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Summary

Submarine landslides pose a risk to offshore infrastructure and can generate devastating
tsunamis. There exist a range of hypotheses about pre-conditioning factors and trigger
mechanisms, yet the understanding of landslide development and emplacement processes
has been limited to a few case studies. On the one hand, this is partly because the study
of sub-seafloor structures is limited to sediment echosounder profiles and 2D and rarely 3D
reflection seismic data. However, because these data are expensive to acquire, data coverage
is sparse and often of low resolution. On the other hand, historical records of landslide-
generated tsunamis are rare, and can often not be differentiated from tsunamis generated
exclusively by earthquakes. In addition, the study of active slope failures is mainly based on
the 2D and 3D reflection seismic analysis of their remnants — the mass transport deposits
(MTDs) — meaning that slope failure development and emplacement processes can only
be interpreted from these remains. Interpretation of reflection seismic data is a highly
ambiguous task and depends on the data which includes resolution and penetration depth
and the experience of the interpreter. Monitoring of active failure processes has only been
successful to a limited extent, for instance by measurements of landslide velocities deduced
from telecommunication cable breaks. Because of the large size of submarine landslides, it
is becoming more and more evident that they can deform seafloor sediments to significant
depth. Furthermore, stations and platforms installed directly on the seafloor can be damaged

or buried by landslide material or even be incorporated into the slope failure.

Understanding the underlying controls that govern submarine slope failure is critical to assess
geohazards and predicting future events. Knowledge and understanding gained from small-
scale examples can be extrapolated to large-scale events. To this end, one main contribution
of this thesis is the evaluation of development and emplacement processes, the volume as-
sessment of actually mobilised landslide material, and a re-evaluation of destabilising factors
that control slope failures in the study area. The main results of the analysis are that one
of these landslides, Ana Slide located in the Eivissa Channel between the Iberian Peninsula
and the islands of Eivissa (Ibiza) and Formentera, developed during two stages of failure re-
ferred to as the primary and secondary failure separated by a significant time lag of around
240 ka (thousand years). Both stages in turn show multi-stage retrogressive development
for instance from a stepped headscarp and several lobes inside the sink area. The detailed
understanding of Ana Slide is used to estimate the volume of material actually mobilised by
the initial failure through the reconstruction of the pre-failure seafloors. Furthermore, results

are used to analyse potential destabilising factors at play for other landslides in the Eivissa
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Channel. It was found that these factors are a combination of the presence of weak layers,
changes in pore pressure through sub-seafloor fluid and gas migration, and local recurrent

fault activity.

This thesis investigates submarine landslide occurrences in the Eivissa Channel from the
integrated analyses of marine geophysical data. The main methodology uses 2D and 3D
reflection seismic data and sediment echosounder profile interpretation to map the internal

structure of landslides.

To broaden the understanding of submarine landslide development, emplacement processes,
pre-conditioning factors, and potential trigger mechanisms, geophysical data from the Eivissa
Channel is analysed. This thesis documents that small submarine landslides have the po-
tential to deform large amounts of seafloor sediment to significant depth. Knowledge gained
of the development and emplacement processes of Ana Slide is used to assess the volume
of landslide material involved through reconstructions of pre-failure seafloors. In addition,
the volume of apparently deformed seafloor sediment from chaotic, transparent, or disrupted
seismic facies significantly overestimates the initially failed volume. From the integrated
analysis of a wide range of geophysical data, this thesis presents findings that contribute
to a revised assessment of destabilising factors that make the eastern slopes of the Eivissa

Channel prone to slope instability.
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Zusammenfassung

Submarine Hangrutsche stellen eine Gefahr fiir Offshore-Infrastrukturen dar und kénnen ver-
heerende Tsunamis auslosen. Es gibt viele Hypothesen dariiber, wie Hangrutsche entstehen
und wie sie Tsunamis auslésen, jedoch gibt es noch viel zu lernen iiber die Entstehungs-
und Ablagerungsprozesse und die inhérenten Vorbedingungen und Auslésemechanismen, die
zu Hangrutschen entlang von Kontinentalrandern fithren. Wahrend die Untersuchung der
Auslésemechanismen viel wissenschaftliche Aufmerksamkeit erhalten hat, ist das Verstandnis
der Entwicklungs- und Ablagerungsprozesse von Hangrutschen noch auf wenige Fallstudien
beschrankt. Dies liegt zum einen daran, dass sich die Untersuchungen der Strukturen
unter dem Meeresboden auf Sedimentecholotprofile und primér 2D- und vereinzelte 3D-
reflexionsseismische Daten beschrinken. Diese Daten sind teuer in der Beschaffung, so dass
die Datenabdeckung spérlich ist und oft von geringer Auflésung. Andererseits sind historische
Aufzeichnungen von durch Hangrutsche ausgeloste T'sunamis begrenzt und kénnen oft nicht
von Tsunamis unterschieden werden, die durch Erdbeben verursacht wurden. Dariiber hin-
aus basiert die Untersuchung von aktiven Hangrutschen hauptséchlich auf der Analyse von
2D- und 3D-reflexionsseismischer Daten und der Interpretation ihrer [“Iberreste7 der Massen-
transportablagerungen (MTDs), was bedeutet, dass die Entwicklung und die Ablagerungs-
prozesse von Hangrutschen nur von diesen Uberresten aus interpretiert werden konnen. Die
Interpretation von reflexionsseismischen Daten ist eine hoéchst mehrdeutige Aufgabe und
hdngt von den Daten selbst ab, d. h. von der Auflésung und Eindringtiefe und vor allem
von der Interpretationserfahrung. Die Beobachtung von aktiven Hangrutschen ist nur in
begrenztem Umfang mdglich, z. B. durch Messungen von Hangrutschgeschwindigkeiten, die
von Telekommunikationskabelbriichen abgeleitet wird. Wegen des grofien Ausmafies von
submarinen Hangrutschen wird nun immer deutlicher, dass Meeresbodensediment zu einer
betrachtlichen Tiefe unterhalb des Meeresboden deformiert werden kann, so dass direkt am
Meeresboden installierte Infrastruktur beschadigt, von Hangrutschmaterial begraben oder

sogar in Hangrutschen inkorporiert werden kann.

Das Verstandnis der zugrundeliegenden Faktoren, die das Versagen submariner Hange beein-
flussen, ist von entscheidender Bedeutung fiir die Bewertung moglicher Geohazards und das
Vorhersagen zukiinftiger Ereignisse. Die Erkenntnissen von Fallstudien kleiner Hangrutsche
konnen auf groflere Ereignisse extrapoliert werden. Bei den submarinen Hangrutschen im
Eivissa-Kanal, der zwischen der Iberischen Halbinsel und den Inseln Eivissa (Ibiza) und
Formentera im westlichen Mittelmeer liegt, wurde durch die Bewertung der Entwicklungs-

und Ablagerungsprozesse des Ana Slides eine Abschétzung des tatséchlich mobilisierten



Rutschungsmaterials durchgefiihrt und es wurden potentielle Destabilisationsfaktoren, die

Hangrutsche im Untersuchungsgebiet kontrolliert haben, untersucht.

Einer der wichtigsten Ergebnisse dieser Arbeit ist, dass der Ana Slide sich in zwei Haupt-
phasen des Versagens entwickelt hat. Diese werden als die "Primér’- und ’Sekundar’-Stadien
bezeichnet, welche durch eine erhebliche zeitliche Verzogerung von etwa 240.000 Jahren
voneinander getrennt sind. Beide Stadien zeigen eine mehrstufige retrogressive Entwicklung
auf. Das detaillierte Verstdndnis des Ana Slides wurde genutzt, um die Volumina unter-
schiedlicher Hangrutschmaterialien abzuschétzen, sowie fiir die Rekonstruktion des Meeres-
bodens vor der Hangrutschung im Quellenbereich, von wo aus Hangrutschmaterial evakuierte
wurde. Dariiber hinaus wird das detaillierte Verstdndnis vom Ana Slide genutzt, um mogliche
Destabilisationsfaktoren zu analysieren, die bei anderen Hangrutschen im Eivissa-Kanal
eine Rolle gespielt haben. Die Analyse zeigt, dass eine Kombination von Faktoren eine
Rolle gespielt hat und diese bestehen aus dem Vorhandensein schwacher Schichten und
Veranderungen des Porendrucks durch die Migration von Fliissigkeiten und Gasen unter
dem Meeresboden entlang von Verwerfungsstrukturen, die mit wiederkehrender Verwer-

fungstatigkeit zeitlich zusammenfallen.

Ziel dieser Arbeit ist es, das Vorkommen submariner Hangrutsche im Eivissa-Kanal an-
hand der integrierten Analyse geophysikalischer Daten zu untersuchen. Die Hauptmeth-
ode verwendet die Interpretation von 2D- und 3D-reflexionsseismischen Daten, um die in-
ternen Strukturen von Hangrutschen zu kartieren und Einblicke in die Entwicklungs- und

Ablagerungsprozesse zu gewinnen.

Um das Verstandnis der Prozesse der Entwicklung und Ablagerung submariner Hangrutsche
sowie der Destabilisationsfaktoren und potenziellen Auslésemechanismen zu erweitern, bi-
etet eine umfassende Analyse des Ana Slides einen entscheidenden Einblick in die Kon-
trollprozesse fiir Hangrutsche im Eivissa-Kanal. Diese Erkenntnisse wurden genutzt, um
Destabilisationsfaktoren zu untersuchen, die das Auftreten der Ana, Joan, Nuna und Jersi
slides sowie des verschiitteten pre-Ana Slides, der sich unterhalb des Ana Slides befindet,
kontrollierten. Auf der Grundlage der integrierten Analyse einer Vielzahl geophysikalis-
cher Daten werden in dieser Arbeit Erkenntnisse vorgestellt, die zu einer Neubewertung
der Hypothesen tiiber die Destabilisationsfaktoren beitragen, die die Ostlichen Hénge des
Eivissa-Kanals anfallig fiir Hanginstabilitaten machen. Dartliber hinaus dokumentiert diese
Arbeit, dass kleine submarine Hangrutsche das Potenzial haben, grofle Mengen an Meeres-
bodensediment in betrachtliche Tiefen zu deformieren, und dass das Volumen von scheinbar
deformiertem Meeresbodensediment aus chaotischen, transparenten oder gestorten seismis-

chen Fazies iiberschatzt wird.
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1 Motivation and Qutline

1.1 Motivation

Submarine landslides can damage and destroy o shore infrastructure and generate devas-
tating tsunamis (e.g., Varnes, 1978; Farrell, 1984; Prior et al., 1984; Bondevik et al., 2005;
Haugen et al., 2005; L vholt et al., 2017). The historical record of such events is incom-
plete, but mass transport deposits (MTDs) have been identi ed to reach volumes of up to
several thousands of cubic kilometres have been observed from the Mediterranean Sea (e.g.,
Frey-Martinez et al., 2005; Frey-Martinez et al., 2006; Moscardelli and Wood, 2015), o -
shore Norway (e.g., Kvalstad et al., 2005a; Kvalstad et al., 2005b; Ha idason et al., 2005),
and presumably o shore East Africa (e.g., Dingle, 1977). These submarine landslides could
have generated devastating tsunamis. It remains unclear how di erent processes and failure
mechanisms a ect the tsunamigenic potential of submarine landslides, yet the most impor-
tant factors are the landslide mechanism and the volume of mobilised material (e.g., Harbitz
et al., 2014).

Several pre-conditioning factors can decrease slope stability. Irrespective of geological setting
and depositional environment major pre-conditioning factors have been identi ed to be linked
to the presence of weak layers (Locat et al., 2014; Gatter et al.,, 2021; Wu et al., 2023).
These layers consist of material with distinct geo-mechanical properties or weaker or stronger
materials such as contourites (e.g., Kvalstad et al., 2005b), diatom oozes (Urlaub et al., 2018),
foraminifera-enriched intervals (Sawyer and Hodelka, 2016), or of altered volcanic deposits
(Miramontes et al., 2018). These can act as detachment surfaces or develop into basal shear
surfaces resulting from the slope failure itself, be deposited, or be in uenced by successive
burial and consolidation. Furthermore, the presence of shallow gas within the sub-surface
(e.g., Sultan et al., 2004b; Lafuerza et al., 2012) or gas hydrate dissociation potentially
a ected by climatic variability were proposed to be pre-conditioning factors for submarine
slope failures (e.g., Elger et al., 2018).

A trigger mechanism acts as an external primer for slope instability and will ultimately cause
slope failures (Sultan et al., 2004a). According to Lee et al. (2002), the most common trigger
mechanisms for submarine landslides are seismic loading, rapid sediment accumulation and
under-consolidation, gas hydrate dissociation, and glacial loading. Some of these can simul-
taneously act as pre-conditioning factors for instance over-steepening and climatic variability
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that may control overpressure generation within the sea oor. To better understand the in-
teraction between these pre-conditioning factors and trigger mechanisms it is thus critical
to rst constrain local geological conditions to make predictions about slope stability and
future events.

The assessment of pre-conditioning factors and trigger mechanisms and their distinction
can provide critical information about potential future slope failures. For a given study
area, previously identi ed pre-conditioning factors may act as trigger mechanisms and vice
versa, as the physiographic setting, geological conditions, sedimentary environments, and the
lithology of slope sediments varies temporally and spatially. It is thus vital to rst develop
slope failure models for processes and mechanisms for a given landslide to assess potential
pre-conditioning factors over a larger area. For a given landslide, local conditions that lead to
inherently unstable slopes are more important to the understanding and prediction of future
events than the ultimate trigger mechanism(s). For instance, the lithology of slope sediment,
local sea oor morphology, and the presence of weak layers have a signi cant impact on the
potential for a slope failure to develop into a large slope failure or to frontally emerge and
generate a turbidity current and erode sea oor sediment.

Ana Slide, located in the western Mediterranean Sea between the Iberian Peninsula and
the Eivissa Islands of Ibiza and Formentera, provides a natural laboratory for the analysis
of local pre-conditioning and trigger mechanisms. From an extensive dataset comprised of
multibeam echosounder maps, sediment echosounder pro les, side-scan sonar imagery, 2D
and 3D re ection seismic data, in situ gravity core samples and geotechnical cone-penetration
tests with pore pressure measurements (CPTu), development and emplacement processes of
Ana, Joan, Nuna, and Jersi slides located on the eastern slopes of the Eivissa Channel,
western Mediterranean Sea were investigated. The ndings are relevant for the study of
future events and to re-evaluate the interaction between several pre-conditioning factors and
trigger mechanisms. Further, knowledge about development and emplacement processes
from small submarine landslides could be extrapolated to far bigger ones that are potentially
governed by similar pre-conditioning factors and trigger mechanisms.

1.2 Thesis Outline

This thesis is comprised of six chapters. Chapter 1 describes the motivation behind this
thesis. Chapter 2 introduces submarine landslides and provides an overview of geophysical
data used to address the objectives of this thesis. Chapters 3, 4, and 5 respectively contain
published, re-submitted, and submitted manuscripts that represent the scienti ¢ output.
Chapter 6 provides conclusions and future perspectives.

Chapter 3 presents a detailed analysis of Ana Slide, Eivissa Channel, western Mediterranean
Sea. It documents the development and emplacement processes from the comprehensive
coverage of multibeam echosounder maps and 3D re ection seismic data and re-processed
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2D re ection seismic proles. Ana Slide developed during two events: the primary and
secondary stages which are separated by a signi cant time lag of around 240 ka. While the
source area was evacuated in a frontally emergent manner the accumulated landslide material
inside the sink area was able to deform shallow strata in situ to a signi cant depth beneath
the pre-failure sea oor. Beneath the sink area, a local fault system a ected the sea oor
morphology before the failures of Ana Slide. For the analysis of Ana Slide the existing
3D re ection seismic data were re-processed because receiver-ghost artefacts were identi ed
throughout the 3D cube. Chapter 3 is written in American English and the notation is not
changed for this thesis.

Chapter 3 is published as:

Sager, T. F. , Urlaub, M., Kaminski, P., Lastras, G., Canals, M., Papenberg, C., Berndt,
C. (2022). Development and Emplacement of Ana Slide, Eivissa Channel, Western Mediter-
ranean Sea. Geochemistry, Geophysics, Geosystems G https://doi.org/10.1029/20
22GC010469

Author contributions: TFS, MU, and CB designed the study. TFS discussed all results
and interpretations with all co-authors. TFS, MU, and CB wrote the original draft and TFS,
MU, PK, GL, MC, and CB reviewed and edited the paper. MU and CB acquired funding.
TFS produced Figures 1 { 10 and performed all formal analyses and investigations. All
authors reviewed the manuscript.

Chapter 4 presents a volume assessment of Ana Slide, Eivissa Channel, western Mediter-
ranean Sea. This study estimates the amount of evacuated and accumulated landslide mate-
rial from the source and inside the sink area from several approaches for pre-failure sea oor
reconstruction. This article proposes a new nomenclature for volumes of landslide material
and slope sediment either a ected by or involved in slope failure and highlights pitfalls for
submarine landslide volume assessments. Furthermore, it presents a work ow for frontally
con ned and uncon ned landslides based on available geophysical data. Chapter 4 is written
in American English and the notation is not changed for this thesis.

This manuscript was previously submitted to Geo-Marine Letters (GML) and rejected for
publication with major comments by an anonymous reviewer and Dave Tappin of BGS
(British Geological Survey). Consequently, the manuscript is completely rewritten following
the comments.

Chapter 4 is re-submitted as:
Sager, T. F. , Urlaub, M., Berndt, C.: Assessment of Submarine Landslide Volum&o GML.

Author contributions: Conceptualisation: TFS, MU, CB; Methodology: TFS; Formal
analysis and investigation: TFS; Writing original draft preparation: TFS; Writing - review
and editing: TFS, MU, CB; Funding acquisition: MU, CB; Resources: CB; Supervision:
MU, CB. TFS produced Figures 1 { 4. All authors reviewed the manuscript.
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Chapter 5 investigates pre-conditioning factors and trigger mechanisms that destabilised
slopes in the Eivissa Channel. Probable destabilising factors at play for the Ana, (pre-Ana),
Joan, Nuna, and Jersi slides are discussed using high-resolution multibeam echosounder
maps, sediment echosounder pro les, and 2D and 3D re ection seismic data. The analysis
shows that all submarine landslides in the Eivissa Channel are strikingly similar and were
controlled by identical pre-conditioning factors related to shallow vertical and lateral uid
and gas migration and the presence of a weak layer. These pre-conditioning factors were
ultimately unable to trigger landslides in the Eivissa Channel and an external trigger mech-
anism such as an earthquake was necessary to cause slope failure. Chapter 5 is written in
American English and the notation is not changed for this thesis.

Chapter 5 is submitted to G2 as:

Sager, T. F. , Urlaub, M., Kaminski, P., Lastras, G., Canals, M., Papenberg, C., Berndt,
C. (2023). Destabilizing Factors for Submarine Landslides in the Eivissa Channel, Western
Mediterranean Sea.

Author contributions: Conceptualisation: TFS, MU, CB; Methodology: TFS, MU, CB;
Formal analysis and investigation: TFS; Writing original draft: TFS, MU, CB; Writing -
review and editing: TFS, MU, PK, GL, MC, CB; Visualisation: TFS has produced Figures 1
-{ 12; Funding acquisition: MU, CB; Data curation: GL, MC, CB; Project administration:
MU, CB. All authors reviewed the manuscript.
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2 Introduction

Submarine landslides occur on continental margins and around ocean islands. They can
generate devastating tsunamis with the potential to inundate coastal areas and destroy o -
shore infrastructure. With the expanding usage of the sea oor for o shore hydrocarbon
platforms and exploration, sea oor telecommunication cables, as well as o shore wind farm
constructions that go into increasingly deeper waters, it is critical to understand processes
that control submarine slope failures and reshape sea oor morphology.

Large buried submarine mass-transport deposits (MTDs) have been described from many
areas such as o shore Bahamas (Principaud et al., 2015), o shore Shetland (e.g., Wilson
et al., 2004), o shore north-western Australia (e.g., Nugraha et al., 2022), Ulleung Basin,
South Korea (e.g., Riedel et al., 2012; Sun et al., 2018), Gulf of Mexico (e.g., Dugan, 2012),
and Antarctica (Imbo et al., 2003; Canals et al., 2016). These diverse settings demonstrate
that submarine landslides can occur on inclined slopes with a wide range of depositional
environments. Submarine landslides can reach sizes of up to several hundreds of kilometres in
length such as the Storegga Slide, in western Norway (e.g., Ha idason et al., 2004; Moscardelli
and Wood, 2015), MTDs along the South American margin (e.g., Alves and Cartwright, 2009;
Jackson, 2011; Steventon et al., 2019), and the Sahara and Cape Blanc slides, western Africa
(e.g., Krastel et al., 2019; Tang et al., 2022). Remarkably, the largest submarine landslides
imaged occurred on slopes less than°2hat are characterised by relatively low accumulation
rates ( 0:15 m/ka) (Urlaub et al., 2012; Urlaub et al., 2015).

Studies agree that earthquake-induced peak ground accelerations (PGAs) have triggered
many submarine slope failures (e.g., Lastras et al., 2004; Bryn et al., 2005b; Lackey et
al., 2018). This mechanism acts as the ultimate trigger but slopes were previously pre-
conditioned by a plethora of destabilising factors. One of the most common destabilising
factors is the presence of weak layers facilitating failure along a stratigraphic plane (e.g.,
Lastras et al., 2004; Locat et al., 2014; Miramontes et al., 2018; Gatter et al., 2021). The
deposition of these weak layers is controlled by the prevailing depositional environment with
sedimentation of materials with distinct geo-mechanical properties such as coarser material
interbedded by ner materials. This has been observed for the Storegga Slide where intervals
of glacially and inter-glacially derived sediments appear to generate regional weak layers
(e.g., Haidason et al., 2004; Lindberg et al., 2004). Other destabilising factors include slope
over-steepening from tectonic faulting, di erential compaction, toe and canyon erosion, and
contourite deposition (e.g., Shan et al., 2022). Furthermore, in situ changes of the weak
layer from the generation of overpressure, disassociation of gas hydrates, and the presence
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of sub-sea oor gas or injected gas can subsequently a ect slope stability (e.g., Sultan et
al., 2004; Elger et al., 2018; Kaminski et al., 2021). On a larger scale, sea level rise and
fall related to climatic variability can a ect the pressure regimes in the sub-sea oor (e.g.,
Talling et al., 2014). The response of the sub-sea oor pressure regime is delayed compared
to relatively fast increases and decreases of the hydrostatic pressure during glacial cycles
on the time scale of some hundred thousand years from sea level rise to fall. Further,
destabilising factors themselves are more important for the development and emplacement
processes of submarine slope failures than the trigger mechanism, although the interplay
of these is poorly constrained. It remains unclear how the pre-conditioning and triggering
of slope failures relate to the tsunamigenic potential of submarine landslides and how this
relates to the amount of initially failed landslide material and the landslide mechanism (e.g.,
Harbitz et al., 2014).

2.1 Submarine Landslides

Submarine landslides mobilise slope material from steep and shallow to deeper continental
areas and on ocean basin oors. Landslides or more accurately their remnants called MTDs
are sub-divided into two broad categories; those derived from open slope failures, for instance,
Storegga Slide (e.g., Ha idason et al., 2004; Bryn et al., 2005b; Bryn et al., 2005a; Kvalstad
et al., 2005) or the Israel Slump Complex (e.g., Frey-Martinez et al., 2005; Frey-Martinez
et al.,, 2006) and those derived from volcanic ank collapses, for instance, Fogo Island in
the Cape Verdes, o shore West Africa (Barrett et al., 2020) or o shore Sakar, Papua New
Guinea (Kuhn et al., 2021). Compared to terrestrial landslides, submarine landslides are
orders of magnitude larger and can reach runout lengths of several hundred kilometres as
mobilised slope material may readily mix with seawater creating suspension and turbidity
currents. Studies have shown that these can erode the sea oor and destroy sea oor in-
frastructure (e.g., Clarke et al., 1990). The 1929 Grand Banks is a prime example, with
a movement velocity of ca. 15 30 m/s derived from submarine telecommunication cable
breaks (Heezen et al., 1954; Hasegawa and Kanamori, 1987; L vholt et al., 2019). Because
modern communication is critically reliant on submarine telecommunication cables there is
a need to better understand how these turbidity currents develop, how they are generated,
and how these interact and erode sea oor sediments. Furthermore, knowledge gained from
the development and emplacement processes of submarine landslides could be used to assess
and predict future landslides and turbidity current events.

Submarine slope failures mobilise material from their original position of deposition such as
river mouths and deltas to deep marine settings. Landslide material that reaches these deep
marine settings is distinct from background sediments and usually more coarse-grained.
MTD intervals are thus characterised by higher permeability and porosity materials that
could act as reservoirs for freshened groundwater or hydrocarbons.
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2.2 Landslide Terminology

The terminology of submarine landslides generally di erentiates between the types of slope
failure that are characterised by the internal architecture, type of movement, the type of
material involved in slope failure and others. The literature describes di erent types of
slopes failures such as creeps, debris and rock falls, avalanches, slides, slumps, debris ows,
and turbidity currents controlled for instance by sediment properties of landslide material
and landslide mechanisms (e.g., Hampton et al., 1996; Masson et al., 2002; Moscardelli
and Wood, 2008), yet no uni ed terminology exist mainly because submarine landslides are
complex geological structures. Furthermore, landslides are oftentimes poorly imaged and
their potentially large-scale and complex development and emplacement history is rarely
fully understood.

In this thesis, the term "failure' is used to characterise the active process of 'landslide mate-
rial' mobilisation and translation between the upslope evacuational 'source' and downslope
accumulational 'sink' areas. Material that was mobilised between the source and sink areas
is referred to as the mass-transport deposit. Notably, this material does not refer to the
'a ected slope sediment' deformed in situ beneath the sea oor. This terminology applies to
Ana Slide located in the Eivissa Channel, western Mediterranean Sea. The boundary of a
landslide is called the landslide 'scar’, while the upper extent is called the 'headscarp' which
marks the location of the latest stage of retrogression. Throughout this thesis, the term
'source’ area is used to describe the evacuation area also called the headwall domain (e.g.,
Bull et al., 2009) because it provides kinematic information, while the 'sink' area describes
the accumulation area also called toe domain (e.g., Bull et al., 2009). In addition, with
the detailed analysis of Ana Slide, landslide material that was mobilised, material that was
deformed in situ, and slope sediment that was una ected by the landslide are di erentiated.

2.3 Studying Mass Transport Deposits (MTDs)

Submarine landslides can be imaged with geophysical data and investigated from in situ
samples (e.g., Imbo et al., 2003; Ha idason et al., 2004; Lastras et al., 2004; Wilson et al.,
2004; Cartwright and Huuse, 2005; Frey-Martinez et al., 2005; Frey-Martinez et al., 2006;
Gee et al., 2006; Bull et al., 2009; Lackey et al., 2018). A slope failure is an instantaneous
geological event and its remains will be buried by subsequent sedimentation. The surface
morphology of submarine landslides will thus be successively buried making bathymetric
surveys to study them viable only for relatively recent failures. In addition, the penetration
depth of sediment echosounder pro les is generally limited to around 30 to 50 m (e.qg.,
Lykousis et al., 2002; Lastras et al., 2004). Properties of the sea oor and sub-sea oor
sediments are related to the penetration depth because the high-frequency signals used by
this method quickly attenuate with depth beneath the sea oor. As an alternative, re ection
seismic data have a larger penetration depth though at the cost of sub-sea oor resolution.
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Thus, there is a trade-o between the imaging of deeply buried, potentially older and larger,
submarine landslides and those that occurred in relatively recent times. Furthermore, gravity
cores of up to 30 m can be obtained, but these have rarely penetrated complete landslide
sequences (e.g., Lafuerza et al., 2012; Sammartini et al., 2021). Also, it remains unclear how
the degree of deformation observed from the disrupted, chaotic, or transparent seismic facies
relates to microscopic faults and fractures observed from gravity cores as the seismic signals
get dissipated within MTD intervals (e.g., Ford et al., 2021). It is thus vital to integrate
various data types such as multi-beam bathymetry maps, side-scan sonar imagery, sediment
echosounder pro les, 2D and preferably 3D re ection seismic data, in situ samples such as
those obtained by gravity cores, and geotechnical cone-penetration tests with pore pressure
measurements (CPTu) to better understand pre-conditioning factors and trigger mechanisms
that control slope failures.

Geophysical re ection seismic surveying is the most widely used method to image the o shore
sub-sea oor (e.g., Cartwright and Huuse, 2005; Bull et al., 2009). This is mainly because
seismic methods are widely applicable, processing software and techniques are readily avail-
able and constantly improving, legacy data can be included, and data can be compiled to
cover whole basins for example the Mediterranean Sea (e.g., Driussi et al., 2015; Raad,
2022; Ochoa et al., 2015). Furthermore, this method is non-destructive and can be deployed
from relatively small vessels and is relatively cheap. Re ection seismic data show impedance
contrasts between stratigraphic layers and thus this method provides an indirect image of
the sub-sea oor. These images are used in seismic interpretation which in itself is a highly
interpretative and ambiguous task and biased towards the worker's experience (Sheri and
Geldart, 1995).

Unfortunately, in recent decades local governments have introduced many restrictions to
seismic surveying to decrease the anthropogenic stress on marine mammals through the
reduction of marine noise (e.g., Duarte et al., 2021). The collection of new seismic data thus
becomes increasingly dicult. In some cases, the acquisition of new data is not possible
and might instead necessitate the re-processing of legacy seismic data with new processing
techniques (e.g., Raad, 2022). On the contrary, limitations of seismic surveying in shallow
coastal areas pushed forward the development of new methods for seismic acquisition and
processing such as using shallow sparker-based 3D re ection seismic surveying or creating
3D cubes from closely spaced sediment echosounder pro les (e.g., Mdller et al., 2002; Mudller
et al., 2013; Gutowski et al., 2015; Shin et al., 2022).

2.4 Eivissa Channel Landslides

Four recent and shallowly buried submarine landslides are identi ed in water depths of 610
to 905 m on the eastern slopes of the Eivissa Channel located in the western Mediterranean
Sea between the Iberian Peninsula and the islands of Eivissa (Ibiza) and Formentera (Lastras
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et al., 2004, Lastras et al., 2006; Berndt et al., 2012) (Table 2.1 and Figure 2.1). From South
to North, these are called Ana, Joan, Nuna, and Jersi slides with a distance of 20 km from
each other (Figure 2.2). A buried landslide, the pre-Ana Slide, is located approximately 5

to 30 m beneath Ana Slide (Berndt et al., 2012) and is presented in Chapter 3. A brief list

of geomorphometric parameters of these MTDs is provided in Table 2.1 which shows the
many similarities between Ana, Joan, Nuna and Jersi slides including pre-Ana Slide using
parameters proposed by Clare et al. (2019). A table with a complete list of geomorphometric
parameters is presented in the appendix of this thesis (Table 6.2).

Slide Latitude Longitude Water Height Slope angle Scarp Maximum Area Volume
Name depth drop ) height | deposit (km 2) (km 3)

(m) (m) (m) thickness

(m)

pre-Ana 38°38'30" 0°48'20" buried buried buried 20 m 48:75 m 8:2 km 2 0:040 km 3
Ana 38°38'25" 0°48'50" 635 - 790 155 m < 1-2:2 30m 39m 4:8 km ? 0:040 km 3
Joan 38°41'00" 0°47'25" 610 - 870 260 m < 1-1:1 20 m 52:5m 23:6 km 2 0:40 km 3
Nuna 38°4320" | 0°47'35" 705 - 855 150 m <1-1:5 50 m 45 m 10:2 km 2 0:31 km 2
Jersi 38°4720" | 0°47'10" 750 - 905 155 m <1-2° 45 m 41:25 m 8:1 km 2 0:19 km 3

Table 2.1: Geomorphometric table of pre-Ana, Ana, Joan, Nuna, and Jersi slides in the Eivissa
Channel. Maximum deposit thickness is calculated from depth-converted sediment echosounder pro-
les using a seismic velocity of 1500 m/s. Parameters were compiled from Lastras et al. (2004),
Lastras et al. (2006), and Lastras et al. (2007).

Figure 2.1: Location of the study area of the Eivissa Channel located in the western Mediterranean
Sea between the Iberian Peninsula and the islands of Eivissa (Ibiza) and Formentera. This gure is
taken from Chapter 4.

2.5 Data, Methodology, and Processing

2.5.1 Database

The database of this thesis comprises multi-beam bathymetry maps, sub-bottom pro ler
(TOPAS), and various 2D and 3D re ection seismic data (Figure 2.2). Additional data
are available such as side-scan sonar imagery, geotechnical cone-penetration tests with pore
pressure measurements (CPTu), sediment sampling (gravity core and multi-core), and video
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transects, but these were not deemed relevant to the objectives of this thesis (e.g., G. Lastras,
personal communication December 16, 2022) (Table 6.1).

Because re ection seismic data presented in this thesis were acquired using di erent source
and receiver set-ups, the term 'airgun’ re ection seismic pro le describes 2D seismic pro-
les acquired during the HERMESIONE cruise (HERMESIONE, 2009) (Table 6.1). The
re ection seismic data acquired during the CD178 cruise are referred to as the '3D' and
're-processed 2D' re ection seismic data and pro les, respectively. Additional information
on the re-processing of the 3D data and their raw les is provided in Chapter 2.5.3.

Figure 2.2: Bathymetric map of the study area located on the eastern slopes of the Eivissa Channel
in the western Mediterranean Sea between the Iberian Peninsula and the islands of Eivissa (Ibiza) and
Formentera (location indicated in Figure 2.1). This gure shows a regional map (BIG'95 bathymetric
grid) of available bathymetric maps, sub-bottom pro ler, and 2D and 3D re ection seismic data
(Berndt et al., 2012) and Chapter 3. This gure is taken from Chapter 5.
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2.5.1.1 Multi-beam Bathymetry Maps

In 1995, the Eivissa Channel was mapped for the rst time in the framework of the BIG'95
cruise using the BIO (Buque de Investigacon Oceanogia ca) Hesperides. In 2002, the Jersi,
Nuna, Joan, and Ana slides were revisited with the same vessel during the MARINADA
cruise during which multi-beam bathymetric maps were collected. These maps were merged
into a higher-resolution bathymetric grid that is used as a regional background grid for other
bathymetric surveys of the Ana, Joan, Nuna, and Jersi slides (Table 6.1 and Figure 2.2).

During the CD178 cruise in 2006 with the RRS (Royal Research Ship) Charles Darwin, a
very-high-resolution bathymetric grid (5 x 5 m) was acquired of Ana Slide. These data
were acquired in parallel with complementing seismic surveying covering Ana Slide and
the surrounding sea oor up to one kilometre towards the North and South (Figure 2.2).
This resulted in a sea oor map of excellent quality that is used throughout this thesis and
previously used by Berndt et al. (2012), Lafuerza et al. (2012), and Panieri et al. (2012) and
presented in Chapter 3.

In 2007, during the EUROLEON cruise (BIO Hesperides), a high-resolution (20 x 20 m)
bathymetric grid was acquired during sub-bottom pro ler acquisition, partially covering all
landslides (Figure 2.2). Additionally, a seamount located around 8 km upslope of Ana Slide
has been covered by the AUV-mounted EM3000 multi-beam system (2 x 2 m) but this data
is not considered further in this thesis.

In 2009, BIO Hesperides revisited the eastern slopes of the Eivissa Channel for the last
time in the framework of the HERMESIONE cruise (HERMESIONE, 2009). During this
cruise multi-corer samples, bathymetric maps, and airgun 2D re ection seismic pro les were
collected. The bathymetric map has a lower resolution (25 x 25 m) with a larger swath width
compared to the EUROLEON cruise which resulted in a lower processed resolution. Jersi,
Nuna, and Joan Slide were completely covered (Figure 2.2).

2.5.1.2 Sub-bottom Pro ler (TOPAS)

Submarine landslides in the Eivissa Channel have been imaged by humerous sub-bottom pro-
les (TOPAS) acquired during the MARINADA, EUROLEON, and HERMESIONE cruises
(Table 6.1). TOPAS pro les acquired during the MARINADA cruise were initially presented

by Lastras et al. (2004) but have also been used by Lafuerza et al. (2012). In this thesis, all
available TOPAS pro les with fair quality were used that allowed the mapping of the basal
shear surface (callecslip plane by Lastras et al. (2004)) represented as the Reference re ector
(Ref) in Chapters 3, 4, and 5 throughout the Eivissa Channel. Besides the re ection seismic
data acquired during the CD178 and HERMESIONE cruises, these TOPAS pro les represent
the only sub-surface data of submarine landslides located within the Eivissa Channel.
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2.5.1.3 Re ection Seismic Data

In 2006, during cruise CD178 Ana Slide was covered by 3D re ection seismic data in its
entirety (Berndt et al., 2012). At that time it was known that a previous landslide, pre-
Ana Slide, is located beneath Ana Slide, yet its lateral extent was unknown and it was
found to extend outside of the 3D re ection seismic data towards the South. In 2009 the
Eivissa Channel was visited in the framework of the HERMESIONE cruise and additional
2D re ection seismic pro les (airgun) were acquired that image the sub-sea oor beneath
the Joan, Nuna, and Jersi slides. These 2D re ection seismic data are still unpublished,
but they are presented in the HERMESIONE cruise report HERMESIONE (2009) and are
consequently included in Chapter 5 to show the sub-sea oor of Joan, Nuna, and Jersi slides
in Figures 5.8, 5.9, and 5.10, respectively.

In 2006, a 3D re ection seismic cube was acquired of Ana Slide for academic purposes using
the P-Cable system (Berndt et al., 2012). This system consists of two paravane doors that
span a perpendicular cable called the P-cable in between onto which single channel streamers
were attached (CD178, 2006). During this cruise, eleven 18 m-long single-channel Teledyne
streamers were deployed with one malfunctioning (number 7) (Berndt et al., 2012). The
seismic source consisted of four 40 #Bolt 600B air guns spaced 075 m apart that were towed

at an optimal depth of 1.5 m about 20 m behind the vessel. 3D re ection seismic processing
included frequency ltering (35 { 350 Hz) before a 3D Stolt time migration with a migration
velocity of 1500 m/s was applied. This data was used by Berndt et al. (2012) to discuss the
repeated slope failure linked to the potential migration of gas and is used throughout this
thesis to discuss development and emplacement processes (Chapter 3). Furthermore, this
data is used for assessing submarine landslide volumes (Chapter 4) and to study destabilising
factors for submarine landslides in the Eivissa Channel (Chapter 5).

During seismic acquisition, the P-Cable system passed over the study area 85 times with
inlines orientated East-West (Figure 2.3). For 3D re ection seismic processing, data acquired

in the turns between inlines orientated from East to West were removed, yet this data was

recorded and provides sub-sea oor information outside the extent of the 3D cube.

2.5.2 Methodology

For the study area, all available sub-bottom pro ler data (TOPAS), and airgun and re ection
seismic data (3D and re-processed 2D pro les) were integrated, analysed, and interpreted in
the seismic software IHS Kingdon® Suite 2018/2020. Although the re ection seismic data
were acquired using di erent methods and source-receiver con gurations, data were tied for
all of the submarine landslides on the eastern slopes of the Eivissa Channel.
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