysical methods.

4.2.1 Coring of Lake Sediments

General Function

Coring locations are specified on the basis of the reflection seismic profiles and the research
questions. The more stratigraphic units are cored, the more information on the evolution of
the lake (sediments) and the environment can be gained. Different sampling depths and dif-
ferent types of sediment require different coring techniques (Glew et al., 2002; Glew and
Smol, 2016). There are samplers that recover “short cores” of the soft and watery material at
the sediment-water interface, sampling down to only about one meter. Usually, gravity corers
come into operation, which ram an empty plastic tube vertically into the sediment by a lead
weight (only using gravity). For deeper parts of the sediment record and more compact sedi-
ment, there are samplers with greater penetration depth. Here, piston corers are suitable for
“long cores” of several meters in length (Figure 9; Glew et al., 2002). When driving down to
the requested sampling depth, the piston closes the sampling tube at the front and keeps the
penetrated sediment out. Once there, the piston is fixed in position via a piston cable that is
operated from the surface. Then a driving weight is moved up and down in order to drive the
sampling tube over the piston into the sediment until the piston reaches the top end of the
tube (Glew et al., 2002). The full plastic tube is then lifted and covered on the bottom by a
plastic cap as soon as it reaches the water surface (Figure 9b).

Potential and Limitations

The sediment cores provide directly accessible structures which can be assessed with different
techniques in the laboratory (see chapter 4.2.2) and used for lithostratigraphy. In a steady lake
without outflows, the sediments are archived without destruction or erosion and reveal in-
sights into the environmental and event history, which cannot be accessed by other means in
such detail. The cores can further be correlated with the reflection seismic profiles. Moreover,
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there is a chance of age dating, e.g. radiocarbon dating of terrestrial organic material, or varve
chronology (see chapter 4.4).

On the other hand, there is a high risk of destroying fine sediment structures during the coring
procedure, for example by deformational forces due to the penetration of the tube, or by
frictional forces at the tube walls, and cohesion (Glew et al., 2002). For long cores, a coring
platform is usually needed. In such cases, the coring can be expensive, and the equipment
difficult to transport.

Figure 9: Drilling lake sediment cores applying a) a piston coring device installed on a swimming platform, from
where b) lake sediments are retrieved; c) after recovery, the core catcher is being removed, d)-e) allowing to see
the lowermost cored sediment.

Applied Setup

In the presented studies, an UWITEC™ percussion piston coring device is used for the long
cores. This system can be applied in water depths up to 140 m. From a coring platform (Figure
9a) the three meter long PVC tubes with a diameter of 63 mm are drilled into the sediment.
The UWITEC system is equipped with a core catcher, which is positioned at the bottom of the
plastic sleeve and prevents the sediment from falling out of the tube while retrieving the cor-
ing device back to the platform (Figure 9b). After recovery, the core catcher is removed (Figure
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9c-e) and the long core is cut into 1m sections. For the short cores, a gravity corer and a mod-
ified gravity corer with a hammering device, a so-called “bob corer”, come into operation. The
bob corer allows recovery of longer short cores up to ~1.5 m.

Figure 10: Working in the laboratory on a) a core half filled with rock-avalanche clasts embedded in a fine-
grained matrix and b) smear slides for microscopic analysis; c) wet sieving helps to find appropriate samples for
radiocarbon dating, which d) are stored in distilled water for further treatment.

In the laboratory, the sampled sediment cores are refrigerated at 4°C. Before the cores are
opened, they are analysed by a multi-sensor core logger, which can measure density (attenu-
ated y-counts), p-wave velocity and magnetic susceptibility by whole-core logging, usually at
small intervals of 0.5 cm (Weber, 1997; Nowaczyk, 2002; Bge et al., 2006). The logger used in
the presented studies is produced by GEOTEK™ Ltd (Geotek, 2000). After the scan, the cores
are opened by splitting them into two halves. This is done by pushing two copper plates
lengthwise into the sediment. Where rockfall deposits have been retrieved, the plastic sleeve
is filled with clasts and matrix (Figure 10a), and the copper plates need to be pushed apart
slightly by hand. In order to scatter the coarse material as equally as possible on both core
halves, a knife helps to distribute the gravel.

For visual analysis and photographing, the sediment cores are usually dried for only a few
hours, so that the colour contrast between the layers is improved. However, if glacial influence
on the lake sediment leads to dark grey clay blooming on the surface of the core halves, as it
is the case in Lake Oeschinen, the sediment surface needs to be dried for several days and
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then abraded slightly. This way, the colour contrast is reinforced, and the sediment layers can
be visually differentiated. The core pictures in the presented studies are taken by applying an
AVAATECH™ XRF core scanner that features a Color Line Scan Camera.

For petrographic microscopic analysis, smear slides can be produced. For this, tiny quantities
of loose sediment are embedded on a glass slide (Figure 10b) and can then be evaluated under
the microscope referring to mineralogy, grain size, microfossil content etc. Coarse sandy lay-
ers, eye-catching bright layers and general changes in deposition mode serve as prominent tie
points for the definition of the composite core. Please see Figure S1 (Appendix) for the work-
ing principle.

For radiocarbon sampling, in the retrieved sediment is searched for terrestrial organic matter
with sample sizes of at least a few milligrams. Either suitable material can be detected macro-
scopically, or small amounts of sediment are washed and sieved through a mesh size of 0.25
mm (Figure 10c) and may finally be analysed under a binocular. Stored in distilled water
(Figure 10d), the samples are ready for transport to the dating laboratory.

4.2.3 Terrestrial Sediment Analysis

Figure 11: Analysis of terrestrial sediments includes a) taking samples in outcrops along a distinct sediment
horizon, b) dissecting the outcrop (left of Figure) in order to make sediment structures visible and ready for photo
documentation, and c) wet sieving for obtaining grain size distributions. Photo courtesy: B. Lempe.

In the presented studies, the terrestrial sediment is mainly analysed in outcrops. These can be
natural ones, which develop due to rapid erosion (e.g. small landslides, debris flows, changing
river beds etc.). Outcrops allow 2D-, and often 3D investigation of the sediments, and samples
can be taken at a much broader scale than in cores (Figure 11a). Thus, the variation in the
sediment deposits can be assessed much better than in cores. The outcrop needs to be fresh
for proper study of the sediments, but they are rarely assessed systematically in the first few
days. More often, older outcrops are detected by chance and need to be dissected manually
at the surface for refreshing. This work requires sensitivity and is often a time-consuming pro-
cess. Slight scratching with a geologist’'s hammer and a spar helps to remove the uppermost
few centimeters of sediment in order to clear an older outcrop (Figure 11b). After that, key
features become visible and can be described in a detailed profile. For photo documentation
(Figure 11b), it is advisable to return to the outcrop several times at different daytimes and
weather conditions. After heavy rainfalls, the older sediment surface is often washed away,
revealing new insights. The same is true for artificial outcrops, like gravel pits or quarries. In
an active pit, there is a chance to document new surfaces each time visiting, especially when
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the researcher knows the mining schedule. In either case, the classical geologist’s field equip-
ment including hammer and pocket lens, combined with sieves of different mesh size, water
in a spray bottle and some sampling devices help to thoroughly study the terrestrial sediment
in an outcrop, that is lithologically, petrographically, and stratigraphically. In the lab, wet siev-
ing (Figure 11c) and microscopic analysis of thin sections accomplish further interpretation.

4.3 Geomorphological Methods

With proliferation of high-resolution ground data and the improvement of appropriate soft-
ware for digital analysis, geomorphology has become inevitable as a cross-cutting discipline.

4.3.1 Geomorphological Mapping

Geomorphological mapping is regarded as a fundamental method for geomorphological and
environmental research, which is applied to produce valuable, reliable base data on land-
forms, surface features and subsurface materials (Otto and Smith, 2013). Purely manual ap-
proaches with schematic sketches and basic maps of landscapes and landforms (e.g. Dykes,
2008) can be combined with digital analysis for further interpretation (see chapter 4.3.2). Basic
geomorphological maps either focus on a full view of a landscape with certain landforms or
depict distinct elements referring to a research question, for example the morphology of land-
slide-related processes (Knight et al., 2011). Mapping scale varies between 1:3000 to 1:25,000
for detailed field maps, and 1:5000 to 1:50,000 for geomorphological maps with generalized
field data (Dramis et al., 2011).

4.3.2 Digital Analysis

General Function

Digital processing of data includes the visualisation, interpretation and quantification of land-
forms. Geographical information systems (GIS), satellite imagery and digital elevation models
(DEM) are by now widely used tools and provide many options for the digitalization and anal-
ysis of manually derived data from the field (Smith, 2011). Before mapping, the study of aerial
imagery or DEMs may already support the researcher with planning the field trip and becom-
ing familiar with the project area. In the field, the use of digital devices such as field computers
equipped with appropriate software and GPS, makes it possible to collect, sort, categorize and
store field data in quasi one step (Otto and Smith, 2013). For satellite imagery, there are three
main controls on the quality of the representation of the landform: i) relative size, i.e. land-
form compared to resolution; ii) azimuth biasing, i.e. landform orientation related to solar
azimuth; and iii) landform signal strength, i.e. how well can the landform be recognized (Smith
and Wise, 2007; Otto and Smith, 2013). DEM processing, for example with GIS application, is
called geomorphometry and is rapidly becoming a central aspect of geomorphological re-
search (Hengl and Reuter, 2008; Bishop and Houser, 2016). In the presented study at Lake
Eibsee (chapter 5.3), for example, the geomorphometric method gradient is used to measure
the steepness of the slope, i.e. the rate of change of elevation.

Potential and Limitations

Geomorphic work can greatly improve our understanding of landforms and processes, also in
the context of natural hazards. Thereby, multiscale morphometric parameters characterize
mesoscale properties of the morphology. The high resolution of DEMs allows for quantifica-
tion of the shape and contextual characteristics of the morphology (Bishop and Houser, 2016).
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In the context of the presented studies, not only the detection and characterization of land-
forms is essential for the assessment of rock-slope failure deposits, but also the analysis of
satellite imagery with focus on potential travel paths, volume estimations and energy consid-
erations (e.g. at Lake Oeschinen, chapter 5.1). Furthermore, there is great potential of the
complementary application of methods for subsurface reconnaissance, such as ERT (chapter
4.1.2), which provide information on the paleotopography and the stepwise overprinting of
the morphology (Bishop and Houser, 2016).

However, the quality of geomorphometry strongly correlates with the quality of the source
data. Therefore, the primary data sources should be carefully checked for scale, sufficient cov-
erage of the study area and resolution (Otto and Smith, 2013). Also, the high amount of easily
accessible digital spatial data may seduce to interpret landforms without visiting the field. .
Nevertheless, the visual learning from observation in the field is highly valuable, as it provides
the researcher with the most direct way of understanding the morphology (Otto and Smith,
2013).

4.4 Dating Methods

For the interpretation of sediment archives accurate chronologies are essential, especially for
the correlation between multiple sites (Appleby, 2002). There are a bunch of radiometric da-
ting methods available, e.g. based on the isotopes 2'%Pb, 37Cs, 220Th/?3*U, 3%Cl or 4C, just to
name a few. In the presented studies, radiocarbon dating and varve chronologies play an im-
portant role.

4.4.1 Radiocarbon Dating

General Function

Radiocarbon dating is a radiometric dating method that uses the naturally occurring radioac-
tive isotope '“C to estimate the age of carbon-bearing materials up to about 55,000 years
(Bowman, 1990). The basic process is radioactivity. Some elements have several isotopes that
all have the same atomic number (protons), but different amounts of neutrons. Some of these
isotopes are radioactive (e.g. 3H and 4C), i.e. they are unstable and decay with a certain ve-
locity that is determined by the half time t1/2. For '4C, that is used for radiocarbon dating, t1/2
= 5568 yrs. During photosynthesis, plants fix almost the same amount of *4C (in CO3) as there
is in the atmosphere. The radiocarbon dating method was first introduced by Arnold and Libby
(1949) and can be applied to plants (wood), charcoal, textiles, bones, shells (e.g. ostracodes,
foraminifers), corals (carbonate), macrofossils etc., and also to wine, vanillin and wax.

In the traditional method, several grams of carbon are necessary, whereas applying Accelera-
tor mass spectrometry (AMS), only a few milligrams of carbon are needed for one measure-
ment. First, pure carbon is extracted from the sample, then the *C decay (conventional) or
14C atoms (AMS measurements) are counted. Bowman (1990) states that the age is calculated
by the 1*C/2C ratio of the sample (At) and the known sample (Ao):

t=-80331n2L
A0

Raw, i.e. uncalibrated, radiocarbon ages are given in BP ("'before present' = 1950), calibrated
ages in cal BP or cal BC ("before Christ"). On a historic scale, ages can also be given in AD
(“Anno Domini”), which effectively means calendar years.
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Due to changing Ao, there are wiggles and plateaus in the atmospheric curve over time. This is
due to changes in the '*C production rate (depending on solar activity and the geomagnetic
field) as well as atmosphere-ocean exchange rate and anthropogenic impact. The conven-
tional (Libby) **C age, which assumes a constant Ao, is therefore not the calendar age. The
calendar age is obtained via calibration. For this, OxCal is used, an online calibration tool with
a tree-ring calibration curve, developed at the University of Oxford (Ramsey, 1995; Bronk
Ramsey, 2013).

Potential and Limitations

In general, traditional measurement is relatively insensitive and there are high statistical er-
rors for small samples; AMS is more precise. Due to nuclear tests in the 1950/60ies, the at-
mosphere became “too old” because of > 100 % increase in **C content. The resulting ‘bomb
peak’ in 1963 allows for precise dating of modern samples (e.g. Goslar et al., 2005). Moreover,
fossil fuel burning leads to a difference from Ao, which is measured in A'C. This so-called
‘Suess effect’ documents the industrial revolution with a negative A“C. All these mentioned
uncertainties are corrected for by applying dendro-based calibration like IntCal09, which ex-
tends back to 12,600 cal BP, and combined with marine records back to ~50,000 cal BP (Reimer
et al., 2009) and the updated version IntCal13 (Reimer et al., 2013), respectively. Radiocarbon-
based age models can also be supported by tephra layers from volcanic eruptions (e.g. Hajdas
et al., 1993; Schnellmann et al., 2006) or varve chronology (see chapter 4.4.2; e.g. Hajdas and
Michczyniski, 2010).

Radiocarbon ages obtained from lake sediments need to be corrected for the so-called reser-
voir effect. In hard water, the material has not achieved isotopic exchange equilibrium with
the atmospheric CO,, maybe caused by fixation during photosynthesis or precipitation of
CaCOs (Deevey et al., 1954). The reservoir effect can be avoided when using AMS-4C ages of
terrestrial macrofossils (e.g. seeds, flowers, tree needles, twigs, leaves).

4.4.2 Varve Chronology

General Function

Varves are annually laminated sediments that can be dated by counting layers back to 14,000
years (Lamoureux, 2002; Morner, 2014). In clastic varves, beside the grain size, also colouring
helps to differentiate winter and summer layers; often, winter layers are dark brown or grey,
and summer layers are bright. Varves are often compared to tree-rings, which are also
counted year by year and are measured as to thickness. From that, site-specific long-term
chronologies can be established, for example at Lake Van, Turkey, spanning over 13,000 years
(Wick et al., 2003), the Hector Lake, Alberta, Canada (Leonard, 1997), the Meerfelder Maar,
Germany (Brauer et al., 1999), or Lake Oeschinen, Switzerland (Leemann and Niessen, 1994;
Amann et al., 2014; Amann et al., 2015).

Potential and Limitations

Varve chronology is regarded as highly accurate. If various people count the layers, the errors
can be reduced to a minimum by building an average. This way, varved lake sediments are
ideal for environmental reconstruction, as they provide continuous dating without interpola-
tion, which often cannot be ensured by other methods (Zolitschka et al., 2015).
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However, certain internal lake processes may destroy varve structures, like bioturbation, sed-
iment resuspension or erosive turbidity currents, so that most sediment records only show
discontinuous varve structures. Especially large rock-slope failures impacting a lake can lead
to long-term alteration of the lake system. Therefore, varve counting should be better referred
to as relative rather than absolute (Gilli et al., 2013).
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5 Case Studies

5.1 Lake Oeschinen: Multistage Rock-Slope Failures Revealed in Lake
Sediments

This chapter has been published in the Journal of Geophysical Research: Earth Surface under
the title “Multistage Rock-Slope Failures Revealed in Lake Sediments in a Seismically Active
Alpine Region (Lake Oeschinen, Switzerland)” by Sibylle Knapp, Adrian Gilli, Flavio S. An-
selmetti, Michael Krautblatter and Irka Hajdas (2018). This chapter contains results of my un-
published master thesis (Knapp, 2012), which has been fully revised and extended. The data
sets presented in this paper are available at https://doi.org/10.14459/2018md1432577.

Abstract

Lateglacial and Holocene rock-slope failures occur often as multistage failures where parag-
lacial adjustment and stress adaptation are hypothesized to control phases of detachment.
However, only limited datasets are available to decipher large multistage rock-slope failures
in detail. Here we apply sedimentology, radiocarbon dating and geophysics to reconstruct
multistage rock-slope failure recorded in lake sediments. We present a unique inventory from
Lake Oeschinen (Bernese Alps, Switzerland) covering ~2.5 kyrs of rock-slope failure history.
The lake sediments have been investigated using sediment-core analysis, radiocarbon dating
and seismic-to-core and core-to-core correlations, which were linked to (pre-) historic and
meteorological records. The results imply that the lake in its present extent is significantly
younger than the ~9.5 kyrs old Kandersteg rock avalanche in the close vicinity. Up to eleven
rock-slope failure events could be identified and related to specific detachment scarps, which
provided information for energy considerations. Four events likely coincided with (pre-) his-
toric earthquakes. At least six events detached from the same area, potentially initiated by
prehistoric seismicity and later from stress-relaxation processes. The data imply unexpected
high recurrence rates (~1/300 yrs) and also help to understand the generation of a historical
lake-outburst flood. Here we show how polymethodical analysis of lake sediments can help to
decipher massive multistage rock-slope failures, which are often camouflaged in subaerial set-
tings.

Plain Language Summary

Rock-slope failures account for two thirds of the most catastrophic landslide events in the last
millennium. A key question is how often catastrophic rock-slope failures happen, but single
rock-slope failure deposits can hardly be distinguished because failed rock material may fall
onto and partially cover older deposits. Hence, the frequency of rock-slope failures is often
highly underestimated. Preserved in a lake, the event deposits can be deciphered in time and
space because the lake consistently records environmental changes and events and acts as a
natural chronometer. This study at Lake Oeschinen in Switzerland shows that at least eleven
rock-slope failures occurred around the lake over the last ~2.5 thousand years. The results
imply that the lake is much younger and that the dam is built by at least six rock-slope failure
deposits rather than by one or two, as previously thought. We also calculated the seismic trig-
ger potential of well-known earthquakes in the region and found four earthquakes which
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might have prepared or triggered rock-slope failures around Lake Oeschinen. Here we demon-
strate that the analysis of lake sediment archives can help to improve recurrence rates of rock-
slope failures and to show that they occur much more often than previously expected.

Introduction

Climate warming forces us to face a continuous environmental change in high-mountain land-
scape settings. The accelerating melting of glaciers (e.g. Paul et al., 2004; Schiefer et al., 2007)
will form an increasing number of proglacial lakes (Haeberli et al., 2016a). In combination with
enhanced failures from recently deglaciated rock slopes (Leith et al., 2014), moraine walls and
proglacial sediments, this landscape change will lead to new hazardous situations (Paul and
Haeberli, 2008; Huggel et al., 2013). Pronounced in permafrost areas, increasing rock-slope
instability following stress adaptation can lead to multistage rock-slope failures, which are
prone to even evoke outburst floods from lakes dammed in the forefield. To better anticipate
multistage rock-slope failures and related flood waves in the foreseeable future, we need to
improve our process understanding of rock-slope failures (Scheidegger, 1973; Moore et al.,
2009; Krautblatter and Moore, 2014) and their interactions with water bodies located in their
runout path (e.g. Legros, 2006; Pudasaini and Krautblatter, 2014).

Lake inventories have been explored in numerous studies on general lake sedimentology and
geochemistry, turbidites and sediment-deformation structures related to climate and envi-
ronmental change as well as earthquakes. Lakes provide continuous sediment archives for
assessing the frequencies of flood events (Arnaud et al., 2005; Wolfe et al., 2006; Gilli et al.,
2013) and/or earthquakes (Strasser et al., 2013; Moernaut et al., 2014; Reusch et al., 2016),
as well as for studies on paleoclimate changes (Eden and Page, 1998; Brauer et al., 1999;
Stockhecke et al., 2016). Recent studies have also used lakes to assess the natural hazard po-
tential of lake tsunamis (Kremer et al., 2012; Hilbe and Anselmetti, 2015; Beigt et al., 2016).
However, they have rarely been investigated to reconstruct multistage rock-slope failures.
This is especially important as the older deposits of multistage rock-slope failures on land are
often covered and hidden underneath the latest event deposits and, thus, recurrence rates
are misestimated (Sass and Krautblatter, 2007; Sass et al., 2007; Krautblatter et al., 2012b). In
this context, lakes provide a key source of information because they act as the final sink for
incoming sediment and can produce a complete sediment record that reaches back in time
for thousands of years (e.g. Hodell et al., 1999; Kremer et al., 2015).

Most lake-based mass-movement studies deal with mass movements triggered subaquat-
ically, but lakes can also be useful for studying subaerial mass movements. Subaerial mass
movements, like rock falls, may reach the lake basin and are often detected but rarely ana-
lyzed in terms of depositional characteristics (Hermanns et al., 2004; Schnellmann et al.,
2006). While short-term (months-years) frequency and magnitude information has boosted
due to LiDAR monitoring and other methods (Perret et al., 2006; Stoffel, 2006; Sass et al.,
2007; Ravanel et al., 2010; Krautblatter et al., 2012b), long-term information on rock-slope
failure recurrence rates is still only available for single well-dated sites (e.g. Martin et al.,
2014). Here, analyzing the depositional characteristics of rock fall in a lake basin may allow for
a more complete understanding of rock-slope failures and their mobility processes (Bussmann
and Anselmetti, 2010). This is also important in the context of glacier- and permafrost-related
instabilities, stress adaptation and paraglacial adjustment (Krautblatter and Moore, 2014;
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Leith et al., 2014; Deline et al., 2015b; Huggel et al., 2015), especially in the context of this
study site, which has undergone rapid glacial and permafrost fluctuations in the Holocene,
combined with seismic tremors.

The study of rock-slope failures in lakes provide presumably the most accurate method for
ascribing stratigraphic positions to certain rock-slope failure events because the lake acts as a
natural chronometer, usually represented by annual varve layers, which allow to estimate the
elapsed time between the single events. Moreover, erosion is usually absent in the deep depot
centers of the lacustrine systems so that these archives are perfectly preserved. This is espe-
cially valuable for deciphering the multistage character of massive rock-slope failures that oc-
cur at one single mountain flank, i.e. events, which stack on each other due to the same de-
tachment direction and trajectory in the lake. The recurrence period between the single
events may differ a lot and is subject to diverse triggers and process and stress relaxation
chains. In this study, we employ high-resolution quasi-3D reflection seismic profiles correlated
with lake-sediment cores to answer the following questions: 1) How can continuous lake sed-
imentation contribute to a better understanding of multistage rock-slope failures? 2) How ac-
curate can the recurrence rates of repeated massive rock-slope failures be determined? 3)
How does the impact of a massive rock-slope failure alter a lake and its sedimentation?

Geological and Geographical Setting — Lake Oeschinen

Lake Oeschinen (46°29'53.2"N 7°43'40.2"E) is a proglacial, landslide-dammed lake located ~60
km southeast of Bern, in the Bernese Oberland in Switzerland at an elevation of 1578 m a. s.
l. (Figure 12a). The lake is ~56 m deep and embedded in a deep circular valley, which was
formed due to glacial erosion. It is surrounded by steeply inclined, partly vertical rock walls
and hanging glaciers that discharge into the lake from the South and Northeast. The W-E ori-
ented Oeschinen valley is connected to the N-S oriented main Kander valley (1174 m a. s. l.).
In terms of Alpine geology, the area is part of the Helvetic nappes, particularly of the Dolden-
horn nappe, and is only ~20 km northwestern of the Rawil depression, currently one of the
seismically most active parts of the Alps (Kastrup et al., 2004; Ustaszewski and Pfiffner, 2008;
Pfiffner et al., 2011; Cardello and Mancktelow, 2014).

The surrounding mountains consist of Upper Jurassic and Cretaceous, blackish limestone
(Troesch, 1908; Niklaus, 1967). The geological strata dip to the Northwest with ~25-30°. It is
obvious that the tectonic situation and the partially overhanging valley flanks around the lake
favor landslides (Turnau, 1906). The lake does not have a surficial but only an underground
outflow, which makes the lake an efficient sediment trap suitable for limnogeologic studies.
Turnau (1906) and Groll (1903) postulated a postglacial age of both the Kandersteg rock ava-
lanche (Figure 12b), and the Oeschinen rock avalanche. They could detect neither the age nor
the sequence of the events, but interpreted them to be of a similar age. In a later study, the
Kandersteg rock avalanche could be dated to ~9.5 cal kyrs BP (Tinner et al., 2005). Recently,
surface exposure dating results implied a much younger age of the Oeschinen rock avalanche,
dated to 2.3 £ 0.2 kyr (Kopfli et al., 2018).
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Figure 12: Overview of Lake Oeschinen in the Bernese Oberland in Switzerland. a) Topographical map showing
Lake Oeschinen and the Kander valley. b) 3D-view showing Lake Oeschinen and the scarp of the ~9.5 cal kyrs BP
rockslide event (Tinner et al., 2005). c) Bathymetric map of Lake Oeschinen with core locations and 3.5 kHz seismic
survey grid. The cores OES11-02, -03 and -06 were used by Amann et al. (2014); Amann et al. (2015).

Methods

Seismic Survey and Sediment-Core Retrieval

Fieldwork on Lake Oeschinen was carried out in August 2011. We conducted a reflection seis-
mic survey and obtained 31 seismic profiles across the lake. For the seismic survey, a 3.5 kHz
pinger source was used with a boat speed of 5-6 kmhto acquire a dense grid of high-resolu-
tion seismic lines (Figure 12c) by which the sedimentary subsurface of Lake Oeschinen could
be reconstructed seismic-stratigraphically in quasi three dimensions. The seismic data was
band-pass filtered using the SPW™ seismic processing software package, and afterwards an-
alyzed using the KingdomSuite™ interpretation software. The two-way travel time to depth
conversion is based on a P-wave velocity of 1500 ms™ for both water and lake sediments.
Based on the results of the seismic survey, appropriate coring locations were identified (Figure
12c and Table S1).
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Coring was carried out from a coring platform with an UWITEC percussion piston-coring sys-
tem. The PVC tubes used in this device had a diameter of 63 mm and a length of 3 m, which
were cut into 1-m sections immediately after core recovery (for example, core OES11-01-A
was cut into three 1-m pieces OES-11-01-A1, -A2 and -A3 ; Table S1 and Figure S1). Addition-
ally, a gravity corer and a modified gravity corer with a hammering device were employed in
order to recover the uppermost ~1 m of the sediment layers. The coring location was chosen
as to i) recover the oldest rock-avalanche deposits in order to date the lake formation, ii) re-
cover no younger rock-fall deposits on the way to avoid the risk of getting stuck in the coarse
rock mass, and iii) coring outside the gas-blanked area where we had hardly any seismic pen-
etration. Thus, it was intended that the events reached the coring site not through the rock-
fall deposits but with their turbidites, allowing a much more robust and complete event chro-
nology. Three separate cores were compiled to form the composite core using cores OES11-
01, OES11-04, which were recovered with an overlap of 1.5 m, and short core OES11-05 for
the uppermost sediment of this location, as this is usually destroyed when applying the piston
coring system (Figure S1 and Table S2). The cores OES11-02, OES11-03 and OES11-06 provided
a basis for the varve chronology (Amann et al., 2014; Amann et al., 2015). More hammer cores
OES11-10 to OES11-14 were recovered in order to track the stratigraphic position of mass-
movement-related turbidites at different locations, as well as the short cores OES11-15 and
OES11-16. In total about 45 m of sediment in long and short cores were retrieved.

Core Analysis and Sediment Description

In the laboratory, the sediment cores were stored in a cold room at 4 °C. The gamma-ray den-
sity of all cores were determined by a GEOTEK Ltd. multi-sensor core logger (MSCL) with a
sampling resolution of 0.5 cm. Subsequently, the cores were split lengthwise into two halves.
As the sediment structures were covered by the smear of dark grey clay due to the high glacial
influence, the cores needed to be dried for several days and abraded with a sharp knife on the
uppermost surface layer before being photographed and sedimentologically described by vis-
ual analysis of grain-size and material. Color differences are due to differential drying in the
lab (Figure S2). The composite core was constrained with nine tie points down to a total com-
posite depth of ~14.6 m (Figures S1 and S2, Table S2).

Analysis of Rock-Slope Failure Events

Rock-slope failure deposits were first identified on the seismic data based on the detection of
i) mound-shaped chaotic seismic facies and ii) transparent onlapping units, which were inter-
preted as i) deposits of rock-slope failures and ii) distinct event-related turbidites. In a second
step, these obtained seismic stratigraphic horizons were correlated with distinct lithologic lay-
ers (e.g. prominent turbidites) in the cores. Not each individual turbidite in the sediment rec-
ord was described and interpreted, even if it reached comparable thickness, but only those,
which could clearly be correlated with the seismic data.

Rough guesses of fall height distance of center of gravity to lake level and associated poten-
tial/kinetic energy were determined based on aerial images of the scarp niches surrounding
Lake Oeschinen. The calculations of the potential energy

E=Vs*p*xg=xh
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were based on best approximations of i) the volumes V of failed rock/debris in the lake (de-
rived from the chaotic mass in the seismic data), and ii) the average fall-height distances h of
the center of gravity of the failed rock material to the present lake level. Paleolake levels can-
not be inferred, but these would only change E by a few percent. The density of the rock ma-
terial consisting of limestone is assumed to be p = 2.7 kgm-3.

Radiocarbon Dating and Age-Depth Model

Preparation, pretreatment and radiocarbon dating were carried out at the Institute of Particle
Physics at the ETH Zurich. The radiocarbon ages of the wood samples were calibrated using
the calibration program OxCal v.4.2.4 (Ramsey, 1995; Bronk Ramsey, 2013), including the
IntCal13 calibration curve from Reimer et al. (2013). Turbidites in the seismic and sediment
record were used for stratigraphic analysis of the single events (Schnellmann et al., 2006). The
radiocarbon ages were assigned to their stratigraphic level in the composite core. We did not
account for the instantaneous depositional time of the turbidites because these event layers
all were thin when compared to the thickness of the entire dated section. It was possible to
define the age-depth model of the upper part of the sediment archive more precisely (down
to ~5.5 m sediment depth). Here, we applied core-to-core-correlation using the short cores
and the sediment chronology derived by varve counting and by a composite 210Pb CRS-model
(Leemann and Niessen, 1994; Amann et al., 2014; Amann et al., 2015), in which the varve
analysis was validated with flood documentation in the Kander region back to 1480 AD
(BUtschi, 2008; Schmocker-Fackel and Naef, 2010).

Seismic Tremors

As Lake Oeschinen is very close to the assumed center of the reactivated alpine fault zone
around the Rawil depression, the area is earthquake-prone so that seismic tremors need to
be considered as a trigger for rock-slope failures (Keefer, 1984; Lavé et al., 2005; Owen et al.,
2008). Rock falls and rockslides are amongst the most abundant types of earthquake-induced
landslides (~80% of all reported), and especially weakly or moderately indurated sedimentary
rocks are prone to failure (Keefer, 1984; 2000). The Newmark's (1965) sliding-block model is
used to estimate the co-seismic slope deformation at Lake Oeschinen. In order to calculate
the theoretically expected impact of different earthquakes, we used well-introduced regres-
sion models (Jibson, 1993; Jibson et al., 2000; Miles, 2001; Jibson, 2007). The theoretical New-
mark displacement D, in centimeters

log Dn = 2.401 log I, - 3.481 log ac - 3.230 #+ 0.656

can be derived from the Arias Intensity /o and Newmark’s critical yield acceleration ac. The
attenuation of the Arias Intensity /o with distance

loglh=M-21og\T? + h? - 4.1

can be calculated using the moment magnitude M, the distance of the examination site from
the epicenter r and the focal depth h (Arias, 1970; Wilson, 1993). This attenuation relation
applies for active tectonic environments, respectively (Stewart et al., 2002). Newmark’s criti-
cal yield acceleration

ac=(FS-1)gsina
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uses the Factor of Safety FS and the ground acceleration g in terms of the Earth’s gravity to
calculate a threshold for the acceleration that is needed for a sliding block on a plane (inclined
at an angle of a) to overcome shear resistance. For comparison of different events, we inferred
the residual stability of pre-sliding carbonate blocks with a factor of safety of 1.1 based on the
evaluation of other pre-sliding carbonate blocks with few remaining rock bridges (Heckmann
etal., 2012).

Results

Seismic Facies

The high-resolution seismic data depict the morphology and the seismic facies of the suba-
gueous slopes and the basin of Lake Oeschinen, which we interpret in accordance to previous
studies (Schnellmann et al., 2006). Deep seismic penetration down to the acoustic basement
at ~13-14 m seismic depth is only given in the most central part of the lake basin, where we
retrieved the composite core (Figure 13). Near the deltas and other shallow areas, the seismic
signal could not penetrate the subsurface sufficiently due to coarser grains and high gas con-
tent in the sediments (e.g. Gilli et al., 2013). In most parts of the subsurface, the seismic pro-
files show an acoustically well-stratified seismic facies with high lateral coherence, which is
interpreted as lake background sediments.

OES11-05
OES11-01
OES11-04

Event F: turbidite Event F: evidence in
composite core

‘% Event F: Rock-slope failure deposits

Amplitude blanking
(free gas)

oes19 (W-E)

Figure 13: Seismic profile oes19 showing rock-slope failure deposits (chaotic-to-transparent units, e.g. Event F)
and related turbidites as seismic stratigraphic horizons and time markers in the composite core. The composite
core contains all event-related turbidites and includes the oldest, the lake damming deposits of the Oeschinen
rock avalanche. The subsurface from the eastern basin is blanked by free gas.

In close vicinity to the slopes, they are intermitted by mound-shaped chaotic-to-transparent
units. This seismic facies is here in Lake Oeschinen interpreted as rock-slope failure deposits,
which will be elaborated in more detail below. High-amplitude diffractions (seismic artifacts,
Figure S3a) appearing along the top surface of this facies indicate outstanding boulders, which
are partially covered by a sediment drape. Onlapping transparent facies, which is interpreted
as mass-movement related turbidites, occurs towards the lake center. These units show
strong seismic reflections can be used as seismic stratigraphic positions for rock-slope failure
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deposits (Figure S3b,c). In the eastern basin, however, the seismic penetration is limited to
only the upper few meters because free gas is blanking the seismic image (Figure 13).

Sedimentology of the Cores

The sediment record of Lake Oeschinen, as constructed in our composite core, consists in total
of ~14.6 meters of i) dark grey limestone clast deposits, overlain by ii) high-energy-event-re-
lated megaturbidites, and iii) clastically dominated, proglacial background sediments with iv)
intercalated flood and matrix-supported turbidites. Eleven mass-movement event deposits,
named A-K, could be detected (Figure 14a,c).

Rock-avalanche deposits were discovered at the bottom of the sediment record at ~13.4 m
depth in the composite-core sections OES11-04-D3 and OES11-01-E1. When the Oeschinen
rock avalanche dammed the Oeschinen valley, the basin of the modern lake was formed. The
initial trough exhibits a bumpy, blocky surface (light green horizon in line oes08, Figure 14a).
The rock-avalanche deposits mainly consist of sharp-edged, dark grey, almost black Helvetic
limestone gravels with a sandy to silty matrix (Figure 14d).

Two graded turbidites, each with a thickness of ~0.3 m, overlie the rock deposits. These “meg-
aturbidites” show dark grey, normally graded coarse sand at the base, overlain by homogene-
ous bright beige clay, which probably derived from rock-avalanche dust-cloud particles (Figure
14b,d). Its thickness exceeds 0.5 m but cannot be exactly measured because of a small gap
between OES11-04-D3 and OES11-01-E1, which likely not exceeds a few centimeters.

The initial filling of the trough flattened the topography of the lake basin (line 0oes08 in Figure
14a). The first layered sediments occur at a depth of ~12.2 m marking the onset of the newly
formed lake system with background sedimentation and varve formation. All stages of this
single high-energy event are detected in the sediment core, showing from the bottom rock-
avalanche deposits, two graded subsequent megaturbidites and particularly bright-yellowish
colored, fine-grained dust deposits (Figure 14d).

Background sediments in Lake Oeschinen show various characteristics of the proglacial envi-
ronment. The laminated silts and clays show diverse hues of grey and beige color. The laminae
are interpreted as varves (Amann et al., 2014) and depict the continuous lake sedimentation
processes between event-related deposits. The sediments were heavily deformed during core
retrieval due to stiffness and adhesive power (Figure 14b).

Flood-related turbidites derive from river floods ending up as high-density currents containing
in Lake Oeschinen mostly dark brown to reddish, fine sandy to silty sediments with a high
amount of terrestrial organic matter (Figure 14b).

During subaqueous mass-movement events, turbidity currents usually erode and resuspend
fine-grained lake sediment on the lake slopes (e.g. Gilli et al., 2013), which then settles out on
top of the event deposits. Turbidites generated by subaerial mass movements entering a lake
differ in terms of incoming material and available energy. Here, turbidity currents are either
caused by the impact of the landslide on the lake floor causing resuspension, or from disaggre-
gation of landslide material into more dilute sediment suspension (Hunt et al., 2015).
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Figure 14: Overview of seismic and sediment record in Lake Oeschinen. a) Seismic-to-core-correlation with
oes19 and oes08 showing the composite core reaching down into Event A. b) Types of turbidites detected in the
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sediment cores. c) Distribution and location map. d) Lowermost part of composite core (sections 04-D3 and 01-
E1) with massive clay cap, representing one event A.

The ability of subaerial mass movements to resuspend sediment when entering the water
body mostly depends on (i) the potential energy, i.e. fall height and volume of the rock mate-
rial, (ii) the subaerial and subaqueous slope gradient (falling/bouncing or sliding), (iii) the char-
acter of the rock-slope failure and composition of rock material (debris flow, debris slide, rock
fall, rock slide, rock avalanche), (iv) the height of the water column / lake volume, and (v) the
presence of rock material in the subaqueous runout-path, which derived from earlier multi-
stage events. Usually, multistage rock-slope failures generate thicker turbidites at the begin-
ning of a sequence than during following events.

Subaerial rock-slope failures continuing in Lake Oeschinen generate matrix-supported turbid-
ites and show sections of various thickness (up to 18 cm) with a coarse sandy base of dark
grey, blackish limestone (Figure 14b). We interpret those poorly sorted and normally graded
matrix-supported layers as rockfall-event related, as they show significant characteristics like
high amounts of sharp-edged clasts of black Helvetic limestone in silt to sand size with hardly
any organic material (e.g. like LT2 in Van Daele et al., 2015; Wilhelm et al., 2016). The black
color derives from the natural color of the Helvetic limestone and not from organic content.

Event Chronology

The event chronology was set up by radiocarbon dating of well-preserved wood samples
(Table 2), supported by core-to-core-correlation (Figure 15) and the varve chronology (Amann
et al., 2015), collated in an age-depth model for the whole sediment record (Figure 16).

Table 2: Results of radiocarbon dating. OxCal v. 4.2.4 and IntCal13 were used for calibration (BP = 1950 AD).

Section sample Sediment Material C14 age | Cal age [BP] Cal age [BP]
lab code depth [m] [BP] (2 sigma range) &

OES 11-04-B2 | ETH-46470 |6.30 twig (~0.3 cm®) 1270 +30 | 1288 to 1091 1190 + 98

OES 11-01-D3 | ETH-46471 |11.99 twig (~1.0 cm?) 2265 30 | 2348 to 2158 2253 £ 95

OES 11-01-E1 ETH-46472 |13.64 wood (~0.8 cm?) 2465 £ 30 | 2713 to 2379 2546 + 167

We checked coincidences with chronicles (Bach, 1935) and historical and prehistorical earth-
guake events (Earthquake Catalogue of Switzerland ECOS-09, Strasser et al., 2006; Fah et al.,
2011) to refine our results within the uncertainties of the obtained event ages in the inde-
pendent age model. The age of Lake Oeschinen was determined by radiocarbon dating of a
piece of wood from a depth of 13.64 m, situated in the Oeschinen rock avalanche deposits
(Figure 14d). The lake formation is dated to ~2550 cal yrs BP and is thus in its present-day
extent much younger than expected and not linked to the Kandersteg event ~9.5 cal kyrs BP.
Two more wood samples yielded ages of ~2250 cal yrs BP for Event B, and ~1200 cal yrs BP for
a turbidite between the events E and F, respectively. The latter sample could not be correlated
to a discrete event, but supports the age-depth model in the middle part of the sequence for
the interpolation of the dating downwards (events E and D). These data represent maximum
ages because the wood had grown before the event happened, and was then entrained and
deposited during the mass movement. According to the OxCal age-depth model in Figure 16a,
Event E might be a bit younger than suggested in the graphical solution (Figure 16b).
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Figure 15: Core-to-core-correlation for short and percussion cores for dating the uppermost event horizons H-K.
The turbidite related to Event H is contained in core OES11-14 only, but could be correlated to the composite core
and the varve chronology (Amann et al., 2015). Cores OES11-11 and OES11-15 are located in local depressions.
Black-dashed horizons act as offset calibration.

The short sediment cores used for core-to-core-correlation (Figure 15) show much less coring
artefacts than the composite piston-core sections and are, therefore, better for finding the
exact stratigraphic position of an event. Thus, we could even distinguish the two events | and
J, which occurred within a time span of only a few years.

Inventory of the Detected Mass-Movement Deposits

The sedimentary record of Lake Oeschinen reaches back to ~2.5 cal kyrs BP. The determined
events indicate mass-movement deposits, which derive from subaerial rock-slope failure
events that reached the lake and were deposited on the lake floor. The polymethodical ap-
proach made it possible to decipher multistage events detaching from the same mountain
flank (A-F and I-J, respectively). In the following section, an overview of all detected mass-
movement events is given, where each event is presented with its main characteristics. Energy
considerations were made after analyzing the seismic profiles and aerial images (Table 3, Fig-
ure 17 and S4).

Events A, Band C: The lowermost event deposits A, B and C and their turbidites can seismically
only be determined in a small “window” with deep seismic penetration. Event A is located at
~13.4 m sediment depth and occurred ~2550 cal yrs BP. These deposits cannot be tracked
further to the East because the seismic stratigraphy is masked by free gas in the sediments
(Vanneste et al., 2001; Figure 13 and Figure 17b).
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representing events detected in the composite core and the density values measured with the multi-sensor core
logger (left of Figure), plotted with the varve curve by Amann et al. (2015).

The deposits of the events B and C are located at a sediment depth of 11.9 m and ~11.5 m and
are dated to ~2250 and ~2180 cal yrs BP, respectively. The events A-C are covered to the west-
ern lake basin by the overlying deposits of events D-F and cannot be unequivocally linked to
one of the two scarps at the northern flank of Mount Spitzstein. The events had fall heights of
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~800 m and a potential energy in the range of 101 GJ (224 tons TNT) detaching from the upper
scarp, and ~450 m and ~48 GJ (£11 tons TNT) coming off the lower scarp.

Table 3: Rock-slope failure energies vs. sediment/seismic record.

Event | Age model Sediment/seismic | Volume Fall height | Potential TNT equiva-
depth [m] [m3] [m] energy [GJ] lent [t]

K 1946-1950 AD 0.31/0.5 15000 500 20 5

J 1853-1869 AD 0.65/0.8 14000 to-

| 1838-1854 AD 0.70 ; 0.8 tal 750 28 total 7 total

H 1752-1768 AD 1.18/1.1 15000 370 15 4

G 1572-1599 AD 2.10/~2.5 n.a. n.a. n.a. n.a.

F 884-921 AD 5.52/5

E ~1320 cal yrs BP 7.05/~7

D ~1720 cal yrs BP 9.12/9 ~45000 400 (low) / | 48 (low) /| 11 (low)/

C ~2180 cal yrs BP 11.5/~11.6 each 850 (high) | 101 (high) 24 (high)

B ~2250 cal yrs BP 11.9

A ~2550 cal yrs BP 13.4/~13.5

Events D, E and F: The mass-movement deposits of events D, E and F are detected in the west-
ern lake basin and show quite similar distribution patterns, yielding ~1.5 m thick deposits for
each event. Their stratigraphic positions occur at a sediment depth of 5.5, 7.1 and 9.1 m, re-
spectively. The deposits of Event F cover and hide the underlying deposits of E and D, which
can be only detected in their most distal parts. The event ages are calibrated to 884-921 AD,
~1320 and ~1720 cal yrs BP, respectively. These three event deposits detached from the same
mountain flank of Mount Spitzstein, where two large scarp niches lie on top of each other.
The event deposits raised the lake dam sequentially, and only parts of the rock material ran
into the lake basin.

Event G: This event is identified in the seismic and sedimentary record by a prominent turbid-
ite at ~2.5 /~2.1 m depth. The distribution of the event deposits, however, cannot be mapped
seismically, and the scarp cannot be determined either. Therefore, Event G is not listed in
Figure 17 and the related energies could not be calculated in Table 3. The age of this event is
calibrated to 1572-1599 AD.

Event H: This is the youngest event in the Southwestern lake basin and marks the last multi-
stage rock-slope failure detaching from Mount Spitzstein. The event deposits are ~1 m thick
and lie at a sediment depth of ~1.1 m. Event H is calibrated to 1752-1768 AD and potentially
coincides with an earthquake in 1775 AD (ECOS-# -30090). The rock-slope failure occurred at
a height of ¥370 m above Lake Oeschinen with a potential energy of ~15 GJ (£4 tons TNT).

Events | and J: In the Southeastern lake, the multistage rock-fall deposits occur in the seismic
data at ~0.8 m depth with a thickness of ~0.7 m (Figure 18a). We find the event-related tur-
bidites in the cores at 0.6-0.7 m sediment depth (Figure S2, Figure 14 and Figure 18b). With a
temporal separation of only a few years, the two event-related turbidites almost coincide in
the seismic record and can only be separated from each other by the detection of onlap struc-
tures (Figure 18f). We can also observe an offset between the event deposits and the lake
slope with a small turbidite running up against the slope (Figure 18d) — and not only towards
the lake center as usual. The sediment core OES11-11 (Figure 18b) shows two turbidites, the
first, i.e. the lower of which is slightly thicker than the second (~2.5 vs. ~2.0 cm) and contains
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more coarse sand. More fine-grained material was resuspended during the second event, ob-
served in the short cores in Figure 15. Their accurate stratigraphic position could be deter-
mined by applying core-to-core-correlation. Considering the varve chronology of Lake Oeschi-
nen (Amann et al., 2015), we calibrated the first event to 1838-1854 AD. With respect to the
chronicle of Frutigenland (Bach, 1935), there might be a coincidence with a lake-outburst
flood from Lake Oeschinen in 1846 AD, which destroyed arable land in the region around Kan-
dersteg.
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Figure 17: Overview of observed rock-slope failure and debris-flow events A-K (except G). a) Seismic evidence
with distribution maps and potential scarps indicated on aerial images with energy assumptions, b) all events and
the gas distribution (grey) collated in one map next to the core, and a 3D-view of all scarp niches (image © 2016
Google, Landsat, Cnes/Spot, Flotron/Perrinjaquet). See Figure S4 for detailed aerial images.

The second event is calibrated to 1853-1869 AD, and potentially coincided with a strong his-
toric earthquake in 1855 AD (ECOS-# -30128). The aerial images depict at least five potential
scarp niches between an elevation of ~2540 m a.s.l. and the toe of the lowermost scarp niche



58 5 Case Studies

at ~2110 m a.s.| resulting in a fall height between 530 m and 960 m (Figure 18c). It is not
possible to ascribe the scarps and the deposits to the single events. For our qualitative ap-
proach, an average fall height of 750 m was chosen - which is also the minimum fall height for
the uppermost 4 out of 5 potential scarp niches - yielding a total potential energy in the range
of ~28 GJ (27 tons TNT) for both events.

onlap against
. slope

Image © 2008 Google, LandsatiGopernicus . . -0€

Figure 18: Multistage events | and J. a) Overview of seismic profile lines, core location and event deposits. b)
Short core OES11-11 with distinct matrix-supported turbidites. c) Aerial image with a 3D-view of five potential
scarps. Seismic profiles oes11 (d) with onlap against slope, and oes26 (e) and oes28 (f) showing complex rock-fall
deposits with variable thickness and multiple events along same transect.

Event K: The youngest event can be detected in the Northwest of the lake basin in ~0.3 m
sediment depth with an estimated thickness of the deposits of 1 m. This event entered the
lake at the northern shore. The deposits are widely spread, flat and comparatively thin. In
contrast to the other events, Event K shows a seismic horizon that can be tracked all over the
lake basin. According to the age model, this rock-slope failure is dated to 1946-1950 AD and
potentially relates to a historic earthquake in 1946 AD (ECOS-# -30036). Three potential scarp
niches can be identified at 500 m height above the lake level. The potential energy related to
this event is ~20 GJ (&5 tons TNT).

Discussion

Limitations of Analysis

In the sedimentary subsurface of Lake Oeschinen, eleven rock-slope failure event deposits
were detected. The mean recurrence rate of 200-300 years between the single events allow
for an identification of the events on the seismic lines because the turbidites are separated by
a sufficiently thick section of laminated background sediment. Some of the event-related tur-
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bidites are very small (e.g. Event D with ~2 cm), which makes it challenging to trace the strat-
igraphic positions in the seismic record. Thus, the event catalogue might be incomplete as
more multistage events might have occurred without generating prominent turbidites as be-
tween the events C and D. If two or more matrix-supported turbidites occur in close strati-
graphical vicinity, we chose the thickest and/or the lithologically most 'prominent’ for the
event layer. For example, Event G was defined at a seismic depth of ~2.5 m and correlated
with a turbidite at ~2.2 m composite depth in core section OES11-01-A2 (and not to those at
~2.4 m in OES11-01-A3 or the one at ~2.1 m composite depth in OES11-01-A2; see Figure S2
for composite core pictures). The chosen layer contains the highest amount of blackish sand,
which implies a rock-slope source and high transport energy. Other matrix-supported turbid-
ites in the sediment record may indicate reworked event material, e.g. after heavy rainstorms,
or more rock-slope failures of smaller magnitude. They may vary due to (i) channelized flow
vs. surface runoff during heavy precipitation events and (ii) different source areas (vegetated
areas vs. bare rocky slopes). Those were excluded from our inventory due to the lack of seismic
evidence. In the eastern basin, free gas inhibits seismic penetration and detection of poten-
tially further event deposits.

Energy considerations are important for a better understanding of the mobility processes of
multistage rock-slope failures. Such calculations are only based on order-of-magnitude esti-
mates of the deposit volumes and the positions of the center of gravity of the failed rock mass.
The volume is estimated on the seismic data in respect to the with rock/debris material cov-
ered lake-floor area and the deposit thickness, the latter of which is hardly detectable for su-
perimposed multistage event deposits. Turbidites are excluded from volume estimation, as it
remains unclear how much sediment is reworked. The older multistage event deposits can
only be mapped at their distal parts (events B-E). The volume of the deposits outside the lake
(concerning the lake-damming event deposits A-F) cannot be taken into account for the cal-
culation of the potential energies. In general, we rather underestimated fall heights (assumed
mid center of gravity often lies below average fall height) and deposit thicknesses in order to
avoid exaggerated statements and rounded the volumes to 1000°s of m? so that we consider
the energy considerations as a first-order estimate.

Concerning the age-depth model, we are confident of the ages of the events F-K based on the
varve chronology down to a sediment depth of ~5.6 m. The error of the varve counting sums
up to ~32 years for Event F in the last 1100 years (i.e. only ~3%). The uncertainties of the
lowermost events B and A are given by the radiocarbon-dating supported calibration (Figure
16a).

The Rock-Slope Failure — Lake Interaction Inventory

The Oeschinen rock avalanche has been described and connected to the scarp niches at Mount
Spitzstein since the last century (Groll, 1903; Turnau, 1906; Penck and Briickner, 1909). Turnau
(1906) interpreted talus cones on the lake dam as repeated rock-slope failures. Groll (1903)
noticed talus cones, deriving from the upper scarp and covering parts of the lower scarp. He
also detected the scarp niches referring to the events | and J “in den Friinden”. This study
shows that Mount Spitzstein is affected by at least six multistage failure events (A-F, maybe
G) deriving from two main scarp niches (Figure 17). For facilitating the allocation of potential
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niches, we analyzed the event-related turbidites in the lake, which respond to impact energies
(see Table 3 for energy calculations, and Figure 16b for relative turbidite thickness).

The multistage rock-slope failure events at Mount Spitzstein provided massive amounts of
rock debris and fragmented sediments over time, covering subaqueous slopes and increas-
ingly filling up the basin. The deposits show a specific emplacement pattern, entering the lake
from South and running out in the southwestern part of the lake basin. Newly incoming rock
material falls onto the rocky surface of boulders that were deposited earlier, and most of the
kinetic energy is horizontally diverted into wave propagation, or ice breakthrough during win-
ter, at the first impact on the lake surface. The more initial energy is transferred to the wave
generation, the less velocity and energy remains in the subaqueous movement after the im-
pact (Fine et al., 2003; Hunt et al., 2011). Subaquatically, lots of the remaining kinetic energy
is then transferred into friction so that the rock fall stalls in between the older boulders, caus-
ing a high roughness. The velocity of the mass movement decreases, and so the runout dis-
tance.

Younger event deposits superimpose, partially cover and hide older ones, but they do not
reach the frontal limits of the earlier event deposits (Figure 17). Every successive failure of the
over-steepened and unstable rock slope leads to more rock material either sliding/flowing or
falling/bouncing downslope. A sliding or flowing movement causes the landslide material to
displace previous deposits and to push them forward onto the undisturbed lake floor, gener-
ating a further turbidity current (Masson et al., 2006). Here, resulting deformation structures
should develop in front of the pushed event deposits apparent in the seismic record. In Lake
Oeschinen, however, deformation structures are missing so that we rather expect a steep im-
pact of bouncing and falling blocky rock fragments.

For the scarp niches at Mount Spitzstein, two scenarios need to be considered: (i) a detach-
ment from the lower of the two eligible scarp niches on the southern mountain flank with
potential energies in the range of 48 GJ, and (ii) an active upper scarp, with event energies of
101 GJ (Table 3). Event A (Oeschinen rock avalanche) raised the lake dam significantly and
generated the two thickest turbidites of the sediment record (~32 and ~28 cm) on top of each
other at a depth of ~13.5-13.0 m, indicating an initial filling of the lake basin. This high-energy
event might have detached from several scarps, and marks the start of a multistage series. It
has been observed that subsequent failures generate thinner turbidites, which seems to re-
flect reduced event energy and velocity (Wynn and Masson, 2003; Masson et al., 2006; Hunt
et al., 2011; Hunt et al., 2013; Hunt et al., 2015). In fact, the first three events A-C show a
significant difference in thickness and content of coarse material. The thick turbidites of A-C
contain much more coarse material than the turbidites of the events D, E and F (Figure S2),
which might also suggest a higher energy level due to detachment from the upper scarp. The
turbidite of Event D stands out because its thickness (~¥2 cm) is similar to those of the events
H-K (~1-2 cm), and much smaller than the turbidites of B, C, E and F (~15-18 cm), even if thick-
nesses are potentially overestimated due to deformed sediment laminae (Figure S2). There-
fore Event D is interpreted to imply a lower potential energy and to have detached from the
lower scarp with a smaller volume.

The turbidites related to the multistage events B-G are observed to be significantly thicker
than those of events H-K, which corresponds to the 3-6 times higher event energy compared



5 Case Studies 61

to Event H (see Table 3). With a fall height of ~370 m, Event H had the smallest potential
energy compared to all other events. The rock slope and the runout-path towards the lake are
quite flat and the rock material slid on a delta and onto earlier event deposits (B-G). These
characteristics explain the lack of a prominent turbidite. The multistage events | and J had a
potential energy in the range of 28 GJ and a fall height of ~750 m with a slope steepness of
~80 %. Here not only the multistage character influences the sedimentation process, but also
the type of movement. The rock material rather bounced than slid into the water body. The
free fall of the boulders resulted in a massive impact on the lake surface and generated im-
pulse waves. Only little kinetic energy was left, when the rock material dropped on the lake
floor. The generated turbidites can only be conclusively determined as event layers at the
close core location OES11-11 (Figure 18b and Figure 15). Paris et al. (2011) postulated that the
impulse wave is reduced by 75% when debris is released over 300 seconds rather than in one
block. This supports the assumption that Event | consisted of large single blocks falling simul-
taneously or rapidly after each other into the lake and causing high impulse waves with short
travel times (Freundt et al., 2007). Finally, Event K, with a potential energy of ~20 GJ, gener-
ated a thin, yet prominent turbidite that can be traced throughout the lake basin, indicating a
high amount of incoming or resuspended fine-grained material. The aerial images show large
talus cones below the scarp niches and lots of debris lying on the runout-paths. Therefore,
Event K could be interpreted as debris slide/flow, which entered the lake on a shallow delta
distributing the fine-grained material over a wide range of the basin.

Potential Triggers

The events in Lake Oeschinen show surprisingly high recurrence rates. Separating tectonic
from climatic causes and triggers for rock falls/slides is a major challenge and has been studied
on shorter time scales in order to exclude the potential control of earthquakes (Huggel et al.,
2013). The events H, J and K potentially coincide with historic earthquakes that are intense
enough to potentially trigger rock falls at Lake Oeschinen (Table 4). There is a remarkable co-
incidence of three events with earthquakes with high Arias Intensities, namely Event J in 1855
AD (1,=0.4 ms), Event K in 1946 AD and Event H in 1755 AD (both with 1,=0.27 ms™). Also the
prehistoric Event B, dated to 2250 cal yrs BP, might be linked to the well documented ~2200
cal yrs BP earthquake (Monecke et al., 2006; Strasser et al., 2006; Kremer et al., 2017). This
study at Lake Oeschinen shows that it might have had the potential to trigger rock falls in the
Bernese Oberland, which is also supported by (Kopfli et al., 2018). The link between seismic
triggering and rock-slope failure is often difficult to pinpoint since i) seismic shaking might
prepare but not directly trigger rock-slope failure, ii) seismic attenuation is anomalous in the
intraplate region and in addition influenced by topographic effects, and iii) lithological strata
may provide weak layers sensitive especially to low seismicity (Keefer, 2002).

Moreover, heavy rainfalls need to be considered as trigger of rock-slope failures (Chen and
Hawkins, 2009) and debris flows (maybe Event K). A lake-outburst flood in 1846 AD (Bach,
1935) was potentiallycaused by Event |. Releasing the high potential energy and the enclosed
lake surroundings could have favored the generation of large water waves and an overtopping
of the lake dam (Slingerland and Voight, 1982; Vischer et al., 1998). The flood was thought to
be linked to the heavy rainfalls that occurred in the summer of 1846 AD, and nobody observed
the rock fall (Bach, 1935).
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Table 4: Calculation of Arias Intensity (la) and Newmark displacement (DN) related to historic earthquakes co-
inciding with the events K, J and H. Earthquake data taken from the SED Earthquake Catalogue of Switzerland
(ECOS-09).

Event | Age Earthquake | Mw | Epicenter (coordinates | r a laf[ms™ | DN, min-max
model CH1903/LV03) [km] | [°] 1 [em]

K 1946- 25Jan 1946 | 5.8 | Wildhorn 30.1 40 0.27 0.1-2.8
1950 AD (597000/133200)

J 1853- 25 Jul 1855 6.2 | Stalden-Visp 30.3 42 0.40 0.3-6.7
1869 AD (631700/119900)

27 0.5-12.1

H 1752- 09 Dec 1755 | 5.7 Brig-Naters 27.3 35 0.27 0.1-3.1

1768 AD (641700/130000)

The high recurrence rates and the multistage character of the rock-slope failures in a proglacial
environment also support the role of triggers like stress adaptation and altered rock-mass
strength due to erosion (Moore et al., 2009; Krautblatter and Moore, 2014; Leith et al., 2014).
The Oeschinen rock avalanche (Event A) happened during the early Subatlantic when the re-
treat of glaciers and presumably permafrost weakened the mountain flanks (Joerin et al.,
2006). Also in the present warming period of the late Subatlantic, massive permafrost ice is
found close to the failure scarps at the Doldenhorn at very low altitudes of ~2500 m a.s.l.
(C. Hilbich, personal communication, 2017) and is exposed to degradation. The warm and hu-
mid climate during the Atlantic might have favored chemical weathering presumably on lime-
stone surfaces, prone to karst formation, and also weakened mountain flanks. During the pe-
riod of the Little Ice Age, unusual glacier activity and environmental changes may have weak-
ened the slopes. Finally, rather spontaneous failure due to repeated freeze-thaw weakening
has to be considered.

Early History of Oeschinen Valley — Reconstruction of Paleotopography

Analyzing the seismic and sediment record of Lake Oeschinen allows to reconstruct the pale-
otopography of the Oeschinen valley (Figure 19). Free gas occurs in the eastern basin (Figure
13 and Figure 17b) and supports the reconstruction of the dimensions of the Oeschinen rock-
avalanche deposits. The topography (Figure 12) indicates that the Kandersteg rock avalanche
descended slightly into the Oeschinen valley, considering a radial spreading of rock-avalanche
deposits in a non-confined valley, as observed at the Tschirgant in Austria (Dufresne et al.,
2016a). The deposits probably built a first low dam at the valley entrance forming a shallow
basin with a paleolake producing sediments with abundant organic material. This paleolake
probably remained at a shallow lake level until ~2.5 cal kyrs ago, when the Oeschinen rock
avalanche detached from Mount Spitzstein and raised the lake dam significantly. The genera-
tion of the fine-grained and graded sediments in the two megaturbidites and their clay caps
of Event A deposits (Figure 14d) support the presence of such a paleolake providing sediments
prone to resuspension and settling in an already existing water body. The dust produced by
the rock avalanche forms the subsequently deposited clay layer (Deplazes et al., 2007). Events
B-F acted to increase the dam height. In the growing lake, organic material from the original
lake was buried and started to decompose, thereby producing free gas which blanks the seis-
mic record in the eastern lake. Whereas in the eastern lake the free gas likely rises in the
overlying strata, the event deposits in the western lake seal the gas. From their distributional
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pattern (Figure 17b) and the springs at the top of the western side of the dam (Niklaus, 1967),
we speculate that the deposits of the events A-C are less permeable than those of the events
D-F.

West East
rock-slope
lake outburst flood failure
1846 AD b X4

'3 Lake Oeschinen f

springs _ T N
g : \ xﬂ
2.5 kyr BP Oeschinen * > '7\

~ rock avalanche
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bed rock
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x’ - of Oeschinen valley

/,-,
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Figure 19: Synthetic sketch highlighting the polyphase development of modern Lake Oeschinen. Assumed pale-
otopography of Oeschinen valley, covered with rock avalanche deposits from 9.5 cal kyrs BP Kandersteg event
(Tinner et al., 2005) and the multistage events from Mount Spitzstein, A-C (green) and D-F (blue). Spatial limits of
the single events remain unclear. Without scale.

We suppose that the lake dam reached its present-day height after the last multistage event
F detaching from Mount Spitzstein, or possibly after Event G, whose trajectory is uncertain.
Whereas (Kopfli et al., 2018) ascribe the dam deposits to two events (possibly Kandersteg and
Oeschinen rock avalanche), this study rather indicates at least six multistage rock-slope fail-
ures (events A-F) building the dam. The events H-K did not contribute to the evolution of the
dam because they detached away from Mount Spitzstein. Event |, however, might have gen-
erated a hazardous outburst flood, which destroyed parts of the arable land in the Kander
valley (Bach, 1935) and might have lowered the lake level to an unknown extent. The inhabit-
ants of Kandersteg channelized the Oeschibach stream in 1847, shortly after the catastrophe.

Conclusions

Lake sediments act as a natural chronometer providing a powerful dateable record of discrete
rock-slope failure events. Turbidites and event deposits on the lake floor deliver insights into
the properties of the related rock-slope failures, which may include age, volume, affected
area, subaerial or subaqueous origin of the mass movement, and multistage or single failure
(Hunt et al., 2015). Multistage subaerial rock-slope failures of the Lake Oeschinen area can be
reconstructed by analyzing lake sediments with high-resolution seismic surveys and sediment
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cores. Aerial images allowed the allocation of scarp niches to failure events, and were used
for energy considerations. The sediment-based event stratigraphy is absolutely dated using
radiocarbon dating, historic chronicles and a varve chronology in the upper ~5.6 m of the sed-
iment record.

Lake Oeschinen provides a unique inventory of multistage rock-slope failures covering a his-
tory of ~2.5 cal kyrs BP. Eleven events could be distinguished, from which at least six detached
from the same direction at Mount Spitzstein. The data imply surprisingly high recurrence rates
(~1/300 yrs), and four events potentially coincided with (pre-) historic earthquakes. The lake
in its present-day extent is thus much younger than expected and is not linked to the Kander-
steg event ~9.5 cal kyrs BP.

We identified rock-slope failures having potential for triggering massive flood waves, and cor-
related a witnessed lake-outburst flood in 1846 AD (Bach, 1935) with a rock fall. Huggel et al.
(2013) detected a similar remarkable coupling of hazardous processes at the Lower Grindel-
wald Glacier. These studies provide evidence that subaerial rock-slope failures impacting on
glacial or moraine-/landslide-dammed lakes will become more common and relevant in high-
mountainous regions due to future climate warming and glacier/permafrost retreat.

In conclusion, this study shows that temporal and spatial correlation of reflection seismic data
and sediment cores from lake basins combined with aerial images provide a valuable approach
for deciphering multistage subaerial rock-slope failures, constraining the event chronology
and improving our knowledge of the rock-slope failure involved processes and related hazard.
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5.2 Lake Eibsee: Displaced Paleolake and Effects of Rock-Avalanche Im-
pact Deciphered from Terrestrial Sediments

This chapter has been published in the Journal Earth Surface Processes and Landforms under
the title “Impact of an 0.2 km? Rock Avalanche on Paleolake Eibsee (Bavarian Alps, Germany)
— Part I: Reconstruction of the Paleolake and Effects of the Impact” by Sibylle Knapp, Philipp
Mamot, Bernhard Lempe and Michael Krautblatter (2020a).

Abstract

Rock avalanches destroy and reshape landscapes in only a few minutes and are among the
most hazardous processes on Earth. The surface morphology of rock avalanche deposits and
the interaction with the underlying material are crucial for runout properties and reach. Water
within the travel path is displaced, producing large impact waves and reducing friction, leading
to long runouts. We hypothesize that the 0.2 km?® Holocene Eibsee rock avalanche from Mount
Zugspitze in the Bavarian Alps overran and destroyed Paleolake Eibsee and left a unique sed-
imentological legacy of processes active during the landslide. We captured 9.5 km of Electrical
Resistivity Tomography (ERT) profiles across the rock avalanche deposits, with up to 120 m
penetration depth and more than 34,000 datum points. The ERT profiles reveal up to ~50 m
thick landslide debris, locally covering up to ~30 m of rock debris with entrained fine-grained
sediments on top of isolated remnants of decameter-wide paleolake sediments. The ERT pro-
files allow us to infer processes involved in the interaction of the rock avalanche with bedrock,
lake sediments, and morainal sediments, including shearing, bulging, and bulldozing. Comple-
mentary data from drilling, a gravel pit exposure, laboratory tests, and geomorphic features
were used for ERT calibration. Sediments overrun by the rock avalanche show water-escape
structures. Based on all of these datasets, we reconstructed both position and size of the pale-
olake prior to the catastrophic event. Our reconstruction of the event contributes to process
an understanding of the rock avalanche and future modelling and hazard assessment. Here
we show how integrated geomorphic, geophysical, and sedimentological approaches can pro-
vide detailed insights into the impact of a rock avalanche on a lake.

Introduction

Massive rock-slope failures cause more than 60 % of all catastrophic landslide disasters (Evans
et al., 2006). The interaction of the rockslide and rock avalanche material with the substrate
over which they travel strongly influences runout properties (e.g. Abele, 1994; Hungr and
Evans, 2004; Dufresne et al., 2010; Robinson et al., 2015). Erodible and deformable substrates
as well as obstacles may divide the rock avalanche into multiple lobes, and their deposits often
show complex emplacement structures with longitudinal and transverse ridges (Hewitt, 2006;
Dufresne et al., 2015; Dufresne et al., 2016a). Water reduces basal friction of the sliding mass,
resulting in increased runout velocity and length (Abele, 1997; Erismann and Abele, 2001;
Legros, 2006). Large landslides that enter lakes or other water bodies have generated disas-
trous waves up to several 100 m high (e.g. Lituya Bay; Fritz et al., 2009). Landslide-triggered
waves may also transform into debris avalanches or debris flows that endanger human lives
and infrastructure over a wide area (lverson et al., 1997; Walter et al., 2020). Researchers
have analysed landslide-triggered impact waves in the laboratory (e.g. Evers and Hager, 2016;
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Miller et al., 2017), reconstructed displacement waves by numerical modelling (e.g. Kafle et
al., 2016; Gylfaddttir et al., 2017), and provided insights into the sedimentology of impact-
wave deposits (e.g. Roberts et al., 2013; Dufresne et al., 2018).

In spite of the scientific progress described above, the reconstruction and modelling of ancient
events often remain challenging, and become speculative, as researchers are confronted with
a lack of data on paleotopography, substrate characteristics, and the possible involvement of
water. If the landslide mass is large relative to water depth, much of the water in a lake will
be pushed out of the impact zone rather than entrained (e.g. Miller et al., 2017). In such cases,
the resulting landform may resemble that of dry rock avalanches, even though they ran out
on water-saturated sediments or entered a lake (Shaller, 1991). Water-escape structures
within sediments overrun by landslides may provide evidence of water (Pavoni, 1968a; Lowe,
1975; Yarnold, 1993), but the basal contact between the rock avalanche deposits and under-
lying substrates are rarely accessible (Dufresne et al., 2015). Hence, geomorphic evidence is
often used to infer the presence and role of water in massive rock-slope failures (Plafker and
Ericksen, 1978; Shaller, 1991; Siebert, 2002). This approach, however, can be problematic for
high-energy events because the water may not become fully incorporated into the streaming
debris.

To date, no study has documented sedimentology that reveals the spatial and temporal re-
construction of a rock avalanche that has entered a lake and displaced its water. In this paper,
we focus on this issue by presenting evidence for the existence and size of a paleolake in the
German Alps that was overrun by a rock avalanche. We marry geomorphological mapping with
a geoelectrical survey and sedimentological analysis of outcrops and drillhole data to prove
the existence of this paleolake and to provide an estimation of its size. The geoelectrical pro-
files provide insights into the structure, thickness, and distribution of the rock avalanche de-
posits and their interaction with lake water and lake sediments. Our results offer an explana-
tion for the exceptionally long runout of the rock avalanche (9-10 km; Jerz and Poschinger,
1995) and support our paleotopographic reconstruction, thus providing a valuable contribu-
tion to future modelling and hazard assessment.

Lake Eibsee and Mount Zugspitze

Geographical Setting and Geology

Lake Eibsee is located in the Wetterstein Mountains in the southernmost part of Bavaria at an
elevation of 973 m a.s.l. It lies at the foot of Mount Zugspitze, the highest summit in Germany
at 2962 m a.s.l. (Figure 20a). This area is of considerable research interest as it lies at the edge
of the Northern Calcareous Alps and is prone to large rock-slope failures in carbonate rocks
(Krautblatter et al., 2012b). The rock avalanche that is the subject of this paper detached from
the scarp niche ‘Bayerisches Schneekar’ on the north flank of Mount Zugspitze. The Zugspitze
comprises Triassic limestones and dolostones of the dislocated and overthrust Wamberg An-
ticline (Riffer, 1995; Haas et al., 2014). The Eibsee Syncline, over which these rocks have been
thrust, are Jurassic and Cretaceous limestones and dolostones with low permeability that fa-
vour the presence of a paleolake on the valley floor (Tollmann, 1976; Hornung and Haas,
2017).
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Figure 20: a) Satellite image with a 3D-view of the Wetterstein Mountains in southern Germany, showing Mount
Zugspitze (2962 m a.s.l.) and the scarp of the Eibsee rock avalanche, modern Lake Eibsee and part of the runout
zone towards Garmisch-Partenkirchen. b) Lidar image (hillshade) with overview of the scarp niche Bayerisches
Schneekar at Mount Zugspitze and the area covered with rock-slope failure deposits. The locations of ERT profiles
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P1-P8 are shown as red lines. Coordinates are given in Gauss-Kriiger Zone 4 (Bavarian Surveying and Mapping
Authority, 2006).

Eibsee Rock Avalanche

The Eibsee rock avalanche is the largest rock-slope failure in Bavaria (Abele, 1974). The land-
slide deposit covers an area of ~15 km? and has a runout length of 9-10 km and a maximum
vertical travel distance of ~2.3 km (Jerz and Poschinger, 1995; Haas et al., 2014). Volume esti-
mates range from 400-600 million m® (Abele, 1974; Prager et al., 2008) and 300-400 million
m3 (Jerz and Poschinger, 1995) to 150-200 million m® (Haas et al., 2014; Leith et al., 2016).
Vidal (1953) initially interpreted the debris to be glacial, but Abele (1974) recognized them to
be rock avalanche deposits. The main flow direction is to the north, but a large lobe extends
to the east towards Garmisch-Partenkirchen (Figure 20). Jerz and Poschinger (1995) obtained
a radiocarbon age that dates the event to ~3700 BP (Part Il, the companion to this article,
Knapp et al., 2020b). They inferred that the landslide had overridden a lake based on the pres-
ence of displaced lake clay in a drillcore, and accordingly suggested that the long runout re-
sulted from the involvement of the lake waters. Haas et al. (2014) proposed a paleolake situ-
ated at the same location as modern Lake Eibsee. However the displaced clay site is far from
the modern lake, and the existence and size of a paleolake remained speculative.

Methods

Geomorphological Mapping

Geomorphological mapping was performed at a scale of 1:10,000 on airborne laser-scan im-
ages and topographic maps. A bare-earth digital elevation model (DEM) with 1-m resolution
was provided by the Bavarian Surveying and Mapping Authority (2006). We mapped charac-
teristic landforms of the rock avalanche deposits, distinguishing between longitudinal and
transverse ridges and valleys. To evaluate landslide flow directions, we covered the study area
with a grid of 200-m-wide cells. The 200-m cells divided ridges and valleys into smaller seg-
ments. A ridge or valley was classified as ‘longitudinal’ if it diverges no more than 30° from the
mean flow direction of the segment, and ‘transverse’ if it diverges no more than 30° from the
orthogonal to that direction. An ‘undefined’ orientation refers if the angle relative to the mean
flow direction is 30-60°.

Electrical Resistivity Tomography (ERT)

We performed an ERT survey with an ABEM SAS 1000 Terrameter with 81 electrodes. The roll-
along method was employed along eight two-dimensional profiles (Figure 20b, Table S3) with
electrode spacings of 5 m and 4 m using 100-m-long cables, as well as one profile with a 10 m
electrode spacing using 200-m-long cables. All measurements were made with Wenner and
Schlumberger arrays and the same current settings (up to 200 mA and 400 V, respectively).
The contact resistance of each electrode was tested before measurements were started.

Data were processed with the inversion software RES2DInv (Loke, 2006) in three steps: (i) bad
datum points (few outliers) were eliminated; (ii) the data were inverted using robust inversion
to avoid smoothing the resistivity gradients (Sass, 2004); and (iii) in the case of profile P8, we
used a finer mesh size to cope with high-resistivity contrasts (Krautblatter and Hauck, 2007)
and inverted the data with a half electrode spacing of 2.5 m.
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The ERT profiles were calibrated in the field where data from drillings and outcrops are avail-
able, and the measured values of apparent resistivity were cross-checked with laboratory data
on the different rock types (Plattenkalk Limestone, Wetterstein Limestone and Hauptdolo-
mite).

Sedimentological Analysis

A detailed sedimentological analysis was undertaken in a gravel pit northwest of Mount Zirm-
erskopf to facilitate the recognition and characterization of distal rock avalanche deposits.
Two sediment samples of matrix-rich bands were analysed by wet sieving using the Euronorm
DIN EN ISO 17892-4 (2017-04) protocol and classified based on their fractal dimension (Xu et
al., 2001; Dufresne and Dunning, 2017). The results are presented using DCSIEVE software.

Results and Interpretation

The results of the complex flow behaviour of the Eibsee rock avalanche can be seen in deposit
morphology, bulk material composition related to mixing or entrainment of substrate material
and water (ERT), and rock avalanche lithofacies (sedimentology).

Rock Avalanche Landforms and Interpretation

Geomorphic mapping revealed several features characteristic of rock avalanches (Figure 21).
Parallel or radiating ridges with small valleys or depressions in between can be found through-
out the study area. The longitudinal ridges, oriented towards the north, are common. The
ridge surfaces are covered with limestone mega-blocks that derived from the scarp niche
(Wetterstein Limestone), many of them exceeding 10 m in diameter. The largest blocks, with
diameters of 20 m, lie along the main flow path. All ridges consist entirely of rock avalanche
debris. Debris flows and sturzstrom-like debris flow deposits are present locally on top of the
rock avalanche deposits (Hornung and Haas, 2017). Swamps are present at the west margin
of the rock avalanche adjacent to bedrock slopes and north of Mount Zirmerskopf.

Topographic interference leads to longitudinal and transverse confinement of a rock ava-
lanche (Hewitt, 2006; Dufresne et al., 2015). Longitudinal and transverse ridges can be inter-
preted to be pressure ridges (Hewitt, 2006) and record the deflection of debris by valley walls
and obstacles as defined by Heim (1932) and related ‘caroming’ flow (Hewitt, 2006). The west-
ern half of the deposit has a chaotic orientation of ridges, indicating a complex interaction
with topography, whereas ridges in the eastern half are mostly longitudinal and are parallel
to the flow direction, probably because there were few obstacles along their path. The
sturzstrom-like debris flow ran straight to the north without spreading, thus forming longitu-
dinal ridges only.

Geophysical Insights into the Pre-Failure Landscape and the Rock Avalanche Impact on a
Paleolake

Eight ERT profiles (location in Figure 20b) totalling ~9.5 km in length and with 34,000 resistivity
datum points provide unprecedented insights into the rock avalanche deposits and the surface
on which the deposits lie. The profiles, shown in Figure 22 and Figure 23, are depicted with
the same colour ramp for ease of comparison. Min and Max-Plots of all profiles are included
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in the Appendix (Figures S5 and S6) to show the uncertainties in the ERT measurements. Re-
sistivity calibrations based on data from the literature, field, and laboratory tests are given in

Table S4.
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Figure 21: Geomorphic map of rock avalanche, rock fall, and debris flow deposits, showing the main direction
of movement and longitudinal and transverse ridges and valleys. Lidar image: Bavarian Surveying and Mapping
Authority (2006); coordinates given in Gauss-Kriiger Zone 4.
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Four resistivity zones can be distinguished in Figure 22 and Figure 23:

1. High resistivity zones (>2000 Qm, dark red): bedrock, either limestone (Plattenkalk or
Wetterstein Formation) or dolomite (Hauptdolomite Formation). The rock avalanche

carapace is highly resistive because of the large size and proximity of boulders.

2. Mid-range resistivity zone (~500-2000 Qm, orange-red): mixed fine- and coarse-
grained materials with a high proportion of boulders; interpreted to be moraine mate-
rial covering bedrock. Mid-range resistivity is also encountered at the transition be-

tween high and low resistivity zones.
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3. Low resistivity zone (~100-500 Qm, yellow-blue): mixed fine- and coarse-grained ma-
terials with a high proportion of fines; interpreted to be highly fragmented rock ava-
lanche debris mixed with entrained fine-grained (paleolake) sediments.

4. Extremely low resistivity zone (<100 Om, dark blue): clay- or silt-size sediment, per-
haps, mixed with small amounts of sand and small gravel; interpreted to be paleolake
sediments.

Eight types of materials and processes detected with ERT could be calibrated in the field (Table
S4): i) rock avalanche body, ii) bedrock (pk and hd), iii) lake clay/silt and iv) mixed sediments
as materials, as well as processes like v) bulldozing with vi) overriding of secondary lobes, vii)
bulging, and viii) splashing of single boulders. For these, calibration sites have been introduced
in Figure 22 and Figure 23. Moreover, morainal sediments, and upward injection of lake sedi-
ments are identified.

P1 (Figure 22a) is a profile oriented from south to north, in the direction of the incoming rock
avalanche. At the south end of the profile, the surficial layer with mega-blocks can be cali-
brated at the Eibsee Hotel (Table S4; Socco et al., 2010). Here, the rock avalanche deposits are
~50 m thick and lie on top of material with mid-range resistivity (brown-red colour). We inter-
pret the latter material to be morainal deposits (Table S4; Samouélian et al., 2005) and/or
bedrock that impound a paleolake towards the east. In the middle part of the profile are near-
vertical shear zones with material of very low resistivity (<100 Qm, dark blue colour). This
material is interpreted to be lake sediment squeezed into and partially mixed with rock ava-
lanche (~100-400 Om, light blue colour; interpretation follows Bader, 1979; 1981; Kneisel,
2003; Samouélian et al., 2005).

There is shearing due to compression (pressure ridges in Figure 21) during collision of the rock
avalanche with bedrock at Mount Zirmerskopf (dark red colour). The ~30 m deep northern
basin of the paleolake is seen at the north end of the profile with a thin cover of rock avalanche
debris.

P2 (Figure 22b) extends in an easterly direction across the northern basin. The profile starts
on the west on Plattenkalk Limestone bedrock (Table S4). Farther east, fine-grained material
(~100 Qm, blue colour) has been carried to the surface along shear zones, as is seen in P1. In
the middle of the profile, rock avalanche debris overlies mixed sediments (~500 Om, yellow
colour). The brown-red spots near the base of the profile in this area may delineate paleoto-
pography shaped by glaciers (drumlins or flutings). At the east end, the profile extends across
the paleodam observed in P1 (red colour), beyond which the surface elevation drops rapidly.

P3 (Figure 22c) and P4 (Figure 22d) provide views of the northern part of the paleolake. P3
passes the drilling site ‘Grainau IV’ (Jerz and Poschinger, 1995), where rock avalanche material
is mixed with paleolake sediments and where the resistivity of Plattenkalk Limestone was cal-
ibrated. Large boulders at the surface are sparse and not connected to the main rock ava-
lanche deposit farther south.



72 5 Case Studies

‘ a) ‘ Profile P1, SE-NW orientation, parallel to flow, Spacing = 5 m, Iteration 5, RMS-error 3.6%

[ma.s.l]

[mas.l]
northern basin | 1950

of paleclake

1050 rock avalanche debris bulging: transverse ridges

34 i 000
4000 | . iR 2200 L1000
950 F 950
Eibsee Hotel, Zirmerskopf,
900 calibration site calibration site bedrock | g00

rock avalanche Hauptdolomite
shearzones: squeezed out

dam deposits (moraine?
P ( ) paleclake sediments to N

b) ‘Profile P2, W-E orientation, perpendicular to flow, Spacing = 5 m, Iteration 5, RMS-error 3.1%

sl]
[mas.l] . [mas
iy paleolake sediments 0 ayalanche debris o3, 2200 rock avalanche
100040 _ e gop Sdueezed outto W 0 L 1000
950 L 950
900 | Plattenkalk Limestone L 900
bedrock
glacigenically-shaped paleotopography dam: moraine
850 (drumlins/morainefroche moutennée?) ridge? bedrock? 850
c) ‘ Profile P3, SW-NE orientation, Spacing = 5 m, lteration 5, RMS-error 7.7%
[mas.l] [masl]
1080 rock avalanirj(ioc(i)ebns single rock avalanche boulders, 1080
@D "splash zone" . , o 600 m
Drilling 'Grainau IV, calibration site
10404 200 mixed sediments 1040
500 . 5()9) ]
paleolake =
i ?
1000 sediments? 1000
960 mixed sediments 980
calibration site for
Plattenkalk Limestone bedrock
‘ d) ‘ Profile P4, W-E orientation, Spacing = 5 m, Iteration 5, RMS-error 10.4 %
[masl] rock avalanche streaming [ma.s.l]
t 1040

1040 -2 _around Zirmerskopf “splashed" boulders

.

1000 J S, p—— S L1000

960 4 paleolake L 960
sediments paleclake
(in situ?) sediments

920 1 Hauptdolomite bedrock (insituzy [ 90

(linked to Zirmerskopf)

Specific resistivity [(2m]

(3 § J J o enpemimmymmyesy - 8} J |
100 500 2000

fine-grained sediments mixed sediments moraine sediments bedrock / boulders
(paleolake) (potentially entrained) and transition zones (limestone)

Figure 22: ERT profiles P1-P4. a) P1: SE-NW profile (in flow direction) of main deposits and bedrock at Mount
Zirmerskopf. b) P2: W-E profile (perpendicular to flow direction) of main deposit between bedrock (W) and dam
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(E), showing shearing and squeezing out of paleolake sediments. c) and d) P3 and P4 showing the northern basin
with “splash zone”, water-saturated mixed sediments and assumed in-situ paleolake clays.
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Figure 23: ERT-profiles P5-P8. a) P5: ~120 m deep paleolake basin. b) and c) P6 and P7: details of shearing
processes and paleotopography. d) P8: the calibration site for lake clays with extremely low resisitivity values
(<100 Om, dark blue).

In P4, large boulders are stacked atop one another and extend upward without any indication
of flowing motion. This area may rather be a “splash zone” (e.g. Plafker and Ericksen, 1978;
Cruden and Hungr, 1986) where boulders overtopped Mount Zirmerskopf at high speed and
came to rest in the northern paleolake basin while rock avalanche material streamed around
the ridge on both its west and east sides (homogenous debris; interpretation follows
Ostermann et al., 2012). The stacked boulders overlie dark blue (<100 Qm) in-situ paleolake
sediments.

P5 (Figure 23a) is another northerly oriented profile parallel to flow that ends at the distal
margin of the rock avalanche, with evidence of bulldozing at the front. In the middle part of
the profile, we identify Hauptdolomite bedrock at ~100-120 m depth, suggesting that the ba-
sin was ~100 m deep at this locality after deglaciation.

P6 (Figure 23b) provides insight into the structure of the paleodam and translational shearing
resulting from collision of the rock avalanche with the dam. Two near-vertical obstacles (red
colour), which may be moraine material, are covered by ~20-30 m of rock avalanche debris
with entrained fine-grained sediments (~100-500 Qm, blue-yellow colour).

P7 (Figure 23c) is a short NW-profile through ~30-m-thick rock avalanche deposits. One debris
lobe has been overridden by a second lobe. Paleolake sediments (<100 Om, dark blue) have
been injected upward as the debris ran up a former hill (moraine ridge or drumlin).

P8 (Figure 23d) is located near the east end of the rock avalanche deposit at the ‘Grainau V’
drillsite (Jerz and Poschinger, 1995), where we calibrated ERT measurements in lake sedi-
ments (<100 Om, dark blue). Thin rock avalanche deposits are registered in red.

Shear Zones and Water-Escape Structures Revealed in Sediments

A gravel pit is located in a distal facies of the rock avalanche deposit west of Mount Zirm-
erskopf (Figure 20). The gravel pit provides a panoramic view ~30 m wide and ~10 m high of a
blocky carapace and main body of the rock avalanche deposit with a paleoflow direction to-
wards the observer (Figure 24). The base of the deposit is not visible. In the eastern half of the
outcrop, the body of the rock avalanche deposit is covered by large boulders of Wetterstein
Limestone. To the west, however, there are two sheets of diamictic rock avalanche deposits
separated by a matrix-rich band, but without a distinct carapace (Figure 24a, b). Both sheets
of rock avalanche debris have the same composition, but the lower sheet contains larger boul-
ders than the upper one. The smaller fragments are angular to subangular and intensely frac-
tured. The matrix-rich band is at the surface at the west end of the exposure, dips eastward
down to ~3-4 m depth, then rises again and reaches the surface in the middle of the exposure
(Figure 24a, b; for original photos see Figure S7 in the Appendix). The matrix-rich band consists
of matrix-supported gravel, and is up to ~1.0 m thick (Figure 25). It has a reddish-orange tint
that differentiates it from the light grey diamictic rock avalanche deposits.
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Figure 24: Gravel pit exposure at Mount Zirmerskopf: a) and b) Two lobes of rock avalanche debris separated
by c) and d) reddish shear bands and gravel lenses. e) Convoluted structures in the shear band. (Original photos
are provided in Figure S7 in the Appendix.)
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Contorted sill- and dyke-like structures are evident at the eastern termination of the band
(Figure 24e). Here, the matrix-rich band shows complicated folding and penetration of the
overlying rock avalanche material in multiple flame, diapir and injection structures. Matrix-
free and matrix-poor gravel lenses locally sharply separate the matrix-rich band from the un-
derlying rock avalanche deposits (Figure 24). The lenses are only few decimeters thick, are
structureless, and contain stones that are more rounded than those in the body facies (Figure
24c, d).
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Figure 25: Sampling locations within shear band between two rock avalanche lobes. Sieving results are provided
in Figure S8 in the Appendix.

The two rock avalanche bodies are interpreted to be the deposits of two, nearly simultaneous
lobes. This interpretation is supported by ERT profile P5 (Figure 23a), where the outcrop is
depicted at ~650 m length with up to ~30 m of rock avalanche deposits that have been bull-
dozed at the front of the rock avalanche. A thin front lobe overlies and presumably overran
an initial thicker lobe. This happened when the first lobe slowed down while bulldozing as it
entered the northern basin of the paleolake. The matrix band is interpreted to be a zone of
shearing between these two lobes. Two sieved samples from the shear band (Figure 25 and
Figure S8) have fractal dimension factors of ~2.59 and ~2.72, typical of shear bands according
to Dufresne and Dunning (2017). The fine-grained matrix is likely a product of comminution
during fragmentation (Yarnold, 1993; Davies and McSaveney, 2009a), but it might also contain
entrained fines.

The convoluted sill- and dyke-like structures at the east edge of the shear band are interpreted
to be soft-sediment deformation structures that formed due to water escape (Hewitt, 2006)
and can be considered hydroplastic intrusions (Lowe, 1975). We attribute the convolution to
shear-induced liquefaction as the flow decelerates (Bennett et al., 2000; Carling, 2013). The
gravel lenses are likely wedges of debris bulldozed and washed out close to the front of the
upper rock avalanche lobe as it ran out, when great hydraulic pressures were generated in the
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trapped moisture (Krieger, 1977; Yarnold, 1993). They can only form when water under high
pressure entrains and removes fines, not by pore-water escape from wet substrates.

Discussion

ERT Error Sources

For the ERT survey, we used Wenner and Schlumberger arrays, which provides the best com-
promise between measurement precision and time investment (Rédder and Kneisel, 2012).
The electrode arrangement provides high resistivity resolution in the vertical direction, but
there is uncertainty in precision in the horizontal direction (Aizebeokhai, 2010). Additional un-
certainties relate to (i) bad connections between the electrodes and substrate material, (ii)
dryness of the sediment or (iii) large air-filled cavities, for example around rock avalanche
boulders in the carapace (Supper et al., 2014). With regard to the first cause of uncertainty, it
is important to push the nails thoroughly into the ground and remove loose sediment or plant
cover prior to making measurement. We obtained sharp resistivity contrasts between rock
avalanche material (~500-2000 Om, red), fine-grained lake sediments (<100 Qm, dark blue)
and the mixed sediments (~100-500 Qm, blue-yellow) in between.

The deviation between the measured values and the final tomography is indicated by the root
mean square error (RMS). Small errors do not necessarily indicate a realistic model (Hauck and
Muhll, 2003), therefore we selected only five iterations of modelling rather than risking over-
fitting, while obtaining satisfying RMS errors between 3.1 % and 14.1 %. To further assess the
reliability of the inversions, we created MinMax-Plots of the ERT uncertainty (Figures S5 and
S6 in the Appendix) based on a model covariance matrix (Alumbaugh and Newman, 2000).
These plots show negligible uncertainty with respect to the interpreted sections.

Evidence that the Rock Avalanche Impacted a Lake

Complex emplacement structures with longitudinal and transverse ridges point toward the
Eibsee rock avalanche impacting a deformable substrate (interpretation follows Hewitt, 2006;
Dufresne et al., 2010; Dufresne et al., 2015). Swamps on the west and north margins of the
rock avalanche deposit indicate water-impermeable geological strata, which favour the exist-
ence of a lake at this position.

Extremely low resistivity values below the rock avalanche deposit in the ERT profiles are indic-
ative of lake sediments, which we calibrated with similar sediments encountered in drilling at
‘Grainau V' (Jerz and Poschinger, 1995) and with data from the literature (Table S4). Moreover,
zones of mixed deposits are present in distal areas where the rock avalanche moved into an
existing lake. This is also supported by water-escape structures in the gravel pit at Mount Zirm-
erskopf (Figure 24). The matrix-free gravel lenses below the matrix-rich zone in this exposure
indicate that the lake was filled with water and not dry (Yarnold, 1993).

Paleolake Eibsee

During the Last Glacial Maximum, the study area was covered by the Inn glacier flowing from
the crest of the Alps (Fernpass area). When the glacier retreated, it left behind a landscape
shaped by glacial erosion and partly blanketed by till and meltwater deposits. Till and/or bed-
rock formed a dam that sealed off part of the Eibsee Syncline (P1, P2 and P6; Figure 22 and
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Figure 23). A lake formed behind the dam, and fine-grained lake sediments began to accumu-
late in it.
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Figure 26: a) Schematic sketch of Paleolake Eibsee with assumed dimension and position of the paleodam and

shallow water areas and small islands. b) Paleotopography after the rock avalanche impacts the lake, showing
inferred processes. Dashed line indicates outline of modern Lake Eibsee. Coordinates are given in Gauss-Kriiger
Zone 4.

The lake formed adjacent to the roche moutonnée Zirmerskopf (Figure 26a) near where late-
glacial lake sediments, mobilized and redeposited by the rock avalanche, were found during

the drilling at ‘Grainau IV’ (Jerz and Poschinger, 1995). To the west, the lake presumably
reached the rising slope of Plattenkalk Limestone bedrock. At the south, the modern Lake Eib-

see basin was also part of the paleolake, again dammed to the west and south by Plattenkalk
Limestone. The paleolake existed and continued to accumulate silt and clay up to the moment
of the Eibsee rock avalanche (Figure 26b; see Part I, Knapp et al., 2020b).

Interaction of the Rock Avalanche with the Lake

Upon impact with the valley floor, the rock avalanche split into several lobes radiating fanwise

across the valley floor. The center of the rock avalanche impacted the paleolake and probably
generated a displacement wave that moved north, east, and west.

The streaming rock mass eroded the floor of the lake but then slid on the fine-grained lake
sediments. The basal friction was reduced due to lubrication or partial fluidisation, probably
causing the rock avalanche to accelerate. The eastern part of the rock avalanche decelerated
as it crossed the rough and hilly terrain of the paleolake dam, and continued down the valley
towards Garmisch-Partenkirchen. Lake sediments were entrained and mixed into the coarser,
diamictic rock avalanche material (yellow and blue mid-range ERT values, Figure 22 and Figure
23).

Due to collision with obstacles the rock avalanche split into several smaller lobes along its
distal margins (Figure 23a, ¢, and Figure 24). Bulldozing, squeezing, and shearing are recorded
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in the deposits at the margins of the paleolake. Here, multiple shear planes developed as suc-
cessive lobes ran into one another with little time between them (P1 and P2; Figure 22). Also,
soft-sediment deformation structures and water-escape structures formed where the rock av-
alanche ran over water-saturated fine-grained sediment.

Conclusions

The Eibsee rock avalanche overran Paleolake Eibsee. The entire body of water in the lake was
displaced by the rock avalanche, presumably causing a large impact wave.

Fine-grained paleolake sediments were eroded and entrained by the rock avalanche. Water-
escape structures, soft-sediment deformation structures, and matrix-free gravel lenses pro-
vide additional evidence for the existence of Paleolake Eibsee.

The paleolake was larger than modern Lake Eibsee. The main deposits of the rock avalanche
cover the northern half of the paleolake. Today, swamps along the north and northwest sides
of Lake Eibsee hint at the existence of the paleolake.

The long runout of the rock avalanche is attributed to low basal friction induced by entrain-
ment of water and fine-grained sediments.

The rock avalanche deposits show evidence of complex runout and emplacement processes.
Geomorphic mapping and an electrical resistivity tomography survey provide detailed insights
into interactive processes of the rock avalanche and the lake: separation into lobes, bulldoz-
ing, and formation of multiple shear planes at the lake margins with upward injection of fine-
grained lake sediments.

We reconstructed the paleotopography of the valley before the rock avalanche. Resistivity
values typical of morainal sediments were measured at the paleodam and along ridges and
hilly landforms in the former basin of the proglacial paleolake.
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5.3 Lake Eibsee: 3-Stage Progressive Rock-Slope Failure and Formation
of Modern Lake Deciphered from Lacustrine and Terrestrial Deposits

This chapter has been published in the Journal Earth Surface Processes and Landforms under
the title “Impact of an 0.2 km? Rock Avalanche on Paleolake Eibsee (Bavarian Alps, Germany)
— Part Il: Catchment Response to Consecutive Debris Avalanche and Debris Flow” by Sibylle
Knapp, Flavio S. Anselmetti, Bernhard Lempe and Michael Krautblatter (2020b).

Abstract

The ~0.2 km? Eibsee rock avalanche impacted Paleolake Eibsee and completely displaced its
waters. This study analyses the lake impact and the consequences, and the catchment re-
sponse to the landslide. A quasi-3D seismic reflection survey, four sediment cores from mod-
ern Lake Eibsee, reaching far down into the rock avalanche mass, nine radiocarbon ages, and
geomorphic analysis allow us to distinguish the main rock avalanche event from a secondary
debris avalanche and debris flow. The highly fluidized debris avalanche formed a megaturbid-
ite and multiple swashes that are recorded in the lake sediments. The new calibrated age for
the Eibsee rock avalanche of ~4080-3970 cal yr BP indicates a coincidence with rockslides in
the Fernpass cluster and subaquatic landslides in Lake Piburg and Lake Plansee, and raises the
possibility that a large regional earthquake triggered these events. We document a complex
history of erosion and sedimentation in Lake Eibsee, and demonstrate how the catchment
response and the rebirth of the lake are revealed through the complementary application of
geophysics, sedimentology, radiocarbon dating, and geomorphology.

Introduction

Massive rock-slope failures often occur progressively in multiple stages from the same scarps
or nearby scarps. Recent examples show that after an initial massive failure, a mountain flank
may collapse again after few days (e.g. Randa 1991, Switzerland; Eberhardt et al., 2004), few
years (e.g. Tangjiawan 2008 and 2016, China; Fan et al., 2018), or tens to hundreds of years
(e.g. Mount Spitzstein, Switzerland, now active again after events at ~2550 cal yr BP, ~2250
cal yr BP, ~2180 cal yr BP, ~1720 cal yr BP, and ~1320 cal yr BP; Knapp et al., 2018). Yet, it is
not possible to predict when and how often a scarp might be reactivated, and it is unclear
what role the trigger and predisposing factors play in the catchment response. Clearly, how-
ever, refining recurrence rates and magnitudes is essential for future hazard assessment, and
improving our understanding of progressive failure and catchment response after such cata-
strophic events.

The so-called ‘Fernpass rockslide cluster”is a group of large rock-slope failures in the Northern
Calcareous Alps and Central Eastern Alps (Figure 27a; Prager et al., 2008). Many of these land-
slides occurred at or after the end of the Holocene climate optimum during the Subboreal
(~4800 to ~3800 yr BP; Wanner et al., 2008; Wanner et al., 2011). Researchers have made a
lot of effort to bracket the ages of these landslides with different dating techniques to refine
recurrence rates. Well-known examples are the rockslides at Fernpass (~4200-4100 cal yr BP;
Prager et al., 2009) and Tschirgant (~3010 cal yr BP; Ostermann et al., 2017). However, all
dating techniques carry uncertainties, and dating is sometimes too imprecise to recognize sep-
arate events, even though the deposit morphology suggests multistage failure (e.g. the
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Pletzachkogel and Kofels rockslides; Ivy-Ochs et al., 1998; Hermanns et al., 2006; Prager et al.,
2008; Patzelt, 2012b). Consequently a new complementary approach is required to decipher
the multistage character of ancient events.

The Eibsee rock avalanche, sourced at Mount Zugspitze in the Bavarian Alps, is part of the
Fernpass rockslide cluster and has until now been considered a single failure dated at ~3700
yr BP (Jerz and Poschinger, 1995). In this paper, we present the results of geophysical and
sedimentological investigations of Lake Eibsee, new radiocarbon ages from event deposits in
the lake, and geomorphic observations. The data not only document three rock-slope failure
events that we presume are related to each other, but also help to improve our understanding
of how and under which circumstances a fragmenting rock mass may transform into or trigger
a highly mobile debris avalanche or debris flow. The importance of this learning is highlighted
by the massive rock-slope failure at Piz Cengalo in 2017 (Walter et al., 2020), where secondary
debris flows reached and destroyed settlements and other infrastructure, causing fatalities far
beyond the reach of the original rock avalanche.

Our study addresses five research questions: Is the Eibsee rock avalanche a single failure, or
can we decipher multistage events? What happens during and after the impact of the rock
avalanche on the lake? Does a new lake form, and if so, how and where? Can we find evidence
of a displaced paleolake in the modern lake? And, finally, what can we learn about progressive
scarp evolution and repeated rock-slope failures that feature consecutive rock avalanche and
debris flow events?

Study Site

Lake Eibsee (973 m a.s.l.) is located at the foot of Mount Zugspitze (2962 m a.s.l.), the highest
summit in Germany, in the Loisach-Fernpass fault zone (Figure 27a). The lake has a surface
area of ~1.8 km? and a maximum depth of ~¥36 m. It is mostly fed by groundwater; there are
small surface water inflows from the west (Kotbach and Markgraben), and there is no out-
flowing stream. The lake shoreline is undulatory, and there are several small islands (Figure
27b), mainly in the western and middle parts of the lake, that consist of rock avalanche mate-
rial (Wetterstein Limestone and some limestones and marlstones of the Alpine Muschelkalk,
mostly Reifling Formation). Plattenkalk Limestone and Hauptdolomite bedrock are exposed
north of the lake. A Paleolake Eibsee, larger than the modern one, existed at this site until the
Eibsee rock avalanche impacted and destroyed it (see Part |, the companion to this article,
Knapp et al., 2020a).

Methods

Seismic-Reflection Survey

Seismic surveys were carried out on Lake Eibsee in May 2015. The surveys were performed
with an Octopus 760™ Geophysical Acquisition System with a single-channel 3.5 kHz pinger
source/receiver. We operated the system with an inflatable boat travelling at a mean speed
of 5-6 kmh to acquire a dense, quasi-three-dimensional grid of seismic profiles in the lake
(Figure 27b). The seismic profiles were analysed with the KingdomSuite™ interpretation soft-
ware. The conversion of two-way travel time to depth assumes a P-wave velocity of 1500 ms’
! for both water and lake sediments.
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Figure 27: a) Map of the region including Mount Zugspitze and Lake Eibsee in the Northern Calcareous Alps;
landslides and fault zones related to the ‘Fernpass cluster’ are shown. Image © 2020 Maxar Technologies/Google
Earth. b) Map of Lake Eibsee and surroundings showing seismic reflection survey lines and core locations. Source
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of topographic map: Bavarian Surveying and Mapping Authority (2006). c) Bathymetry of Lake Eibsee, interpo-
lated from seismic data. Coordinates are given in Gauss-Kriiger Zone 4.

Lake-Sediment Coring

We cored lake sediments from a platform with an UWITEC percussion piston-coring system in
October 2016. Long cores were recovered in 3-m-long, 63-mm-diameter PVC tubes. The cores
were cut into three 1-m-long sections immediately after core recovery (e.g., core EIB16-02
was cut into three 1-m pieces EIB16-02A, -B, and -C; Table S5 in the Appendix). A gravity corer
was used to sample the uppermost ~1 m of sediment (short cores). Coring locations (Figure
27, Table S5 in the Appendix) were chosen on the basis of the seismic data to (i) find paleolake
sediments beyond the reach of the Eibsee rock avalanche (in the west), (ii) recover Eibsee rock
avalanche material with entrained organic matter for radiocarbon dating, and (iii) track multi-
ple stages of catchment response in the aftermath of the catastrophic event, including possi-
ble further events, stages of lake rebirth, and basin-wide environmental processes. The long
cores EIB16-09A-C, EIB16-09D-F, and EIB16-09G-H at location 4 were recovered with an over-
lap of ~1.5 m to compile a composite core. This composite core includes a gravity core at the
same site to secure the sediment-water interface (Table S5). Coring was stopped, when the
corer head reached rock material (locations 1, 2, and 4) or a log (location 3).

Lake-Sediment Analysis

Sediment cores were refrigerated at 4°C in the lacustrine core-storage facilities at the Univer-
sity of Bern. A GEOTEK Ltd. multisensor core logger measured the gamma-ray density, mag-
netic susceptibility, and P-wave velocity with a sampling resolution of 0.5 cm. The PVC tubes
were then split lengthwise into two halves, photographed (Geotek Linescan camera), and de-
scribed by macro- and microscopic analyses of grain size and material. The composite cores
were constrained with tie points (marker horizons), where possible (Table S5). The final com-
posite sections at the four locations range in length from 1.05 m to 4.71 m. The lowermost
sections EIB16-09E, -F, and —H were scanned using computer tomography (CT) at the Institute
of Forensic Medicine at the University of Bern to highlight differences in density at high reso-
lution and in 3D.

Radiocarbon Dating

Accelerator mass spectrometer (AMS) radiocarbon dating was done at the Laboratory for the
Analysis of Radiocarbon with AMS (LARA) of the University of Bern. Radiocarbon ages were
reported by the laboratory with one-sigma uncertainty. For calibration, we applied OxCal
v.4.3.2 (Ramsey, 2017), using the IntCal13 calibration curve from Reimer et al. (2013), and the
2-sigma-range.

Geomorphic Interpretation

A hillshade 3D digital elevation model (DEM; Bavarian Surveying and Mapping Authority,
2006) of the main depositional area north of Lake Eibsee was used for geomorphic interpre-
tation (see also Part |, Knapp et al., 2020a). Field investigation and a geological map (Hornung
and Haas, 2017) provided further information. Satellite images were used to detect potential
scarps and to assume travel paths of the landslides.
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Results and Interpretation

Seismic Stratigraphy

The seismic signal penetrated to depths of up to 5 m below the lake floor, except in the east-
ernmost part of the lake where gas masked the stratigraphy. We defined four seismic se-
guences (seismic units I-1V) on the basis of their geometries and seismic characteristics (Figure
28 and Figure 29).
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Figure 28: Two seismic profiles from the western (a) and eastern (b) parts of Lake Eibsee (see Figure 27b for
locations). The seismic stratigraphy comprises four seismic sequences labelled I-1V. Seismic unit Il occurs only in
the eastern, deep basin and contains a mass-movement deposit marked with purple color.

Seismic Unit |

Seismic unit | is the lowermost sequence. Its upper surface scatters all seismic energy and thus
forms the acoustic basement. This surface is highly irregular and bumpy (Figure 28a, b and
Figure 29a), and has local relief of 10 m or more.

Seismic Unit Il (a, b)

Seismic unit Il fills the depressions at the top of unit | topography and has generally a flat upper
surface. It is up to 5 m thick and shows at the top parallel high-amplitude reflections resulting
from its very strong impedance relative to overlying low-impedance sediments (Figure 28a).
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In the eastern basin, unit Il can be subdivided in lower (lla) and upper (lIb) subunits (Figure
28b). Subunit lla occurs in sediment pockets on top of unit | characterized by chaotic or trans-
parent seismic facies and has, when compared to the western basins (Figure 28a and Figure
29a), lower amplitudes on top. It is overlain by a topography-filling, onlapping unit with low-
amplitude reflections (subunit llb) that further flattens out the relief (Figure 28b).
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Figure 29: Seismic profiles at core sites 1, 2, and 3 (see Figure 27b for locations). Seismic units as in Figure 28.
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Seismic Unit Ill

Unit lll is found only in the eastern, deep basin (Figure 28b). It is up to 3 m thick and is charac-
terized by horizontal medium-to-high-amplitude reflections. A chaotic convex-shaped mound
occurs at the toe of the slope at the east side of the deep basin and is interpreted to be a
mass-movement deposit originating from the slope to the east (purple colour on Figure 28b).

Seismic Unit IV

The uppermost seismic unit is characterized by very low amplitude reflections, indicating wa-
ter-rich low-impedance sediments (Figure 28 and Figure 29). It has a maximum thickness of
1.5 m and occurs in the same depressions as units | and Il. Unit IV has geometries with slightly
curved edges that onlap onto the acoustic basement (unit ). In the deep, eastern basin, these
edges have prominent mound structures indicating downslope movement of sediment at the
toe of slopes (Figure 28b).

Core Lithostratigraphy

About 15 m of lake sediments were retrieved from the four core sites (2.11, 2.17, 1.05 and
4.71 m at locations 1, 2, 3, and 4, respectively; Figure 30 and Figure 31 and Table S5). We
subdivided the sediment sequences into four lithostratigraphic units.

Lithostratigraphic Unit A

Lithology: Unit A is the lowest unit and was retrieved only at location 4, at a composite depth
of ~4.5-4.71 m. Its base is marked by large boulders of light-beige Wetterstein Limestone, only
a few centimeters of which were penetrated. Core images and CT data indicate that these
pieces of limestones are overlain by a layer of cobble-sized clasts with a greyish, silty to sandy
matrix (Figure 31).

Correlation and interpretation: Lithostratigraphic unit A correlates with seismic unit I, hence
comprises the acoustic basement (Figure 28b). The rugged surface of seismic unit I, the lack
of penetration of the 3.5 kHz signal, and an inability to core unit A with the exception of the
single large block at the base of the core at location 4, indicates that this unit is the carapace
of a rock avalanche comprising massive boulders underlying the entire modern lake bed. We
name this largest and highest-energy event 'rock-slope failure event 1'.

Lithostratigraphic Unit B

Lithology: This unit is present at all four core sites (Figure 30 and Figure 31) at composite
depths of ~0.6-2.1 m (site 1), ~1.0-2.2 m (site 2), ~0.9-1.1 m (site 3), and ~1.7-4.5 m (site 4). It
comprises angular gravel- to cobble-sized fragments of Wetterstein Limestone and Alpine
Muschelkalk embedded in a grey, silty to sandy matrix. Dark grey-brown limestones and marl-
stones of the Reifling Formation contrast markedly with light grey clasts of Wetterstein Lime-
stone (Figure 31; composite depth ~4.1-4.2 m). Unit B has high density CT scan values and
exhibits normal grading over a vertical distance of many decimeters (~0.8 m at site 1, Figure
30a; ~0.5 m at site 2, Figure 30b; ~1.0 m in the main lake basin at site 4; Figure 31). Two or
more graded sections are present, and, fragments of wood are common in a cap of fine sedi-
ments at the top of the unit.

At site 4, the base of unit B (~4.3-4.5 m composite depth) consists of clay and silt (Figure 31)
with low density values. The measured density values and visual observations indicate upward
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coarsening of this interval, with an increase in amounts of sand, granules, and small pebbles
(composite depth ~4.20-4.45 m). The fine-grained upper part of unit B (composite depth ~1.7-
2.1 m)is characterized by four normally graded layers with stepwise up-core decrease in layer
thickness (18, 12, 8, 4 cm) and a decrease in basal grain size (Figure 31).
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Figure 30: Core-to-core correlation with photographs, sedimentological descriptions, and density profiles at
locations 1, 2, and 3 in the western and middle parts of the lake.

Correlation and interpretation: Unit B coincides with seismic unit Il. The overall normal grading
indicates deposition during a single event; we term this event 'rock-slope failure event 2'. We
interpret the fine layer capping unit B to be a megaturbidite related to a highly fluidized slurry
wave that crossed the rock avalanche material, with fine gravel in suspension.

At site 4, the four graded, subsequent and stacked sediment sections indicated as ‘swashes’
in Figure 31c are interpreted to be the deposits of a seiche. The seiche is an oscillating wave
moving back and forward, which affects the whole lake basin and produces stacked turbidites
with up-core fining basal grain sizes, as the basal flow velocity decreases with every passage;
they correlate to the seismic subunit IIb. The coarser, graded deposits at the base of Litho-unit
B here at site 4 coincide with the lower seismic subunit Ila and are interpreted to be debris
infilling depressions on the Event 1 deposits. The sharp contact to the underlying lithostrati-
graphic unit A (seismic unit I) is interpreted as marked by a hiatus, the erosive boundary be-
tween rock-slope failure events 1 and 2. The very fine sediment and low density at the very
bottom of lithostratigraphic unit B (composite depth ~4.3-4.5 m) indicate dust-cloud deposits
of Event 1, which are partially reworked due to the entrainment during Event 2.
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Figure 31: Photographs, sedimentological descriptions, and density profile of composite core from the eastern
lake basin. a) Complete composite core with lithology and density values. b) Correlation of seismic units and lith-
ologic units. c) Details of important event-related sediment sections and CT-image of the core base.

Lithostratigraphic Unit C
Lithology: This unit occurs only at site 4 in the deepest basin, at a composite depth of ~0.9-1.7
m (Figure 31). The fine-grained grey sediment has an overall medium density and is generally
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structureless, with only a few laminations and intercalated coarser layers with wood and leaf
fragments, and Fe-oxides.

Correlation and interpretation: Unit C correlates with seismic unit Ill and is interpreted to be
post-event 2 infill. Reworked, shallow-water, marshy sediment was deposited in the flattest
and deepest part of the lake basin.

Lithostratigraphic Unit D
Lithology: This unit consists of generally dark, jelly-like, low-density sediment rich in organic
matter with a few intercalated clastic layers and rare small molluscs.

Its thickness is ~¥0.6 m at site 1, ~0.8 m at site 3, ~0.9 m at site 4, and ~1.0 m at site 2. At site
4, a normally graded, low-density layer consisting mainly of terrestrial organic matter capped
by light-grey silt and clay occurs at ~0.8-0.9 m composite depth.

At sites 1 and 4, several higher density, centimeter-scale, normally graded, white-beige
silt/clay layers occur at composite depths of ~0.5 and ~0.6 m, respectively. Also present in unit
B are reddish-brown layers with higher density values that contain abundant terrestrial or-
ganic matter (Figure 30; location 2 at ~0.6m; location 3 at 0.1, ~0.5, and 0.6 m).

Correlation and interpretation: Lithologic unit D correlates with seismic unit IV and records the
normal, background organic-rich deposition in the lake (gyttja). The edge-draping geometry
reflects redeposition of low-density jelly-like material during storm events. The lower part of
the lithologic unit D is dominated by light-colored clastic layers with down-core increasing
density values (Figure 30a and Figure 31a). We interpret these layers to cause the strong
acoustic reflection between seismic units Il and IV and a slight mismatch between the litho-
logic C-D and the seismic IlI-IV boundaries, as the clastic layers belong to unit D, not unit C.
We interpret the clastic layer at ~0.8-0.9 m depth to be a turbidite capped by dust-cloud de-
posits, produced by a third event that we term 'rock-slope failure event 3'. This event likely
was of smaller magnitude than events 1 and 2. Other intercalated clastic layers in unit D in the
cores at sites 2 and 3 may record rainstorms with heavy runoff that flush into the western part
of the lake. Ephemeral streams enter the lake near these two coring sites at the west margin
of the lake.

Age of Rock-Slope Failures

Radiocarbon ages of nine wood samples recovered from cores at four coring sites are pre-
sented in Table 5. The oldest sample BE-6932.1.1 (10,122 + 55 yr BP) was collected from the
megaturbidite bed (EIB16-03A) at site 1. The calibrated age range is 12,012-11,405 cal yr BP.
This sample is much older than was expected; we interpreted it to be reworked and thus re-
moved it from further consideration. Figure 32 summarizes the dating results pertinent to the
events we describe in this paper, with coloured rectangles showing overlaps of the 2-sigma
ranges of calibrated ages for the three events. Event 1 dates to 4089-3876 cal yr BP. With six
overlapping sample ages, Event 2 dates to 4082-3976 cal yr BP. The two events cannot be
separated based on radiocarbon ages. However, because Event 1 is older than Event 2, the
age of Event 1 can be refined to 4089-3976 cal yr BP. Sample BE-6935.1.1 from the turbidite
bed in core EIB16-09A returned a radiocarbon age of 3459 + 35 yr BP and thus provides a
calibrated age range of 3830-3640 cal yr BP for Event 3.
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Table 5: Radiocarbon ages.

Sample : Cal age [BP]
Section Sediment Material | C14 age [BP] Event
lab code depth [m] (20-range)
EIB16-09A BE-6935.1.1 0.35-0.36 wood 3459 + 35 3830-3640 3
EIB16-09B BE-6936.1.1 0.80 wood 3630+41 4083-3840 2
EIB16-07 BE-6934.1.1 1.02 wood 3660+ 19 4082-3907 2
EIB16-07 BE-6934.2.1 1.02 wood 367519 4085-3929 2
EIB16-09B BE-6936.2.1 0.80 wood 3689 +47 4151-3896 2
EIB16-05AB BE-6933.2.1 0.64-0.66 wood 3693 +34 4148-3926 2
EIB16-05AB BE-6933.1.1 0.64-0.66 wood 3725+ 34 4221-3976 2
EIB16-09H BE-6937.1.1 0.66 wood 3655+ 37 4089-3876 1
EIB16-03A BE-6932.1.1 0.18 wood 10,122 £ 55 12,012-11,405 old
OxCal v4.3.2 Bronk Ramsey (2017); r:5 IntCal13 atmospheric curve (Reimer et al. 2013)
R_Date EIB16-09A (0.35-0.36m) &—EVGM 3
A
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Figure 32: Radiocarbon ages of wood samples recovered from cores, calibrated with OxCal v.4.3.2. Events 1 and
2 are roughly 4000 years old and cannot be separated based on their calibrated age ranges. Event 3 occurred
sometime between about 3830-3640 years ago.
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Geomorphic Interpretation

In addition to the lake deposits, we also examined and mapped sediments and landforms
around Lake Eibsee to distinguish different events. Slope analysis reveals flat plains north,
west, and southwest of Zirmerskopf (Figure 33a). Sediments beneath these plains infill de-
pressions within the Event 1 deposits. There are two plains, one at ~1000 m a.s.l. north of
Zirmerskopf, and a second one at ~1030 m a.s.l. west of Zirmerskopf (Figure 33b). The latter
slopes stepwise towards the east to ~¥1026 m a.s.l. and then ~1017 m a.s.l. We interpret these
plains to be the result of water runoff towards the northeast during and after Event 2, which
infilled the lower basin of the paleolake north of Zirmerskopf (see Figure 22b, cin Part I, Knapp
et al., 2020a). A 3D hillshade of the area (Figure 33c) displays our interpretation of how the
highly fluidized mass of Event 2 entered and infilled the depressions beyond the Lake Eibsee
shoreline. Flowing from the lake, it probably overran the Event 1 deposits at a nickpoint be-
tween Plattenkalk bedrock to the west, and the Event 1 deposits to the east. Figure 33c also
shows Event 3 deposits to the east with levees to both sides.

Discussion

Here we discuss the three stages in Holocene evolution of the landscape at Lake Eibsee, po-
tential triggers of the massive rock-slope failure from Mount Zugspitze, its impact on the pale-
olake, and the ‘lake rebirth’ phase.

The Rock Avalanche, Subsequent Mass Movements, and Rebirth of Lake Eibsee

The Eibsee rock avalanche (Event 1) occurred about 4000 years ago when 150-200 million m?3
of limestone fell from the north flank of Mount Zugspitze (Haas et al., 2014; Leith et al., 2016).
The seismic reflection survey showed that the rock avalanche deposits are distributed over
the entire lake floor. A western lobe of the rock avalanche encountered a rising bedrock slope,
and debris became stacked 10-20 m higher there than in the other parts of the lake (Figure
27c). An eastern lobe overtopped the paleodam and ran towards Garmisch-Partenkirchen.
The main lobe, however, flowed directly to north through the paleolake (see Part | for details
on interactive processes with the substrate). After deposition, the rock avalanche dust cloud
presumably covered the whole area, and rainfall washed loose material into small valleys and
depressions. Pools grew, merged, and started to build new small lakes with rock avalanche
blocks and ridges between them (Figure 34a).

At this stage, a second rock-slope failure occurred (Figure 34b). The rock mass flowed into the
shallow lake and entrained the water and dust of the Eibsee rock avalanche. In the distal fa-
cies, some centimeters of fine-grained sediment remained between the deposits of the first
and second event (Figure 31a, at ~4.1- 4.2 m composite depth at core site 4). Therefore, we
assume that Event 2 did not displace or entrain the underlying loose material, but rather first
caused rapid loading (Hungr and Evans, 2004). Due to the loading, the fine sediment was com-
pacted and consolidated, which is indicated by the up-core increase in density despite little or
no change in grain size.
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southeastward decrease in the elevation of the plain west of Zirmerskopf, and the lower plain north of Zirm-
erskopf. c) Geomorphic interpretation in 3D view. All figures are based on a high-resolution 1-m-DEM hillshade
(Bavarian Surveying and Mapping Authority, 2006). Coordinates are given in Gauss-Kriiger Zone 4.

This process is interpreted to follow the conceptual model developed by Yarnold (1993; Figure
35), who hypothesized on the subaqueous runout of a rock avalanche. His conceptual model
describes the interaction of the flowing rock mass with a lake floor and underlying fine-grained
sediments. Three stages are differentiated, during which the rock avalanche debris (Figure
35a) entrains sediment, creating a ‘contamination zone’ at the base of the flow, and becomes
more and more plastic (Figure 35b) and culminates with slip, but little scour before coming to
rest (Figure 35c).

5261000 | .

a) Paleotopography ~4000 cal yr BP b) Paleotopography ~4000 cal yr BP c) Paleotopography ~3740 cal yr BP
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Figure 34: Synoptic sketch of landscape evolution around Lake Eibsee. a) Eibsee rock avalanche (orange). b)
Debris avalanche (green) ~4000 cal yr BP. c) Debris flow ~3740 cal yr BP (purple). Dashed line delineates modern
Lake Eibsee. hd = Hauptdolomite, pk = Plattenkalk Limestone. Coordinates are given in Gauss-Kriiger Zone 4.

The highly fluidized debris infilled depressions on the rock avalanche deposits (Figures 28 and
29a; initial filling like in Lake Oeschinen, Knapp et al., 2018), overtopped rock avalanche debris
at the north shore and continued to the north until Zirmerskopf (Figure 33c). After the debris
avalanche came to rest, coarse material settled down and finer and lighter material such as
wood were deposited on top (Figure 30 and Figure 31). The deposits formed the plains de-
scribed above (Figure 33a, b). Sediment from the adjacent slopes was washed in the newly
formed Lake Eibsee (Litho-unit C).

Event 3 generated a large debris flow that travelled straight to the north, with a small western
branch reaching the young “reborn” lake (Figure 34c), thereby generating a turbidite (Figure
28 and Figure 31) that interrupted the organic background sediments accumulating in the
eastern basin. Fe-oxides and wood and leaf fragments in the sediment cores (Figure 31) indi-
cate that the modern lake was shallow, which might explain the small amount of background
sediment produced since Event 3, about 3700 years ago.

Today, Lake Eibsee drains to the north through the permeable rock avalanche deposits.
Groundwater is retained by the clayey marlstones of the Allgadu Formation and flows around
the Zirmerskopf. Here, the paleolake basin was not filled with rock avalanche deposits, and
the ground surface is relatively low (~¥980 m a.s.l., Figure 33b). Swamps and wetlands in this
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area are interpreted to be remnants of Paleolake Eibsee prior to the
(see Part I, Figure 26, Knapp et al., 2020a).
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Figure 35: Modified conceptual model of subaqueous runout of a rock avalanche (redrawn from Yarnold, 1993).

Classification of Rock-Slope Failures

We recognize and characterize three large rock-slope failures. The classification of the land-
slides follows Hungr et al. (2014). Event 1, the Eibsee rock avalanche, was a massive rock-slope
failure in carbonate rocks high on Mount Zugspitze (Abele, 1974; Jerz and Poschinger, 1995).
The rock avalanche impacted Paleolake Eibsee and displaced its waters (Part |). The deposits
show characteristics of dry rock avalanches with a carapace of mega-blocks (Krieger, 1977;

Yarnold and Lombard, 1989; Shaller, 1991; Miller et al., 2017).

Event 2 presumably started as a rock slide or rock avalanche similar to Event 1, but with much
smaller volume and lacking mega-blocks. When entering the lake, we hypothesize that the
rock mass entrained the available water. Partial or complete saturation of the sediments led
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to fluidization of the mass (lverson, 2005; McArdell et al., 2007; Schneider et al., 2011). With-
out confinement in an established channel but rather widespread shallow deposition, we in-
terpret Event 2 to be a debris avalanche (type 25; Hungr et al., 2014). Similar cases have been
reported, for example, by Plafker and Ericksen (1978), Shaller (1991), Hungr and Evans (2004),
and Hewitt (2006). The Event 2 rock mass may have detached from the Bayerisches Schneekar
on Mount Zugspitze, thereby deepening the scarp niche of Event 1, or from a small scarp di-
rectly to the east (Figure 36).

Figure 36: Potential scarps and travel paths of the mass movements documented in this paper. The scarp of
Event 2 is oriented to the northwest. The neighbouring scarps may be related to older rock-slope failures (white
polygons and arrows, see Table 5). Satellite image © 2019 GeoBasis-DE/BKG, Geoimage Austria, Image Land-
sat/Copernicus.

Event 3 is classified as a rock-slope failure, which transformed into a sturzstrom-like debris
flow (type 19 or 22; Hungr et al., 2014) that detached from Mount Hohe Riffel (Hornung and
Haas, 2017) east of Mount Zugspitze. The debris ran ~4.5 km northward, leaving remarkable
levees (Figure 33c). Possible scarp niches and travel paths are shown in Figure 36.

Re-dating of Events

Jerz and Poschinger (1995) obtained radiocarbon ages on seven wood samples recovered dur-
ing drilling at Grainau IV and V (see Figure 20 in Part | for location). The ages range from 3615
+ 65 to 4915 + 120 yr BP. They assumed that the Eibsee rock avalanche was ~3700 4C yr old.

Our samples from event deposits in Lake Eibsee yielded new chronological information. The
Lake Eibsee sediments clearly do not record steady background deposition, as they are domi-
nated by the event deposits: (i) large mass movements ran across the lake, displaced or en-
trained lake water, (ii) a turbidity current during a less energetic event might be trapped in
one basin or trough, and (iii) some of the core sites may have been dry during the rebirth of
the lake. Case (ii) happened at ~3740 cal yr BP when a mass movement entered the lake from
the southeast; the related turbidite was found only at core site 4 (Figure 31). Thus, to establish



96 5 Case Studies

an event stratigraphy in Lake Eibsee is essential to recognize and correctly interpret superim-
posed event deposits. We compare our new radiocarbon ages with the previous ages from the
Grainau drill cores, which we re-calibrated with OxCal v4.3.2 (Figure S9 in the Appendix).

Disregarding the outlier of samples ‘BE-6932.1.1’, which is probably reworked, and ‘BE-
6935.1.1", which marks the debris flow event at ~3740 cal yr BP, all other lake samples yielded
ages ~4000 cal yr BP and date the Eibsee rock avalanche and the debris avalanche in its after-
math (events 1 and 2). All our ages overlap at 20 to a period of 113 years, but is not possible
to further refine the ages of events 1 and 2. The sediment between these two events, how-
ever, suggests an interval of at least some days or weeks to allow settling of dust and fine-
grained sediment on top of the Eibsee rock avalanche mass and enough time to fill a shallow
lake, but probably not more than few years or decades because there is no evidence of soil
development.

Predisposing Factors and Potential Triggers

The Eibsee rock avalanche happened at the end of the second Holocene climate optimum
(Wanner et al., 2008). Climate cooled and became wetter ~4000-3700 cal yr BP (Heiri et al.,
2003), possibly gradually destabilizing the steep limestone rock slopes at Mount Zugspitze.
Karst weathering favors the formation of cavities around the summits of the massive car-
bonate platform rocks in the Wetterstein Mountains (Hornung and Haas, 2017). In the case of
events 2 and 3, the loss of rock mass in the headwall of the Bayerisches Schneekar during the
Event 1 rock avalanche may have weakened the surrounding rock masses.

A possible earthquake trigger must also be considered, given that Mount Zugspitze is located
in a seismically active region near the Loisach-Fernpass fault and the Inn Valley fault (Figure
27a; Linzer et al., 2002; Lenhardt et al., 2007; Nasir et al., 2013). Our new dating results and
re-calibration of the previously published ages enable a better evaluation of possible coinci-
dences in the Fernpass rockslide cluster. The Fernpass rockslide has been dated at ~4150 +
100 cal yr BP using the U/Th-method (Ostermann et al., 2007). Other events in the Fernpass
cluster include the Pletzachkogel landslide dated at ~3910 cal yr BP (Prager et al., 2008;
Patzelt, 2012b), the Stottlbach landslide dated at 3800 + 660 cal yr BP (Prager et al., 2008),
and megaturbidites generated by subaqueous landslides in Lake Piburg and Lake Plansee at
~4000 cal yr (Oswald et al., 2020). The new results of the limnogeological studies at Lake Eib-
see, Lake Piburg, and Lake Plansee, which are within a radius of 30 km, increase the likelihood
that a large prehistoric earthquake triggered the Eibsee rock avalanche.

Conclusions

We identify and date three rock-slope failures at Lake Eibsee using a combination of lake core
sedimentology and radiocarbon dating, geophysical surveys in the lake, and geomorphological
analysis: (i) the Eibsee rock avalanche at ~4000 cal yr BP, (ii) a debris avalanche in the after-
math of the rock avalanche, presumably from the same scarp or a neighbor, and (iii) a
sturzstrom-like debris flow from Riffelriss at ~3740 cal yr BP.

We radiocarbon dated the Eibsee rock avalanche at four sites in modern Lake Eibsee to 4089-
3976 cal yr BP, which is about the same age as major rockslides in the Fernpass cluster. The
possible coincidence in ages makes a large earthquake a possible trigger.
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Age dating alone does not conclusively disclose the failure history. A multimethodological ap-
proach is important to refine recurrence rates. In contrast to the Tschirgant rock avalanche,
where dating results first indicated two events (Patzelt, 2012a), but which Ostermann et al.
(2017) later concluded was a single event, the Eibsee rock avalanche deposits suggest two
events, the ages of which cannot be discriminated by radiocarbon dating.

The multiple events in the Lake Eibsee record provide evidence for successive failures of the
Mount Zugspitze scarp niche.

There are three Eibsee lakes: (i) the original and largest one existed until the Eibsee rock ava-
lanche (Event 1) about 4000 years ago (Paleolake 1; see Part |); (ii) several shallow ponds sep-
arated by islands that formed in the aftermath of the massive rock avalanche and lasted until
the debris avalanche of Event 2 (Paleolake 2); and (iii) the modern Lake Eibsee, which started
to form soon after Event 2.

Paleolake sediments were not retrieved at any of the coring sites because the piston corer
could not penetrate the carapace of Event 1. However, geophysical data indicate that the en-
tire lake floor is underlain by Event 1 deposits.
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5.4 Flims: Sediment Transport after Rockslide Impacting Paleolake Bo-
naduz Revealed in Terrestrial Outburst-Flood Deposits

This chapter contains results of the unpublished master thesis by Schwenk (2017) and is a pre-
liminary version of the following publication: Knapp, S., Schwenk, M., Krautblatter, M. (in prep-
aration). New Geophysical Evidence for the Evolution of the Toma Hills and Bonaduz Gravels
in the Flims Rockslide (Grisons Alps, Switzerland).

Abstract

Rock slides and rock avalanches are amongst the most destructive natural hazards in alpine
environment. The Flims rockslide is the largest known rock-slope failure in the Alps and has
fascinated researchers with its complex and diverse features, revealed in excellent outcrops,
ever since. Here we focus on the hypothesized impact of the Flims rockslide on (Paleo-) Lake
Bonaduz. This massive impact caused intensely fluidized rock material, which formed the fa-
mous Bonaduz gravels and Toma hills, probably accompanied by a catastrophic impact wave.
Geophysical investigation with electrical resistivity tomography (ERT) combined with sedimen-
tological mapping answers long-debated questions on the stratigraphic relation between the
Flims and Tamins rockslide deposits. The distribution, thickness, and internal structure of the
Bonaduz gravels, the Toma and Cresta hills, as well as other flood deposits around lls Aults
could be analysed to a sediment depth of up to 160 m. There is new field evidence that the
Bonaduz gravels build an onlap on the lls Aults and were therefore formed after the Tamins
rockslide. The Toma/Cresta hills consist of blocky cores with an agglomeration of smaller
mixed sediments, which drift and override the Toma core, building the smoothly shaped top.
We consider a simultaneous transport within the Bonaduz gravels, yet a slightly slower move-
ment at the front due to bulldozing effect. This study contributes to an improved understand-
ing of the stratigraphical context of the Tamins and Flims deposits. Moreover, water-rich en-
trainment in rock avalanches, and the genesis and transport of outburst-flood deposits, in
particular of Toma hills resp. hummocks are deciphered.

Introduction and Study Site

The Flims rockslide with a volume of 10-12 km?3 is the largest known Alpine rock-slope failure
and occurred in the Vorderrhein River valley, Eastern Switzerland. The broad, U-shaped valley
tectonically separates Jurassic and Cretaceous limestone, dolomite, and schistose metasedi-
mentary rocks of the Helvetic nappe to the North from metasedimentary Penninic rocks to
the South (Pfiffner et al., 2002). The rockslide occurred at the northern valley flank (Figure 37)
in Triassic and Jurassic limestone, dolomite and shale of the Helvetic zone, and transformed
into a rock avalanche. For reasons of simplification, the Flims rock-slope failure is in the fol-
lowing referred to as a rockslide. The deposits cover an area of ~52 km? (Heim, 1932; Abele,
1974; Poschinger et al., 2006) and had originally been thought to be of Lateglacial age, but
then could be dated in several studies by applying radiocarbon and cosmogenic nuclide dating
to a mean age of ~9000 cal BP (Poschinger and Haas, 1997; Schneider et al., 2004; Deplazes et
al., 2007; Ilvy-Ochs et al., 2009). The rockslide presumably impacted a lake (Poschinger et al.,
2006; Calhoun and Clague, 2018), which is in the following called (Paleo-) Lake Bonaduz. The
mobilized sediment-water-mixture with a volume of several 100 million m®* must have had



5 Case Studies 99

gigantic capacities to transport such large units of rock slabs and to bring massive amounts of
gravel into suspension, resulting in a hyperconcentrated mass flow (Calhoun and Clague,
2018). These slabs partially did not break apart during the transport and were deposited as
‘Toma’, i.e. isolated cone- to pyramidal- or roof-shaped hills composed of Helvetic rock mate-
rial (Abele, 1974). The Toma and Cresta hills, i.e. Toma hills on the eastern side of the Ils Aults,
are distributed over the Bonaduz gravels in certain places (Pavoni, 1968b; Poschinger et al.,
2006; Poschinger and Kippel, 2009; Poschinger and Ruegg, 2012), which are a characteristic
graded but unstratified sediment (Figure 38a) and build a plain between the Flims and Tamins
rockslide deposits. Toma in the European Alps are known also from the rock avalanches at
Tschirgant (Dufresne et al., 2016a), Eibsee (Ostermann and Prager, 2016), Fernpass (Prager et
al., 2006), and Obernberg valley (Ostermann et al., 2012). They are also referred to as hum-
mocks (e.g. Paguican et al., 2014; Dufresne and Geertsema, 2020), although this is a more
general term of rock-avalanche hill and does not necessarily show the typical shape of a cone.

Figure 37: Overview of the Vorderrhein River valley depicting the Flimserstein, where the Flims rockslide de-
tached from, the scarp of the Tamins rockslide, the Ils Aults consisting of Tamins deposits, and the Cresta and
Toma hills. The ERT profiles P1-P4 are marked with orange colour. High-resolution DEM: swisstopo.

The evolution of the above described characteristic sediments of the Toma/Cresta and Bona-
duz gravels, as well as the order of geological events related to the Flims and Tamins rock-
slides, including formation and failure of rockslide dams, formation and outburst of dammed
lakes and the deposition of flood deposits, have been debated since the beginning of the 20t
century. Assumed to be a key to understanding complex emplacement after water-rich en-
trainment, the internal structure of the Toma and Bonaduz gravels is important to study
(Poschinger et al., 2006). By applying geoelectrical measurements in this study, we aim to
make the internal structure visible in a broad scale down to max. ~160 m sediment depth and,
by this, contribute to a better understanding of the stratigraphic relationships.
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Figure 38: Outcrops of Bonaduz gravels showing a) unstratified, normally graded gravel deposits with fine-
grained matrix, and b) and c) layered sands and silts at the top of the Bonaduz type locality at the gravel pit in
Reichenau. Photo courtesy: M. Krautblatter.

Methods

Seven ERT surveys were conducted in the area around the Tamins deposits at lls Aults. For the
ERT measurements, an ABEM SAS 1000 Terrameter and four 100-m-long electric cables with
an electrode spacing of 5 m, and four 200-m-long electric cables with an electrode spacing of
10 m came into operation. Roll alongs made it possible to increase the penetration depth over
a broader distance covered with a profile (e.g. Figure 39a with one roll along yielding 1000 m
profile length). A combination of Wenner and Schlumberger arrays was chosen. The local to-
pography along the profiles was measured by an inclinometer and included in the ERT model,
calculated with the RES2Dinv (ver. 3.5) software. The results were then interpreted on the
basis of our field observations in the numerous outcrops close to the profiles.

Results and Interpretation

Profile P1 (Figure 39a) shows a NW-SE oriented transect modelled from two datasets. One
data set was conducted in a 500 m roll along survey with 5 m electrode spacing, the second
was generated from an 800 m long four-cable survey with 10 m electrode spacing. The tran-
sects are overlaid in order to provide a high spatial resolution in the upper 50-80 m sediment
depth and a high penetration depth of up to ~160 m. The overall error of this combined model
with 4.9 % is quite low, which can also be demonstrated by the similarity of the MinMax-
models (Figure S10).
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Figure 39: ERT profiles P1-P4 indicating a) ~60 m thick Bonaduz gravels onlapping onto Ils Aults, b) Cresta Bot
Dagatg transported within Bonaduz gravels, covered with some fluvial and/or outburst-flood deposits, c) onlap-
ping Bonaduz gravels onto the Cresta Bot Dagatg, and d) Tuma Padrusa containing large slabs of coherent rock
material in a fragmented rock mass.

It should be noted that at meter 430 a gas pipeline crosses perpendicular to the transect at
unknown depth. Mainly two resistivity units can be deciphered. Coming from NW, mixed sed-
iments reach far down to 50-60 m penetration depth, indicated in yellow and light blue colour
in the model. These sediments are well accessible in the gravel pit of Reichenau for sedimen-
tological correlation, and consist mainly of gravel with sandy to silty matrix, normally graded
but unstratified, and partially covered with a sandy to silty top layer (Figure 38b,c). The Bona-
duz gravels are ~60 m thick here. This location represents the type locality of the Bonaduz
gravels. Despite the influence of the crossing gas pipeline causing a model artefact, the resis-
tivity patterns to both sides of artefact appear to match, so the onlap of the Bonaduz gravels
onto the rise of the Ils Aults at meter 400-450 is clearly visible. The lls Aults is regarded as
Tamins rockslide deposit, which is indicated by typical high resistivity values of coarse, blocky
rock material. There is also a sediment cover visible on top of the Ils Aults rockslide deposits,
which is indicated by mid-range resistivity values and marked with yellow colour in the model.

The Cresta Bot Dagatg is investigated in profiles P2 and P3 (Figure 39b,c). Profile P2 is a W-E
oriented transect across Bot Dagatg, representing the highest point of the transect at an ele-
vation of 690 m a.s.l. The survey reaches a maximum penetration depth of ~160 m on a total
profile length of 1000 m. The overall error of the resistivity model with 4.9 % is low (for
MinMax-models see Figure S10). It should be noted that at meters 390 and 740 power supply
lines cross perpendicular to the transect. Profile P3 is the N-S oriented cross-cut section to
Profile P2 and runs again across Bot Dagatg. This survey reaches a distance of 400 m with a
maximum penetration depth of ~¥60 m. The overall error of the resistivity model is 5.9 % and
shows highest uncertainties at locations with rapid changes in resistivity (for MinMax-models
see Figure S10). In both profiles P2 and P3, the survey depth does not cover the “root”, i.e.
the maximum depth of Bot Dagatg. However, we gain information on the contact of the Cresta
hill and the surrounding sediment. There is a transition from highest resistivity values within
Bot Dagatg to lower resistivity values around it. The contact is quite sharp. The centre of the
Cresta shows blocky, coherent rock material. In profile P2, an onlap is indicated of the upper-
most sediment onto the rise of Bot Dagatg. The Cresta, therefore, is interpreted to have been
transported within the surrounding mixed sediments, which show smaller grain sizes, and has
been slightly overrun during emplacement by the surrounding slurry, building an onlap.

Profile P4 (Figure 39d) is a W-E oriented survey crossing Tuma Padrusa on a length of 300 m.
This survey reaches a maximum penetration depth of 60 m. The overall model error is 2.8 %.
In the center of the Toma, coarse, blocky material is indicated by high resistivity values. The
Toma is covered by a thin layer of mixed sediment, which seems to have overrun the coarse,
coherent rock material in the centre, as already observed for Bot Dagatg in profiles P2 and P3,
thereby forming the summit of the Toma at meter 160. The position of the summit is not
directly in the middle of the Toma. The onlapping, overrunning material was probably decel-
erated during the uphill movement and came to stop “on the ramp”. The root of the Toma
can be easily identified in ~30-40 m penetration depth.
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Discussion

This study reveals geophysical insights into the internal structure and evolution of the Bonaduz
gravels and Toma/Cresta hills. Our analysis of Bot Dagatg and Tuma Padrusa, shown in profiles
P2-P4 (Figure 39b-d), confirm the observation by Staub (1910) that the Toma hills consist of
large blocks of crushed and shattered mass movement deposits of presumably coherent lime-
stone. Both Toma and Cresta hills show the same internal structure with sharp contacts to the
surrounding resp. underlying sediment. As profile 4 clearly shows, the lateral boundaries of
the Toma sediment are not restricted to the landform visible at the surface. The coarse mate-
rial can be spread. This would support Calhoun and Clague (2018) in their theory that the Toma
around Domat/Ems are remnants of Tamins rockslide deposits, which were torn apart during
the catastrophic dam breakage. Our results of Tuma Padrusa at least indicate that the Tuma
Padrusa was transported eastwards, indicated by the onlap and the overrunning sediment
coming from West, and that the coarse rock material, which builds up the Toma hill, also oc-
curs in the front and the back. Thus, a connection to neighboured Toma in the close vicinity
seems possible, but needs more field research. The internal structure and content of the
Toma/Cresta do not allow for a clear separation between Flims origin and remobilized Tamins
material.

Concerning the general evolution and stratigraphical position of the Toma/Cresta hills, our
results confirm the simultaneous transport within a highly fluidized mass movement (Prager
et al., 2006; Paguican et al., 2014; Calhoun and Clague, 2018). The onlapping sediment units
were also described by Prager et al. (2006), who investigated the Toma hills related to the
Fernpass rockslide by applying ground-penetrating radar (GPR). They interpreted the onlap-
ping sediments as post-rockslide fluvial clasts. In the Flims context, we suggest that the onlap-
ping sediments could possibly derive from the Bonaduz gravels, where the uppermost trans-
ported, finer-grained portions of the hyperconcentrated flow (Figure 38b,c) were able to over-
run the coarse material of a Toma/Cresta or the carapace of the Ils Aults (Figure 39a). This
would rather imply a syn-depositional or late-depositional emplacement of the onlapping unit,
clearly linked in time to the main event. We thereby assume that the coarse centre of a
Toma/Cresta comes to stop first due to strong internal cohesive forces and resulting high fric-
tion to the surrounding sediment, so that the finer grained slurry can overtop in flow direction,
building an onlap. It is possible that the Toma centre is slightly moved and maybe rotated
during the overflow of and interaction with the finer sediment (Dufresne and Geertsema,
2020). Still, it remains unclear, whether the top deposits revealed in the outcrops and the
geophysical data could also have been deposited during later outburst floods of Lake llanz
(Schneider et al., 2004; Poschinger et al., 2006).

In the stratigraphical context of the Tamins deposits, the contact of the Bonaduz gravels with
the deposits of the IIs Aults was investigated. Our results show an onlap of the Bonaduz gravels
onto the lls Aults deposits. Thus, the Ils Aults must have been deposited before the Bonaduz
gravels were formed in the hyperconcentrated flow. This onlap is a novel piece of field evi-
dence which further confirms the theories (Scheller, 1970; Abele, 1991; Poschinger et al.,
2006) that (i) the Tamins rockslide occurred before the Flims rockslide, (ii) the Tamins deposits
formed a dam and probably created Paleolake Bonaduz, and (iii) the Flims rockslide impacted
Paleolake Bonaduz, thereby triggering a hyperconcentrated mass flow with gravel in suspen-
sion (Calhoun and Clague, 2018), known as Bonaduz gravels (Figure 40).
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Figure 40: Geological timeline supporting the following theories: a) (Paleo-) Lake Bonaduz dammed by the Ils
Aults, b) impact wave and bulldozing after impact of Flims rock avalanche, with c) and d) simultaneous formation
of Bonaduz gravels, transporting Cresta hills, and maybe also Toma hills. Schematic sketch without scale modified
after Schwenk (2017).

Conclusions

The Toma/Cresta internal structure shows a core of coherent, blocky rock material, embedded
in a fragmented rock mass. Tuma Padrusa is ~¥30-40 m deep. The lls Aults (Tamins rockslide
deposits) contains numerous large boulders.

Concerning the Toma morphology, the results indicate that an agglomeration of mixed sedi-
ments with smaller grain size (gravel-sand-mixture) drift and override the Toma core, building
an onlap in flow direction and a smoothly shaped top.

The Toma transport is regarded as simultaneous for the coherent rock slabs in the Toma core,
but the onlapping and overriding slurry is assumed to be emplaced rather late-depositional,
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while the Toma core has already stopped due to internal cohesion and resisting forces against
the movement.

The stratigraphic position of the Toma/Cresta hills is related to the Flims rockslide/rock ava-
lanche and the corresponding hyperconcentrated flow (Bonaduz gravels). Some of them might
also be related to the previous Tamins rockslide. It is not possible to distinguish between Flims
or Tamins origin based on the internal structure, material content, and flow direction.

In the Flims context, the onlap of the Bonaduz gravels onto the Ils Aults represents a novel
piece field evidence in the debate of the geological timeline. The following theories are sup-
ported by this evidence: (i) the Tamins rockslide occurred before the Flims rockslide, (ii) the
Tamins deposits formed a dam and probably created Paleolake Bonaduz, and (iii) the Flims
rockslide impacted Lake Bonaduz, thereby triggering a hyperconcentrated mass flow with
gravel in suspension (Calhoun and Clague, 2018), known as Bonaduz gravels.
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6 Synopsis and Discussion

6.1 Major Outcomes from the Case Studies
6.1.1 Frequency and Magnitude of Rock-Slope Failures

e Can we decipher multistage rock-slope failures in frequency and magnitude and classify
them accordingly?

e How accurate can the recurrence rates of repeated massive rock-slope failures be de-
termined?

e What role does continuous lake sedimentation play?

In this thesis, two alpine lakes have been investigated in order to refine recurrence rates and
magnitudes of rock-slope failures, which reached the lake. The data cover broad time spans,
age ranges and detected volumes of the single rock-slope failures (Figure 41). In the sedimen-
tary subsurface of Lake Oeschinen, the event deposits of at least eleven rock-slope failures,
six of which have multistage character, are deciphered in time and space over the last ~2500
years. Thereby, the laminated background sediment in Lake Oeschinen plays a major role, as
it separates the event-related turbidites by sediment sections, which are sufficiently thick for
an identification on the seismic profiles. Here, the turbidity currents, caused by the mass
movements, can be tracked throughout the lake and used for assigning stratigraphic positions
by core-to-core-correlation and seismic-to-core-correlation. The presence of clastic varves
and the varve chronology previously established by Amann et al. (2015) further enable an
accurate dating of the last five events which have occurred in the last ~1000 years.

Age
(years BP)
9000 — Flims
1 Event

Lake Oeschinen Largest in the Alps

4000 — 11 Events

Multistage Series
? Lake Eibsee
[ 3 Events
— Multistage Series
.
| | | Volume
10,000 m® 1 mio m? 100 mio m? 10 km?®

Figure 41: Synthetic graph with deciphered recurrence rates and volumes of rock-slope failure in the presented
studies at Lake Oeschinen and Lake Eibsee, also related to the age and the volume of the investigated Flims rock-
slide.

At Lake Eibsee, two multistage rock-slope failures occurred ~4000 years ago. Although their
impacts on the lake resulted in two completely devastating events and destroyed supposedly
laminated lake sediments during erosion and entrainment, lake sedimentation is once again
the major player for deciphering the multistage, superimposed event deposits of the two-
stage failure. Rock-avalanche dust deposits had settled down gradually in the remaining, sup-
posedly shallow water column after the first event. This sediment was then reworked during
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the second event, but left a unique sequence of ~0.2 m between the coarse rock debris of
Event 1 and 2, which is the field evidence to separate these two events. This small sediment
sequence is especially important to note, as it was not possible to separate the two events by
radiocarbon dating or varve chronology. The two events occurred shortly after each other, so
that (i) there was hardly enough time for the production of background lake sediments such
as varves, and (ii) not enough time between these two events for separating them within the
age range of radiocarbon dates; finally these two events completely disturbed/destroyed the
lake system, so that (iii) turbidites are lacking, which otherwise could be related to the two
events and used for assigning stratigraphic positions like in Lake Oeschinen. Nevertheless, the
third event formed a distinct turbidite in the midwhilst recovered lake system, which could be
dated to ~3740 cal BP.

For the assessment of magnitudes, volumes are usually estimated based on the covered area
and the thickness of event deposits. Other approaches analyse the potential scarp niche and
calculate back the failed volume. Without knowing how many events actually contributed to
the pile of rock debris and without the assessment of the thickness and amount of entrained
material in numerous drillings, outcrops or by geophysical investigation (e.g. ERT), volume es-
timations of a supposedly single rock-slope failure event vary widely (e.g. Kopfli et al., 2018).
The studies of the lake sediments in Lake Oeschinen and Lake Eibsee cannot provide an accu-
rate quantitative approach for assessing magnitudes, either. But, the sedimentological and
geophysical information, both in the lakes and on land, combined with geomorphic analysis
of potential scarp niches and energy considerations yield quite balanced qualitative results on
magnitudes. Hence, as we now know, the volume of the Eibsee rock avalanche estimated to
300-400 mio. m3 by Jerz and Poschinger (1995) is distributed on three events. This further
supports the volume estimations of 150-200 mio m3 by Haas et al. (2014) and 165 mio m® by
Leith et al. (2016) referring to one event only, namely Event 1 detaching from the scarp niche
”Bayerisches Schneekar”. Finally, including the information gained on the interactive pro-
cesses of the failed rock mass with the lake sediments allows to classify the single event de-
posits.

6.1.2 Scenarios and Effects of Rock-Slope Failures Impacting Lakes

e How does the impact of a rock-slope failure alter the lake?

e Can we decipher interactive processes related to the impact, the entrainment of water
and fines, and the collision with obstacles in a confined setting?

e Can we decipher different modes of fluidized transport and ascribe them to distinct
deposit types?

While visible hazards and effects, i.e. happening at the surface, have recently been well doc-
umented and analysed (e.g. Evans et al., 2011; Haeberli et al., 2017; Fan et al., 2020), subsur-
face effects lack detailed information because the base of large rock-slope failures are rarely
accessible in outcrops. In this dissertation, diverse scenarios of a rock-slope failure impacting
a lake have been investigated, both in the lakes (Lake Oeschinen and Lake Eibsee) and on land
(Lake Eibsee and Flims).

The following synoptic sketch in Figure 42 and Table 6 are to summarize and visualize the most
important deciphered scenarios and effects presented in the case studies. The type of the
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rock-slope failure based on the movement, classified according to Hungr et al. (2014) and
Hungr and Evans (2004), as well as the ratio of the assumed volumes of the rock-slope failure
related to the lake are taken into account.
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Figure 42: Scenarios of rock-slope failures at the southern shoreline of Lake Oeschinen illustrating rockfalls and
rockslides, the latter of which formed or raised the lake dam. Schematic sketch without scale.

The hazards and interactive processes resulting from the impact on a lake mostly depend on
(i) the type of the rock-slope failure and composition of rock material, (ii) the subaerial and
subaqueous slope gradients, which determine the type of movement (falling/bouncing or slid-
ing), (iii) the residual energy of the landslide when entering the water body, dependent on
volume and mobility (Knapp and Krautblatter, 2020; chapter 3.1.5), (iv) the height of the water
column/lake volume, and (v) the presence of rock material in the subaqueous runout path,
which derived from earlier rock-slope failures.

At the Eibsee rock avalanche, ERT profiles disclose up to ~50 m thick rock-avalanche debris
covering locally ~30 m mixed rock material. It is possible to distinguish between isolated rem-
nants of paleolake sediments and mixed sediments, where path material such as postglacial
valley infill has been entrained. At seven sites, materials including bedrock, rock avalanche,
lake clay/silt and mixed sediments, as well as interactive processes of the rock avalanche with
bedrock, lake and substrate can be deciphered. This way, extreme shearing, bulging, bulldoz-
ing and overriding of secondary lobes can be differentiated.
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Table 6: Scenarios and effects of rock-slope failures impacting lakes, as detected in the presented studies. Some
more examples from the literature are provided.

Size ratio | Type of | Propagation | Effects of Impact Possible Haz- | Examples from Case
landslide- | landslide in the water ards Studies
lake
landslide Rock fall (free) fall offset between the Impact wave Lake Oeschinen
<<or< lake event deposits and (Knapp et al., 2018)
the lake slope, little | Qutburst flood | Events I and J, his-
Event de- resuspension, most torical outburst
posits are impact energy flood 1846 AD
stored in transformed to
the lake. wave propagation
Debris flow | flow high terrestrial sedi- Lake Oeschinen
ment load, turbid- (Knapp et al., 2018)
ites are widely Event K
spread over the
lake basin, flat rock Lake Plansee (Kiefer
de-posits et al., 2020; Oswald
et al., 2020)
Rock slide/ | slide/flow much resuspension, Lake Oeschinen
avalanche might change lake (Knapp et al., 2018)
system with in- and Events B-F, Event H
outflows, might
build or raise a dam Lake Lauerz
and the lake level (Bussmann and
or fill up the lake Anselmetti, 2010),
Loen rock avalanches
(Hermanns et al.,
2006)
landslide Debris flow complete mixing of | Impact wave Lake Eibsee
= |lake avalanche debris and lake wa- (Knapp et al., 2020b)
ter, hlgh'y fluidized Debris ava- Event 2
rock mass propa- lanche travels
gates on land beyond the
lake
landslide Rock ava- | flow lake displaced by Impact wave Lake Eibsee
> lake lanche rock avalanche; (Knapp et al., 2020b)
dam is not affected, | Rock ava- Event 1 (Eibsee rock
Lake dis- phases of lake “re- | |anche travels |avalanche)
placed, birth” beyond the
dam sta- lake Vajont (e.g. Gene-
ble. vois and Tecca, 2013)
landslide Rock slide/ | slide/flow lake displaced by Impact wave, | Flims (Knapp et al.,
>> lake avalanche rockslide; water- outburst flood | in preparation)
rich entrainment, Bonaduz gravels and
Lake dis- long transport of Debris flows, | Toma hills
placed, flood deposits; dam | hyperconcen-
dam fail- breakage, no mod- | trated flows
ure. ern lake formation
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The Flims rockslide was much larger than the Eibsee rock avalanche. The impact on the as-
sumed Paleolake Bonaduz not only resulted in the displacement of the lake, but also in a dam
breakage. The dam probably failed because the Tamins rockslide deposits were not stable
enough (Hermanns et al., 2011) and the energy input during the impact and the bulldozing
movement of the propagating rock mass was excessive. Nowadays, the Flims deposits are a
terrestrial archive of diverse flood deposits, such as Toma hills and Bonaduz gravels.

Our improved understanding of the entrainment processes gained by sedimentological anal-
ysis and ERT measurements allows for a comparison of the Flims rockslide and the Eibsee rock
avalanche. The very fine-grained deposits at the Eibsee rock avalanche, visible in the ERT pro-
files as decameter-wide zones with resistivity values < 100 Qm, indicate coherent paleolake
sediments (maybe at some locations in-situ), whereas the Flims impact was likely too strong
to conserve clods of lake sediments large enough for ERT resolution (only clods of dm- to m-
size were found, e.g. Figure 5). The conservation of large pieces of paleolake sediments in the
Eibsee rock avalanche was maybe favoured by the complex valley paleotopography with
higher friction at the sides and close to obstacles, where the rock avalanche was forced to
decelerate, and the paleolake sediments were squeezed out, but still as large coherent slabs.
The Flims rockslide, however, ran through the rather straight Vorderrhein valley, and com-
pletely disintegrated along an exceptional transport distance. The Bonaduz gravels in the ERT
measurements at the Flims rockslide show similar patterns and resistivity values (blue to yel-
low colour, ~500 Om) as the mixed sediments in the Eibsee rock avalanche. Finally, Toma hills
can also be found in the Eibsee rock avalanche close to Grainau (Ostermann and Prager, 2016),
even though they are much smaller than in Domat/Emes.

6.1.3 Site-Specific Event History and Paleotopography

e How and when was the modern lake formed? Can we prove the existence of a paleo-
lake?

e What can we learn about the paleotopography? Can we establish a geological timeline
of event phases?

e Can we finally decipher potential (regional) triggers?

In Lake Oeschinen and Lake Eibsee, the seismic profiles were used to find the best-suited lo-
cations in the deepest lake basin to recover a composite core in order to get as much infor-
mation about the history of the lake and the environment as possible.

Lake Oeschinen is dated to ~2500 cal BP and thus is found to be ~7000 years younger in its
present-day extent than expected. The Oeschinen rock avalanche probably impacted a shal-
low paleolake, which had been dammed by the ~9500 cal BP Kandersteg rock avalanche
(Tinner et al., 2005; Kopfli et al., 2018). Organic material from the original lake was buried and
started to decompose, thereby producing free gas, which can be inferred from the blanking in
the seismic profiles. This blanking also supported the reconstruction of the extent of the
Oeschinen rock-avalanche deposits in the lake. The results further indicate at least six multi-
stage rock-slope failures (events A-F) building the dam, whereas studies on land, mainly based
on mapping and cosmogenic nuclide dating, propose only one or two events (Kopfli et al.,
2018). Finally, a hazardous outburst flood, documented in 1846 AD (Bach, 1935), can be linked
to the rockfall event I.
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The paleolake, which has been assumed to exist prior to the Eibsee rock avalanche, could only
be tracked in the terrestrial deposits. This is because the impact of the Eibsee rock avalanche
completely destroyed the paleolake and filled the former lake basin with decameter thick
event deposits. Neither reflection seismology nor lake sediment cores are able to penetrate
the carapace of such a massive rock-slope failure. On land, however, ERT measurements ena-
ble to disclose that the ~30-50 m thick deposits of the rock avalanche cover the northern half
of the paleolake. Moreover, the ERT results provide insights of the paleotopography, which
was typically shaped by glaciers. Resistivity values typical of moraine material were measured
at the paleodam and along ridges and hilly landforms in the former basin of the proglacial lake.

Investigating modern Lake Eibsee yields evidence of a further paleolake, between Event 1 and
2. This second paleolake supposedly consisted of several shallow ponds with lots of islands
and formed on top of Event 1 deposits. It lasted until the debris avalanche of Event 2. Since
then, the modern lake has formed to its present-day state. These lake phases can only be
deciphered in the lake sediment cores.

It is worth noting that in both investigated lakes Oeschinen and Eibsee, the generation of the
fine-grained and graded megaturbidites and their dust-cloud clay cap in the uppermost sec-
tion of the rock-slope failure deposits is a key to provide evidence of a preexisting lake, as such
sediments are prone to resuspension and settling in an already existing water body. Further-
more, in Lake Oeschinen organic material from the original lake was buried and started to
decompose, thereby producing free gas, which can be inferred from the blanking in the seis-
mic profiles. This blanking also supported the reconstruction of the extent of the Oeschinen
rock-avalanche deposits in the lake.

In the Flims context, the geophysical investigation of the Bonaduz gravels discloses an onlap
on the lls Aults, which represents a novel field evidence in the debate of the geological time-
line. ERT measurements at the contact between the Bonaduz gravels and Toma hills also imply
a simultaneous transport of the Toma hills in the hyperconcentrated mass flow (Calhoun and
Clague, 2018), which deposited the Bonaduz gravels. These results further support the long-
debated theory of Lake Bonaduz, a paleolake dammed by the Tamins rockslide deposits.

The new age data of the rock-slope failures offer the possibility to discuss potential (regional)
triggers such as earthquakes. Historic rock-slope failures in Lake Oeschinen are cross-checked
with the Swiss Earthquake Catalogue. Digital analysis of satellite images allow to detect po-
tential scarp niches and calculate the co-seismic slope deformation according to Newmark
(1965). In the case of the Eibsee rock avalanche, the comparison with large rock-slope failures
in the close vicinity such as the Fernpass rockslide (Prager et al., 2009) show coincidences,
which might also hint at an earthquake as a regional trigger. It is challenging to assess prehis-
toric earthquakes (Kremer et al., 2017) due to the lack of information, so the Eibsee failures
and the older failures detected at Lake Oeschinen are hardly linkable to seismic tremors, alt-
hough their age ranges are now refined.
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6.2 Evaluation of Method Application

In the following, the applied methods and their combination are evaluated with respect to
their suitability to yield information with which the research questions can be answered sat-
isfyingly. Figure 43 illustrates the broad coverage of spatial scale on varying levels of abstrac-
tion.
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travel path
Bulk entrainment Geophysics, Geomorpholology

and disintegration

Qutcrop Mapping
Lake Sediment Cores

Individual
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Figure 43: Schematic graph of the applied methods, which cover a broad range of spatial scales and degrees of
abstraction.

Lacustrine Deposits

Reflection seismology at Lake Oeschinen and Lake Eibsee yield data of the lake sediment strata
to a high resolution of ~0.4 m. In the lake basins of both lakes, the best suitable coring loca-
tions for the recovery of a composite core with the highest possible degree of information
since lake formation, could be spotted based on the seismic profiles. This way, eleven rock-
slope failures at Lake Oeschinen, instead of one or two as previously thought (Kopfli et al.,
2018), and three rock-slope failures at Lake Eibsee (instead of one (Jerz and Poschinger, 1995)
or two (Haas et al., 2014; Hornung and Haas, 2017)) could be deciphered in time and space,
and classified. In both Lake Oeschinen and Lake Eibsee, however, the chaotic mass movements
cannot be penetrated by the seismic waves. The rock-avalanche carapace of the Oeschinen or
Eibsee rock avalanche, respectively, is the acoustic basement. Stacking deposits of multistage
failures cannot be distinguished, either (e.g. events A-F in Lake Oeschinen). Consequently,
rock-slope failure volumes can only be roughly estimated based on seismic data and sediment
cores from the lakes. If the rock debris in multistage events differ highly in water content, they
can be distinguished in the reflection seismic profiles, although both events show chaotic seis-
mic facies. This is the case for the initial filling of the newly formed lake basins in both studied
lakes: At Lake Eibsee, the highly fluidized debris avalanche, Event 2, on top of the dry rock
avalanche, Event 1 (Figure 31), and at Lake Oeschinen, the fluidized initial filling of the lake
basin by the events B and C on top of the Oeschinen rock avalanche, Event A, as visible in
profile oes 19 (Figure 14a). Besides, if degassing processes are active in the sediment record,
as in the case of Lake Oeschinen in the eastern lake basin, artefacts make seismic profiles
unreliable.

In the transition from water to land, the geophysical information gained in the lake can be
virtually complemented with the geophysical measurements on the terrestrial deposits. This
way, the ERT profile close to the northern shoreline of Lake Eibsee (for location see Figure
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20a) works as a “linking bridge” between the high-resolved reflection seismic data from the
lake and the digital elevation model on land (Figure 44).

highly-fluidized debris avalanche Eibsee Rock Avalanche
~4000 cal BP (+ d/m/yr) ~4000 cal BP

paleotopography

100 ; .
m flow direction

Figure 44: Digital elevation model of the Eibsee rock avalanche deposits in the North of Lake Eibsee, illustrated
as a 3D-view with a projection of ERT measurements providing ~50m deep insights.

Terrestrial Deposits

The application of ERT in combination with sediment analysis in outcrops allows for studies
on a broad scale. Outcrops like gravel pits at Mount Zirmerskopf (Eibsee rock avalanche) or at
Reichenau (Flims rockslide) enable a broad 2D or even 3D assessment of the deposits and
correlation with geophysical measurements. Samples can be taken at several spots along a
stratigraphic horizon. ERT can reach up to 160 m penetration depth with the TUM equipment.
Additionally, two or more datasets of surveys with different spacing can be combined to one
model, so that a higher resolution of the uppermost sediments can be reached at the same
time as high penetration depth. This was done, for example, at the gravel pit in Reichenau on
the Bonaduz gravels (Figure 39a). Mostly, errors in the ERT model result from very high resis-
tivity values next to very low resistivity values, for example at the Eibsee rock avalanche,
where large “splashed” boulders are interpreted to be contained in fine-grained paleolake
sediments (Figure 22d). The significance of the ERT measurement is restricted due to the tra-
pezium-shaped electric field, i.e. the maximum penetration can only be reached in the middle
of the transect. Therefore, the electric cables need to be laid out on a much longer line before
and after the spot of interest. For example, Tuma Padrusa was the only Toma hill in its close
vicinity that we could assess with ERT measurements, given the possibility of a transect long
enough to penetrate the Toma core in the middle of the transect (Figure 39d). Moreover,
infrastructure sensitive to electric conductivity, such as power supply lines at the surface or
gas pipelines in the underground (both present at the Flims rockslide), disturb the electric
field, induced for ERT, significantly.
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Age Dating

Radiocarbon dating of terrestrial organic matter found in event deposits in the lake sediments
only yield relative ages. The ages demonstrate the maximum ages of the event, i.e. the plant
or tree was alive before the event happened and was then entrained into the event deposits.
If turbidites are present throughout the lake basin, their stratigraphic position can be used to
decipher multistage rock-slope failures (Lake Oeschinen). However, if the lake system is wholly
affected and thus too disturbed by a landslide event, as in the case of Lake Eibsee, this option
is void. If a second catastrophic event subsequently enters the lake, deciphering of these two
event deposits only based on dating techniques becomes unrealistic (e.g. Event 2 deposited
on Event 1 in Lake Eibsee; here, sedimentology and reflection seismic data support the inter-
pretation of two superimposed event deposits). Still, in combination with dating in the back-
ground sediments, which have been deposited before and after the event deposits, a suitable
age model can be set up. Combined with varve chronology, which is regarded as a very accu-
rate dating method, the age model can be additionally substantiated, for example in Lake
Oeschinen (Figure 16b; Amann et al., 2015). The relatively good fit shows that the age model
obtained by radiocarbon dating is satisfying, although changes in sedimentation rates are pos-
sible due to the alteration of the lake system caused by the changing glacial environment and
more incoming rock-slope failure deposits. At Lake Eibsee, however, varve chronology cannot
be applied due to the lack of varves in the background sediment. In general, the dating ap-
proach in the lake described here can yield much smaller age ranges and refine recurrence
rates of rock-slope failures compared with techniques often used on land for landslide
dating, for example cosmogenic nuclide dating (e.g. Martin et al., 2014; Ivy-Ochs et al.,
2017; Hilger et al., 2018; Von Wartburg et al., 2020). The power of radiocarbon dating of
rock-slope failures revealed in lake sediment samples is demonstrated in the case of the
Flims rockslide (Deplazes et al.,, 2007; lvy-Ochs et al., 2009) and the Oeschinen rock
avalanche (Knapp et al., 2018; Kopfli et al., 2018).

Limitations due to land use

Last but not least, fieldwork in densely populated Alpine regions is often confronted with re-
strictions due to land use. This fact is worth noting when evaluating results from fieldwork.
Privately-owned land (e.g. Lake Eibsee, Toma hills on the golf course in Domat/Ems, or wildlife
reserves at the lls Aults and the Eibsee deposits etc.), large impassable infrastructure like rail-
ways or motorways, as well as natural obstacles like rivers (e.g. Hinterrhein River close to Bo-
naduz) can restrict access to points of interest.

6.3 Research Needs and Further Suitable Methods

Quantification

Volumes of the rock-slope failures and the resulting deposits need to be better quantified. The
estimations often widely vary, for example at Lake Eibsee between 300-400 mio m? based on
the estimations of the deposit area (Jerz and Poschinger, 1995), and 165 mio m3 based on the
modelled failed rock mass using a 2-D FEM model (Phase2 from Rocscience) (Leith et al.,
2016). Furthermore, postglacial valley infill is assumed to have been partially entrained. Fur-
ther geophysical investigation, for example with ground-penetrating radar (GPR) or Seismic
Refraction Tomography (SRT) would be necessary to distinguish between the event deposits
and the underlying moraine material. By applying SRT, for example, the ERT model artefacts
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caused by power supply lines or gas pipelines (like in Flims) could be avoided. In the lake, a
detailed bathymetry would support subaqueous geomorphological mapping (e.g. Strupler et
al., 2019).

Simulation of runout

Based on improved volume estimations, the landslide runout can be modelled, for example
with RAMMS (e.g. Preuth et al., 2010; Schneider et al., 2010), r.avaflow (Mergili et al., 2020)
or DAN3D (Sosio et al., 2008). The field evidence gained by sedimentology and geophysics can
further help to improve the parametrization of the runout models.

Simulation of impact wave

What is the significant factor that controls the interaction at the first impact of the landslide
on the lake? What is more relevant for the height of the impact wave —the lake volume or the
water depth? Further large-scale analogue models, such as the ones described by Miller et al.
(2017), as well as studies collecting field evidence in order to verify the modelled wave height
(Scholz et al., 2019), are necessary.

Rock-avalanche entrainment

As outlined in chapter 3.1.5 (Knapp and Krautblatter, 2020), the role of entrainment needs to
be assessed additionally in terms of energy budgets and the dependency of the entrained ma-
terial (Iverson and Ouyang, 2015; Aaron and McDougall, 2019). To which degree is the mobility
of a rock avalanche influenced by the lithology(-ies) of the entrained material?

Refine recurrence rates (age bracketing)

Radiocarbon dating can be supported by pollen analysis and Pb/Cs-dating in the lake, and fur-
ther combined with cosmogenic nuclide dating (e.g. Ivy-Ochs et al., 2017) or Th-dating on cal-
cite cements (e.g. Ostermann et al., 2017) in terrestrial deposits.

Knowledge transfer

Other lakes affected by (subaerial and subaqueous) landslides should be checked and dated
in the close vicinity, for example a detailed comparison of Lake Eibsee and Lake Plansee
(Oswald et al., 2020). This way, regional triggers like earthquakes can be deciphered and haz-
ard assessment can be improved for a whole region.
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7 Outlook: Future Perspectives

7.1 Climate Change: Reaction to Atmospheric Warming

In alpine environments, climate change leads to enhanced deglaciation, which comes along
with a sequence of geomorphological developments and landform-shaping processes such as
the formation of new lakes (e.g. Ballantyne, 2002; Haeberli et al., 2017). The transition from
glacial conditions (Ice Age) to peri-/fluvioglacial and eventually fluvial processes is character-
ized by extreme denudation rates (Hinderer, 2001). The subglacial production of sediments
decreases rapidly during the phase of glacier retreat, and with that the glacial transport of
sediments. Erosional processes in steep bedrock terrain are especially influenced by weather-
ing in response to climate and pre-deposition (Krautblatter and Moore, 2014), but also by
rock-slope retreat due to an increasing number of slope failures, as outlined in this thesis.
Thereby, destabilized slopes and resulting mass movements become the main “producers” of
sediments, often transported in (glacio-) fluvial systems.

Climate scenarios, for instance for the Swiss Alps, show the most likely changes in temperature
to be + 2-3 °C and in precipitation + 10% in winter and — 20% in summer for the time horizon
2050 (Haeberli and Hohmann, 2008). Already within the coming decades, a development in
such a projected range would result in the vanishing of about 75% of the existing glacier sur-
face and lead to a deep warming of permafrost in mountain peaks, as recent studies underline
(e.g. Ravanel et al., 2017; Scandroglio and Krautblatter, 2020; Schroeder et al., 2020). There is
a time delay between the relatively fast glacier meltdown and the disappearance of the stabi-
lizing ice, both in the glaciers and in the permafrost, and the much slower redevelopment of
a stabilizing vegetation cover (Haeberli and Hohmann, 2008). Whereas glacier forefields and
moraine-covered slopes can essentially come to an end of modification after decades, slope
deformation and the formation of alluvial fans may take centuries. Moreover, large rock-slope
failures even occur after millennia have passed, initially caused, respectively prepared, by the
paraglacial destabilization of the rock faces.

In conclusion, the probability of large rock/ice avalanches impacting lakes is likely to grow,
resulting more often in impact waves and outburst floods. People and infrastructure may be
endangered far beyond hazard zones existing before the new formation of the lakes. There-
fore, the exposure to outburst floods in alpine environment will likely increase. The resulting
socio-economical impact asks for risk-reduction strategies. As the basic knowledge and tech-
nologies necessary for anticipating future hazards are already available, much will depend
upon an improved awareness of the challenges in science, policy and the public (Haeberli et
al., 2017).

7.2 Contribution to the Field of Research and Society

Site-specific knowledge on rock-slope stability is essential for risk analysis and hazard assess-
ment. The monitoring of alpine permafrost degradation (e.g. Zugspitze or Steintélli;
Krautblatter et al., 2010; Scandroglio and Krautblatter, 2020; Schroeder et al., 2020) or the
monitoring of glacier retreat (e.g. at the Furggwanghorn glacier; Buchli et al., 2018) often im-
plies long-term observations at a specific site over a few years or decades. However, data
often is not collected and/or analysed until an acute hazard potential leads to the study being
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financed. Then, monitoring is carried out on short timescales, i.e. months or years (e.g.
Hollentalklamm or Hochvogel; Jacobs et al., 2020; Leinauer et al., 2020). Instruments are in-
stalled on-site and record changes in order to improve the knowledge of active processes and
enable an efficient risk analysis of the current hazard potential. Although huge amounts of
data are collected in such studies, they often only go back in time to historical time scales at
best. The site-specific knowledge gained is often not enough to assess the “failure character”
of the specific site, which shows the long-term stability of the distinct rock slope and the rock-
slope failure history over thousands of years. Ideally this would at least cover the Holocene,
demonstrating immense changes after the last glacial period, which has been a key factor in
destabilizing the rock slopes.

In my research, the complementary method approach, including the analysis of both lacus-
trine and terrestrial sediment archives makes it possible to get to know a specific site “as a
whole system”. This means that knowledge is gained on the site-specific event history, pale-
otopography, recurrence rates, magnitude and potential regional triggers of single cata-
strophic events reaching back in time up to thousands of years. This is especially important,
because there are numerous “sleeping” rock walls, where locals and researchers assume that
only one single large rock failure occurred thousands of years ago, i.e. before historic time, so
it is considered to be stable now. This is the case not only at the Eibsee rock avalanche (~4000
years old), but also at the Oeschinen rock avalanche (thought to be ~9500 years old, now
dated at ~2500 years), where the results of this thesis now show that there might be a much
higher hazard potential from the rock walls of Mount Zugspitze and Mount Spitzstein, espe-
cially because we were able to decipher the multistage, progressive failure character, implying
that more failures may happen in the future.

The present situation at Mount Spitzstein, also called “Spitze Stei” in Swiss German, impres-
sively demonstrates how a community is asked for resolute action due to a rapidly increasing
risk from a supposedly “stable” mountain flank. In fact, the youngest detected multistage
event from Mount Spitzstein in our study occurred ~1000 years ago. Now, after this long time
period, the summit of the “Spitze Stei” collapsed on 20 December, 2019. Monitoring of the
movement started in summer 2018. In November 2019, about one month before the collapse,
the summit moved 10 centimeters in 90 minutes. The results of our study now help to esti-
mate possible failure volumes and model different scenarios based on the systematically
gained knowledge of the site-specific failure history.

Finally, with my research | want to contribute not only to a better process understanding and
systematic site-specific knowledge, but also to an improved communication within the scien-
tific communities, which have long been separated along lines such as specialized research on
rock-slope stability on the one hand, and lake studies on the other hand.
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Figure S1. Scheme for assembling the composite core with nine tie points. Some core
sections were shortened after settling out of the sediment in the lab (for instance,

OES11-04-D1). Without scale.
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Figure S7: Raw pictures of the gravel pit at Zirmerskopf. a) and b) are E-W-oriented (rock
avalanche flow towards the observer) and were taken on 06/07/2015, c) was taken on
18/06/2015 looking along the sediment surface to the East.
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Figure S8: Grain-size distributions of the two samples from the shear band between two
rock-avalanche lobes with fractal dimensions.
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Figure S10: MinMax-Plots of ERT-profiles P1-P4 (a-d) depicting each the modelled inversion with
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differences occur only sparsely and according to the error range at the specific location.



Core Core Sediment | Core Coordinates Target
number section | depth [m] type (CH1903/LV03)
OES11-01 A1-A3 0.0-3.0 long 622024/149835 composite core
B1-B3 3.0-6.0 (reaching top of rock
C1-C3 6.0-9.0 622024/149839 avalanche forming
D1-D3 9.0-12.0 initial lake basin)
E1-E3 12.0-15.0
OES11-02 -0.5-2.5 long 622034/149842 varve chronology
OES11-03 2.0-5.0 long 622036/149844 (Amann et al., 2014;
Amann et al., 2015)
OES11-04 A1-A3 1.5-4.5 long 622030/149844 completion of
B1-B3 45-7.5 622034/149837 composite core
C1-C3 7.5-10.5 (combination of 11-01
D1-D3 10.5-13.5 and 11-04 overlapping)
OES11-05 short 622024/149838 | top of composite core
OES11-06 short varve chronology
(Amann et al., 2014;
Amann et al., 2015)
OES11-10 0.0-0.6 | hammer | 622219/149712 stratigraphy of
OES11-11 0.0-1.2 | hammer | 622224/149709 | uppermost deposits
OES11-12 0.0-1.0 | hammer | 622134/149484
OES11-13 0.0-0.7 | hammer | 622137/149490
OES11-14 0.0-1.2 | hammer | 622144/149496
OES11-15 0.0-0.9 short | 622124/149581
OES11-16 0.0-0.9 short | 622046/149586

Table S1. Overview of retrieved sediment cores and their location in the basin of

Lake Oeschinen.



section depth composite depth

Core section [cm] Ie[(r:rg']]t]h [cm] tie points
from to from to

OES 11-05 SC 3,5 76,4 72,9 0,0 72,9 T1
OES 11-01 A1 36,2 91,4 55,2 72,9 128,1

OES 11-01 A2 6,5 99,0 92,5 128,1 220,6

OES 11-01 A3 0,0 92,7 92,7 220,6 313,3 T2
OES 11-04 A2 53,5 98,0 44.5 313,3 357,8

OES 11-04 A3 7.1 81,8 74,7 357,8 4325 T3
OES 11-01 B2 10,4 86,2 75,8 432,5 508,3 T4

OES 11-04 B1 17,5 91,5 74,0 508,3 @ 582,3
OES 11-04 B2 7.4 99,7 92,3 582,3 674,6
OES 11-04 B3 6,7 72,3 65,6 6746 @ 740,2 T5
OES 11-01 C1 75,8 95,5 19,7 740,2 759,9
OES 11-01 C2 5,3 98,2 92,9 759,9 @ 852,8
OES 11-01 C3 3,0 65,0 62,0 852,8 9148 T6
OES 11-04C2 | 16,1 99,3 83,2 914,8  998,0
OES 11-04 C3 9,5 77,0 67,5 998,0 = 1065,5 T7
OES 11-01 D1 76,0 95,4 19,4 1065,5 1084,9
OES 11-01 D2 4,3 98,5 94,2 1084,9 11791
OES 11-01 D3 3,0 30,1 27,1 1179,1  1206,2 T8

OES 11-04 D3 | 19,9 97,7 77,8 1206,2 1284,0 | T9, gap
OES 11-01 E1 9,2 97,2 88,0 1284,0  1372,0
OES 11-01 E2 2,9 94,2 91,3 1372,0 1463,3

Table S2. Detailed information on the composite core using core sections of
OES11-01, OES11-04 and OES11-05.



Orientation /

Lateral

ERT Length | Penetration | resolution
rofile related to flow [m] depth [m] (spacing) Target
P direction P P &
[m]
SE-NW / N-shoreline, dam, collision with bedrock,
P1 longitudinal, 2300 <80 5 shearing / bulging, calibration site for
diagonal rock-avalanche carapace (megaboulders)
P2 W-E/ 2900 < 80 c W.- and E-shoreline of paleolake, d‘am,
transversal thickness of rock-avalanche deposits
SW-NE / N-paleolake dimension, calibration site
P3 o 600 <60 5 for Plattenkalk Limestone and mixed
longitudinal .
sediments
N-paleolake dimension,
pa W-E / 1100 <60 c paleotopography., spIa.sh zone” of rock-
transversal avalanche deposits behind obstacle
(Zirmerskopf)
SN/ Paleotopography, bulldozing in distal
P5 o 800 <120 10 facies, calibration site for mixed
longitudinal .
sediments
P6 SW-NE / 600 < 60 4 Tran5|t|on.alishear|ng, dam
transversal characteristics
- S!E—NW/ 800 <60 4 PaIeotopography., thickness of rock-
diagonal avalanche deposits
N-S / . . . .
P8 400 <60 4 Calibration lake sediments clay/silt
transversal

Table S3: Key parameters of ERT profiles P1-P8.




Material Resistivity range [Qm] | Source Field-calibration site
5-100 Samouélian et al. (2005)
Clay
<100 Kneisel (2003)
Lake clay <100 Bader (1979, 1981) Drilling V, Figure 23d
Moraine 90-2000 Samouélian et al. (2005)
Rock avalanche deposits
clav POSIES 1 - 3000 Socco et al. (2010) Drilling IV, Figure 22c
(mixed)
Rock avalanche bould Eibsee Hotel, Fi
ock avalanche boulders | _ 11000 Socco et al. (2010) losee Hotel, rigure
(coarse) 22a
Rock avalanche debri
ocikavalanche debris > 3000 Ostermann et al. (2012)
(homogenous)
10000 (20°C) c bould
Wetterstein Limestone Krautblatter et al. (2010) .arapace oulaers,
- 25000 (1ooc) Figure 22a
> 3000 .
Hauptdolomite Laboratory test B'edrock Zirmerskopf,
> 14900-16000 (10°C) Figure 22a

Plattenkalk Limestone

13100-17500

Laboratory test

Bedrock, Figure 22b;
Drilling 1V, Figure 22c

Eibsee rock avalanche
body

3200-5000 (20°C)

Laboratory test

Table S4: Calibration of ERT profiles with literature data, laboratory tests and field sites.



Coring Section depth in ]
: . . . Composite
location/ Core number | Core section |Core type |Composition |composite
. . depth [m]
coordinates section [m]
EIB16-01 EIB16-01 short top 0.08-0.83 0.00-0.75
EIB16-02 EIB16-02A long - - -
Location1:
ocation EIB16-028 ; ; ;
4423170/
EIB16-02C - - -
5258127
EIB16-03 EIB16-03A long diffuse / gap? |0.08-0.72 0.75-1.39
EIB16-03B Consecutive |0.00-0.72 1.39-2.11
Location 2: | E1B16-04 EIB16-04 short top 0.06-0.64 0.00-0.58
4422050/ EIB16-05 EIB16-05AB long tie point 0.22-0.97 0.58-1.33
5258656 EIB16-05C consecutive | 0.03-0.87 1.33-2.17
Location 3:
ocation = | £1g16-06 EIB16-06 short top 0.05-0.54 0.00-0.49
4421822
/ EIB16-07 EIB16-07 long tie point 0.64-1.20 0.49-1.05
5258391
EIB16-08 EIB16-08 short top 0.05-0.67 0.00-0.62
EIB16-09 EIB16-09A long tie point 0.26-1.01 0.62-1.37
EIB16-09B consecutive | 0.04-0.99 1.37-2.32
Location 4: EIB16-09C consecutive | 0.00-0.40 2.32-2.72
4423687/ EIB16-09D  |long - - -
5258263 EIB16-09E diffuse/ gap? |0.28-1.01 2.72-3.45
EIB16-09F consecutive 0.00-0.55 3.45-4.00
EIB16-09G | long - - -
EIB16-09H tie point 0.17-0.88 4.00-4.71

Table S5: Key parameters of retrieved sediment cores with information on coring location

and composition. Coordinates are given in Gauss-Kriiger Zone 4.
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