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angegebenen Hilfsmitteln verfasste Arbeit. Diese hat weder zum Teil bereits an anderer
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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 für Offshore-Infrastrukturen dar und können ver-

heerende Tsunamis auslösen. Es gibt viele Hypothesen darüber, wie Hangrutsche entstehen

und wie sie Tsunamis auslösen, jedoch gibt es noch viel zu lernen über die Entstehungs-

und Ablagerungsprozesse und die inhärenten Vorbedingungen und Auslösemechanismen, die

zu Hangrutschen entlang von Kontinentalrändern führen. Während die Untersuchung der

Auslösemechanismen viel wissenschaftliche Aufmerksamkeit erhalten hat, ist das Verständnis

der Entwicklungs- und Ablagerungsprozesse von Hangrutschen noch auf wenige Fallstudien

beschränkt. Dies liegt zum einen daran, dass sich die Untersuchungen der Strukturen

unter dem Meeresboden auf Sedimentecholotprofile und primär 2D- und vereinzelte 3D-

reflexionsseismische Daten beschränken. Diese Daten sind teuer in der Beschaffung, so dass

die Datenabdeckung spärlich ist und oft von geringer Auflösung. Andererseits sind historische

Aufzeichnungen von durch Hangrutsche ausgelöste Tsunamis begrenzt und können oft nicht

von Tsunamis unterschieden werden, die durch Erdbeben verursacht wurden. Darüber hin-

aus basiert die Untersuchung von aktiven Hangrutschen hauptsächlich auf der Analyse von

2D- und 3D-reflexionsseismischer Daten und der Interpretation ihrer Überreste, der Massen-

transportablagerungen (MTDs), was bedeutet, dass die Entwicklung und die Ablagerungs-

prozesse von Hangrutschen nur von diesen Überresten aus interpretiert werden können. Die

Interpretation von reflexionsseismischen Daten ist eine höchst mehrdeutige Aufgabe und

hängt von den Daten selbst ab, d. h. von der Auflösung und Eindringtiefe und vor allem

von der Interpretationserfahrung. Die Beobachtung von aktiven Hangrutschen ist nur in

begrenztem Umfang möglich, z. B. durch Messungen von Hangrutschgeschwindigkeiten, die

von Telekommunikationskabelbrüchen abgeleitet wird. Wegen des großen Ausmaßes von

submarinen Hangrutschen wird nun immer deutlicher, dass Meeresbodensediment zu einer

beträchtlichen Tiefe unterhalb des Meeresboden deformiert werden kann, so dass direkt am

Meeresboden installierte Infrastruktur beschädigt, von Hangrutschmaterial begraben oder

sogar in Hangrutschen inkorporiert werden kann.

Das Verständnis der zugrundeliegenden Faktoren, die das Versagen submariner Hänge beein-

flussen, ist von entscheidender Bedeutung für die Bewertung möglicher Geohazards und das

Vorhersagen zukünftiger Ereignisse. Die Erkenntnissen von Fallstudien kleiner Hangrutsche

können auf größere 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 Abschätzung des tatsächlich mobilisierten
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Rutschungsmaterials durchgeführt 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 ’Primär’- und ’Sekundär’-Stadien

bezeichnet, welche durch eine erhebliche zeitliche Verzögerung von etwa 240.000 Jahren

voneinander getrennt sind. Beide Stadien zeigen eine mehrstufige retrogressive Entwicklung

auf. Das detaillierte Verständnis des Ana Slides wurde genutzt, um die Volumina unter-

schiedlicher Hangrutschmaterialien abzuschätzen, sowie für die Rekonstruktion des Meeres-

bodens vor der Hangrutschung im Quellenbereich, von wo aus Hangrutschmaterial evakuierte

wurde. Darüber hinaus wird das detaillierte Verständnis vom Ana Slide genutzt, um mögliche

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

Veränderungen des Porendrucks durch die Migration von Flüssigkeiten und Gasen unter

dem Meeresboden entlang von Verwerfungsstrukturen, die mit wiederkehrender Verwer-

fungstätigkeit 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 Verständnis der Prozesse der Entwicklung und Ablagerung submariner Hangrutsche

sowie der Destabilisationsfaktoren und potenziellen Auslösemechanismen zu erweitern, bi-

etet eine umfassende Analyse des Ana Slides einen entscheidenden Einblick in die Kon-

trollprozesse für Hangrutsche im Eivissa-Kanal. Diese Erkenntnisse wurden genutzt, um

Destabilisationsfaktoren zu untersuchen, die das Auftreten der Ana, Joan, Nuna und Jersi

slides sowie des verschütteten 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 über die Destabilisationsfaktoren beitragen, die die östlichen Hänge des

Eivissa-Kanals anfällig für Hanginstabilitäten machen. Darüber hinaus dokumentiert diese

Arbeit, dass kleine submarine Hangrutsche das Potenzial haben, große Mengen an Meeres-

bodensediment in beträchtliche Tiefen zu deformieren, und dass das Volumen von scheinbar

deformiertem Meeresbodensediment aus chaotischen, transparenten oder gestörten seismis-

chen Fazies überschätzt wird.
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1 Motivation and Outline

1.1 Motivation

Submarine landslides can damage and destroy offshore infrastructure and generate devas-

tating tsunamis (e.g., Varnes, 1978; Farrell, 1984; Prior et al., 1984; Bondevik et al., 2005;

Haugen et al., 2005; Løvholt et al., 2017). The historical record of such events is incom-

plete, but mass transport deposits (MTDs) have been identified 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), off-

shore Norway (e.g., Kvalstad et al., 2005a; Kvalstad et al., 2005b; Haflidason et al., 2005),

and presumably offshore East Africa (e.g., Dingle, 1977). These submarine landslides could

have generated devastating tsunamis. It remains unclear how different processes and failure

mechanisms affect 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 identified 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 influenced 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

affected 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 seafloor. To better understand the in-

teraction between these pre-conditioning factors and trigger mechanisms it is thus critical

to first 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 identified 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 first 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 seafloor morphology, and the presence of weak layers have a significant 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 seafloor 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 profiles, side-scan sonar imagery, 2D

and 3D reflection 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 findings 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 scientific 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 reflection seismic data and re-processed
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2D reflection seismic profiles. Ana Slide developed during two events: the primary and

secondary stages which are separated by a significant 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 significant depth beneath

the pre-failure seafloor. Beneath the sink area, a local fault system affected the seafloor

morphology before the failures of Ana Slide. For the analysis of Ana Slide the existing

3D reflection seismic data were re-processed because receiver-ghost artefacts were identified

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 (G3), 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 seafloor

reconstruction. This article proposes a new nomenclature for volumes of landslide material

and slope sediment either affected by or involved in slope failure and highlights pitfalls for

submarine landslide volume assessments. Furthermore, it presents a workflow for frontally

confined and unconfined 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 Volume to 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 profiles, and 2D and 3D reflection 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 fluid

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 G3 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 off-

shore infrastructure. With the expanding usage of the seafloor for offshore hydrocarbon

platforms and exploration, seafloor telecommunication cables, as well as offshore wind farm

constructions that go into increasingly deeper waters, it is critical to understand processes

that control submarine slope failures and reshape seafloor morphology.

Large buried submarine mass-transport deposits (MTDs) have been described from many

areas such as offshore Bahamas (Principaud et al., 2015), offshore Shetland (e.g., Wilson

et al., 2004), offshore 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., Haflidason et al., 2004; Moscardelli

andWood, 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 2° that 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 finer 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., Haflidason et al., 2004; Lindberg et al., 2004). Other destabilising factors include slope

over-steepening from tectonic faulting, differential 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-seafloor gas or injected gas can subsequently affect 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 affect the pressure regimes in the sub-seafloor (e.g.,

Talling et al., 2014). The response of the sub-seafloor 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 floors. 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., Haflidason 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 flank collapses, for instance, Fogo Island in

the Cape Verdes, offshore West Africa (Barrett et al., 2020) or offshore Sakar, Papua New

Guinea (Kühn 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 seafloor and destroy seafloor 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; Løvholt 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 seafloor 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.

8
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2.2 Landslide Terminology

The terminology of submarine landslides generally differentiates 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 different types of

slopes failures such as creeps, debris and rock falls, avalanches, slides, slumps, debris flows,

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 unified 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

’affected slope sediment’ deformed in situ beneath the seafloor. 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 unaffected by the landslide are differentiated.

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; Haflidason 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 profiles is generally limited to around 30 to 50 m (e.g.,

Lykousis et al., 2002; Lastras et al., 2004). Properties of the seafloor and sub-seafloor

sediments are related to the penetration depth because the high-frequency signals used by

this method quickly attenuate with depth beneath the seafloor. As an alternative, reflection

seismic data have a larger penetration depth though at the cost of sub-seafloor resolution.
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Thus, there is a trade-off 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 profiles, 2D and preferably 3D reflection 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 reflection seismic surveying is the most widely used method to image the offshore

sub-seafloor (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. Reflection seismic data show impedance

contrasts between stratigraphic layers and thus this method provides an indirect image of

the sub-seafloor. These images are used in seismic interpretation which in itself is a highly

interpretative and ambiguous task and biased towards the worker’s experience (Sheriff 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 difficult. 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 reflection seismic surveying or creating

3D cubes from closely spaced sediment echosounder profiles (e.g., Müller et al., 2002; Müller

et al., 2013; Gutowski et al., 2015; Shin et al., 2022).

2.4 Eivissa Channel Landslides

Four recent and shallowly buried submarine landslides are identified 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
Name

Latitude Longitude Water
depth
(m)

Height
drop
(m)

Slope angle
(°)

Scarp
height
(m)

Maximum
deposit
thickness
(m)

Area
(km2)

Volume
(km3)

pre-Ana 38°38’30” 0°48’20” buried buried buried 20 m 48.75 m 8.2 km2 ≪ 0.040 km3

Ana 38°38’25” 0°48’50” 635 - 790 155 m < 1 - 2.2° 30 m 39 m 4.8 km2 0.040 km3

Joan 38°41’00” 0°47’25” 610 - 870 260 m < 1 - 1.1° 20 m 52.5 m 23.6 km2 ≪ 0.40 km3

Nuna 38°43’20” 0°47’35” 705 - 855 150 m < 1 - 1.5° 50 m 45 m 10.2 km2 ≪ 0.31 km3

Jersi 38°47’20” 0°47’10” 750 - 905 155 m < 1 - 2° 45 m 41.25 m 8.1 km2 ≪ 0.19 km3

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-
files 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 figure 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 profiler

(TOPAS), and various 2D and 3D reflection 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 reflection seismic data presented in this thesis were acquired using different source

and receiver set-ups, the term ’airgun’ reflection seismic profile describes 2D seismic pro-

files acquired during the HERMESIONE cruise (HERMESIONE, 2009) (Table 6.1). The

reflection seismic data acquired during the CD178 cruise are referred to as the ’3D’ and

’re-processed 2D’ reflection seismic data and profiles, respectively. Additional information

on the re-processing of the 3D data and their raw files 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 figure shows a regional map (BIG’95 bathymetric
grid) of available bathymetric maps, sub-bottom profiler, and 2D and 3D reflection seismic data
(Berndt et al., 2012) and Chapter 3. This figure 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 first time in the framework of the BIG’95

cruise using the BIO (Buque de Investigación Oceanográfica) Hespérides. 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 seafloor up to one kilometre towards the North and South (Figure 2.2).

This resulted in a seafloor 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 Hespérides), a high-resolution (20 x 20 m)

bathymetric grid was acquired during sub-bottom profiler 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 Hespérides 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 reflection seismic profiles 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 Profiler (TOPAS)

Submarine landslides in the Eivissa Channel have been imaged by numerous sub-bottom pro-

files (TOPAS) acquired during the MARINADA, EUROLEON, and HERMESIONE cruises

(Table 6.1). TOPAS profiles 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 profiles with fair quality were used that allowed the mapping of the basal

shear surface (called slip plane by Lastras et al. (2004)) represented as the Reference reflector

(Ref) in Chapters 3, 4, and 5 throughout the Eivissa Channel. Besides the reflection seismic

data acquired during the CD178 and HERMESIONE cruises, these TOPAS profiles represent

the only sub-surface data of submarine landslides located within the Eivissa Channel.
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2.5.1.3 Reflection Seismic Data

In 2006, during cruise CD178 Ana Slide was covered by 3D reflection 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 reflection seismic data towards the South. In 2009 the

Eivissa Channel was visited in the framework of the HERMESIONE cruise and additional

2D reflection seismic profiles (airgun) were acquired that image the sub-seafloor beneath

the Joan, Nuna, and Jersi slides. These 2D reflection 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-seafloor of Joan, Nuna, and Jersi slides

in Figures 5.8, 5.9, and 5.10, respectively.

In 2006, a 3D reflection 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 12.5 m-long single-channel Teledyne

streamers were deployed with one malfunctioning (number 7) (Berndt et al., 2012). The

seismic source consisted of four 40 in3 Bolt 600B air guns spaced 0.75 m apart that were towed

at an optimal depth of 1.5 m about 20 m behind the vessel. 3D reflection seismic processing

included frequency filtering (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 reflection seismic processing, data acquired

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

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

2.5.2 Methodology

For the study area, all available sub-bottom profiler data (TOPAS), and airgun and reflection

seismic data (3D and re-processed 2D profiles) were integrated, analysed, and interpreted in

the seismic software IHS Kingdom® Suite 2018/2020. Although the reflection seismic data

were acquired using different methods and source-receiver configurations, data were tied for

all of the submarine landslides on the eastern slopes of the Eivissa Channel.
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Figure 2.3: Location of reflection seismic data covering Ana Slide, Eivissa Channel, western Mediter-
ranean Sea. Vessel tracks and turns extend outside the processed 3D data (red box). The black lines
represent re-processed 2D reflection seismic profiles that extend East and West of the 3D data.

2.5.2.1 Seismic Interpretation and Stratigraphy

In seismic stratigraphy, seismic reflections are subdivided into genetically related sedimen-

tary sequences (Kearey et al., 2002). Seismic data present impedance contrasts related to

the seismic velocity and density of materials (Helbig, 1983). Reflectors in seismic profiles

are picked laterally and tracked and comprise horizons that represent seismic surfaces in

3D. Their termination, lateral extent, seismic facies, and geometry provide information for

instance about the depositional environment, physiography, and structural influences (e.g.,

Mitchum et al., 1977).

In this thesis, seismic interpretation of TOPAS profiles, 3D, airgun, and re-processed 2D

reflection seismic profiles is used to map laterally extensive reflectors throughout the Eivissa

Channel. Several reflectors are identified such as the seafloor (SFR), sub-reflectors R1, R2,

and R3, the reference (Ref), and the top pre-Ana (tpAS) and base pre-Ana Slide (bpAS)

reflectors from immediately beneath the seafloor to around 100 ms beneath the seafloor (e.g.,

Figure 3.3). Further information about these reflectors is provided in Chapters 3, 4, and 5.

2.5.2.2 Pre-failure Seafloor Reconstruction

The complete coverage of 3D reflection seismic data allowed the detailed reconstruction of

the pre-failure seafloor before the failures of Ana Slide. This reconstruction is useful to

estimate the amount of landslide material initially located inside the source area between

the pre-failure and present-day seafloors. A similar approach was used by Omira et al.

(2022), Webster et al. (2016), and Sun et al. (2018). In Chapter 4 the approach is adapted

for Ana Slide and a volume assessment of the slide using previous hypotheses and methods

is presented.
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In Chapter 4 the pre-failure seafloor of Ana Slide is reconstructed assuming that the amount

of mobilised landslide material evacuated from inside the source area is represented by the

void space between the present-day and pre-failure seafloors (sensu Völker, 2010). In this

thesis, the pre-failure seafloor before Ana Slide inside its source area is reconstructed by the

’contour-line’ approach. For this approach the contour-lines before the failure are represented

by contour-lines that follow the local trend throughout the source area. In Chapter 3 it is

demonstrated that a local seafloor antithetic en echelon fault system modified the morphology

of the seafloor inside the sink area before the failure of Ana Slide. Therefore, the contour-

line approach does not realistically reconstruct the pre-failure seafloor inside the sink area.

Nonetheless, the 3D reflection seismic data allows us to constrain the pre-failure seafloor

morphology before the failure of Ana Slide by using the ’horizon-flattening’ approach that

assumes a predictable thickness of stratigraphic units. This thickness is then interpolated

inside the sink area. Additional information about assumptions, limitations, results, and

application of for instance the horizon-flattening approach are presented in Chapter 4.

Figure 2.4: Seismic crosslines through Ana Slide extracted from the 3D data. a) Uninterpreted
crossline profiles through the ’by-pass’ zone and c) through the sink area of Ana Slide. b) and d)
show the interpreted profiles respectively where the artefact is removed from the interpretation. This
figure is taken from chapter 3 (Figure 3.7).

2.5.3 Additional Seismic Processing

During the initial analysis and interpretation of the 3D reflection seismic data, partial down-

ward bending of reflections creating spatial incoherency were primarily observed on crosslines

orientated North-South in the 3D cube (Figure 2.4). Similarly, seismic inlines orientated

East-West were also affected, but the effects are less pronounced here (Figure 3.3). An ex-

ample of these artefacts is presented in Figures 3.11, 3.12, and 3.13 from a crossline where
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the seafloor reflector (SFR) is not continuous but has a pronounced ’garland’ appearance.

Deeper reflectors such as Ref are less affected by this artefact yet the effect is evident. Fur-

thermore, isochore thickness maps between surfaces show E-W elongated artefacts (Figures

3.4, 3.8, and 5.6).

These issues were examined more closely after the initial data analysis by locating the original

navigation and raw files. Initially, it was thought that the ’garland’ artefacts on crosslines

were the result of navigation issues introduced in the 3D reflection seismic data through

processing. This hypothesis was tested by plotting the seafloor reflector and the wavelets

of all streamers from individual shots (Figures 2.5 and 3.11). These wavelets in channels 3

to 4 are fully separated, those in channels 2, 5, 8 and 12 are partially separated, and only

those in channels 1 and 6 are concomitant. Contrary to the earlier belief that this separation

was a result of the navigation and potentially the 3D seismic processing, the artefact was

generated during seismic acquisition in 2006 using an early version of the P-Cable system.

Figure 2.5: Principle sketch of receiver ghost artefact generation.

The principle of marine seismic surveying is shown in Figure 2.5. A vessel pulls a source

or air gun and receivers embedded into streamers behind at shallow water depth. The air

gun is triggered and creates a signal as a pressure wave that propagates as a wavelet in

all directions. The ’direct wave’ reaches the receiver first but it does not provide seafloor

and sub-seafloor information and is consequently filtered out for this data. The ’primary’

downward propagating wavelet (peak – trough) is reflected by the seafloor that has a positive

impedance contrast and thus the reflected signal propagates upwards to the streamer as a

peak – trough wavelet. This is recorded as the first arrival from the seafloor reflection on

individual receivers in the streamer. The ’primary’ wavelet that is reflected by the seafloor

or water-rock interface propagates further upward and is reflected by the water – seasurface
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interface with a negative impedance contrast. This reflected wavelet propagates downward

to the streamer as a trough – peak wavelet. The resulting wavelet of the reflected primary

wavelet and the wavelet reflector from the water – seasurface interface forms a peak – double

trough – peak wavelet. This situation describes the optimal setup of marine seismic survey-

ing, where both wavelets arrive at the receiver at the correct time delayed by a couple of

milliseconds. In case the receiver is located too shallow or deep beneath the seasurface the

wavelets may interfere constructively or destructively.

Figure 2.6: Seafloor reflection of a single shot; channels 3-4 and 9-11: heavy receiver ghost as both
wavelets are fully separated, channels 2,5,8 and 12: moderate receiver ghost as both wavelets are
partially separated, channels 1 and 6: ‘tuned’ receiver ghost as both wavelets are concomitant. Red
arrows mark the automated pick pairs at the peak of both lobes to approximate the streamer depths.
This figure is taken from the supplementary material of Chapter 3 (Figure 3.12).

Following Figure 2.6 (presented in the supplementary material of Chapter 3 and Figure 3.12

in this thesis) it is evident that the perpendicular cable sagged between streamers 2 and 5 and

sagged even more significantly between streamers 7 and 12. Furthermore, streamers 10 and 11

show almost complete separation between the primary direct wave and the seafloor multiple.

Receiver ghosts are not observed on streamers 1 and 6 likely because the depth was optimally

defined as half the wavelets length. Streamer 1 was attached to the perpendicular cable next

to one of the paravane doors, while streamer 6 was attached to a central buoy. Nonetheless,

streamer 12 which was attached close to the other paravane door is heavily affected by the

receiver ghost artefact. There could be several reasons for this such as fishnets caught in

the streamer or strong currents. For instance, the receiver ghost is observed throughout the

dataset and thus currents can be discarded.
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3D reflection seismic data can be used to study lateral amplitude variations and to calculate

seismic attributes (Chopra and Marfurt, 2005). They can highlight zones of interest and show

geological features of faults, fractures, and discontinuities. The main aim of re-processing

the raw data of Ana Slide was to remove and filter the receiver ghost artefact. Standard

de-ghosting methods are applied in the f-k (wavenumber-frequency) domain or other spatial

domains and thus need multi-trace (shot) gathers. Here, the P-Cable system used short

12.5 m single-channel streamers and none of the tested de-ghosting techniques were able to

remove or filter the ghost artefacts. Instead, single-channel data from individual streamers

were re-processed. These individual 2D profiles have higher resolution tuned for the shallow

sub-surface compared to those from the 3D cube. A visual comparison between both data is

provided in Figure 2.7. The re-processing workflow is described below following the approach

presented in the supplementary material of Chapter 3.

2.5.3.1 Re-processing Workflow

This re-processing workflow is published and presented in Chapter 3 and detailed in detail

in the supplementary material.

Raw data were frequency-filtered using an Ormsby-Bandpass at 18/42/250/500 Hz. After-

wards, data were de-spiked for burst-noise attenuation with a sliding Alpha Trim 11-trace

mean filter in common receiver gather (trim factor 66) after which individual channels were

binned onto a crooked line with a bin size of 12.5 m. Before stacking, a normal move-out

(NMO) is applied with 1520 m/s below the seafloor and 1512 m/s above. This stack is

migrated using the Stolt method with a constant velocity of 1520 m/s approximating the av-

erage seismic velocity in the uppermost sediments. It is worth noting that no automatic gain

control is applied meaning that amplitudes of deeper reflections are not increased. Through-

out this thesis, profiles presented from reflection seismic data acquired during cruise CD178

almost exclusively show re-processed 2D profiles while planview and isochore maps use the

3D cube where the ghost artefact is visible (e.g., Figures 3.4, 3.8, and 4.2).
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Figure 2.7: Visual comparison between reflection seismic profiles from the re-processed profiles
(upper panel) and 3D data (lower panel). The re-processed data shows a clearer image of the sub-
surface with higher-resolution reflections compared to the bottom panel. The coloured horizons in
both panels relate to the interpretation of reflectors presented but can be ignored for this part of this
thesis. The figure is presented in the supplementary material of Chapter 3 (Figure 3.12).
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2.6 TRISCO Project (UR 226/3-1 & GR 1024/35-1)

This thesis is the product of the Deutsche Forschungsgemeinschaft (DFG) funded TRISCO

project – Investigation of gas migration as a TRIggering mechanism for Submarine land-

slides on COntinental slopes. GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel,

Germany hosted the PhD student Thore F. Sager in collaboration with the Institute of

Geotechnical Engineering & Construction Management, Hamburg University of Technology

(TUHH) which hosted the PhD student Pauline Kaminski. Funding was acquired by Prof.

Dr. Morelia Urlaub and Prof. Dr. Christian Berndt (GEOMAR) and Prof. Dr. Jürgen

Grabe (TUHH). At GEOMAR the project started on the 1st of August 2019 with a cost-

neutral extension for three months. Funding for the project ended on the 31st of October

2022.

The objective of this research project is to investigate the potential of shallow marine gas

to cause submarine landslides. Additionally, the team aimed to investigate the interaction

between different pre-conditioning factors and/or trigger mechanisms. A double-tracked ap-

proach was chosen involving geophysical data interpretation performed at GEOMAR while

geotechnical measurements and new methods for geotechnical testing were performed and de-

veloped at TUHH. Further, a collaboration with the National Oceanographic Centre (NOC)

in Southampton, UK was planned but this was not successful partly because of the COVID-

19 pandemic, related logistical challenges and Brexit.

The work at GEOMAR involved seismic analysis of geophysical data in collaboration with

project partners Dr. Galderic Lastras and Prof. Dr. Miquel Canals of the Department of

Earth and Ocean Dynamics, CRG Marine Geoscience, University of Barcelona. Geophysical

data of the study area located on the eastern slopes of the Eivissa Channel was provided

by the project partner in Barcelona. These data comprise bathymetric maps, sub-bottom

profiler data, side-scan sonar imagery, airgun, re-processed reflection seismic profiles and 3D

data. The 3D reflection seismic data, that were the main focus of this thesis are property of

Prof. Dr. Christian Berndt (GEOMAR). Further, the re-processing of reflection seismic data

was performed at GEOMAR in collaboration with Dr. Cord Papenberg. In this thesis, the

scientific output from three manuscripts is presented in Chapters 3, 4, and 5 while posters,

presentations, and conference contributions are listed in Chapter 6.

The pandemic had a significant impact on work primarily affecting joint interdisciplinary

collaboration. In-person meetings with the project partners in Barcelona were not possible

and the cancellation of several scientific conferences negatively affected scientific exchange.

The main result of the TRISCO project is that slope stability can be affected by shallow

marine gas. Nonetheless, the occurrence of marine gas alone acts exclusively as a pre-

conditioning factor but never as a trigger mechanism. The analysis has shown that large

earthquakes and significant PGAs ultimately trigger slope failures along the eastern slopes

of the Eivissa Channel, western Mediterranean Sea. It is thus vital for submarine slope
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stability analysis to integrate all conceivable destabilising factors that could lead to unstable

slopes.

2.7 Study Objectives

– Integrate geophysical data from the Eivissa Channel to propose a revised model for

the development of Ana Slide including emplacement, evacuation, and accumulation

processes.

– Use the development model of Ana Slide to assess submarine landslide volumes from

pre-failure seafloor reconstructions.

– Link knowledge from Ana Slide to landslides in the Eivissa Channel to correlate their

occurrence with a re-assessment of pre-conditioning and trigger mechanisms that gov-

ern submarine slope failure.

This thesis aims to study the development of submarine slope failures and in particular how

these are emplaced and what pre-conditions and ultimately triggers them. Here, geophysical

data is presented such as multi-beam bathymetry maps, sub-bottom profiler data, and airgun,

re-processed and 3D reflection seismic data covering Ana (pre-Ana) Slide and Joan, Nuna,

and Jersi slides within the Eivissa Channel, western Mediterranean Sea.

In this thesis, I integrate geophysical data to answer the following questions:

– How did Ana Slide develop?

– Why is Ana Slide specifically located at this location?

– What processes controlled the repeated slope failure of pre-Ana and Ana slides? Are

similar processes responsible for the retrogressive development of slope failures of the

Joan, Nuna, and Jersi slides?

– What are the local and regional morphological and structural tectonic controls on the

development and emplacement of slope failures in the Eivissa Channel?

– What is the geohazard potential of Ana Slide to generate a tsunami?

– What is the chronology of events that acted as pre-conditioning factors or trigger

mechanisms for the repeated failure of the pre-Ana and Ana slides? Can this be

extended to the Joan, Nuna, and Jersi slides?
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Abstract

Submarine landslides can destroy seafloor infrastructures and generate devastating tsunamis.

In spite of decades of research into the functioning of submarine landslides there are still

numerous open questions, in particular how different phases of sliding influence each other.

Here, we re-analyze Ana Slide—a relatively small (<1 km3) landslide offshore the Balearic

Islands, which is unique in the published literature because it is completely imaged by high-

resolution 3D reflection seismic data. Ana Slide comprises three domains: (a) a source area

that is almost completely evacuated with evidence of headscarp retrogression, (b) an adja-

cent downslope translational domain representing a by-pass zone for the material that was

mobilized in the source area, and (c) the deposit formed by the mobilized material, which

accumulated downslope in a sink area and deformed slope sediment. Isochron maps show

deep chaotic seismic units underneath the thickest deposits. We infer that the rapid deposi-

tion of the landslide material deformed the underlying sediments. A thin stratified sediment

unit between three lobes suggests that Ana Slide evolved in two failure stages separated by

several tens of thousands of years. This illustrates the problem of over-estimating the volume

of mobilized material and under-estimating the complexity even of relatively simple slope

failures without high-quality 3D reflection seismic data.

Plain Language Summary

We investigate a submarine landslide in the Balearic Islands off Spain. The aim is to find out

how such landslides work. This study is special because it can draw on a unique data set:

the complete imaging of this landslide with high quality reflection seismic data. We find that

previous studies have over-estimated the volume of the mobilized material because deformed

sediments below the landslide were also counted, and that the slide actually consisted of two

individual slope failures that occurred at the same place but in distinct episodes separated

by some tends of thousands of years. Together these results show that there is a large risk

of overestimating landslide-related tsunami hazards when this kind of reflection seismic data

is not available.

Key points:

• Ana Slide is completely covered by 3D reflection seismic data and its kinematic devel-

opment is addressed.

• Large parts of the volume previously interpreted as landslide material was deformed

in-situ.

• Ana Slide developed during two separate phases that involved likely significantly smaller

volumes of material than previously proposed.
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3.1 Introduction

Submarine slope failures are widespread phenomena on continental margins and around

ocean islands. They are often several orders of magnitude larger than their terrestrial coun-

terparts (Varnes, 1978) and can generate devastating tsunamis that are able to inundate

surrounding coastal areas while threatening infrastructure (Bondevik et al., 2005; Farrell,

1984; Haugen et al., 2005; Løvholt et al., 2017; Prior et al., 1984; Varnes, 1978). As an

example a tsunami with runup heights of 8 m in western Denmark has been interpreted to

have been generated by the Storegga Slide offshore Norway (Fruergaard et al., 2015).

Large-scale mass-transport deposits (MTDs) resulting from submarine slope failures have

been described in many areas for example, offshore Norway (e.g., Bryn et al., 2005; Bugge

et al., 1987; Haflidason et al., 2004; Kvalstad et al., 2005), in the Eastern Mediterranean Sea

(Frey-Martinez et al., 2006; Frey-Martinez et al., 2005), in the Gulf of Mexico (Sawyer et al.,

2009), and off the coast of North-west Africa (Krastel et al., 2019). Submarine slope failures

mobilize large amounts of sediment from the continental margins toward the deep ocean

and thus represent an important sediment transport mechanism (Huehnerbach, Masson, et

al., 2004). For comparison, the volume of material involved in the Storegga Slide has been

determined at around 2, 400 – 3, 200 km3 (Haflidason et al., 2005), which greatly exceeds the

volume of material involved, for instance, in the collapse of Mount St. Helens, which was

estimated at around 2.8 km3 (Voight et al., 1983).

Alongside the volume of material involved in slope failures and the runout velocity, the

development of a slope failure determines its tsunamigenic potential (Harbitz et al., 2014;

Lenz et al., 2018; Masson et al., 2006). For example, a multi-stage failure with long time

periods in between individual stages is less tsunamigenic than a single event failure of the

same mass (Harbitz et al., 2014). For assessing the tsunamigenic potential of a landslide,

and thus the hazard it might represent, it is therefore essential to understand its detailed

kinematic development and if possible, assess the volume of mobilized material.

Clare et al., 2019 reveal that ambiguity exists in the sound and consistent identification of

morphometric parameters for submarine landslides. Whereas the length of evacuational and

depositional zones, and the average slope angles are important input variables in predictive

models for tsunamigenic potential of submarine landslides, errors in the identification of

those tsunami source parameters may directly propagate into modeling results. Further,

the retrogression of the headscarp needs to be addressed as it could indicate that the slope

failure developed during several stages.

Previous studies based on bathymetric and 2D reflection seismic imagery provide valuable

insights into landslide evolution (e.g., Barrett et al., 2020; Lenz et al., 2018). However,

these data do not provide the three-dimensional structure of the entire submarine landslide.

Therefore, a detailed analysis of various characteristics in and around submarine landslide de-

posits that are key to understanding emplacement processes, such as deformation of internal
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structure, distribution and size of transported blocks, erosion of underlying strata, or recon-

struction of paleo-morphology has rarely been possible due to the lack of high-quality 3D

reflection seismic data. Nonetheless, important work has been published on emplacement

processes (e.g., Lenz et al., 2018; Steventon et al., 2019); deformation mechanisms (e.g.,

Ogata et al., 2014; Sobiesiak et al., 2018); transported blocks (e.g., Alves and Cartwright,

2009); erosive processes (e.g., Nugraha et al., 2020; Ogata et al., 2014; Sobiesiak et al., 2018);

and reconstruction of the paleo seafloor morphology (e.g., Völker, 2010).

In this study, we use very-high resolution multibeam bathymetric and high-quality 3D re-

flection seismic reflection data, and re-processed high-quality 2D quality reflection seismic

profiles that completely cover a small submarine landslide, named Ana Slide, located within

the Eivissa Channel, Western Mediterranean Sea. Our objectives are to establish a relative

chronology and reconstruct the kinematic development of Ana Slide. Our aim is to amelio-

rate current understanding on emplacement processes of submarine landslides, making use

of the unique observational data base of Ana Slide.

3.2 Terminology

In this study, we use the term failure to describe the active process that translates or mobilizes

landslide material from a source to a sink area. The resulting deposit is defined as the mass

transport deposit (MTD) of Ana Slide. We refrain from the use of the classic terms of the

“headwall” and “toe” domains. Although they correlate with the evacuational source and

accumulational sink areas, they provide no information about kinematic processes involved

in the emplacement and development of failure. Therefore, we use the terms “source” and

“sink area” instead. While the source area can be identified from the upward deviation of

contour-lines inside a landslide scar, the sink area will show downwards deviating contour-

lines with respect to those of the surrounding seafloor. We also use the term by-pass zone to

describe the transitional area in between the source and sink areas, where neither sediment

has been removed nor added.

In addition, while the term MTD has previously been used to refer to all material involved

in the slope failure (e.g., Bull et al., 2009; Frey-Martinez et al., 2005; Frey-Martinez et

al., 2006; Lackey et al., 2018; Nugraha et al., 2020; Sobiesiak et al., 2016; Sobiesiak et

al., 2018; Jackson, 2011), we further distinguish between “landslide material” and “affected

slope sediment.” The former describes material that was actively incorporated and mobilized

during failure. The latter describes material that per se was not part of the landslide but

experienced in-situ deformation immediately below mobilized landslide material.

By assuming that a slope failure did not change sedimentation patterns within the vicinity of

a MTD, the top surface of a MTD is recognized as the boundary between relatively conformal

reflections and chaotic/disrupted seismic facies within the MTD below (Bull et al., 2009).
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The lower boundary with conformal seismic reflectors below is delimited by the “base of

deformation” surface previously referred to as the “slip plane” or “glide plane” (Lastras

et al., 2004). We use the term “basal shear surface” to describe the interface between

mobilized landslide material from affected slope sediment below. In this study we expand on

the classical usage of “seismic stratigraphy” (Mitchum et al., 1977). In addition to seismic

reflectors having a chronological significance that bound seismic units, we introduce several

sub-units bound by the same seismic reflectors that reflect for instance in-situ deformation

of parts of the unit.

3.3 Geological Background and Previous Studies

The Eivissa Channel is located at the western end of the Balearic Promontory (Figure 3.1).

It includes the islands of Eivissa (Ibiza) and Formentera, Mallorca, and Menorca, from west

to east. The Promontory is the north-eastern prolongation of the Betic Range that extends

along the southern Iberian Peninsula (Maillard and Mauffret, 2013; Mauffret et al., 2001).

The regional structural framework is controlled by strong compressive activity that initiated

in the Late Oligocene. Contraction was completed during the Serravalian and since then

the Balearic Promontory has experienced extension (Maillard and Mauffret, 2013). Hence,

the Promontory is located in a complex setting with successive compression and extension

phases, though at present it shows relatively little tectonic activity (sensu del Valle et al.,

2016).

From short 3 – 6 m long gravity cores, local sediments in the Eivissa Channel are identified

as carbonate-rich (∼ 50% CaCO3) silty clays (∼ 60% clay and ∼ 30% silt) with biogenic

sands (∼ 10%) with limited organic content (TOC <0.5%) (Lafuerza et al., 2012; Panieri

et al., 2012). Siliciclastic input into the Eivissa Channel is limited, clayey, and originates

from rivers such as the Ebro, Turia and Júcar on the Iberian Peninsula, north-west of the

study area (Panieri et al., 2012). Hence, low accumulation rate, fine-grained hemipelagic

carbonate-rich sedimentation dominates the study area (Canals and Ballesteros, 1997).

Previous studies evaluated failures within the Eivissa Channel by means of geophysical data

sets (Berndt et al., 2012; Lastras et al., 2004; Lastras et al., 2006), gravity cores (Panieri

et al., 2012) and in combination with geotechnical CPTu measurements (Lafuerza et al.,

2012). Lastras et al., 2004; Lastras et al., 2006 identified three additional MTDs north of

Ana Slide called Joan, Nuna, and Jersi from south to north (Figure 3.1). Ana Slide is located

at water depths between 630 m to the east and 790 m to the west (Figure 3.2). It has a

maximum length from east to west of 4.1 km with a headscarp height of ∼ 30 m while the

average slope angle is ∼ 2° (Figure 3.2).

In 2006, the RSS Charles Darwin Cruise 178 acquired high-resolution bathymetric and 3D

seismic reflection data. From these, a buried slope failure — pre-Ana Slide — was mapped

in detail around 30 – 40 ms travel time below Ana Slide (Berndt et al., 2012). While pre-Ana
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Figure 3.1: (a) Overview map of the Western Mediterranean Sea showing the location of the Balearic
Promontory (BP). The red box indicates the location of panel b. (b) General bathymetric map of the
Balearic Promontory. Data from the “Global multi-resolution topography synthesis” (Ryan, 2009).
The black box indicates the location of panel c. (c) Bathymetric map of the eastern slopes of the
Eivissa Channel showing the outlines of Jersi, Nuna, Joan, and Ana Slides. Bathymetric data from
the BIG’95 survey. The white box indicates the location of the study area (Figure 3.2).

Slide extends around 1.4 km westwards of Ana Slide the shape and location of the headscarps

are very similar (Figure 3.2).

Lastras et al., 2004 propose that fluid overpressure indicated by the presence of fluid escape

structures in the vicinity of Ana Slide and mechanically weak layers are the main controlling

factors for slope failures along the eastern slope of the Eivissa Channel. In addition, they

indicate that failures throughout the Eivissa Channel possibly occurred simultaneously as

they share the same seismic horizon—the “slip plane”—as their basal shear surfaces. The

study by Lafuerza et al., 2012 corroborates this by geotechnical tests on Kullenberg piston

core samples and in-situ CPTu measurements, while adding that failure required the presence

of gas in the substrate. Cattaneo et al., 2011, using AMS radiocarbon dating, planktonic

foraminiferal assemblages, and correlation with regional oxygen isotope curves, suggest an

age of ∼ 61.5 ka. B.P. for Ana Slide. Berndt et al., 2012 propose, from the analysis of

a 3D reflection seismic data, that both slides were caused by changes of pore pressure as

indicated by the spatial relation between pre-Ana and Ana Slide and by evidence for gas and

fluid migration. Panieri et al., 2012, based on δ13C benthic foraminifera records, show that

methane was released from the seabed before and during the failure of Ana Slide.
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Although these previous studies regard the physiography and potential triggering, the inter-

nal architecture of Ana Slide and its complete kinematic development has yet to be addressed

from analysis of 3D reflection seismic data. Hence, within this study, the kinematic develop-

ment of Ana Slide is presented, which lends itself as a natural laboratory for more extensive

landslides that are not fully covered by bathymetric or reflection seismic data.

3.4 Data and Methodology

The 3D reflection seismic data were acquired with the P-Cable system of the National

Oceanographic Centre, Southampton, UK during cruise CD178 in 2006 onboard the RRS

Charles Darwin alongside a high-resolution bathymetric grid (Berndt et al., 2012). Addi-

tional bathymetric data acquired during cruise BIG’95 in 1995 onboard R/V Hespérides (50

m grid spacing) are also considered (Figure 3.1c) (Lastras et al., 2004).

The P-Cable system consisted of two paravanes and a central buoy, spanning a perpendic-

ular cable. From this cable we towed eleven 12.5 m-long single-channel Teledyne streamers

(Berndt et al., 2012). The seismic source consisted of four 40 in3 Bolt 600B airguns spaced

0.75 m apart, towed at a depth of 1.5 m about 20 m behind the vessel. The processing steps

for the 3D reflection seismic data included frequency filtering (35 – 350 Hz) before a 3D Stolt

time migration with a migration velocity of 1500 m/s was applied (Berndt et al., 2012). The

data have an inline and crossline spacing of 10 m. Given the high frequency of the 3D reflec-

tion seismic data the vertical seismic resolution, defined as 1/4 of the dominant wavelength,

is approximately 5 – 6 m immediately beneath the seafloor (V p = 1500 m/s). The data are

displayed in the way that a downward increase in acoustic impedance is represented by a

red-blue-red wavelet (e.g., Figure 3.3).

For bathymetric analysis we used the ArcGIS (ArcMAP) 10.6 software. Interpretation of the

reflection seismic data and further data integration was carried out in IHS KingdomSuite

2018/2020. We calculated the Smoothed Dip of Maximum Similarity attribute on the SFR

reflector from the RockSolid Attributes to map lateral discontinuities.

3.4.1 Additional Seismic Processing

For this study, we re-analyzed the 3D reflection seismic data because they are affected by

receiver ghosts (e.g., Figure 3.7) and identified the cables that were affected by receiver

ghosts. These receiver ghosts were generated by varying streamer depths during seismic

acquisition as the perpendicular cable apparently sagged between the paravanes and the

central buoy. Streamers close to the paravanes and the central buoy show little receiver

ghosts. For the detailed analysis we extracted only the 2D profiles along the streamers

that were not affected by the receiver ghost. Obviously, this higher resolution was bought

at the expense of incomplete coverage. A visual comparison between profiles from the 3D
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Figure 3.2: (a) Detailed bathymetric map of the study area with 10 m contour-line spacing. Ana
Slide is outlined by a solid black line, while the outline of pre-Ana Slide is highlighted by a stippled
black line. The location of reflection seismic profiles in subsequent figures is shown with solid white
lines. Inside Ana Slide, the 750 m contour-line corresponds to those interpolated from outside Ana
Slide (stippled red line). Several seafloor offsetting features are located south off and below the
downslope part of Ana Slide. (b) Slope gradient map of the study area. Kinematic features are
highlighted. The seafloor is gentle outside and north of Ana Slide while toward the south the seafloor
displays several offsetting features.

data and re-processed 2D profiles is provided in Figures S6–S11 of Supporting Information

S1 and location of profiles (S5). In the figures we normally present the single-channel 2D

reflection seismic profiles extracted from inlines unaffected by the receiver ghost, while plan

view maps of key seismic horizons and seismic attributes are derived from the binned 3D

reflection seismic data set which is partly affected by receiver ghosts (Table S1 in Supporting

Information S1). The extracted 2D profiles are frequency bandpass filtered and burst noise
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Figure 3.3: (a) Uninterpreted stitched reflection seismic profile (re-processed 2D data) through Ana
Slide (Figure 3.2). The combination of two profiles shows the Ana Slide represented along-strike
through the source and sink areas. (b) Close-up of Ana Slide with interpretation of key seismic
reflectors: SFR, R1, R2, R3, Ref, and tpAS. (c) Sketch of seismic units. Sub-units involved in Ana
Slide are 2B, 2C, 1B, and undifferentiated landslide material. Sub-units 2A and 1A characterize
un-affected slope sediments outside the scar of Ana Slide. A compression fold that affects tpAS is
located toward the east at depth while the basal shear surface inside the source area is represented
by Ref. A visual comparison of the 3D and 2D reflection seismic profiles is presented in Figures 3.16
to 3.21 of Supporting Information S1.
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attenuated. These data were binned, NMO-corrected, and stacked. Finally, a Stolt migration

with seismic velocities of 1520 m/s was applied.

The receiver ghosts affect the entire traces in the 3D reflection seismic data set. As they

only occur on individual streamers that are too deep below the surface, they align with the

ship track. This makes their identification fairly easy in map view as they appear as stripes

on attribute map. These have not been used for interpretation. For depth conversion of Ref

and R1 we used seismic velocities of 1500 m/s and volume calculation was performed inside

the sink area.

The “Smoothed Dip of Maximum Similarity” attribute is derived from a similarity attribute.

First semblance between adjacent traces is calculated for a moving window. Then, the

dip is calculated for the maximum semblance direction, and this is smoothed spatially. The

Smoothed Dip of Maximum Similarity attribute is able to highlight the depositional environ-

ment and detect faults. These faults are representative of compressional ridges, extensional

normal faults, ridges, and the front of Ana Slide that are characterized as structural elements

namely faults.

3.5 Results

3.5.1 Morphology of Ana Slide

Ana Slide is located on the eastern slopes of Eivissa Channel (Figure 1). The surrounding

seafloor is gently inclined from east to west and relatively smooth immediately north of

Ana Slide while several seafloor offsetting features are located along its southern vicinity

(Figure 3.2). The upslope scar of Ana Slide referred to as the headscarp is cauliflower

shaped meaning that it consists of several smaller headscarp sections upslope. The landslide

is 1.5 km wide from north to south. The headscarp forms two distinct “shoulders,” with

the southern shoulder being steeper than the northern one. These shoulders, in turn, have

gentle scarps (<10°) located some hundreds of meters downslope (Figure 3.2). Around 1.5

km downslope of the headscarp, the sidewalls form a narrow, approximately 1.1 km wide

corridor with irregular seafloor morphology.

The frontal break of slope that marks the downslope-most extent of Ana Slide opens to

around 1.5 km width. In this study we refer to it as the “front of Ana Slide.” Inside this

lower part we identify three primary lobes located around 300 – 500 m upslope of the front

of Ana Slide. The primary lobes are visible in the slope map as minor (2–4°) concave

downslope breaks of slope and show numerous pressure ridges (Figure 3.2). These ridges

align approximately parallel to the front of Ana Slide. In the northern downslope part, Ana

Slide is around 5 m higher with respect to the surrounding seafloor outside the scar of Ana

Slide while this difference is less significant in the southern downslope part.
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3.5.2 3D seismic Interpretation

For the analysis of the kinematic development of Ana Slide we mapped five key seismic

reflectors (Figure 3.3). These were mapped in both the 3D and 2D reflection seismic data

and used accordingly to the data presented.

Reference Reflector (Ref)

The high-amplitude positive regional Reference (Ref) reflector (marked in red) is present

throughout the study area (Figure 3.3). Inside the scar of Ana Slide it correlates with

the apparent slip plane reflector identified by (Lastras et al., 2004). This reflector is the

shallowest undisturbed stratigraphic reflector throughout Ana Slide. While in some places,

such as the upslope eastern part of the slide, it indeed represents the slip plane, in other areas

it is overlain by undisturbed and disturbed reflections. Thus, it is an important reference

surface for the further discussion of the slide’s thickness variations.

R3 and R2 Reflectors

The moderate-amplitude negative R3 and R2 (marked in green and light-blue) are mapped

around 10 and 20 ms above Ref (Figure 3.3). Within the upslope part both reflectors are

absent to around 1.5 km downslope of the easternmost headscarp. The lateral extent of R3

is limited to a small circular region with a diameter of around 500 m located within the

central lower part approximately 900 m upslope of the front of Ana Slide (Figure 3.4). In

contrast, R2 extends around 300 – 500 m upslope of the front of Ana Slide. In profile, R3

is irregular while R2 exhibits a strong hummocky appearance toward the front of Ana Slide

(Figure 3.3) while both R2 and R3 have a congruent upslope extent.

R1 Reflector

R1 reflector (marked in pink) is the first high-amplitude positive reflector beneath the

Seafloor (SFR) reflector (Figure 3.3). It is absent within the upslope part of the landslide to

around 1.5 km downslope of the headscarp. The upslope limit of R1 is congruent with that

of R2 and R3 and parallel with Ref for around 500 m downslope. It appears irregular within

the lower area, while outside the scar of Ana Slide reflections are continuous and parallel

with R3, R2, and Ref.

Seafloor and Ana Slide top Reflector (SFR)

The very-high-amplitude positive Seafloor reflector (SFR) (marked in black) represents the

seafloor and the assumed top Ana Slide reflector since they cannot be distinguished due to

39



Chapter 3. Development and Emplacement of Ana Slide, Eivissa Channel, Western
Mediterranean Sea

limited vertical resolution (Figure 3.3). Hemipelagic sediment deposited after the Ana Slide

failure that was identified in sediment cores (2.5 m) by (Cattaneo et al., 2011) and (Lafuerza

et al., 2012) is, consequently, included.

Top pre-Ana Slide Reflector (tpAS)

The top pre-Ana Slide (tpAS) reflector (marked in orange) is the upper reflector of pre-Ana

Slide (Figure 3.3). It separates chaotic reflections below, which correspond to material of

pre-Ana Slide with conformal reflections above up to 40 ms below Ref.

3.5.3 Seismic units

Within this study, we define three seismic units according to their seismic facies, relation to

Ana Slide, and lateral extent bound by reflectors. These seismic units are sub-divided into

several sub-units: 2A, 2B, 2C, 1A, and 1B. Throughout the study area such as immediately

west of Ana Slide (Figure 3.3) the reflectors that bound these units are conformally arranged

and highlight that sedimentation was relatively steady since before the emplacement of pre-

Ana Slide Panieri et al., 2012. Nonetheless, these sediments have probably been deposited

at an unsteady pace in response to eustatic or climatic changes throughout the Quaternary

but were relatively unaffected by other processes such as contour-currents.

Unit 1

This unit appears between R1 and SFR (Figure 3.3) and was mapped from the re-processed

2D reflection seismic data. The isochron map of Unit 1 is presented in Figure 3.4a. Unit 1 is

sub-divided into sub-units 1A and 1B. Sub-unit 1A is located outside the scar of Ana Slide

and consists of conformal and continuous reflectors arranged in a slight downslope thickening

configuration (Figure 3.4a). Sub-unit 1B is made of moderate-amplitude, highly irregular

and disrupted reflections within the scar of Ana Slide. Unit 1 is absent within the upslope

part of Ana Slide, while it is composed of slope sediment that was present within the lower

part and landslide material that accumulated during the secondary failure. The isochron

map of Unit 1 shows distinct ridges orientated sub-parallel toward the front of Ana Slide

(Figure 3.4a).

Unit 2

This unit occurs between Ref and R1 (Figure 3.3c) and was mapped from the 3D reflection

seismic data. The isochron map of Unit 2 is presented in Figure 3.4b. Unit 2 is sub-

divided into three sub-units. Sub-unit 2A, formed by high-amplitude continuous parallel

seismic reflections located primarily outside the scar of Ana Slide in a downslope thickening
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configuration (Figure 3.4b). Sub-unit 2A is present within the scar of Ana Slide in an area

around 500 m downslope of the upslope limits of R3, R2 and R1 (Figure 3.4b). Inside the

scar of Ana Slide Sub-unit 2B generally describes chaotic seismic facies with lower-amplitude,

highly disrupted reflectors, while Sub-unit 2C displays semi-continuous, moderately higher-

amplitude disrupted reflectors. The lateral extent of these sub-units is sketched in Figures

4a–4c and the isochron map of Unit 2 is shown in Figure 3.4b. Unit 2 is thickest in the

downslope part of Ana Slide about 300 – 500 m upslope of the front of Ana Slide. Outside

the scar of Ana Slide, the thickness increases linearly in downslope direction.

Unit 3

This unit is located below Ref (Figure 3.3). It includes the interval between pre-Ana and Ana

Slide, material of pre-Ana Slide, and all material below. For instance, between Ref and tpAS

reflections are conformal and characterize a steady hemipelagic depositional environment.

Undifferentiated Landslide Material

This unit occurs above Ref and around 1.5 km downslope of the headscarp (Figure 3.3). It

characterizes disrupted, lower-amplitude seismic reflections. This unit could not clearly be

associated with Sub-unit 1B, 2B or 2C. It represents material that was involved in Ana Slide

that cannot be distinguished conclusively.

3.5.4 Faults and Crown-Cracks

Several faults are identified within the study area from both bathymetry and reflection

seismic data (Figure 2). These are primarily located along the southern vicinity of Ana

Slide (Figures 5c and 5d). There are two faults that dip down-slope that is, westwards,

and three faults that dip eastwards. All strike in NNE-SSW direction. Two of the three

eastwards inclined faults are covered by reflection seismic data (Figure 3.2). These three

faults characterize an en-echelon fault system of unknown southwards extent that terminates

to the north below the downslope part of Ana Slide. In addition, a crown-crack exists

immediately upslope north-east of the headscarp that detaches northwards. Within Ana

Slide, numerous small-scale compressional thrust faults terminate from Ref up to R1 (e.g.,

Figures 3.3 and 3.6). Some thrust faults located around 500 m upslope of the front of

Ana Slide reach SFR (e.g., Figure 3.3). Upslope the extents of R2 and R3 small-scale

compressional thrust faults are identified in profile (Figure 3.6).
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Figure 3.4: (Caption on next page.)
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Figure 3.4: (Figure on previous page). Isochore maps of units 1 and 2. (a) Thickness of material
between R1—SFR that represents Unit 1 (re-processed 2D data). “Average thickness of Unit 1”
is approximately 15 m using a seismic velocity of 1500 m/s for depth conversion. Ref is absent
inside the source area and no isochore map was calculated inside this area. (b) Thickness of material
between Ref—R1 that represents Unit 2 (3D data). Receiver ghosts are introduced into the 3D
reflection seismic data from varying streamer depth during seismic acquisition. The thickest landslide
material is located within the central sink area immediately upslope of the northern fault with in-situ
deformation located some hundreds of meters upslope of thickest landslide material. Ref is absent
inside the source area and no isochore map was calculated inside this area. (c) Thickness of material
between Ref—SFR represents both units 1 and 2 (3D data). The southern, central, and eastern
source area are significantly thinner than the area along the north-eastern headscarp. Material is
thickest (ca. 43 m) within the central and along the northern sink area and upslope of the northern
fault.

3.5.5 MTD Kinematic Domains

Source Area

By comparing the shape and orientation of the present-day contour lines with those interpo-

lated from outside the scar of Ana Slide and into the slide area (Figure 3.2), the evacuational

source area is defined by the downwards excursion of present-day bathymetric contours (rep-

resenting loss of material). This area extends around 1.5km downslope of the easternmost

headscarp and is congruent with the upslope limits of R3, R2, and R1 (Figures 3.3 and 3.4).

Within the source area, the thickness of Ana Slide is defined by the interval between Ref and

SFR or units 1 and 2 and here the source area thickness is significantly thinner compared

to outside the scar of Ana Slide and thus the source area was not completely evacuated.

Immediately upslope of the by-pass zone the remaining land- slide material experienced

shortening, as evidenced by small-scale compressional thrust faults (e.g., Figure 3.6).

The isochron map of Ref—SFR is thickest in the western part of the source area and thinnest

in the south-eastern part (Figure 3.4c). In particular, on the northern shoulder, the interval

between Ref-SFR is almost twice as thick as on the southern shoulder.

Transitional Domain or ”By-Pass Zone”

For Ana Slide the bathymetry shows no significant deviation from the 750 m contour line

where the scar of Ana Slide narrows (Figure 3.2) that we define as the transitional domain

or more accurate for this study the by-pass zone. It indicates either that no material has

been added or removed by the landslide, or that the removed material has been replaced by

material coming from the source area with no thickness variation. The zone representing the

by-pass zone extends over a downslope distance of about 500 m from approximately 700 to

800 m water depth and coincides with the narrowing of the scar of Ana Slide. The upslope

extent of the by-pass zone coincides with the upslope termination of R3, R2 and R1 (Figures

3.4a – c, and 3.6b).
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Figure 3.5: (a) Un-interpreted profile (re-processed 2D data) north of Ana Slide (see location in
Figure 3.2). (b) Interpreted profile (re-processed 2D data) north of Ana Slide. The intervals between
SFR, R1, R2, R3 and Ref thickens in downslope direction representing Unit 2 (Ref-R1) and Unit
1 (R1-SFR). (c) Un-interpreted profile (re-processed 2D data) south of Ana Slide (see location in
Figure 3.2). (d) Interpreted profile (re-processed 2D data) south of Ana Slide. The intervals between
SFR, R1, R2, R3, and Ref thickens in downslope direction representing Unit 2 (Ref-R1) and Unit 1
(R1-SFR) but are locally controlled by the recent activity of normal faults and the central fault. A
visual comparison of the 3D and 2D reflection seismic profiles is presented in Figures 3.16 – 3.21 of
Supporting Information S1.

The reflection seismic data provide insight into the kinematics of the by-pass zone. Seismic

coherent reflections of Sub-unit 2A above Ref up to R1 (Figure 3.3) continue uninterrupted

out of the scar of Ana Slide (Figures 3.7a and b). The isochron maps between Ref—R1,

R1—SFR, and Ref—SFR show equal thickness throughout the by-pass zone and the sur-

rounding areas toward the north and south (Figure 3.4). These observations suggest that

the by-pass zone is intact in its entirety and that it was not moved at depth between Ref and

R1. We would expect to see at least some disruption of the seismic reflections if the by-pass

zone had been translated, moved, or affected by the mobilization of landslide material below

R1 and therefore the by-pass zone not been part of the failure process.
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Figure 3.6: (a) Un-interpreted profile (re-processed 2D data) through the by-pass zone (see location
in Figure 3.2). (b) Interpreted profile showing small-scale compressional ridges that are located within
undifferentiated landslide material immediately upslope of the by-pass zone. A basal step-up exists
downslope of the small-scale compressional ridges and material that composes the by-pass zone. A
visual comparison of the 3D and 2D reflection seismic profiles is presented in Figures 3.16 to 3.21 of
Supporting Information S1.

Sink Area

In the sink area Ref marks the lowest stratigraphic level of observed deformation. Within

the sink area the in-situ deformation zone is marked by the lateral extent of R3 (Figure 3.4).

Toward the front of Ana Slide in-situ deformation steps up stratigraphically from Ref to R3,

R2, and R1 (Figure 3.3).

The isochron map of Ref—SFR shows thickness variations throughout the sink area (Figure

3.4c). The maximum thickness of 57 ms TWTT (ca. 43 m) occurs around 300 – 500 m

upslope of the front of Ana Slide. The isochron map shows a depositional center immediately

east of the northern fault that extends toward the northern scar of Ana Slide within the sink

area (Figures 3.4b and c). From there, thickness in the interval between Ref—SFR and

Ref— R1 decreases gradually to the south and east. The volume of Sub-unit 2B and 2C

meaning the material involved in landsliding inside the sink area is 0.058 km3.
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3.6 Discussion

3.6.1 Chronology of Ana Slide

Reflection seismic data allow constraining the relative temporal development of the failure

of Ana Slide, the timing of which is poorly constrained in terms of absolute dates (e.g.,

Cattaneo et al., 2011). The lateral continuity of reflectors and the constant thickness of

units outside the scar of Ana Slide indicate that units 1, 2, and 3 have been deposited by

relatively steady hemipelagic sedimentation and only within Ana Slide are they reworked by

gravity processes (e.g., Figures 3.3, 3.4c, and 3.5). Of these, the failure of Ana Slide involved

units 1 and 2.

Unit 1 shows slight thickness variations toward the west and immediately north of Ana Slide

(Figure 3.4a). Within the source area, though barely present, Unit 1 is partly represented

by undifferentiated landslide material. Inside the scar of Ana Slide Unit 1 is thicker within

the sink area compared to outside of it. We thus infer that material of Sub-unit 1A was

evacuated from the source area, mobilized on R1 through the by-pass zone and deposited

within the sink area, forming parts of Sub-unit 1B. Hence, Sub-Unit 1B is the sum of in-situ

Sub-Unit 1A and failed and mobilized Sub-Unit 1A (originating from the source area).

Sub-unit 1B lies above material that was previously deposited within the sink area (Figures

3b, 3c, 7c, and 7d) and R1 separates it from the underlying sediments. This previously

deposited material relates to Unit 2 located between Ref and R1 that is significantly thickened

toward the central sink area immediately upslope of the northern fault (Figure 3.4b). In

addition, R1 has a strongly irregular appearance in the sink area (Figures 3.3b and c), which

we interpret to represent the top surface of an earlier stage of failure. Hence, Sub-unit 1B

depicts a failure that is stratigraphically separated from underlying material beneath R1.

The fact that (a) Unit 1 has constant thickness between R1 and SFR outside the scar of

Ana Slide, (b) Unit 1 is practically absent in the source area, and (c) R1 separates Unit 1

and Unit 2, indicates that landslide material of sub-units 2B and 2C must have moved prior

to deposition and failure of Unit 1. Hence, contrarily to the interpretation of Lastras et al.,

2004, Ana Slide comprises two failure events. These are separated in time by the period it

took to deposit Unit 1. We call these two events the “primary failure” and the “secondary

failure”.

Based on a 2 – 3 m thick post-failure drape, Cattaneo et al., 2011 inferred that Ana Slide

occurred approximately 61.5 ka B.P. Following our interpretation, this age corresponds to

the occurrence time of the secondary failure. The age proposed by (Cattaneo et al., 2011)

assumes an average sedimentation rate of around 5 cm/ka for the study area. From the

reflection seismic data, we infer an average thickness of Unit 1 of about 15 m, using seismic

velocities of 1500 m/s (Figure 3.4a). Assuming no change in sedimentation rate, this would

result in a time-lag between the primary and secondary failure of approximately 300 ka.

This is a very rough estimate because it is likely that sedimentation rates throughout the
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Figure 3.7: Transect profiles through the by-pass zone and sink area of Ana Slide. (a) Uninterpreted
transect profile (3D reflection seismic data) through the by-pass zone of Ana Slide (see location in
Figures 3.2 and 3.3). 3D reflection seismic profiles on crosslines show receiver ghost as continuous
irregularities throughout both profiles (a and c). (b) Interpreted transect profile through the by-pass
zone of Ana Slide. Material of Sub-unit 1B is located above un-affected and in-situ slope sediment
of Sub-Unit 2a. The outline and scar of Ana Slide is highlighted by solid yellow lines. Note the
lack of thickness variation within Ana Slide of units 1 and 2 compared to outside of Ana Slide. (c)
Uninterpreted transect profile (3D reflection seismic data) through the sink area of Ana Slide (see
location in Figures 3.2 and 3.3). (d) Interpreted transect profile through the sink area of Ana Slide.
Material of Sub-unit 2B is significantly thickened within the sink area and extends into material of
Sub-unit 2A below. The hatched area represents accumulated landslide material within the sink area.
Here, material inside Ana Slide is significantly thickened compared to outside of Ana Slide between
Ref and SFR namely by the thickness of Sub-unit 2B.

Eivissa Channel varied due to sea-level oscillations during the late-Quaternary linked to

climate variability (Hodge et al., 2008; Tuccimei et al., 2007) and that the seismic velocities

are poorly constrained for the study area with the exception of velocities measured from a

shallow gravity core (Lafuerza et al., 2012) (Figure 3.2).

3.6.2 Headscarp Retrogression During the Primary and Secondary Failures

The headscarp of Ana Slide is characterized by multiple smaller headscarps linked with

“shoulders” in the northern and southern source area (Figure 3.2). The slide plane steps

up stratigraphically forming terraces. Each of these terraces has its own headscarp and

the shape of the overall headscarp is comprised of these individual segments resulting in a

cauliflower-shape, which has been shown as typical morphology for retrogressive landslide

behavior (Micallef et al., 2008). The observation of at least two shoulders therefore suggests

that the present-day head- scarp of Ana Slide formed by multiple failures and retrogression.

In addition, the relative position and size of the Ana Slide headscarp segments suggest
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that the failures associated with retrogression involved smaller amounts of material during

successive failure. It is not possible to relate individual headscarp segments to the primary

and secondary failures discussed above.

Figure 3.8: Seismic attribute map calculated on SFR (Smoothed Dip of Maximum Similarity —
RockSolid Attributes from the 3D reflection seismic data). Kinematic features such as extensional
ridges within the limited mobilized material within the northern source area, small-scale compressional
ridges immediately upslope of the by-pass zone, and numerous compressional ridges throughout the
sink area are highlighted. The backstepping ridge indicates easternmost headscarp retrogression
during the secondary failure (Figure 3.10).

We observe a crown-crack along the northern headscarp of Ana Slide (Figure 3.2). Here

within the northern source the slope gradient is gentler compared to that within the central

and southern source areas (Figure 3.2). Crown-cracks have been described to form as a result

of extensional stresses related to upslope propagating retrogressive failures (Frey-Martinez

et al., 2005; Varnes, 1978). We therefore interpret that this crown-crack was generated by

latest headscarp retrogression, because material within the northern source area immediately

downslope of the present-day headscarp was mobilized a limited distance downslope during

the secondary failure (Figure 3.9). Consequently, the crown-crack also developed during

this stage as one of the latest features. Ultimately, the crown-crack is the expression of

retrogression that was unable to propagate further upslope probably controlled by the gentler

slope gradient within the northern source area.

3.6.3 Evolution and Emplacement of the Primary Failure

Unit 2 is thicker than Unit 1 (Figure 3.3) and the isochore map of both units shows a thinner

central and southern source area (Figure 3.4c). This indicates the location from where most

landslide material was evacuated as Unit 2 is thinned inside the scar of Ana Slide compared

to outside of it, thus representing evacuation from the source area. Throughout the by-

pass zone landslide material was neither added nor removed during the primary failure.

The main accumulation features, that is, the three primary lobes, are located around 300
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– 500 m upslope of the front of Ana Slide (Figures 3.2 and 3.8). Thus, landslide material

mainly accumulated within the central sink area. This probably happened during the earliest

part of the primary failure because landslide material did not reach all the way to the

front of Ana Slide as documented by the location of thick material of Unit 2 immediately

upslope of the northern fault (Figure 3.4c). During a later part of the primary failure,

landslide material reached the northern sink area, constrained by the positive topographic

relief along the northern lateral margin (Figures 3.2, 3.7c, and d) and orientation of the

northern primary lobe further toward the west-north-west compared to the central primary

lobe that is orientated more toward the west. The southern primary lobe formed at the

latest part of the primary failure, as the central sink area was already infilled by previously

accumulated landslide material. During the secondary failure landslide material ran out

within the whole sink area, as shown by compressional ridges in the isochore map of Unit

1, which are located sub-parallel to and reach the front of Ana Slide (Figure 3.4a). If these

compressional ridges where exclusively generated during the secondary failure or were also

affected by the post-failure seafloor after the primary failure is unclear.

3.6.4 Evolution and Emplacement of the Secondary Failure

The difference in thickness of Unit 1 between inside and outside the scar of Ana Slide is

less significant within the sink area compared to Unit 2 (Figure 3.4a). In addition, Unit

1 is generally thinner throughout the study area compared to Unit 2 (Figure 3.3). Hence,

the secondary failure involved relatively small amounts of landslide material compared to

the primary failure. Compressional ridges observed in Unit 1 are located sub-parallel to and

reach the front of Ana Slide and characterize one overall orientation of movement of landslide

material during the secondary failure (Figure 3.4a). During this, landslide material was fully

mobilized throughout the by-pass zone above R1 as the thickness of Sub-unit 1B in this area

equals that of Sub-unit 1A outside the scar of Ana Slide. Thus, neither accumulation nor

deposition of landslide material occurred in the by-pass zone during the secondary failure.

In addition, the headscarp retrogressed the farthest eastwards, that is, some hundred meters

upslope of the location of the steepest slope gradient within the easternmost headscarp

(Figure 3.3). The shoulders and the eastern-most headscarp outline consequently smaller

areas while the backstepping ridge marks the location of the latest retrogression (Figure 3.8).

Compared to the primary failure with the extensive evacuation of landslide material from the

source area, less extensive evacuation from the source area occurred during the secondary

failure. Further, undifferentiated landslide material represents both ponded material from

the primary and secondary failures.

Material located between Ref and SFR immediately downslope of the head- scarp within the

northern source area shows small-scale extensional ridges linked to small-scale normal faults

(Figure 3.9). This material was initially linked to Sub-unit 2A, but it was not mobilized dur-

ing the primary failure. This material occurs within the northern source area at present and
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thus also remained in-situ during the primary failure. After the primary failure hemipelagic

sedimentation deposited Unit 1 between R1 and SFR. During the secondary failure material

of Unit 1 was evacuated from the northern source area and the headscarp retrogressed to

the location of the present-day headscarp (Figure 3.10c). Since inherent material of Unit 2

at this location shows small-scale extensional ridges but was not fully evacuated, we inter-

pret this material to have experienced limited downslope mobilization during the secondary

failure. In addition, this material changed apparent stratigraphic identity from being part of

Unit 2 to material of Sub-unit 1B because it was affected first during the secondary failure.

Figure 3.9: Caption on next page.
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Figure 3.9: (Figure on previous page.) (a) Uninterpreted profile (re-processed 2D data) through
the northern source area (see location in Figure 3.2). (b) Interpreted profile showing (re-processing
2D data) showing material formerly of Sub-unit 2A (light blue) previously in-situ and un-affected.
This material changed apparent stratigraphic identify during the secondary failure with the general of
small-scale extensional normal faults that terminate at depth above Ref. These small-scale extensional
normal faults document that the material of Sub-unit 1B (formerly Sub-Unit 2A) was deformed in-
situ by the evacuation of landslide material of Sub-unit 1A above. A visual comparison of the 3D
and 2D reflection seismic profiles is presented in Figures 3.16 to 3.21 of Supporting Information S1.

3.6.5 Structural and Morphological Controls on Landslide Emplacement

The emplacement of Ana Slide encompasses the active processes of evacuation, mobilization,

and accumulation of landslide material. A small amount of material represented by the

“undifferentiated landslide material” ponded upslope against the by-pass zone. This material

was unable to step up and above R1 and the by-pass zone that acted as an obstacle to

the downslope propagation of landslide material. Also, undifferentiated landslide material

partly remained at this position during the primary and secondary failures but if the small-

scale thrust faults were generated mainly during primary or secondary failure is inconclusive

(Figure 3.6). The largest part of the landslide material mobilized during both failures stepped

up and over by-pass zone and accumulated within the sink area (Figures 3.3c and 3.4b).

Moernaut and De Batist, 2011 propose that when a failure is able to overrun an obstacle and

emerges frontally, the source area will evacuate in an unconfined manner. The failing land-

slide material will accelerate gaining kinematic energy and will be able to empty the source

area of landslide material. As the primary failure of Ana Slide involved larger amounts of ma-

terial than the secondary failure this may be an explanation as to why the secondary failure

left some material ponded against the by-pass zone. The small-scale compressional thrust

faults within the undifferentiated landslide material might thus have been created during

the primary failure, similar to compressional thrusts faults toward the front of submarine

landslide as the movement experiences basal step-up. Alternatively, during the secondary

failure deformational processes during the by-pass of landslide material occurred. Similar

ponding also occurred at the northern fault, which acted as another obstacle against the

downslope propagation of landslide material within the central sink area (Figure 3.4b). This

fault generated a local basin upslope of its location, which was infilled by landslide material

from the primary failure. The infill smoothed the seafloor morphology and therefore land-

slide material mobilized during the secondary failure could have more easily ran out within

the sink area and have reached all the way toward the front of Ana Slide. The northern fault

acted as a controlling mechanism to the emplacement of Ana Slide and as an obstacle to the

downslope propagation of mobilized landslide material mainly during the primary failure.

This means that the seafloor was already affected by the central and northern faults prior

to the primary failure. Hence, accumulated landslide material mainly of the primary failure

is located NE-SW above the northern fault.
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Strongly imprinted on tpAS, there exists a compression fold at tpAS immediately toward

the west of the by-pass zone (Figures 3.3 and 3.6). The small-scale compressional thrusts

faults were likely created by the interplay of frontal emergence of both stages of failure from

Ref toward R1 between the source and by-pass zone and from a morphological jump for the

downslope propagation of failure controlled by the compression fold during the primary and

secondary failure.

Although landslide material accumulated primarily around 300 – 500 m upslope of the front

of Ana Slide and upslope of the northern fault (Figures 3.4b, and c, and 3.8), compressional

ridges are located at depth toward the front of Ana Slide (Figure 3.3c). This is observed

between R3 and R2 and immediately below R1 (Figure 3.3). These compressional ridges

were presumably generated by landslide material from the primary failure that bulldozed

inherently un-affected slope sediment because the amount of landslide material was signifi-

cantly larger during the primary than the secondary failure. Furthermore, the compressional

ridges are located at depth below R1 that constituted the seafloor at the time of the pri-

mary failure and are thus the result of bulldozing landslide material into the footwall of the

northern fault.

Figure 3.10: (Figure on next page.) Interpretative development sketch of Ana Slide. (a) Early
stage of primary failure (ca. 300 ka.). The central and northern primary lobes are formed within
the sink area that are sourced by material evacuated from the central and southern source area.
These primary lobes relate to retrogression of secondary headscarps inside the eastern source area.
In-situ deformation is induced around 300 – 500 m upslope of the northern fault inside the sink
area. (b) Consecutive headscarp retrogression during the late stage of the primary failure (at 300
ka.). This process presumably evacuated more landslide material from the source area and generated
the southern primary lobe within the southern sink area with generation of compressional ridges
throughout the sink area. (c) Limited mobilization of material within the northern source area
(ca. 65 ka.). The easternmost headscarp is generated by retrogression upslope of the backstepping
ridge. Landslide material ran out within the whole sink area and generated compressional ridges
sub-parallel with the front of Ana Slide. Small-scale compressional ridges were generated upslope of
the by-pass zone linked to a structural control. (d) Compilation of kinematic features observed from
the bathymetry, and slope gradient and seismic attribute map (at 65 ka. (present-day)) (Figure 3.9).
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Figure 3.10: (Caption on previous page.)

3.6.6 Causal Factors Between Fault Activity and Landsliding

The southern, central, and northern faults represent slope anti-thetic normal faults of un-

known origin (Figures 3.3, 3.5c, and d). These faults modified the seafloor in the study area

prior to the occurrence of Ana Slide. The faults could have acted as fluid conduits that

resulted in gas-charging of the shallow sub-surface. Gas-charging may reduce the frictional

resistance of sediments, thus acting as a pre-conditioning to slope failure (e.g., Kaminski

et al., 2021). Seismogenic fault activity might have acted as a trigger mechanism. However,

the role of the faults in both pre-conditioning and triggering remains inconclusive.
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3.6.7 Identification of the Basal Shear Surfaces

Classic models for landslides describe one common basal shear surface through the source

area, translational domain and sink area with possible upslope secondary basal shear surfaces

created during retrogression (e.g., Bull et al., 2009; Frey-Martinez et al., 2005; Frey-Martinez

et al., 2006). This does not hold true for Ana Slide because two basal shear surfaces existed

inside the sink area for the primary and the late-stage failures. Within the source area, the

basal shear surface followed Ref toward the by-pass zone. Throughout the by-pass zone, the

basal shear surface of the primary failure stepped up and over in-situ and un-affected material

and thus followed the seafloor at the time of failure (Figures 3.3, 3.10a, and b). Within the

sink area during the primary failure the basal shear surface was located at the seafloor

(represented by R1 outside the scar of Ana Slide) while the base of deformation reached

to depth of Ref (Figure 3.3). It is not easily discernible in the reflection seismic data, but

the basal shear surface in the sink area during the primary failure must have been located

within sub-units 2B and 2C (Figure 3.3c) as these units are significantly thicker than Sub-

unit 2A (Figures 3.3c and 3.4b). During the secondary failure the basal shear surface inside

the source area was located above Ref inside undifferentiated landslide material (Figures 3.3

and 3.10c). While we cannot conclusively constrain the identity of undifferentiated landslide

material within the source area, landslide material of the secondary failure was certainly

mobilized above Ref and stepped up and over in-situ and unaffected slope sediment of the

by-pass zone. Inside the by-pass zone and into the sink area the basal shear surface at the

time of the secondary failure was located between R1 and SFR (Figure 3.10c).

Both the primary and secondary failures of Ana Slide were frontally emergent inside the

source area because they stepped up toward the seafloor (R1) immediately upslope of the

by-pass zone at the time of their respective occurrences (Figures 3.10a and c). Inside the

sink area landslide material ran up against un-affected slope sediment downslope and thus

both the primary and secondary failures were frontally confined within the sink area.

3.6.8 In-Situ Deformation Beneath Landslide Deposit

In recent years, a new consensus arose from studies of (Sobiesiak et al., 2016; Sobiesiak

et al., 2018) distinguishing a set of basal interactions, that is, basal erosion, liquefaction and

substrate deformation. These authors proposed that, in principle, basal interaction of some

form might occur within the substrate beneath an overriding mass of landslide material.

On the seismic scale (5–50 m) these deformational processes produce cryptic reflections that

appear as low-amplitude transparent to chaotic seismic facies (e.g., Ford et al., 2021).

For Ana Slide, the basal shear surface of the primary failure is identified to have been located

at the depth of R1 parallel to Ref inside sub-units 2B and 2C (stippled dark blue line in Figure

3.3c). Consequently, sub-units 2B and 2C involve material that respectively experienced

apparent high and moderate degrees of deformation assuming that the increasingly chaotic
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seismic character corresponds to increasing in-situ deformation (Figure 3.3) while leaving

the by-pass zone un-affected.

During the primary failure of Ana Slide landslide material mainly reached the central sink

area upslope of the northern fault (Figure 3.4b). Accumulated landslide material was rapidly

deposited within the sink area and able to load un-affected slope sediment. Sun and Alves,

2020 show that MTDs generally have lower water content, porosity and permeability com-

pared to background hemipelagic sediments. The rapid deposition of this relatively low water

content, porosity, and permeability landslide material during the primary failure could have

induced overpressure within hemipelagic sediments immediately beneath. This then acted

as a “sealing lid” and loaded the seafloor and slope sediment of Unit 2A that change strati-

graphic identify to Sub-Unit 2B and 2C. Low-amplitude seismic facies in Sub-unit 2B could

be related to discontinuous reflectors due to some small-scale disturbance and interruptions

of sediment layering because rapidly deposited landslide material prevented the vertical dis-

sipation of excess pore pressure. The observation that the location of in-situ deformation is

congruent with the location of thickest landslide deposits involved during the primary failure

supports this hypothesis. A similar process has been suggested by Lenz et al., 2018 offshore

Oregon, where rapidly deposited sedimentary blocks induced in-situ deformation within the

immediate substrate. Deformation in Ana Slide possibly was further facilitated by the pres-

ence of fluids and gas as proposed by Berndt et al., 2012 in the overburden immediately

above and east of the northern fault along Ref. The location of in-situ deformation within

the sink area could thus be linked with deformation that only occurred some hundred meters

upslope of the northern fault. The extent of in-situ deformation furthermore coincides with

the fluid and gas migration vertically along the northern fault and horizontally along Ref

approximately to the downslope extent of the by-pass zone (Figure 3.4).

Alternatively, the accumulating landslide material sheared the substrate below the inter-

preted basal shear surface down to Ref (Figure 3.3). Similar processes have been described

for debris avalanches from a volcanic island in Papua New Guinea (Kühn et al., 2021). Since

the by-pass zone has not been part of Ana Slide and remained un-affected during the pri-

mary and secondary failures shearing would also have deformed material within the by-pass

zone beneath R1 and down to Ref. Hence, shearing of overriding landslide material seems

improbable to explain the observed deformation.

It is, however, questionable if the process of loading is solely responsible for the observed

deformation. Ultimately, we are unable to differentiate the loading from the shearing hy-

pothesis, as they may have acted at the same time. Landslides develop dynamically over

large distances, and several factors and processes may be responsible for kinematic features,

with both processes acting concomitantly.
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3.6.9 Implications for the Development and Emplacement of Submarine

Landslides

Our detailed analysis of Ana Slide reveals emplacement processes differing from those pre-

viously suggested, most often based on bathymetry and 2D reflection seismic data. Lastras

et al., 2004 interpreted the by-pass zone to be comprised of rotated intact blocks and the

in-situ sediment deformation in the sink area as part of Ana Slide. Consequently, the esti-

mated landslide volume was much larger compared to the model we propose, in which the

deformed and affected slope sediment inside the sink area was not per se part of landslide

material of Ana Slide. Furthermore, Ana Slide was interpreted as an exemplary frontally

confined landslide. In contrast, we show that it is a mixed system. In the following, we use

the example of Ana Slide (imaged in its entirety) to identify potential pitfalls when analyzing

emplacement processes of submarine landslides that are only partly imaged.

3.6.9.1 Intact Blocks

Stratified and non-disturbed areas in reflection seismic profiles within submarine landslides

are a common observation and are usually referred to as “intact blocks” (e.g., Bull et al.,

2009). It is only with 3D reflection seismic data covering the whole landslide that we were

able to identify that the by-pass zone (interpreted as an intact block previously) was not part

of the landslide but remained entirely un-affected. Consequently, caution must be taken when

areas with conformal stratigraphic layering are identified within the landslide as these may

represent in-situ and un-affected slope sediment instead of mobilized blocks. Furthermore,

the fact that previously identified blocks inside a MTD may represent in-situ slope sediment

greatly depends on their location and kinematics within the MTD (e.g., Bull et al., 2009).

Ultimately, the MTD term is kinematically problematic, as it infers that the material was

moved and involved by the failure.

3.6.9.2 Deformation of Underlying Sediment

We suggest that the deposition of landslide material is able to deform a thick interval un-

derneath. This highlights the potential of deformational processes observed for Ana Slide to

penetrate deep into the subsurface (Figure 3.3). It is important to note that affected and

deformed slope sediment within the sink area may not represent actual MTD material and

should not be attributed to the actual volume of material mobilized during the landslide.

3.6.9.3 Complex Failure

The scar of Ana Slide includes a wide source area with additional upslope retrogressing

headscarps, a narrow by-pass zone, and a wide lobe-shaped sink area (Figure 3.2). Such a
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geometry might indicate a relatively “simple” failure and emplacement process, in which the

one age obtained through sampling represents the approximate timing of this landslide. How-

ever, our detailed analysis shows that Ana Slide involved multiple failure stages and complex

emplacement processes, pointing to an overall complex behavior that likely is reproduced in

other submarine landslides.

3.6.9.4 Landslide Volumes

The volume of Ana Slide inferred from the volume of material accumulated inside the sink

area is around 0.058 km3 (+/<10 %) calculated between Ref and R1. This volume is

significantly smaller than that calculated by Lastras et al., 2004 of 0.14 km3 and does likely

not represent the tsunamigenic material but much in-situ deformation that does not add to

the tsunamigenic potential of Ana Slide. It is worth acknowledging that the slide volume

is not the only important parameter controlling the tsunamigenic potential of a submarine

landslide. It could be even with a smaller volume, if it undergoes higher acceleration, that it

induces could induce a similar magnitude tsunami compared with larger lower acceleration

landslides.

3.7 Conclusions

Our detailed examination of a high-resolution 3D seismic data set covering an entire sub-

marine landslide (Ana Slide) reveals important new insights into the kinematic development

of this landslide. Ana Slide is the result of two main stages of failure: a more voluminous

primary failure and a smaller secondary failure separated by a time-lag of several hundreds of

thousands of years. Both the primary and secondary failure were frontally emergent from the

source areas and frontally confined in the sink area. A by-pass zone consisting of undisturbed

in-situ slope sediment separates the source and the sink areas. Sediments underneath the

deposit of Ana Slide show evidence for deformation, which was likely caused by rapid loading

of the seafloor by the deposit. Both the by-pass zone and in-situ deformation had previously

been accounted as landslide material. Consequently, these previous studies overestimated

the volume and therewith the tsunamigenic potential of Ana Slide. If similar processes of

emplacement and in-situ deformation below a basal shear surface deep into the subsurface

are at play for other submarine landslides remains speculative but such processes are not

inconceivable for frontally emergent landslides.
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Contents of this file

Here we present and discuss the workflow for re-processing of 3D reflection seismic data to

improve data quality for the shallow subsurface used for the detailed analysis of Ana Slide,

located in the Eivissa Channel, western Mediterranean Seas. The reasoning behind the re-

processing is discussed (Fig. 3.11 - 3.14) and a visual comparison between both data is

provided (Fig. 3.15 - 3.21). The main article presents several profiles that all are part of

the re-processed 2D reflection seismic profile, while transects through the by-pass zone and

sink area were extracted from the 3D reflection seismic data and a 2D profile through the

by-pass zone is presented (Fig. 3.22). A TOPAS profile through Ana Slide is presented (Fig.

3.23) and the key horizons (reflectors Ref, R3, R2, R1, and SFR) used for isochron map

calculation are presented from the 3D and 2D reflection seismic data (Fig. 3.24 - 3.29).
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Introduction

In this supplementary material we provide detailed information about the seismic data that

ultimately necessitated re-processing of the raw data. The data is available upon request

under:

https://doi.org/10.1594/PANGAEA.943506 - 3D reflection seismic data;

https://doi.org/10.1594/PANGAEA.943523 - 2D re-processed reflection seismic data.

Information about profiles that are presented in the article are given in Table 3.1:

Figure refer-
ence (article)

Figure reference
(supplementary
material)

Data type pre-
sented in article

2D re-processed
profile name

3D data inline

Fig. 3 – left side
un-interpreted

Supple. Fig. 9 2D re-processed
data

Channel01 line09 Inline L98

Fig. 3 – right side
un-interpreted

Supple. Fig. 7 2D re-processed
data

Channel01 line29 Inline L72

Fig. 5a – un-
interpreted

Supple. Fig. 6 2D re-processed
data

Channel01 line83 Inline L03

Fig. 5c – un-
interpreted

Supple. Fig. 11 2D re-processed
data

Channel01 line07 Inline L202

Fig. 6a – un-
interpreted

Supple. Fig. 8 2D re-processed
data

Channel01 line25 Inline L77

Fig. 9a – un-
interpreted

Supple. Fig. 10 2D re-processed
data

Channel01 line67 Inline L127

Table 3.1: Profiles shown in the article are presented in full size in this supplementary material.
Location of both the 3D and 2D re-processed reflection profiles are provided in figure 1. The names
of 2D re-processed and 3D reflection seismic profiles are correlated and presented in Figures 3.12,
3.13, 3.14, 3.15, 3.16, 3.17.

3D processing workflow

The data have been frequency-filtered (Bandpass min – 35 and 350 – max Hz), binned

and migration with water velocity (1500 m/s). During seismic analysis of the 3D data,

we identified heavy source-receiver ghosts on inlines that necessitated re-processing. In the

article, horizon and attribute maps were picked from the 3D data and isochron maps were

calculated from these, while all profile except those that transect the by-pass and sink area

use the 2D re-processed reflection seismic profiles.

2D re-processing workflow and pre-requisite information

Here we provide additional information about the re-processing workflow presented in the

article:

The data have been frequency-filtered (Ormsby Bandpass 18/42/250/500 Hz) and de-spiked

to attenuate noise bursts (sliding Alpha Trim 11-trace mean filter in common receiver gather

trim factor 66). The individual channels were binned onto a crooked line with a bin size

of 12.5 m. Before stacking a normal move-out was applied with 1520 m/s below seafloor

and 1512 m/s above (levitus). The stack was post-migrated using the Stolt method with
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a constant velocity of 1520 m/s approximating the average seismic velocities in the upper

most sediment.

The single channel 3D data was significantly affected by varying ghost signatures (Figure

3.11) due to the deep sagging of streamer sections. During acquisition, 12 single channel

streamers were towed perpendicular to the inline vessel track attached to a cross-cable. This

cable sagged to varying water depths leading to different ghost interference patterns from

channel to channel (Figure 3.13, left panel). To compensate the varying streamer depths,

the two lobes (primary and receiver ghost, Figure 3.12) of the seafloor reflection were picked

to approximate the streamer depth for each shot and each channel. Subsequently, the data

was statically corrected (Figure 3.13). Standard de-ghosting, e.g., applied in the fk domain,

could not be applied due to the absence of move-out (single channel data!). We decided to

process and interpret individual lines to minimize ‘smearing’ by combining heavily ghosted

signals with assumed ‘good’ signals.

The average frequency content for each channel is shown in Figure 3.14, displaying the ghost

signature affecting the signal frequency by its so-called ghost-notch.

Figure 3.11: Channel 1, 4, 8 and 10 of same section – signal broadening in channel 4 and 8 – and
even total separation to double seafloor (and double phases below) in channel 12!
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Figure 3.12: Seafloor reflection of a single shot; channels 3-4 and 9-11: heavy receiver ghost as both
wavelets are fully separated, channels 2,5,8 and 12: moderate receiver ghost as both wavelets are
partially separated, channels 1 and 6: ‘tuned’ receiver ghost as both wavelets are concomitant. Red
arrows mark the automated pick pairs at the peak of both lobes to approximate the streamer depths.

Figure 3.13: Shot-gathers, shot-sorted 3D single channel data. Shots are separated by vertical yellow
lines. The sagged cross-cable generates a seafloor-reflection coming ‘too early’ on sagged channels
and creating a ghost signal detached from the primary signal in the worst case (here channel 7-10).
After NMO and streamer depth correction, the primary signal is aligned (flat), whereas the ghost
signal remains unaffected.
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Figure 3.14: Average frequency content for each channel, displaying the ghost signature affecting
the signal frequency by its so-called ghost-notch (stippled red line).
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Visual Comparison

To validate the re-processing of the raw data, we show a visual comparison between the 3D

reflection seismic and 2D re-processed reflection seismic profiles. Although no automatic gain

control (AGC) was calculated for the 2D re-processed profiles, deep reflections that relate

with the Messinian Unconformity (Berndt et al., 2012) observed at a depth of 1.2 – 1.5 s

TWTT throughout the study area are clearly visible and constitute the strongest amplitude

reflections, also larger than the first seafloor reflection. The frequency content and overall

visual quality of shallow reflections is significantly increased and landslide internal features

such as chaotic, disrupted, and transparent seismic facies are more clearly imaged. The

names of 2D and 3D profiles are indicated (Figure 3.16 - 3.21 and Tab. 3.1) . In addition,

we show a transect through the by-pass zone from the 2D re-processed data (Figure 3.22).

Figure 3.15: Location of profiles of 3D and 2D re-processed reflection seismic data for comparison
of shallow subsurface data quality. Comparison figures are presented from south to north (Fig. 3.16,
3.21) and a 2D re-processed profile through the by-pass zone is presented (Fig. 3.22). A TOPAS
profile (previously presented by Lastras et al., 2004) is shown in Figure 3.23.
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Figure 3.16: Profiles from south of Ana Slide. Data quality is markedly increased of the 2D reflection
seismic data (top figure). In the article the 2D re-processed reflection seismic profile is presented in
Figure 3.15a.
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Figure 3.17: Profiles crossing the southern Ana Slide. Data quality is markedly increased of the
2D reflection seismic data (top figure). In the article the 2D re-processed reflection seismic profile is
presented in Figure 3.13 (right side of the stitched profile).
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Figure 3.18: Profiles from south of Ana Slide. Data quality is markedly increased of the 2D reflection
seismic data (top figure). In the article the 2D re-processed reflection seismic profile is presented in
Figure 3.16a.
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Figure 3.19: Profiles from the middle of Ana Slide. Data quality is markedly increased of the 2D
reflection seismic data (top figure). In the article the 2D re-processed reflection seismic profile is
presented in Figure 3.13 (left side of the stitched profile).
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Figure 3.20: Profiles from the northern Ana Slide. Data quality is markedly increased of the 2D
reflection seismic data (top figure). In the article the 2D re-processed reflection seismic profile is
presented in Figure 3.19a.
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Figure 3.21: Profiles from north of Ana Slide. Data quality is markedly increased of the 2D reflection
seismic data (top figure). In the article the 2D re-processed reflection seismic profile is presented in
Figure 3.5c.
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Figure 3.22: Profiles through the by-pass zone of Ana Slide. Data quality is markedly increased of
the 2D reflection seismic data (top figure). This profile is representative of Figure 3.17a in the main
article.

Figure 3.23: TOPAS profile through Ana Slide (presented by Lastras et al., 2004. This figure shows
no clear sedimentary drape on top of landslide material inside the sink area (towards the west) but
outside of Ana Slide (west) and inside the by-pass zone that correlates with stratigraphic layering in
the middle of the figure.
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Figure 3.24: TWTT (s) map of the Ref reflector (mapped from the 3D reflection seismic data).

Figure 3.25: TWTT (s) map of the R3 Reflector (mapped from the 3D reflection seismic data).
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Figure 3.26: TWTT (s) map of the R2 reflector (mapped from the 3D reflection seismic data).

Figure 3.27: TWTT (s) map of the SFR reflector (mapped from the 3D reflection seismic data)
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Figure 3.28: TWTT (s) map of the R1 reflector (mapped from the re-processed 2D reflection seismic
data).

Figure 3.29: TWTT (s) map of the SFR reflector (mapped from the re-processed 2D reflection
seismic data).
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Abstract

Submarine landslides pose major geohazards as they can destroy seafloor infrastructure such

as communication cables and cause tsunamis. The volume of material displaced with the

landslide is one factor that determines its hazard and is typically estimated using bathymetric

and/or seismic data. Here, we review methods to determine the initial failed volume based on

a well-constrained case study, the Ana Slide, a small slope failure in the Eivissa Channel off

the eastern Iberian Peninsula. We find that not only the availability and quality of data but

also the emplacement mechanism determine the quality of the volume estimation. In general,

the volume estimation based on comparison of modern and reconstructed pre-failure seafloor

topographies yields conservative, yet most robust volumes. In contrast, volume estimated

from seismic data may be prone to excessive overestimation if no detailed constraints on the

nature of the chaotic, transparent, or disrupted seismic facies commonly used to identify

landslide material are available.

Keywords volume assessment, pre-failure seafloor reconstruction, landslide volume, em-

placement mechanism

4.1 Introduction

Submarine landslides are a serious geohazard to coastal populations worldwide (Bondevik et

al., 2005; Haugen et al., 2005; Løvholt et al., 2017; Prior et al., 1984; Talling et al., 2014; Watt

et al., 2012; Synolakis et al., 2002). Slope failure can destroy offshore infrastructure such

as platforms and telecommunication cables (e.g., Løvholt et al., 2019; Vanneste et al., 2014)

and release large quantities of methane and other greenhouse gases from the seafloor (e.g.,

Maslin et al., 2004). While the record of slope failure-generate tsunamis is mainly limited to

their deposits on land (e.g., Bondevik et al., 2005; Bondevik et al., 1997; Fruergaard et al.,

2015), mass-transport deposits (MTDs) are widespread features on the ocean floor (e.g.,

Camerlenghi et al., 2010; Gatter et al., 2021; Moscardelli and Wood, 2015). The inclination

of the seafloor, water depth, duration of the slide event, its acceleration, related landslide

mechanisms, run-out velocity, the timing between multiple stages of failure, the volume of

mobilized material, and its density and cohesion are all factors that control the impact of a

landslide (e.g., Harbitz et al., 2014; Murty, 2003). Constraining these factors requires seafloor

samples and age datings that are rarely available. Some factors, such as the acceleration and

propagation velocity cannot be quantified at all from MTDs. While the landslide mechanism

is one of the most important factors for the generation of tsunamis (e.g., Synolakis et al.,

2002), this is difficult to quantify. However, the volume of a submarine landslide can be

estimated relatively easily from bathymetry and/or a few seismic lines. Volume in a landslide

is not a constant as it may change during the evolution of the landslide. The volume of the

deposit may exceed the initial failed volume because of processes like basal erosion and

entrainment (e.g., Watt et al., 2012; Sobiesiak et al., 2018). On the other hand, the deposit
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may be distributed over large areas by highly mobile sediment flows (Talling et al., 2007),

which can escape the resolution of mapping and imaging systems. Here, we focus particularly

on the initial failed volume of a landslide as it is one of the key input parameters for tsunami

models (e.g., Murty, 2003; Iglesias et al., 2012).

There are various ways to estimate the volume of submarine landslides from bathymetric

or reflection seismic data. McAdoo et al. (2000) measured the area of the source area (A)

and height of the headscarp (H) from bathymetric data to estimate the evacuated volume

through volume = 1
2 AH. On the contrary, Völker (2010) estimated the evacuated volume

by subtracting a pre-failure seafloor that was reconstructed by fitting slope functions into

the landslide scar from the present-day seafloor. Here, a negative volume in the source

area provides an estimate of the initial failed volume and a positive volume in the sink

area provides an estimate of the deposited and accumulated volume. Wilson et al. (2004)

calculated the volume of a debris lobe from measures of its depth or thickness (D), width

(W), and length (L) through the relationship of volume = 1
6 πDW L. For landslides that

are imaged from sub-seafloor sediment echo-sounder profiles or 2D and 3D reflection seismic

data, the average thickness of chaotic, transparent, and disrupted seismic facies representing

the mobilized material can be measured and multiplied by the landslide area. This provides

the ‘bulk volume’ of material involved in and affected by the landslide referred to as Vd

by Nugraha et al. (2022) that accumulated inside the sink area. This method was used by

Lastras et al. (2004) to estimate the landslide volume or total affected volume of Ana Slide,

located in the Eivissa Channel, western Mediterranean Sea. These authors used the average

thickness of Ana Slide at 23 m inside the landslide scar (with an area of 6 km2) to propose

a volume or Vd (sensu Nugraha et al., 2022) of 0.14 km3.

This study aims to determine the most suitable and robust approach to determine this initial

failed volume, in particular in the absence of extensive coverage of reflection seismic data

and geological sampling. This is done for the Ana Slide in the Eivissa Channel located in the

western Mediterranean Sea, for which the landslide structure, as well as the development,

emplacement, evacuation, and accumulation processes, are known in the greatest detail.

Ana Slide is entirely covered by high-resolution 3D reflection seismic data. Both the detailed

knowledge and complete coverage of seismic data allow us to determine its volume with low

uncertainties.

4.2 Emplacement of Ana Slide

Ana Slide is a relatively small landslide located on the eastern slopes of the Eivissa Channel,

western Mediterranean Sea between 635 and 790 m water depth (Berndt et al., 2012; Lastras

et al., 2004; Lastras et al., 2006; Sager et al., 2022) (Figure 4.1b). Beneath Ana Slide the

pre-Ana Slide was previously identified by Lastras et al. (2004) and mapped by Berndt et

al. (2012) and Sager et al. (2022) with a congruent headscarp toward the east while the
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Figure 4.1: a) Regional map of the western Mediterranean Sea showing the study area in the Eivissa
Channel located on the Balearic Promontory between the Iberian Peninsula and the island of Eivissa.
b) Hillshaded bathymetry map of Ana Slide at water depths between 635 and 790 m. The southern,
central, and northern faults comprise a local seafloor antithetic en-echelon fault system that controlled
the development of Ana Slide (Sager et al., 2022). The location of Kullenberg gravity core PSM-
KS18 is indicated by a blue symbol (0° 50.453’ E 38° 38.184’ N) presented by Lafuerza et al. (2012).
Landslide material involved in Ana Slide was evacuated from the source area and accumulated inside
the sink area.

pre-Ana Slide extends around 1.5 km further toward the west (Figure 4.1b). We take the

interpretation of development and emplacement processes of Ana Slide presented by Sager

et al. (2022). These authors use high-resolution bathymetry, 3D reflection seismic data and

re-processed 2D reflection seismic profiles that completely cover this landslide. Sager et al.

(2022) show that Ana Slide developed during two stages referred to as the primary (300 ka)

and secondary failures (61.5 ka after Cattaneo et al., 2011). The primary failure involved

slope material located between the basal shear surface represented by the reference reflector

Ref and the sub-reflector R1 (Sager et al., 2022) (Figure 4.2a and b). The landslide material

emerged frontally, travelled across a 500 m long by-pass zone, and accumulated above the

pre-failure seafloor at the time of the primary failure represented by the ‘pre-failure R1

reflector’ inside the sink area as the ‘actual deposit of the primary failure’ (Figure 4.2a

and b). The accumulation of this deposit induced in situ deformation of the underlying

sediments reaching a depth of up to 30 m below the pre-failure R1 reflector throughout
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the sink area that marked the seafloor during the primary failure (Figure 4.2f). Landslide

material mobilized during the primary failure accumulated inside the sink area and attained

a thickness of approximately 15 m. The secondary failure involved slope material between

R1 and SFR. It was much smaller and is not seismically resolved even in high-resolution

seismic data (∼ 5 m vertical resolution, Sager et al., 2022).

For this study, the primary and secondary failures of Ana Slide are combined as the seismic

data do not allow to distinguish the secondary failure deposit from the seafloor reflection

(Figure 4.2b). Consequently, the top reflector of Ana Slide referred to as SFR corresponds

to the occurrence of the secondary failure.

Submarine landslides can generally be defined as those that are frontally confined or frontally

emergent (Frey-Martinez et al., 2006). A confined landslide experiences restricted downslope

translation above a basal shear surface at depth and it is unable to emerge frontally onto

the seafloor, whereas an unconfined landslide can emerge frontally onto the seafloor and

propagate freely above the seafloor leaving the source area entirely evacuated. On the one

hand side landslide material is mobilized and evacuated from a source area where it leaves

a void space between the pre-failure and present-day seafloor. On the other hand, this

landslide material accumulates inside the sink area and if the landslide is frontally emergent

this landslide material may propagate further downslope as a turbidity current and lay down

a debris flow or turbidite deposit over a large area (e.g., Lastras et al., 2002). Ana Slide

describes a mixed system landslide. The primary failure developed as frontally emergent

while the secondary failure developed more like a frontally confined slope failure. A fraction

of the mobilized landslide material was able to overcome frontal confinement and emerge

onto the seafloor. The other part of the mobilized material remained ponded inside the

source area defined as ‘undifferentiated landslide material’ by Sager et al. (2022) (Figure

4.2b).

4.2.1 Tectonic setting of the Ana Slide area

Sager et al. (2022) and Berndt et al. (2012) identified several faults inside the extent of the

3D reflection seismic data (Figure 4.1b). Three of these, the southern, central, and northern

faults are located beneath the sink area of Ana Slide and further south of it. These faults

characterize an en-echelon fault system that strikes SSW and NNE and extends into the 3D

reflection seismic data from the south with an unknown extent. This fault system dips in the

opposite direction compared to the seafloor and therefore is termed ‘seafloor antithetic’ in

this study. Primarily the northern but also the central fault affected the seafloor morphology

before the primary failure of Ana Slide by vertical fault movement (Sager et al., 2022).
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4.2.2 Depositional environment in the Eivissa Channel

Eivissa Channel received a limited input of terrestrial sediments from rivers on the Iberian

Peninsula including the Ebro, Turia, and Jucar and there are no permanent rivers on the

Balearic Islands (Lafuerza et al., 2012; Lastras et al., 2004; Panieri et al., 2012). Steady

hemipelagic sedimentation with the deposition of fine-grained water-rich marine clays en-

riched in calcareous nano fossils generated well-stratified seafloor sub-parallel reflectors and

there exists no evidence for strong bottom currents or contourites (e.g., Lastras et al., 2004).

In profile, the thickness of the interval between reflector Ref and SFR increases in the downs-

lope direction toward the west with increasing water depth (Sager et al., 2022, their Figure

4c) generating predictable thicknesses of these stratigraphic intervals.

4.3 Data

This study uses bathymetric data and 3D reflection seismic data acquired with the P-Cable

system of the National Oceanographic Centre (NOC) in Southampton, UK equipped with

two sleeve guns and 11 streamers during cruise 178 onboard RSS Charles Darwin in 2006

(CD178). Data were processed including time migration with water velocity (1500 m s−1).

For further information about acquisition and processing workflows, the reader is referred

to Berndt et al. (2012) and Sager et al. (2022). The bathymetric data have a horizontal

resolution of 5 m (5 x 5 m grid size) while the 3D reflection seismic data have a vertical

resolution of 5 – 6 m and a horizontal resolution of 10 – 15 m (Berndt et al., 2012). The

2D reflection seismic profile presented in Figure 4.2a shows a re-processed profile presented

previously by Sager et al. (2022).

4.4 Methods for volume estimation of submarine landslides

through pre-failure seafloor reconstructions

Volume calculations of evacuated and accumulated landslide material of Ana Slide are per-

formed in Kingdom Suite using the Volumetric tool that uses one bounding polygon and two

depth-converted grids in meters depth (calculated from horizons in seconds two-way travel

time or seconds TWTT). For depth conversion of seismic horizons, a seismic velocity of

1500 m s−1 is used. This velocity is consistent with seismic velocity measurements from the

shallow 8 m long Kullenberg gravity core PSM-KS18 (0° 50.453’ E 38° 38.184’ N) presented
by Lafuerza et al. (2012) obtained during the PRISM cruise with the R/V L’Atalante in

2007 led by IFREMER, France. The 3D reflection seismic data are presented in the time

domain (seconds TWTT) and volumes are calculated in the upper 50 m beneath the seafloor.

Sediments are water-rich (Lafuerza et al., 2012; Lastras et al., 2004; Panieri et al., 2012)

and seismic P-wave velocities of such sediments typically vary between 1500 to 1640 m s−1
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(Hamilton, 1979). Thus, a seismic velocity of 1500 m s−1 is appropriate to use for depth

conversion of seismic reflectors Ref and SFR and the reconstructed pre-failure seafloors for

the source and sink areas.

Figure 4.2: (Caption on next page.)
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Figure 4.2: (Previous page.) a) Uninterpreted 2D reflection seismic profile (Channel 01 – Line 37)
of Ana Slide (see Figure 4.1) previously presented by Sager et al. (2022). Landslide reflectors Ref
(green), R1 (blue), and SFR (red) are highlighted. b) Interpreted profile of Ana Slide showing several
volumes related to Ana Slide: Va describes accumulated landslide material inside the sink area above
the pre-failure seafloor. Verrepresents mobilized landslide material (of the primary and secondary
failures) which was unable to overcome frontal confinement and ponded downslope inside the source
area. Vabulk represents all affected and involved landslide material and slope sediment, while Va
represents the volume of actually accumulated landslide material above the pre-failure seafloor inside
the sink area. c) Plan-view map of the present-day seafloor SFR reflector mapped from the 3D
reflection seismic data. d) Reconstructed pre-failure seafloor using the contour-line approach used
for volume estimation of Vevoid inside the source area. e) Reconstructed pre-failure seafloor using the
horizon-flattening approach for volume estimation of Va inside the sink area. f) Thickness distribution
of the reconstructed pre-failure seafloors inside the source (using the contour-line approach) and sink
area (using the horizon-flattening approach) and the present-day seafloor SFR. A vertical thickness
of up to 20 m of landslide material (Vevoid) was evacuated from the source area, while a thickness of
up to 15 m of accumulated landslide material (Va) was added to the sink area.

In this study, three horizontal bounding polygons are defined: the source area that covers

an area of 1.9 km2, the by-pass zone with an area of 0.45 km2, and the sink area covering

an area of 2.45 km2 (Figures 4.1b and 4.2c). In total, Ana Slide covers an area of 4.8 km2

referred to as the landslide scar.

We define several landslide volumes (Figures 4.2 and 4.3), the values of which are calculated

independently and with different approaches:

Apparent evacuated volume (Vevoid) the void space in the source area. Vevoid is calculated

following the approach of Völker (2010) where the volume of evacuated landslide material

is calculated by comparing the present-day with the reconstructed pre-failure seafloors (e.g.,

Omira et al., 2022; Sun et al., 2018; Webster et al., 2016). The pre-failure seafloor of the

source area of Ana Slide is reconstructed by manually interpolating the course of local and

regional contour lines from outside the landslide scar into the inside of it (Figure 4.2a and b).

To test the sensitivity of the applied pre-failure seafloor reconstructions, we reconstructed

the seafloor inside the source area assuming a simple yet unlikely realistic pre-failure seafloor

morphology (referred to as the straight-line approach hereafter). This was done by recon-

structing straight pre-failure contour lines between the intersection of the landslide scar with

local 10 m contour lines (Figure 4.5). The resulting calculated volume of evacuated landslide

material from the source area serves as the maximum value for Vevoid.

Remaining volume (Ver) the volume of ‘undifferentiated landslide material’ (sensu Sager et

al., 2022) that remained inside and was mobilized but did not leave the source area of Ana

Slide. It is calculated from the 3D reflection seismic data and represents the difference

between the present-day seafloor (SFR) and the basal shear surface (Ref) in the source area.

Turbidite volume (Vt) the volume of material which potentially was transported into the

deeper basin and out of the study area by turbidity currents. This material accumulated

over a potentially vast area approaching zero thickness. With the available geophysical data

limited to the proximal area of Ana Slide, it is impossible to determine whether a turbidity

88



Chapter 4. Assessment of Submarine Landslide Volume

current was caused nor to estimate the volume of the turbidite deposit because of the lack

of appropriate distal geological sampling. In the following, we, therefore, assume Vt = 0 for

Ana Slide.

Evacuated volume (Ve) the initially failed volume. It is the sum of Vevoid, Ver, and Vt (if a

turbidite deposit was generated in the distal part):

Ve = Vevoid + Ver + Vt.

Bulk accumulated volume (Vabulk) chaotic, transparent, and disrupted seismic facies rep-

resenting mobilized and affected landslide material and slope sediment. This volume is

calculated from 3D reflection seismic data between the present-day seafloor and Ref in the

sink area. This volume is referred to as volume deposited Vd by Nugraha et al. (2022).

Accumulated volume (Va) the amount of material that accumulated above the pre-failure

seafloor and the present-day seafloor SFR inside the sink area. It represents the difference

between the apparent evacuated volume of Vevoid and the volume of a potential turbidite

deposit and therefore:

Va = Vevoid – Vt.

The approach of Völker (2010) could be used to estimate Va. However, for Ana Slide, the

morphology of the sink area was modified by a local seafloor antithetic en-echelon fault

system before the failure occurrence of Ana Slide (and the primary failure) (Sager et al.,

2022). Thus, the pre-failure seafloor inside the sink area cannot be reconstructed using

the contour-line approach previously used for the source area. Therefore, to account for

vertical fault movement in the pre-failure seafloor reconstruction, the predictable thickness of

sedimentary sequences (between Ref and SFR) throughout the study area is used to constrain

the course of the pre-failure seafloor inside the sink area (Figure 4.2b and e). For the horizon-

flattening approach, first reflectors Ref and SFR are picked in the 3D reflection seismic

data. Then, reflector SFR is removed from inside the sink area. For pre-failure seafloor

reconstruction, reflector Ref is horizontally flattened and SFR is reconstructed inside the

sink area using the predictable thickness of the stratigraphic sequence between reflectors Ref

and SFR by manually picking straight lines that represent this thickness between the upslope

and downslope extent of the source area on individual inlines (the workflow is presented in

Figure 4.6). After reconstruction is completed, reflector Ref is de-flattened with the resulting

reconstructed pre-failure seafloor accounting for vertical tectonic movement of the seafloor

antithetic en-echelon fault system with activity before failure occurrence of the primary

failure of Ana Slide (Sager et al., 2022). The resulting surface is called the ‘pre-failure

seafloor following the horizon-flattening approach’ (Figure 4.2b and e).

4.4.1 Uncertainties of volume estimations

General uncertainties for volume estimation are related to reflection seismic data such as

unknown seismic velocities, lateral changes in seismic velocities, and reflector picking errors
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(related to the vertical seismic resolution). Additional uncertainties unique to Ana Slide are

related to the localization of bounding polygons of the source and sink areas related to the

horizontal resolution of reflection seismic data and those related to issues with ghost artefacts

in the 3D reflection seismic data previously discussed by Sager et al. (2022). Overall, the

picking errors are small for 3D reflection seismic data (< 5 % of the total volume) and the

uncertainty due to unknown seismic velocity is small for the uppermost sediments (< 5 %),

while the uncertainty related to polygons of the source and sink areas is neglectable (< 2

%).

Dugan (2012) and Sun and Alves (2020) demonstrate that MTD material has higher den-

sity and lower porosity compared to background sediment, which would impact the seismic

velocity of the landslide interval. A comparison of several cores inside and outside the land-

slide area shows that no notable differences in P-wave velocities in background sediment

and MTD exist, at least in the upper 8 m (Lafuerza et al., 2012). Therefore, we assume no

uncertainties resulting from lateral variations in seismic velocities.

The above uncertainties affect the different volume estimations in distinct ways. In sum, the

above uncertainties of the volume estimation of Ana Slide add up to 12 %. Uncertainties

related to the approach to pre-failure seafloor reconstruction are significantly larger but

difficult to quantify in percentages (Table 4.1).

Volume assessment of Ana Slide assumes that slope failure occurred at once. From the

analysis of the development and emplacement processes of Ana Slide (Sager et al., 2022),

it is known that it developed during two overall stages of failure separated by around 240

ka. Because of limited vertical seismic resolution (5 m), it is not possible to identify the

boundary between the two, which would be needed to differentiate between the individual

volumes. Hence, despite better knowledge, we have to consider both as one and therefore Ve

given here overestimates the initial failed volume for the main (primary) failure.

4.5 Results from volume assessments of Ana Slide

The amount of evacuated landslide material that remained inside the source area of Ana

Slide called Ver is 0.024 km3 (Table 4.1a). Together with the volume of Vevoid of 0.016 km3

(Table 4.1b), the amount of all mobilized and involved landslide material from inside the

source area called Ve is calculated by:

Ve = Vevoid + Ver+ (Vt), thus 0.016 km3 + 0.024 km3 = 0.040 km3 (Table 4.1b and d).

The amount of material that was transported and deposited as a turbidite Vt could not be

determined and is assumed to be zero.

The amount of bulk accumulated landslide material inside the sink area Vabulk is 0.084 km3

(Table 4.1c). This volume refers to both the amount of actually accumulated landslide mate-

rial Va of 0.016 km3 above the pre-failure seafloor reconstructed using the horizon-flattening
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Name Upper surface
(depth-converted
horizons)

Lower surface
(depth-converted
horizons)

Bounding
polygon

Areal
extent
(km2)

Volume
(km3)

a Ver present-day seafloor
(SFR)

reference reflector
(Ref)

source
area

1.90 0.024

b Vevoid reconstructed pre-
failure seafloor using
the contour-line ap-
proach

present-day seafloor
(SFR)

source
area

1.90 0.016

Ve Ver+ Vevoid 0.040
Ver+ Va 0.040

c Vabulk present-day seafloor
(SFR)

reference reflector
(Ref)

sink area 2.45 0.084

d Va present-day seafloor
(SFR)

reconstructed pre-
failure seafloor using
the horizon-flattening
approach

sink area 2.45 0.016

e Vevoid

(straight-line
approach)

reconstructed pre-
failure seafloor using
the straight-line ap-
proach

present-day seafloor
(SFR)

source
area

1.90 0.027

f Va (straight-
line approach)

present-day seafloor
(SFR)

reconstructed pre-
failure seafloor using
the straight-line ap-
proach

sink area 2.45 0.006

Table 4.1: Results from volume assessment of Ana Slide. Names of volumes calculated, and bounding
surfaces are presented. The volume of Vevoid (evacuated volume from the source area) and Va (volume
accumulated above the pre-failure seafloor inside the sink area) is the same at 0.016 km3 (b and d).

approach (Table 4.1d), and the slope sediment deformed in situ between the reconstructed

seafloor using the horizon-flattening approach and Ref inside the sink area. Va corresponds

to Vevoid through (Vt is assumed to be zero):

Va = Vevoid – Vt, thus 0.016 km3 = 0.016 km3, and therefore Va = Vevoid for Ana Slide.

From the simple yet unrealistic pre-failure seafloor reconstruction using the straight-line

approach applied inside the landslide scar of Ana Slide, we have estimated the amounts of

Vevoid (straight-line approach) between the reconstructed and present-day seafloors inside

the source area at 0.027 km3 (Table 4.1e). The amount of Va estimated between the pre-

failure seafloor using the straight-line approach for pre-failure seafloor reconstruction and the

present-day seafloor inside the sink area yields a volume of 0.006 km3 for Va (Table 4.1f).
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Figure 4.3: Conceptual models for assessing submarine landslide volume using unconfined and con-
fined slope failure end members. a) Model of Ana Slide, with frontal emergence of landslide material
above slope sediment that comprises the by-pass zone (in profile) and in situ deformation to a depth
of Ref inside the sink area beneath the pre-failure seafloor. b) Model of an unconfined landslide with
free propagation of landslide material over the seafloor inside of the extensively evacuated source
area. c) Model of a confined landslide with restricted propagation of landslide material inside the
sink area and limited evacuation of the source area.
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4.6 Discussion

4.6.1 Ana Slide volume assessment

The initial failed volume of Ana Slide Ve is the sum of the actually evacuated volume Vevoid

from the source area and the volume of the remaining material Ver inside the source area

(Figure 4.3a). Furthermore, Ve can also be expressed as the sum of Vevoid and the volume of

accumulated landslide material in the sink area Va. For Ana Slide both approaches result in

Ve of 0.040 km3 and thus are consistent. This suggests that the Ana Slide did not generate

a turbidity current, because otherwise Ve estimated from Vevoid and Ver should exceed the

Ve estimated from Va and Ver.

The volume of Vabulk at 0.084 km3 (Table 4.1c) is more than twice as large as Ve. Because of

the previously detailed investigations for Ana Slide by Sager et al. (2022), we know the reason

for this discrepancy. The deposit of Ana Slide induced in situ deformation that penetrated

to a depth of reflector Ref in the sink area so that this deformed slope sediment appears

chaotic, transparent, or disrupted in the reflection seismic data. However, the sediment

beneath the deposit inside the sink area is not related to the initial failed volume mobilized

from the source area Ve as the sediment deformed in situ and only very limited displacement

or transport occurred above reflector Ref inside the sink area of Ana Slide (sensu Lastras

et al., 2004). Hence, volume estimation based on seismic data considering seismically chaotic

facies without further constraints on its origin would overestimate the initial failed volume

of Ana Slide by more than 200 %.

To obtain the initial failed volume Ve, Ver and either Vevoid or Va need to be known. While

Vevoid (and Va) can be estimated from bathymetry data alone, for example through com-

paring the modern and pre-failure seafloors, Ver can only be identified and quantified using

sub-seafloor reflection seismic data. If no reflection seismic data had been available for Ana

Slide, only Vevoid could have been estimated. This would have underestimated the initial

failed volume by 40 % (because Ve = 0.040 km3 while Vevoid = 0.016 km3).

The value of Vevoid using the straight-line approach represents the upper limit of Vevoid

because more realistic pre-failure seafloor reconstructions will estimate a smaller volume of

Vevoid, and contour lines will diverge further upslope following the local and regional trends

(Figure 1b and S1). The maximum Vevoid is thus 0.027 km3, which exceeds the actual value

of Vevoid of 0.016 km3 by far. Similarly, the amount of Va estimated using the straight-line

approach represents the lower limit of Va because more realistic contour lines will again

diverge further upslope than those reconstructed with this approach. This value is much

lower than Va estimated from the ‘realistic’ seafloor reconstruction.

Ana Slide is known to have formed during two stages of failure (Sager et al., 2022). The

volume of the secondary failure is ignored because the thickness of accumulated landslide

material is below the vertical seismic resolution. Nevertheless, the potential volume of a de-

posit resulting from the secondary failure that uniformly covers the entire sink area assuming
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a thickness of 4 m which is just below the vertical seismic resolution of 5 m would have a

volume of < 0.010 km3, hence about a fourth of the volume of Ve at 0.040 km3 (Table 4.1).

4.6.2 Volume assessment of unconfined and confined submarine landslides

In this section, we generalize our findings for Ana Slide. For the discussion, it is useful to

categorize submarine landslides according to their emplacement mechanisms. Here, we dis-

tinguish between two endmembers following the terminology and definition by Frey-Martinez

et al. (2006) – confined and unconfined types.

In the unconfined case, the source area is fully evacuated and devoid of landslide mate-

rial, therefore Ve = Vevoid (Figure 4.3b). Ve can also be estimated by adding Va and Vt.

Consequently, to assess the volume of unconfined submarine landslides, bathymetric data

are ideal to estimate the volumes of Vevoid (and potentially Va) by comparing the modern

and pre-failure seafloor topographies. Here, any post-slide modifications of the seafloor by

external factors, such as tectonic movement or bottom currents, need to be excluded. The

bathymetry-based approach will yield more robust values for Ve than approaches based on

single profiles of sub-seafloor reflection seismic data. First, it is possible to cover the entire

landslide area. Second, estimates for Ve and Va can be made and compared for additional

quality control assuming that Ve = Va, here called volume balance between the source and

sink areas and under this assumption, Va should not exceed Ve. Third, when using sub-

seafloor reflection seismic data, a potential flaw could be introduced by estimating Vabulk

instead of Va. This is because the internals of a submarine landslide may be imaged as

chaotic, disrupted, or transparent seismic facies. Sediments that were disturbed through in-

ternal deformation for example by rapid loading (e.g., Sager et al., 2022) or shearing induced

by passing landslide material (e.g., Sobiesiak et al., 2018) also display as chaotic, disrupted,

or transparent seismic facies. Hence, seismic facies of Va and Vabulk are similar if not iden-

tical and therefore it is difficult if not impossible to distinguish material that moved, was

translated, or was deformed in situ. This is problematic because Vabulk may largely exceed

Ve (and Va).

In the case of a confined landslide (Figure 4.3c), the initial failed volume of Ve equals the

sum of Vevoid and Ver, where Ver >> Vevoid. In this case, it is impossible to differentiate

between Ver and Va. The amount of Ver can be calculated between the present-day seafloor

and the basal shear surface and thus this approach requires sub-seafloor reflection seismic

data. Using only bathymetric data to determine Vevoid will underestimate the initial failed

volume by the value of Ver (Ve = Vevoid + Ver). In the analysis of reflection seismic data,

care must be taken in the identification of the basal shear surface. There is a risk to end up

estimating Vabulk instead of Va because of the reasons outlined above.

94



Chapter 4. Assessment of Submarine Landslide Volume

4.6.3 How to determine the initially failed volume of submarine landslides?

Based on the above considerations we here provide a framework and recommendations for

assessing the initial failed volume of submarine landslides taking into account available data

and emplacement mechanism (Figure 4.4). The framework applies only to landslide scars

outcropping at the seafloor in areas, which have not experienced modification of the seafloor

since the occurrence of the landslide. Hence, vertical tectonic movement, deposition by

sediment transport processes, or ocean currents must be excluded, or these influences need to

be accounted for in the pre-failure seafloor reconstruction. For instance, this is demonstrated

by the horizon-flattening approach applied for pre-failure seafloor reconstruction performed

inside the sink area of Ana Slide.

First, the pre-failure seafloor must be reconstructed using bathymetric data. Then, this

reconstructed pre-failure seafloor may act as the upper surface in calculating Vevoid inside the

source area using the present-day seafloor as the lower surface. Va is calculated between the

present-day and reconstructed pre-failure seafloor inside the sink area. Now, the suggested

workflow deviates according to the emplacement mode (unconfined or confined).

In the case the given submarine landslide developed as frontally unconfined (left branch in

Fig. 4.4) it is beneficial to have seismic data covering the source area so that the amount of

remaining landslide material (Ver) can be calculated in order to estimate the complete initial

failed volume by Ve = Vevoid + Ver. Ve can also be estimated from Ve = Va + Vt. In the case

no reflection seismic data are available, the rule that Vevoid >= Va can serve as an additional

constraint. Va cannot be larger than Vevoid because the material deposited in the sink area

(estimated based on bathymetry) cannot exceed what was evacuated from the source area

while Va can decrease if landslide material is transported as a turbidity current (Vt). If this

condition, nevertheless, is not fulfilled one should revise the pre-failure seafloor reconstruction

until the condition is fulfilled. In both cases, if reflection seismic data are available or not, it

is robust to calculate Vevoid inside the sink area, because it either represents the amount of

initial failed landslide material and represents the amount of Va, or the pre-failure seafloor

reconstruction is incorrect assuming that no turbidite transported landslide material (not

resolvable in the bathymetric data) and that no erosion and incorporation of seafloor sediment

occurred.

In the case the given submarine landslide developed as frontally confined (right branch in

Fig. 4.4), if reflection seismic data are available, the amount of all landslide material involved

in or affected by the slope failure can be calculated as the bulk accumulated volume Vabulk.

For frontally confined submarine landslides the amount of Vabulk is equal to Ve only in the

case where no deep deformation has occurred. In that case, Vabulk is larger than Ve. Vevoid

underestimates Ve because the source area is only partly evacuated. In case no sub-seafloor

reflection seismic data is available, the only means to approximate the initial failed volume

of a submarine landslide is by Vevoid and Va, both of which will underestimate Ve.
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In case the given landslide developed as a mixed system placed kinematically between the

unconfined and confined case, or if the emplacement mode is unknown, we suggest estimating

Vevoid and Va. If the amount of landslide material transported and deposited as a turbidite

is neglectable, the amount of Vevoid and Va should be the same (Vevoid = Va). If Ver is

unknown, one should consider that Vevoid and Va likely underestimate Ve by the unknown

amount of Ver.

We showed that for Ana Slide, Vabulk based on seismic data overestimates Ve by more

than 200 % whereas estimating Ve from Vevoid and/or Va based on bathymetry data alone

underestimates Ve by 40 %. Due to the risk of excessive overestimation, we suggest that the

Ve = Vevoid + Ver approach should always be preferred over the Vabulk approach, even if

Ver is unknown.

Figure 4.4: Workflow for assessing submarine landslide volumes.
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4.6.4 Limitations and assumption of submarine landslide volume assessments

Estimation of Ve relies on the approach to pre-failure seafloor reconstruction. This may

be challenging for submarine landslides in morphologically complex settings and pre-failure

seafloor reconstruction might require a certain degree of subjectivity. For instance, the

seafloor morphology of the source area before the failure of Ana Slide may have been influ-

enced by the earlier pre-Ana Slide source area (Berndt et al., 2012; Sager et al., 2022). It is

clear that Ve and Vevoid must be equal or larger than Va (if Vt > zero). This constraint can

help assess the quality of the seafloor reconstruction at least in one direction.

Volume estimation based on bathymetry and pre-failure seafloor reconstructions also relies

on the assumption that the seafloor has not changed significantly since the occurrence of the

landslide. Any modifications of the seafloor, for instance by vertical tectonic movements,

erosion, deposition by sediment transport, or ocean currents will result in wrong volume

estimates. Another assumption is that the volume has been evacuated during one event.

If the volume was evacuated during multiple stages with significant time gaps in between,

for instance, the potential hazard will likely be overestimated, although controlled by many

other factors such as landslide mechanisms, angle of the slide, water depth, density and

cohesion of the landslide material, duration of the slide event, its acceleration, and run-out

velocity (e.g., Harbitz et al., 2014).

Va is prone to underestimation because the resolution of bathymetric data and reflection

seismic data is typically too low to resolve thin and far travelled turbidites approaching zero

thickness in the distal parts, making a clear distinction between Va and Vt difficult.

Recent studies have shown that processes of basal erosion and incorporation of seafloor

material can lead to a significant increase in Va (Sobiesiak et al., 2018; Nugraha et al.,

2022), but this volume does not represent the volume of initial failed landslide material Ve.

The deposit in the sink area might therefore not be a good representation and therefore we

advocate to consider Ve, Ver, and Vevoid to estimate the initial failed volume.

4.7 Conclusions

In the absence of extensive geological, geotechnical, and age data, the hazard of submarine

landslides is oftentimes assessed from their volume. Amongst the landslide mechanism, which

is difficult to quantify, the initial failed volume is an important factor in tsunami simulations

(Murty, 2003), for the estimation of which we identify the most robust method. It is not only

the data type and quantity that controls the quality of the volume estimation but also the

landslide‘s emplacement mechanism. If no seismic data from the source area of the landslide

is available, the initial failed landslide volume Ve can reliably be determined only for frontally

unconfined landslides. For unconfined or mixed systems, this approach will underestimate

the true initial failed volume because the amount of landslide material that was mobilized but
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remained inside the source area is neglected. Seismic data is required to estimate the volume

of landslide material that remained inside the source area. If such data is not available, we

find that the most robust approximation for the initial failed volume of an unconfined or

mixed-system submarine landslide also is to determine the amount of evacuated landslide

material between the pre-failure and present-day seafloors inside the source area from the

void space between both surfaces using bathymetric data.

The initial failed volume has previously been estimated using the seismically identified de-

posit (Vabulk). It is important to acknowledge that this may be prone to extreme overestima-

tion (more than 200 % in this case) because of in situ deformation of sediments underlying

the pre-failure seafloor in the sink area that may result from rapid deposition or shear-

ing of the accumulating landslide deposits. When estimating the volume from the amount

of seismically chaotic, transparent, or disrupted seismic facies, we advocate for balancing

this against the initial failed volume estimated from bathymetric data, which yields a more

conservative estimate.
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Figure 4.6: ‘Horizon-flattening’ pre-failure seafloor reconstruction approach.
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Abstract

Submarine landslides can destroy offshore installations and generate tsunamis with the po-

tential to inundate coastal areas. Here, we re-evaluate submarine landslide occurrences in

the Eivissa Channel, Western Mediterranean Sea, from the analysis of geophysical data and

draw upon conclusions from previous studies. A common slide plane for four slides in the

Eivissa Channel indicates that changes in the sedimentation history have created an in-

herently unstable slope that is prone to failure. The position of the slides concerning the

Messinian evaporites facies rules out direct and indirect controls of the Messinian on the

observed slope failures. This is supported by the absence of compressional structures at the

toe of the slopes. The data show that the southernmost of the slides, i.e., the Ana Slide Com-

plex, has been active repeatedly. This may be due to the presence of gas in the sediments in

this region. Repeated slope failures cannot be documented for the slides further north, but

this may be due to sparser data coverage. Variations in landslide deposit thicknesses next

to normal faults document continuous tectonic activity suggesting that fault activity was a

potential trigger for the landslides.

Plain Language Summary

We investigate four submarine landslides off the coast of the Iberian Peninsula and the

island of Ibiza. The aim of this study is to understand the causes of these landslides. We

use existing and new geophysical data and identify a link between slope failure and tectonic

activity of small local faults. These faults moved around the time at which the landslides

occurred and controlled the vertical migration of gas and water. Movement of the faults

and the presence of gas could have made the slope unstable. Beneath the southern-most

landslide an additional landslide is found, which suggests that local tectonic activity and gas

migration might be a recurrent process.

Key Points

• Landslides in the Eivissa Channel are located above small faults that show signs of

past fluid migration.

• Their geomorphometrical similarity suggests identical failure mechanisms.

• Local tectonic activity and fluid migration might be a recurrent driver of landslides in

the Eivissa Channel.
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5.1 Introduction

Submarine landslides can destroy offshore infrastructure and pose a significant risk to coastal

populations through tsunami generation (e.g., Bondevik et al., 2005; Haugen et al., 2005;

Løvholt et al., 2017; Prior et al., 1984). The active process of slope failure has rarely been

observed (e.g., Shan et al., 2022). Thus, knowledge about development and emplacement

processes of slope failures is derived from seafloor morphology and resulting deposits called

mass transport deposits (MTDs). These are imaged from geophysical methods such as

multibeam bathymetry, sub-bottom echo-sounding, side-scan sonar, or 2D and 3D reflection

seismic data (e.g., Frey-Martinez et al., 2005; Frey-Martinez et al., 2006; Gee et al., 2006;

Gee et al., 2007; Hampton et al., 1996; Huvenne et al., 2002; Imbo et al., 2003; Wilson

et al., 2004) and seldomly sampled in-situ by cores (Gatter et al., 2020; Lafuerza et al., 2012;

Miramontes et al., 2018) or wells (Sawyer and Hodelka, 2016; Sun and Alves, 2020; Urlaub

et al., 2018).

Destabilizing factors of submarine slopes are affected, for instance by the local physiography,

geological setting, environmental stresses, and the depositional environment (e.g., Hampton

et al., 1996). Furthermore, local tectonics, fluid and gas migration, and geotechnical prop-

erties of the slope sediments influence slope stability. Large landslides on gentle slopes can

accommodate slope failure along laterally extensive ‘weak layers’ that appear in thick fine-

grained sedimentary sequences (e.g., Gatter et al., 2021; Haflidason et al., 2004; Hjelstuen

et al., 2007; Lindberg et al., 2004; Locat et al., 2014; Masson et al., 2006). While a weak

layer represents a prime pre-conditioning factor for submarine slope failure, earthquakes and

related peak ground accelerations (PGAs) are regarded as the ultimate triggering mechanism

for many submarine landslides (e.g., Bryn et al., 2005; Gee et al., 2006; Laberg and Vorren,

2000; Lackey et al., 2018; Lastras et al., 2004).

To better understand the processes that inherently control and those that ultimately trigger

slope failure, first the development and emplacement processes that govern them need to

be addressed. This information could then potentially point toward pre-conditioning factors

and triggering mechanisms previously at play. This was achieved for a relatively small

landslide on the eastern slope of the Eivissa Channel, Western Mediterranean Sea (Figure

5.1), called Ana Slide (Berndt et al., 2012; Lastras et al., 2004; Lastras et al., 2006) (Figure

5.2). Development and emplacement processes of Ana Slide were interpreted by (Sager et

al., 2022). This landslide is the southernmost one in a set of four landslides on the eastern

slopes of the Eivissa Channel, the other three are known as Joan, Nuna, and Jersi slides from

south to north (Lastras et al., 2004). In addition, a buried landslide was imaged in seismic

reflection data beneath Ana Slide, called pre-Ana Slide (Berndt et al., 2012). The pre-Ana

and Ana slides form the Ana Slide Complex.

This study aims to re-evaluate the causes for submarine slope failures on the eastern slope

of the Eivissa Channel, Western Mediterranean Sea, in light of significant advances over

the past two decades both regarding the fundamental reasons for slope destabilization and
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Figure 5.1: Bathymetry map of the Balearic Promontory located in the Western Mediterranean Sea
(EMODnet, 2023). Isobath contours are 500 m. The study area (Figure 5.2) is located inside the
Eivissa Channel between Eivissa and the Iberian Peninsula. Gravity core M69 392− 1 (green symbol
at 39° 09.397’ N 2° 33.800’ E) is located in the Mallorca Channel southwest off Mallorca. The black
curved arrows mark the Eivissa Channel between the Iberian Peninsula and Eivissa and the Mallorca
Channel between Eivissa and Mallorca.

new information on the geological setting of this area through several previous studies. In

particular, we here investigate local tectonic activity concerning landslide timing, detailed

geomorphometry, and internal structure under consideration of the revised emplacement

mechanism of Ana Slide (Sager et al., 2022) for all landslides in the Eivissa Channel.

5.2 Geological setting of the Eivissa Channel

The Eivissa Channel is located at the western end of the Balearic Promontory that comprises

the islands of Eivissa (Ibiza in Spanish), Formentera, Mallorca, and Menorca in the Western

Mediterranean Sea (Figure 5.1). This promontory is around 350 km long from northeast

to southwest, 100 – 150 km wide, and 1000 – 2000 m high with respect to the surrounding

seafloor (Acosta et al., 2001a; Acosta et al., 2001b). The Eivissa Channel located between

the island of Eivissa, and the Iberian Peninsula is characterized by a saddle-like structure

with a maximum water depth of more than 900 m immediately south of the Xabia Seamount

(Figure 5.2). Toward the southwest, the Balearic Promontory connects to the Betic Range

along the southern Iberian Peninsula (Maillard and Mauffret, 2013; Mauffret et al., 1995).

Toward the southeast, this promontory is limited by the Emile Baudot Escarpment (Acosta

et al., 2001b). Nowadays, isolated earthquakes with magnitudes of 4 – 5 occur at shallow

depths (0 – 50 km) inside the Eivissa Channel while earthquakes with magnitudes of Mw <

5 occur frequently along the Betic System to the southwest and along the Algerian Margin

to the south (IGN, 2023).
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Figure 5.2: Hillshaded multibeam bathymetry map (acquired during cruises BIG’95, HERME-
SIONE, and CD178) of the eastern slopes of the Eivissa Channel, location in Figure 5.1. Ana,
Joan, Nuna, and Jersi slides have seafloor expression and are located at water depths from 610 to
905 m. Beneath Ana Slide, the pre-Ana Slide has a congruent headscarp and extends around 1.5 km
farther westward downslope. CPTu measurement sites in blue symbols (PFM-06S1: 38° 38.160’ N
0° 50.382’ E and PFM-05S1: 38° 38.651’ N 0° 47.356’ E from Lafuerza et al. (2012)) and Kullenberg
piston core locations (PSM-KS16: 38° 38.219’ N 0° 50.139’ E from Lafuerza et al. (2012) and Panieri
et al. (2012)) in red symbol. The location of pockmarks (white rings) is taken from Lastras et al.
(2004). The location of TOPAS profiles, airgun profiles, re-processed 2D reflection seismic profiles,
and the extent of the 3D reflection seismic data are highlighted by black lines.
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5.2.1 Gas in the Eivissa Channel

There are multiple indicators for active gas seepage as well as the occurrence of free gas in

the sub-seafloor of the Eivissa Channel. Multibeam bathymetry data and side-scan sonar

imagery revealed several pockmarks at water depth ranging from 500 – 700 m in between

the landslide scars (e.g., Acosta et al., 2001b; Lastras et al., 2004) (Figure 5.2). Berndt

et al. (2012) showed the distribution of free gas in the sediments underlying the Ana Slide

Complex using 3D reflection seismic data and indicate amplitude anomalies referred to as

‘gas clouds’ to be located around 150 – 200 m beneath the seafloor. A potential source for

gas in the Balearic Promontory has previously been attributed to a deep thermogenic source

(Acosta et al., 2001b).

Panieri et al. (2012) analyzed sediment core PSM-KS16 (38° 38.219’ N 0° 50.139’ E) lo-

cated inside the upper Ana Slide scar at a water depth of 672 m for biostratigraphy, benthic

foraminifera assemblages, carbon and oxygen stable isotope composition, and sedimentary

structures to identify possible methane emissions from the seafloor. The authors conclude

that the pre-landslide sediments have been subject to pervasive methane emissions for several

thousands of years before the Ana Slide slope failure occurred. Then, during and after the

occurrence of Ana Slide approximately 61.5 ka ago, methane emission continued, decreased,

and ceased during the last deglaciation and the Holocene. No geophysical evidence for gas

hydrates exists in the Eivissa Channel such as bottom-simulating reflectors (BSRs) (sensu

Berndt et al., 2004). Local conditions of very salty waters (Camerlenghi et al., 2023), rela-

tively high bottom water temperatures close to 13°C (Lafuerza et al., 2012), and relatively

high geothermal gradients (compared to the eastern Mediterranean Sea; e.g., Praeg et al.,

2008), inhibited gas hydrate formation in the past (Camerlenghi et al., 2023; Praeg et al.,

2011)

5.2.2 Messinian evaporites

During the Messinian Salinity Crisis that occurred 5.96 – 5.33 Ma ago (Duggen et al., 2003;

Krijgsman et al., 1999), the closure of the Gibraltar Strait through a combination of tec-

tonic and glacio-eustatic processes isolated the Mediterranean Sea from the Atlantic Ocean

(Gargani and Rigollet, 2007; Krijgsman et al., 1999). This closure in combination with high

evaporation rates and limited fluvial influx caused the sea-level of the Mediterranean Sea to

fall 2500 m (Gargani and Rigollet, 2007; Ryan, 1976) during three main stages (Roveri et al.,

2014). Through evaporation, salinity steadily increased with initial gypsum precipitation at

200 m water depth beneath the sea-level at the onset of the Messinian Salinity Crisis (Ochoa

et al., 2015). This was followed by mature precipitation products such as anhydrite (e.g.,

Roveri et al., 2008) and highly mature precipitation and deposition of halite in the deep

basins of the Mediterranean Sea. In the eastern Mediterranean Sea, these thick evaporites

acted as detachment surfaces for later raft tectonics of whole slope sequences (e.g., Roveri
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et al., 2014), while mobile evaporites generated complex geological structures in the Algerian

Basin (e.g., Blondel et al., 2022), south of the Balearic Promontory, and in the distal parts

of the Rhone Delta in the Gulf of Lions north of the Balearic Promontory (e.g., Reis et al.,

2005).

From the analysis of reflection seismic profiles, Driussi et al. (2015) and Ochoa et al.

(2015) showed the extent of sedimentary units related to the Messinian Salinity Crisis in

the Balearic Promontory (Figure 5.13). These authors interpret shallow areas around the

Balearic Promontory to represent margin erosional surfaces because no Messinian deposi-

tional units are present. These areas were exposed immediately after the sea-level drop at

the onset of the Messinian Salinity Crisis. In the deeper parts of the Eivissa and Mallorca

channels (Figure 5.13) erosional products from the margin’s erosional surface were deposited

(Driussi et al., 2015; Ochoa et al., 2015). These authors call the Messinian unit beneath

landslides on the eastern slopes of the Eivissa Channel the ‘bedded unit’ (BU) that corre-

sponds to erosional products derived from the margin’s erosional surface for which a precise

chronostratigraphic control is lacking.

5.2.3 Terminology, local tectonic setting, and stratigraphy

Throughout this study, we use landslide terminology defined for Ana Slide by Sager et al.

(2022). This includes, for instance, the ‘source area’ from where landslide material was

initially evacuated and the ‘sink area’ where this landslide material ultimately accumulated.

Furthermore, the outline of a landslide is called the landslide scar while the latest stage of

upslope retrogression created the present-day upslope headscarp (Figure 5.3). Sager et al.

(2022) mapped several seafloor syn- and antithetic normal faults reaching the seafloor in the

study area of the Ana Slide Complex (Figures 5.3, 5.4, and 5.5). There are two seafloor

synthetic normal faults located south of Ana Slide (labelled ‘normal fault’ in Figure 5.3).

Beneath the Ana Slide Complex, three seafloor antithetic en-echelon normal faults were

mapped. These comprise a fault system with an unknown extent to the south with the

northern fault terminating beneath the sink areas of the Ana Slide Complex. The seafloor

antithetic en-echelon fault system strikes from SSW to NNE and comprises the southern,

central, and northern faults (Figures 5.3, 5.4, and 5.5).

Sager et al. (2022) present a stratigraphic framework for the study area of Ana Slide based

on the interpretation of 3D and re-processed 2D reflection seismic data. Several seismic

reflectors were picked that bound seismic units. Seismic reflectors used in this study are

the top pre-Ana Slide – tpAS, reference – Ref, sub-reflector R1, and the seafloor reflector

– SFR (Figures 5.4 and 5.5). Reflectors bpAS – tpAS bound the pre-Ana Slide Unit, the

Interval Unit is bound by tpAS – Ref, and the Ana Slide Unit is located between Ref and

SFR. Previously, Lastras et al. (2004) introduced Ref as their ‘slip plane’ reflector present

throughout the study area of the Eivissa Channel.
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Figure 5.3: a) Slope gradient map of Ana Slide. Several faults are located beneath, south of, and
west of Ana Slide (modified from Berndt et al., 2012). Locations of CPTu measurement sites (PFM-
06S1: 38° 38.160’ N 0° 50.382’ E and PFM-05S1: 38° 38.651’ N 0° 47.356’ E from Lafuerza et al.,
2012) are highlighted by blue symbols. Kullenberg piston core location (PSM-KS16: 38° 38.219’ N
0° 50.139’ E from Lafuerza et al. (2012) and Panieri et al. (2012)) indicated by the red symbol. The
southern, central, and northern faults comprise the seafloor antithetic en-echelon fault system. The
pre-Ana Slide extends around 1.5 km west of Ana Slide. b) Hillshaded bathymetry map of Ana Slide.

From the analysis of 3D reflection seismic data, Berndt et al. (2012) mapped several reflectors

related to the Messinian Salinity. In the seismic data this event created a very-high amplitude

reflector between 1.00 and 1.50 s TWTT here referred to as the Messinian Unconformity

reflector (e.g., Figures 5.4 and 5.5).
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Figure 5.4: a) Uninterpreted re-processed 2D reflection seismic profile (Channel 1 – Line 37) through
Ana Slide (location in Figure 5.2 and 5.3) from Sager et al. (2022). b) Interpreted profile with the
northern and central faults that are part of the seafloor antithetic en-echelon fault system (Figure 5.3)
that controlled the development and emplacement of Ana Slide Sager et al. (2022). Seismic reflectors
at the base of pre-Ana Slide (bpAS), top of pre-Ana Slide (tpAS), Ref, R1, and the present-day
seafloor (SFR). Vertical thicknesses between seismic reflectors, for instance between Ref and SFR
(Ana Slide Unit) increase with increasing water depth toward the west.
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Figure 5.5: a) Uninterpreted re-processed 2D reflection seismic profile (Channel 1 – Line 83) through
Ana Slide (location in Figures 5.2 and 5.3) from Sager et al. (2022). b) The interpreted profile shows
three seafloor synthetic normal faults located south of Ana Slide and further toward the west and the
central fault that is part of the seafloor antithetic en-echelon fault system (Sager et al., 2022). The
central fault and the normal fault to the east created a graben-like structure that is rooted in the
Messinian Unconformity reflector. Thickness between bpAS, tpAS, Ref, R1, and SFR increases with
increasing water depth.
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5.2.4 Characteristics and morphology of submarine landslides in the Eivissa

Channel

Landslides in the Eivissa Channel are imaged from multibeam bathymetry maps, TOPAS,

airgun and re-processed 2D and 3D reflection seismic data (Berndt et al., 2012; Lastras et

al., 2004; Lastras et al., 2006; Sager et al., 2022) (Figure 5.2). In particular, Ana Slide has

been the focus of several studies that performed geotechnical CPTu measurements, numerical

modelling, foraminiferal, and reflection seismic data analysis (Berndt et al., 2012; Cattaneo

et al., 2011; Lafuerza et al., 2012; Lastras et al., 2004; Lastras et al., 2006; Panieri et al.,

2012; Sager et al., 2022). In the following, we provide an overview of the main results and

hypotheses of previous studies for the destabilization, pre-conditioning and triggering for

slope failures in the Eivissa Channel, Western Mediterranean Sea.

Ana, Joan, Nuna, and Jersi slides are located at a water depth between 610 and 905 m

(Lastras et al., 2004; Lastras et al., 2006; Lastras et al., 2007) (Table 5.1) within distances of

20 km from each other (Figure 5.2). Their headscarps are not coincident with the location

of the maximum slope gradient which is located some hundreds of meters downslope and,

therefore, Lastras et al. (2006) concluded that the four landslides developed retrogressively

and initial slope failure began at the location of maximum slope gradient.

Based on TOPAS profiles Lastras et al. (2004) showed that Ana, Joan, Nuna, and Jersi

slides share the same basal shear surface referred to as the slip plane (called reflector Ref in

this study) (e.g., Figures 5.4 and 5.5). The authors concluded that the basal shear surface

must represent a geo-mechanical layer of weakness that controlled slope failure in the Eivissa

Channel. Furthermore, because all landslides ‘occupy the same stratigraphic position and

share the same slip horizon’, the authors suggest that this ‘could indicate that they occurred

simultaneously following a common triggering mechanism’.

5.2.5 Development and emplacement of Ana Slide

Sager et al. (2022) present the detailed development of Ana Slide from the analysis of multi-

beam bathymetry maps, 3D reflection seismic data, and re-processed 2D reflection seismic

profiles. Ana Slide developed during two overall stages called the larger ‘primary’ and the

much smaller ‘secondary’ failure that comprises sediments between Ref and R1 reflectors and

between R1 and SFR reflectors, respectively (Sager et al., 2022, their Figure 3c) (Figures 5.4

and 5.5). These stages of failure comprise several additional smaller failures likely generated

by retrogressive failure that generated a dissected headscarp (e.g., Figure 5.3).

During the primary failure, slope sediment located inside the source area was evacuated

along the basal shear surface represented by reflector Ref (Sager et al., 2022, their Figure

3c) (Figure 5.4). Around 1.5 km downslope of the headscarp this mobilized landslide mate-

rial emerged frontally above unaffected sediment representing the ‘by-pass zone’. Landslide

material then accumulated inside the sink area attaining a thickness of approximately 15 m,
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which represents the main Ana Slide MTD. Its rapid deposition likely deformed slope in-situ

sediment immediately underneath down to reflector Ref at a depth of 30 m inside the sink

area.

During the secondary failure, sediment deposited after the primary failure with a thickness

of approximately 15 m was again evacuated from the source area above reflector Ref (Figure

5.4). Mobilized landslide material again emerged frontally up and over the by-pass zone

(in profile). From the analysis of magnetic susceptibility measurements of gravity cores,

Cattaneo et al. (2011) showed that Ana Slide occurred around 61.5 ka ago. Based on sediment

thickness and sedimentation rates, Sager et al. (2022) estimated a time-lag between the

primary and secondary failures of the Ana Slide Complex of approximately 300 ka. Thus,

both failures are separated by approximately 240 ka.

The study by Panieri et al. (2012) documents methane seepage before and during the failure

of Ana Slide. From the analysis of Ana Slide performed by Sager et al. (2022) this places

methane seepage to have occurred before and after the failure of Ana Slide which represents

the time of the secondary failure meaning that methane seepage occurred around 61.5 ka ago.

There is nevertheless no control if methane seepage occurred similarly before or immediately

after the occurrence of the primary failure of Ana Slide around 300 ka ago.

5.2.6 Hypotheses for pre-conditioning factors and trigger mechanisms of Ana

Slide

Lastras et al. (2004) discuss potential pre-conditioning factors for submarine slope failure in

the Eivissa Channel from the evidence that all landslides occurred above the same seismic

reflector the ‘slip plane’ or Ref. They, therefore, conclude that this reflector must represent

a mechanically weak layer. In addition, the apparent weakness of this layer could have

been enhanced by the escape of fluids sourced from pockmarks that are observed throughout

the Eivissa Channel (Figure 5.2). Fluid sourced from these pockmarks may have generated

increased pore pressure in the shallow sub-seafloor that could have decreased slope stability.

In addition, these pockmarks could have represented a bedding discontinuity that may have

reduced the shear resistance along this weak layer which could have promoted slope failure

at the locations of maximum slope angles. Lastras et al. (2004), furthermore, highlight that

acoustic wipe-out zones, for instance beneath Ana Slide, support the hypothesis of an origin

for slope instability by fluid escape. In the area northeast of Ana Slide Lastras et al. (2004)

and Lastras et al. (2006) suggested the location of pockmarks but there are no signs for deep

roots of these in the reflection seismic data. Furthermore, the ‘acoustic wipe-out’-zone in

(Lastras et al., 2004; Lastras et al., 2006) (their Figure 4b) does not appear to correlate with

a deep-rooted pockmark from the 3D reflection seismic data that outlines the headscarps of

pre-Ana and Ana slides.

Lafuerza et al. (2012) used results from CPTu measurements and geotechnical laboratory

tests on sediment cores from Ana Slide (Figures 5.2 and 5.3) as input to slope stability back
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analyses. They concluded that excess pore pressure by gas exsolution and expansion along

reflector Ref at the time of Ana Slide (secondary failure around 61.5 ka) did not generate

high overpressures that reduce the effective stress. Yet, gas accumulated at the base of

reflector Ref and subsequent expansion may explain the occurrence of Ana Slide (Figures 5.4

and 5.5). Furthermore, they suggested that a very close and moderate to strong earthquake

(i.e., Mw ≥ 5) may have triggered Ana Slide and the historical records do not contradict

this hypothesis (IGN, 2023).

Berndt et al. (2012) showed the distribution of free gas in the sediments underlying the Ana

Slide Complex and active gas migration pathways using 3D reflection seismic data. The

similar sizes of pre-Ana and Ana slides and the almost congruent location of the headscarps

suggest that similar processes governed both landslides potentially pointing toward similar

destabilizing factors. No direct indicators for overpressure exist such as ‘seismic flat spots

at the base of the gas accumulations’ (Berndt et al., 2012). There is no clear vertical

connection between high-amplitude reflections, for instance along local faults (the seafloor

antithetic en-echelon fault system). This ‘suggests that pore-pressures are not significantly

increased at least at present’ (Berndt et al., 2012). Based on previous evidence from Lastras

et al. (2004), Berndt et al. (2012) suggest that the failure of pre-Ana and Ana slides were

controlled by changes in pore pressure. A possible driver for the increased pore pressure

could be the exsolution of gas during times of lowered sea-level. Since there are no signs of

rapid deposition, the sediment overburden had little control on the pressure regime. Instead,

this was controlled by lowering the sea-level. As presented in this study, pre-Ana and Ana

slides are located above a local en-echelon fault system. While pre-Ana Slide developed

completely above the central and northern faults, Ana Slide developed mainly upslope the

northern fault.

Finally, Kaminski et al. (2021) attempted to quantify the impact of free gas on the stability

of the Eivissa Channel slope using a constitutive model describing the mechanical behavior of

gas-charged fine-grained sediments. Their results demonstrate that a disturbed soil structure

as a consequence of former gas occurrence decreases overall slope stability. However, even in

saturated conditions, slopes are inherently stable, and gas-induced soil disturbance can only

be regarded as a pre-conditioning factor and not as a triggering mechanism for slope failures

in the Balearic Promontory. This study and the previous study of Ana Slide by Sager

et al. (2022) provide detailed accounts of local tectonic, depositional, and morphological

features. Using new and updated observations, previous studies of pre-conditioning factors

and potential triggering mechanisms must be revised.
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5.3 Data and methodology

5.3.1 Data

This study uses multibeam bathymetry maps, sub-bottom echo-sounding, and 2D and 3D

reflection seismic data from submarine landslides on the eastern slope of the Eivissa Channel,

Western Mediterranean Sea (Figure 5.2). The EM 12 swath bathymetry maps (13 kHz, 81

beams) acquired during the BIG’95 (1995) and MARINADA (2002) cruises with the R/V

Hespérides yield a horizontal resolution of 50 m. During the EUROLEON (2007) and HER-

MESIONE (2009) cruises the EM 120 system acquired higher quality multibeam bathymetry

maps of submarine landslides in the Eivissa Channel were acquired with horizontal resolu-

tions of 20 and 25 m, respectively. TOPAS 2D reflection seismic profiles were acquired with

the PS018 system during the MARINADA, EUROLEON, and HERMESIONE cruises. Dur-

ing the latter cruise also airgun 2D reflection seismic profiles were acquired using an array

of two 40 in3 BOLT guns with a shooting rate of 5 s, and a GeoResources Geosense 24

streamer recording one channel with an active section of 25 m. The 3D reflection seismic

data of the Ana Slide was acquired during cruise CD178 Berndt et al. (2012) and used in the

interpretation of Ana Slide and re-processed by Sager et al. (2022) into 2D reflection seismic

profiles.

5.3.2 Methodology

Here, we use seismic interpretation performed in IHS Kingdom Suite to map reflectors from

the 3D reflection seismic data and re-processed 2D profiles of the Ana Slide Complex (re-

processing using OMEGA by Schlumberger) (Sager et al., 2022, and their supplementary

material). Observations are tied with TOPAS and airgun profiles throughout the Eivissa

Channel. Furthermore, analysis of multibeam bathymetry maps allows the seafloor expres-

sion of features observed in sub-seafloor data to be delimited.

We provide geomorphometric parameters for submarine landslides in the Eivissa Channel

(Table 5.1). These include parameters previously presented by Lastras et al. (2007), Lastras

et al. (2006), and Lastras et al. (2004) such as the water depth of the headscarps (dmin)

and landslide fronts (dmax) and the drop height between both (H), the distance between

the headscarp and the landslide fronts referred to as the length (L), the maximum width

of the landslide scar measured perpendicular to the length (W), and the areal extent of

the landslide scar (A). Maximum deposit thickness (tmax) is derived from the depth of

deformation represented by reflector Ref beneath the seafloor reflector (SFR) inside the sink

area for Ana, Joan, Nuna, and Jersi slides (Figures 5.4 and 5.8 to 5.11) through depth

conversion (using a seismic velocity of 1500 m s−1).
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5.3.2.1 Local tectonic activity

The activity of the seafloor antithetic en-echelon fault system beneath pre-Ana and Ana

slides is examined from reflection seismic profiles and isochore thickness maps by the appar-

ent thickening and thinning relative to the mean stratigraphic unit thickness of the pre-Ana

Slide, Interval, and Ana Slide units outside and inside the landslide scars (e.g., Figure 5.6).

In planview, isochore thickness maps can provide information about emplacement and failure

processes from the relative thickening or thinning or past morphological influences of strati-

graphic units (Sager et al., 2022). In the case no landslide modified the seafloor morphology,

steady background sedimentation would deposit a stratigraphic unit with a homogenous

thickness inside an area if no external processes influenced the depositional environment.

If a landslide occurred in this area, deposition after the failure would show an imprint of

the previous seafloor morphology and thus thickness variation of post-landslide stratigraphic

units will document the previous seafloor morphology and potentially external factors that

influenced deposition. Relative thinning observed in an isochore map inside the landslide

scar indicates the source area, while relative thickening indicates the sink area (Sager et al.,

2022, their Figure 4c).

5.3.2.2 Observations of in-situ deformation

In reflection seismic data in-situ deformation results in chaotic, transparent, or disrupted

seismic facies (e.g., Ford et al., 2021; Lenz et al., 2018; Posamentier and Martinsen, 2011;

Sobiesiak et al., 2018). While it is difficult to distinguish between the style and the exact

amount of deformation, the seismic facies can provide information, for instance about the

susceptibility of slope sediment to deform and the penetration depth of deformation.

Figure 5.6: (Figure on next page.) a) Interpreted re-processed 2D reflection seismic profile (Channel
1 – Line 37 location in Figures 5.2 and 5.3) shows the base pre-Ana Slide (bpAS), top pre-Ana Slide
(tpAS), Ref, R1, and seafloor (SFR) reflectors. b) Isochore thickness map in milliseconds (ms) two-
way travel time (TWTT) of the pre-Ana Slide unit (tpAS – bpAS) extracted from 3D reflection
seismic data. Unit thickness increases immediately upslope of the central and northern faults and
inside the sink area of pre-Ana Slide. c) Isochore thickness map (ms TWTT) of the Interval Unit
(tpAS – Ref). Sedimentation after the pre-Ana Slide commenced, and sediment unit thickens in
the north of the former pre-Ana Slide and immediately west of it. Decreased thickness observed
west of the central fault. d) Isochore thickness map (ms TWTT) of the Ana Slide Unit (Ref – SFR)
(previously presented by Sager et al., 2022, their Figure 4c). Thickness increases immediately upslope
of the northern fault in the sink area of Ana Slide, with thinning observed inside the source area.
Thickness increases with increasing water depth toward the west between Ref and SFR.
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Figure 5.6: (Caption on previous page.)

120



Chapter 5. Destabilizing Factors for Submarine Landslides in the Eivissa Channel,
Western Mediterranean Sea

5.3.2.3 Age determination of landslides

We determine the age of the pre-Ana Slide from the extrapolation of average sedimentation

rates and the depth of tpAS that marks the timing of the pre-Ana Slide. The average

sedimentation rate is assumed to be relatively steady inside the study area at 5 cm ka−1

following Cattaneo et al. (2011) and Sager et al. (2022). From the depth conversion of

reflectors using a seismic velocity of 1500 m s−1 (Lafuerza et al., 2012) we then calculate the

age that corresponds to the time of initial deposition after slope failure.

Calculations of the average sedimentation rates are related to uncertainties such as variability

in lateral sedimentation rates and likely changes in sedimentation rates controlled by climatic

variability (Sager et al., 2022). Furthermore, the depth conversion of sedimentary thicknesses

is affected by the vertical resolution of the reflection seismic data with significant uncertainty

and imprecise seismic velocities used for depth conversion. Altogether, we approximately

evaluate the uncertainty of age determination to be about ± 20 %.

5.4 Results

Water
depth
of
head-
scarp
(m)

Water
depth
of land-
slide
front
(m)

Drop
height
(m)

Length
(km)

Width
(km)

Area
(km2)

Maximum
thickness
of affected
landslide
material
(m)

dmin dmax H L W A tmax ratio:
L/W

ratio:
H/L

ratio:
tmax/L

max

Ana 635 790 155 4.1 1.1 4.8 39 3.73 0.038 0.0095

Joan 610 860 250 7.7 4 23.6 52.5 1.93 0.033 0.0068

Nuna 705 855 150 5.9 2.2 10.2 45 2.68 0.025 0.0076

Jersi 750 905 155 4.5 2.1 8.1 41.25 2.14 0.034 0.0092

pre-
Ana

- - - 5.3 2.1 8.5 48.75 2.52 - 0.0092

Table 5.1: Geomorphometric table of submarine landslides in the Eivissa Channel. Parameters are
defined after Clare et al. (2019). Values of dmin, dmax, A, and tmax were previously presented by
Lastras et al. (2004), Lastras et al. (2006), and Lastras et al. (2007).

5.4.1 Geomorphometry of landslides

Here, we provide geomorphometric parameters for submarine landslides in the Eivissa Chan-

nel (Table 5.1). Some of these were previously published by Lastras et al. (2004), Lastras

et al. (2006), and Lastras et al. (2007). The minimum water depth of landslides (dmin) or

the depth of the headscarps in the Eivissa Channel decreases from 610 m for Ana Slide in

the south to 750 m for Jersi Slide in the north (Figure 5.2 and Table 5.1). The drop heights

of Ana, Nuna, and Jersi slides are around 150 m while Joan Slide shows a drop height of
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250 m. This larger drop height correlates with an increase in the length, width, and area

of Joan Slide as for instance, the H/L ratio is similar for all landslides (0.025 – 0.038). The

maximum thickness of affected landslide material ranges between 39 – 52.5 m and correlates

with the overall length of the landslides represented by the L/W ratio of 1.93 for Joan Slide

and 2.68 for Nuna Slide although Ana Slide shows an increased L/W ratio of 3.73. Similar

L/W ratios were measured for landslides on the Great Bahama Banks in the range of 2 – 2.86

(Principaud et al., 2015) which is similar to the range measured for the studied landslides

here (1.93 – 2.68). The tmax/L ratio of Joan Slide is slightly decreased (0.068) compared to

the other landslides that range between 0.076 – 0.095.

5.4.2 Internal structure of landslides

In-situ deformation of slope sediment is characterized by chaotic, transparent, and disrupted

seismic facies at depth (Figures 5.4 and 5.8 to 5.11). Here, the depth to which in-situ

deformation penetrated is called ‘depth of deformation’. Because detailed knowledge of

development and emplacement processes were known only for Ana Slide, we adopt the notion

that chaotic, transparent, and disrupted seismic facies characterize in-situ deformed and

affected slope sediment within the sink areas of Joan, Nuna, and Jersi slides (Figures 5.8,

5.9, and 5.10). For all these landslides, the depth of deformation is confined to reflector Ref.

5.4.3 Reconstructing fault activity

5.4.3.1 Ana Slide Complex

The isochore thickness map of the pre-Ana Slide Unit is bound between tpAS and bpAS

(Figure 5.6b) and shows thickening immediately east of the central and northern faults.

Furthermore, thickness increases west of the faults. The Interval Unit bound between re-

flectors tpAS and Ref (Figure 5.6c) shows thickening toward the west of the pre-Ana Slide

landslide front and in the northern source area. Thickness decreases immediately east of

the central and northern faults and increases west of the central fault. The Ana Slide Unit

bound between reflectors Ref and SFR (Figure 5.6d) shows a thickness increase immediately

east of the northern fault while Ana Slide propagated around 300 – 500 m further downslope

toward the west (Sager et al., 2022). This position aligns with the central fault’s northern

prolongation.

The 3D seismic data extend around 500 m to the west of the pre-Ana Slide scar while the

re-processed 2D reflection seismic profile previously presented by Sager et al. (2022) shows

the sub-seafloor in the turns of the vessel up to 1.5 km west of the extent of the 3D cube

(Figure 5.3). This data was subsequently included in the re-processing (Figure 5.7b) and

new profiles were correlated with TOPAS profiles from between Ana and Joan slides (Figure

5.7a). These shallow profiles show two seafloor synthetic normal faults at the toe of the slope
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Figure 5.7: a) TOPAS profile (Figure 5.2). Two seafloor-synthetic normal faults terminate beneath
the seafloor with seafloor expression (Figure 5.3). b) Re-processed 2D reflection seismic profile
(Channel 1 – Line 20) west of the Ana Slide Complex after Sager et al. (2022). The normal faults
on the left in b correspond to the normal faults on the right side of a with the location presented in
Figure 5.3.

toward the deepest part of the Eivissa Channel that are sub-parallel with the en-echelon fault

system beneath the Ana Slide Complex (Figure 5.3). The eastern fault in Figure 5.7a that

recently affected the seafloor morphology at shallow depth (Figure 5.3) corresponds to the

‘normal fault’ shown in Figure 5.7b at depth beneath the seafloor.

5.4.3.2 Joan Slide

Joan Slide is imaged by TOPAS profiles acquired in parallel with airgun profiles. These cross

the landslide from east to west and show a change in the inclination of reflector Ref that

represents the ‘Joan Slide normal fault’ about 1.5 km downslope of the headscarp (Figure

5.8a, b). This fault is also imaged in the regional NS profile (Figure 5.11) where it appears

in the southern source area along with amplitude anomalies. This fault appears in the slope

gradient map with NNW to SSE orientation that extends for at least 1 km outside the Joan

Slide scar toward the south (Figure 5.8a). In the airgun profile slight amplitude anomalies
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are observed immediately west of the landslide around 1.45 s TWTT (Figure 5.8c) and west

of the Joan Slide normal fault beneath the source area.

5.4.3.3 Nuna Slide

TOPAS profiles from the Nuna Slide (Figure 5.9c) show the thickening of the landslide unit

bounded by reflectors Ref and SFR around 3 km downslope of the headscarp (Figure 5.9a)

that is not evident in the slope gradient map (Figure 5.9b). The location of this thickening

coincides with the ‘Nuna Slide normal fault’ that terminates on the Messinian Unconformity

reflector at depth and aligns with a vertical feature at the Messinian Unconformity reflector

at a depth of 1.25 s TWTT (Figure 5.9d). An additional normal fault located around 1 km

toward the east also terminates above the feature. Because of limited seismic penetration

beneath the Messinian Unconformity reflector, we cannot exclude that these faults have

displaced Messinian Units beneath. The seismic facies of the Nuna Slide Unit changes from

chaotic to disrupted east of the faults to almost completely transparent to the west of it

(Figure 5.9c).

5.4.3.4 Jersi Slide

We calculate the thickness of the Jersi Slide Unit bound by reflectors Ref and SFR from

several TOPAS profiles (Figure 5.2). The upslope source area of Jersi Slide is thinned

toward the southeast while the thickest area is located immediately to the west (Figure

5.10a). No faults have been identified beneath or close to Jersi Slide on TOPAS profiles

and no seafloor features of faults were observed in the slope gradient map (Figure 5.10b, c).

Nonetheless, the airgun profile (Figure 5.10d) images a deep normal fault that terminates

along the Messinian Unconformity reflector and shows amplitude anomalies on the hanging

wall side in the west while seismic amplitudes are low on the footwall side toward the east.

Furthermore, immediately beneath Jersi Slide, the Messinian Unconformity reflector shows

high-amplitude anomalies.

Figure 5.8: (Figure on next page.) a) Slope gradient map of Joan Slide. The TOPAS profile (b) and
the airgun profile (sub-figure c) were collected in parallel and are highlighted by the thick black line.
Around 1.5 km downslope of the headscarp we observe a seafloor feature from SSE to NNW labelled
‘Joan Slide normal fault’. b) TOPAS profile of Joan Slide. The Joan Slide normal fault is located
around 1.5 km downslope of the headscarp. In-situ deformation in the sink area down to reflector
Ref (limited penetration depth). c) Airgun profile of Joan Slide. The fault observed from the slope
gradient map (a) and TOPAS profile (b) terminates toward the Messinian Unconformity reflector.
In-situ deformation is observed to have penetrated to depths of reflector Ref inside the sink area.
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Figure 5.8: (Caption on previous page.)
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Figure 5.9: a) Isochore thickness map of the Nuna Slide (Ref – SFR) calculated from TOPAS
profiles (thick and narrow black lines). The location of the ‘Nuna Slide normal fault’ is perpendicular
to TOPAS and airgun profiles (c and d) with unknown northern and southern extents. Thickness
increases in the center of the Nuna Slide. b) Slope gradient map of Nuna Slide. c) TOPAS profile
across Nuna Slide shows the Nuna Slide normal fault that offsets reflector Ref. Around 1 km east of
it another fault appears to offset reflector Ref. d) Airgun seismic profile shows that these two faults
terminate at least above the Messinian Unconformity reflector
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Figure 5.10: a) Isochore thickness map of Jersi Slide (Ref – SFR) calculated from TOPAS profiles
(thick and narrow black lines). Thickness increases downslope in Jersi Slide while the landslide moved
further toward the northwest and north. b) Slope gradient map of Jersi Slide. c) TOPAS profile
of Jersi Slide. d) Airgun profile of Jersi Slide. Amplitude anomalies beneath Jersi Slide along the
Messinian Unconformity reflector. A normal fault terminates at the Messinian unconformity reflector
with amplitude anomalies on the hanging wall side toward the west.
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5.4.4 Repeated slope failure in the Eivissa Channel

From the analysis of 3D and re-processed 2D reflection seismic data, repeated slope failure

occurrence in the Eivissa Channel is confined to the Ana Slide Complex, where the younger

Ana Slide overlies the previous pre-Ana Slide (Figures 5.4 and 5.5). From TOPAS and airgun

profiles, no buried landslides are identified beneath Joan (Figure 5.8), Nuna (Figure 5.9),

and Jersi slides (Figure 5.10). Nonetheless, from the limited coverage of reflection seismic

profiles from the Eivissa Channel, we cannot conclusively dismiss the potential existence of

additional buried slope failures that are not located beneath previous landslides.

The tpAS reflector marks the occurrence of the pre-Ana Slide (Figures 5.4 and 5.5). The

depth-conversion of tpAS locates it 70.5 m beneath the R1 reflector, which marks the timing

of the pre-Ana Slide. Thus, using an average sedimentation rate of 5 cm ka−1 (Sager et

al., 2022), the pre-Ana Slide occurred around 1.41 Ma ± 282 ka ago. This age is highly

speculative and refers to the latest stage of failure of pre-Ana Slide but yields a rough

estimate of the overall timings of repeated slope failures of the Ana Slide Complex.

5.4.5 Sedimentary features

We observe increasing thickness of stratigraphic units from east to west in TOPAS profiles

imaging the eastern slopes of the Eivissa Channel (e.g., Figures 5.8, 5.9, and 5.10). Further-

more, the isochore thickness maps of the pre-Ana, the Interval, and the Ana Slide Units show

that the thickness increases similarly for the three units in the downslope direction outside

the landslide scars (Figure 5.6). TOPAS profiles that cross Joan, Nuna, and Jersi slides from

east to west show that the unit bound by reflectors Ref and SFR, respectively, called Joan,

Nuna, and Jersi Slide units is significantly thinner compared to the area between Jersi and

Nuna slides, for instance between Jersi and Nuna slides, for instance Figure 5.11a and b.

Furthermore, thickness is significantly increased between Jersi and Nuna slides, compared

to a deeper area immediately north of Jersi Slide.

5.5 Discussion

Ana, Joan, Nuna, and Jersi slides on the eastern slopes of the Eivissa Channel have similar

lengths, widths, drop heights, occurred in similar water depths, and have similar headscarp

shapes (Lastras et al., 2004; Lastras et al., 2006; Lastras et al., 2007). They share the same

basal shear surface (Lastras et al., 2004) represented by reflector Ref and show the same

depth of deformation that indicate equivalent geo-mechanical properties. These similarities

could suggest a common failure process, which must be one that acted over the entire study

area. Here, we discuss factors that affect slope stability and evaluate associated processes,

which may have contributed to the destabilization of parts of the eastern slope of the Eivissa

Channel. Here, we address and re-evaluate previous hypotheses of pre-conditioning factors
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Figure 5.11: a) TOPAS profile across Joan, Nuna, and Jersi slides (this profile was acquired in
parallel with the airgun profiles in b). South of Nuna Slide, the ‘acoustic basemap outcrop’ reaches
the seafloor. Stratigraphic thickness between reflectors Ref and SFR increases between Nuna and
Jersi slides. b) The airgun profile images the Messinian Unconformity reflector.

and triggering mechanisms of submarine landslide occurrence in the Eivissa Channel. We

present them in the light of recent findings and discuss them regarding our new observations.

5.5.1 Sedimentation history

The eastern slope of the Eivissa Channel consists of well-stratified, carbonate-rich fine sedi-

ments (e.g., Panieri et al., 2012) (e.g., Figures 5.4 and 5.11). The depositional stratigraphic

layers, in which the landslides occurred (between reflector Ref and SFR) extend along the

slope and stratigraphic thickness generally increases with increasing water depth. Hence,

the depositional environment has been the same all over the study area in time and space.

Yet, the depositional history can be an important agent in the stability of the slope. Rapid

deposition of low permeable and highly compressible sediment can prevent drainage of ex-

cess pore fluid and thereby lead to a build-up of excess pore pressure. Lafuerza et al. (2012)
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measured compression indices ranging between 0.19 and 0.36 and a mean friction angle of

28° on sediments recovered by piston coring from the Ana Slide area. Based on grain size

distribution from Ana Slide measured by Lafuerza et al. (2012) it can be assumed that the

permeability of pre-slide material is similar to those measured from the Mallorca Channel

that yield permeabilities of 10−8 m s−1 at low effective stresses (Kaminski et al., 2021). The

consolidation parameters are thus not extreme, and along with a relatively low sedimentation

rate of about 5 cm ka−1 (Sager et al., 2022), sediment deposition and consolidation are un-

likely to generate excess pore pressures that significantly impact slope stability on low-angle

slopes (Urlaub et al., 2015).

The nature of the weak layer represented by reflector Ref that marks the basal shear surface

inside the source areas and the depth of deformation inside the sink areas of landslides

in the Eivissa Channel is unknown because no in-situ samples exist. Yet, given that it

coincides with a prominent high-amplitude seismic reflector (Figures 5.4, 5.5 and 5.8 to

5.11), its large spatial extent, and the fact that it follows the general stratigraphy (and is

not a BSR), we suggest a link between sedimentation history and slope failures. Since this

stratigraphic unit (between reflector Ref and SFR) above the weak layer easily deforms when

loaded (Sager et al., 2022), we infer that the entire sediment package is weak, rather than

a thin isolated layer that accommodated sliding, as it is oftentimes suggested for submarine

landslides on low-angle slopes (Gatter et al., 2021; Locat et al., 2014) (see Figures 5.3a,

5.8a, 5.9b and 5.10b). Reasons for the occurrence of a mechanical interface include: (i)

erosion of overlying material, (ii) change in the depositional environment with deposition of

stronger and weak materials, or (iii) change in the sediment source. In the case of erosion, an

increase in the over-consolidation ratio would be expected. In contrast, consolidation tests

show a general decrease in the over-consolidation ratio with depth (Lafuerza et al., 2012).

The seismic data do not provide any evidence for a change in the depositional environment

and thus, Lafuerza et al. (2012) accounted the increased OCR to inter-particle bonding and

cementation processes.

Inside the Eivissa Channel, normal faults are observed beneath the landslides (Figures 5.4,

5.5 and 5.8 to 5.10), which extend down to the Messinian Unconformity reflector. It is not

possible to observe these faults deeper in the seismic data which indicates either that seis-

mic imaging below the Messinian is imperfect or that the faults detach along the Messinian

deposits. However, raft tectonics (or thin-skinned tectonics) above a detachment layer will

create extensional features upslope and shortening at the toe of the slope (Acosta et al., 2004;

Brun and Fort, 2011; Stewart, 1999; Duval et al., 1992). The observation of upslope exten-

sional faults beneath the landslides in the Eivissa Channel fits this scenario, but extensional

faults also exist in the deepest part of the survey area at a water depth of 850 m between

Ana and Joan slides (Figures 5.3 and 5.7). Because the extent of mobile precipitation prod-

ucts is limited to the deep basins outside the Balearic Promontory and extensional faults are

observed at the toe of the slopes inside the Eivissa Channel we conclude that gravitational
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processes along an evaporite detachment do not play a role in the formation of the Eivissa

Channel landslides.

5.5.2 Inherent changes in the sediment’s physical properties

Here, we discuss processes that could have negatively affected slope stability during burial

and consolidation. Decreases in frictional resistance could result from a lowering of the

effective stress or from changes in the structure of the sediment. Sediments in the Eivissa

Channel were deposited under relatively steady conditions (Panieri et al., 2012; Sager et al.,

2022). There is no evidence for erosion that could have led to a decrease in effective stress.

Furthermore, there is no evidence of episodes of rapid deposition prior to or after the four

landslides, such as by other landslides, which could have caused excess pore pressures and

decreases in effective stress away from the overburden.

Free gas may lead to excess pore pressure when total pressure decreases as gas bubbles

expand. Lafuerza et al. (2012) suggested this process as the main cause of excess pore

pressure and slope failure. This hypothesis was also based on the age of Ana Slide, at the

time dated to 61.5 ka, postdating the sea-level low stand of Marine Isotopic Stage (MIS) 4

(70.5 to 65 ka ago). We know now that this age corresponds to the timing of the secondary

failure and that the primary failure of Ana Slide is significantly older at around 300 ka (Sager

et al., 2022). The uncertainties regarding the age of the main failure are too large to reliably

link the timing of Ana Slide to a specific sea-level stand, and occurrence during MIS 6 or

8 cannot be excluded. Repeated failure in response to sea-level falls is thus possible (e.g.,

Talling et al., 2014). Nevertheless, the driver for instability in the Eivissa Channel cannot

be a purely cyclic one because there is a mismatch between the global sea-level with multiple

short periods of rapid sea-level fall in the past 300 ka and just two slope failure events.

Geotechnical experiments have shown that free gas in fine-grained soils modifies the internal

grain structure and the internal friction with possible negative impacts on its shear strength

(see Kaminski et al., 2020, for a summary). Kaminski et al. (2021) conducted a back analysis

of Ana Slide under consideration of reduced shear strength due to gas-induced soil structure

disturbance. The authors concluded that gas-induced soil structure disturbance weakens the

slope but not to the extent of triggering slope failures.

The CPTu measurements do not indicate a change in mechanical properties, at least for

a static measurement such as CPTu (Lafuerza et al., 2012). CPTu measurements inside

the source area of Ana Slide penetrated the basal shear surface represented by reflector

Ref and Lafuerza et al. (2012) report a sharp increase in cone resistance and sleeve friction

immediately above. Therefore, the variations observed above reflector Ref inside the source

area likely resulted from the failure process and mobilization of landslide material, and do

not represent the pre-failure state.
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5.5.3 Local external factors

The seafloor antithetic en-echelon fault system beneath the Ana Slide Complex shows activity

prior to the pre-Ana and Ana Slide failures and no activity in the period between the two

landslides (Figures 5.6 and 5.12). This is evident from the 3D reflection seismic data covering

Ana Slide (Figures 5.4 and 5.5). Hence, there appears to be a temporal correlation between

the episodic activity of the local seafloor antithetic en-echelon fault system and the occurrence

of landslides (pre-Ana and Ana slides). Local faults are also present immediately beneath

Nuna and Joan slides (Figures 5.8 and 5.9). A link between local fault activity and these

other landslides may be possible but cannot be confirmed due to the lack of extensive 3D

reflection seismic data. If seismicity had a role in the destabilization can neither be confirmed

nor discarded as a potential triggering mechanism due to the lack of historical earthquake

records.

Figure 5.12: Activity plot of slope failure occurrence and tectonic activity of the Ana Slide Complex.
Sub-figure a shows a slope gradient map of Ana Slide that highlights the location of the southern,
central, and northern faults. Subsequently, sub-figure b shows fault activity on the central and
northern faults prior to pre-Ana Slide that influenced the stratigraphy beneath bpAS. After pre-Ana
Slide, sedimentation commenced and deposited slope sediment between reflectors tpAS and Ref (c).
The Ana Slide unit in d shows thickening primarily above the northern faults thus the northern
fault was primarily active prior to slope failure. Fault activity plotted with approximate timings of
pre-Ana and Ana slides.

There are several ways, in which the activity and re-activity of local faults could have affected

slope stability in the Eivissa Channel. First, owing to the specific geometry of this seafloor

antithetic en-echelon fault system, the downward movement of the hanging wall side to the

east will lead to an increase in the slope angle of the upslope area (Figures 5.4 and 5.5). This

leads to higher shear stresses that thus negatively impact slope stability. Slope geometry has

been found to have a larger impact on stability than, for example, an altered soil structure

due to former gas occurrence (Kaminski et al., 2021) and differences in sediment properties

(Miramontes et al., 2018). The observation that the headscarps of the four landslides are

located around 300 m upslope of the location of the steepest slope (sensu Lastras et al.,

2004) further supports the importance of slope geometry.

Second, if the faults ruptured seismically, horizontal accelerations increased shear stresses in

the slopes nearby. Lafuerza et al. (2012) discussed the magnitude of such an earthquake to
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generate a local PGA of 0.24 g that relates to an Mw = 5 in an epicentral distance of 1 km

or a larger event with 7 ≥ Mw ≥ 5 at an epicentral distance of ≤ 15 km (IGN, 2023). From

the analysis of reflection seismic data with an effective penetration depth of just above one

second (Berndt et al., 2012) no large faults were observed. Thus, the small size of faults

observed and limited vertical offset will not result in a seismically significant earthquake to

simultaneously trigger all four landslides in the Eivissa Channel.

Third, faults provide vertical pathways for fluid and gas, and fault rupture can enhance fluid

flow (e.g., Geersen et al., 2016). Berndt et al. (2012) and Lafuerza et al. (2012) suggest fluids

including gas to have migrated upward beneath the Ana Slide Complex, thus decreasing the

shear strength of sediments at the basal shear surface of the Ana Slide represented by reflector

Ref. This process could have occurred in connection to the activity and re-activity of the en-

echelon fault system (Figures 5.6 and 5.12). The timing of faults and the successive failures

of pre-Ana Slide over the central and northern faults with the Ana Slide propagating over

the northern fault (and central fault) furthermore suggests that vertical fluid flow may have

repeated through the reactivation of the en-echelon fault system. While we cannot single out

the factor(s) that led to slope failure, a connection between fault activity and failure seems

evident.

5.5.4 Far-field external factors

The Balearic Promontory is generally devoid of large earthquakes > Mw => 4.5 (IGN,

2023) and there is no reason to suggest that seismicity has changed significantly since the

landslides occurred. Large-scale earthquakes occurred for instance in the Strait of Gibraltar

(e.g., 1954 Mw = 7.8 with a hypocenter in 626 km depth at 36° 59.28’ N 3° 36.72’ W) and

in the Eivissa Channel (1975 Mw = 4.5 with a hypocenter in 33 km depth at 38° 35.22’ N
0° 45.18’ E) (IGN, 2023). Slope stability modelling showed that strong earthquakes at large

distances alone are unlikely to have caused the Ana Slide (Lafuerza et al., 2012). Hence,

far-field earthquakes have not acted as triggering mechanisms for slope failures in the Eivissa

Channel unless slopes were inherently weakened by local destabilizing factors.

The occurrence of submarine landslides has often been linked to changes in global climate

and sea-level (e.g., Talling et al., 2014). In the case of Ana Slide, the chronology of repeated

failure, with failures occurring at around 1.41 Ma (± 282 ka), 300 ka, and 61.5 ka ago,

speaks against a climatic trigger. This is because the occurrence does not directly relate to

ice-age timings or prevailing processes of, for instance, Milankovitch cycles including periods

of precession at 21 ka, obliquity at 41 ka, and eccentricity at 95 ka (e.g., Maslin, 2016). The

fact that the occurrence rate of landslides is approximately and at least 240 ka and that

slope failures occurred around 61.5 ka ago speaks against slope failures in the near future.

Furthermore, the fact that the basal shear surface is represented by reflector Ref which is

the basal shear surface of the primary and secondary failures of Ana Slide shows that it

developed after some hundred thousand years of consolidation.
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5.6 Conclusions

Previous studies have suggested sea-level lowering, gas migration, earthquakes, or a combi-

nation of these to be responsible for the occurrence of submarine landslides in the Eivissa

Channel. Here, we re-evaluate these hypotheses by integrating new information on the ge-

ological setting and landslide dynamics of one of the four Eivissa Channel landslides. The

sedimentary package that comprises the Ana, Joan, Nuna, and Jersi slides probably con-

sists of intrinsically weak material that is easily deformed when loaded. This package is

overlying a mechanically stronger sediment layer. The interface between both represents a

change in mechanical properties and possibly also lithology. The upper layer is probably not

per se weak as it displays normal shear strength values (Lafuerza et al., 2012). Given the

widespread occurrence of free gas and the capability of free gas to negatively affect slope

stability (Kaminski et al., 2020), we suggest that focused episodic fluid or gas flow along

fault systems are agents for repeated slope failure. We here show the repeated activity of

a local seafloor antithetic en-echelon faults system to correlate with repeated slope failure

of pre-Ana and Ana slides. Faults observed beneath Joan and Nuna slides together with

amplitude anomalies beneath Jersi Slide support this hypothesis along with a local seismic

trigger. Repeated slope failure occurrences are separated by significant time periods of 61.5

ka, 300 ka, and 1.41 Ma ago (± 282 ka) making slope failure in the Eivissa Channel unlikely

in the near future.
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Figure 5.13: (Figure on previous page). Extent of Messinian Units in and around the Balearic
Promontory (adapted from Driussi et al. (2015) and Ochoa et al. (2015)). The red ‘Margin Erosional
Surface extension’ represents the extent of the Messinian Unconformity reflector without secondary
erosional products above. The light blue ‘Erosional product derived from the MSC’ represents sili-
ciclastic erosional products derived from the Margin Erosional Surface (called the Bedded Unit by
Driussi et al., 2015). The ‘Potentially mobile Unit extension’ represents the extension of a potential
mobile unit that is underlain by the ‘Mobile Unit’. The spacing of contour lines is 500 m. Map
modified from Driussi et al. (2015) and Ochoa et al. (2015).
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6 Conclusions and Outlook

The analysis and characterisation of submarine landslides are important to understand re-

lated geohazards and tsunami generation by identifying the destabilising factors that pre-

condition or trigger slope failures. Furthermore, the processes of slope failures and how they

interact and mix with seawater need to be understood. From the study of smaller landslides,

with a presumably simpler development, processes that govern them can be analysed and

understood more easily. This understanding can then be scaled up to explain how larger

landslides develop and what pre-conditions or triggers them and how this relates to their

tsunamigenic potential. While still in its infancy, the monitoring of active failure processes

will provide insight into how landslides or their subsidiary turbidity currents interact and

erode the seafloor. This has critical implications for the design of offshore seafloor installa-

tions. Similarly, geotechnical characterisation and integration with geophysical methods are

increasingly needed to better constrain the instability of the seafloor for offshore platforms

and wind farm design, planning, and construction.

This thesis comprises the analysis of an extensive geophysical dataset and 3D reflection seis-

mic data that completely cover Ana Slide located in the Eivissa Channel, western Mediter-

ranean Sea, between the Iberian Peninsula and the Eivissa Islands of Ibiza and Formentera.

Knowledge from Ana Slide is extended to better constrain landslide development and em-

placement processes of the similar Joan, Nuna, and Jersi slides. The novelty of this dataset

allowed for cautious predictions regarding destabilising factors that controlled slope failures

in the past.

6.1 Conclusions

Ana Slide is the smallest of four recent landslides in the Eivissa Channel with an area of

4.8 km2 located at water depths between 635 - 790 m. This landslide developed during

two major stages of failure called the ’primary’ and ’secondary’ stage, respectively. During

these, several smaller landslide events occurred that successively moved landslide material

from the upslope source area of evacuation into the downslope sink area of accumulation

(Chapter 3). The movement of these smaller failures changed direction temporally during

the development of Ana Slide. The primary failure comprised the majority of the landslide

material mobilised within Ana Slide. During this stage, the downslope-most landslide front

was created. Landslide material moved initially from East to West but diverged in a more
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south-westerly direction following local seafloor morphology in the sink area at a later stage of

failure. The morphology was previously modified by the activity of a local seafloor antithetic

en echelon fault system. The location of the present-day headscarp marks the latest stage of

retrogression. The present-day headscarp is around 300 m upslope from where the steepest

slope was located before Ana Slide. The secondary failure occurred around 61.5 ka ago and

because the primary failure occurred around 300 ka ago both stages of failure are temporally

separated by approximately 240 ka.

While the tsunamigenic potential of Ana Slide has not been examined directly through

modelling, the volume of actually mobilised landslide material is estimated in Chapter 4 at

0.040 km3. This volume is smaller than previously proposed by Lastras et al., 2004 at 0.140

km3, although these authors describe it as ’affected’ material. Nonetheless, the detailed

analysis of Ana Slide presented in Chapter 3 demonstrates that a better understanding of

slope failure processes decreases the estimation of landslide volume. A volume of only 0.016

km3 of fully evacuated landslide material might indicate that the tsunami hazard of Ana Slide

is potentially even smaller. This is especially true considering that Ana Slide shows features

of multistage retrogression from a segmented headscarp and the failure is subdivided into

two separate stages of failure (the primary and secondary failures as presented in Chapter 3).

Likewise, Joan, Nuna, and Jersi slides show many geomorphological similarities and signs

for multistage retrogression (Lastras et al. (2004) and Chapter 5) making their tsunamigenic

potential and volume likely smaller and less significant. Furthermore, all four landslides

and the buried pre-Ana Slide show well-developed frontal lobes and no mobilised landslide

material is observed downslope of these. This means that these landslides developed generally

as frontally confined without the generation of resolvable turbidite deposit downslope the

landslide fronts.

The four recent submarine landslides in the Eivissa Channel share the same stratigraphic

reflector as their basal shear surface or ’glide plane’ (Lastras et al., 2004) and are called

the reference reflector Ref in this thesis (Chapter 3). This reflector also marks the depth

of deformation of compressional ridges and chaotic seismic facies in the sink areas of Ana,

Joan, Nuna, and Jersi slides. This infers that this reflector either represents a weak layer

or that distinct geo-mechanical variations occur immediately above this layer. Changes in

sedimentation potentially resulted in the deposition or stacking of geo-mechanically distinct

layers controlled by climatic variability, changes in ocean circulations, changes in sediment

fluxes from rivers on the Iberian Peninsula, or the availability of nutrients in shallow waters

(Chapter 5). These factors also affect the pressure regime of a proposed weak layer to pre-

condition slope failures in the Eivissa Channel that potentially were triggered by a regional

mechanism of earthquake shaking. However, no undisturbed samples of the proposed weak

layer exist and thus cores are needed to test these hypotheses.

Overall, the destabilising factors for the four recent submarine landslides in the Eivissa

Channel are a combination of prevailing conditions and the presence of a weak layer. These

developed into a basal shear surface of repeated slope failures of Ana Slide during the primary
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and secondary failures. Since the weak layer is located at variable depth beneath the seafloor,

it only developed instability after consolidation, during which changes in physical properties

facilitated failure on the whole eastern slopes of the Eivissa Channel. Furthermore, the

interplay between recurrent local fault activity observed beneath the Ana Slide Complex and

potentially pulsed fluid and gas migration along this fault system indicates that submarine

occurrences are controlled by local processes while the ultimate triggering mechanism was

likely a far-field large-scale earthquake that simultaneously caused Ana, Joan, Nuna, and

Jersi slides to fail.

In summary, the volume assessment of Ana Slide serves as a prime example that determining

landslide volume requires detailed knowledge about development and emplacement processes.

In the case of Ana Slide, a significant reduction in the amount of landslide material involved is

proposed. The amount of landslide material involved in the landslide, here called the ’initially

failed volume’, is estimated to be 0.040 km3, nearly a third from the original calculation.

Even tough this, so far, can only be proved for Ana Slide, by using methods to reconstruct the

pre-failure seafloor for a given landslide, in general the volume of actually mobilised landslide

material can be potentially smaller than previously thought. Still much research is needed to

predict and understand the underlying processes that control the tsunamigenic potential of

submarine landslides. Not only the role of the landslide mechanism and the ’initially failed

volume’ is important but also the lithology of landslide materials, runout velocities, processes

of landslide material and sea-water mixing, and the height drop between the source and sink

areas (e.g., Harbitz et al., 2014).

6.2 Implications

The amount of landslide material of Ana Slide that evacuated the source area ’Vevoid’ com-

pletely accumulated inside the sink area as ’Va’. Both volumes represent the same material

with volumes of 0.016 km3. It shows that Ana Slide is volumetrically balanced. Because Ana

Slide is covered by 3D reflection seismic data in its entirety, the amount of the ’initially failed

volume’ Ve could be determined to comprise the volumes of Vevoid in combination with the

amount of landslide material that was mobilised inside the source area but remained inside

of it (Ver). Together these volumes represent the initially failed volume Ve of 0.040 km3. If

no reflection seismic data had been available, we could have only determined the amount of

Vevoid from pre-failure seafloor reconstructions. Thus, volume assessment from bathymetry

should serve as minimum values of the initially failed volume.

The amount and extent of chaotic, transparent, and disrupted seismic facies is an insufficient

measure for the initially failed volume of submarine landslides. Instead, the void space

between the reconstructed pre-failure and the present-day seafloors inside the source area

provides a more robust minimum estimate referred to as Vevoid. Nevertheless, any volume

assessment should be ideally proved using 3D reflection seismic data.
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6.3 Outlook

To further study submarine landslides in the Eivissa Channel, it is recommended to compile

all available geophysical data. This should articular include reflection seismic data acquired

with a sparker source with a potentially high resolution during the COBAS cruise in 2004

(Lafuerza et al., 2012). This data was not incorporated to this study as it is currently not

accessible. On the other hand, sediment echosounder profiles can be used to image the sub-

seafloor covering the upper 50 m and the Messinian Unconformity reflector. Furthermore,

the 3D reflection seismic data can be extend in order to cover pre-Ana Slide and the southern

continuation of the seafloor antithetic en echelon fault system (Chapters 3, 4, and 5).

Additional reflection seismic data could provide critical information about the exact interac-

tion between pre-Ana and Ana slides related to local fault reactivation of the en echelon fault

system and repeated slope failures. Even though this can only be inferred at the moment, it

would be possible to verify through further 3D seismic surveying. Also, fault displacement

diagrams from the en echelon fault system (central and northern fault) could provide infor-

mation about fault growth, as the pre-Ana Slide moved over the central and northern faults

(Chapters 3 and 5), while Ana Slide propagated primarily above the northern fault (Chapter

3). Moreover,a channel that eroded into the Messinian Unconformity reflector is observed

in the 3D reflection seismic data (Berndt et al., 2012) and presented in Chapters 3 and 5).

A correlation between this channel and the en echelon fault system that to some degree

controlled pre-Ana and Ana slides is undeniable. Therefore, closely-spaced multi-channel

reflection seismic lines could provide links between the control of the local tectonic history

and differential compaction of the channel fill potentially acting as a local trigger mechanism.

Besides additional reflection seismic data, long gravity cores to sample the weak layer ref-

erenced here as reflector Ref (Chapters 3, 4, and 5) could provide information about its

lithology, sedimentology, and geo-mechanical properties. The maximum penetration depth

of conventional gravity cores is around 30 m. The sedimentary environment inside the Eivissa

Channel is assumed to have not changed since before the occurrence of pre-Ana Slide (Chap-

ters 3 and 4). Therefore, deeper materials are assumed to be similar concerning their grain

size and sediment matrix that should be readily penetrated by gravity cores. Feasible loca-

tions for gravity cores that sample the proposed weak layer are at about 100 m upslope of the

headscarps of all landslides in the Eivissa Channel, inside the landslide scar where evacuated

landslide material remained inside the source area, and inside the sink area where landslide

material accumulated. Inside the sink area, the nature of the ’depth of the deformation

layer’ (sensu Chapter 5) that is represented by reflector Ref could provide valuable insight

into how compressional tectonics on a microscopic scale compare with macroscopic features

observed in sediment echosounder and reflection seismic profiles. In addition, gravity cores

and sediment echosounder profiles from steep slope sections, such as North of Jersi or South

of Ana slides could constrain the interplay between deposition and slope stability with the

potential to shed light on why steep areas are less prone to failure.
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New core locations can further be designed to capture lateral changes in the lithology and

depositional environment within the Eivissa Channel. Cores should be taken from shallow

(500 m) to deep (900 m) locations from East to West, respectively. To evaluate the influ-

ence of bottom current activity and re-deposition along the slope, cores should be obtained

between local highs and lows, for example immediately South and North of Ana Slide or

East-West of Nuna Slide where an acoustic basement outcrop on the seafloor is observed

(HERMESIONE, 2009) (Figure 2.2 and 5.12). Overall, gravity cores should be obtained

from all landslides with a focus on Ana Slide. Here, re-sampling of larger or multiple cores

would allow destructive geotechnical measurements to be performed.

The results of this thesis demonstrate that studying small submarine landslides such as those

in the Eivissa Channel is valuable to better understand slope failure processes on a larger

scale. Nonetheless, all sampling methods and their recovery affect in-situ conditions, such as

pressure, stress, temperature, and chemical conditions. It would be more feasible to acquire

additional reflection seismic data with a focus on constraining local tectonic features and

processes that influence fluid and gas migration pathways. For instance, a local fault system

is identified immediately beneath the Ana Slide Complex and could have controlled local

recurrent slope failure. These tectonic features were identified by sub-bottom profiler and

reflection seismic data (sensu Chapters 3 and 5), yet the analysis presents more questions

than answers.

The complete coverage of 3D reflection seismic data specifically targeting Ana Slide allowed

for a very comprehensive analysis of development and emplacement processes. Furthermore,

the detailed understanding sparked additional studies by answering the objectives outlined

above.
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Appendix

Here, a table gathering all geophysical data acquired during several cruises to the Eivissa

Channel previously presented in Chapter 2.5.1 (Table 6.1) is presented that comprises the

database of this thesis. Furthermore, from detailed analysis of geophysical data a complete

geomorphometric table of submarine landslides in the Eivissa Channel, western Mediter-

ranean Sea is presented in Table 6.2. This table uses geomorphometric parameters previ-

ously presented by Clare et al. (2019) and shows additional parameters specifically related

to studies presented in Chapters 3, 4, and 5 covering the Ana, pre-Ana, Joan, Nuna, and

Jersi slides.
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Cruise Year Vessel Bathymetry Sub-
Bottom
Profiler
Data
(TOPAS)

Reflection
seismic
data

Side-
scan
sonar
im-
ages

Additional
data

Jersi Slide Nuna Slide Joan Slide Ana Slide Publication

BIG’95 1995 BIO
Hespérides

50 x 50 m
(EM12)

very low
quality, no
digital

- - - bathymetry bathymetry bathymetry bathymetry Lastras et al., 2004; Las-
tras et al., 2006; Berndt
et al., 2012

MARI-
NADA

2002 BIO
Hespérides

50 x 50 m
(EM12)

High quality
(TOPAS
PS018)

- - - bathymetry,
sediment
echosounder

bathymetry,
sediment
echosounder

bathymetry,
sediment
echosounder

bathy-
metry,
sediment
echosounder

Lastras et al., 2004; Las-
tras et al., 2006; Lafuerza
et al., 2012

COBAS 2004 R/V Ura-
nia

- - Sparker re-
flection seis-
mic profiles
(?)

Chirp-
sonar
(?)

Gravity
cores (?)

- - - ? mentioned by Lafuerza
et al., 2012, abandoned
manuscript G. Lastras,
personal communication,
December 16, 2022

CD178 2006 RRS
Charles
Darwin

5 x 5 m (EM-
12)

- 3D reflec-
tion seismic
data

- re-
processed
2D profiles
(presented
by Sager et
al. (2022))

- - - bathymetry,
3D seismic

CD178, 2006; Berndt et
al., 2012; Lafuerza et al.,
2012; Panieri et al., 2012;
Sager et al., 2022

BALICAT
TTR-14
Leg 2b

2006 R/V Pro-
fessor Lo-
gachev

- - - MAK-
1M 30
kHz (2
x 2 m)

- side-scan
sonar

side-scan
sonar

side-scan
sonar

side-scan
sonar

Lastras et al., 2006

PRISM 2007 R/V
L’Atalante

- - - - CPTu mea-
surements
and gravity
cores

- - - CPTu and
corings

Lafuerza et al., 2012

EURO-
LEON

2007 BIO
Hespérides

20 x 20 m
(EM120), 2 x
2 m (EM3000
in up slope
region of Ana
Slide)

low quality
(TOPAS
PS018)

- - SeaEye
Linx, video
transects

bathymetry,
sediment
echosounder

bathymetry,
sediment
echosounder

bathymetry,
sediment
echosounder

bathymetry

HERME-
SIONE

2009 BIO
Hespérides

25 x 25 m
(EM120)

High quality
(TOPAS
PS018)

airgun 2D
reflection
seismic
profiles

- multi-corer
and gravity
cores

bathymetry,
sediment
echosounder,
sediment
sampling,
2D seismic

bathymetry,
sediment
echosounder,
sediment
sampling,
2D seismic

bathymetry,
sediment
echosounder,
2D seismic

bathymetry,
sediment
echosounder

HERMESIONE, 2009

Table 6.1: All available geophysical data for submarine landslides on the eastern slopes of the Eivissa Channel including Jersi, Nuna, Joan, and Ana
(pre-Ana) slides used in this thesis. Detailed information about seismic processing of reflection seismic data acquired during cruise CD178 is presented in
Sections 2.5.1.3 and 2.5.3.
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
1 ID Sequential number of each land-

slide entry in the database
- - - - - -

2 Parent ID Parent refers to the landslide
complex; individual ID numbers
are for each mapped landslide

- - - - - -

3 Name Published name for landslide pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide -
4 Aliases Other names for the landslides - - - - - -
5 Frontal con-

finement
’Frontally-confined’, ’frontally-
confined with overrunning flow’,
’frontally-emergent’, ’frontally
unconfined’ or ’not identified’

frontally confined frontally confined -
frontally confined with
overrunning flow

frontally confined with
overrunning flow

frontally confined frontally confined -

6 Attachment Attached or detached as defined
by Moscardelli and Wood, 2008

- - - - - -

7 Object type Single event (mass-transport de-
posit) or multiple events (mass-
transport complex). Multiple
events should be linked to a par-
ent ID

multi-staged retrogres-
sive landslide

multi-staged retrogres-
sive landslide

multi-staged retrogres-
sive landslide

multi-staged retrogres-
sive landslide

multi-staged retrogres-
sive landslide

single event or
multi-staged land-
slide (retrogressive) -
constrained from the
shape of the head-
scarp or landslide
front

8 Depth be-
low seafloor
(TWTT in
ms)

For landslides measured from sub-
surface data, this is the depth to
the top of the landslide deposit.
If calculated from seismic data,
the two-way travel time (TWTT)
should also be referenced. If
mapped from seafloor data with-
out seismic or core sample calibra-
tion this will not be possible to
complete

in the sink area (ap-
proximately): 73 ms
= 54.75 m (with Vp
1500 m/s) in the source
area (approximately):
20 ms = 15 m (with Vp
1500 m/s)

buried beneath a ca.
2.5 - 3 m thick post-
landslide drape

buried beneath a ca.
2.5 - 3 m thick post-
landslide drape

buried beneath a ca.
2.5 - 3 m thick post-
landslide drape

buried beneath a ca.
2.5 -3 m thick post-
landslide drape

-

9 Depth below
seafloor (m)

For landslides measured from sub-
surface geophysical data, this is
the depth in TWTT to the top of
the landslide deposit

- - - - - -

10 Depth below
seafloor (m)

For landslides measured from sub-
surface geophysical data, this is
the depth in TWTT to the top of
the landslide deposit

- - - - - -

11 Latitude and
longitude
(WGS)

Centre-point of the mapped fea-
ture. It is recognised that the en-
tirety of a landslide may not be
visible due to data coverage lim-
itations; hence, this is primarily
intended to locate the feature on
a global database

Latitude: 38°38′30′′

Longitude: 0°48′20′′
Latitude: 38°38′25′′

Longitude: 0°48′50′′
Latitude: 38°41′00′′

Longitude: 0°47′25′′
Latitude: 38°43′20′′

Longitude: 0°47′35′′
Latitude: 38°47′20′′

Longitude: 0°47′10′′
measured from the
central point (rel-
atively subjective
measurement)

12 Water depth
minimum (m)

Minimum water depth for
mapped landslide (only possible
from multibeam data)

buried MTD 635 m 610 m 705 m 750 m -

13 Water depth
maximum
(m)

Maximum water depth for
mapped landslide (only possible
from multibeam data)

buried MTD 790 m 870 m 855 m 905 m -
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
14 Total length

Lt (m)
Total mappable length of slide
from the upslope limit of the
headscarp to the downslope limit
of the connected deposit (excludes
out-runner blocks). This is mea-
sured along the axial course of the
landslide if possible (e.g., from
multibeam echosounder (MBES)
data), otherwise this is a straight
line (e.g., measured from 2D seis-
mic data) and is an ‘apparent’
length measurement. Detail on
the method should be listed as ac-
companying metadata

5.3 km 4.1 km 7.7 km 5.9 km 4.5 km measure from the
headscarp to the
landslide front (max-
imum length) -
straight line

15 Deposit
length, Ld
(m)

Total mappable length of the
slide deposit (excludes outrunner
blocks). This is measured along
the axial course of the landslide
if possible and, hence, is not nec-
essarily a straight line (e.g., from
MBES data); otherwise, this is a
straight line (e.g., measured from
2D seismic data) and is an ‘appar-
ent’ length measurement. Detail
on the method should be listed as
accompanying metadata

- - - - - length of the de-
posit meaning length
of the sink area (ad-
dressed below as the
length of the accu-
mulation sink area)

16 Evacuated
length, Le
(m)

Length of the scar from the head-
scarp to the upslope limit of de-
posit measured along the axial
course of the landslide. Should be
equal to Lt minus Ld

- - - - - length of the evac-
uational source area
(addressed below)

17 Length meta-
data

For example, is this measured
from a section and is it an appar-
ent measurement (and thus may
be an underestimate), or other-
wise how was the distance calcu-
lated?

- - - - - length of the by-pass
zone (measure from
profiles)

18 Scar perime-
ter length, Ls
(m)

Length of scar perimeter includ-
ing side scarps. A spline should
be fitted to the mapped scarp
to ensure consistency at different
data resolutions

- - - - - measured from
picked polygons
(little inconsistency)
- not measured from
Kingdom

19 Headscarp
height, Hs
(m)

Height difference from the maxi-
mum convex point at the top of
the headscarp to the maximum
concave point at the bottom

- 30 m 20 m 50 m 15 m measured from Las-
tras et al., 2004

20 Evacuation
height, He
(m)

Height from the upslope limit of
the landslide deposit to the ups-
lope limit of the headscarp

- - - - - -

21 Scar width,
Ws (m)

Maximum scar width 2.1 km 1.6 km 4.0 km 2.2 km 2.1 km -
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
22 Scar surface

nature
Descriptive explanation (e.g.,
concave, stepped, etc.)

- - - - - add more to this
(overall morphology
- are compressional
ridge presented -
how far do they ex-
tend and where are
they located, grooves
or longitudinal fea-
tures throughout the
middle part i.e. the
translational domain
(by-pass zone). . .
etc.

23 Maximum de-
posit width,
Wd (m)

Maximum deposit width (mea-
sured orthogonal to the deposit
length, Ld)

2.1 km 1.6 km 4.0 km 1.6 km 2.0 km width of the sink
area

24 Maximum
deposit thick-
ness, Td max
(TWTT in
ms)

Maximum measured deposit
thickness in metres. Detail
should be provided in the accom-
panying metadata as to how this
was measured (e.g., from height
on bathymetry or from seismic
data) (and where)

65 ms = 48.75 m (with
Vp 1500 m/s) complete
seismic coverage

52 ms = 39 m (with
Vp 1500 m/s) complete
seismic coverage

70 ms = 52.5 m (with
Vp 1500 m/s)

60 ms = 45 m (with Vp
1500 m/s)

55 ms = 41.25 m (with
Vp 1500 m/s)

calculated as the
maximum thickness
of all affected sedi-
ment and material

25 Maximum
deposit thick-
ness, Td max
(m)

Maximum measured deposit
thickness in TWTT

20 m (this study) 15 m (Sager et al.,
2022)

16.5 m 9 m 11.25 m calculated by
horizon-flattening of
Ref with assumed
predictable thickness
between Ref and
SFR 5

26 Maximum
unconfined
deposit thick-
ness, Tu
(TWTT in
ms)

Maximum measured unconfined
deposit thickness

- - - - - similar to the thick-
ness of accumulated
landslide material in-
side the sink area

27 Maximum
unconfined
deposit thick-
ness, Tu
(m)

Maximum measured unconfined
deposit thickness in TWTT

- - - - - similar to the thick-
ness of accumulated
landslide material in-
side the sink area

28 Thickness
metadata

How was the thickness calculated?
For example, derived from multi-
beam data, measured from seis-
mic (with which assumed seismic
velocity?) or calibrated with core
sampling data?

reflection seismic data reflection seismic data sub-bottom parasound sub-bottom parasound sub-bottom parasound -

29 Total height
drop, Ht (m)

Height from the downslope limit
of the landslide deposit and the
upslope limit of headscarp

- 155 m 250 m 150 m 155 m calculated from the
water depth min to
water depth max

30 Slope gra-
dient, S
(°)

Measured laterally away from the
scar outside of the zone of defor-
mation. This is intended to give
an estimate of the gradient of the
unfailed slope

- 2.2° 1.1° 1.5° 2° calculated from the
total height drop, Ht
(m) and the total
length, Lt (m)

31 Slope gradi-
ent metadata

Notes added here to indicate the
distance of the lateral offset of the
measurement, distance over which
the gradient was measured and
any uncertainties, etc.

- CD178 bathymetric
map (5 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

-
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
32 Slope gra-

dient of the
headscarp, Ss
(°)

Maximum slope of the headscarp - 25° 18° 20° 22° highly dependent on
the resolution of the
bathymetric maps

33 Slope gra-
dient of the
headscarp
metadata

Notes added here to indicate
where this was measured, the dis-
tance over which the gradient was
measured and any uncertainties,
etc.

- CD178 bathymetric
map (5 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

-

34 Slope gra-
dient at the
toe, St (°)

Measured in front of the toe out-
side of the zone of deformation.

- 1° 1° 1° 1° -

35 Slope gradi-
ent at the toe
metadata

Notes added here to indicate the
distance of the lateral offset of the
measurement, the distance over
which the gradient was measured
and any uncertainties, etc.

- CD178 bathymetric
map (5 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

HERMESIONE bathy-
metric map (25 m grid)

-

36 Basal surface
type

Description of the basal surface,
if mappable (e.g., rugose, planar,
etc.)

no mappable (planar) no mappable (planar) no mappable (planar) no mappable (planar) no mappable (planar) -

37 Upper sur-
face type

Description of the upper surface,
if mappable (e.g., rugose, smooth,
etc.)

rugose with compres-
sional ridges

rugose with compres-
sional ridges

rugose with compres-
sional ridges

rugose with compres-
sional ridges

rugose with compres-
sional ridges

-

38 Volume
(km3)

Calculated deposit volume 0.040 km3 0.016 km3 - - - Deposited volume
should refer to
landslide material
accumulated inside
the sink area, thus
what was calculated
for Ana Slide (Chap-
ter 4) - requires 3D
data for pre-Ana
Slide

39 Volume
metadata

How was the volume calculated?
What are the assumptions?
Which published method was
used (if any?)

- - - - - -

40 Age (years
BP)

If known, this is the age of the
landslide in years. This may be
an absolute value or a constrained
age (e.g., 45 ka.)

- 61.5 ka. assumed to be similar
to Ana Slide (see dis-
cussion below)

assumed to be similar
to Ana Slide (see dis-
cussion below)

assumed to be similar
to Ana Slide (see dis-
cussion below)

-

41 Age error Where available, the error ranges
of the dates should be presented

- - - - - -

42 Age meta-
data

Information on the dating
method, uncertainties, where the
sample was taken (location and
depth relative to the landslide
deposit) and any assumptions
should be referenced. Here the
source of the age should also be
referenced

- Cattaneo et al., 2011
(EGU abstract)

- - - -

43 Seafloor fea-
tures

Which seafloor features are
present - how do they look like,
correlation with the landslide
(sources?)

- pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no reflection seismic
evidence

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

-
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
41 Age error Where available, the error ranges

of the dates should be presented
- - - - - -

42 Age meta-
data

Information on the dating
method, uncertainties, where the
sample was taken (location and
depth relative to the landslide
deposit) and any assumptions
should be referenced. Here the
source of the age should also be
referenced

- Cattaneo et al., 2011
(EGU abstract)

- - - -

43 Seafloor fea-
tures

Which seafloor features are
present - how do they look like,
correlation with the landslide
(sources?)

- pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no reflection seismic
evidence

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

pockmarks in the vicin-
ity of the landslide
(Lastras et al., 2006)
- no sub-bottom para-
sound coverage

-

44 Seafloor
features
metadata

Useful additional information
about seafloor features in the
vicinity or in association with
the landslide deposit, such as
evidence of fluid expulsion (e.g.,
pockmarks)

evidence for sub-
surface fluid and has
migration (Berndt
et al., 2012)

evidence for sub-
surface fluid and has
migration (Berndt
et al., 2012). Lastras
et al., 2004 indicate
the presence of pock-
marks and volcanic
centres on the eastern
slopes of the Eivissa
Channel

Lastras et al., 2004
indicate the presence
of pockmarks and vol-
canic centres on the
eastern slopes of the
Eivissa Channel

Lastras et al., 2004
indicate the presence
of pockmarks and vol-
canic centres on the
eastern slopes of the
Eivissa Channel

Lastras et al., 2004
indicate the presence
of pockmarks and vol-
canic centres on the
eastern slopes of the
Eivissa Channel

-

45 Data type Data on which the mapping
was based. High-level state-
ment (e.g., bathymetry, combined
bathymetry and geophysics, core,
deep seismic).

combined bathymetry
and geophysics - 2D
and 3D reflection seis-
mic data

combined bathymetry
and geophysics - 2D
and 3D reflection
seismic data, recurrent
bathymetric survey,
side-scan sonar images

combined bathymetry
and geophysics - sub-
bottom parasound
profiles, recurrent
bathymetric survey,
side-scan sonar images

combined bathymetry
and geophysics - sub-
bottom parasound
profiles, recurrent
bathymetric survey,
side-scan sonar images

combined bathymetry
and geophysics - sub-
bottom parasound
profiles, recurrent
bathymetric survey,
side-scan sonar images

-

46 Data type
metadata

Data on which the mapping was
based – more details can be pro-
vided here on combinations of
sources (e.g., hull-mounted multi-
beam data, AUV data, 2D/3D
seismic, sediment cores, etc.).
This may be a combination of
sources

BIG’95, MARINADA,
BALICAT TTR-14,
CD178, PRISM

BIG’95, MARINADA,
BALICAT TTR-14,
CD178, PRISM

BIG’95, MARINADA,
BALICAT TTR-14,
EUROLEON, HER-
MESIONE

BIG’95, MARINADA,
BALICAT TTR-14,
EUROLEON, HER-
MESIONE

BIG’95, MARINADA,
BALICAT TTR-14,
EUROLEON, HER-
MESIONE

BALICAT TTR-14

47 Data source Reference to where the data came
from (e.g., the data provider and
the cruise, etc.). This should, ide-
ally, include a hyperlink(s)

see above see above see above see above see above -

48 Data reposi-
tories

Where can the raw/processed
data be found if they are avail-
able? This should include a hy-
perlink if available

see above see above see above see above see above -

49 Publication
source

Where is the peer-reviewed
source? If there is not one,
then link to a cruise report or
equivalent. If not published, then
this needs to be flagged. This
should include a hyperlink

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

-
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
50 Depth be-

low seafloor
metadata

Notes to accompany the depth.
For instance, is it the only mea-
surable depth, an average depth
or maximum depth? What was
the assumed (or calibrated) seis-
mic velocity?

all volume and thick-
ness estimates have
been made by using
a seismic velocity of
1500 m/s

all volume and thick-
ness estimates have
been made by using
a seismic velocity of
1500 m/s

all volume and thick-
ness estimates have
been made by using
a seismic velocity of
1500 m/s

all volume and thick-
ness estimates have
been made by using
a seismic velocity of
1500 m/s

all volume and thick-
ness estimates have
been made by using
a seismic velocity of
1500 m/s

-

51 Data contact Who is the contact for this
dataset?

- - - - - -

52 Database
entry attri-
bution

Who entered the data in the
database?

- - - - - -

53 Database en-
try notes

Any specifics to the data that
were entered. For example, was
the length recalculated from that
in the original published mate-
rial?

- - - - - -

54 Data horizon-
tal resolution

What is the horizontal resolution
of the data from which the mea-
surements were made?

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

-

55 Data vertical
resolution

What is the vertical resolution of
the data from which the measure-
ments were made?

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

see separate table
for more information
(coverage, publication,
data type, etc.)

-

56 Additional
notes

Comments on any other informa-
tion/considerations that should
be borne in mind when using
these data

- - - - - -

57 Shape of the
landslide

Hour-glass (narrow middle corri-
dor), downslope-widening, downs-
lope narrowing, central bulge?

hour-glass (narrow
middle corridor)

hour-glass (narrow
middle corridor)

plum - downslope
widening

if considered as two
several landslides -
hour-glass (narrow
middle corridor)

- -

58 Volume of all
affected sedi-
ment and ma-
terial

Use the best terminology to de-
termine the landslide volume (Ve
and Va versus volume of all af-
fected sediment and material)

0.254 km3 0.120 km3 (Lastras et
al., 2006; Sager et al.,
2022)

0.40 km3 (Lastras et
al., 2006)

0.31 km3 (Lastras et
al., 2006)

0.19 km3 (Lastras et
al., 2006)

-

59 Shape of the
headscarp

Irregular, outlines several am-
phitheatre headscarp, smooth
(form described otherwise)

unknown southern ex-
tent - irregular

outlines several am-
phitheatre headscarps

outlines several am-
phitheatre headscarps

outlines several am-
phitheatre headscarps

outlines several am-
phitheatre headscarps

60 Shape of
the landslide
front

Irregular, outlines several stages
of failure, smooth (form described
otherwise)

outlines several stages
of failure

relatively smooth (sev-
eral stages of failure
- biggest one reached
the landslide front
and later ones were
smaller)

relatively smooth (no
coverage)

relatively smooth (sev-
eral stages of failure -
diverging towards the
NW)

relatively smooth (sev-
eral stages of failure -
diverging towards the
NW)

-

61 Extensional
and/or
compres-
sional ridges
present on
the surface

- compressional ridges
inside the sink area
(CD178 3D reflection
seismic data)

extensional and com-
pressional ridges (ob-
served from side-scan
sonar images acquired
during the BALICAT
TTR-14 cruise)

extensional ridges (ob-
served from side-scan
sonar images acquired
during the BALICAT
TTR-14 cruise) - com-
pressional ridges not
observed (not covered
by the data)

extensional and com-
pressional ridges (ob-
served from side-scan
sonar images acquired
during the BALICAT
TTR-14 cruise)

extensional and com-
pressional ridges (ob-
served from side-scan
sonar images acquired
during the BALICAT
TTR-14 cruise)

observed from side-
scan sonar images
acquired during the
BALICAT TTR-14
cruise
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pre-Ana Slide Ana Slide Joan Slide Nuna Slide Jersi Slide Comment
62 Metadata

for surficial
extensional
and/or com-
pressional
ridges

Where are these feature visible 2D and 3D reflection
seismic data

bathymetric maps,
side-scan sonar images,
2D and 3D reflection
seismic data

bathymetric maps,
side-scan sonar images,
sub-bottom parasound

bathymetric maps,
side-scan sonar images,
sub-bottom parasound

bathymetric maps,
side-scan sonar images,
sub-bottom parasound

-

63 Relative com-
plexity of the
surrounding
seafloor

- relatively simple -
small landslide

relatively simple -
small landslide

relatively simple - large
landslide

complex relatively simple -
small landslide

-

64 Presence of
local faults

- local seafloor synthetic
faults and a seafloor
anti-thetic en-echelon
fault system

local seafloor synthetic
faults and a seafloor
anti-thetic en-echelon
fault system

local fault presents in-
side the source area

local faults present be-
neath the transitional
domain (by-pass zone),
overrun by the slope
failure thus active prior
to failure

no faults observed -

65 Buried and
overrun
faults

- yes yes yes yes - see Chapter 5

66 Thickness
of evacuated
landslide ma-
terial (source
area)

- - negative 20 m - - - requires pre-failure
seafloor reconstruc-
tion

67 Thickness of
accumulated
landslide ma-
terial (sink
area)

Thickness calculated for accumu-
lated landslide material in the
sink area (e.g., between present-
day seafloor and reconstructed
pre-failure seafloor)

20 m (this study) 15 m 5 16.5 m 9 m 11.25 m -

68 Straight
landslide
movement
or diverged
course?

Movement direction (main trans-
lation and movement orientation
at the landslide front)

East to west East to west East to west East to west East to NNW -

69 Areal extent
of the land-
slide scar

- 8.2 km2 4.8 km2 ca. 23.6 km2 10.2 km2 8.1 km2 landslide scar repre-
sents the outline of
the landslide

Table 6.2: Geomorphometric table of landslides in the Eivissa Channel. Parameters 1 - 59 follow Clare et al. (2019) with additional descriptions and
parameters added (60 - 69).
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