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Summary

Submarine landslides are gravity-driven mass movements that occur in underwater slope settings
worldwide. They are one of the volumetrically most important processes for transporting sediments from
the continental margin into the deep ocean. Despite the hazard they pose to coastal communities and
critical seafloor infrastructure, many aspects of submarine landslides remain poorly understood. Our
understanding of submarine landslides is often based on hypotheses that are hard to test, and we tend to
infer landslide behaviour rather than understand the reason behind their formation. Sufficient
information regarding the internal structure and composition, i.e. from sediment cores and in-situ
measurements is often missing. Therefore, some key questions still remain unanswered, which include
why some areas fail while adjacent slopes do not, or how submarine landslides can fail on low angle
slops (<2°). Many studies proposed that these phenomena and the large areal extend of submarine
landslides may be explained by laterally-extensive weak layers within the slope stratigraphy. Our
knowledge regarding weak layers, in particular their compositional and structural characteristics, as well

as the processes that control and form them, however, is still very limited.

This thesis makes use of a variety of datasets at different scales and resolution in order to both
qualitatively and quantitatively investigate the role of sediment structure and composition on weak layer
and submarine landslide formation. Furthermore, the role of the environmental setting on the formation
of weak layers, and their control on the triggering mechanism are investigated. Establishing such a
relation is crucial to identify conditions (i.e. failure mechanism) under which slope failure may occur.
Part of this thesis is a comprehensive literature review of published submarine landslide studies that
examine the failure planes and apparent weak layers of historic and ancient submarine landslides, to
evaluate what types of sediment are capable of forming weak layers and to understand their global
distribution. The results show that failure planes usually form in the vicinity of an interface between
distinct lithologies that together comprise a weak layer. The review further demonstrates that different
types of weak layers show an affinity to specific geographical and physiographical locations. These
include contourite or turbidite systems that can create siliciclastic sediment sequences, areas of high
productivity or upwelling where biogenic sediments may dominate, or regions that experience repeated

ash deposition from proximal or distal volcanic sources.

Weak layers are further investivated by means of two selected case studies, a cohesive submarine
landslide that occurred in a low angle sheeted contourite drift (namely the AFEN Slide) and a coastal
retrogressive submarine landside that initiated along a regional turbidite event bed (namely the
Finneidfjord Slide). The AFEN Slide is investigated using a combination of geophysical,

sedimentological, geochemical, and geotechnical data. These data reveal abrupt lithological contrasts
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characterised by distinct changes in physical, geochemical and geotechnical properties. The findings
indicate that failure likely initiated along this distinct climatically-controlled lithological contrast, which
marks the boundary between a sandy contourite and underlying softer mud-rich sediments. Whether
climate change played a role in triggering slope failure remains unclear, however, the data demonstrate
its role in dictating the location of the failure plane. Furthermore, the results highlight the necessity to
integrate high-resolution sediment core analyses and information about the regional setting to identify
potential weak layers over the depth range of stratigraphy. The second case study, the Finneidfjord Slide
offshore Norway, is investigated by means of high-resolution 3D micro-Computed Tomography
imaging. The results reveal clear compositional and structural differences between individual sub-units
of the weak layer, as well as the background sediment. The pore space distribution is highly spatially
variable. Such high variability may be masked by bulk porosity measurements. Bulk-porosity
measurements work on a centimetre-scale, while the observed changes are found on a millimetre-scale.
Such differences, however, may be crucial for the formation of weak layers as they appear to dictate the
location of the failure plane. These findings have important implications for understanding how weak
layers are formed and their influence on failure plane formation. The results further enable a better
constraint on the relation between environmental setting and weak layer distribution, as well as

triggering and failure mechanisms.



1X

Zusammenfassung

Submarine Hangrutschungen sind schwerkraftgetriebene Massenbewegungen, die weltweit in
Unterwasser-Hanglagen auftreten. Sie gehoren zu den volumetrisch wichtigsten Prozessen fiir den
Transport von Sediment vom Kontinentalrand in die Tiefsee. Trotz der Gefahr, die sie fiir Kiistengebiete
und wichtige Infrastrukturen am Meeresgrund darstellen, sind viele Aspekte submariner
Hangrutschungen immer noch unzureichend erforscht. Unser Verstidndnis submariner Hangrutschungen
basiert oft auf Hypothesen die schwer iiberpriifbar sind, und wir neigen dazu Folgerungen zu deren
Verhalten zu ziehen, statt ihre Ursachen zu verstehen. Es fehlt oft an ausreichenden Informationen iiber
die interne Struktur und Zusammensetzung, d.h. basierend auf Sedimentkernen oder In-situ-Messungen.
Aus diesem Grund sind einige Fragen noch ungeklart, unter anderem warum einige Bereiche rutschen,
wihrend benachbarte Hange stabil bleiben, oder wie submarine Rutschungen an Héngen mit geringem
Neigungswinkel (<2°) entstehen konnen. Viele Studien bauen darauf auf, dass diese Phdnomene und
die groBe flichenmifige Ausdehnung submariner Hangrutschungen durch lateral weitldufige
»schwache Schichten” (Weak Layer) innerhalb der Hangstratigraphie erklart werden konnen. Unser
Wissen iiber solche Schichten, insbesondere iiber ihre Zusammensetzung und strukturelle
Eigenschaften, sowie iiber die Prozesse die sie beeinflussen und formen, ist jedoch noch immer sehr
begrenzt.

Diese Dissertation nutzt eine Vielzahl von Datensédtzen verschiedener GroBenordnungen und
Auflésungen, um sowohl qualitativ als auch quantitativ die Rolle der Struktur und Zusammensetzung
des Sediments bei der Bildung von Weak Layern und submarinen Hangrutschungen zu untersuchen.
Dariiber hinaus, wird die Rolle von Umweltbedingungen bei der Bildung von Weak Layern und deren
Einfluss auf mogliche ,,Auslésemechanismen® untersucht. Diese Zusammenhinge zu verstehen ist
wesentlich um zu bestimmen, unter welchen Bedingungen (d.h. ,,Versagensmechanismen®) eine
Rutschung auftreten kann. Teil dieser Arbeit ist eine umfassende Literaturrecherche verdffentlichter
Studien iiber submarine Hangrutschungen, welche die ,,Versagensflichen® und scheinbare Weak Layer
historischer submariner Hangrutschungen untersuchen, um herauszufinden, welche Sedimenttypen in
der Lage sind Weak Layer zu bilden, sowie um deren globale Verteilung zu verstehen. Die Ergebnisse
zeigen, dass sich ,,Versagensflichen normalerweise in der Nédhe einer Grenzfliche zwischen
verschiedenen Lithologien bilden, die zusammen einen Weak Layer darstellen. Die Literaturrecherche
zeigt auBerdem, wie verschiedene Arten von Weak Layern eine Affinitit zu bestimmten geographischen
und physiographischen Standorten aufweisen. Dazu gehoren Contourite- oder Turbidit-Systeme, die
siliziklastische Sedimentsequenzen erzeugen konnen, Gebiete mit hoher Produktivitdt oder Upwelling,
in denen biogene Sedimente dominieren kdnnen, oder Regionen, die wiederholten Ascheablagerungen

aus proximalen oder distalen vulkanischen Quellen ausgesetzt sind.



Weiters werden Weak Layer anhand zweier ausgewihlter Fallstudien untersucht: eine kohisive,
submarine Rutschung, die in einem ,,Contourite Drift” mit geringem Neigungswinkel auftrat (die
AFEN-Rutschung) und eine kiistennahe, retrograde, submarine Rutschung, die entlang einer regionalen
Turbiditlage entstand (die Finneidfjord-Rutschung). Die AFEN-Rutschung wird anhand einer
Kombination aus geophysikalischen, sedimentologischen, geochemischen und geotechnischen Daten
untersucht. Diese Daten zeigen abrupte lithologische Kontraste, die durch deutliche Verédnderungen der
physikalischen, geochemischen und geotechnischen Sedimenteigenschaften gekennzeichnet sind. Die
Ergebnisse deuten darauf hin, dass die Rutschung wahrscheinlich entlang dieses ausgeprigten,
klimatisch gesteuerten, lithologischen Kontrasts begann, der die Grenze zwischen einem sandigen
Contourite und den darunter liegenden weicheren, schlammreichen Sediment markiert. Ob der
Klimawandel bei der Auslosung der Hangrutschung eine Rolle gespielt hat, bleibt ungeklart; die Daten
zeigen jedoch seine Rolle bei der Lokalisierung der ,,Versagensfliche®. Dariiber hinaus zeigen die
Ergebnisse die Notwendigkeit, hochauflésende Sedimentkernanalysen und Informationen {iiber die
regionalen Gegebenheiten mit einzubeziehen, um potenzielle Weak Layer zu identifizieren. Die zweite
Fallstudie, die Finneidfjord-Rutschung vor der Kiiste Norwegens, wird mittels hochauflésender 3D-
Mikro-Computertomographie-Bildgebung untersucht. Die Ergebnisse zeigen deutliche Unterschiede in
der Zusammensetzung und Struktur einzelner Untereinheiten des Weak Layers, sowie dem
Hintergrundsediment. Die Porenraumverteilung ist rdumlich sehr variabel. Eine solch hohe Variabilitit
kann mit ,,.Bulk*“-Porosititsmessungen nicht nachgewiesen werden. Diese ,,Bulk*“-Porositdtsmessungen
operieren auf einer Zentimeter-Skala, wihrend die beobachteten Veridnderungen auf einer Millimeter-
Skala zu finden sind. Solche Unterschiede konnen jedoch entscheidend fiir die Bildung von Weak
Layern sein, da sie die Lage der ,,Versagensebene™ zu bestimmen scheinen. Die Ergebnisse haben
malgeblichen Einfluss auf das Verstindnis, wie Weak Layer gebildet werden, sowie deren Einfluss auf
die Bildung von ,Versagensflichen“. Des Weiteren ermoglichen die Ergebnisse eine bessere
Einschidtzung des Zusammenhanges zwischen Umweltbedingungen und der Verteilung von Weak

Layern, sowie der ,,Auslose“- und ,,Versagensmechanismen®.
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understanding of weak layer formation and their control on submarine landslide inception.
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Literature on submarine landslides with information about their glide or failure planes
and weak layers increased over the years. In total, 174 references that describe 60
individual case studies were selected for this review. Review papers that initiated key
discussion on the presence and importance of weak layers are represented as stars
(Lewis, 1971; O’Leary, 1991; Masson et al., 2006, 2010; Locat et al., 2014; Huhn et
al., 2020).

Pie charts counting case studies A. without data from sediment cores or in-situ
measurements — light grey, and with data from sediment cores and in-situ
measurements — dark grey: no data from relevant sediments (i.e. basal surface of
landslide, or failure plane equivalent sediments) — no pattern, cores sampling relevant
sediments — left-tilted lines, in-situ measurements sampling relevant sediments —
right-tilted lines; B. with sediment cores and in-situ measurements from relevant
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direct shear and/or triaxial tests) — green, MSCL and geotechnical analyses — dark
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circles. Please refer to Appendix 2.A for all details. Please refer to online version for
colours.

28

29

42

44

57



Xvi

2.4

2.5

2.6

2.7

2.8

Number of case studies that carried out further analyses on available sediment cores
(for all details please refer to Appendix 2.A). Colour scale illustrates the coring
location: not sampling the relevant sediments — light yellow, sampling failure plane
equivalent sediments outside — light orange, the basal surface inside — orange, or both,
the basal surface inside and the failure plane equivalent sediments outside the slide
area — dark orange. MSCL — multi-sensor core logging, XRF — X-ray fluorescence,
SEM - scanning electron microscopy, PSD — particle size distribution. Please refer
to online version for colours.

Examples of (A) porous and (B) elongated, dense pumice, (C) mafic ash, and (D)
cuspate-dominated ash from the Hikurangi margin, New Zealand obtained from
Scanning Electron Microscopy (SEM).

Examples of (A) mainly centric diatoms from the Lower Saxony, Germany and (B)
mainly pennate diatoms from the South Sandwich Trench, South Atlantic Ocean,
obtained from Scanning Electron Microscopy (SEM; modified from Dziadek, 2014).

Overview maps of the case studies used in this review (A, C, E). Subsets represent
zoom-ins to case studies in the NE Atlantic (X) and the western Mediterranean (Y).
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(exceptions are the Eastern Sea I and II, Lofoten and Vesterdlen Slides for which
several smaller, related slides are represented by only one point). Different symbols
illustrate the data available for each landslide: A. orange cross — sediment cores/in-
situ measurements sampling relevant sediments inside slide area, orange circle —
sediment cores/in-situ measurements sampling relevant sediments outside slide area,
dark orange circle with cross — sediment cores/in-situ measurements sampling
relevant sediments inside and outside slide area, and black circle — no sediment
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1. Introduction

1.1. Submarine landslides

Submarine landslides are ‘downward and outward movements of slope-forming materials, wherein
shear failure occurs along one or several surfaces’ (Hampton et al., 1996). Such events have been
recognised in underwater slope settings worldwide (e.g. Hiithnerbach et al., 2004, Lee et al., 2007;
Chaytor et al., 2009; Urgeles and Camerlenghi, 2013). They can be exceptionally large, orders of
magnitudes larger than their terrestrial counterparts (e.g. Hithnerbach et al., 2004; Korup et al., 2007)
and are one of the volumetrically most important processes for transporting large amounts of sediment
across the continental shelf and slope into the deep ocean (Masson et al., 2006). Moreover, submarine
landslides have also been identified on remarkably low angle slopes (<2°) that are almost always stable

on land (e.g. Hampton et al., 1996; Evans et al., 2005; Krastel et al., 2019).

The socio-economic consequences of submarine landslides can be severe. They can damage critical
offshore infrastructure such as equipment needed for the hydrocarbon industry or telecommunication
cables on the seafloor (Piper et al., 1999; Fine et al., 2005; Thomas et al., 2010; Carter et al., 2014; Pope
et al., 2017). A famous example is the 1929 Grand Banks (Newfoundland) earthquake-triggered slump
that generated a turbidity current, which systematically broke all seafloor cables within 500 km distance
of the failure (Heezen and Ewing, 1952). Today, more than 95 % of the global telecommunication
transfer use a network of seafloor telecommunication cables (Urlaub et al., 2013; Carter et al., 2014;

Clare et al., 2017), and it is thus important to know which sites are suitable for their deployment.

Submarine landslides may also generate devastating and deadly tsunamis (Tappin et al., 2001; ten Brink
et al., 2009; Harbitz et al., 2014), and even small landslides can be very hazardous, if occurring in near
coastal environments. A notable example is the 1979 Nice Airport Slide offshore Nice, France that
caused fatalities, partial destruction of harbour constructions (Assier-Rzadkiewicz et al., 2000) and
generated a 2-3 m high tsunami (Gennesseaux et al., 1980). Another example is found offshore
Finneidfjord, Norway where a submarine landslide that retrogressed onshore destroyed parts of the
highway and caused fatalities (Longva et al., 2003). Many coastal areas are densely populated, with
about 1.2 billion people living within 100 km of the shoreline and many buildings and infrastructure

close to the sea (Small and Nicholls, 2003).

Their large-scale and the fact that they occur on nearly horizontal slopes, along with the inability to
observe them directly, makes submarine landslides more difficult to analyse than many other
geohazards. Consequently, they are as of yet poorly understood and hazard assessments are problematic,

or involve large uncertainties.
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1.1.1. Mechanics of submarine landslides

Submarine landslides will occur if the downwards driving forces (shear stress) exceed the resisting
forces (shear strength) of the slope material. This causes slope failure and subsequent slide movement
along one or more glide planes (e.g. Hampton et al., 1996; Lee et al., 2007). In this thesis, I refer to large
features resulting from slope failure collectively as landslide (or slide) in that they have relatively well-
defined boundaries with distinct headwalls and basal surfaces (Mulder and Cochonat, 1996). I refer to
failure plane as the surface along which failure initiates and define glide plane as the surface along
which movement occurs. Submarine landslides can feature complex failure mechanisms that can act at
the same time, and in which repeated failure along different failure planes can occur (e.g. Kvalstad et

al., 2005; Georgiopoulou et al., 2010; Kuhlmann et al, 2017; Gatter et al., 2020).

In general, a submarine landslide is the result of slope failure, which is initiated when the factor of safety

(F) drops below one (Morgenstern and Price, 1965):
F=sr (1.1)

where the shear strength (s) is defined as the maximum shear stress (zmax) the sediment can withstand
and 7 is the shear stress acting on the slope. The shear strength of a sediment can further be expressed
by the Mohr-Coulomb constitutive law (Handin, 1969) and is a function of its cohesion (¢), the effective

stress acting normal to the failure plane (o, ), the angle of internal friction (®):
S = Tmax = C + 0, tan® (1.2)

In undrained loading conditions, transient pore pressure change (Au) decreases the effective normal

stress (o, ) as it acts against the applied normal stress (o,) according to (Terzaghi, 1943):
on’ =0n—U (1.3)

As a result, the undrained shear strength (s,) is lower than the drained shear strength of sediments for

drained loading conditions.

1.1.2. Pre-conditioning factors and triggering mechanisms

Submarine landslides occur by either an increase in the applied shear stress, a decrease in shear strength
of the slope material, or a combination of both (see Eq. 1.1). Many hypotheses have been put forward
concerning factors that control the initiation of submarine landslides (e.g. Hampton et al., 1996; Locat
and Lee, 2002; Masson et al., 2006; Lee et al., 2007; Leynaud et al., 2009). These factors can be

categorised into long-term pre-conditioning factors (e.g. Lee et al., 2007) that usually act on timescales
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of hundreds to thousands of years, and short-term triggering mechanisms that operate on a timescale of

hours to days (e.g. Fine et al., 2005).

The most efficient way to decrease the shear strength of a slope material is a transient increase in pore
pressure, which causes a decrease in the effective normal stress (see Eq. 1.3). Factors that increase pore
pressure include rapid sedimentation, tectonic loading, cyclic loading (i.e. liquefaction related to
earthquakes, and tidal or storm waves), gas charging (migration or decay of organic material) and gas
hydrate dissociation, fluid flow, and dissolution processes (e.g. Hampton et al., 1996; Lee et al., 2007;
Dugan and Sheahan, 2012). Factors that may increase the applied shear stress include static
(sedimentary, glacial and tectonic overloading) and cyclic (seismic and storm wave) loading, slope over-
steepening (due to tectonic uplift, basal erosion on a submarine slope or diapirism), and volcanic activity

(e.g. Hampton et al., 1996; Masson et al., 2006; Lee et al., 2007).

A number of these factors can act as both pre-conditioning factor and ultimate trigger of slope failure.
In addition, it has to be noted that the relative importance of individual factors and the interplay between
them is still not well understood. For example, in some environments a certain triggering mechanism
will dominate, while in other regions entirely different triggers may be found (e.g. Hampton et al., 1996;

Sultan et al., 2004; Lee et al., 2007; Urgeles and Camerlenghi, 2013).

1.1.3. The role of weak layers in the inception of submarine landslides

Many studies have invoked that the presence of so-called weak layers within the slope stratigraphy plays
a key role in the formation of submarine landslides, especially for those of large extent, taking place on
nearly horizontal slopes (e.g. Locat and Lee 2002; Lee et al., 2007; Masson et al., 2010; Locat et al.,
2014).

Weak layers are inferred to be relatively weaker prior or during failure, thereby enabling focused
shearing to take place. That is to say that the shear strength of the layer is reduced or the shear stress
acting on the slope is increased to a degree where the driving forces exceed the resisting forces, i.e. the
factor of safety drops below one (Eq. 1.1). According to Eq. 1.2 and 1.3, the formation of a weak layer
can be achieved by either a modification in cohesion, normal stress, pore pressure, angle of internal

friction, or a combination of all.

Various types of sediment and several failure mechanisms have been deemed relevant for the formation
of weak layers. Weak layer forming sediments include (a detailed review of weak layers is presented in
Chapter 2): soft and sensitive clays (e.g. Kvalstad et al., 2005; L’Heureux et al., 2012), loose sand (e.g.
Wilson et al., 2004), porous ash (e.g. Kuhlmann et al., 2016) or diatom ooze (e.g. Urlaub et al., 2018).

Such sediments could fail, for example, by strain softening of clays (e.g. L’Heureux et al., 2012), or due
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to liquefaction and transient pore pressure generation of sandy sediments (e.g. Wilson et al., 2004).
Porous ashes and diatom oozes are thought to fail due to particle crushing, i.e. the loss of sediment
structure, under cyclic loading which may also enable the generation of transient pore pressures (e.g.
Harders et al., 2010; Urlaub et al., 2018). For pore pressure to accumulate, however, a low-permeability
sealing layer is needed to inhibit the vertical dissipation of pore fluids (e.g. Dugan and Sheahan, 2012).

Thus, it appears that stratigraphic sequencing plays a key role in the formation of weak layers.

Different types of sediments form weak layers under different conditions, e.g. clay will rather fail by
strain softening behaviour, while sand will more likely fail due to liquefaction. It therefore stands to
reason that in order to identify the acting failure mechanism we first need to identify the type of weak
layer (i.e. the type of sediment). This relationship, however, is not sufficiently established yet, mainly
because of the lack of a comprehensive dataset of weak layers and their related failure mechanisms. The

identification of the failure mechanism is crucial for submarine landslide hazard and risk assessments.

1.2. Motivation and research hypotheses

Weak layers play a critical role in the inception of submarine landslides as they appear to control the
location of failure plane formation. The previous chapter (1.2) has shown that various sediment types
and failure mechanisms can involve weak layers; however, to this date very little is known about their
actual structure and composition, and the processes that control and form weak layers are still poorly
understood. The overarching aim of this doctoral thesis is to qualitatively and quantitatively investigate
the role of sediment structure and composition (i.e. different sediment types) on weak layer and
submarine landslide formation. To reach this aim, I conducted a thorough literature review, assessing
the current state-of-the-art of weak layer research, followed by a detailed analysis of two selected case
studies, the AFEN Slide offshore the UK (Fig. 1.1) and the Finneidfjord Slide offshore Norway
(Fig. 1.2). To this end, I made use of a variety of datasets at different scales and resolutions. These
datasets range from large-scale geophysical mapping data to centimetre-scale sediment core-logging
and geotechnical data, and sub-millimetre, high-resolution X-ray micro-Computed Tomography (CT)

data. Based on the integration of these datasets, I test the following overarching hypotheses:

(1) Weak layers coincide with prominent sediment horizons within the slope stratigraphy,
but distinct lithological contrasts control the formation of weak layers and dictate where

failure planes form (Chapter 2).
Nowadays, the concept of weak layers playing a key role in dictating the location and depth of submarine
landslides is widely accepted. Most conceptual models of submarine landslides assume that slope failure
initiates along weak layers embedded with the slope stratigraphy; however, the exact definition of weak

layers is still subject to debate. While many studies have referred to weak layers as mechanically weaker



27

sediments with intrinsic lower shear strength, other studies have pointed towards the importance of
sediment sequencing, especially those of contrasting permeability, in dictating where failure planes

form. To this date, the processes that control and form weak layers are still not well understood.

(2) Weak layers are formed as a result of various processes, but the type and distribution of
weak layers is controlled by the environmental setting (Chapter 3 and 4).

One of the outstanding challenges in submarine landslide research is the recognition of the ultimate
cause of failure. Although many factors have been proposed that may cause slope failure by either
increasing the shear stress or decreasing the shear strength, the relative contribution of, and interaction
between, individual factors remains unclear. Most of the time, it appears that a combination of different
factors (including pre-conditioning and triggering mechanisms) is necessary. Knowing about the type
of weak layer, in combination with information regarding the regional setting may help us unravelling

this issue, as it allows us to constrain potential failure and triggering mechanisms.

(3) For the identification and characterisation of failure planes and weak layers integration
of various datasets is critical, but especially high-resolution (sub-millimetre-scale)
datasets are needed to assess their structure (Chapter 4).

Several studies have pointed towards the significance of an inter-disciplinary investigation of submarine
landslides and their controlling factors (e.g. Vanneste et al., 2014; Madhusudhan et al., 2017). Although
the integration of datasets at different scales and resolution is critical, it has become apparent that
questions remain unanswered, even in the case of some of the best studied submarine landslides (e.g.
Storegga Slide, Finneidfjord Slide). High-resolution imaging techniques, such as micro-Computed
Tomography, may allow to overcome this problem as they enable the visualisation of structures (and

processes) that cannot be resolved with conventional sedimentological or geotechnical analyses.

1.3. Selected case studies

The research hypotheses are investigated by means of two case studies: A cohesive submarine landslide,
which occurred within a low angle (<2.5°) sheeted contourite drift on the continental slope offshore the
UK, and a coastal retrogressive submarine landslide that initiated along a regional event bed (i.c. a
turbidite deposit) offshore Finneidfjord, Norway. These submarine landslides were selected for the

following reasons:

(1) Owing to their relatively small-scale, these landslides are accessible and therefore, sediment
cores that sampled the pre-slide sedimentary sequences, including sediments that correlate

stratigraphically with the failure planes, are available.
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(2) The type of weak layer (i.e. lithology) associated with these landslides is the same, but the
slides are located in different environments. This enables a comparison of failure mechanisms

and potential triggers that can be associated with such weak layers.

1.3.1. The AFEN Slide

The AFEN Slide, which is dated to about 16 — 2.8 ka BP, is a four-stage retrogressive submarine
landslide that occurred on a low angle (<2.5°) slope, NW of the Shetland Islands (UK) (Fig. 1.1; Wilson
et al., 2003, 2004). The landslide mobilised about 200 x 10° m® of sediment (Wilson et al., 2004).

Figure 1.1. Outline of the AFEN Slide (seabed image produced from 3D seismic data). Piston core
64PE391-04 is shown as red dot. Inset image shows the four stages of failure (after Wilson et al., 2004;
Gatter et al., 2020).

Several failure mechanisms have been proposed. Initial studies inferred that the landside initiated along
a well-sorted sandy contourite layer. Such a layer may liquefy during an earthquake, thereby causing
failure (Wilson et al., 2004; Jackson et al., 2004). Madhusudhan et al. (2017), on the other hand,
suggested progressive failure of a sensitive clay or liquefaction of silt layers. None of these studies,
however, were based on sediment cores that sampled undisturbed sediments that correspond

stratigraphically to the failure plane.
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1.3.2. The Finneidfjord Slide

The 1996 Finneidfjord Slide initiated offshore before developing in a retrogressive manner, back-
stepping 100 — 150 m onshore, thereby claiming four human lives and destroying parts of the main
north-south highway (Fig. 1.2; Longva et al., 2003). The landslide mobilised about 1 x 10® m* of
sediment (Longva et al., 2003) and is one of the best studied submarine landslides to date.

Numerous studies have suggested several factors that may have contributed to failure. These include the
generation of excess pore pressure as a result of climatic and anthropogenic factors (e.g. Longva et al.,
2003), the accumulation of free gas (Best et al., 2003; Morgan et al., 2012), or an increase in overburden
stress due to dumping of material along the shoreline (e.g. Vanneste et al., 2011). Failure along a low-
permeability regional event bed (i.e. weak layer) combined with periods of heavy rainfall may have

enabled the formation of artesian groundwater pressure and caused failure (e.g. L’Heureux et al., 2012).

Figure 1.2. Outline of the 1996 Finneidfjord Slide (projection in UTM Zone 33N coordinate system).
Calypso piston core GS-10-163-02 is shown as red dot. Data courtesy of SEABED project with the
Norwegian Deepwater Program.
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1.4. Analysis methods

1.4.1. Conventional methods

Bulk sediment properties can be analysed using laboratory-based methods, such as non-destructive core-
logging analyses, e.g. multi-sensor core logging and X-ray fluorescence, or geotechnical tests
(explanation of each method used in respective Chapters). Especially geotechnical tests, however,
require relatively large amounts of undisturbed sediment from sediment cores, which is often not readily
available. In addition, because the test samples are relatively large, small-scale changes will not be
resolved as the tests will show a result averaged over the whole sample. In order to resolve small-scale
changes, which are thought to control weak layer formation and dictate failure plane location, these tests

are not sufficient.

1.4.2. New approach: Micro-Computed Tomography (CT)

To resolve small-(grain)-scale changes within the sediment sequence, high-resolution imaging
techniques are necessary. A relatively wide used method is Scanning Electron Microscopy (SEM).
Although this method allows the visualisation of sediments down to a micro-scale, it does not enable a
structural analysis, which requires a 3D imaging technique. We therefore deploy high-resolution micro-
Computed Tomography (CT) to analyse the Finneidfjord weak layer (Chapter 4). This technique enables
the 3D visualisation of the internal structure of the scanned material, which allows the detection of small-

scale changes.

1.5. Thesis outline

The main hypotheses of this thesis (see 1.2) were addressed within three individual papers that have
been published in, are currently under review or in preparation for submission to peer-reviewed
international journals and special publications. The main results of these studies in response to the
research hypotheses, as well as a detailed description of my contributions towards each manuscript are

provided in the following thesis outline:

Chapter 1 outlines the motivation behind the research of submarine landslides in general and this thesis
in particular. It introduces the general mechanics of slope failure, discusses causal factors and highlights
the socio-economic impacts of submarine landslides. The chapter concludes by outlining the main
objectives and hypotheses of this thesis, and the rationale behind choosing selected case studies and

micro-Computed Tomography as a special method for weak layer investigation.
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In Chapter 2,

Characterisation of weak layers, physical controls on their global distribution and their role in
submarine landslide formation

Gatter, R., Clare, M.A., Kuhlmann, J., Huhn, K.

Submitted to Earth-Science Reviews on 20. April 2021

Under revision with major revisions required since 05. June 2021

a detailed literature review of failure planes and weak layers of submarine landslides is presented that
summarises the current state-of-the-art and outlines some of the outstanding challenges in weak layer
research. The main aim of the study is to review the current understanding regarding weak layers and
their influence on submarine landslide formation (Hypothesis 1), by means of a new global submarine

landslide catalogue that comprises 60 case studies. It addresses the following research questions:

e What types of sediments are capable of forming weak layers and how diverse is the nature of
weak layers worldwide?

e  What are the physical controls on where different types of weak layers form?

e  What are the outstanding challenges in identifying and characterising weak layers and how can

future studies extend our understanding?

The results of the literature review show that failure planes of submarine landslides usually form in the
vicinity of interfaces between distinct lithologies that together comprise a weak layer. These interfaces
are the result of contrasting permeability and/or strength parameters within sediment sequences, which
appear to be key to the formation of weak layers. Different types of weak layers (which are linked to
sediment lithology) can be correlated to specific geographical and physiographic locations, including
contourite or turbidite systems that can create siliciclastic sediment sequences. The review concludes by
highlighting the importance of an integrated approach towards weak layer investigation, combining
geophysical surveys with detailed geotechnical and sedimentological analyses including high-resolution

grain-scale observations (e.g. micro-Computed Tomography).

R. Gatter conceptualised the paper, conducted the literature review, and analysed the data with key
inputs from supervisors K. Huhn and M.A. Clare. The original manuscript was written by R. Gatter,
with various comments from all co-authors. The main author, R. Gatter, would like to acknowledge the

constructive discussions and invaluable input from all co-authors.
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Chapter 3,

A multi-disciplinary investigation of the AFEN Slide: the relationship between contourites and

submarine landslides
Gatter, R., Clare, M.A., Hunt, J.E., Watts, M., Madhusudhan, B.N., Talling, P.J., Huhn, K.
Published in Geological Society, London, Special Publications

presents a detailed characterisation of the AFEN Slide, which occurred within a low angle (<2.5°)
laterally extensive sheeted contourite drift offshore the UK. The manuscript integrates detailed
(physical, sedimentological, geochemical and geotechnical) datasets from a sediment core that sampled
the pre-landslide sediment sequence, and includes sediments that correlate stratigraphically with the
failure plane located further upslope. Based on this integration, the study sets out to investigate the
environmental influence on weak layer properties (Hypothesis 2) and to evaluate the potential of data

integration for weak layer research in order to answer the following research questions:

e  What is the nature of the undisturbed sediment sequence and do material heterogeneities explain
the location of the failure plane?

e What causes the observed heterogeneities within the slope stratigraphy?

The integration of various datasets allows to resolve small-scale material changes within the slope
stratigraphy. The results indicate that the AFEN Slide initiated along a distinct lithological interface,
which correlates with the base of a sandy contourite overlying a thick, relatively homogeneous silty clay
unit. In addition, the data show that this interface may relate to a switch in depositional regime from
cold and uniform to warm and more variable depositional conditions. The study concludes that such
distinct lithological interfaces may be common in contouritic sediments near ocean gateways where
climate change may directly affect thermohaline circulation and bottom current intensity, thereby

controlling the depositional regime and location of submarine landslide inception.

R. Gatter gratefully used the data collected by co-authors, analysed the MSCL, XRF and particle size
data, and conducted additional geotechnical tests. Conceptualisation of the paper, and analysis of the
data was carried out by R. Gatter, with key inputs from supervisor M.A. Clare, J.E. Hunt, and B.N.
Madhusudhan. The original manuscript was written by R. Gatter, with constructive comments from all
co-authors. The particle size analysis was carried out by J.E. Hunt and permeability measurements from
oedometer tests were provided by B.N. Madhusudhan. R. Gatter thanks all co-authors for relentless

discussions and their patience during the writing and revision process.



33

In Chapter 4,
Pore structure of weak layers: Micro-CT imaging of the Finneidfjord Slide
Gatter, R., Clare, M.A., Madhusudhan, B.N., Vardy, M., Huhn, K.
In preparation for Frontiers in Earth Sciences

The study tests the potential of high-resolution micro-CT imaging for weak layer research based on the
analysis of undisturbed sediments that correlate stratigraphically with the previously identified weak
layer of the 1996 Finneidfjord Slide offshore Norway. The study aims to investigate whether micro-
structural properties, especially pore structure, play a role in weak layer and failure plane formation
(Hypothesis 3). The pore structure and potential changes in pore structure throughout the weak layer are

visualised and quantified at a sub-micrometre resolution to address the following questions:

e How does pore structure change throughout the weak layer and background sediment?
e  What are the factors controlling pore structure?
e What are the outstanding challenges in the application of micro-CT imaging for weak layer

research and future directions?

The results show that pore structure not only changes throughout the weak layer, but also shows
considerable changes within individual sediment units of the weak layer. Most noticeable are the
changes within the sand layer. The recognition of such small-scale changes is crucial, as they may

govern failure plane formation.

R. Gatter gratefully used and analysed the micro-CT data collected by B.N. Madhusudhan.
Conceptualisation of the paper was done by R. Gatter, with key inputs from supervisors K. Huhn and
M.A. Clare, and M. Vardy. The original manuscript was written by R. Gatter, with various comments
from all co-authors. The main author, R. Gatter, would like to acknowledge the fruitful discussion and

invaluable input from all co-authors.

Chapter 5 summarises the results and main conclusions of the previous chapters, discusses their
implications for future weak layer research, and sets out to outline future directions of weak layer

investigation.
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Abstract

Submarine landslides pose a hazard to coastal communities as they can generate powerful tsunamis, and
threaten critical offshore infrastructure such as seafloor cable networks that underpin global
communications. Such events can be orders of magnitude larger than their onshore equivalents, yet
despite the hazard they pose, many aspects of submarine landslides remain poorly understood, such as
why they fail on low angle (<2°) slopes. Many studies have proposed that this, and the large areal extent
of submarine landslides, may be controlled by the presence of laterally-extensive weak layers embedded
within the slope stratigraphy, which precondition slopes to failure. Little remains known, however, about
the characteristics and the processes that control and form weak layers. We conducted a comprehensive
review of published submarine landslide studies that examine the failure planes and apparent weak
layers associated with historical and ancient submarine landslides. Based on a new global landslide
catalogue that comprises 60 case studies, we aim to investigate what types of sediment can form weak
layers and to understand the controls on their global variability. Existing classification schemes are
based on mechanical process(es), and do not readily enable a diagnosis of weak layers from unfailed
sediments. Here, we introduce a new classification of weak layers based on lithology. This classification
enables weak layer recognition from sediment cores (including those sampling unfailed sediments), and
allows us to attribute failure mechanisms to different environmental settings where distinct types of
weak layers are more likely. Our results show that failure planes usually form in the vicinity of an
interface between distinct lithologies that together comprise a weak layer. The weak layers of 21 of our
60 case studies were related to characteristic sediment sequences within the slope stratigraphy, of which
18 were classified based on direct measurements: 15 weak layers were classified as siliciclastic, four as
volcaniclastic, and two as fossiliferous sediment sequences. Only three submarine landsides were related
to clay-dominated weak layers. In addition, failure along lithological contrasts was inferred for six case
studies. We use global depositional models to infer the likely locations of these different types of weak
layers. These include oceanic gateways where long-term circulation can create distinct permeability
interfaces within siliciclastic sequences, areas of high productivity where biogenic sediments may
dominate, and regions that experience widespread ash fall from volcanic eruptions. We highlight how
many submarine landslide studies have historically not collected sediment cores that characterise weak
layers within intact sedimentary sequences and instead have focused on characterising the slope failure
itself. As weak layers can collapse or become heavily modified during failure, there is a widespread
omission of key information required for geotechnical analysis to determine where and why certain
slopes are predisposed to failure (especially measurements of permeability and undrained shear
strength). We conclude by highlighting the need to combine detailed geotechnical measurements with

sedimentological and geophysical analyses including grain-scale observations (e.g. micro-Computed
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Tomography high-resolution 3D imagery), and emphasise the importance of a uniform workflow that

will allow a better comparison between individual studies.

2.1. Introduction

Submarine landslides are gravity-driven mass movements that occur in a variety of underwater slope
settings worldwide (e.g. Lee et al., 2007). They can be many orders of magnitude larger than their
terrestrial counterparts (Hithnerbach et al., 2004; Korup et al., 2007), involving up to thousands of cubic
kilometres of sediment (e.g. Watts and Masson, 1995; Haflidason et al., 2004; Winkelmann et al., 2008).
Submarine landslides and their resulting sediment density flows are thus one of the most important
processes for transporting large amounts of sediment from the continental slope to the deep ocean (e.g.
Talling et al., 2007; Korup, 2012; Talling, 2014). The socio-economic consequences of submarine
landslides can be severe, ranging from damage to important seafloor infrastructure such as
telecommunication cables and gas and oil production equipment (Piper et al., 1999; Fine et al., 2005;
Thomas et al., 2010; Carter et al., 2014; Pope et al., 2017) to the generation of devastating and deadly
tsunamis (Tappin et al., 2001; ten Brink et al., 2009; Harbitz et al., 2014). Continued growth in coastal
populations and development (i.e. cities and harbours), and increased reliance on subsea energy and
communication transfer (e.g. Carter et al., 2014) has led to a growth in research of submarine landslides

over the past decades.

Some of the largest submarine landslides have been identified on extremely low angle slopes (<2°) along
continental margins (such as offshore Norway, e.g. Evans et al., 2005; or offshore NW Africa, e.g.
Krastel et al., 2019). According to standard slope stability concepts, such slopes should be stable (e.g.
Leynaud et al., 2007). This contrast between theoretical predictions and observed reality highlights the
need to identify additional factors that contribute towards slope failure in the subaqueous realm. Many
hypotheses have been put forward concerning factors that control the initiation of submarine landslides
(e.g. Hampton et al., 1996; Locat and Lee, 2002; Masson et al., 2006; Lee et al., 2007; Leynaud et al.,
2009). Seismic shaking and slope over-steepening were initially inferred to be the dominant triggers for
submarine landslides since the early work of Morgenstern (1967); however, more recent studies have
shown that in addition to such short-term triggering mechanisms, longer term pre-conditioning factors
play a crucial role in the formation of submarine landslides. In particular, the occurrence of so-called
weak layers embedded within the slope stratigraphy appear to control the localisation of submarine

landslides and their failure planes (e.g. Masson et al., 2006; Locat et al., 2014).

Movement of submarine landslides seems to initiate along distinct sediment horizons. These horizons

are somehow predisposed to failure, and have been termed as ‘weak layers’ (e.g. Masson et al., 2006,
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2010; Locat et al., 2014). Slides have often been observed to follow failure planes at different
stratigraphic levels, forming a stepped, staircase-like profile (e.g. AFEN Slide, Wilson et al., 2004;
Gatter et al.,, 2020; Grand Banks, Mosher et al., 2007; Schulten et al., 2019b; Sahara Slide,
Georgiopoulou et al., 2010; Li et al., 2017). This phenomenon has been related to weak layers at different
stratigraphic depths that become active under different strength thresholds (O’Leary, 1991).

2.1.1. The weak layer concept

The concept of weak layers that control the location and depth of submarine landslides is widely
established (e.g. Lewis, 1971; O’Leary, 1991; Masson et al., 2006; L’Heureux et al., 2012; Locat et al.,
2014; Rodriguez-Ochoa et al., 2015). The concept suggests that specific sediment layers have
intrinsically lower shear strength than the surrounding strata and therefore serve as preferential failure
planes of submarine landslides (e.g. Masson et al., 2006, 2010). That is to say that shearing, and thereby
failure, is focused along weak layers as their shear strength is transiently reduced and/or the acting shear

stress exceeds the shear strength of the layer.

Although a growing number of studies have pointed towards the significance of such weak layers in the
inception of submarine landslides, very little is known about their characteristics, nature and global
variability (e.g. Lewis, 1971; O’Leary, 1991; Masson et al., 2010; Locat et al., 2014; Huhn et al., 2020).
A first attempt to define and classify weak layers from a geotechnical perspective was carried out by
Locat et al. (2014). They defined a weak layer as “a layer (or band) consisting of sediment or rock that
has strength potentially or actually sufficiently lower than that of adjacent units (strength contrast) to
provide a potential focus for the development of a surface of rupture”. Based on this definition and their
observations, they proposed a classification in which weak layers are categorised into: inherited and
induced weak layers. This clarified, that in addition to weak layers with inherently lower shear strength
(i.e. sensitive clay layers), weak layers could also originate from strength reduction e.g. due to changes
in pore pressure or as a result of other sedimentological, geochemical or geomechanical processes, which
in turn may also influence pore pressure conditions (Fig. 2.1). In particular, the layering of sediments
with different physical and geotechnical properties (especially permeability and shear strength) was
identified to enable focused shearing and the formation of weak layers (e.g. L’Heureux et al., 2012;
Locat et al., 2014). Notably, this layering is not limited to ‘traditional’ siliciclastic clay-sand sequences,
but was also recognised in volcaniclastic and fossiliferous sediments that are common in many marine

settings (e.g. Harders et al., 2010; Urlaub et al., 2018).
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Figure 2.1. Schematic weak layer classification based on the prevailing failure mode; failure due to (A)

i

Dapth (<mm)

strain softening, (B) excess pore pressure generation, (C) excess pore pressure generation and strain
softening. Shown on the left side are zoom-ins to schematic undisturbed sediment horizons. On the right
side, the same sediments are shown in their disturbed form after an external trigger e.g. earthquake acted
on the sediment. Potential failure mechanisms are illustrated on top of the arrow, strength reduction
caused by excess pore pressure generation due to liquefaction or by particle rearrangement and breakage.
X-Y plots illustrate expected permeability (k), pore pressure (u) and shear strength (s) changes before,
to (dashed, grey line) and during failure, t; (black line), above and below a potential failure plane (dashed,
red line). Note: Clay particles (small black lines) in B and C not to scale. Please refer to online version
for colours.
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The processes that control and form weak layers, as well as their role in the formation of submarine
landslides, however, are still subject to debate (e.g. Locat and Lee, 2002; Lastras et al., 2004; Leynaud
et al., 2009; Harders et al., 2010; Masson et al., 2010; Wiemer et al., 2015; Madhusudhan et al., 2017;
Cukur et al., 2020). In light of the increasing focus on and seeming importance of weak layers (e.g.
Talling et al., 2014; Huhn et al., 2020), it is timely to review the current state of knowledge and their

controls on submarine landslide formation.

2.1.2. Objectives

Here, we present a global catalogue of case studies that examine the basal surface and potential weak

layers of submarine landslides. Based on this compilation, we address three main questions:

e  What types of sediment are capable of forming weak layers and how diverse is the nature of
weak layers worldwide? We explore which types of sediment and associated physical and
geotechnical properties may create weak layers through an analysis of a new global landslide
catalogue, which includes submarine slope failures that have been linked to weak layers. We
present a new classification system for weak layers, attributing specific properties of different
sediment types to their implications for slope failure.

e What are the physical controls on where different types of weak layers form? We provide a
general model to explain how and why different types of weak layers dominate in different
environmental settings.

e  What are the outstanding challenges in identifying and characterising weak layers and how can
future studies extend our understanding? Several studies have pointed towards the importance
of a multi-disciplinary investigation of submarine landslides in order to identify and understand
the processes that control slope failure (e.g. Vanneste et al., 2014). We investigate whether
multi-disciplinary investigations are common practice for the identification and characterisation

of failure planes and weak layers.

2.2. New global landslide catalogue

This review investigates failure planes and weak layers of submarine landslides by means of a new
global catalogue of case studies (Fig. 2.2). Slope failure is initiated when the downward driving forces
(shear stress) exceed the resisting forces (shear strength) of the slope material. This causes slope failure
and subsequent slide movement along one or more glide planes (e.g. Hampton et al, 1996; Lee et al.,
2007). We refer to large features resulting from slope failure collectively as landslide (or slide) in that

they have boundaries that are relatively well defined with distinct headwalls and basal surfaces (Mulder
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and Cochonat, 1996). We further define failure plane as the surface along which failure initiates, and
glide plane as the surface along which movement occurs. Consequently, failure planes and glide planes
are identical surfaces when movement first initiates, but may differ, especially in cases of substantial
basal erosion. For more terms and definitions used herein, please refer to the Glossary. Submarine
landslides can feature complex failure mechanisms that can act at the same time, and in which repeated
failure along different failure planes can occur (e.g. Kvalstad et al., 2005; Georgiopoulou et al., 2010;

Kuhlmann et al., 2017).

Our catalogue only includes case studies that satisfied specific requirements. First, the selected
landslides had to include information about their source area, i.e. the headwall had to be identified.
Second, the basal surface (i.e. failure or glide planes) of the selected submarine landslides had to be
identifiable. In total, 60 case studies, equivalent to 174 published studies, satisfied the requirements for
this catalogue and have been summarised in Tab. 2.1 (see Appendix 2.A for all details). These case
studies cover submarine landslides, or landslide complexes from various environmental settings
worldwide. The selected references include mainly peer-reviewed papers as well as technical reports
and conference proceedings. The catalogue shows an evident increase in literature on submarine
landslide studies in general over the years, with a particular growth in the recognition of glide and failure
planes and weak layers (Fig. 2.2). The increase can be attributed to both, the recognition of submarine
landslides as a relevant geohazard that requires more attention as well as advances in seafloor surveying
techniques, sampling and in-situ measurement equipment and analytical methods. In the following we
summarise the information of the case studies in terms of (1) the methods and analyses applied to
investigate the selected submarine landslides, in particular their failure planes and weak layers, and (2)

the observations and inferences made regarding failure planes and weak layers.

* * X K K %

70

50

gpauelejol JeAe] yeom
10 JeqUNU BAE[NWINYG

-
(=]

1870 1875 1980 1985 1880

1995 2000 2005 2010 2015 2020
Year

Figure 2.2. Literature on submarine landslides with information about their glide or failure planes and
weak layers increased over the years. In total, 174 references that describe 60 individual case studies
were selected for this review. Review papers that initiated key discussion on the presence and
importance of weak layers are represented as stars (Lewis, 1971; O’Leary, 1991; Masson et al., 2006,
2010; Locat et al., 2014; Huhn et al., 2020).



Table 2.1. Summary of selected case studies, the deployed methods, and information about the failure plane, weak layer and failure mechanism. Based

on the available data, we classify the case studies according to Locat et al. (2014). Please refer to Appendix 2.A for all details.

grained sediment
interface due to
methane gas
charging and
liquefaction

Available data Classification
Weak layer
Slidemame Focauon Sediment  In- In.f erred Weak layer Potential failure  type* (after f::-g:::ies
. failure plane . .
cores situ lithology lithology mechanism Locat et al.,
2014)
1 AFEN Slide Offshore northern IN N/A Sand-clay Sand-clay Strain softening Induced* Madhusudhan et
UK, Faroe-Shetland interface sequence; of a sensitive clay al. (2017);
Channel contourite (?) léyer, orA Gatter et al.
liquefaction (2020)
(transient pore
pressure
generation) along
a widespread
sandy layer
2 Agadir Slide Offshore NW NO N/A | Cannot be Cannot be No information Cannot be Krastel et al.
Africa, Atlantic classified classified deduced from | (2016); Li et al.
Ocean based on based on available data | (2018)
available data  available data
3 AnaSlide Offshore Balearic NO IN, Coarse-fine- Coarse-fine- Excess pore Inherited or Berndt et al.
(Eivissa Islands, Eivissa OUT | grained grained pressure induced* (2012);
Channel Slides)  Channel sediment sediment generation at Lafuerza et al.
interface sequence coarse-fine- (2012)

97



Andgya Slide

Baiyun Slide

Baraza Slide

Betsiamites
(-Colombier)
Slides

BIG’95 Slide

Bjerngyrenna
(Bear Island
Fan) Slide

Offshore Norway,
Norwegian Sea

Offshore China,
Pearl River Mouth
Basin, northern
South China Sea

Offshore Spain,
NW Alboran Sea

Offshore

Betsiamites River,
Canada, Lower St.
Lawrence Estuary

Offshore
Columbretes
Islands, Balearic
Sea

Offshore Norway,
Barents Sea

NO

NO

N/A

NO

NO

N/A

N/A

N/A

N/A

OuT

N/A

N/A

Cannot be
classified
based on
available data

Coarse-fine-
grained
sediment
interface™® (?)

Cannot be
classified
based on
available data

Silty layer

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Coarse-fine-
grained
sediment
sequence (?);
turbidite (?)

Cannot be
classified
based on
available data

Silt-clay
sequence*

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

No information

Excess pore
pressure
generation due to
free gas charging

Excess pore
pressure (?)

Excess pore
pressure
generation along
silt-clay interface
due to rapid
sedimentation and
liquefaction

Excess pore
pressure (?)

No information

Cannot be
deduced from
available data

Inherited or
induced*

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Laberg et al.
(2000)

Lietal. (2014a,
b); Sun et al.
(2017, 2018)

Casas et al.
(2011)

Cauchon-Voyer
et al. (2008,
2011,2012)

Urgeles et al.
(2003, 2006);
Lastras et al.

(2004, 2007)

Laberg and
Vorren (1993)

9y



10

11

12

13

14

15

Bowl Slide

Brattera Slide

Brunei Slide

Byron Slide

Cap Blanc Slide

Cape Fear Slide

Offshore eastern
Australia, Great
Barrier Reef, Coral
Sea

Offshore Norway,
Trondheimsfjorden

Offshore Brunei,
South China Sea

Offshore Byron
Bay, eastern
Australia, South
Pacific Ocean

Offshore NW
Africa, Atlantic
Ocean

Offshore eastern
US, Atlantic Ocean

NO

IN

N/A

NO

IN

NO

N/A

ouT

N/A

N/A

N/A

N/A

Cannot be
classified
based on
available data

Clay layer;
turbidite

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Diatom ooze;
diatom ooze-
clay interface

Cannot be
classified

Cannot be
classified
based on
available data

Clay layer;
sand-clay
sequence*;
turbidite

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Diatom ooze-
clay sequence

Cannot be
classified

No information

Excess pore
pressure

generation due to
groundwater flow

and strain
softening
behaviour of
weak, sensitive
clays

Excess pore
pressure (?)

No information

Excess pore
pressure
generation and
further strength

reduction due to
particle breakage

Excess pore
pressure

generation due to

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Clark et al.
(2016); Puga-
Bernabéu et al.
(2019)

L’Heureux et al.

(2010, 2011)

Gee et al.
(2007)

Clarke et al.
(2016);
Mollison et al.
(2020)

Urlaub et al.
(2018, 2020)

Schmuck et al.
(1993); Paull et
al. (1996)

Ly
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17

18

19

20

21

Crete Slide

Cudgen Slide

Currituck Slide

Dakar Slide

East Sea Slides I

East Sea Slides
I

Offshore Crete,
Cretan Sea

Offshore eastern
Australia, South
Pacific Ocean

Offshore eastern
US, Atlantic Ocean

Offshore NW
Africa, Atlantic
Ocean

Offshore Korea,
Ulleung Basin, East
Sea

Offshore Korea,
Ulleung Basin, East
Sea

NO

NO

NO

N/A

NO

IN

NO

N/A

N/A

N/A

N/A

N/A

based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Sand layer*
)

based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Sand layer (?);
sand-clay
sequence™* (?)

gas escape from
gas hydrates

No information

No information

Excess pore

pressure (?)

No information

No information

No information

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Strozyk et al.
(2010a, b)

Clarke et al.
(2016)

Prior et al.
(1986); Hill et
al. (2017)

Meyer et al.
(2012); Krastel
etal. (2019)

Cukur et al.
(2016); Horozal
etal. (2019)

Horozal et al.
(2019); Cukur et
al. (2020)

1%



22

23

24

25

26

27

Finneidfjord
Slide

Fram Slide

Gaviota Slide

Gebra Slide

Gloria Knolls

Slide

Goleta Slide

Offshore Norway,
Finneidfjord

Offshore NW
Svalbard, Fram
Strait

Offshore California,
Santa Barbara
Basin

Offshore Trinity
Peninsula,
Antarctica,
Bransfield Basin

Offshore NW
Australia, Great
Barrier Reef, Coral
Sea

Offshore California
Basin, Santa
Barbara Basin

IN, OUT

NO

NO

NO

N/A

NO

IN,
ouT

N/A

N/A

N/A

N/A

N/A

Clay layer;
turbidite

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Sand-clay
sequence;
turbidite

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Lithological
contrast (?)

Cannot be
classified
based on
available data

Excess pore
pressure

generation due to
fluid flow and/or

liquefaction
and/or strain
softening of
sensitive clay

No information

No information

No information

No information

No information

Induced*

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

L’Heureux et al.

(2012); Steiner
etal. (2012);
Vardy et al.
(2012);
Vanneste et al.
(2013, 2014,
2015)

Elger et al.
(2015, 2017);
Osti et al.
(2017)

Edwards et al.
(1995);
Kluesner et al.
(2020)

Canals et al.
(2004)

Puga-Bernabéu
etal. (2017,
2019)

Fisher et al.
(2005); Greene
et al. (2006);
Kluesner et al.
(2020)

414



28

29

30

31

32

33

Gondola Slide

Grand Banks
Slide (surficial
failures)

Great Bahama
Bank Failures

Hermosa Slide

Hinlopen
(Yermak) Slide

Humboldt Slide

Offshore SW Italy,
Adriatic Sea

Offshore
Newfoundland,
Canada, Laurentian
Fan

Offshore Bahamas,
NW Great Bahama
Bank

Offshore
Nicaragua, Pacific
Ocean

Offshore northern
Svalbard, Arctic
Ocean

Offshore western
US, Pacific Ocean

NO

NO

NO

IN

OuT

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Ash layer

Contourite

Cannot be
classified

Clay layer*
(7); contourite

™

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Ash-clay
sequence

Lithological
contrast*;
contourite® (?)

Cannot be
classified

Excess pore
pressure (?)

No information

No information

Excess pore
pressure
generation and
strength reduction
due to particle
rearrangement/
breakage

No information

No information

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Minisini et al.
(2006);
Verdicchio and
Trincardi
(2008); Dalla
Valle et al.
(2015)

Piper et al.
(1988); Mosher
et al. (2007);
Schulten et al.
(2019a)

Principaud et al.
(2015, 2018)

Harders et al.
(2010)

Vanneste et al.
(20006);
Winkelmann et
al. (2006, 2008);
Winkelmann
and Stein (2007)
Gardner et al.
(1999)

0S
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35

36

37

38

39

40

Jan Mayen Slide

Kitimat Slide

Licosa Slide

Little Bahama

Bank Failures

Lofoten Slides

Mauritania Slide

Molly Hole
Slide

Offshore SW Jan
Mayen Island,
Norwegian-
Greenland Sea
Offshore western
Canada, Kitimat
Delta

Offshore NW Italy,
eastern Tyrrhenian
Sea

Offshore Bahamas,
NW Little Bahama
Bank

Offshore Norway,
Lofoten Basin,
Norwegian Sea

Offshore
Mauritania, NW
Africa, Atlantic
Ocean

Offshore Svalbard,
Fram Strait

ouT

IN, OUT

IN, OUT

N/A

IN, OUT

IN

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

based on
available data
Ash layer (?)

Sand layer (?)

Ash layer

Cannot be
classified
based on
available data
Silt-clay
interface;
contourite

Clay layer

Cannot be
classified

based on
available data
Ash-clay
sequence*

Sand layer (?)
sand-clay
sequence* (?)
Ash layer;
ash-clay
sequence*

Cannot be
classified
based on
available data
Silt-clay
sequence;
contourite

Clay layer;
contourite (?)

Cannot be
classified

No information

No information

Excess pore
pressure
generation

No information

Strain softening

Excess pore
pressure
generation due to
rapid
sedimentation
changes

No information

Induced* (?)

Cannot be
deduced from
available data
Induced*

Cannot be
deduced from
available data

Induced* (?)

Inherited* (?)

Cannot be
deduced from
available data

Laberg et al.
(2014)

Stacey et al.
(2018)

Trincardi et al.
(2003);
Sammartini et
al. (2019)
Tournadour et
al. (2015)

Vanneste et al.
(2012); Baeten
etal. (2013,
2014)

Antobreh and
Krastel (2007);
Henrich et al.
(2008); Forster
et al. (2010)

Freire et al.
(2014)

IS
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42

43

44

45

Munson-
Nygren-
Retriever Slide

Nice Airport
Slide

North Aegean
Slide

Nyk Slide

Orkdalsfjorden
Slide

Offshore eastern
US, Georges Bank,
Atlantic Ocean

Offshore Nice,
southern France,
Ligurian Sea

Offshore Greece,
North Aegean
Trough, North
Aegean Sea

Offshore Norway,
Norwegian Sea

Offshore Norway,
Orkdalsfjorden

N/A

IN

NO

NO

IN

N/A

IN

N/A

N/A

N/A

based on
available data

Cannot be
classified
based on
available data

Clay layer

Clay layer;
sand-clay
interface (?)

Contourite (?)

Clay layer;
sand-clay
interface

based on
available data

Cannot be
classified
based on
available data

Clay layer;
sand-clay
sequence*

Sand-clay
sequence (?)

Lithological
contrast® (?);
contourite® (?)

Sand-clay
sequence;
turbidite (?)

No information

Excess pore
pressure
generation due to
seepage from
aquifer and
further strength
reduction due to
strain softening

No information

Excess pore
pressure (?7)

Excess pore
pressure
generation due to
groundwater
pressure and
strain softening
behaviour of clays

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Induced*

Chaytor et al.
(2012)

Dan et al.
(2007);
Stegmann et al.
(2011);
Vanneste et al.
(2014); Kopfet
al. (2016)

Lykousis et al.
(2002)

Lindberg et al.
(2004)

L’Heureux et al.

(2014)

(43



46

47

48

49

50

51

Pianosa Slump

Ranger Slide

Sahara Slide

Sklinnadjupet
Slide

Spitzbergen
Fracture Zone
Slide

Storegga Slide

Offshore western
Italy, Corsica
Trough, Northern
Tyrrhenian Sea

Offshore Baja
California, Mexico,
northern Sebastian
Vizcaino Bay

Offshore NW
Africa, Atlantic
Ocean

Offshore Norway,
Norwegian Sea

Offshore NW
Svalbard, Fram
Strait

Offshore Norway,
Norwegian Sea

ouT

N/A

NO

NO

NO

ouT

N/A

N/A

N/A

N/A

N/A

N/A

Clay layer

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Clay layer (?)

Cannot be
classified
based on
available data

Clay layer;
contourite

Clay layer

Cannot be
classified
based on
available data

Lithological
contrast® (?)

Diatom-ooze-
clay
sequence* (?)

Cannot be
classified
based on
available data

Clay layer (?);
clay-clay
sequence* (?);
contourite (?)

Strength reduction

due to strain
softening

No information

Excess pore
pressure

Excess pore
pressure

No information

Excess pore
pressure

generation due to

rapid

sedimentation and

strain softening

behaviour of clays

Induced*

Cannot be
deduced from
available data

Induced* (?)

Induced* (?)

Cannot be
deduced from
available data

Inherited* (?)

Miramontes et
al. (2018)

Normark (1974,
1990)

Georgiopoulou
et al. (2010); Li
etal. (2017)

Rise et al.
(2006, 2010)

Osti et al.
(2017)

Bugge et al.
(1988);
Haflidason et al.
(2003, 2004,
2005); Canals et
al. (2004); Bryn
et al. (2005a);
Kvalstad et al.
(2005); Solheim
et al. (2005)

€S



52

53

54

55

56

57

Traenadjupet
Slide

Tuaheni Slide

Twin Slides

Uruguay Slides

Vesteralen
Slides

Vieste Slide

Offshore Norway,
Lofoten Basin,
Norwegian Sea

Offshore Poverty
Bay, eastern New
Zealand’s North
Island, South
Pacific Ocean

Offshore SW Italy,
Gela Basin, Sicily
Channel

Offshore Uruguay,
Atlantic Ocean

Offshore Norway,
Norwegian Sea

Offshore eastern
Italy, Adriatic Sea

ouT

IN

IN

NO

OuT

NO

N/A

N/A

N/A

N/A

N,
ouT

N/A

Clay layer;
contourite

Cannot be
classified
based on
available data

Ash-clay
interface

Cannot be
classified
based on
available data

Clay layer

Cannot be
classified

Clay layer;
clay-clay
sequence*;
contourite

Lithological
contrast* (?)

Ash-clay
sequence

Lithological
contrast® (?);
contourite

Sand-clay
sequence* (?)

Cannot be
classified

Excess pore
pressure
generation due to
rapid
sedimentation

Excess pore
pressure related to
gas hydrates

Excess pore
pressure and
further strength
reduction due to
particle
rearrangement

No information

Excess pore
pressure
generation and
strain softening

No information

Inherited* (?)

Inherited*

Induced*

Cannot be
deduced from
available data

Induced*

Cannot be
deduced from
available data

Laberg and
Vorren (2000);
Laberg et al.
(2002, 2003)

Kuhlmann et al.
(2019); Luo et
al. (2020)

Kuhlmann et al.
(2014, 2016,
2017)

Krastel et al.
(2011); Henkel
etal. (2011); Ai
etal. (2014)

Vanneste et al.
(2012, 2014);

L’Heureux et al.

(2013);
Vanneste et al.
(2014);
Stegmann et al.
(2016)

Dalla Valle et
al. (2015);

125



58 Villafranca Offshore Italy,
Slide Gioia Basin,
Tyrrhenian Sea

59  Viper Slide Offshore Australia,
Great Barrier Reef,

Coral Sea

60 Yamba Slides Offshore Yamba,
eastern Australia,
South Pacific

Ocean

NO

N/A

IN

N/A

N/A

N/A

based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

Cannot be
classified
based on
available data

No information

No information

No information

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Cannot be
deduced from
available data

Gamberi et al.
(2019)

Gamberi et al.
(2011); Rovere
etal. (2014)

Webster et al.
(2016); Puga-
Bernabéu et al.
(2019)

Hubble et al.
(2019)

Hydroacoustic and geophysical data were available for all selected case studies.

IN = sediment cores/in-situ measurements sampling the basal surface inside the slide area were available

NO = sediment cores/in-situ measurements are available, but did not sample the failure or glide plane
OUT = sediment cores/in-situ measurements sampling the failure plane equivalent sediments outside the slide area are available

(N/A) = no data available
(*) = inferred by authors of this review

99
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2.2.1. Applied methods and analyses

All 60 selected case studies included identification of submarine landslides from hydroacoustic (multi-
beam and side-scan sonar) data. Basal surfaces of submarine landslides were further delineated using
geophysical data, which included 2D and 3D seismic, and sub-bottom profiler data. Hydroacoustic and
geophysical datasets enable the collection of basic morphometric features of the landslides (e.g. area,
volume, slope angle), including the identification of the basal surface (see Appendix 2.A). As legacy
seafloor data from 30+ years ago is generally of lower resolution than from more recent studies, they
typically only provided limited information about basal surfaces. Therefore, if more than one reference
was available for a case study, preference was given to that with higher resolution data and information

obtained from advanced analytical techniques.

In addition to hydroacoustic and geophysical data, 49 of the 60 case studies also recovered sediment
cores (Fig. 2.3A, Tab. 2.1). Different coring devices were used for the recovery of cores, including
gravity, piston, MeBo (Meeresboden Bohrgerdt or seafloor drill rig; Freudenthal and Wefer, 2007,
2013), and cores from deep ocean drilling programmes (IODP — International Ocean Discovery
Program and ODP — Ocean Drilling Program). Not all cores, however, sampled sediment layers
relevant to the study of potential weak layers, i.e. ideally failure plane equivalent sediments outside the
slide area or the basal surface of the landslide inside the slide area. Of the 49 case studies with sediment

cores, the relevant sediments were sampled in only 21 cases.

A detailed investigation of these 21 case studies, which cored and sampled the basal surface or failure
plane equivalent sediments, revealed that 20 were subject to further analyses (Fig. 2.3C). MSCL (multi-
sensor core logging) measurements were available for cores of four case studies. Data from MSCL and
geotechnical analyses (i.e. water content, fall-cone/vane shear tests, PSD (particle size distribution),
Atterberg limits, oedometer tests, direct shear tests and/or triaxial tests) were available for three studies.
Seven case studies reported MSCL, geotechnical analyses and XRF (X-ray fluorescence) data, while the

remaining six studies reported only geotechnical data.

In general, data from MSCL as well as standard geotechnical analyses (water content, fall-cone/vane
shear tests and PSD analyses) become readily available, but advanced geotechnical tests are rare
(Fig. 2.4). Of the 49 case studies with sediment cores, water content measurements were available for
26 case studies, MSCL and PSD measurements for 24 and undrained shear strength information from
fall cone and vane shear tests for 20 case studies. Atterberg limits and oedometer tests, on the other
hand, were available for cores of 12 and 13 case studies, respectively. Direct shear and triaxial tests were

only performed on sediment cores of 10 case studies.
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Figure 2.3. Pie charts counting case studies A. without data from sediment cores or in-situ
measurements — light grey, and with data from sediment cores and in-situ measurements — dark grey:
no data from relevant sediments (i.e. basal surface of landslide, or failure plane equivalent sediments) —
no pattern, cores sampling relevant sediments — left-tilted lines, in-situ measurements sampling relevant
sediments — right-tilted lines; B. with sediment cores and in-situ measurements from relevant sediments:
inside and outside the slide area — dark orange, inside the slide area — orange, outside the slide area —
yellow; and C. with analyses on sediment cores that sampled relevant sediments: no information — grey,
MSCL (multi-sensor core logging) — light green, geotechnical analyses (water content, undrained (fall
cone and vane) shear strength tests, particle size distribution, Atterberg limits, oedometer, direct shear
and/or triaxial tests) — green, MSCL and geotechnical analyses — dark green, MSCL, geotechnical
analyses and XRF (X-ray fluorescence) — dark green with circles. Please refer to Appendix 2.A for all
details. Please refer to online version for colours.

Furthermore, of the 60 case studies, seven used in-situ measurements to characterise landslide materials
(Fig. 2.3A; Tab. 2.1). Free-fall and pushed cone penetration testing with pore pressure response (FF-
CPTu and CPTu) were the primary geotechnical tools used for offshore in-situ measurements. In total,
in-situ measurements were available for seven case studies, of which six included measurements of the

relevant sediment layers.

Combining data from both, sediment cores and in-situ measurements, 23 of the 60 case studies obtained
information from the basal surface of the landslide or failure plane equivalent sediments outside the
slide area. In four cases, information was obtained from in-situ measurements and sediment cores. Two
case studies had only in-situ measurements, and the remaining 17 studies only sediment cores that

sampled the relevant sediments (Fig. 2.3A, Tab. 2.1). A detailed investigation of these 23 case studies
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revealed that six obtained data from outside the slide area (i.e. the undisturbed sediments equivalent to
the failure plane), ten from within the slide area (i.e. the basal surface of the landslide), and seven from
inside and outside the slide area (Fig. 2.3B, Tab. 2.1). Therefore, these 23 case studies may allow for a

deeper insight and analysis of weak layers.
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Figure 2.4. Number of case studies that carried out further analyses on available sediment cores (for all
details please refer to Appendix 2.A). Colour scale illustrates the coring location: not sampling the
relevant sediments — light yellow, sampling failure plane equivalent sediments outside — light orange,
the basal surface inside — orange, or both, the basal surface inside and the failure plane equivalent
sediments outside the slide area — dark orange. MSCL — multi-sensor core logging, XRF — X-ray
fluorescence, SEM — scanning electron microscopy, PSD — particle size distribution. Please refer to
online version for colours.

2.2.2. Observations and inferences regarding failure planes and weak layers

The data we have synthesised on submarine landslides and their weak layers (Tab. 2.1) show that various
sediment types and failure mechanisms have been inferred to control the formation of weak layers and

the generation of submarine landslides.

The main failure mechanisms invoked to form weak layers and promote failure relate to excess pore
pressure generation and strain softening (Tab. 2.1); however, failure mechanisms were often deduced
from geophysical data alone rather than from direct sampling. Although only 23 of the 60 selected case
studies collected data from relevant sediment layers by means of in-situ measurements and sediment

coring, 28 discussed potential failure mechanisms (Tab. 2.1).
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We have also noticed that the classification of weak layers following Locat et al. (2014) into inherited
and induced weak layers is not applicable for various case studies. The classification considers the
processes that may cause excess pore pressure generation or strength reduction, which in turn may result
in the formation of weak layers; however, it does not yet enable an identification of potential weak layers
within the slope stratigraphy pre-failure. Rather than investigating whether weak layers are inherited or

induced, it is crucial to analyse the sediment sequences forming potential weak layers.

Here, we introduce a new classification scheme, for the diagnosis of potential weak layers, and
assessment of the conditions (e.g. failure mechanisms) under which they may fail. In order to identify
the processes that control and form weak layers, we attempt to classify them in terms of their lithology
(see Section 2.3 below). Potential failure mechanisms may then be deduced from those lithologies
(Tab. 2.1). The classification further allows us to relate specific weak layer types to different

environments and assess their global distribution (Section 2.3).

2.3. Weak layer classification

The pre-requisite for a robust lithological classification of weak layers is data from sediment cores and
in-situ measurements that sampled the glide and/or failure planes of the submarine landslide. As
discussed earlier (Section 2.2.1), such data was available for 23 of the 60 case studies; nevertheless, a
total of 30 case studies discussed the nature of weak layers (Tab. 2.1). Therefore, weak layers are often
characterised by relying on information of the study area, and geophysical data and short cores

interpolated to the depth of interest, rather than direct measurements.

2.3.1. A lithological approach

Here, we present a classification of weak layers based on their lithology (Tab. 2.2) that includes: (1)
Siliciclastic, (2) volcaniclastic and (3) fossiliferous sediments. In siliciclastic sediments, weak layers
can form in strain softening sediments, usually sensitive clay layers, or along sediment sequences, where
permeability and/or strength contrasts promote failure. Volcaniclastic and fossiliferous weak layers are
related to sediment sequences (e.g. ash-clay or diatom-clay) that may fail either due to strain softening
of their weathered products or due to strength reduction and excess pore pressure generation as a result

of liquefaction and particle breakage.
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Table 2.2. Lithological classification of weak layers in submarine landslide studies.

Type Description Example Selected references
Siliciclastic sediments
Clay layers Clay layers may have e.g. Pianosa Slump, Miramontes et al. (2018)

Sand-clay sequence

Clay-clay sequence

inherently lower shear
strength (e.g.
montmorillonite) or can
face sudden shear
strength reduction (e.g.
sensitive clays) due to
strain softening (i.e.
particle re-arrangement)

High-permeability
sediments (i.e. sand or
sandy layers) overlain by
low-permeability
sediments (i.e. clay
layers) may favour the
accumulation of excess
pore pressure at the
material interface, which
may also cause strain
softening behaviour of
the clays

High-water content clay
(e.g. contourites)
overlain by low-
permeability sediments
(i.e. clay) may promote
excess pore pressure
accumulation

offshore western Italy,

Northern Tyrrhenian Sea

e.g. Finneidfjord Slide,
coast Norway,
Norwegian Sea

e.g. Trenadjupet Slide,
offshore Norway,
Norwegian Sea

L’Heureux et al. (2012)

Laberg and Vorren
(2000)

Volcaniclastic sediments

Ash-clay sequence

Permeability interface
between highly
permeable ash layer
versus overlying low-
permeability clay layers
may promote excess pore
pressure generation;
strength contrast may
also cause strain
softening within the
overlying clay

e.g. Licosa Slide;
offshore NW Italy,
eastern Tyrrhenian Sea

Sammartini et al. (2019)
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Fossiliferous sediments

Diatom-clay sequence Permeability interface e.g. Cap Blanc Slide, Urlaub et al. (2018)
between diatom ooze and  offshore NW Africa,
overlying low- Atlantic Ocean

permeability clay layers
may cause excess pore
pressure generation
along the diatom ooze
layer or at the material
interface; strain softening
may occur in the
overlying clay

2.3.1.1. Siliciclastic sediments
Clay layers

Clay layers have been invoked as weak layers because they can be prone to high compressibility and/or
sensitivity (e.g. Locat et al., 2003; L’Heureux et al., 2012), and were identified in three case studies
(Tab. 2.1; Forster et al., 2010; Dalla Valle et al., 2015; Miramontes et al., 2018). Clays have unique
mechanical and physio-chemical properties that can cause them to be mechanically weaker than other
siliciclastic sediments. These unique properties can be explained by the negative charge of clay minerals
and their preferential attraction of positively charged ions (diffuse double layer (DDL) theory by Gouy-
Chapman; Bolt, 1956). Reducing the ionic concentration or ionic valence will increase the spacing of
the DDL and hence the sediment’s porosity and volume (Bolt, 1956). Therefore, not only the type of
clay minerals (e.g. kaolinite versus montmorillonite), but also the dominant type and concentration of
exchangeable cations, and pore water salt concentrations have great influence on the mechanical

behaviour of clays (e.g. Moore, 1991).

Miramontes et al. (2018) suggested that failure of the Pianosa Slump, on the eastern margin of the
Corsica Trough, initiated along a zeolitic clay layer. Zeolites are known for their cation exchange
capabilities (Mumpton, 1999), and could attract more cations than the clay particles. Over time, this
results in a decrease of cation concentration around the clays and a weak sediment layer develops, due

to the repulsive forces of the clay minerals (Miramontes et al., 2018).

Another process that may lead to a decrease in cation concentration within weak layers is leaching. This
process causes the leaching of salt by fresh groundwater and is usually associated with sensitive clays
found in Canada and Scandinavia (e.g. Rosenqvist, 1966; Torrance, 1974). Examples can be found
offshore Finneidfjord and Trondheimsfjorden (e.g. L’Heureux et al., 2011, 2012; Vardy et al., 2012).

Although failure likely initiated along the sensitive clay, the weak layers of these case studies have been
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classified as ‘siliciclastic sediment sequence’, as lateral fluid flow along permeable sand layers likely

promoted strength reduction in the overlying clay layer (e.g. L’Heureux et al., 2012).

Siliciclastic sediment sequences

Siliciclastic sediment sequences have been inferred as weak layers in 15 case studies. Failure along
lithological contrasts was hypothesised for another six case studies, albeit without any validation from
sediment cores or in-situ geotechnical testing; hence the precise nature of these contrasts is unknown

(Tab. 2.1). Such sediment sequences can be the result of various sedimentation regimes:

Contourites have often been inferred as potential weak layers of submarine landslides due to their
inherent compositional and geotechnical properties (e.g. Lindberg et al., 2004; Bryn et al., 2005b). They
usually consist of well sorted muddy or sandy sediments that are characterised by high water content
and compressibility, which may favour the generation of excess pore pressure (Laberg and Camerlenghi,
2008). In total, four case studies have been related to contouritic sediment sequences (Tab. 2.1). The
weak layers of both, the Traenadjupet Slide and the Storegga Slide offshore Norway, are characterised
by siliciclastic sediment sequences that resulted from variations in climate-controlled oceanographic
conditions (e.g. Laberg et al., 2002; Berg et al., 2005). Rapid deposition of low-permeability glacio-
marine sediments above high-water content, fine-grained hemipelagic and/or contouritic sediments
likely caused the development of excess pore pressure, thereby increasing the failure potential along this
layer (e.g. Laberg and Vorren, 2000; Laberg et al., 2002; Berg et al., 2005; Bryn et al., 2005b; Kvalstad
et al., 2005; Solheim et al., 2005). In addition to such permeability contrasts, strength contrasts between
contouritic and surrounding sediments can influence the formation of failure planes and promote failure
(e.g. Lofoten Slides, offshore Norway, Baeten et al., 2013, 2014; AFEN Slide, offshore northern UK,
Wilson et al., 2004; Gatter et al., 2020). Although another five case studies, namely the Hinlopen and
Nyk Slide offshore Norway, the Gondola Slide offshore Italy, the Mauritania Slide offshore NW Africa,
and the Uruguay Slides offshore Uruguay discussed contourites as potential weak layers, a verification
was not possible due to lack of data (Tab. 2.1; Lindberg et al., 2004; Vanneste et al., 2006; Antobreh
and Krastel, 2007; Winkelmann and Stein, 2007; Krastel et al., 2011; Dalla Valle et al., 2015).

Turbidites have been identified as weak layers in four case studies (Tab. 2.1). Slope failure of the Baiyun
Slide, in the Pearl River Mouth Basin offshore China, was related to the migration of free gas from
deeper strata into a permeable turbidite layer. This likely caused the development of excess pore pressure
along the interface between the higher-permeable and overlying low-permeable sediments (Li et al.,
2014b; Sun et al., 2018). In Norway, turbidite deposits, which likely sourced from quick clay slides on

land, have been identified as weak layers of several fjord slides (e.g. Brattera Slide, L’Heureux et al.,
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2011; Finneidfjord Slide, L’Heureux et al., 2012; Orkdalsfjorden Slide, L’Heureux et al., 2014). The
contrasting permeability between sand and clay sediments within the turbidite deposits may have
enabled sub-lateral fluid migration along the sand layers and the formation of artesian groundwater
pressure. Excess pore pressure and strain softening of the weaker, sensitive clay likely caused failure

along the clay layer (e.g. L’Heureux et al., 2012; Vardy et al., 2012).

Particular attention should be paid to sequences of coarse- and fine-grained sediments, particularly at
river deltas. These sequences can form permeability contrasts and may create vertically confined
aquifers that can host artesian groundwater pressures that extend offshore (e.g. Micallef et al., 2021).
This has been observed in fjords, but was also suggested to have caused the Nice Airport Slide in 1979.
A sandy gravel alluvial aquifer overlain by fine-grained sediments was identified as weak layer for the
Nice Airport Slide. Failure likely initiated within the sensitive clay layer which was further weakened

by leaching due to fluid flow in the underlying sand (e.g. Dan et al., 2007).

Lastly, weak layers may form due to shear strength degradation by gas exsolution. Excess pore pressure
may develop along the interface between methane-charged higher-permeability and overlying fine-
grained, low-permeability sediments, and cause slope failure (e.g. Ana Slide, Eivissa Channel, Berndt

et al., 2012; Lafuerza et al., 2012).

2.3.1.2. Volcaniclastic sediment sequences

Ash layers have been suggested or identified as weak layers, affecting the formation of failure planes in
four case studies (Tab. 2.1; Harders et al., 2010; Laberg et al., 2014; Kuhlmann et al., 2017; Sammartini
et al., 2019). Based on their work on submarine landslides offshore Nicaragua, in particular on the
Hermosa Slide, Harders et al. (2010) proposed that ash layers overlain by impermeable clay can act as
weak layers. They proposed that the rearrangement and breakage of ash particles, e.g. due to seismic
shaking, may cause a sudden volume reduction. This would promote compaction within the ash layer
and a rapid accumulation of pore fluid along the interface between the ash and the overlying clay. The
transient pore pressure increase would thereby cause an abrupt reduction in shear strength at the
interface, and focused shearing along the ‘compacted’ ash layer or within the overlying clay (Harders et
al., 2010). Wiemer and Kopf (2017b) noted that hard-grained ash sands (low crushability) may actually
increase the shear strength of the slope material due to the particles’ roughness and angularity (Riley et
al., 2003), favouring seismic strengthening (Fig. 2.5). Soft-grained pumice, however, may be weak due
to its high crushability and favour pore pressure build-up (Wiemer and Kopf, 2017b). A coarse-grained
ash layer, composed of sub-angular pumice and glass shards, overlain by clayey sediments, has been
identified as potential failure plane of the Licosa Slide, offshore south-western Italy. The permeable ash

likely enabled lateral fluid flow along the layer. Lateral fluid flow and/or seismic shaking could have
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caused excess pore pressure to develop, and together with particle breakage and rearrangement
supposedly caused failure in the upper part of the ash layer or along the ash-clay interface (Sammartini
et al., 2019). The same mechanism was suggested for the Twin Slides, offshore Sicily (Kuhlmann et al.,

2016, 2017).

Another mechanism proposed to form weak layers within volcaniclastic sediments is strain softening of
weathered ash, which constitutes mechanically weaker clay. This hypothesis was confirmed by shear
experiments on ash samples at different alteration stages, which demonstrated a marked decrease in
shear strength with increasing alteration (Wiemer and Kopf, 2015). It was noted, however, that this
alteration is usually found below 800 m b.s.f., while submarine landslides are concentrated in the upper
400 m b.s.f. (McAdoo et al., 2000; Hiithnerbach et al., 2004). This could explain the lack of matching

case studies.

Figure 2.5. Examples of (A) porous and (B) elongated, dense pumice, (C) mafic ash, and (D) cuspate-
dominated ash from the Hikurangi margin, New Zealand obtained from Scanning Electron Microscopy
(SEM).
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2.3.1.3. Fossiliferous sediment sequences

Fossiliferous sediments have been proposed to affect submarine slope stability (e.g. Tanaka and Locat,
1999) and have been invoked as potential weak layers (e.g. foraminifera-rich layers; Sawyer and
Hodelka, 2016, diatom-rich layers; Volpi et al., 2003; Urlaub et al., 2018). Urlaub et al. (2018)
postulated that diatomaceous sediments overlain by impermeable clay layers likely acted as weak layer
and promoted failure of the Cap Blanc Slide, offshore NW Africa. From a geotechnical point of view,
even minor amounts of diatoms (about 10 %) were found to fundamentally alter key physical properties,
often in a complex manner (e.g. Tanaka and Locat, 1999; Shiwakoti et al., 2002; Volpi et al., 2003).
Diatomaceous sediments have higher water content, porosity, permeability and compressibility;
however, they also exhibit higher shear strength which may make them more resistant to static and cyclic
loading compared to sediments that lack diatoms (Shiwakoti et al., 2002; Tanaka et al., 2003; Diaz-
Rodriguez, 2011; Wiemer and Kopf, 2017a). It has to be noted though that geotechnical studies on
diatoms have been performed mainly on disc-shaped diatom frustules (cells), and that the shear strength
of diatomaceous sediments is strongly dependent on the shape of the diatom frustules (Fig. 2.6). High
shear strength is attributed to disc-shaped frustules, while tube-shapes exhibit higher compressibility

and therefore, have a lower comparative shear strength (Rack et al., 1993).

Another important aspect of diatomaceous sediments is that their presence is also crucial as a source of
pore fluid. Similar to ash particles, the crushing of diatoms and subsequent loss of sediment fabric can
cause an increase in pore pressure and a significant loss of strength (Urlaub et al., 2015). The pre-
requisite for this mechanism to apply is the occurrence of a sealing layer, i.e. clay that prevents the pore
fluid to dissipate (e.g. Urlaub et al., 2018). The most likely scenario for slope failure along a diatom-
clay weak layer is probably particle breakage due to loading or liquefaction (e.g. seismic shaking), which

causes both excess pore pressure generation and strain softening (Rodriguez-Ochoa et al., 2015).

L
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Figure 2.6. Examples of (A) mainly centric diatoms from the Lower Saxony, Germany and (B) mainly
pennate diatoms from the South Sandwich Trench, South Atlantic Ocean, obtained from Scanning
Electron Microscopy (SEM; modified from Dziadek, 2014).
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2.3.2. Environments and global distribution

As sediment type varies according to different depositional environments (e.g. Dutkiewitcz et al., 2015),
it stands to reason that the different types of weak layers (which are linked to sediment lithology) will
show an affinity to different geographic and physiographic regions. For example, weak layers attributed
to contourites will be more common in higher latitudes, or at oceanic gateways, where thermohaline
circulation is pronounced (Rebesco et al., 2014). Weak layers related to sand layers will be more prone
where episodic high energy sediment transport occurs, such as offshore from bedload-dominated river
deltas or in areas affected by recurrent turbidity currents. We now discuss some of the spatial controls
on sediment lithology with a view to provide some general guidance on the environments and regions
in which different weak layers may be anticipated; and hence where landslides that are linked to weak

layers may be more likely.

Weak layers related to siliciclastic sediment sequences are the most common and are found in various
environmental settings worldwide (Fig. 2.7E, F). Although their primary lithology is the same, based on
the environmental setting (and therefore, the prevailing sedimentation regime), the physical and
geotechnical properties of these weak layers can vary greatly. In addition, depending on the geographic
and physiographic regimes, different failure mechanisms may prevail and cause the formation of weak

layers.

Figure 2.7. (next page) Overview maps of the case studies used in this review (A, C, E). Subsets
represent zoom-ins to case studies in the NE Atlantic (X) and the western Mediterranean (Y). Each point
represents one submarine landslide or submarine landslide complex (exceptions are the Eastern Sea I
and II, Lofoten and Vesterdlen Slides for which several smaller, related slides are represented by only
one point). Different symbols illustrate the data available for each landslide: A. orange cross — sediment
cores/in-situ measurements sampling relevant sediments inside slide area, orange circle — sediment
cores/in-situ measurements sampling relevant sediments outside slide area, dark orange circle with cross
— sediment cores/in-situ measurements sampling relevant sediments inside and outside slide area, and
black circle — no sediment cores/in-situ measurements sampling relevant sediment are available. C.
Symbols illustrate the inferred main failure mode of individual slides: blue cross — failure due to strain
softening, blue square — failure due to excess pore pressure generation, blue square with cross — failure
due to excess pore pressure generation and strain softening, and black circle — no information available.
E. Weak layer types, classified by means of their lithology: light brown rectangle — clay layers, brown
diamonds — siliciclastic sediment sequence, dark green triangle — volcaniclastic sediment sequence,
green ellipse — fossiliferous sediment sequence, and black circle — no information available. Pie charts
counting case studies (B) with different datasets, (D) for each failure mode, and (F) for each type of
weak layer. Please refer to online version for colours.
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Coarse-grained (i.e. sand) layers are mainly considered as potential weak layers because of their
mechanical behaviour under cyclic loading (e.g. earthquake shaking). Such high-permeability, often
under-consolidated layers may collapse under cyclic loading, as the effective stress between grains is
lost, resulting in liquefaction (e.g. Sultan et al., 2004). Sandwiched between low-permeability (clay or
silt) layers, the sealing-capacity of these sediments may hinder the vertical dissipation of pore fluids and
cause transient pore pressure accumulation within the sand layer. Weak layers of such nature are
typically associated with contourites (e.g. Wilson et al., 2004; Baeten et al., 2014; Gatter et al., 2020).
Contourites are sediment deposits that are characterised by well-sorted, under-consolidated muddy or
sandy sediments with high water contents and relatively low shear strength (Laberg and Camerlenghi,
2008). They are typically found on continental slopes, where they may be subject to rapid burial under
low-permeability glacio-marine clays. This may enable liquefaction of sandy contourites and the
generation of transient pore pressures if subject to seismic shaking (e.g. Wilson et al., 2004). In addition
to permeability contrasts, strength contrasts between contouritic and surrounding sediments may also
promote failure along their interface (e.g. Baeten et al., 2014). The lateral extend of most contourites
could lead to nearly instantaneous failure of large volumes of sediment. Moreover, submarine landslides
within contourites are often characterised by repeated failure (e.g. AFEN Slide, Wilson et al., 2003;
Storegga Slide, Haflidason et al., 2004; Bryn et al., 2005a). Contourites, and their respective type of
weak layers, are typically associated with northern high-latitudes, but they are also found in mid- and

low-latitudes (Fig. 2.8A).

Our data show that sand layers have another important function in the formation of submarine landslides.
That is, they act as aquifers in near coastal environments (e.g. fjords — Brattera, Finneidfjord and
Orkdalsfjorden Slides, L’Heureux et al., 2011, 2012, 2014; or continental slope — Nice Airport Slide,
Dan et al., 2007). Alternating layers of low- and high-permeability sediments can affect the groundwater
flow and cause excess pore pressure generation, thereby promoting failure. Failure is typically
associated with artesian groundwater pressure along the sand-clay interface and strain softening of the
often inherently weaker, sensitive clays (e.g. Dan et al., 2007; L’Heureux et al., 2011, 2012, 2014). Such
sensitive clays (often related to quick clay slide activity) are common in uplifted fjord valleys of
Scandinavia, Canada and to a lesser extent in Alaska (e.g. Torrance, 1983). These sediments, with
similar origin as those found in this study (e.g. Finneidfjord, L’Heureux et al., 2012; Steiner et al., 2012)
could play a crucial role in the formation of submarine landslides in near-coastal areas. Although the
landslide volumes in fjords are limited by the morphology of these environmental settings (e.g. Syvitski
et al., 1987; Prandle, 2009), they can have major social-economic impact due to their near coastal

location.
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Figure 2.8. World distribution of (A) contourites (modified from Rebesco et al., 2014; Thran et al.,
2018) and (B) volcanoes (red triangles; Global Volcanism Program, 2013) and upwelling regions (green;
modified from Kémpf and Chapman, 2016). Please refer to online version for colours.

The main mechanisms proposed to cause failure along volcaniclastic weak layers are particle
rearrangement and breakage, and transient pore pressure generation (e.g. Harders et al., 2010). Pore
pressure, however, will only accumulate if a sealing layer (i.e. low-permeability layer) prohibits pore
pressure dissipation. Therefore, volcaniclastic weak layers have only been identified in the form of

sediment sequences (e.g. Hermosa Slide, Harders et al., 2010; Licosa Slide, Sammartini et al., 2019).

The recognition of volcaniclastic sediments as weak layers, has potentially broad implications on
submarine landslide hazard since many regions around the world contain abundant volcaniclastic

material that may fail under certain conditions (e.g. Miramontes et al., 2018; Fig. 2.8B). Volcanic ash,
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in particular, can be transported over large areas, tens to hundreds of kilometres from their source (e.g.
Riley et al., 2003), enabling the formation of laterally extensive weak layers. Such weak layers may
promote large-scale or repeated slope failures in proximal or distal areas of the volcanic source. Notice
that although not included in this review, landslides on volcanic island slopes are common (e.g. Moore
et al., 1989; Le Friant et al., 2019), and have to be carefully investigated due to their tsunamigenic
potential (e.g. Silver et al., 2009; Watt et al., 2012; Le Friant et al., 2019). In most cases, however, slope
failures on volcanic islands include subaerial parts with their headwalls extending onshore (e.g. Hunt et
al., 2011; Watt et al., 2012; Leodn et al., 2020), which did not meet our criteria to be included in this

landslide catalogue.

Similar to volcaniclastic sediments, particle rearrangement and breakage, and transient pore pressure
generation are the main failure mechanisms related to fossiliferous weak layers (e.g. Urlaub et al., 2015).
Urlaub et al. (2018) highlighted how diatom ooze layers overlain by clay likely acted as weak layers for
the Cap Blanc Slide, offshore NW Africa, while diatom ooze layers overlain by coarser sediments did
not show such a correlation. This shows that, although high shear strength of diatom ooze would suggest
a strengthening effect, their high compressibility may lead to a drastic volume reduction and transient

pore pressure generation during burial.

Such fossiliferous weak layers may precondition large submarine landslides. For example, periodical
upwelling of diatom ooze offshore NW Africa, enables the formation of laterally extensive weak layers
on the otherwise sediment-starved continental slope, promoting large-scale submarine landslides (e.g.
Cap Blanc Slide; Urlaub et al., 2018). Such upwelling regions are found all over the world (Fig. 2.8B)

and should be investigated with great care.

We demonstrated the advantage of a lithology-based classification by highlighting the correlation
between the type of weak layer and specific geographical and physiographic locations. Depending on
the environmental setting and the dominant sedimentation regimes, we can infer the likely location of

different weak layers and further related them to individual failure mechanisms (Fig. 2.7).

2.4. Conclusions and outlook

Based on a new global submarine landslide catalogue that comprises 60 case studies, we reviewed the
current state of knowledge of weak layers and their controls on submarine landslide formation. We show
that the classification into inherited and induced weak layers (Locat et al., 2014) is not applicable for
various case studies (Tab. 2.1), and does not readily enable an identification of weak layers from
sediment cores or in-situ measurements of unfailed sediments. We therefore introduce a new

classification scheme for weak layers that is based on lithology (Tab. 2.2). Such a classification has the
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advantage of enabling weak layer recognition from sediment cores, including those sampling unfailed
sediments. In addition, it allows the correlation of different types of weak layers (which are linked to
sediment lithology) to specific geographical and physiographic locations. These include contourite or
turbidite systems that can create siliciclastic sediment sequences, areas of high productivity where
biogenic sediments may dominate, or regions that experience repeated ash deposition from proximal or
distal volcanic sources (Fig. 2.8). Successfully identifying weak layers and further relating them to
specific failure mechanisms will significantly advance the assessment of submarine landslide hazard

and will inform management strategies.

Our data clearly show that the sequencing of specific sediment layers, such as sand-clay, ash-clay or
diatom-clay, is key to the formation of weak layers. In total, 21 of our 60 case studies were related to
distinct sediment sequences, while three submarine landslides were related to clay weak layers
(Fig. 2.7E, F). In addition, failure along lithological contrasts was inferred for another six case studies.
These submarine landslides, however, could not be classified properly, because the published data was
insufficient. Failure mechanisms were often deduced from geophysical data alone rather than from direct
sampling. In total, excess pore pressure was invoked as the main failure mechanism in 19 of the 60 case
studies. Another seven case studies linked slope failure to a combination of excess pore pressure and
strain softening, while failure due to strain softening alone was referenced in two case studies

(Fig. 2.7C, D).

The robust investigation and characterisation of weak layers and their mechanisms in a submarine
landslide setting is a function of their accurate identification, their recovery during sediment coring, and
careful sampling as well as the choice of analytical methods. It further requires the sampling of weak
layers in their undisturbed form, i.e. from the undisturbed adjacent slope. Sediment cores and in-situ
measurements that sample relevant sediments, in particular the undisturbed sediment sequence outside

the slide area, however, are rare (Fig. 2.7A, B).
In the following, we outline some of the key requirements for future weak layer investigations:

e There is a clear need for research cruises that are tailored towards failure plane and weak layer
investigations. The identification and characterisation of failure planes and weak layers are
usually not the primary aim of current sampling campaigns; hence, the applied methods (e.g.
coring techniques) are often not suitable to sample failure planes and failure plane equivalent
samples outside the slide area.

e Instead of targeting large submarine landslides, whose failure planes are buried tens to hundreds
of metres below the seafloor (e.g. Haflidason et al., 2004), it may be more prudent to focus

efforts on the investigation of smaller landslides. The investigation of smaller submarine
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landslides has shown good results (e.g. Strozyk et al., 2010b; Baeten et al., 2014; Gatter et al.,
2020), as they allow for the deployment of more cost-effective coring devices, which can be
used to obtain a number of cores, inside and outside the slide area. Another alternative is to
study landslides in lakes, which are also smaller in size and readily accessible (e.g. Van Daele
et al., 2017; Moernaut et al., 2020; Stegmann et al., 2007). It is clearly important, however, to
understand how much of the information we can extrapolate from small to larger landslides.
Several previous studies suggest that morphometry and other characteristics may be similar
between cohesive landslides across many orders of magnitude (e.g. Micallef et al., 2008;
Moernaut and De Batist, 2011; Urgeles and Camerlenghi, 2013; Casas et al., 2016; Clare et al.,
2017); hence this may be a sensible approach where and until deeper sampling is not viable.
The successful sampling (and investigation) of weak layers requires new technologies, e.g.
further development of seafloor drill rigs. Seafloor drill rigs have the potential to fill the gap
between relatively cost-effective, but short, conventional coring devices, such as gravity or
piston corer that can sample dense or weakly cemented strata, and the use of drill ships
(Freudenthal and Wefer, 2013). They have the clear advantage that once they are deployed on
the seafloor, they can collect a number of sediment cores relatively time-effective. Additionally,
they allow for further borehole logging and in-situ testing (e.g. Spagnoli et al., 2015; Huhn et
al., 2019). Such integrated technologies may fill the gaps from individual datasets.

It is of critical importance to combine various sampling (e.g. coring and in-situ measurements)
and analytical (e.g. sedimentological, geochemical, geotechnical) methods to investigate weak
layers. In order to overcome limitations inherent to individual methods, the integration of
datasets becomes imperative and should include high-resolution data from grain-scale analyses,
such as micro-CT (Computed Tomography) or SEM. Such high-resolution analyses appear
necessary in order to capture the processes that underlie and control weak layer formation, and
that could not be resolved by other techniques. The combination and integration of various
methods enables to compensate for uncertainties and to fill gaps of individual datasets.

Finally, a systematic approach of weak layer investigation is required. Many current limitations
are related to a lack of data, but also inconsistency in data acquisition. There is a clear need for
a more complete data collection and uniform workflow for a better comparison between

individual studies and consequently weak layer characterisation.
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Glossary
Basal surface: Defined, deepest boundary of a submarine landslide.

Case study or study: May include only one or several independent published research papers that all

deal with the same submarine landslide or slide complex.

Failure mechanism: A physical, chemical or other process that results in failure; the direct cause of a

failure mode.
Failure mode: The cause of failure; the direct effect of failure mechanisms.

Failure plane: The surface or sediment horizon within the slope stratigraphy along which failure

initiates. If no substantial erosion occurs the failure plane also acts as glide plane.

Glide plane: The surface within the slope stratigraphy along which slide movement occurs. This surface
can coincide with the failure plane, but does not have to be identical, e.g. if substantial erosion occurs

during the slide movement, thereby remoulding and removing the failure plane.

Liquefaction: Occurs when a loosely packed sediment loses strength under environmental conditions
such as cyclic loading from earthquakes. The sediment particles temporarily lose contact with one
another, and the particle weight is temporarily sustained by the pore fluid, causing transient pore

pressures and subsequent failure.
Permeability: A measurement of the sediment’s capability to let fluids pass through.

Porosity: Measures the void (pore) space of the sediment, and is the fraction of the volume of voids

over the total volume.

Pre-conditioning factor: Long-term factors (e.g. sedimentation) that bring submarine slopes closer

towards failure.

Sediment horizon: A bedding surface with a marked change in lithology, or a distinct layer or thin bed

with a characteristic lithology or geotechnical properties within the stratigraphy.

Sediment sequence: Refers to alternating layers of varying physical and geotechnical properties, e.g.

particle size, shear strength or porosity.

Sensitive clay: A clay where the remoulded shear strength shows a clear decrease in comparison to the

undisturbed shear strength. The ratio of undisturbed to disturbed strength is termed sensitivity.
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Slope failure: Refers to the downward movement of slope material in response to mainly gravitational
stresses. Slope failure occurs when the downward driving forces exceed the resisting forces of the slope

material.
Strain softening: Decrease in shear strength with increasing strain.

Submarine landslide: Gravity-driven mass movement that occurs in a variety of underwater slope

settings worldwide.
Submarine landslide complex: Multi-failure complex, defined by multiple steps.

Triggering mechanism: An external, short-term stimulus that initiates slope failure.
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Supplementary material

Appendix 2.A: Supplementary data file

Description:

The accompanying Excel spreadsheet summarises the data used in this literature review, including all
discussed case studies (sheet ‘Case Studies’ and ‘Case Studies — Summary’) and related references
(sheet ‘References’). ‘Case Studies’ lists the information available for each case study according to
individual references. ‘Case Studies - Summary’ provides a summary of the gathered information from

all references (as listed in ‘Case Studies’), which was used as raw data for this literature review.
File name:

Appendix2.A_WeakLayer CaseStudies.xlsx
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Abstract

Contourite drifts are sediment deposits formed by ocean bottom currents on continental slopes
worldwide. Although it has become increasingly apparent that contourites are often prone to slope
failure, the physical controls on slope instability remain unclear. This study presents high-resolution
sedimentological, geochemical and geotechnical analyses of sediments to better understand the physical
controls on slope failure that occurred within a sheeted contourite drift within the Faroe-Shetland
Channel. We aim to identify and characterise the failure plane of the late Quaternary landslide (the
AFEN Slide), and explain its location within the sheeted drift stratigraphy. The analyses reveal abrupt
lithological contrasts characterised by distinct changes in physical, geochemical and geotechnical
properties. Our findings indicate that the AFEN Slide likely initiated along a distinct lithological
interface, between overlying sandy contouritic sediments and softer underlying mud-rich sediments.
These lithological contrasts are interpreted to relate to climatically-controlled variations in sediment
input and bottom current intensity. Similar lithological contrasts are likely to be common within
contourite drifts at many other oceanic gateways worldwide; hence our findings are likely to apply more
widely. As we demonstrate here, recognition of such contrasts requires multi-disciplinary data over the

depth range of stratigraphy that is potentially prone to slope failure.

3.1. Introduction

Thermohaline-driven ocean bottom currents create sedimentary accumulations called contourites that
are found along the world’s continental margins (e.g. McCave and Tucholke, 1986; Rebesco and Stow
2001; Stow et al., 2002). Contourites can cover extremely large areas (from <100 km? to >100,000 km?),
forming a variety of depositional geometries that include elongated, mounded, sheeted, channelized and
mixed drift systems (Faugeres et al., 1999; Rebesco and Stow, 2001; Stow et al., 2002; Faugéres and
Stow, 2008). It has become increasingly apparent that contourite drifts are prone to slope instability
(Laberg and Camerlenghi, 2008), with submarine landslides recognised in a wide range of locations

affected by bottom currents (Tab. 3.1).



Table 3.1 Examples of submarine landslides in contourites. Slide volume, seabed gradient and sediment accumulation rate are given where available.
Main controls of slope failure are listed where they are known or discussed in the literature.

Seabed Sediment
. . . Slide volume X accumulation . .
Slide name Location Setting 3 gradient Drift type Main control References
(km°) ©) rate
(cm/ka)
Hinlopen- Northern Northern 1200 to 1350 <0.5 ? Lithological and | Vanneste et al.
Yermak Slide Svalbard margin, high- geotechnical (2006); Winkelmann
Arctic Ocean latitudes contrasts et al. (2008)
Fram Slide Offshore Northern (17~f1a‘i‘l7u (1)res) ~1.5to 3to 19 Plastered drift Toe erosion, Mattingsdal et al.
Complex northwest high- 4.5 morphology (2014); Elger et al.
Svalbard, Arctic  latitudes (2017)
Ocean
- Lofoten Islands, = Northern <1t0 8.7 4to1 Upto4 Mounded, Under-cutting Laberg et al. (2001);
offshore high- (individual elongated drift Baeten et al. (2013,
Norway, latitudes landslides) (Lofoten drift) 2014)
Norwegian Sea
Traenadjupet Offshore Northern ~900 2.31t00.6 Up to 65 Mounded, Weak layer Laberg and Vorren
Slide Norway, high- elongated drift (2000); Laberg et al.
Norwegian Sea latitudes (Nyk drift) (2001, 2002, 2003)
Nyk Slide Offshore Northern Upto 1.2 Mounded, Weak layer Laberg et al. (2001,
Norway, high- elongated drift 2002); Lindberg et
Norwegian Sea latitudes (Nyk drift) al. (2004)
Sklinnadjuped  Offshore Northern Upto 0.5 Infilling drift Weak layer (?) Laberg et al. (2001);
Slide Norway, high- (Sklinnadjuped Dahlgren et al.
Norwegian Sea latitudes drift) (2002)
Storegga Slide ~ Offshore Northern 2400t0 3200 0.5t0 1.0 Mounded, Sensitive clay Bryn et al. (2005a,
Norway, high- elongated drift  layer b); Haflidason et al.
Norwegian Sea latitudes (2005);

Kvalstad et al.
(2005)

¥6



Tampen Slide

Northern Faroe
Slide Complex

AFEN Slide

Rockall Bank
Slide Complex

Offshore
Norway,
Norwegian Sea

Faroe Islands,
offshore UK,
Norwegian Sea

Offshore UK,
Faroe-Shetland
Channel

Offshore Ireland,
Rockall Trough

Offshore eastern
Canada, North
Atlantic

Grand Banks,
offshore eastern
Canada, North
Atlantic

Pianosa Ridge,
Mediterranean
Sea

Gela and south
Adriatic Basin,
Mediterranean
Sea

Northern
high-
latitudes

Northern
high-
latitudes

Northern
high-
latitudes

Northern
high-
latitudes

Northern
mid-
latitudes
Northern
mid-
latitudes

Northern
mid-
latitudes
Northern
mid-
latitudes

~0.153 1to3
(all phases)
265 to 765 5to 10
2
3to0 10
(locally
20)
0.1t00.2 ~3
(individual
mass transport
deposits)

14 to 30

Upto 10

5to017.1

Up to 50

13

225

Mounded
elongated drift

™

Mounded,
elongated drift
(Faroe drift)

Sheeted to
mounded drift
(West Shetland
drift)

Elongated,
mounded drift
(Feni drift)

Plastered drift
@)

Plastered drift

Plastered drift

Elongated and
separated drifts

Sandy layer (?)

Weak layers

Lithological and
geotechnical
contrasts

Over-steepening

Mechanical
boundary, clay
layer

Evans et al. (2005);
Solheim et al.
(2005)

Rasmussen et al.
(1996, 1998); Van
Weering et al.
(1998); Kuijpers et
al. (2001); Long et
al. (2004)

Knutz and
Cartwright (2004);
Wilson et al. (2004)

Van Weering and
Rijk (1991);
Faugeres et al.
(1999);
Georgiopoulou et al.
(2013, 2019)

Piper (2005)

Rashid et al. (2017)

Miramontes et al.
(2016, 2018)

Minisini et al.
(2007); Verdicchio
and Trincardi (2008)
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SW Mallorca
Island,
Mediterranean
Sea

Alboran Sea,
Mediterranean
Sea

Levant Basin,
Mediterranean
Sea

Bahamas Bank

Offshore
Uruguay

Offshore
Argentina

Offshore
Antarctic
Peninsula,
Pacific Ocean

Northern
mid-
latitudes

Northern
mid-
latitudes

Northern
mid-
latitudes

Norther
low-
latitudes

Southern
mid-
latitudes

Southern
mid-
latitudes

Southern
low-
latitudes

Generally <1
(individual
landslides)

21020
(individual
landslides)

<2
(individual
landslides)

1.3t02.9

>4

1-3

3to7

2t03

5.8(7)

25t0 130

8to 18

Upto 1.6

Decrease
from 18 to ~8

Mounded,
elongated drifts

Contourite
dispositional
system

Plastered drift

Plastered drift

Contourite
depositional
system

Contourite
depositional
system

Mounded drifts

Over-steepening

Stratigraphic
control (?)

Lithological
control

Lithological
control; over-
steepening

Under-cutting;
weak layer

Liidmann et al.
(2008)

Ercilla et al. (2016)

Katz et al. (2015);
Hiibscher et al.
(2016)

Mulder et al. (2011);
Principaud et al.
(2015); Tournadour
et al. (2015)

Henkel et al. (2011);
Krastel et al. (2011);
Ai et al. (2014);
Hernandez-Molina
etal. (2016)

Hernandez-Molina
et al. (2009); Ai et
al. (2014); Krastel et
al. (2011); Preu et
al. (2013)

Iwai et al. (2002);
Volpi et al. (2003,
2011)
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Figure 3.1. Key characteristics of contourites that favour the formation of submarine landslides.
Morphological controls: A — over-steepening, B — erosion, C — sediment loading; stratigraphic controls:
i — laterally extensive sensitive clay layers that are prone to sudden strength loss, possible shear strength
depth profiles are shown as black; dark grey, dashed and light grey, dotted lines; ii — thick accumulation
of sandy layers which can accommodate excess pore pressure due to high sedimentation rates; iii —
distinct lithological and/or geotechnical interfaces. Contourite depositional system adopted from
Hernandez-Molina et al. (2008).

The affinity of contourite drifts for slope failure can be linked in part to deposit morphology (Fig. 3.1,
Tab. 3.1). In some locations, contour-parallel currents modify the continental slope profile, creating
mounded accumulations of sediment which are thicker and steeper than those on slopes unaffected by
bottom currents (Laberg and Camerlenghi, 2008; Rebesco et al., 2014). Factors such as sediment supply,
intensity and location of currents, and sea level and climatic changes control the presence or absence,
location, growth and morphology of contourites (Faugéres and Stow, 2008; Rebesco et al., 2014). A
number of compound morphological effects have been implicated as pre-conditioning and/or triggering
mechanisms for slope instability, which include: slope over-steepening due to rapid sediment
accumulation (A, Fig. 3.1) or due to erosion by vigorous along-slope currents (B, Fig. 3.1), and loading
resulting from differential sediment accumulation (C, Fig. 3.1). These effects occur particularly where

contourites form as mounded accumulations (Laberg and Camerlenghi, 2008; Prieto et al., 2016;
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Miramontes et al., 2018). However, submarine landslides, some of which include the largest on our
planet (e.g. Storegga; Bryn et al., 2005a), often occur within contourite drifts with very low angle (<2°)
slopes (e.g. Hiihnerbach et al., 2004). Another explanation for slope instability in contourite drifts,
therefore, relates to specific compositional and geotechnical properties of contourites (Fig. 3.1, Tab. 3.1;
Lindberg et al., 2004; Kvalstad et al., 2005). Plausible controls include prominent layers within the slope
stratigraphy (Fig. 3.1) which may feature a lower peak or post-peak shear strength than over- and
underlying strata, such as i) laterally extensive (sometimes centimetre-thin) homogeneous layers of
weaker, sensitive material which is prone to sudden strength loss (e.g. sensitive clay in the Storegga
Slide, Norway — Kvalstad et al., 2005; sensitive zeolite layer in the N Tyrrhenian Sea — Miramontes et
al., 2018), or ii) thick accumulations of sandy material which is characterised by high sedimentation
rates, promoting excess pore pressure (Laberg and Camerlenghi, 2008; Ai et al., 2014). Another
plausible control relates to lithological and/or geotechnical contrasts within a depositional sequence that
may result from rapid changes in current regime, sediment input or type (e.g. Rashid et al., 2017; iii,

Fig. 3.1).

Detailed sedimentological and geotechnical studies of landslides within contourites are scarce (Baeten
et al., 2013; Miramontes et al., 2018), and there is still much uncertainty as to which specific aspects act
as the dominant control on slope instability. Many studies rely solely upon remote geophysical data for
landslide characterisation, and if sediment cores are acquired, they typically do not penetrate to the
failure plane (which may be tens to hundreds of metres below the seafloor; Talling et al., 2014). Such
cores also tend to focus on characterisation of the failed landslide mass, rather than targeting sediments
from adjacent undisturbed slopes. Targeting the undisturbed sediments of the adjacent slopes, including
those stratigraphically equivalent to the failure plane of the landslide, however, is necessary in order to
identify and characterise the material along which the landslide initiated, as these are usually removed
or remoulded during failure. It is of critical importance to be able to identify sediments, which are prone
to failure in order to perform reliable slope stability assessments (L’Heureux et al., 2012; Vardy et al.,

2012).

3.1.1. Aims

Here, we present a detailed characterisation of a bedding-parallel, cohesive submarine landslide (called
the AFEN Slide) that occurred within a low angle (<2.5°) laterally extensive sheeted contourite drift,
based on physical, geochemical, sedimentological and geotechnical analyses. We focus on a core
targeted to sample the pre-landslide sedimentary sequence, including sediments that correlate
stratigraphically with the failure plane located further upslope. Based on centimetre-resolution

characterisation of these deposits we address the following questions. First, what is the nature of the
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undisturbed sediment and do material heterogeneities explain the location of the failure plane? As many
aspects of cohesive landslides appear to be scale invariant, this study of a relatively small landslide may
provide key insights into our understanding of much larger ones (Micallef et al., 2008; Chaytor et al.,
2009; Baeten et al., 2013; Casas et al., 2016; Clare et al., 2018). Second, what causes the observed
heterogeneities within the stratigraphy? We explore how climatic changes and ocean circulation may
play a key role in governing not just the failure plane depth, but also influence the timing of slope failure.
Finally, we discuss the implications of climatically-controlled sediment supply and deep ocean
circulation for pre-conditioning slope instability in contourite depositional systems in oceanic gateways,

which are narrow, deep passages connecting two adjacent basins, elsewhere in the world.

3.2. Background

3.2.1. Regional setting

3.2.1.1. Geological and morphological setting

The study area lies on the eastern flank of the Faroe-Shetland Channel, which is located north of
Scotland, extending over 400 km between the Wyville-Thomson Ridge and the Norwegian Basin
(Fig. 3.2). The Faroe-Shetland Channel is a narrow basin, measuring 250 km at its widest in the northeast
and less than 130 km in the southwest. The channel closely follows the trend of the regional NE-SW
structural lineaments, and one of the NW-SE transfer zones (Victory Transfer Zone) passes close to the
study area (Rumph et al., 1993; Wilson et al., 2004). The Faroe-Shetland channel is the present-day
expression of the Faroe-Shetland Basin that can be dated back to the Late Palacozoic (e.g. Rumph et al.,
1993). Basin formation was probably initiated during the Devonian, while the main rift phase occurred
during Cretaceous times (Dean et al., 1999; Roberts et al., 1999). Although extension is thought to have
continued in places until the early to mid-Palacocene (Smallwood and Gill, 2002), more or less
continuous post-rift subsidence predominated throughout the Cenozoic (Turner and Scrutton, 1993).
This subsidence was interrupted at various stages by contractional deformation (Ritchie et al., 2003;
Johnson et al., 2005; Stoker et al., 2005; Ritchie et al., 2008) and regional uplift and tilting (Andersen
et al, 2000; Smallwood and Gill, 2002; Stoker et al, 2002; Stoker et al., 2005). Following Late
Palaeocene uplift, the Faroe-Shetland Channel has subsided about 2000 m, with present-day water
depths of 1700 m in the north-east and 1000 m in the south-west, and slope angles between 1° and 3°
flanking the eastern channel margin (Stoker et al., 1998; Andersen et al., 2000; Smallwood and Gill,
2002). The channel forms an important oceanic gateway, exchanging water masses between the North
Atlantic and the Norwegian Sea (Broecker and Denton, 1990; Rahmstorf, 2002) since at least the Early
Oligocene (Davies et al., 2001).
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Figure 3.2. (A) Schematic diagram of current regime in and around the Faroe-Shetland Channel. Arrows
indicate the five main water masses: red 1 — North Atlantic Water; red 2 — Modified North Atlantic
Water; grey 3 — Arctic Intermediate Water; blue 4 — Norwegian Sea Arctic Intermediate Water; blue 5
— Faroe-Shetland Channel Bottom Water (after Turrell et al., 1999). Study area is outlined with a black
rectangle. (B) Outline of the AFEN Slide, showing piston core 64PE391-01 (61°15'40.679"N,
02°23'42.899"W; Madhusudhan et al., 2017) and Core 64PE391-04 (61°16'17.651"N, 02°24'21.959"W)
as red circles. Black line illustrates the seismic line shown in C. Inset image shows the four stages of
the failure as interpreted by Wilson et al. (2004). Modified from Madhusudhan et al. (2017) (C) Seismic
line across the AFEN Slide showing piston core 01 and 04. Insert image illustrates the distribution of
sheeted contourite drifts in the area (after Wilson et al., 2004).
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3.2.1.2. Oceanography and palaeoceanography

In general, the present-day oceanography in the Faroe-Shetland Channel consists of warm surface water
moving towards the northeast, and cold bottom water, generating relatively strong, erosive bottom
currents (with velocities in the range between <0.3 and >1.0 m/s; Masson et al., 2004), moving towards
the southwest (Fig. 3.2A; Saunders, 1990; Turrell et al., 1999; Rasmussen et al., 2002). Five distinct
water masses can be recognised based on their salinity and temperature characteristics (Turrell et al.,
1999). Two distinct, surface water masses transport warm water from the North Atlantic into the
channel. North Atlantic Water (NAW) flows northward from the Rockall Trough (Turrell et al., 1999),
while Modified North Atlantic Water (MNAW) flows clockwise around the Faroe Islands before turning
northward in the Faroe-Shetland Channel (Saunders, 1990). These surface waters typically occupy the
upper 200-400 m of the water column (Turrell et al., 1999). Arctic Intermediate Water (AIW) flows
anticlockwise along the southern edge of the Norwegian Basin and around the Faroe-Shetland Channel,
typically between 400 m and 600 m water depth (Blindheim, 1990). At the base of the channel (usually
below 600 m water depth), the Norwegian Sea Arctic Intermediate Water (NSAIW) and the Faroe-
Shetland Channel Bottom Water (FSCBW) are funnelled along the Faroe-Shetland Channel towards the
south (Turrell et al., 1999) and flow along the Faroe Bank Channel into the Atlantic (Saunders, 1990).
A small portion of the cold bottom water flows across the western end of the Wyville-Thomson Ridge
south into the Rockall Trough (Stow and Holbrook, 1984). The velocity of these water masses is
variable, both across the channel and over time. Average along slope velocities, mainly directed
northeast of around 0.2 to 0.25 m/s were measured at around 500 to 700 m water depth (Van Raaphorst
etal.,2001; Bonnin et al., 2002) and velocities over >1.0 m/s associated with southwest-directed bottom
currents were inferred from observed bedforms (Masson et al., 2004). Periodical changes in salinity and
temperature cause shifts of the boundaries between water masses on timescales from decades to hours
(Turrell et al., 1999). Since the Last Glacial Maximum (LGM), when bottom and surface currents were
weak, eight distinct changes in surface and bottom current regime were identified, which are related to
the changes in climatic conditions (Rasmussen et al., 2002). Climatic and palaeoceanographic changes
also reportedly caused strong cyclical variation in sediment accumulation (with up to 30 cm/ka along
the Faroe Drift and up to 10 cm/ka along the West Shetland Drift; Rasmussen et al., 1996, 1998; Knutz
and Cartwright, 2004; Nielsen et al., 2007).

3.2.1.3. Contourite deposits in the Faroe-Shetland Channel

The regional oceanography has controlled the depositional architecture of the slope sediments, creating
elongated mounded contourite drifts at the base of the slope (to the northeast of the AFEN Slide) and
sheeted contourite drifts in the slide area (Long et al., 2004; Hohbein and Cartwright, 2006). These
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sheeted drifts are characterised by parallel, laterally continuous reflectors on seismic profiles (Masson,
2001). These reflectors can be traced over more than 50 km below the sea floor of the Faroe-Shetland
Channel, which emphasises the regional scale of bottom current activity and sheeted contourite drift

accumulation (Stoker et al, 1998).

3.2.2. The AFEN Slide

The AFEN Slide was first identified in 1996, during an environmental survey for the Atlantic Frontiers
Environmental Network in the region (Wilson et al., 2004). The slide is interpreted as a four-stage
retrogressive landslide that occurred northwest of the Shetland Islands (UK) at water depths of 830 m
to 1120 m on a slope varying from approximately 0.7° to about 2.5° (Wilson et al., 2004; Fig. 3.2B).
The total length from the head scarp to the toe of the lobe is over 12 km, and the maximum width is
around 4.5 km. The slide involved ~200 x 10° m?® of sediment and the slide debris has a maximum
thickness of 20 m, averaging between 5 m to 10 m (Wilson et al., 2004). Radiocarbon dating and
biostratigraphy from the slide suggest that the first stage took place around 16 to 13 ka BP and the later
retrogressive phases after 5.8 ka BP and prior to 2.8 ka BP (Wilson et al., 2004). Initial studies, based
on high-resolution seismic data and cores, which did not penetrate the base of the slide, inferred that the
failure plane comprised well-sorted contourite sands, which may liquefy during an earthquake (e.g.
10 000-year return period earthquake; Jackson et al., 2004). This hypothesis was supported by the
presence of a buried slide, which appears to have occurred under similar physiographic conditions
(Masson, 2001; Wilson et al., 2004). Such well-sorted contourite sands were not found by Madhusudhan
et al. (2017), who analysed a new sediment core (64PE391-01) that penetrated through the full extent of
the deposits from the second stage of the landslide (Fig. 3.2C). Instead, they proposed progressive failure
of geotechnically-sensitive clays or liquefaction of silt layers. None of these previous cores sampled

undisturbed material that corresponds stratigraphically with the failure plane.

3.3. Data and methods

Core 64PE391-04, which is the focus of this present study, was obtained during the RV Pelagia cruise
64PE391 in 2014 using a piston corer. The core was sampled within the AFEN Slide area, at a water
depth of 945 m. It was targeted to sample undisturbed sediments, i.e. those characterised on seismic data
by continuous reflectors and avoiding acoustically transparent, chaotic or disrupted seismic units and
areas of hummocky seafloor texture likely indicative of slope failure (Shipp et al., 2011; Fig. 3.2).
Fig. 3.2 shows the location of core 64PE391-04 on the deep tow boomer seismic profile, which has a
maximum theoretical vertical resolution of 0.5 m, with a penetration of 100 ms, and was obtained from

the BGS 00/02 survey (Wilson et al., 2005). The core recovered 11.49 m of sediment in a 15 m core
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barrel and was stored in the refrigerated storage at the British Ocean Sediment Core Facility

(BOSCORF), UK, prior to study.

3.3.1. Physical properties analysis
A Geotek MSCL-S (Standard) multi-sensor core logger, based at BOSCORF, was used to measure P-

wave velocity, gamma-ray bulk density, electrical resistivity, magnetic susceptibility, and fractional
porosity which is derived from the measured sediment density at 1 cm intervals on split cores. MSCL is
a commonly used, non-destructive tool that allows the recognition of subtle changes in sediment
physical properties. The data is commonly used for correlation between cores, and calibration of seismic
data using P-wave velocity. Density serves as an effective proxy for changes in sediment lithology and
is used for the calculation of fractional porosity (Gunn and Best, 1998). Core images were obtained
using the BOSCORF Geotek MSCL-CIS (Core Imaging System), which enables the acquisition of

precise depth-registered images that can be correlated with the other datasets.

3.3.2. Geochemical analysis

XRF (X-ray fluorescence) core scanning was used to determine the geochemical composition of the
sediment (ITRAX™ COX Ltd. at BOSCOREF; Croudace et al., 2006) at a spatial resolution of 1 cm.
ITRAX scanning is a useful, rapid, non-destructive, high-resolution scanning technique which is widely
used in earth and environmental sciences (Croudace and Rothwell, 2015). This method enables the
measurement of element intensities, such as Ca and Sr, which correlate well with the carbonate content,
or Fe, Ti and K which are related to the siliciclastic components, and vary directly with the terrigenous
sediment input (e.g. Rohl and Abrams, 2000; Hepp et al., 2006). ITRAX data represents a semi-
quantitative analysis of the relative element abundances downcore. Data is expressed as counts per
second (cps), and are presented as log ratios which are accepted as a more accurate estimation of element
concentrations. In addition, all XRF data is shown as log ratios of two elements, in order to show element
concentrations more accurately and minimise matrix effects inherent to XRF (Weltje and Tjallingii,
2008). Ca/Sr, Ca/Fe and Fe/K have been selected, as these element ratios have been shown to reflect
changes in sea level and temperature, sediment supply, and have been applied in climate studies (see
Croudace and Rothwell, 2015). In addition to geochemical composition, the ITRAX instrument
provided X-radiographs. X-radiographs are digital images of the internal structure and physical property

changes within a split core section that are obtained using optical and radiographic line cameras.
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3.3.3. Particle size distribution

Particle size analysis was carried out at 10 cm depth intervals for sediments of Unit 2, 3 and 4 (see
results for definition), following the procedures in Rothwell et al. (2006). The sediment was sieved to
remove particles larger than 2 mm before the sample was dispersed in a 1 litre mixing chamber by
shaking it for 24 hours. The dispersed sediment was circulated through a Malvern Mastersizer 3000 for
120 seconds over which time 12 measurements are taken and then averaged to obtain the particle size

distribution.

3.3.4. Geotechnical analyses

Water content and fall cone measurements were carried out at 10 cm intervals (BSI, 1990; BSI, 2004).
Measurements of water content could be used as a first order approximation of the sediment’s shear
strength and compressibility (i.e. higher water content is related to poor shear strength and
compressibility). An 80 g 30° fall cone was used on the split cores, regardless of the particle size and
whether the tested material was considered to be saturated or not. The undrained shear strength was
calculated from the fall cone measurements assuming all tests were carried out on saturated clays.

Subsamples were taken for subsequent direct shear and oedometric tests.

3.3.4.1. Static, drained shear test

Direct shear experiments were carried out to compare the drained shear strength of prominent layers,
identified from down-core logging, particle size distribution and standard geotechnical data. Cylindrical,
undisturbed samples (~5 cm?, 2.5 cm height) of intact samples were placed in the shear apparatus and
consolidated via a vertical ram to in-situ normal stress (o,). The sample was consolidated until the
sample height was constant (or min. 24 hours), so that the sample is assumed to be fully drained and the
applied o, is approximately equal to the effective normal stress (¢ ’,). The effective normal stress is the
difference between the normal stress and the pore water pressure (¢, = g, — u; Terzaghi, 1925). Shearing
occurs on a predefined plane, perpendicular to the vertical ram that exerts the normal stress. The shear
displacement for each experiment was 9.5 mm at a shear rate of 0.008 mm/min. This shear rate is slow
enough to allow constant drainage during shearing (Deutsches Institut fiir Normung, 2002). Samples
were taken from around 7 m core depth, which corresponds to around 18 m below sea floor (assuming
around 10 m of sediment was removed during the failure). The samples were sheared at a normal stress
170 kPa, simulating the effective hydrostatic vertical overburden stress (o ’v) acting at around 18 m

below sea floor (m b.s.f.) assuming an average sediment effective unit weight (y’) of 9.5 kN/m’.
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3.3.4.2. Oedometer test

One-dimension consolidation tests were performed on selected undisturbed core samples (~20 cm?,
1.9 cm height) in order to measure and compare their permeability and consolidation parameters. The
measured initial porosity, coefficient of compression (¢,) and permeability (k) can be used to make
assumptions regarding the sediments’ potential to build excess pore pressure. Incremental loading and
unloading of 1 kPa to 7100 kPa stress were applied onto the sediment and the resulting displacement
(change in volume) was measured. Each load was applied gradually and left until the displacement
stabilised or primary consolidation was completed. Consolidation and permeability parameters were

calculated from the settlement characteristics of the sediment using standard equations (Powrie, 2013).

3.3.5. Data analysis

Physical and geochemical properties were compared using non-parametric tests that compare two
unpaired groups of data and compute p values testing the null hypothesis of two groups having the same
distribution. The data was analysed for the discrepancy between the mean ranks of two groups (Mann-
Whitney test) and for their varying cumulative distribution (Kolmogorov-Smirnov test) (Sheskin, 2011).

The significance level for both tests was set to 0.05 (Fisher, 1926).

3.4. Results

Piston core 64PE391-04 was obtained about 750 m down-slope from where the sediment ramped up the
failure plane onto the seabed (failure Stage 1, Wilson et al, 2004; Fig. 3.2C). The deep-tow boomer
reflection seismic data indicate that the core penetrated pre-landslide sediments, including those
stratigraphically equivalent to the failure plane of the slide. Based on the newly obtained data, we
identify five main lithological units within the sediment core, which we now characterise using results
from visual sediment core logging, particle size distribution, X-ray scanning, and continuous physical
properties (MSCL) and geochemical (XRF) measurements (see summary in Fig. 3.3 and 3.4). In
addition, we present a geotechnical characterisation of the recovered sediment based on water content
and fall cone analyses, as well as direct shear (DS) and oedometer tests.

Visual sedimentary logging and particle size analysis indicate that the general lithology is bioturbated
silty clay to clayey silt with a number of sandy silt and silty sand layers; consistent with previous analysis
of sediment cores from the area (Madhusudhan et al., 2017). Sandy layers are only found in the upper
part of the core (above 7.3 m depth). The lithology in the lower part of the core is generally homogenous

with an absence of sand.
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Figure 3.3. Summary of sediment core analyses (64PE391-04), including visual sedimentary, physical
properties (multi-sensor core logging) and geochemical (ITRAX XRF) core log data, and geotechnical
data (water content, drained and undrained shear strength). Unit 1 to 5 are outlined.
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3.4.1. Multi-Sensor Core Logger (MSCL) data

Down-core logging data show an abrupt and distinct change in physical properties at around 7.3 m depth,
as well as more subtle variations that enabled demarcation of the five sediment units (Fig. 3.3; Tab. 3.2).
Unit 1 is largely indiscernible from Unit 2 based on physical properties, but does have much lower
magnetic susceptibility. The sediments above the abrupt contact at 7.3 m (Unit 2 and 3) are generally
characterised by high relative P-wave velocities, gamma-ray densities, electrical resistivity, and low
relative values of fractional porosity (on average under 0.5). Unit 3 shows the highest electrical
resistivity and gamma-ray densities in the core; hence is demarcated as an individual unit, rather than
being subsumed within Unit 2. In the sediments immediately below 7.3 m (Unit 4), the most marked
step in physical properties is observed, including a reduction in gamma-ray density from 2.0 to
1.7 g/em®, and an increase in fractional porosity from approximately 0.45 to >0.55. Such a marked
change was not observed in the magnetic susceptibility either side of this contact; however, the signal
is generally more erratic above and less variable below (Fig. 3.3). Below the contact at 7.3 m, P-wave
velocity, gamma-ray density, and electrical resistivity gradually increase down-core (inversely
mirroring a steady decrease in fractional porosity) until the start of Unit 5, which is marked by a sharp
increase in magnetic susceptibility (from <70 to >165 m’/kg), and subtle increase in average P-wave

velocity and gamma-ray density (Fig. 3.3).

3.4.2. X-ray Fluorescence (XRF) data

Distinct changes in geochemistry are also observed from the XRF analysis between the sediment units
(Fig. 3.3 and 3.5), which correspond to very similar depths (0.3 m) where physical property changes
are noted. The first order observations are of: i) a step in Fe/K, Ca/Fe and Ca/Sr elemental ratios between
7.1 and 7.3 m (i.e. straddling Unit 2/3/4 contacts); ii) a switch from more variable (noisy) elemental
ratios above 7.1 to 7.3 m (Units 2 and 3), with centimetre-scale variations in geochemical composition,
to less noisy ratios below (Unit 4). Below Unit 4, variations in elemental ratios are also observed,
supporting the demarcation of Unit 5. Cross plotting of the elemental ratios (Fig. 3.6) supports the
demarcation of the five identified sediment units, as well as illustrating the range in variability between

each unit (e.g. large spread of values in Unit 2, compared to Unit 4).
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Table 3.2. Summary of sediment core’s sedimentological, and geophysical

and geochemical

characteristics.
Unit and depth General MSCL XRF Possible deposit
range sedimentological characterisation characterisation interpretation
description
Unit 1 Muddy sand Lower magnetic >Ca/Fe; Recent current
(0-0.33 m) susceptibility No distinct Ca/Sr  reworked
no distinct trends in or Fe/K trend deposits
other geophysical
properties
Unit 2 Stratified unit, Strong variations in P-  Strong variations  Post-glacial
(0.33-7.11 m) consisting of wave velocity, gamma-  especially in deposits, with
bioturbated clayey ray density, fractional Ca/Fe variable pulses of
silt to silty clay and  porosity and magnetic sediment flux
sandy silt to silty susceptibility; including melt-
sand layers; drop down-core increase in water plumes
stones in the upper ~ p-wave velocity and
part of the unit gamma-ray density,
and decrease in
fractional porosity
Unit 3 Sandy silt layer; High P-wave velocity Increase in Ca/Sr;  Sandy contourite,
(7.11-7.32 m) mud clasts and electrical decrease in reworked from
resistivity Ca/Fe; immediate post-
distinct increase glacial meltwater-
in Fe/K derived sediments
Unit 4 Relatively Distinct and abrupt Relatively Steady
(7.32 - 10.00 m) homogeneous decrease in P-wave constant element  glaciomarine
bioturbated silty velocity, gamma-ray ratios; deposition
clay to clayey silt; density and electrical higher average
drop stones resistivity, and increase  Ca/Sr (and peak);
throughout the unit  in fractional porosity at  lower average
contact with Unit 3; Ca/Fe;
less variation in higher average
magnetic susceptibility  Fe/K
Unit 5 (10.00 m—  Clayey silt to sandy  Distinct and abrupt Slightly variations ~ Steady
end) silt increase in magnetic in Ca/Sr; interstadial
susceptibility at contact increasing Ca/Fe;  deposition

with Unit 4;

slight increase in P-
wave velocity and
gamma-ray density

distinct increase
in Fe/K;
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lower quartiles and the median, lines extending parallel form the boxes indicate the maximum and
minimum values, and the cross illustrates the mean value.
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3.4.3. Particle size distribution

Fig. 3.7 summarises particle size distribution data for core section 64PE391-04-D (6.5 to 7.7 m depth),
which include sediments from Unit 2, 3 and 4. The data illustrate the change in composition at around
7.3 m depth. Unit 4 (below 7.3 m depth) is characterised by a higher silt content, in comparison to
overlying sediments. Unit 3 is recognised as a sandy silt layer, and the sampled sediments of Unit 2
show a switch from sandy silt to clayey silt, which support the distinct changes in lithology seen in the

visual core log.
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Figure 3.7. Particle size distribution data illustrated as percentage per bin.
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3.4.4. Geotechnical data

A distinct change in water content can be observed, which increases from around 30 % to over 60 % at
7.3 m depth (i.e. at the contact between Unit 3 and 4; Fig. 3.3). Unit 1 has a slightly higher water content
than Unit 3 (more or less constant 30 %). Unit 4 and 5 are characterised by decreasing water content. A
distinct change in undrained shear strength is not observed, although the scatter is greater in the upper

part of the core (Unit 2 and 3). Individual outliers (>100 kPa) are related to drop stones or mud clasts.

A summary of the key sample parameters and test results of the direct shear and oedometer tests are
given in Tab. 3.3. The peak drained shear strength of Unit 3 and 4 are shown in Fig. 3.3 (indicated by
red crosses). It can be seen that Unit 3 encompasses a higher peak shear strength (173 kPa) than Unit 4
(109 kPa). Typical porosity (n) versus applied normal stress (o,) is shown in Fig. 3.8. It is apparent that
porosity decreases with increasing normal stress and increases slightly during the rebound phase. Unit 3

has a lower initial porosity, and higher permeability (k) and compressibility (c,) than Unit 4.

Table 3.3. Key sample parameters and results from direct shear and oedometer tests.

Sample Unit 3 Unit 4
LL (%) 26.5 56.1

PL (%) - 25

7 (KN/m?) 9.5 9.5

o’y (kPa) 170 170

Tmax (kPa) 173 109

n 0.43 0.55

cv (m¥/s) 5.2x10* 7.6 x 103
k (m/s) 43x107 7.8x 108

LL is the Liquid Limit, PL is the Plastic Limit, y‘ is the effective unit weight, ¢, is the effective normal stress,
Tmax 18 the maximum shear strength, # is the porosity, ¢, is the compressibility, and & is the permeability.
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Figure 3.8. Porosity versus applied normal stress curves from one-dimensional consolidation tests.
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3.5. Discussion

The recovered slope sediment obtained from core 64PE391-04 is characterised by a distinct step change
in both physical and geochemical properties between around 7.1 and 7.3 m depth, as well as a distinct
high-density contrast at that depth which was recorded by X-Ray imaging (Fig. 3.3 and 3.4). These
transitions are related to an abrupt change in lithology from a thick relatively homogeneous clayey silt,
silty clay unit (Unit 4; Fig. 3.3 and 3.5) to an overlying 25 cm-thick sandy silt layer (Unit 3; Fig. 3.3 and
3.5). The depth of this distinct change matches well with the seismostratigraphic horizon that is
equivalent to the main failure plane outlined in the deep-tow boomer reflection seismic data (assuming

a seismic velocity of 1600 m/s; Wilson et al., 2004), which is supported by the available MSCL data.

The sediment above this distinct interface is characterised by slightly higher P-wave velocities and
gamma-ray densities, as well as a lower fractional porosity than would be expected for continental slope
sediments (Fig. 3.3; Hamilton, 1970). Small cracks were recorded by X-Ray imaging, but are limited to
parts of Unit 2 (Fig. 3.4). These observations could be related to a slight compaction of the sediment,
e.g. due to compression by the partially confined landslide debris above the sediment ramp (Fig. 3.2C;
e.g. Frey-Martinez et al., 2006; Principaud et al., 2015; Brooks et al., 2018), or to the around 10 m
missing sediment sequence at the 64PE391-04 core location (Fig 3.2), whose removal could have
disturbed the slope sediments. The potential deformation, however, is not resolved in the seismic data,
and the distinct change at around 7.1 to 7.3 m depth is not limited to the physical properties, but is also
noted in the geochemical properties. We therefore infer that although the sediment might have been

slightly deformed, it probably did not move (no sliding motion) and the stratigraphy was not altered.

3.5.1. Lithological contrasts appear to play a key role in dictating the location of
the failure plane

Wilson et al. (2004) previously suggested that the AFEN Slide could have initiated along a sandy
contouritic layer embedded within the slope stratigraphy, but were unable to sample deep enough to
prove its occurrence. Our deeper core now shows that this hypothesis may be plausible, given the
presence of Unit 3. Although this unit was not identified as a contourite in the seismic data (Fig. 3.2C,
Wilson et al., 2004), we interpret it as a sheeted sandy contourite drift. This assumption is considered
reasonable as the vertical resolution of the seismic data (0.5 m; Wilson et al., 2005) might be too low to
register this 25 cm-thick layer. Furthermore, we also show that there is much greater lithological
heterogeneity (based on physical properties and geochemistry) within these sheeted drifts than has been
previously documented, aside from simply variations in particle size. Without detailed geochemical and

physical properties data, this abrupt lithological change would not have been identified.
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Abrupt lithological changes (such as between Unit 3 and 4) may instead play a key role in defining the
location of the failure plane. Unfortunately, the vertical resolution of the existing seismic data does not
enable us to categorically determine whether the failure plane should correspond to the Unit 3/4 or Unit
2/3 contact. Although varying the assumed seismic velocity within reasonable ranges for sediments only
results in a vertical offset of 0.5 m, the failure plane falls within the depth window that includes the
interfaces between Units 2/3 and Unit 3/4 (Fig. 3.4). Wilson et al. (2004) implicated sandy contouritic
sediments as potential “weak layers” (i.e. Unit 2/3 scenario), because of their potential to host excess
pore pressures, when bound by an overlying lower permeability unit. This is a reasonable suggestion;
however, the fractional porosity data indicate that the sand-rich Unit 3 instead features slightly lower
porosity than the overlying sediments, while the underlying mud-rich sediments (Unit 4) have an even
higher porosity. This observation is supported by water content data, which show the highest values in
the mud-rich Unit 4 and abruptly decreases at the interface to Unit 3. Oedometer tests carried out on
undisturbed samples from Unit 3 and 4 reveal a higher initial porosity and lower compressibility of Unit
4. This relationship is in contrast to an established empirical relationship between coarser particle size
and greater porosity (or larger pore size; Ren and Santamarina, 2018). This apparent contradiction is
explained by the presence of detrital clay that fills in pore spaces between sand grains (Unit 3); whereas
the relatively open structure of the underlying muddier deposits (Unit 4) explains their higher relative
porosity (Marion et al., 1992; Revil and Cathles 111, 1999). In contrast to porosity, however, permeability
is found to be higher in the sand-rich sediments (Unit 3; Tab. 3.3). Considering the higher permeability
and compressibility of Unit 3, it is possible for excess pore pressure to accumulate within the sandy
contouritic sediments (e.g. during an earthquake). Although this observation would support the ‘weak
layer’ hypothesis, it has to be noted that the water content is actually higher in Unit 4 and abruptly drops

at the interface to Unit 3, instead of increasing within the layer.

Another noticeable observation is the difference in shear strength between Unit 3 and 4. Both drained
and undrained shear strength are lower in the mud-rich Unit 4, which can be related to the higher water
content and to the lack of sandy material within the unit. Taking all these observations into account, we
suggest that it is possible that a failure plane could generate at an interface where sand overlies finer
grained cohesive sediments. The high water content and lower shear strength of the fine-grained material
could allow the overlying sediment to slide on top of it. We are unable to be more absolute on the failure
depth, but we have demonstrated that variability in sheeted drifts can also include abrupt whole-scale
changes in sediment properties, as well as the presence of thin coarser units, which have traditionally
been invoked to explain bedding parallel failures in contourite sheeted drifts (Laberg and Camerlenghi,

2008). Such variability may not necessarily be expected based on the available seismic data.
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3.5.2. Climate change is a likely control on creating failure-prone lithological
contrasts

Down-core changes in Ca/Sr ratios have been successfully related to variations in sea level and water
temperature (through integration with oxygen isotope curves and biostratigraphy), wherein high Ca/Sr
ratios are indicative of ice-rafted debris and changes from colder to warmer conditions (e.g. Smith et al.,
1979; Thomson et al., 2004; Hodell et al., 2008). High Fe/K ratios and low Ca/Fe on the other hand have
been related to colder periods (Kuijpers et al., 2003; Perez et al., 2016). The increased Ca/Sr ratio above
7.6 m depth could therefore indicate a stronger meltwater flux, carrying ice-rafted debris into the
channel, while the changes in Fe/K and Ca/Fe ratios at 7.1 to 7.3 m are also interpreted to indicate a
switch from cold conditions (Unit 4) to warmer conditions (Unit 2/3). This switch was coincident with
a transition from finer grained, stable sedimentation to a more variable regime with pulsed influxes of
coarser material. Given the existing knowledge about the timing of the AFEN slides (Unit 1 should
postdate 2.8 to 5.8 ka BP, while the pre-failure sediments must be older than 16 ka BP; Wilson et al.,
2004) this transition fits within a time window that includes the switch from the Last Glacial Maximum
(18 ka BP) to post-glacial conditions. Glacial conditions would have seen sediment largely locked up in
ice sheets, while the melt-out during the immediate postglacial window involved pulses of fine and
coarser-grained sediment. The nearby Faroe-Shetland Channel is the main oceanic gateway between the
North Atlantic and the Norwegian Sea (Broecker and Denton, 1990; Rahmstorf, 2002); where a direct
relation exists between ocean circulation and climate. Rapid changes in the exchange of water masses
between the northeast Atlantic and the Norwegian Sea occurred following the last glacial maximum at
18 ka BP (Rasmussen et al., 2002), which would have compounded the abruptness of a switch in
sediment transfer. We therefore suggest that the abrupt change in physical properties and geochemistry

may relate to this climatic transition.

Previous studies have investigated the role of climate change on submarine landslides, primarily
focusing on their timing. A number of early studies suggested that submarine landslides, particularly in
higher latitudes, may be more likely during sea level low-stands. Recent work, however, has suggested
that there is no clear statistical relationship or at least that there are too few observations to be confident
(e.g. Maslin et al., 2004; Brothers et al., 2013; Urlaub et al., 2013, 2014; Pope et al., 2015). Indeed,
recent work has shown that such margins may feature many more late Holocene submarine landslides
than previously thought (Normandeau et al., 2019). Proving a clear link between submarine landslides
and sea level or climate change is most likely complicated by a range of factors, including time lags in
offshore sediment transport, residence times of excess pore pressures following periods of rapid
sediment accumulation, local sea level changes (e.g. isostatic rebound following glaciations) and other

factors (Masson et al., 2006; Urgeles and Camerlenghi, 2013; Talling et al., 2014). Whether climate
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change has played any role in the timing of the slope failures at AFEN remains unclear; however, it may
have played a key role in one aspect: the location of the failure plane. Our data indicate that the slope
failure most likely initiated along a distinct lithological interface that is interpreted to relate to a switch
in depositional regime: from cold and uniform to warm and variable depositional conditions. The close
connection between thermohaline circulation, sea level and temperature, and sediment supply in this

region may explain why the switch in deposition was so rapid.

3.5.3. Broader implications for slope instability in contourites at climatically-
influenced ocean gateway

The origin of distinct lithological interfaces may result in a variety of ways, and may be very common
in contouritic sediments near ocean gateways where climatic changes may affect bottom current
intensity (and thus controls the particle size that is transported; Faugeres and Mulder et al., 2011), as
well as the type of sediment that is distributed by the bottom currents (e.g. terrestrial and biogenic fluxes
may vary during different climatic windows; Faugéres et al., 1993; Maldonado et al., 2005). Such effects
can be felt at a variety of latitudes, ranging from tropical to polar settings (e.g. Kuijpers et al., 2001;
Principaud et al., 2015; Elger et al., 2017). In such settings climate may play a key role in dictating the
location of potential failure planes. While many previous studies have invoked dominantly geometric
controls on slope failure in contourite drifts, our study contributes to a growing literature base that
indicates that lithological interfaces may explain the strong affinity of contourite deposits to slope
instability. We posit that in low-angle, sheeted contourite drifts, such as AFEN, it is such material

interfaces that are most important for preconditioning slopes to failure.

3.6. Conclusions

The integration of physical properties and geochemical core-log data, particle size distribution, and
geotechnical data indicates that the AFEN Slide initiated along a distinct lithological interface within
the slope stratigraphy, which matches the depth of the failure plane obtained from seismic data. This
lithological interface correlates with the base of a 25 c¢m sandy contourite layer, overlying a thick,
relatively homogeneous silty clay unit. Based on this high-resolution multi-proxy analysis, it was
possible to resolve small-scale material changes within the slope stratigraphy, which cannot be
distinguished from seismic data alone (owing to its the limited vertical resolution of 0.5 m). Integrating
the core analyses with our knowledge about the current regime prevailing in the Faroe-Shetland Channel
for the last 18 ka, it seems that climate change might pre-condition the location of failure initiation. This

highlights the fact that in order to understand submarine landslide hazard, it is necessary to include
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information from all different scales, ranging from the small-scale high-resolution analysis of core

material to the understanding of the regional oceanographic setting.
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Abstract

Many studies have suggested that weak layers within the slope stratigraphy control the formation of
submarine landslides; however, very little is known about their structure and composition. Although
weak layers seem to be an essential pre-conditioning factor for slope failure, many questions remain
unanswered, such as where with respect to weak layers do failure planes form: within the weak layer,
above or below it? Many studies have relied on sedimentological and/or geotechnical sediment core and
in-situ analyses to investigate weak layers; however, such techniques usually do not provide the
information needed to qualitatively and quantitatively investigate weak layers. Here, we present a new
approach towards weak layer investigation that is based on high-resolution micro-Computed
Tomography (CT) imaging. This method allows the visualisation of the internal structure (e.g. pore
space) of weak layers in 3D. Our results show a clear dependency of pore structure on the type of
sediment, i.e. larger pores are typically found in coarser-grained sediments, but also a dependency on
the sedimentation regime. Moreover, we show a high spatial variability of pore space on a sub-
millimetre-scale. Such small-scale changes are not measurable with standard bulk geotechnical tests,
which require larger sediment samples, and only give information averaged over the entire sample. The
identification of such small-scale changes, however, may be crucial for the formation of weak layers, as
they appear to dictate the location of the failure plane. We demonstrate the huge potential of micro-CT
to investigate the weak layer structure, getting information that is not resolved and/or lost with other

analytical methods.

4.1. Introduction

Submarine landslides occur in a variety of underwater slope settings worldwide (e.g. Lee et al., 2007).
They are gravity-driven mass movements that range from giant landslides which involve thousands of
cubic kilometres of sediment (e.g. Bugge et al., 1988; Piper et al., 1999; Vanneste et al., 2006;
Georgiopoulou et al., 2010; Sun et al., 2018; Krastel et al., 2019) to smaller-scale failures of a few
hundred cubic metres of sediment (e.g. Lastras et al., 2004; L’Heureux et al., 2012; Beaten et al., 2014;
Kuhlmann et al., 2017; Cukur et al., 2020; Gatter et al., 2020). The socio-economic consequences of
submarine landslides can be severe, especially if occurring in near coastal environments. A notable
example is found offshore Finneidfjord, Norway where a submarine landslide retrogressed onshore,
destroying parts of the highway and causing fatalities (Longva et al., 2003). In addition, submarine
landslides are known to have caused damage to important offshore infrastructure such as equipment for
the hydrocarbon industry or seafloor telecommunication cables (e.g. Fine et al., 2005; Thomas et al.,
2010; Carter et al., 2014; Pope et al., 2017), they may even generate devastating and deadly tsunamis
(e.g. Tappin et al., 2001; ten Brink et al., 2009; Harbitz et al., 2014).
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Numerous studies have concluded that weak layers within the slope stratigraphy (in particular the
sequencing of different lithologies; see Chapter 3) play an important role in the formation of submarine
landslides of all scales (e.g. O’Leary, 1991; Laberg et al., 2003; Kvalstad et al., 2005; Harders et al.,
2010; L’Heureux et al., 2012; Locat et al., 2014; Li et al., 2017; Urlaub et al., 2018). Stratigraphically-
controlled permeability contrasts between layers (e.g. sand and clay sequencing) has been proposed as
one of the key aspects to explain the formation of weak layers (e.g. L’Heureux et al., 2012; Locat et al.,
2014). Excess pore pressure generation (i.e. above hydrostatic pressure) is often associated with such
permeability contrasts, as the sealing capacity of low-permeability sediments may hinder the vertical
dissipation of pore fluids trapped within underlying high-permeability sediments (e.g. Dugan and
Sheahan, 2012). Although key to understand the ultimate failure mechanism, many aspects of weak
layers remain unclear. Even in the case of one of the best studied submarine landslides, the 1996
Finneidfjord Slide, questions remain regarding the structural and compositional characteristics and the

role of the weak layer in dictating failure plane location (e.g. Vardy et al., 2012; Vanneste et al., 2014).

Bulk sediment properties can be characterised using laboratory-based methods, such as oedometer,
direct shear and triaxial tests. Such geotechnical tests usually require large amounts (several tens of
cubic centimetres) of undisturbed sediment from sediment cores, which are often not readily available,
and are expensive and challenging to acquire. Moreover, such methods primarily give information
averaged over the entire sample depth, i.e. up to 10 cm. A complementary approach is therefore to
visualise the pore space with emerging imaging techniques, such as high-resolution micro-CT
(Computed Tomography) imaging. Micro-CT is a type of radiographic imaging technique that has been
proven to be a useful tool in geosciences (Cnudde and Boone, 2013), enabling the visualisation of the
pore structure of a target material in three-dimensions (3D) down to sub-micrometre resolution. In
comparison to geotechnical measurements, it adds the benefit of showing individual pores, displaying
their size, shape, spatial distribution and connectivity with other pores (e.g. Al-Raoush and Willson,
2005; Wildenschild and Sheppard, 2012; Bultreys et al., 2015; Shah et al., 2016; Chandrappa and
Biligiri, 2018; Chung et al., 2019).

Porosity, pore size distribution and pore geometry are some of the most important material properties
for the investigation of weak layers, since they influence the permeability of fluid transport through the
sediment. Precisely how porosity and permeability vary across and within weak layers, however,
remains unclear. In this study, we aim to address this issue and investigate whether micro-structural
properties, in particular pore structure, play a role in weak layer and failure plane formation. We do this
using high-resolution micro-CT imaging of undisturbed sediments that correlate stratigraphically with
the previously identified weak layer of the 1996 Finneidfjord Slide, offshore Norway (e.g. L’Heureux

et al., 2012; Vardy et al., 2012). We visualise and analyse pore structure of selected samples at a sub-
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millimetre resolution, in order to identify, and qualitatively and quantitatively investigate pore structure
changes throughout the weak layer and the background sediment. We further evaluate potential factors
that may control pore structure and how changes in pore structure may influence failure plane formation.
Finally, we discuss the potential and outstanding challenges in the application of micro-CT imaging for

weak layer research.

4.2. The Finneidfjord Slide

The Finneidfjord Slide, which occurred in 1996, is one of several Holocene submarine landslides that
have been identified along the steep slopes of Serfjorden, Northern Norway (Fig. 4.1; Longva et al.,
2003; Vardy et al., 2012; Vanneste et al., 2013). This near-shore landslide initiated along a regional
weak layer before retrogressing 100 — 150 m onshore, mobilising a total volume of about 0.001 km?
(Longva et al., 2003). The 1996 Finneidfjord Slide is one of the best studied submarine landslides,
having been the focus of several previous high-resolution geological, geophysical and geotechnical
investigations (e.g. Vanneste et al., 2011, 2013; 2014; L’Heureux et al., 2012; Steiner et al., 2012; Vardy
etal., 2012).

As indicated by these prior studies the landslide initiated along a well-defined regional event bed that is
characterised by a thin sand layer sandwiched between two clay layers that originated from a terrestrial
quick clay slide (e.g. Vardy et al., 2012). The initial quick clay slide was suggested to be responsible for
the lower clay, while also triggering a turbidity current that deposited the fining upwards sand (turbidite).
The capping clay was interpreted as fall-out of fine-grained suspended sediments following the turbidity

current (Vanneste et al., 2011).

Several factors were suggested to have contributed towards slope failure, which included the generation
of excess pore pressure as a result of climatic and anthropogenic factors (e.g. Longva et al., 2003), the
increase in overburden stress due to alongshore dumping of material (e.g. Vanneste et al., 2011), or the
accumulation of free gas (Best et al., 2003; Morgan et al., 2012). More recent studies proposed that
regional weak layers characterised by low-permeability event beds combined with periods of heavy
rainfall prior to the landslide may have enabled the formation of artesian groundwater pressure, thus

promoting failure (e.g. L’Heureux et al. 2012; Vardy et al., 2012).
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Figure 4.1. Location of the study area (red rectangle in inset image) with the 1996 Finneidfjord Slide
outlined (projection in UTM Zone 33N coordinate system). Location of the Calypso piston core GS-10-
163-02 is indicated by a red dot (after Vardy et al., 2012).

4.3. Materials and methods

This study focuses on the Kullenberg-Calypso piston core GS-10-163-02PC, which was collected during
the 2010 R/V G.O. Sars, UiB (University of Bergen) cruise No. GS-10-163, IMR cruise No. 2010109
offshore Finneidfjord, Norway (Vanneste et al., 2011). The core targeted the undisturbed sediment
sequence outside the slide area (Fig. 4.1), including those sediments that correlate stratigraphically with
the regional event bed that acted as weak layer for the 1996 Finneidfjord Slide (e.g. L’Heureux et al.,
2012). In order to address the previously stated research questions, five sediment sub-samples were
taken from the core (see Fig. 4.2 for location) and analysed by means of high-resolution X-ray micro-
Computed Tomography (micro-CT) imaging. In the following section, we outline the workflow of our
study from data acquisition (Section 4.3.1) to data analysis, which includes phase segmentation (Section

4.3.2.1) and phase characterisation (Section 4.3.2.2).
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Figure 4.2. Core image and stratigraphy (as described by L’Heureux et al., 2012) of the Kullenberg-
Calypso piston core GS10-163-02PC, Section B with locations of micro-CT samples indicated by white
rectangles, and water content measurements (Vanneste et al., 2011) for the section. Weak layer and
failure plane are outlined according to L’Heureux et al. (2012) and Vardy et al. (2012).

4.3.1. Data acquisition

4.3.1.1. Sample preparation

In total, five cylindrical samples of undisturbed sediment were taken from the piston core (Fig. 4.2).
Four samples were taken from the three sub-units of the event bed, one of them from the lower clay
layer, two from the fining upwards sand layer (sampling the lower coarse-grained and upper finer-
grained part of the layer), and the forth from the upper clay layer. The fifth sample was taken from the
background sediment, characterised as clayey silt, overlying the event bed.

The samples were taken using carbon fibre tubes (internal diameter 3 mm, height 7 mm, wall thickness
1 mm) with a cutting edge. Carbon fibre was chosen because of the material’s low density, allowing X-
rays to pass through without or with minimal attenuation, which makes it suitable for micro-CT imaging

(i.e. transparent in scans).
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4.3.1.2. Synchrotron X-ray Computed Tomography (CT)

Micro-CT imaging was performed, using monochromatic X-rays from a synchrotron source, at the
TOMCAT Beamline of the Swiss Light Source (SLS), Paul Scherrer Institute, Switzerland. The
technique enables discrimination between materials with different X-ray attenuation, which is a function
of the material’s composition (effective atomic number) and density (e.g. Cnudde and Boone, 2013). X-
ray attenuation is described by the Lambert-Beer law (e.g. Phillips and Lannutti, 1997; Cnudde and
Boone, 2013) that states that X-rays are attenuated as a function of the material they are propagating
through, and can be used to visualise subtle changes in sediment composition (e.g. Goldfinger et al.,
2012; van Daele et al., 2014; van der Bilt et al., 2021). Micro-CT is unique in the sense that it enables
the 3D visualisation of the internal structure of the scanned material at a sub-micrometre resolution. This
allows not only the recognition of subtle compositional changes, but also changes in sediment (pore)

structure (e.g. Cnudde and Boone, 2013).

For this study, a beam energy of 21 keV and a propagation distance of 81 mm were used to scan the
samples. Per sample, 1501 projections (over 180° sample rotation) were recorded with an exposure time
of 200 ms. The total duration of an individual scan was 6 minutes. X-rays were converted to visible light
using a Lutetium Aluminium Garnet (LuAG:Ce) scintillator, and magnified and recorded by sensitive
CCD cameras (2560 x 2560 pixel, 10x objective). The projections were post-processed to generate light
and dark corrected sinograms. These were in turn converted into 16-bit greyscale micro-CT volumes at
a final 3D voxel resolution of 0.325 um, using the reconstruction algorithm described by Paganin et al.
(2002). Each individual 3D volume consists of 2160 individual 2D cross-sections (2560 x 2560 pixel),
which are stacked together. These 2D sections are further termed cross-sectional ‘images’. The

procedure of data acquisition is illustrated in Fig. 4.3.
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Figure 4.3. Synchrotron X-ray (micro-) CT setup (after Chung et al., 2019).
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4.3.2. Data analysis

The reconstructed micro-CT data were processed with the Amira ZIB edition software, version 2021.08
(Stalling et al., 2005; http://amira.zib.de). The greyscale images of all five scanned samples were first
cropped to 1730 x 1730 pixel, in order to only accommodate the window of interest, i.e. the cylindrical
sample in the reconstructed, rectangular 3D micro-CT volume (Supplementary Fig. 4.A). In addition,
the five 3D micro-CT volumes were resampled with the Resample module to 1 pm voxel resolution.

This was done, because the obtained 3D volumes were too large in size for further analysis.

4.3.2.1. Phase segmentation

To differentiate pores from particles, an image segmentation was performed. This operation was used
to classify the greyscale images into three different phases (termed ‘labels’ in Amira): the pore phase,
i.e. apparently ‘empty’ pores, the solid phase consisting of particles, and a mixed phase comprising
water-filled pores and small-(clay-)sized particles without distinctive particle boundaries. For the
segmentation, a marker-based watershed algorithm (Watershed module) segmentation, was used.
Markers were set with the SegmentationEditor by threshold segmentation (threshold values:
Supplementary Tab. 4.A). To further investigate the pore structure of the samples, a segmentation of the
pore and matrix labels was performed with the RandomWalkDistanceTransformation (threshold: 107)
and ContourTreeSegmentation (persistence value: 0.4 — 1) modules. For the ContourTreeSegmentation,
a persistence value of 1 was used to analyse the connectivity of the labels of interest. Persistence values
of 0.4 — 0.8 were used for an automatic segmentation of the selected labels with a separation of

neighbouring pores.

4.3.2.2. Phase characterisation

The labels of interest were subsequently parameterised with the ShapeAnalysis and VoxelCounter
modules (Fiji plugin for ImagelJ fiji; Schindelin et al., 2012), and visualised with the GenerateSurface
and SurfaceView modules. Finally, quantitative analyses were performed on the pore and matrix labels:
The volume fraction of each segmented label per 3D volume was calculated for information regarding
the total phase distribution of these labels. Depth-dependent changes in phase distribution were detected
with porosity profiles, i.e. the area fraction of each segmented label in each 2D image. Phase size
distributions were based on the count of individual phase voxel cluster (e.g. number of pores) per 3D
volume. Phase connectivity was computed from the size distribution of these individual phase voxel

cluster (Renard and Allard, 2013):
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N
1
Connectivity = — z n? 4.1)
voi=l
where N, is the number of voxel per phase, N. is the number of individual cluster per phase, and n; is

the number of voxel per phase cluster i. If connectivity equals 1, all pores are connected.

4.4. Results

Five samples were taken from the sub-units of the weak layer underlying the Finneidfjord Slide and the
background sediment, and analysed by means of micro-CT imaging. Sample segmentation resulted in
images consisting of three phases (or labels): the pore phase, i.e. apparently ‘empty’ pores, the mixed
phase, which consists of water-filled pores and small-(clay-)sized particles without distinctive particle
boundaries, and a solid phase consisting of distinctive particles. ‘Empty’ pores and silt (larger than about
3 wm) and sand particles were clearly visible, but the discrimination between water-filled pores and fine
particles (i.e. clay and fine silt, <3 um) was difficult due to overlapping grey-values (Fig. 4.4). To avoid
errors induced by subjective user interpretation, only clearly visible ‘empty’ pores and particles were
segmented into pore and solid phase, respectively. Especially in fine-grained sediments, this may result
in an overestimation of the volume fraction of water-filled pores, which could not be clearly
discriminated from small-(clay)-sized particles and were combined in the mixed phase. When analysing

the total pore structure, i.e. pore + mixed phase, this error needs to be considered (see discussion below).

Air-/ gas-filled
poras

Water-filled
pores

Water-filled pores mixed with
small-sized particles

Figure 4.4. Greyscale images of (A) coarse-grained (sample A06) and (B) fine-grained (sample A07)
sediments. Empty (air- or gas-filled) and water-filled pores, water-filled pores mixed with small-sized
particles, and larger particles are outlined.
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Representative examples of the unprocessed 3D volume and the three segmented phases for fine- and
coarse-grained sediments are shown in Fig. 4.5. The pore and pore + mixed phases of all samples were
further analysed to qualitatively and quantitatively investigate the effect of pore structure on weak layer

and failure plane formation.

| sand | | Clay |

Pore phase 3D volume

Mixed phase

Solid phase

Figure 4.5. Examples of the segmented phases of sample A06, sand and sample A07, clay. (A) 3D
micro-CT volume, (B) segmented pore phase, (C) segmented mixed phase, and (D) segmented solid
phase. Volume fractions (i.e. phase distribution) of each phase are given.
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4.4.1. Phase distribution

Pore phase distribution shows great variability between individual samples (Fig. 4.6). In general,
volume fractions of the pore phase are higher in the event bed (sample A02 — A07), accounting for
1.5 % to 21.5 % of the sediment samples. The highest volume fraction of pore phase is found in the
fining upwards sand layer of the event bed, accounting for 21.5 % and 11.6 % of sample A06 (sand) and
sample AO3 (here identified as clayey silt), respectively. Lower volume fractions are found in the upper
and lower clays of the event bed, accounting for 2.1 % of sample A02 and 1.5 % of sample A07. The
background sediment (sample A01), on the other hand, has almost no pore phase (0.6 %).

A similar trend is observed for the pore + matrix phase distribution. Volume fractions of the pore +
matrix phase are higher within the event bed (A02 — A07) than the background sediment (AO1). Sample
AO01 has a pore + matrix phase accounting for 20.1 %. The pore + matrix phase of the sample A03 and
A06 accounts for 39.4 % and 37.7 %, respectively. Sample A02 has only a slightly lower volume fraction
of 35.3 %. The highest volume fraction of pore + matrix phase is found in sample A07 and accounts for

45.9 %.

4.4.1.1. Pore size distribution

In Fig. 4.7, pore size distribution curves for the pore phase of all samples are shown. Larger individual
pores are found in the samples taken from the fining upwards sand, A03 and A06. Overall smaller pores
dominate the other three samples. Note that the smallest pore size, i.e. 1 pm?, is governed by the

resolution (1 pm voxel resolution) of the micro-CT data.

Figure 4.6. (next page) Phase distributions of event bed (A02, A03, A06, A07) and background (A01)
sediment samples with respective volume fractions indicated. (A) Segmented pore phase, different
colours represent individual pores. (B) Segmented pore + matrix phase, individual pores in colour, mixed
phase in grey. (C) The segmented mixed phase is shown in grey.
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Figure 4.7. Pore size distribution curves for the pore phase of all samples.

4.4.1.2. Porosity

Bulk-porosity of the entire pore structure can be approximated through the pore + matrix phase
distribution (see Section 4.4.1). Bulk-porosity ranges between 35.3 % and 45.9 % in the event bed and
is considerably lower in the background sediment, 20.1 % (Fig. 4.6). Note that due to uncertainties in
the estimates of volume fractions of the total pore space, which arise from the previously mentioned

overestimation of the mixed phase, porosity itself could only be approximated.

In addition to differences in bulk-porosity, considerable depth-dependent changes in pore structure can
be observed within all samples (Fig. 4.8 A-E). These changes in pore structure are most pronounced in
the background sediment (sample AQ1) that varies between 13 % and 33.5 % depth-dependent porosity.
Sample A02 and A06 show similar depth-dependent porosity variability, ranging between about 32 %
and 43 %. Porosity of A03 varies between 32.3 % and 48.6 %. The lowest variability is found in the
lower clay (sample A07) with a porosity between 42.1 % and 50 %. Note that boundary artefacts seem
to appear in the upper and lower part of some samples that may slightly overestimate the maximum

phase volume fractions; however, to keep consistency in our workflow, we did not exclude these values.

Figure 4.8. (next page) Phase connectivity considering the pore phase (empty circles) or pore + mixed
phase (filled circles) of each sample, and depth-dependent phase distribution (i.e. pore, matrix and solid
phase) for each sample (A01-A07).
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4.4.1.3. Connectivity

To approximate permeability of each sample, connectivity of the pore and pore + matrix phases were
estimated. Connectivity is closely related to the total phase distribution (Fig. 4.6) and shows clear
changes throughout the event bed and background sediment samples (Fig. 4.8). Pore phase connectivity
exhibits the highest value of 0.93 in the sand layer (A06) and very low values of 0.004 and 0.001 in the
upper and lower clay layers (A02 and A07), respectively. Connectivity of the pore + matrix phase
reaches a value of almost 1 in all event bed samples (A02 — A07), but is slightly lower (0.91) in the

background sediment.

4.5. Discussion

4.5.1. Pore structure changes

The micro-CT data shows clear differences in pore structure between the event bed and the background
sediment. Bulk-porosity estimates of the event bed are more than 10 % higher compared to the
background sediment, accounting for 35 — 46 % of the samples (Fig.4.6). Although these estimates are
in good agreement with water content measurements (Fig. 4.2, e.g. Vanneste et al., 2011; L’Heureux et
al., 2012), it appears that we considerably overestimate bulk-porosity of the lower clay layer. Such
strong deviation between bulk-porosity and water content may result from various factors. The main
error is likely related to uncertainties in the bulk-porosity estimate, which heavily relies on accurate
phase segmentation. This was especially challenging for sample A07 (lower clay) and resulted in a large
volume fraction of the mixed phase (44.4 %). In addition, although the micro-CT sample (A07) and
water content measurement were taken from the same sub-unit of the event bed, they were not taken
from the exact same depth in the core, but rather lie 5 cm apart (Fig. 4.2). Such deviation in
sampling/measuring depth is the case for all micro-CT and water content measurements. When
analysing micro-CT, which works on a sub-millimetre resolution, such differences in depth may greatly
affect the reliability of the data comparison. Apart from bulk-porosity, the pore space of the weak layer
also exhibits a higher degree of connectivity than the background sediment (Fig. 4.8).

Variations in pore space are not limited to the contrast between event bed and background sediments,
but are also observed within the sub-units of the event bed. The main differences are related to the pore
phase and can be largely attributed to variations in particle size, i.e. larger pores with a higher degree of
connectivity are found in the sand layer of the event bed, while the clay layers are generally characterised
by smaller pores that are less connected (Fig. 4.7 and 4.8). The data also highlights a considerable
contrast between the two samples (A03 and A06) that were taken from the sand layer of the event bed.
Our results indicate that the two samples have different lithologies, i.e. sand (A06) and clayey silt (A03),

which may explain the contrasting pore structure (Fig. 4.6).
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In addition, we observe considerable spatial variability in pore space within individual samples. The
greatest depth-dependent changes (Fig. 4.8 A-E) are observed in sample AO1. The pore space has a total
volume fraction of 20 %, but varies locally between 13 % and 33.5 %. Slightly smaller changes in pore
space are observed in all samples, usually ranging in the order of about 10% to 15 % difference
throughout the samples’ depth range. Such small-scale, sub-millimetre, changes in pore structure could
not be observed with other analytical methods, which require larger amounts of sediments (usually in
the order of several tens of cubic-centimetres), and give an averaged value over the entire tested sample

(e.g. L’Heureux et al., 2012; Steiner et al., 2012; Vanneste et al., 2013).

Another interesting observation is found in the segmented pore phase, which illustrates apparently
‘empty’ pores. That is to say that these pores are either air- or gas-filled. For coarse-grained sediments
it appears reasonable to assume that pore water may have been lost during the sampling process;
however, this should not have been the case for the finer-grained samples. In fine-grained samples the
pores are surrounded by a dense matrix of fine-grained particles, which should hinder the loss of water
during sampling. Therefore, another mechanism may be needed to explain the ‘empty’ pore space. One
possibility is the occurrence of free gas. Seismic data indicates a shallow gas front to the southeast of
the slide area (e.g. Best et al., 2003), and previous studies have suggested up to 0.05 % to 0.1 % of free
gas in the pore volume (e.g. Morgan et al., 2012). Although no (macroscopic) evidence of free gas, i.e.
gas bubbles, were found in the Calypso core from previous studies (e.g. L’Heureux et al., 2012), our
new data suggests that small amounts of gas may be present in the sand layer of the event bed and
potentially to less degree in the clay layers (Fig. 4.6 A02 — A07a)). Another interesting observation is
the shape of individual pores. These appear to be ellipsoid-shaped pores and horizontally-aligned within
the sediment samples. This may be a feature characteristic of tubridites, i.e. a result of deposition,
however, to our knowledge such features have not been observed before. We are also not clear whether

these structures were formed syn- or post-depositional.

4.5.2. Implications of changes in pore structure on the formation of weak layers

Our new micro-CT data show clear variations in pore space on various scales, ranging from differences
in bulk-porosity between the event bed and background sediments, varying pore space in the sub-units
of the event bed, to considerable spatial variability within individual samples. All of these variations
may be of importance, but it appears that especially the differences and changes in pore structure found
within the event bed and individual samples, may have allowed the formation of the weak layer. Vardy
et al. (2012) found that failure likely initiated within the upper clay layer of the event bed, and that
failure is likely related to ‘weakness’ within this layer, rather than a result of contrasts between the weak

layer (i.e. event bed) and the background sediment. Our data support this conclusion, as we observe
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noticable changes in pore structure between sample A03 (upper par of the fining upwards sand) to
sample A02 (upper clay). Although we are unsure about the exact failure mechanism, it appears that
local changes in pore structure may have promoted failure within the upper clay layer of the event bed.
In addition, failure may have been facilitated by the horizontally-aligned pores in sample A03 and A02.
Such alignment may have enabled the formation of a local permeability contrast, further promoting
failure. It stands to reason that the identification of such small-scale changes may be crucial, as previous
studies have suggested that even small changes may be enough to initiate failure (e.g. shear band

propagation; Puzrin and Germanovich, 2005; Puzrin et al., 2016).

4.6. Conclusions

The Finneidfjord Slide offshore Norway is one of the best studied submarine landslides to date. Several
studies have suggested that a regional stratified event bed acted as weak layer and pre-conditioned the
slope to failure. New high-resolution synchrotron micro-CT data show that pore structure, including
pore size distribution, porosity and connectivity of the pores, differs considerably between the weak
layer and the background sediment. In addition, the sub-units of the event bed, which together comprise
the weak layer, show great variability in pore space. This variability can be largely associated with
changes in particle size, e.g. larger, more connected pores are found in the sand layer, while smaller,
disconnected pores dominate the clay layers. Even more astounding, however, is the large spatial
variability of the pore space within individual samples. Our findings suggest a depth-dependent
variability in porosity of up to more than 20 %, over a sample that is less than a centimetre in height. To
our knowledge, this is the first time such small-scale, sub-millimetre, changes in pore space have been
observed in sediments that range in particle size from clay to sand. In order to overcome current
limitations in the application of micro-CT, more research will be needed in terms of image processing
(e.g. optimising phase segmentation). Another important aspect is data integration. In order to reliably
compare micro-CT data with other datasets, measurements need to target the sediment of interest at the
same depth, as we have demonstrated the great variability even within one sediment unit. Nevertheless,
our results demonstrate the potential of micro-CT to both qualitatively and quantitatively investigate the
micro-pore structure of weak layers. Such small-scale changes in pore structure appear to be crucial for

weak layer formation, as they appear to dictate the failure plane location.
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Supplementary material

Reconstructed 2D image

Figure 4.A. Reconstructed 2D image (2560 x 2560 px) versus cropped image (1730 x 1730 px) outlined
in red. Dashed line shows the location of cylindrical sediment sample in the 2D cross-sectional image.

Table 4.A. Watershed seed thresholds

Sample ID Pore phase Mixed phase Solid phase
A01 <11 000 15000 —-20000  >22 000
A02 <14 500 17000 -22 000  >25500
A03 <19 000 20 000-23 500  >24500
A06 <14 000 17 000 -21 000  >27 000

A07 <16 000 20 000-30000  >32500
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5. Conclusions and future work

5.1. Main conclusions

Submarine landslides have been identified to pose a significant hazard to coastal communities as they
can generate powerful tsunamis and threaten critical seafloor infrastructure. Even though understanding
of submarine landslides is critical for successful risk assessments and the implementation of risk
mitigation strategies, their often-remote location makes their investigation difficult. Weak layers play a
key role in dictating where failure occurs; however, their structure and composition, as well as the

processes that control and form weak layers are still poorly understood.

This doctoral thesis aims to qualitatively and quantitatively assess the role of sediment structure and
composition on the formation of weak layers, and their control on failure plane localisation. A thorough
literature review (Chapter 2) summarises the current state of knowledge regarding weak layers and their
effect on submarine landslide formation. The review sets out to identify the types of sediment that are
capable of forming weak layers and further investigates their global variability, linking different types
of weak layers to specific environmental settings. Two case studies, the AFEN and Finneidfjord Slides,
were selected to examine the environmental effect (e.g. different sedimentation regimes) on the
properties of weak layers and how they may influence the failure mechanism. These case studies were
chosen, because sediment cores are available and failure planes can be or are well constrained. In the
first case study (AFEN Slide; Chapter 3), physical properties and geochemical core-log, particle size
distribution, and geotechnical data were integrated to identify and investigate the failure plane and
potential weak layer of the landslide. The weak layer of the second case study (Finneidfjord Slide;
Chapter 4) was investigated by means of high-resolution micro-CT imaging. The different scales and
resolution of the datasets provide a diverse view on weak layers, and allow to address the main research

hypotheses (as outlined in Chapter 1.2):

(1) Weak layers coincide with prominent sediment horizons within the slope stratigraphy, but
distinct lithological contrasts control the formation of weak layers and dictate where
failure planes form.

Understanding why some areas fail while adjacent areas do not is crucial for submarine landslide risk
assessment and mitigation strategies. Nowadays, the concept of weak layers playing a key role in
dictating the location and depth of submarine landslides is widely accepted. Although most conceptual
models of submarine landslides assume that slope failure initiates along weak layers, the compositional
characteristics of weak layers, as well as the processes that control and form them remain poorly

understood.
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In Chapter 2, we present a new global submarine landslide catalogue that comprises 60 case studies in
order to assess which types of sediment are capable of forming weak layers and to investigate their
global distribution. Our results show that failure planes usually form in the vicinity of an interface
between distinct lithologies (i.e. sediment sequences). The sedimentology of these sequences can be
diverse and ranges from siliciclastic (sand-clay or clay-clay) to volcaniclastic (e.g. ash-clay) and
fossiliferous (e.g. diatom-clay) sediments. Such sediment sequences appear to be prone to failure due to
their capability of forming permeability contrasts, which in turn enable the generation of transient pore
pressures, and their often-contrasting strength properties allow focused shearing and failure plane

formation.

A classification of weak layers based on their lithology has two main advantages. First, it is reasonable
to assume that different types of lithologies will show an affinity to specific environmental settings.
Therefore, we can infer likely locations of different types of weak layers, e.g. distinct permeability
interfaces related to siliciclastic sediment sequences are typically found in contourite or turbidite
systems, fossiliferous sediments dominate areas of high productivity or upwelling regions, and regions
that experience repeated ash deposition will favour the formation of volcaniclastic weak layers. Second,
potential weak layer lithologies may be recognised from sediment cores. In combination with
information regarding the environmental setting (e.g. current regime, sedimentation pattern, tectonic
activity, etc.) and further characterisation of the sediments based on Locat et al. (2014)’s geotechnical

classification may allow the identification of potential weak layers pre-failure.

Our new global submarine landslide catalogue provides much needed information regarding the
different types of weak layers and their global variability; however, it also highlights the current scarcity
of adequate data for weak layer research. Many studies focus on large-scale geophysical data alone as
sediment cores, especially those sampling the undisturbed sediment sequence, are rare (see discussion
Chapter 5.2). Future advances in the field of weak layer research will, therefore, depend on the collection
of additional sediment cores, and detailed sedimentological, geochemical and geotechnical analyses of

these cores.

(2) Weak layers are formed as a result of various processes, but the type and distribution of
weak layers is controlled by the environmental setting.
Knowing the location of (future) submarine landslides is important, but in order to mitigate submarine
landslide hazard successfully, we also need to know the ultimate cause of slope failure. Most of the time,
it appears that a combination of various pre-conditioning factors and failure mechanisms is needed to
cause slope failure; however, the recognition of these factors, pre-failure, and the relative contribution

of individual factors towards slope failure are still subject to debate. We discussed how different types
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of weak layers that are linked to lithology, show an affinity to different geographic and physiographic
regions. In addition, it is reasonable to assume that different types of weak layers will fail under different
conditions (i.e. failure mechanisms). Failure mechanisms depend on the type of sediment, especially its
geotechnical properties, as well as the acting triggering mechanism, e.g. seismic shaking may cause
liquefaction, while slope under-cutting is often linked to progressive failure by strain softening.
Triggering mechanisms in turn also vary in different environmental settings. For example, regions
known for high tectonic activity will be more prone to earthquake shaking, while in other areas, virtually
all possible triggering mechanisms may occur. Therefore, knowledge about the type of weak layer is
crucial, as it may be used in combination with information regarding the regional setting to identify

potential triggering and ultimately, failure mechanisms.

To investigate this relationship, two case studies, the AFEN Slide (Chapter 3) and the Finneidfjord Slide
(Chapter 4), were analysed. The 1996 coastal Finneidfjord Slide offshore Norway is one of the best
studied submarine landslides to date. One of the main factors that contributed to slope failure is the
occurrence of a regional, turbidite event bed (i.e. weak layer) that contains alterations of clays and sand
(clay-sand-clay sequence; e.g. L’Heureux et al., 2012). Several potential failure mechanisms have been
discussed, including excess pore pressure generation due to fluid flow, accumulation of free gas or
liquefaction, as well as strain softening of the sensitive upper clay unit (e.g. Best et al., 2003; Longva et
al., 2003; L’Heureux et al., 2012, Vardy et al., 2012; Morgan et al., 2012). Most recent studies have
concluded that the permeability contrast between the upper clay and sand layer within the event bed
caused failure due to artesian groundwater pressure and strain softening of the overlying clay
(L’Heureux et al., 2012; Vardy et al., 2012). The AFEN Slide, on the other hand, was suggested to have
failed due to liquefaction of well-sorted contourite sands or silt layer, or due to progressive failure of
geotechnical sensitive clays (Wilson et al., 2004; Madhusudhan et al., 2017). These hypotheses,
however, could not be confirmed as none of the previously analysed sediment cores sampled the
undisturbed sediments. In Chapter 3, we present data from a new sediment core that sampled the
undisturbed sediments that correlate stratigraphically with the inferred failure plane of the slide. In
contrast to previous studies, we found that the AFEN Slide initiated along a distinct, climatically-
induced, lithological interface within the slope stratigraphy. This interface correlates with the base of a
sandy (contourite) layer, overlying a relatively homogeneous silty clay unit. Although our results do not
allow a final conclusion regarding the failure mechanism, we demonstrate a clear difference between
the two case studies. While slope failure offshore Finneidfjord appears to be governed by distinct
permeability contrasts within a sand-clay sequence, failure of the AFEN Slide may rather be caused by
distinct strength contrasts between the softer clay and the overlying sandy layer. In addition, we

highlight the importance of integrating information from all different scales, ranging from small-scale
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high-resolution core analyses to the understanding of the regional oceanographic setting, in order to
understand submarine landslide hazard. Integrating core analyses of the AFEN Slide with our
knowledge about the current regime prevailing in the Faroe—Shetland Channel for the last 18 ka, we
demonstrate that climate change may have preconditioned the location of failure initiation.

(3) For the identification and characterisation of failure planes and weak layers integration

of various datasets is critical, but especially high-resolution (sub-millimetre-scale) datasets
are needed to assess their structure.

The robust investigation and characterisation of weak layers and their controlling factors heavily depend
on the availability of sediment cores and in-situ measurements that sample relevant sediments, i.e. the
undisturbed sediments that correlate stratigraphically with the failure plane. Such data, however, are
usually rare (Chapter 2). In addition, it is of critical importance to combine various sampling (i.e. coring
and in-situ measurements) and analytical (e.g. sedimentological, geochemical and geotechnical)
methods to identify failure planes and investigate weak layers. Nevertheless, even if such integrated
datasets are available, they usually do not provide the information necessary to characterise weak layers
in terms of their structure and it remains unclear precisely where failure planes form in relation to such
weak layers and why (Chapter 3). High-resolution imaging techniques, such as micro-Computed
Tomography, may allow to answer such questions, as they enable the visualisation of structures (and
processes) that cannot be resolved with conventional sedimentological or geotechnical analyses.

In Chapter 4, micro-CT is used to investigate the weak layer of the Finneidfjord Slide. We find that pore
space distribution is highly spatially variable and that such high variability is usually masked by bulk
porosity measurements. Recognition of such small-scale (sub-millimetre) local changes in sediment
structure, however, appears to play a key role in dictating where failure planes form. It is, therefore, of
critical importance to be able to resolve such small-scale changes.

Although important for the characterisation of the micro-structure of weak layers, we also need to be
aware of the method’s limitations. Micro-CT cannot be used as a stand-alone method. It heavily relies
on supplementary data from other analytical methods (e.g. porosity and water content measurements, or
geochemical characterisation of the scanned sediment samples) for proper validation of the results.
Another prerequisite for the application of micro-CT is the knowledge about the location of the weak
layer in order to sample layers of interest. Nevertheless, it is a method with great potential that should

be integrated in submarine landslide, and especially weak layer research.

5.2. Implications for future weak layer research

This section aims to use the lessons learned from Chapters 2 — 4 to summarise current limitations and

challenges in, as well as outline directions for, future weak layer research.



154

5.2.1. Current limitations and challenges in weak layer research

A reliable investigation and characterisation of weak layers in a submarine landslide setting depends on
their accurate identification, their recovery during sediment coring and careful sampling, as well as the
choice of analytical methods. In addition to inherent uncertainties of applied methods and acquired data,
this task faces a multitude of challenges related to issues such as spatial resolution, data correlation, and
sampling bias, as well as sampling quality and quantity. In the following sub-sections, I outline the main
challenges and limitations encountered when attempting to identify failure planes and characterise weak

layers, and discuss some of the main reasons for these limitations.

5.2.1.1. Identification of weak layers: The importance of spatial resolution and data migration

Where is the failure plane located? The answer to this seemingly simple question is a requisite for
successful sampling and analysis of weak layers — and involves many challenges. The accuracy in the
positional delineation of failure planes strongly depends on the resolution, precision and integration of

datasets of different scales, namely acoustic imaging and geophysical borehole or core logging data.

A major problem in this context is one of resolution: Weak layers often act on decimetre- to sub-
decimetre-scales (e.g. L’Heureux et al., 2012; Sammartini et al., 2018; Gatter et al., 2020), but can
be buried beneath tens to hundreds of metres of sediment and water. In order to identify and trace
the spatial extent of failure planes and weak layers, we rely heavily on acoustic methods that have
to compromise between penetration depth and vertical resolution. Both are inversely correlated and
strongly depend on the deployed tools (Tab. 5.1), as well as the type of sediment imaged. Sub-
bottom profilers (e.g. Chirp-type systems), for example, may reach a vertical resolution of <0.05 m,
but have a very limited penetration depth (<tens of metres), especially in thicker, sandy or over-
consolidated sediments (e.g. Penrose et al., 2005). Such very-high-resolution datasets are therefore
generally not suitable for investigating the failure planes and weak layers of large submarine
landslides, as they fail to image the deeper sediment strata. Seismic reflection profiles, on the other
hand, routinely reach penetration depths of hundreds of metres, but have a much lower vertical
resolution (e.g. Judd and Hovland, 1992). Most of these datasets work on a metre-scale, a magnitude
below that of weak layers, and thus may fail to accurately image thin weak layers, causing errors in
their depth estimates or entirely failing to image them (e.g. Widess, 1982). In addition, the presence
of gaseous sediments may mask the reflection from underlying layers as they scatter acoustic energy,
effectively limiting the penetration depth (e.g. Judd and Hovland, 1992; Fleischer et al., 2001). This
may result in a significant vertical error in the failure plane delineation when using acoustic imaging

alone.
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Another challenge is that of data integration: Since acoustic imaging is a function of the travel-time
of the emitted signal, we need to convert this time-based measurement to depth in order to enable
integration with recovered core material or in-situ measurement methods. This time-depth
conversion requires additional information on the velocity of acoustic signals within both the water
and sedimentary strata. Ideally, this information is derived from in-situ borehole logging, which
provides the means of precisely relating lithological layers in the recovered core material to the
acoustic record. Its near-continuous records have been found to considerably enhance the accuracy
of time-depth conversions (e.g. Riedel et al., 2020). In-situ logs of chemical and physical properties
may also be used to extrapolate lithological information in sections of poor core recovery (e.g.
Brewer et al., 1998; Major et al., 1998). Where borehole logging data is absent, we have to rely on
geophysical measurements of recovered core material, which introduces several sources of potential

inaccuracies (e.g. Weaver and Schultheiss, 1990; Jutzeler et al., 2014):

e Positional uncertainties: Coring devices without a dedicated positioning system may

introduce positional uncertainties, as they rely on information provided by research vessels.
This is especially true in deep water and strong current settings. Such uncertainties manifest
in a spatial offset between the acoustically imaged strata and recovered material. In the case
of horizontally heterogeneous sediment distributions (e.g. steep slopes, numerous faults),
this spatial offset may severely impair core-acoustic correlation.

e Deviations in coring axis: Ideally, coring devices recover sedimentary strata in the direction

of the gravitational centre (i.e. vertically). Deviations from this desired axis can introduce
depth offsets in the core-acoustic correlation, which increase proportionally with core depth
(e.g. a 5° deviation from the vertical axis may result in a depth offset of 38 centimetres in a
100 m long core, but would increase to an offset of 3.8 metres in a 1000 m long core).

e Poor core recovery: A major challenge in core-acoustic correlations is related to poor core

recovery. Not only does the lack of material lead to discontinuous core logging data, it also
introduces uncertainties (often on a metre-scale) relating to the vertical position of recovered
sediments.

e Seafloor uncertainties: As core devices often disturb the uppermost, soft sediment

sedimentary layers, core tops may not always represent in-situ surficial sediments as imaged

with acoustic methods (see below as well).

e Sediment compression/expansion: Sediment compression (i.e. under-sampling) disturbs the

vertical structure of the sediment and may falsify the relative depth of individual

stratigraphic horizons, and is an important consideration for sediment cores. Gravity cores,
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in particular, are prone to such under-sampling. Piston cores, on the other hand, have a
tendency for sediment expansion (i.e. over-sampling. It has been suggested that cable
rebound may cause double penetration and, thus, that heavier piston corers are prone to
greater over-sampling (e.g. Skinner and McCave, 2003); even reaching oversampling rates
of 30 to 37 % in the top 10 to 15 cm (Széréméta et al., 2004). Another common cause for
sediment expansion is the reduction of confining pressure during core recovery and

subsequent core handling (i.e. cutting).

e Core logging: Geophysical core logging can introduce systematic errors and produce data
that differs greatly from in-situ measurements. Poor quality core log measurements often
relate to disturbances of the cored sediments, which include compaction, but also frictional
distortion and micro-cracks. Such disturbances are especially prominent in smaller diameter
and drilled cores. Additionally, opened or not properly sealed core sections and extended
storage in core repositories can reduce the water content of the sediment, and prohibit

measurements of the acoustic velocity due to signal loss.

In summary, core-acoustic integration can only provide an estimate of where to find the failure plane.
The limited vertical resolution of most datasets and uncertainties in core-acoustic correlation mean that

it is usually difficult to determine the exact location of the failure plane and weak layers.

Higher resolution acoustic data (e.g. 2D deep-towed multi-channel or Autonomous Underwater Vessel
(AUV)-deployed very high-resolution seismic data; Ker et al., 2010; Marsset et al., 2014; Brothers et
al., 2015; Campbell et al., 2015; Kassarie et al., 2017), as well as routine borehole measurements are
required to overcome these uncertainties. Such measurements could be integrated relatively easily into
IODP or seafloor drill rig (e.g. MeBo; Freudenthal and Wefer, 2007, 2013) campaigns by deploying
logging tools after core recovery into the newly-drilled boreholes. If borehole measurements are not
available, quick core logging upon recovery or at least quick referential measurements for a correction
of logs taken on land are crucial. Positional accuracy in both acoustic imaging and coring to limit spatial
offsets is also of high importance. This can be achieved, for example by deploying a positional
navigation tool placed on the wire above the coring device. Tiltmeters can be deployed to ensure vertical

coring and to enable subsequent corrections in positional accuracy.
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Table 5.1. Overview of the most commonly deployed surveying and sampling tools for weak layer

investigation.
Hydroacoustic and geophysical surveys
Application Seafloor mapping and sub-seafloor profiling, identification of morphological features
Limitations No sediment samples for further analyses, no information about sedimentological,
geochemical or geotechnical properties of sediments
A Advantages and
Tool Description disadvantages Examples
Multi-beam sonar Seafloor imaging: + Bathymetry (depth Operation at different
information) frequencies, higher (>100

Side-scan sonar

Sub-bottom
profilers

Multiple sound signals that
are reflected by the
seafloor are used to detect
and map the seafloor

Seafloor imaging:

High-frequency sound
signals that are reflected
by the seafloor are used to
create an image of the
seafloor

Sub-seafloor imaging:

A sub-bottom profiler uses
sound signals that
penetrate the shallow sub-
seafloor and are reflected
by different sediment
layers depending on their
acoustic impedance
(hardness) to map these
different layers

- Variable resolution
- No sub-seafloor
information

+ Relatively cost-effective
+ Relatively easy usage

+ High-to very high-
resolution

+ Information about
seafloor texture and
sediment types

- Little depth information
- No sub-seafloor
information

+ Fast data collection

+ High- to very high-
resolution

+ Determination of
physical properties of the
seafloor

- Low penetration depth

kHz) frequencies for
shallow and low (<30 kHz)
frequencies for deep water,
resolution can be as high
as <10 m or several
hundred of metres (e.g.
GEBCO)

Frequencies typically 100
— 500 kHz, higher
frequencies achieve a
higher resolution, but also
reduce the swath range;
e.g. at 500 kHz the
maximum resolution can
be a few cm with a
maximum swath range of
75 m, at 100 kHz the
maximum resolution is
0.15 m with a maximum
swath range of 200 —

300 m

Various types of energy
sources and frequencies
are used, Parametric
(~100 kHz) and Chirper (1
— 10 kHz) for a penetration
depth of <100 m and a
vertical resolution of <0.05
m; Boomer (300 Hz — 3
kHz) system for a
penetration depth of 30 —
100 m and a vertical
resolution of 0.3 — 1 m;
Sparker (50 Hz — 4 kHz)
system for a penetration
depth up to 1000 m (under
ideal conditions) and a
vertical resolution of >2 m
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2D single- or multi-
channel seismic

Sub-seafloor imaging:

Seismic reflection uses the

+ High penetration depth
+ Information about sub-

Various types of energy
sources and frequencies

reflection L seafloor structure are used, Air-Gun (and GI-
principal of sound wave . . .
. . - Lower resolution Gun which consists of two
transmission and reception . . .
. - Data processing airgun chambers in a
to image the sub-seafloor . .
and obtain 2D seismic single housing) are the
cofiles most commonly used
P energy sources, typical
penetration of hundreds of
metres to a few kilometres
3D seismic Sub-seafloor imaging: + Information about sub- GEOMAR P-Cable system
reflection As with 2D seismic surface structure with GI-Gun as energy
. . + High-resolution source operates at a
reflection, 3D seismic .
. - Expensive frequency of 50 — 250 Hz
reflection uses the . ) . .
principal of sound wave - Data processing with a vertical resolution
o . f1-2 hori 1
transmission and reception ?esolutiolrl: §1f1(31 i 6orr;.zonta
to image the sub-seafloor. . ’
Multiple, parallel 3D Chirp system operates
’ oL fi f1.5-
hydrophone-containing allgaklflqué:ﬁﬁyaomax?mum
streamers spaced a short ene tra:cion of 10 — 30 m
distance apart from each P . .
other enable a 3D view of and vertical and horizontal
luti t th
the sub-seafloor structure. resotutions at the
decimetre-scale
In-situ measurements
Application Short- or long-term in-situ measurements of sub-seafloor temperature, pore pressure
and geotechnical properties of sediments
Limitations Usually limited penetration depth, uncertainty in short-term measurements, no
sediment samples for further analyses
Tool Description A.dvantages and Examples
disadvantages
Piezometer Piezometer instrument is + Long-term pore pressure  Gravity-driven IFREMER

Dynamic cone
penetration testing
with pore pressure
measurement
(CPTu)

installed into a borehole in
a semi-permanent structure
or attached to a gravity-
driven piercing lance

Dynamic CPTU probes
consisting of a piezocone,
strain gauges, a pore
pressure port and an
inclinometer are gravity-
(and winch speed) driven
devices to measure in-situ
pore pressure and
geotechnical properties of
sub-seafloor sediments

monitoring and
measurement

- Cost

- Installation requires
infrastructure

+ Cost-effective

+ Fast, continuous
profiling

+ Portable

+ In-situ pore pressure
measurements

- Low penetration depth
(max. 15 m)

- Short-term pore pressure
estimates (uncertainty
from drilling and
installation influences)
- unsuitable for gravely
sediments

piezometer for a maximum
operation depth of 6000 m
and a maximum
penetration of 12 m

MARUM Free-Fall Cone
Penetrometer with Pore
pressure (FF-CPTu) for
shallow water (<500 m)
with a maximum
penetration of 8.5 m, or for
deep water (<4000 m) with
a maximum penetration of
45m
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Static cone
penetration testing
with pore pressure

Static CPTU systems use a
remotely-controlled
seafloor rig to push a

+ Higher penetration depth
(max. 100 m)
+ In-situ pore pressure

IFREMER Penfeld seabed
rig for a maximum
operation depth of 6000 m

measurement piezocone into the measurements and a maximum
(CPTu) sediments for the - Larger vessel needed for  penetration of 30 m;
measurement of in-situ deployment MARUM Geotechnical
pore pressure and - Weather conditions Offshore Seabed Tool
geotechnical properties of  dependent (GOST) for a maximum
sub-seafloor sediments operation depth of 4000 m
and a maximum
penetration of 40 m
Coring devices
Application Sampling of sub-seafloor sediments for further analyses (including sedimentological,
geochemical and geotechnical analyses)
Limitations Limited material, may be disturbed, not under initial pressure/temperature conditions
. Advantages and
Tool Description disadvantages Examples
Gravity corer (GC)  Gravity-driven steel pipe + Cost-effective Many

Conventional and
giant piston corer
(PO)

for the recovery of short
gravity cores

Gravity-driven steel pipe
with a tight-fitting piston
inside for the recovery of
relatively short to medium
length piston cores

+ Fast recovery

+ Portable

+ Large core diameter
(>10 cm)

+ Shallow to large water
depths

- Very low penetration
depth (usually 5 — 10 m,
max. 20 m)

- Prone to sediment under-
sampling

- Unsuitable for thick
layers of coarse-grained or
hard sediments (e.g. sandy
or ash layers)

+ Cost-effective

+ Portable

+ Large core diameter (8 -
12 cm)

+ Giant piston corer:
higher penetration depth
(usually 30 — 40 m, max.
75 m)

- Conventional piston
corer: relatively low
penetration depth (usually
5-15m)

- Prone to over-sampling

- Unsuitable for thick
layers of coarse sediments
(e.g. ash layers)

- Giant piston corer: not
deployable from all vessels

Kullenberg conventional
piston corer with a
maximum penetration of
about 24 m;

IFREMER Calypso giant
piston corer with a
maximum penetration of
75m
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Robotic drill rig

Scientific drill
vessels —
International Ocean

Discovery Program
(IODP)

Robotic drill rig which is

lowered to the seafloor and

operated remotely from a
vessel for the recovery of
sediment cores

Use of multiple drilling
platforms to drill and core
sub-seafloor sediments
(e.g. JOIDES Resolution,
Chikyu)

+ Relatively high
penetration depth

+ Portable

+ Operation from a stable
platform on the seafloor
+ In-situ borehole
measurements (gammy
ray, magnetic
susceptibility)

+ In-situ static cone
penetration testing

- Slow recovery (sandy to
gravely sediments)

- Low recovery rate in
non-cohesive sediments

- Small core diameter (5.7
—6.3 cm)

- Operation only on nearly
flat ground (<5°) to
guarantee vertical
alignment of drilling axis

+ Very high penetration
depth

+ Dynamic positioning
system for stable
positioning

+ In-situ borehole
measurements

- Expensive

- Small core diameter (5.87
—6.2 cm)

- High degree of sample
disturbance

MARUM Meeresboden
Bohrgerdit (MeBo70 and
MeBo0200) for an
operation depth of 10 —
2000 m (optional up to
4000 m) and a maximum
penetration of 80 m and
200 m

JOIDES Resolution
(IODP) Advanced Piston
Corer (APC) for a
maximum penetration of
>300 m; IODP Extended
Core Barrel (XCB) for a
maximum penetration of
>700 m

5.2.1.2.

Many studies rely solely upon remote geophysical data for submarine landslide investigation (Fig. 2.3,
2.7) and, if sediment cores are acquired, they typically do not sample relevant sediment horizons, which
may lie tens to hundreds of metres below the seafloor (e.g. Talling et al. 2014; Fig. 2.3). Such cores tend
to focus on the characterisation of the landslide deposits or excavated glide planes within the slide area,
rather than targeting sediments from adjacent undisturbed slopes. Targeting the undisturbed sediments

of the adjacent slopes, including those stratigraphically equivalent to the failure planes, however, is

Sampling of weak layers: Accessibility and recovery challenges

necessary in order to identify and characterise the material along which the landslide initiated.
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Sediment cores

There are many coring devices, each with advantages and disadvantages (e.g. Georgiopoulou et al.,
2018; Tab. 5.1). Although long cores are usually desirable, not all research vessels can support long
and heavy coring devices whose operation is costly, both financially and time-wise. Sample material
from such cores is often scarce for any given stratigraphic horizon within a sampled profile. Due to
costly operations, the number of cores is limited (often not exceeding one) for each coring site and
core diameters are relatively small (Tab. 5.1). These problems can be overcome with shorter gravity
or piston cores. Such cores have the main advantage of being relatively cost-effective, and are
relatively easy to handle, allowing for multiple deployments at the same site. They also allow the
recovery of large diameter (=10 cm) sediment cores, which are favourable for further laboratory
analyses. These cores, however, have very limited penetration depths (Tab. 5.1) and relevant
sediment horizons are seldom sampled. Furthermore, in the case of gas-bearing sediments, other
coring devices, such as a pressure corer, are required in order to prevent substantial sediment
disruption due to gas expansion upon core recovery (e.g. Paull and Ussler III, 2001; Holland et al.,
2019). It is, therefore, critical to choose the right coring technique for individual study sites (e.g.
Weaver and Schultheiss, 1990; Georgiopoulou et al., 2018).

Another problem is that of sediment recovery (e.g. Jutzeler et al., 2014). Thick, under-consolidated
sandy layers are especially difficult to sample, because the loose material is easily washed out of
the core barrels during recovery (e.g. Tuaheni Slide offshore New Zealand; Huhn et al. 2016; Pecher
et al., 2018). In contrast, even very thin ash layers may be extremely hard to penetrate with
conventional coring techniques because their particles interlock if pushed together during coring,

thereby increasing the layer’s strength exceedingly (e.g. offshore Montserrat; Huhn et al., 2019).
In-situ measurements

Although our capacity to obtain in-situ measurements has greatly improved over the last couple of
decades, the devices are still seldomly deployed for weak layer investigation (Fig. 2.3, Tab. 2.1).
Similar to coring devices, in-situ measurement tools have to compromise between penetration depth
and cost-effectiveness. Cone penetration testing with pore pressure measurement (CPTu) is the
primary geotechnical tool to acquire continuous in-situ geotechnical data (Tab. 5.1). Dynamic CPTu
(e.g. MARUM Free-Fall Cone Penetrometer with Pore pressure; Stegmann et al., 20006) is
relatively cost-effective and can be easily deployed, but usually has a limited penetration depth.
Higher penetration depths can be achieved with static CPTu (e.g. IFREMER Penfeld seabed rig or
MARUM Geotechnical Offshore Seabed Tool (GOST); Meunier et al., 2004; Sultan et al., 2010;
Jorat et al., 2014; Steiner et al., 2014). Static CPTu systems differ from dynamic CPTu instruments,
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in that they are pushed at constant penetration rates into the sediment (e.g. Steiner et al., 2014),
which allows them to achieve greater penetration depths and also penetrate resistant sediments, such
as ash layers. These systems, however, require larger research vessels for deployment, and

depending on the sediments encountered may be very time-consuming.

Sediment cores and in-situ measurements that sample relevant sediments, in particular the undisturbed
sediment sequence outside the slide area, are rare (Fig. 2.3, Tab. 2.1). Despite continuously emerging
tools in marine technology, sampling techniques and in-situ monitoring still generally lag behind the
technological advances in geophysical data acquisition (e.g. Clare et al., 2017). The lack of adequate
sampling devices constrains our efforts to effectively sample weak layers of submarine landslides.
Direct measurement of parameters such as in-situ pore pressure, are time consuming, and are not always
feasible due to weather constraints on offshore operations and the expense of ship time. Monitoring of
pore pressure variations is also possible, but has been performed in only a limited manner due to
logistical complications (Strout and Tjelta, 2005; Flemings et al., 2008; Dugan and Sheahan, 2012).
Such monitoring typically requires connection to power and data transfer (e.g. via a seafloor cabled

observatory network) which limits the sites that can be studied in detail.

The successful sampling (and investigation) of weak layers requires new technologies, e.g. further
development of seafloor drill rigs. Seafloor drill rigs are lowered onto the seafloor from multi-purpose
research vessels and retrieve sediment cores by remote control from the ship. They have the potential to
bridge the gap between relatively cost-effective, but short, conventional coring devices, such as gravity,
piston, or vibra-corer that can sample dense or weakly cemented strata, and the use of expensive drill
ships (Freudenthal and Wefer, 2013). They have the advantage that once they are deployed on the
seafloor, they can collect a number of sediment cores in a relatively time-effective way, and also enable
further borehole logging and in-situ testing (e.g. Spagnoli et al., 2015; Huhn et al., 2019). Such

integrated technologies may fill gaps from individual datasets.

Due to difficulties in sampling the failure planes of large submarine landslides that may be buried
hundreds of metres below the seafloor (e.g. Haflidason et al., 2004; Georgiopoulou et al., 2010),
targeting smaller landslides may prove to be more successful. The investigation of smaller submarine
landslides has shown good results (e.g. Strozyk et al., 2010; Berndt et al., 2012; Lafuerza et al., 2012;
Baeten et al., 2014; Gatter et al., 2020), as they allow for the deployment of more cost-effective coring
devices, which can be used to obtain a number of cores from the slide area and the undisturbed
sedimentary sequence. Another alternative is to focus our efforts on landslides in lakes, which are also
smaller in size and more readily accessible (e.g. Stegmann et al., 2007; Van Daele et al., 2017; Moernaut

et al., 2020; Stegmann et al., 2007). Several previous studies suggest that morphometry and other
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characteristics may be similar between cohesive landslides across many orders of magnitude (e.g.
Micallef et al., 2008; Moernaut and De Batist, 2011; Urgeles and Camerlenghi, 2013; Casas et al., 2016;
Clare et al., 2017), allowing the extrapolation of information from small to larger landslides. Hence, it

may be sensible to focus on smaller-scale landslides until deeper sampling is viable.

5.2.1.3. Characterisation of weak layers: A problem of sample quality and quantity

To understand weak layers, it is not enough to know where within the slope’s stratigraphy they are
located, we also need to characterise them in terms of their sedimentological and geochemical
composition, as well as their physical and geotechnical properties. This requires the sampling of weak

layers in their undisturbed form, i.e. from the undisturbed adjacent slope.

Visual, descriptive sedimentological and non-destructive MSCL logging data are usually available for
sediment cores, but further geotechnical characterisation is often scarce (Fig. 2.4). Advanced
geotechnical tests usually require a large amount of undisturbed sediment. Apart from the limited
availability of sample material, obtaining high-quality samples is also challenging (i.e. with little
deformation due to the recovery and sampling procedures) for such testing (Clayton et al., 1998). Despite
the enormous value of deep ocean drilling programmes such as IODP for geological purposes, the
samples collected within these programmes are often highly disturbed and, therefore, cannot be used for
high-quality geotechnical tests (Vanneste et al., 2014). Although geotechnical properties, such as shear
strength and pore pressure estimates, can also be obtained from in-situ measurements, such instruments
are not often deployed (Fig. 2.3, Tab. 2.1) and usually have a limited penetration depth (Tab. 5.1). In
addition, CPTu-based investigation of sediments does not allow for a compositional classification of the

tested sediments, which requires sediment cores or borehole records (e.g. Yin et al., 2021).

Some weak layers, e.g. volcaniclastic, may require additional geochemical analyses. Such sediments
can be difficult to identify visually, but have characteristic geochemical signals in XRF-core logging
data (e.g. Cassidy et al., 2014). Fossiliferous sediment on the other hand, may require high-resolution

visual analyses (e.g. SEM images).

While geophysical data have become more readily available, there is a general scarcity of
sedimentological and geotechnical data. Nevertheless, high-quality laboratory tests (e.g. shear strength
or permeability) and in-situ geotechnical data are crucial for recognising and evaluating weak layers. In
order to overcome limitations inherent to the individual analysis methods (Tab 5.1), the integration of
datasets is imperative. The combination of various methods (e.g. geotechnical characterisation from in-
situ measurements and from core samples) enables uncertainties to be compensated for, and gaps in

individual datasets to be filled.
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5.2.2. Suggestions for future weak layer investigation

Despite our increase in knowledge regarding submarine landslides over the past few decades (Fig. 2.2),
our understanding of their failure planes and weak layers is still very limited. The main limitations are
related to a lack of data and also inconsistency in data acquisition (see Chapter 5.2.1). Some of the most

important aspects that should be considered for future weak layer investigations are outlined below:

e Targeted surveys: Maybe the most critical point is the need for research cruises and sampling

campaigns tailored towards failure plane and weak layer investigations. The characterisation of
weak layers is usually not the primary aim of current cruises; hence, the applied methods (e.g.
coring techniques) are often not suitable for sampling relevant sediments outside the slide area.

e Pre-site surveys: A key criterion for successful weak layer investigations are sound pre-site
surveys. The data is used to identify and locate the failure plane of submarine landslides and are
also essential to identify suitable coring locations. Taking into consideration the limitations of
individual surveying techniques, a good approach is the combination of deeply penetrating and
high-resolution geophysical tools.

e Sample collection: One of the main limitations in weak layer characterisation is the limited

amount of suitable material obtained from sediment cores for further geotechnical analyses
(Chapter 2). To ensure enough material is available, we suggest a number of cores (at least two)
are taken from each coring site, dedicating one entire core to further geotechnical (and
geochemical) testing.

e Consistent workflow: Following a consistent workflow will enable a more complete data

collection and a better comparison between individual studies, and consequently weak layer
characterisation (Fig. 5.1)

e Micro-CT: High-resolution imaging techniques, such as micro-CT, are crucial for the
characterisation of the internal weak layer structure; however, they cannot be used as stand-
alone methods (Chapter 4), but need to be validated by means of additional information from
other analytical methods. To ensure a reliable validation processes, i.e. information from the
same depth, micro-CT samples have to be integrated into a sampling plan from the very

beginning.

Finally, integrating offshore investigations with onshore outcrop studies, and implementing our results
into numerical models can help to (1) further fill knowledge gaps regarding weak layer composition and

structure and (2) allow to futher investigate potential failure mechansims.
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