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Preface

The morphology of continental slopes and rises around the world as well as flanks
of oceanic islands are marked with major landslide scars. Many of these involve
thousands of square kilometers of sea floor, and their formation represents an
important mechanism for transferring sedimentary material to the deep sea. Sand-
rich gravity flow deposits form many of the world’s largest oil and gas reservoirs,
while mud-rich deposits may sequester globally significant volumes of organic
carbon. The geohazards associated with submarine slope failures include destruction
of sub-sea infrastructure such as pipelines and cables as well as tsunamis induced
by landslides and their effects onshore. Due to the source characteristics, tsunamis
induced by landslides cause more local effects than those caused by earthquakes.
The 1998 Papua New Guinea tsunami that followed from a 5–10 km3 submarine
landslide and killed �2,200 people along a 30 km coastal section illustrates the
hazard and risk resulting from such local events. Very large submarine landslides
with volumes of several thousands of cubic kilometers are rare, but may cause
tsunamis with more widespread effects. Volcanic flank collapses on oceanic islands
may also cause tsunamis inducing distant destruction, although their tsunamigenic
potential is highly disputed.

The causes of submarine mass movements are manifold, but not yet well
understood. Surprisingly many of the larger landslides are associated with much
gentler slopes than required to destabilize the sea floor under static conditions.
Slope failure is often attributed to some combination of earthquake triggering, rapid
sedimentation, the presence of weak layers, excess pore pressures, ice-induced
forces in glaciated areas, steeping from tectonic, diapiric or erosional activity, as
well as volcano development, but only for very few slope failures a robust scientific
case has been made.

The complex nature of submarine mass movements and their consequences calls
for a multidisciplinary approach including state-of-the-art seafloor and sub-seafloor
mapping, investigations of physical properties (in situ and on cores), numerical
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vi Preface

modeling of landslides and associated tsunamis as well as hazard and risk assess-
ment. In order to bring ‘submarine landslide’ scientists together and to minimize the
consequences of submarine failures, the International Union of Geological Science
(IUGS) and the United Nations Educational, Scientific and Cultural Organization
(UNESCO) have sponsored two International Geoscience Programs on ‘Earth’s
Continental Margins: Assessing the Geohazard from submarine Landslides’ (IGCP-
585) and its predecessor ‘Submarine Mass Movements and Their Consequences’
(IGCP-511).

A central activity of IGCP 585 is the organization of a bi-annual symposium
in order to present an up-to-date perspective of submarine mass movements and
their consequences by assembling excellent contributions from active international
academic, government and industry researchers. The 6th symposium was held
in Kiel (Germany) in September 2013; this new volume of the book series on
‘Submarine Mass Movements and their Consequences’ presents new peer-reviewed
contributions by international experts in the field. The book is organized in nine
parts covering geological, geophysical, engineering and environmental aspects of
submarine slope failures. It contains (among others) investigations of physical
properties of landslide deposits, partly on samples collected during some of the
first attempts at scientific ocean drilling in thick sequences of mass transport
deposits, the analysis of long-term records of submarine landslides and their usage
in paleoseismology, repeated surveys of active slope failures, as well as a chapter
on landslide generated tsunamis. The focus is on understanding the full spectrum of
challenges presented by this major coastal and offshore geohazard.

Research on submarine mass movements and their consequences spans several
disciplines and several open questions need to be addressed in the future. It is
crucial to identify potential precursors of submarine landslides. The emergent field
of submarine geodesy will hopefully provide us with the means of measuring
small movements on the sea floor, which may occur prior to a catastrophic failure.
The new science plan of the ‘International Ocean Discovery Program (IODP)’
identified geohazards as one of the key objectives. First results from dedicated
drilling campaigns for understanding submarine landslides are currently published
(e.g., offshore Japan, around the Lesser Antilles, the Gulf of Mexico). Future
systematic monitoring of in situ parameters in drill holes may allow identification
of transient signals indicating imminent slope instability. Sophisticated hazard
assessment for tsunamis caused by submarine landslides is another important step
for mitigating their impacts. So far, most tsunami hazard assessments have been
scenario-based and focused on earthquake tsunamis. More recently a probabilistic
tsunami hazard assessment approach has been developed, which is largely inspired
from probabilistic seismic hazard investigations. However, insufficient age sampling
and changing conditions for landslide triggering are major obstacles in translating
a probabilistic tsunami hazard assessment approach from earthquake to landslide
tsunamis. It is further expected that the landslide tsunami risk is dominated by



Preface vii

the long return periods, generally carrying the largest uncertainties. Hence, a more
robust scenario-based tsunami hazard assessment will probably still be the most
efficient one to use for landslide tsunamis.
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Chapter 1
Weak Layers: Their Definition and Classification
from a Geotechnical Perspective

Jacques Locat, Serge Leroueil, Ariane Locat, and Homa Lee

Abstract Weak layers play a major role in the development of many large
submarine landslides. A definition of a weak layer is proposed here using a
geotechnical perspective: 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. Such a layer or a band can follow stratigraphic horizons, but this is not a
requirement. From this it is proposed to define two types: inherited and induced
weak layers. In addition, weak layers can develop in strain softening sediments
where progressive failure can generate a surface of rupture without the need to
invoke the role of excess pore pressures.

Keywords Submarine landslides • Weak layers • Strength • Strain softening •
Sedimentology • Geotechnical properties • Surface of rupture • Earthquake •
Gas hydrates

1.1 Introduction

In many studies on submarine mass movements, weak layers are invoked to explain
their occurrence and extent, particularly those taking place on nearly horizontal
surface of rupture (Lee et al. 2007; Masson et al. 2010; Locat and Lee 2002, 2009).
However, it is not always clear if these weak layers existed prior to the landslide or
resulted from the failure mechanism. What is clear is that a rupture surface is the
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locus of an existing surface of lower resistance or a surface where there is a reduction
in the shearing resistance of a layer of sediment to a point where it cannot resist the
gravitational driving forces. For subaerial landslides, the presence of weak layers
was invoked as early as 1943 (Kardos et al. 1943) and for submarine landslides,
the first direct mention of weak layers is found in Lewis (1971). They are also well
recognized in snow avalanches (Heierli et al. 2008). By their very nature, weak
layers are often linked directly to sediments showing some level of stratification
(or layering), which, in a marine environment, can cover quite large areas (few
hundreds of square kilometres, Kvalstad et al. 2005). They may also result from
landslide re-activation on a pre-existing surface of rupture (Leroueil et al. 1996).
For the purpose of this paper, we will mostly focus our analysis of weak layers in
marine sediments.

In many cases, the failure surface on which submarine mass movements origi-
nated, appears to follow stratigraphic horizons that are identified on seismic lines
by strong reflectors (Levesque et al. 2004). As indicated by Masson et al. (2010):
“The sedimentology of weak layers is not well understood, mainly because they
are destroyed in areas where landslides have occurred and it is not known how to
identify them before they fail”.

In order to improve our understanding of weak layer formation and their role
in the development of landslides, we would like to take an approach coupling
sedimentological and geophysical observations, and geotechnical concepts. This
approach will be centred around three main points: (1) definition of weak layers,
(2) observations of weak layers, and (3) a proposed classification system for weak
layers. As part of this analysis we will also underline the potential role of progressive
failure as a way of explaining large submarine landslides without the need to invoke
excess pore pressures.

1.2 Weak Layer Definition

If failure is taking place, this is because the factor of safety F of the slope has been
reduced to unity or less according to the following relationship:

F D �f

�mob

(1.1)

where � f is the shearing resistance of the soil at failure and �mob the mobilized
shearing forces. Changes in this equilibrium can come from either a loss of strength
of the sediment or an increase in external forces like sediment loading at a delta
front.

Where weak layers have been identified, it is common that some processes
produced a layer that is relatively weak prior to failure or during the failure
process. That is to say that the shearing resistance of the layer was reduced or
the gravitational forces exceeded the shearing resistance to a degree for which the
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Fig. 1.1 Thin weak layer in (a) snow and (b) marine clay. The collapsible structure in the snow is
about 2 cm thick and formed by hoar crystals (modified after Heierli et al. 2008). In (b) the weak
layer is a silt layer (about 1 mm thick) that failed (remoulded, �10 cm of displacement) and the
failure itself has softened about 1 cm on either side (red arrows, modified after Locat et al. 2011b)

resisting forces of that layer are exceeded by gravitational forces. The components
leading to the formation of a weak layer are contained within a Mohr-Coulomb
failure criterion:

�f D c C .� � u/ tan �0 (1.2)

where c is the cohesion, � the total stress, u the pore pressure and �0 the friction
angle. From this equation it is clear that the formation of a weak layer will require a
modification of either, the cohesion, the total stresses, the pore pressure, the friction
angle or a combination of them.

A weak layer can be very thin (e.g. Fig. 1.1), for example a single clay layer, or a
thicker band of multiple layer. In either case, they can be transformed by processes
like liquefaction during earthquakes. Leroueil et al. (2002), considering the effect
of layering, show that the effective strength envelope of a marine clay deposit
from Louiseville (Québec) is lower along stratigraphic horizons than along arbitrary
planes at some angle with these horizons. This was explained by the roughness of
the marine clay that is lower parallel to bedding. Very thin (�1 mm) silt layers can
also be remoulded to develop a surface of rupture as observed for the St. Jude slide
in leached Champlain marine sediments (Fig. 1.1a, Locat et al. 2011b). Therefore,
layers of sediments having little or no cohesion can also act as a plane of weakness
under certain conditions that may be similar to very thin weak layers seen in snow
avalanches (Fig. 1.1a).

For marine sediments, Kvalstad et al. (2005) have shown that sediment having a
strain softening behaviour could develop progressive failure along large surfaces of
rupture. Leroueil et al. (2012) have also shown that progressive failure can develop
in various types of material.
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Taking into account the great diversity (origin and formation) of weak layers,
we would like to propose the following definition: 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. Such a layer or a band can follow stratigraphic horizons,
but this is not a requirement.

With such a definition for weak layers we will continue our analysis by reviewing
some observations and then look at the classification system.

1.3 Weak Layer Observations

In the submarine environment, weak layers are more often deduced from obser-
vations and interpretation rather than direct sampling (Masson et al. 2010), with
a few recent exceptions like the Storegga slide (Kvalstad et al. 2005), the Nice
airport failure (Dan et al. 2007) or submarine landslides in fjords (Hansen et al.
2011; L’Heureux et al. 2012; Levesque et al. 2004). An example of a weak layer,
taken from the work of L’Heureux et al. (2012), is presented in Fig. 1.2. It consists
of a layer, at a depth of around 3 m, deposited during a rapid sedimentation
event (turbidite). It is recognizable by its lower density and lower strength of the
underlying layer. This band could likely be responsible for the location of the rupture
surface in a fjord (e.g. Saguenay Fjord, Fig. 1.2a). Another example is presented
in Fig. 1.3, where a flow slide is mapped in the Saguenay Fjord (Levesque et al.
2004). The rupture surface can be seen as a strong reflector but the transparent layer
above it, consisting mostly of normally consolidated silty clay (resting on a sandy
layer), as seen on the flanks, has been removed by the slide process (disintegrative
slide, Fig. 1.3). Here, if the remoulding energy (Leroueil et al. 1996) is sufficient,
the material will evacuate the landslide scar and a retrogressive mechanism can be
maintained.

A compilation of weak layers observed in submarine landslides studies is
presented in Table 1.1. This table shows that there is no common element: there
can be various sediments types and failure processes involving weak layers.

The first two types of sediments listed in Table 1.1 are for weak layers that result
from an increase in pore pressure due to gas hydrate dissociation and/or resulting
loss of cementation along contourites (Elverhoi et al. 2002; Sultan et al. 2004b;
Camerlenghi et al. 2007), or high sedimentation rates inducing an increase in excess
pore pressure in some layers (underconsolidation, e.g. Huvenne et al. 2002; Sultan
et al. 2004b).

The next two types of sediments consist of weak layers for which both pore
pressure increase and strength reduction have taken place. The first one is for
sandy layers, which may liquefy during earthquakes (Lewis 1971) or in which
seepage forces can develop along a confined permeable layer (Dan et al. 2007). In
some stratigraphic conditions with hydraulic conductivity contrast between layers
(e.g. sand and clay layering), earthquakes can also produce planes of weakness by
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Fig. 1.2 Example of a surface of rupture (a and b) identified as an event layer (turbidite)
sandwiched between more resistant layers (Modified after L’Heureux et al. 2012)

forming a film of water with little shearing resistance (Kokusho and Kojima 2002).
The second type of sedimentary weak layer results from rapid accumulation events
(event layers like a turbidite or a debris flow, e.g. Fig. 1.2) over a clay-rich bed
(Hansen et al. 2011; L’Heureux et al. 2012).

The last two types of sediments involved in weak layers in Table 1.1 are
those whose properties favour the development of strain softening behaviour and
the potential for progressive failure along nearly flat rupture surfaces. Such a
mechanism was proposed to explain the large spread failures observed near the head
of the Storegga slide (Kvalstad et al. 2005) and also for large sub-aerial spreads in
sensitive clays either normally consolidated (Locat et al. 2011a) or overconsolidated
by erosion (Locat et al. 2008). An interesting aspect of the progressive failure
mechanism is that, if it can be initiated, it can develop into a complete surface
rupture. The resulting final failure can take place without the need to have excess
pore pressures at the onset of failure. Moreover, rupture surface does not need to
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Fig. 1.3 Sandy weak layer for a flow slide in Saguenay Fjord showing that most of the sliding
mass (transparent layer seen on the flanks of the slide) has been removed (Modified after Levesque
et al. 2004)

follow a specific stratigraphic horizon (Locat et al. 2011a). In few cases, submarine
mass movements were considered to involve quick clay layers. These acted as weak
layers for the observed flow slides along fjord walls (Longva et al. 2003) or at the
heads of deltas (Sultan et al. 2004a). It could also happen in deep marine sediments
where gas hydrates dissociation could bring the salinity to a critical value that can
influence its remoulded strength (Hyndman et al. 1999). In these cases, the higher
sensitivity also promotes a strain softening behaviour for the sediment and the low
remoulded shear strength which can play a major role in the development of a
retrogressive failure. In both cases, development of sensitivity caused by leaching is
promoted by a groundwater flow, which may also cause seepage forces (excess pore
pressures, Sultan et al. 2004a).

With these observations, weak layer formation can result from various processes:
sedimentological (e.g. layering), geotechnical (e.g. strain softening) and geochemi-
cal (e.g. leaching). In the next section we will introduce a classification system that
integrates these various observations.
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Table 1.1 Examples of weak layers involved in submarine slide studies

Type of
sediment Description Main effect References

Contourites Sandy layers in which
hydrates can accumulate

Pore pressure
increase due to
gas hydrate
dissociation

Buenz et al. (2003), Dan
et al. (2007),
Camerlenghi et al.
2007, and Sultan
et al. (2004b)

UC clayey
sediment
layers

In areas of high
sedimentation rates,
excess pore pressure can
accumulate at depth

Pore pressure Sultan et al. (2004a),
Huvenne et al.
(2002), and Dugan
and Flemings (2000)

Sandy silt
layers

Provide a locus for seepage
forces to accumulate (e.g.
Nice airport slide) and
can also liquefy.
Contourites could also by
liquefy by earthquakes

Pore pressure
increase and
strength
reduction

Lewis (1971), and
Hampton and
Bouma (1977),
Kokusho and Kojima
(2002), Sultan et al.
(2004a), and Urgeles
et al. (2010)

Clay event
layers -

Rapid accumulation of
sediments which will not
allow the underlying
sediment to consolidate
completely, thus
providing a lower
shearing resistance

Pore pressure and
lower strength

Hansen et al. (2011),
and L’Heureux et al.
(2012)

NC to OC
sediments

Clayey sediments normally
consolidated or
overconsolidated with
strain softening behaviour

Strength reduction O’Leary (1991),
Elverhoy et al.
(2002), and Kvalstad
et al. (2005)

Quick clay Increase in sensitivity and
reduction in undrained
remoulded shear strength
due to leaching of salts

Lowered
remoulded
strength

Longva et al. (2003),
and Sultan et al.
(2004a)

1.4 Classification System from a Geotechnical Approach

From the above analysis and Table 1.1, it is possible to consider that various factors
can lead to the development of weak layers either before the landslide takes place
or as part of the failure process. According to the definition and the observations
mentioned above, we propose a classification system, shown in Fig. 1.4, where
weak layers are separated in two groups: (1) inherited and (2) induced, by either
pore pressure changes or strength reduction as a result of various sedimentological,
geochemical or geomechanical processes. The classification system is further
developed by considering the primary effects of the processes involved either on
pore pressure generation or on strength.

An inherited weak layer is a layer (or stratigraphic horizon) where strength was
already low before landslide initiation. For example, a relatively lower strength
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Fig. 1.4 A sedimentological and geotechnical classification system for weak layers. The horizon-
tal arrows point in the direction of the primary effect of the process involved

can be maintained since deposition due to non-equilibrium consolidation and the
presence of excess pore pressure (or equivalently, gas hydrates). Amongst the
inherited weak layers are those that have developed as part of an older landslide
event which may be re-activated over the same surface of rupture (pre-sheared
softened surface). The long term weathering, due to some diagenetic processes, that
result into a reduction in the friction angle or cohesion of the sediment, may also
favour the formation of an inherent weak layer. The presence of joints or aligned
pock marks could also help to reduce the strength at the head of a potential landslide.

An induced weak layer is a layer in which the strength is reduced during the slide
process. This can result from external forces (e.g. earthquakes), local liquefaction
within a sandy layer, gas hydrate dissociation, or from the development of strain
softening behaviour. Cementation can increase the strength of sediment, but may
generate sediment with a higher sensitivity and a corresponding strain softening
behaviour (Locat and Lefebvre 1986).

1.5 Concluding Remarks

This paper presents a first attempt at defining and proposing a classification system
for weak layers. Although this remains a complicated issue, such a classification
may prove useful in understanding various types of landslides. When considering
the geotechnical characterization of mass movements proposed by Leroueil et al.
(1996), such a classification system may help identify predisposition and precondi-
tioning factors.

Weak layers may be inherited or induced. Inherited derives from the original
depositional properties of the sediment. Induced requires an external factor or
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factors. Strain softening behaviour is one such example of this latter, and likely a
requirement for progressive failure in many types of sediments and rocks (Leroueil
et al. 2012). For large spreads or retrogressive failures where progressive failure can
develop, there is no requirement for high pore pressures as part of the triggering
process. Such consideration may lead to reviewing cases of submarine slides where
earthquakes are not clear triggers for the slide.
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Chapter 2
Field Measurements to Investigate Submerged
Slope Failures

Alexander van Duinen, Adam Bezuijen, Geeralt van den Ham,
and Victor Hopman

Abstract Many flood defences in The Netherlands have been disapproved for
flow slides of the Holocene subsoil. Traditionally these flow slides are assumed
to be induced by static liquefaction. Only in recent times it has been recognized
that flow slides may also concern breach flows, which do not necessarily require
loosely packed sand. For both static liquefaction and breach flow the inaccuracy of
the currently applied methods to determine in situ density lead to high computed
probabilities of failure, which is one of the main problems in the safety assessment
of flow slides. In order to reduce this uncertainty, based on a literature study a
number of methods were selected and applied on four test locations: two sites where
flow slides occurred and two sites where no flow slides occurred, but for which high
probabilities on flow slides were calculated based on current Dutch assessment rules
for liquefaction and breach flow. For these sites CPT’s and electrical resistivity cone
tests available from earlier investigations, were extended with seismic CPT’s and
interpreted for relative density and state parameter. The results of this study lead to
the conclusion that some of the historical flow slides in The Netherlands may have
been the result of static liquefaction in loosely packed sand. For many other slopes,
however, it is more reasonable to assume that the failures must have been breach
flows in medium or densely packed layers.
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2.1 Introduction

Hundreds of flow failures of submerged slopes have been observed in the
southwestern estuary of The Netherlands (Zeeland) since 1800. It is generally
assumed that many of these flow failures are initiated by static liquefaction in
loosely packed sand. However, in recent times it has been recognized that many of
these flow slides may also concern breach flows, which do not necessarily require
loosely packed sand.

The soil layers that might experience static liquefaction or breach flow are
part of tidal and coastal deposits. These deposits contain alternating fine sand
and clay laminae. The geological past of the southwestern estuary and the coast
of The Netherlands is characterised by rapidly shifting coastlines and alternating
sedimentation and erosion along the tidal channels and the coast. Generally the
upper 30 m of the subsoil consists of Holocene deposits. Most of these consist of
(medium) fine sand, which, in general, is loosely packed due to high deposition
rates. The variation in tidal currents often resulted in the deposition of thin clay
layers in between the thicker sand layers.

In a loosely packed sand layer static liquefaction can occur, given a sufficiently
high and steep under water slope and the presence of a trigger, such as a local slip
failure or rapid drop of water level. Static liquefaction involves the sudden undrained
collapse of the soil structure leading to an increase of pore water pressure, resulting
in a dramatic reduction of shear strength and consequently instability of the slope.
In densely packed sand, a breach flow can occur. A breach flow entails the upslope
retrogression of a breach, induced by erosion or scour. According to de Groot and
Mastbergen (2006) and van den Ham et al. (2013) it is reasonable to believe that
many flow slides in the Holocene tidal and coastal deposits, which are characterised
by alternations of densely and loosely packed sand layers, concerned combinations
of static liquefaction and breach flow.

According to the current Dutch assessment procedures (Rijkswaterstaat 2007;
TAW 2001) a large number of levees in the Netherlands are not sufficiently safe
with respect to flow sliding. Besides uncertainty in the models for liquefaction and
breach flow, a large part of the relatively high calculated probabilities of failure
can be ascribed to the large uncertainty of the in situ void ratio of the sand, which
is relevant for both static liquefaction and breach flow and is an important input
parameter of the calculation models.

In this paper (i) various published interpretation methods to determine the in situ
void ratio of sand and silt are given, (ii) application of a number of these methods
on four test sites is presented and (iii) conclusions are drawn with respect to the
accuracy and practical applicability of the methods are given.

The deposits at four sites are investigated. At Oude Tonge and Hoofdplaat (both
in Zeeland) a failure occurred (1972 and 1973 respectively). Stoutjesdijk and de
Groot (1994) found that these failures could have been caused by static liquefaction.
Tabak (2011) analysed the failure at Oude Tonge and found that this failure could
also be explained as a breach flow failure. At the sites at the river Spui (near
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Oud-Beijerland) and Petten (along the Noordzee) no failures occurred, but for these
sites calculation models yielded unacceptably high probabilities of failure. The soil
layers at these four sites belong to the same geological deposits as described above.
The site investigations were carried out with CPT trucks and CPT track rigs on land,
in the zone between the dikes and the shoreline.

2.2 Interpretation Methods of Field Measurements

2.2.1 Relative Density

In Dutch practice relative density is today the most widely used expression to
estimate the susceptibility for static liquefaction. An estimation of the in situ relative
density can be made using a correlation with the cone tip resistance (qc) of a
cone penetration test (CPT) or directly with the electric resistivity of a resistivity
CPT (RCPT). In the literature, several CPT correlations are available. In the Dutch
engineering practise the correlation of Baldi et al. (1982) is often used, because this
correlation estimates the relative density in the middle of other well-known relative
density correlations.

According to the (roughly chosen) criteria generally applied in the Dutch
engineering practice a relative density below 33 % indicates very liquefiable sand,
a value between 33 and 67 % indicates potentially liquefiable sand and above 67 %
the sand is assumed to be not liquefiable (i.e. dilative).

In none of the relative density correlations is the effect of fines taken into account
and in most of them the soils’ compressibility neither, whereas it is known that
fines are an important factor of influence to the susceptibility of a sand layer to
liquefaction (Lade et al. 2009) and variations in soils’ compressibility may lead to
15–20 % deviation of the average relative density, as can be concluded from Schnaid
(2009). In some of the correlations the importance of soil compressibility has been
recognized (i.e. Kulhawy and Mayne 1990; Jamiolkowski et al. 2001). However,
today there is no approach to quantify the effect of the soil compressibility in the
CPT based relative density estimation.

Most relative density correlations assume drained behaviour during the CPT.

2.2.2 State Parameter

The state parameter, §, introduced by Been and Jefferies (1985), is defined as a
measure of the deviation between the void ratio at the in situ state and the void ratio
at the critical state. A negative § indicates dense, dilative soils, whereas a positive
§ indicates loose contractive soils. Been et al. (1987) developed an approach to
derive § from a CPT. After the Been et al. (1987) approach other approaches
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were formulated, varying from simple screening methods based on CPT only to
advanced methods requiring seismic CPT (SCPT) and laboratory tests. The most
important are (i) the screening method of Plewes et al. (1992), including partially
drained conditions with the normalized excess pore pressure Bq and estimating
the soil compressibility œ from the normalized friction ratio Fr, (ii) the screening
method of Been and Jefferies (1992), including partially drained conditions with
the normalized excess pore pressure Bq and estimating the soil compressibility
œ from the soil type index Ic, (iii) the Shuttle and Jefferies (1998) universal
framework, which accounts for in situ soil stiffness G0, plastic hardening modulus
H and stress level bias, (iv) the Schnaid and Yu (2007) theoretical approach, which
relates § to the ratio of the cone tip resistance qc and the small strain stiffness
G0, (v) the method of Robertson (2010), which is a simplified and approximate
relationship between § and the normalised equivalent clean sand cone tip resistance
Qtn,cs and (vi) the method of Ghafghazi (2011), who extended the Shuttle &
Jefferies framework and performed spherical cavity expansion analysis with a finite
element model.

An important shortcoming of some of the listed state parameter interpretation
methods is that they are only valid for completely drained cone penetration, with
pore pressure parameter Bq � 0, whereas in clayey sands (substantial) excess pore
water pressures may be generated during cone penetration. The Plewes et al. (1992)
screening method and the Been and Jefferies (1992) screening level assessment are
initial steps to estimate the state parameter for partially drained soils. However
these methods are first approximations and might be argued as rather speculative
(Jefferies and Shuttle 2011). Shuttle and Cunning (2007) and LeBlanc and Randolph
(2008) developed a more advanced approach for partially drained soils. DeJong et al.
(2012) suggest modifying the penetration rate of the CPT to obtain fully drained or
fully undrained soil behaviour. But these methods need further development and
validation (Jefferies and Shuttle 2011; DeJong et al. 2012).

2.3 Application on Test Locations

Figures 2.1, 2.2, 2.3, and 2.4 present typical values of the normalized cone tip
resistance Qt, (D (qt � ¢v0)/¢ 0

v0), normalized shear wave velocity Vs1, normalized
pore pressure parameter Bq, Been and Jefferies (1992) soil behaviour index Ic, which
include the pore pressure parameter Bq, state parameter § and relative density Re

of the four investigated sites respectively. Both the results of the state parameter
interpretations of Plewes et al. (1992) and Shuttle and Jefferies (1998) are shown.
The normalized shear wave velocity Vs1 from SCPT, soil compressibility œ and
friction angle ®0 from triaxial tests and estimations of the hardening modulus H
are used in the Shuttle and Jefferies (1998) method. Relative density is in each
case calculated from the cone tip resistance with the Baldi et al. (1982) correlation
and derived from the resistivity cone (Re A and Re B) according to de Graaf and
Zuidberg (1985). The state parameter and the relative density are only presented
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Fig. 2.2 Results and interpretations of Hoofdplaat

if Ic < 2.4. The boundary between contractive and dilative response suggested by
Shuttle and Cunning (2007) at § D �0.05 is shown on each figure as well as the
relative density boundaries of 33 and 67 %.

At Oude Tonge (Fig. 2.1) the soil behaviour index Ic indicates mainly clean sand
to silty sand to a depth of 28 m below the reference level NAP. Below NAP –28 m the
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Fig. 2.4 Results and interpretations of Petten

soil behaviour index indicates clayey and silty material. The sand deposit behaves
dilative according to the state parameter interpretations (§ < �0.05). According to
the relative density as calculated with the Baldi et al. correlation the sand layer
behaves dilative above NAP –18 m only. The relative density derived from the
resistivity cone indicates generally potentially liquefiable sand (33 % < Re < 67 %)
and very liquefiable sand around NAP –27 m (Re < 33 %).
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At Hoofdplaat (Fig. 2.2), the soil behaviour index Ic shows mainly clean sand
to silty sand above NAP –19 m. Below NAP –19 m the deposits are alternations
of sandy, silty and clayey layers. Again the state parameter interpretations indicate
dilative behaviour of the above silty sand layer. The relative density from the Baldi
et al. correlation and the relative density from the resistivity cone are in reasonable
agreement at this site. Both results indicate potentially liquefiable sand in the deposit
above NAP –19 m.

At Spui (Fig. 2.3), the deposits between NAP –8 m and NAP –22 m are indicated
by the soil behaviour index as silty sand and sandy silt with various thin layers
of clayey silt and silty clay. Between NAP –8 m and NAP –13 m the silty sand
layer is very liquefiable according to the relative density methods. In the most
clayey part of the deposit below NAP –13 m both the Shuttle & Jefferies state
parameter interpretation and the relative density calculated from the Baldi et al.
correlation show very liquefiable sand. However the Plewes et al. interpretation,
which includes pore pressure effects, gives a state parameter which indicates dilative
sand behaviour. This is an interesting result, because the soil behaves partially
drained (Bq ¤ 0).

At Petten (Fig. 2.4), the soil layer between NAP –4 m and NAP –6 m is
of particular interest. This layer is characterised as silty sand to silty clay (sand
with up to 9 % silt and 7 % clay). Both the state parameter interpretation of
Shuttle & Jefferies and the relative density methods indicate this layer as potentially
liquefiable to very liquefiable. Again the Plewes et al. method classifies this layer as
mainly dilative.

2.4 Discussion

Some important reasons argue in favour of application of the state parameter as
the most suitable method for defining the in situ state of sand. Compared to
relative density the state parameter is a more objective measure and has a better
theoretical basis. The Shuttle and Jefferies (1998) universal framework uses physical
parameters of the soil behavior, which can be derived from field and laboratory tests.
Thus an accurate state parameter determination can be made for each sand deposit
and each site, which account for fines content, soil compressibility and soil stiffness.

At the four investigated locations the state parameter approach indicates less liq-
uefiable sand (i.e. more dilative sand) compared to the traditional Dutch assessment
criteria based on relative density. The § D �0.05 state parameter boundary between
dilative and contractive response seems to correspond with the Re D 33 % relative
density boundary. Sand with a relative density between 33 and 67 % seems to be not
liquefiable according to the state parameter methods.

A remarkable result is that at the locations where flow slides occurred, i.e.
Oude Tonge and Hoofdplaat, the sand deposits appear to be denser, based on CPT
interpretation, than those at Spui and Petten, where no flow slides occurred. From
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the traditional Dutch point of view in which flow failures are assumed to be the
result of static liquefaction in loose sand deposits this seems to be a paradox.

The findings could be explained by a number of reasons: (i) other conditions
required for flow slides at each site were different, such as height and steepness of
the slope or the absence of changing geometry by sedimentation and erosion, (ii)
the two slope failures concerned breach flow slides in densely packed dilative sand
(triggered by erosion of the slope) as could be underpinned by calculations with
a breach flow model by Tabak (2011), (iii) the two slope failures are initiated by
static liquefaction in a thin layer of loose sand, triggering a breach flow as soon as
liquefaction induced instability reached the dense sand, (iv) at Spui and Petten the
void ratio of the sand layers is underestimated due to partially drained conditions
during cone penetration that were not taken into account. The sand at Oude Tonge
and Hoofdplaat behaves more or less drained compared to the other two locations.

2.5 Conclusions and Recommendations

This study underpins that not only static liquefaction of the loosely packed Holocene
deposits but also breach flow in densely packed deposits has to be evaluated in
the safety assessments of flood defences. This study makes clear that, as already
suggested by Tabak (2011), flow failure is possible also in denser sand in the form of
a breach flow. This makes it worthwhile to further investigate the breaching failure
mechanism (for which conditions it occurs, what trigger is necessary etc.). For a
clear understanding of the slope failures at Oude Tonge and Hoofdplaat and to
understand why no failures have yet occurred at Spui and Petten further study is
required. Relevant aspects of CPT interpretation might be the drainage conditions
during cone penetration and the effect of aging on cone tip and shear wave velocity
measurements (Wride et al. 2000).
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Chapter 3
Elemental Distribution and Microfabric
Characterization Across a Buried Slump Scar:
New Insights on the Long-Term Development
and Reactivation of Scar Surfaces
from a Microscopic Perspective

Helen Eri Amsler, Eric Reusser, Kitty Milliken, and Michael Strasser

Abstract This study presents a detailed characterization of the sedimentology,
microfabric and elemental distributions across a prominent unconformity drilled at
78 m below sea floor at Integrated Ocean Drilling Program (IODP) Site C0004 in the
Nankai accretionary prism, offshore Japan. This stratigraphic contact has previously
been interpreted as buried landslide scar, which likely experienced multiple failure
events. Our study aims at testing this hypothesis and at contributing new insights on
the long-term development and reactivation of submarine landslide scars from a mi-
croscopic perspective. X-ray fluorescence spectroscopy documents increased values
of sulfur and iron across the unconformity. Pyrite mineralization occurring in small
fractures immediately below the unconformity is identified with energy dispersive
X-ray analysis. Cross-cutting relationships between fractures and pyrite minerals, as
imaged by X-ray computed tomography and scanning electron microscopy reveals
that precipitation has occurred before the formation of the unconformity. A few mm-
to-cm above the studied surface and thus within the overlying hemipelagic sediment,
preferred mineral alignment along thin deformation bands are observed. Inferred
shear bands are hypothesized as incipient evidence for a potential future submarine
landslide. Compiled data confirm the hypothesis of recurrent submarine landslides
along the same surface.
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3.1 Introduction

Submarine landslides often occur on continental slopes and especially along active
tectonic margins. These mass flows and their related turbidity currents are attracting
interest because they pose geohazards, such as tsunamis, to submarine infrastructure
as well as to human life in coastal regions (e.g. Yamada et al. 2012). During
submarine landslides, thick piles of sediment can be eroded, exposing older and
more consolidated strata at the seafloor. With time and ongoing sedimentation the
erosional surface is buried and the slope may become “recharged” to potentially
fail again in a subsequent submarine mass movement event. Such loading and
unroofing cycles should also affect the geochemical equilibrium in the pore water
and thus may facilitate dissolution and/or precipitation of mineral phases along
critical stratigraphic contacts, which in turn may affect the overall mechanical
stability of the surface for future failure events. To investigate such processes of
repeated movements along a surface and to test related conceptual hypotheses,
however, we often lack access to buried landslide scars deep below the ocean floor.
Over the last decade the Integrated Ocean Drilling Program (IODP) has provided
samples and data at critical depth for submarine landslides investigation (e.g. IODP
Exp 308 in the Gulf of Mexico (Sawyer et al. 2009), IODP Exp 333 Nankai Trough
(Strasser et al. 2012) and IODP Exp 340 Lesser Antilles (Expedition 340 Scientists
2012)), and first detailed studies using microstructural analysis on mass transport
deposits have been presented in the literature (Behrmann and Meissl 2012).

In this study, we use samples and data obtained through scientific ocean drilling
within the IODP Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE).
This drilling project acquired several lines of evidence for submarine slumping and
mass transport deposits at various drill sites along the active subduction margin
offshore SW Japan (Kinoshita et al. 2009; Kitamura and Yamamoto 2012; Strasser
et al. 2011, 2012). In particular, we present a detailed characterization of the
sedimentology, the elemental distribution and the microfabric across a prominent
unconformity drilled at 78 m below the seafloor (mbsf) at Site C0004, located
along the upper slope of the outer Nankai accretionary wedge (Fig. 3.1). This
stratigraphic contact has previously been interpreted as buried landslide scar, which
likely experienced multiple failure events as evidenced by stacked mass transport
deposits in an adjacent basin (Strasser et al. 2011). Our study aims at testing this
hypothesis and at contributing new insights on the long-term development and
reactivation of submarine landslide scar surfaces from a microscopic perspective.

3.2 Geological Setting

Along the Nankai Trough (Fig. 3.1) the Philippine Sea plate is being subducted
underneath the Eurasian plate in a northwestward direction at a rate of 4–6 cm/year
(e.g. Moore et al. 2009). The SW-NE striking accretionary prism mainly consists
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of off-scraped and underplated strata from the incoming trench fill and the Shikoku
Basin. Our study site is located along the Kumano transect, which is divided into six
morphotectonic zones: the trench, the frontal thrust zone (FTZ), the imbricate thrust
zone (ITZ), the megasplay fault zone (MSFZ), the Kumano Basin edge fault zone
(KBEFZ) and the Kumano fore-arc basin (Moore et al. 2009). Along this transect,
the accretionary prism is cut by several landward dipping thrust faults. Beneath the
upper slope and the Kumano Basin a regional splay system, termed “megasplay”,
discontinuously cuts the older accretionary prism (Moore et al. 2009). The shallow
part of the MSFZ is a complex thrust system with backward breaking branches
that truncate the imbricate thrust faults within the accretionary prism and override
younger slope basin sediments (Moore et al. 2009; Strasser et al. 2009).

Site C0004 is located in the hangingwall of the shallow MSFZ. The drilled
angular unconformity (dipping about 50ı towards SE) corresponds to the transition
between the younger hemipelagic slope sediments and the older accretionary prism,
which in the uppermost part is brecciated (Kinoshita et al. 2009) (Fig. 3.1). At this
unconformity, there is an age gap derived from nannofossil biostratigraphy (between
1.46–1.6 and 2.06–2.512 Ma) and magnetostratigraphic data (between 1.77 and
1.95 Ma) (Kinoshita et al. 2009; Strasser et al. 2011). At another drill site about
1 km further downslope (Site C0008) time equivalent mass transport deposits were
found (Strasser et al. 2011). Due to these observations these authors interpreted
the prominent stratigraphic contact as a buried landslide scar along which slope
failure event(s) excavated part of the upper accretionary prism and slope apron.
The contact also represents a mineralization horizon, suggesting a complicated
paragenetic sequence that encompasses burial, chemical alteration, erosion and
seafloor exposure, followed by burial beneath younger slope sediments.

3.3 Investigation of Remineralization at the Unconformity

In the following section, detailed observation and analysis across the C0004
unconformity are presented, along with a brief introduction of the methods used.
Results derived by X-ray Computed Tomography (X-CT), X-ray Fluorescence
Spectroscopy (XRF), Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray analysis (EDX) are then discussed towards testing the proposed landslide and
mineralization hypothesis.

3.3.1 X-ray Computed Tomography (X-CT)

All cores were scanned immediately after core retrieval using an X-CT instrument
onboard D/V Chikyu (Kinoshita et al. 2009). X-CT scans show the internal pattern
of 3D-objects based on the composition and density/porosity changes.
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Fig. 3.2 Section 316-C0004C-9H-5 across the unconformity with red filled triangles indicating
its location. (a) Core picture with section depth. Red dashed line shows approximate course of the
XRF scan and colors on the right of the core picture correspond to the different intervals in the
core section shown in Fig. 3.3. (b) X-CT image with mineralized fractures below the unconformity
and lighter colored bands above the unconformity indicated by red open triangles. Axial plane in
(c) shows the lighter colored bands and in (d) the mineralized fractures. The horizontal lines b, c
and d show the approximate position of the corresponding X-CT image. Brightness and contrast
of X-CT images are enhanced

Sediments below the unconformity are generally denser and less homogeneous
than overlying sediments (Fig. 3.2). Very high CT-numbers (white in Fig. 3.2b, d)
suggest the presence of a dense mineral in the first 5 cm below the unconformity.
The mineral fills fractures within the sedimentary breccia (Fig. 3.2b, d). Because
these mineral-filled fractures end abruptly at the surface of the unconformity, we
interpret that mineralization above the unconformity has been eroded.

About 4–5 cm above and parallel to the unconformity surface, there are a few
mm-thick bands of slightly higher CT-number. They are visible in the coronal
(Fig. 3.2b) as well as in the axial plane (Fig. 3.2c) of the core. It remains unclear
from X-CT alone if these bands are related to lithological difference or have arisen
by localized compaction or cementation (see further discussion below).
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Fig. 3.3 XRF data of sulfur and iron. Approximate scanning line depicted in Fig. 3.2 as red
dashed line. (a) Concentration plotted against core section depth; the green dashed line indicates
the unconformity. (b) Element cross plot. The colors correspond to different intervals in the core
section (compare to Fig. 3.2)

3.3.2 X-ray Fluorescence Spectroscopy (XRF)

Analysis of the elements Na, Mg, Al, Si, P, S, K, Ca, Ti, Mn, Fe, As, Rb, Sr
was performed using the Kochi Core Center (KCC) XRF Core-Imaging Scanner
TATSCAN-F2, which provides non-destructive and semi-quantitative measure-
ments on split cores (Sakamoto et al. 2006). The rhodium target was operated at
30 kV accelerating voltage and a current of 0.01 mA. The diameter of the collimator
was set to 7 mm and the scanning was performed at an accumulation live time of
150 s. The measured data are reported as intensities (counts per second) on the
elemental peak and also in weight percent (ms%) and molecular percent (mol%) of
the element oxides. The oxide percentages are calculated from the X-ray intensities
using the bulk fundamental parameter approach for the matrix correction (Tertian
and Claisse 1982) with the software provided by the vendor of the TATSCAN-F2.
Since the surfaces were unpolished (split core surface), elemental data should be
considered semi-quantitative at best.

Notable changes across the unconformity are observed in the concentrations of
sulfur and iron (Fig. 3.3a). The sulfur values are lower than 1 ms% above and
below the unconformity and rise up to the 4–5 fold of the background value at the
unconformity. The iron values are rather constant above the unconformity and are
higher and more scattered below. The values start to rise at the same depth as the
sulfur values. The rise is not abrupt.

When sulfur is plotted against iron (Fig. 3.3b) distinct differences in the different
parts of the core section become evident. Above the unconformity sulfur and
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iron values are closely clustered and rather low. This suggests that the iron in
the sediment covering the unconformity is presumably of terrigenous origin. High
values both in sulfur and iron within the first 4 cm below the unconformity (from 72
to 75 cm) are interpreted to be due to Fe-sulfide mineralization, which corresponds
to the appearance of aggregates with a high density observed in X-CT images. Low
sulfur values combined with high iron values further below the unconformity are
probably a signature of Fe-oxides (e.g. as indicated in Figure 10 of Richter et al.
(2006)).

Given the positive identification of pyrite by EDX analysis (see below), the co-
occurring high sulfur and iron concentrations just below the unconformity are best
interpreted in terms of pyrite distribution.

3.3.3 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Analysis (EDX)

Mineral analysis with high spatial resolution on a micrometer scale was performed
using the SEM (JEOL, JSM 6390LA), which is equipped with a backscattered
electron (BSE) detector and an EDX-analyzer. The sample was impregnated with
Laromin C 260 and Araldite DY 026 and was coated with carbon by high vacuum
evaporation. The EDX measurements were carried out in the high vacuum mode
with a voltage of 15 kV and a live time of 30 s. The BSE imaging was utilized to
further examine the sediment fabric as seen in the section.

The dense mineral takes the form of cubes and aggregates of cubes. These pyrite
cubes occur in spatially restricted aggregations (Fig. 3.4b, c) and are observed only
below the unconformity. The aggregates of pyrite fill fractures in the sedimentary
breccia, which clearly indicates that pyrite precipitation postdates the deposition of
the breccia.

A thin planar feature a few millimetres above and parallel to the unconformity is
observed in the thin section (Fig. 3.4a). In SEM photomicrographs, this feature is
visible as a band of brighter BSE intensity (Fig. 3.4d, e). Elongated mineral grains
(presumably phyllosilicates) in the band are aligned parallel to the orientation of the
band itself (indicated with an arrow in Fig. 3.4e). EDX measurements on square
areas, both in the bright band and in the surrounding sediment, show the same
elemental spectrum.

Of the several possible phyllosilicate alignment processes (Milliken and Reed
2010), planar deformation as indicated by deformation bands, is the most probable
one to explain the observed feature. Since there is no difference in the elemental
spectra, the higher BSE intensity could arise from porosity loss within the bands,
whereby the electron beam intersects more material and thus a stronger signal
is generated (Milliken and Reed 2010). Similarly, the thin bands observed in
X-CT images are interpreted as such deformation bands, along which shearing,
possibly induced by instability and incremental creep of the overlying sedimentary
succession, resulted in mineral alignment, shear compaction and porosity reduction.
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Fig. 3.4 (a) Thin section across the unconformity. Red filled triangles indicate unconformity; red
open triangles indicate a deformation band; (b) Photomicrograph of point a in thin section showing
a pyrite filled crack; close-up with measuring point of the EDX analysis in (c). (d) Photomicrograph
of point b in thin section showing the deformation band. (e) Close-up of band with aligned mineral
grains along the arrow

3.4 Discussion and Conclusion

Microscopic observations reveal pyrite mineralization after deposition of the brec-
ciated sediment immediately below the unconformity. Pyrite mineralization must
have occurred in a reducing environment and thus is unlikely to have taken place
on the seafloor or within the water column, since a pronounced oxygen minimum
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zone in this setting cannot be expected. Subsurface pore water sulfate reduction
or sulfur-rich deep-sourced fluids rising along faults and stratigraphic contacts
are the most likely source of sulfur to react with dissolved iron to form iron
sulfides (Berner 1970; Moore and Vrolijk 1992). XRF data indicate that pyrite
mineralization is spatially linked to the unconformity, suggesting that at the time
of mineralization a predefined stratigraphic contact, buried by younger sediments,
was already present. Yet, given that pyrite mineralization is cut abruptly by the
unconformity, mineralization must predate a younger erosion phase along the
unconformity. Together, the presented data therefore support the hypothesis of
multiple slope instabilities along the unconformity.

The deformation bands in the overlying slope sediments indicate shear due to
slope movement parallel to the unconformity after burial of an older erosional
surface. Shearing is likely linked to gravitational slope instability, potentially
enhanced during earthquake shaking events. However, given the fact that the
slope cover has not been eroded, progressive shear band propagation during such
instability events has not grown to reach a critical shear displacement to initiate
“catastrophic” failure and initiation of a submarine landslide (Puzrin et al. 2004).
Shear bands, however, can be interpreted as incipient evidence for a potential future
submarine landslide, which would likely erode the slope sediments down to the
unconformity.

In conclusion, this study displays the potential of microscopic analysis for finding
indications of recurrent submarine landslides along the same surface, which, also
due to mineralization after burial, evolves as distinct stratigraphic contact over
geologic times. The base of a sedimentary package immediately overlying such
prominent stratigraphic surfaces then is likely a locus for instability by shear band
propagation and initiation of recurrent landslide events.
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Chapter 4
Evidence for Mass Transport Deposits
at the IODP JFAST-Site in the Japan Trench
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Abstract Several studies indicate that the 2011 Tohoku-Oki earthquake (Mw 9.0)
off the Pacific coast of Japan has induced slip to the trench and triggered landslides
in the Japan Trench. In order to better understand these processes, detailed mapping
and shallow-coring landslides at the trench as well as Integrated Ocean Drilling
Program (IODP) deep drilling to recover the plate boundary décollement (Japan
Trench Fast Earthquake Drilling Project, JFAST) have been conducted. In this
study we report sediment core data from the rapid response R/V SONNE cruise
(SO219A) to the Japan Trench, evidencing a Mass Transport Deposit (MTD) in
the uppermost section later drilled at this JFAST-site during IODP Expedition
343. A 8.7 m long gravity core (GeoB16423-1) recovered from �7,000 m water
depth reveals a 8 m sequence of semi-consolidated mud clast breccias embedded
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in a distorted chaotic sediment matrix. The MTD is covered by a thin veneer of
50 cm hemipelagic, bioturbated diatomaceous mud. This stratigraphic boundary
can be clearly distinguished by using physical properties data from Multi Sensor
Core Logging and from fall-cone penetrometer shear strength measurements. The
geochemical analysis of the pore-water shows undisturbed linear profiles measured
from the seafloor downcore across the stratigraphic contact between overlying
younger background-sediment and MTD below. This indicates that the investigated
section has not been affected by a recent sediment destabilization in the course
of the giant Tohoku-Oki earthquake event. Instead, we report an older landslide
which occurred between 700 and 10,000 years ago, implying that submarine mass
movements are dominant processes along the Japan Trench. However, they occur on
local sites and not during each megathrust earthquake.

Keywords Japan Trench • Tohoku-Oki earthquake • IODP-JFAST • Mass-
transport deposit • Physical properties • Geochemistry

4.1 Introduction

Since the Grand Banks earthquake off Newfoundland and the subsequent submarine
landslides and landslide-induced tsunami (e.g. Heezen and Ewing 1952; Fine
et al. 2005), the science community became aware that earthquakes can trigger
submarine slope failures initiating large-scale downslope sediment mass transfer,
causing tsunamis and shaping seafloor topography (e.g. Hampton et al. 1996).
In the aftermath of the 2011 Tohoku-Oki earthquake (Mw 9.0) off the Pacific
coast of Japan, several studies are now being conducted to identify and study
earthquake-related submarine landslides processes in the Japan Trench and its
potential link to the devastating tsunami event (Fujiwara et al. 2011; Kawamura
et al. 2012; Strasser et al. 2013; Ikehara 2012). This study aims to contribute
to this research by presenting detailed sedimentological, physical property and
geochemical observation and measurements, respectively, from a gravity core that
recovered the uppermost 8.7 m of the sedimentary succession at the same location,
where the Integrated Ocean Drilling Program (IODP) has conducted the Japan
Trench Fast Earthquake Drilling Project (JFAST; Chester et al. 2012). Here we
report data from the shallow subsurface, in order to unravel if the slope region
around the JFAST-site has been affected by submarine landslides related to the 2011
earthquake or to earlier events.

4.2 Background and Geological Setting

The Japan Trench convergent margin stretches some 700 km parallel to the northern
Japanese island Honshu (Fig. 4.1a). Here, the Pacific plate underthrusts the Okhotsk
plate with a convergence rate of 8.0 to 8.6 cm/year to NW direction (DeMets et al.
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Fig. 4.1 (a) Overview map of Japan Trench convergent margin off northern Honshu; the star
shows the location of the 2011 Tohoku-Oki epicentre; the box indicates the study area. (b) Bathy-
metric map of the study area: Shown are the sampling location of sediment core GeoB16423-1 at
the JFAST-site and the track of seismic line HD33B (Chester et al. 2012); the dashed rectangle
indicates the area where major changes in seafloor morphology triggered by the 2011 earthquake
have been observed (see e.g. Kodaira et al. 2012). (c) seismic line HD33B (partially interpreted)
through JFAST-site modified after Chester et al. (2012); sampling location of sediment core
GeoB16423-1 and JFAST-site C0019 is indicated

2010). The Japan Trench subduction zone is characterised by tectonic erosion in
contrast to sediment accretion as e.g. in the Nankai trough (Taira and Ogawa 1991).
This is evidenced by the subsidence of the continental crust associated with basal
subduction erosion of the upper plate, as well as by the absence of young accreted
strata (Scientific Party 1980). The frontal prism in the deep Japan Trench is mainly
composed by sediments originating from the (partly unstable) continental slope
and, moreover, multichannel seismic records revealed that a major portion of the
incoming sediments are subducted (Tsuru et al. 2002). These processes caused a
landward retreat of the trench at least since the Miocene (Scientific Party 1980;
von Huene and Lallemand 1990).

The Japan Trench subduction plate boundary system is an active seismogenic
zone, where frequently large, tsunamigenic megathrust earthquakes occur. Since the
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seventeenth century there are 8 M �7 and 4 M �8 earthquakes known from the
region (Tajima et al. 2013), which was hit most recently in March 2011 by the giant
(Mw) 9.0 Tohoku-Oki earthquake. The 2011 Tohoku-Oki megathrust earthquake
was larger than anticipated for this region and numerous studies analysing seismic,
geodetic and tsunami data of the Tohoku-Oki event revealed that propagating
rupture at the plate’s interface has reached the trench floor (see review by Tajima
et al. 2013). The coseismic slip resulted in the horizontal displacement of the
overriding plate of �50 m to SE and in a vertical uplift of �10 m (Fujiwara
et al. 2011).

The Tohoku-Oki earthquake triggered a devastating tsunami, which hit the
Pacific coast of northern Honshu with run-up heights of up to 40 m (Mori
et al. 2011). Tsunami waveform inversion analysis indicates that the tsunami
was generated by both, a deep interplate slip and large displacement near the
trench axis (Fujii et al. 2011). In fact, prominent changes in seafloor morphology
in the course of the 2011 earthquake have been found east of the epicentre
(�38ı100 N), at the trench axis and the lowermost continental slope, respectively
(Fig. 4.1b, Fujiwara et al. 2011). Here, differential bathymetry data revealed 50 m
up- and downward changes in seafloor elevation (Fujiwara et al. 2011), which have
been suggested to result from earthquake propagation to the trench and a major
earthquake-triggered rotational slump (Kodaira et al. 2012; Strasser et al. 2013).
Additionally, further to the north along the continental slope (�38ı400 N), fresh
open fractures and sharp scars have been observed on the seafloor, indicating recent
fracturing and sliding possibly induced by the Tohoku-Oki earthquake (Kawamura
et al. 2012).

The study site presented here is located on the lower slope around 20 km
south of the area where major changes in seafloor morphology in the course of
the Tohoku-Oki event have been observed. Here the rapid response IODP-JFAST
project was conducted subsequent to the 2011 earthquake (Chester et al. 2012).
JFAST was aimed to recover sediment core from the plate boundary décollement
and to investigate the level of frictional stress and further physical characteristics
therein, in order to better understand the physical mechanisms and dynamics of large
slip earthquakes (Chester et al. 2012). Due to challenging water depth and limited
amount of operation time, JFAST coring was only conducted below 176 m below
seafloor (mbsf) and therefore unable to provide sediment core data from possible
2011 triggered slope failures.

4.3 Material and Methods

In order to characterize and study the slope region and shallow subsurface sediments
of the JFAST-site, detailed multibeam bathymetry mapping and sediment sampling
by gravity coring has been conducted during expedition SO219A with the German
R/V SONNE in March 2012 about one year after the 2011 Tohoku-Oki earthquake.
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4.3.1 Bathymetric Mapping

A KONGSBERG multibeam echosounder EM120 has been used to record the
bathymetric data along the Japan Trench. The operational mode onboard R/V
SONNE has a frequency of 12 kHz and uses 191 beams with a total swath
width of 150ı, resulting in 2ı resolution (footprint). The data is real time motion
compensated. MB-System software was used for post-processing of the data and
resulting grids were visualized with Esri Arcmap 10.0.

4.3.2 Sediment Core

During SO219A cruise, prior to IODP JFAST drilling, a sediment core
(GeoB16423-1) has been collected along continental slope of the Japan Trench
at IODP JFAST-site C0019 (37ı56.3010 N, 143ı54.8400 E). The core was recovered
from a water depth of 6,936 m by using a gravity corer (1.5 t weight, 12 m pipe
length).

4.3.2.1 Physical Properties

Undrained shear strength was determined on the working half of the sediment
core by using a Wykeham-Farrance cone penetrometer WF 21600 and following
the procedures after Wood (1985). Core photographs and gamma density of the
sediment were obtained with a Geotek Multi Sensor Core Logger at MARUM-
Center for Marine Environmental Sciences, University of Bremen. Data were
processed following the procedure after Blum (1997).

4.3.2.2 Pore-Water Analyses

The closed sediment core was sampled onboard R/V SONNE immediately after core
retrieval for interstitial water by using rhizon samplers (Seeberg-Elverfeldt et al.
2005). The samples were analysed offshore for alkalinity and ammonium.

4.4 Results

The bathymetry around the study site shows generally a rough topography. Overall,
the lower continental slope in the area has an average slope angle of �4ı but locally
dip to more than 7ı. Reflection seismic profiles published in Chester et al. (2012;
Fig. 4.1c) image the frontal prism as a wedge shaped body with an acoustically
chaotic character and without continuous reflectors (Chester et al. 2012).
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Fig. 4.2 Sedimentary data of core GeoB16423-1: (a) core description; (b), (c) core photographs
and detailed structures of selected core intervals: (b) 384–484 cm and (c) 785–869 cm core depth;
(d) photograph of the cleaned authigenic mineral ikaite, scale bar 2 cm, the sampling position is
indicated in (b)

The sediment core GeoB16423-1 has a total length of 869 cm (Fig. 4.2a). The
upper 50 cm consist of hemipelagic bioturbated silt containing diatoms, radiolarians
and sponge spicules as well as volcaniclastic components like e.g. glass shards.
In the entire section below, the sediments are characterised by semi-consolidated
(mud-) clasts, sand patches and breccias embedded in a chaotic distorted sediment
matrix. The clasts are up to 7 cm in diameter and consist of different lithologies with
varying colours (Fig. 4.2). In a core depth of 430 cm, a large (6 cm in diameter, see
Fig. 4.2b, d) translucent amber authigenic mineral has been formed, that has been
identified as ikaite (calcium carbonate hexahydrate; Suess et al. 1982).

The shear strength values obtained on the sediment core vary between �3 and
�220 kPa (Fig. 4.3b). For the upper 50 cm the shear strength gradually increases
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Fig. 4.3 Physical properties and geochemical data of sediment core GeoB16423-1: (a) density
[g cm�3]; (b) undrained shear strength [kPa], the arrow indicates the overall down-core increasing
trend; (c) ammonium [�m/L]; (d) alkalinity [mM/L]

from 3 to 10 kPa. Below, within the distorted sediment sequence, the shear strength
shows a scattering pattern. High values mainly represent the embedded breccias
and mud clasts, whereas the shear strength of the sediment matrix reveals a rather
gradual downcore increase to �50 kPa.

A similar pattern is evident in the bulk density of the sediment (Fig. 4.3a). Within
the upper sediment sequence the density increases linearly from around 1.44 g cm�3

at the top to 1.6 g cm�3 in a core depth of 50 cm. In contrast, the chaotic sediments
beneath are characterised by highly variable values between 1.53 and 1.75 g cm�3.

Overall the geochemical pore-water profiles show linear trends (Fig. 4.3c, d).
Samples obtained on the core top, reveal values in equilibrium with seawater.
Further down-core alkalinity and ammonium values increase linearly with depth.

4.5 Discussion

4.5.1 Evidencing Mass Transport Deposits at the JFAST-Site

The sedimentary record of core GeoB16423-1 gives clear evidence for submarine
mass movements at the study site: The sedimentary and physical properties data
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of the core allow to distinguish between two distinct stratigraphic units within the
obtained sediment sequence. The upper unit (0–50 cm, Fig. 4.2a), consisting of
bioturbated diatomaceous mud and characterised by a gradual downcore increase
in density and shear strength, is considered to reflect hemipelagic sedimentation
processes.

The second unit comprises the �8 m long chaotic sediment sequence below,
which reveals characteristics of a Mass Transport Deposit (MTD) embedding vari-
ous mud clasts and breccias in a distorted sediment matrix (Fig. 4.2). The scattering
bulk density of this unit shows the inhomogeneous distribution within the reworked
material of the MTD (Fig. 4.3a). Moreover, the clasts within this unit reveal various
lithologies. Their scattered varyingly high (up to 220 kPa) shear strength values
likely reflect their previous consolidation states. This may indicate different source
regions or, alternatively, different previous subsurface depths of the components
mobilized by submarine landslide processes and subsequently embedded within the
MTD. In contrast, the general trend of downward increasing shear strength of the
matrix sediment is considered to represent the overall consolidation state of the
MTD (Fig. 4.3b).

Reflection seismic data from the study area depict a mass-transport influenced
deposition of the sedimentary trench-fill (Chester et al. 2012). However, at the
coring site this data fails in exploiting the presence of similar MTDs. This is due to
the chaotic reflection pattern of the frontal prism that likely results from the presence
of inclined and faulted bedding and the relatively uniform physical properties of the
sediment (Chester et al. 2012). The combination of seismic (Chester et al. 2012)
and shallow sediment core data presented here reveals that the continental slope
and trench south of 38ı N has also experienced slope failure and mass movements,
similar as observed in other parts of the Japan Trench (Fujiwara et al. 2011;
Kawamura et al. 2012; Strasser et al. 2013).

4.5.2 Estimating the Age of the MTD Formation

The question arises if the MTD described here is linked to the 2011 Tohoku-Oki
earthquake, as suggested for a large slump northward of the study site (Kodaira
et al. 2012; Strasser et al. 2013), or related to an older event. A useful tool to
date relatively young sediment remobilisation is pore-water geochemistry: Several
studies have shown the impact of submarine mass-movement events on the shape
of steady state pore-water profiles, subsequently to the disturbance often resulting
in kink-shaped profiles (e.g. Henkel et al. 2012; Völker et al. 2011). Over time
molecular diffusion causes a transition to a concave shape until a linear profile
again indicates the steady state of the pore-water. Modelling approaches allow
to re-calculate the time since the disturbance, thus to date the event. However,
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since these processes occur in a certain period, this method enables only to date
sedimentary sequences remobilised in a maximum of several 1,000 years before
sampling (Henkel et al. 2012).

By analysing the pore-water profiles of the core in detail, no distinct features
indicating a recent sediment remobilisation are evident. In fact, the linear trends
of the pore-water profiles are typical of undisturbed records and represent normal
values for a region characterized by high marine productivity (Schulz 2006) like
here off Honshu (Antoine et al. 1996). This is supplemented by the presence of the
authigenic mineral ikaite, which precipitates in organic carbon-rich deep-marine
sediments (Suess et al. 1982).

With respect to determine the age of the MTD the linear pore-water profiles
exclude to apply any modelling approach. However, as very recent mixing with
seawater would be evident in pore-water geochemistry this implies in turn, that the
MTD deposition is not related to the giant 2011 earthquake occurring only one year
before core recovery.

We can estimate a maximum age of the MTD by using the thickness of the
50 cm hemipelagic top unit and sedimentation rates reported from the region,
ranging between 5 and 70 cm/kyr (Suyehiro et al. 2003). Thus, we suggest that
the post-MTD hemipelagic background sediments have been deposited within the
past �700–10,000 years.

4.6 Conclusions

The sedimentary record obtained from the uppermost sediment sequence at the
JFAST-site along the continental slope of the Japan Trench gives clear evidence
for submarine mass movements. The MTD emplacement here was not related to
the giant 2011 Tohoku-Oki earthquake, which caused a major slope failure north
of the study site. Instead, lithological and geochemical data reveal that the studied
MTD is older and represents a submarine landslide event that occurred between
700 and 10,000 years ago. This indicates that submarine landsliding is a dominant
process along the Japan Trench convergent margin, but occurring on local sites and
not during each megathrust earthquake. Considering studies aiming to use MTDs
for paleo-seismology these results show that a sound understanding of the local
sedimentation regime is essential.
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Chapter 5
Preliminary Investigations of Rheological
Properties of Busan Clays and Possible
Implications for Debris Flow Modelling

Sueng Won Jeong, Sang-Nam Yoon, Sung-Sik Park, Gil Young Kim,
Seong-Pil Kim, Jang-Jun Bahk, Nyeon-Keon Kang, Sang Hoon Lee,
and Sung-Gyo Chung

Abstract To investigate the post-failure dynamics of subaerial and subaqueous
landslides in various environments, we need a detailed analysis of the geotechnical
and rheological behaviour of fine-grained sediments. For fine-grained sediments
found in the subaerial and subaqueous environments, rheological research should
be conducted as a prelude to understanding flow behaviour and hazard assessment.
In this paper, the rheological characteristics of Busan clays from the Nakdong
deltaic plain are examined in a shear rate-controlled system. A comparison is made
between the Busan clays and low-activity clays in terms of rheometer geometry.
Flow curves obtained from the controlled shear rate and the shear stress mode
are examined. The viscosity and yield stresses obtained from different geometries,
which may produce wall-slip among cylinder, ball-measuring and vane-measuring
systems, are highlighted. Based on the relationship between the liquidity index and
rheological values (viscosity and yield stress), flow motions are compared. Results
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show that the differences in mobility are significant when assuming that the flowing
materials behave as a Bingham fluid. The runout distance is controlled by the yield
stress of fine-grained sediments. Differences in yield stress may be caused by wall
roughness and the distance between the ball (vane) and the wall in the rheometer.
Under the same geomorphological conditions, the runout distance calculated from
vane-measuring systems is much lower than that from ball-measuring and cylinderic
systems. These difficulties must be minimized to predict debris flow mobility and to
correctly perform hazard risk assessment.

Keywords Rheological properties • Busan clays • Ball-measuring and vane-
measuring rheometer • Debris flow mobility

5.1 Introduction

The high mobility of subaqueous debris flows is strongly influenced by the
geotechnical and rheological properties of the fine-grained sediments. To estimate
the runout distance and velocity of debris flows, we need yield stress and plastic
viscosity values. Yield stress is one of the most important parameters in debris
flow modelling. There are two ways to determine yield stress: (i) geomorphological
analysis and (ii) laboratory experiments using rheometers. For specific research
sites, rheometrical analysis is required. For sediment-water mixtures, we can use
different types of measuring rheometers, such as coaxial cylinder, cone-plate,
plate-plate, vane-penetrated and ball-rotated measuring rheometers. Rheological
parameters are generally influenced by physical and chemical factors such as
grain sizes, clay minerals, soil types, volumetric concentrations of solids, salinity,
liquidity index, and so on (Locat 1997; Jeong et al. 2010). In particular, the influence
of grain size distribution in a debris flow is essential. The effect of rheometer
geometry also cannot be neglected. Rheological parameters are very sensitive to
the effects of the geometry of the rheometer, such as wall-slip, roughness at the
wall and end effect (Coussot 1994). In this study we determine the general flow
behaviour of Busan clays using ball-measuring and vane measuring rheometry and
compare the differences between the Busan clays and low-activity clays as found
in the literature. The aim of this study is to examine the rheological properties of
Busan clays and implications for debris flow modelling from different rheometric
systems.

5.2 Materials and Methods

The material examined was obtained in the city of Busan, in the deltaic plain of the
Nakdong River, which is located on the southeastern coast of Korea. The normally
consolidated Busan clay is known as an unusually thick deposit, varying from 20 to
70 m thickness (Chung et al. 2010). Ongoing research projects related to reclamation
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Fig. 5.1 Rheometric system and testing results: (a) Rheometer (RheolabQC, Anton Paar series),
(b) ball and vane blade, (c) set up for rheological measurements, (d) plot of shear stress against
shear rate and (e) plot of viscosity against shear rate

works in the Nakdong deltaic plain are focused on consolidation and hydraulic
characteristics, which are still poorly understood (Chung et al. 2009). The Busan
clays used in this study consists of soft silty clay to soft clay. These clays consist
of illite-rich materials with small proportions of kaolinite, quartz and hornblende,
with a very low percentage of montmorillonite. The natural water content of the
Busan clays ranges from 35 to 60 %. The salinity and organic matter of the Busan
clays range from 5 � 15 % and 2 � 8 %, respectively. The liquid limit and plasticity
indices are approximately 43 � 72 % and 18 � 35 %, respectively. In general, the
liquidity index is very close to unity with depth. In short, Busan clays have low to
medium activities (i.e., Ac D 0.5 � 1.2). The geotechnical and rheological properties
of these clays can thus be compared with that of low-activity clays (e.g., rheological
compilation from Locat 1997). Furthermore, the geotechnical properties of the
Busan clays are similar to the low-activity clays examined by Jeong et al. (2010).

The rheological analyses were carried out using either ball-measuring or vane-
measuring rheometry on the <0.075 mm fraction. Ball and vane types (RheolabQC,
Anton Paar series, Fig. 5.1) were developed to determine the yield stress and
viscosity for large-particulated fluids. The ball and vane-measuring systems consist
of a sphere (8 mm diameter) and a vane blade (20 mm wide � 40 mm high), which
penetrate the soil samples. The maximum volume of the soil samples is 500 cm3.
The rotational speeds are recorded when the torques exerted on the sphere and
vane blade is recorded within a wide measuring range. The distance between the
sphere and the container wall is 20 mm. For the vane-measuring system, it is
48 mm. The ball-measuring and vane-measuring systems and the testing program
are described in detail by numerous researchers (e.g., Schatzmann et al. 2009; Sosio
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Fig. 5.2 Ball-measuring system for examining the rheology of the Busan clays (a–g is the first
rotation; g–i is the post-failure stage)

and Crosta 2009; Scotto Di Santolo et al. 2012). Two types of shear mode can be
applied: (a) shear stress controlled and (b) shear rate controlled. The measurements
of torques are fully automated within the range of shear rates of 0.001 � 100 s�1.
Shear stress (T) and shear rates (D) can be measured within 0.5 < T < 10,000 Pa
and 0.001 < D < 4000 s�1. Figure 5.1 shows the rheometrical system with the ball
and the vane blade, set up for rheological measurement, and test results in the shear
stress-shear rate and viscosity-shear rate plots. Figure 5.2 depicts the ball-inserted
rheometric system and shows how rheological measurements were performed.

For each rheological test, the soil-water mixtures were prepared by adding a
given amount of water to the solid fraction and thoroughly mixing by hand to
ensure complete homogenization. The mixtures were left at rest for 30 � 60 min
for hydration. Before performing the rheological tests, the mixtures were re-mixed.
The mixtures were then poured into the container and were left at rest for 5 min. For
the next desired level, the liquidity index (water content) was slowly increased at a
constant salinity of the pore water by adding water with the same salinity. Following
each step the remoulded undrained shear strengths was measured using the Swedish
fall cone (i.e., 60ı–30 g and 60ı–60 g cones) according to ASTM and BNQ
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standards. The flow curves were obtained for the given shear rates. An example
is shown in Fig. 5.1d (see the log-log plot of shear stress against shear rate).

5.3 Results

5.3.1 Rheological Behaviour of the Busan Clays

Figure 5.3 presents the flow curves of the Busan clays when the shear rates were
given in the range of 10-4 to 102 s�1 for various liquidity indices. The liquidity
index varied between 2.2 and 5.4; this value was determined using the empirical
relationship proposed by Leroueil et al. (1983). Figure 5.3a, b show the test results
from the controlled shear rate in the ball-measuring system, while Fig. 5.3c, d
present the test results from the controlled shear rate in the vane-measuring system.
The Busan clays generally exhibited a shear thinning flow behaviour; i.e., viscosity
decreases with an increasing shear rate (Fig. 5.3b, d). In the shear rate controlled
system, the rotational speed gradually increased with time (i.e., the variation in shear
rate D 0.0001 � 62 s�1). The shear stress increases with increasing shearing mode
at the beginning of rotation and at the shear rate between 10�5 and 10�3 s�1. The

Fig. 5.3 Flow curves of the Busan clays: (a–b) ball measuring system and (c–d) vane measuring
system. Symbols indicate the liquidity index
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Fig. 5.4 Shear banding in ball-measuring rheometry and flow curve for IL D 3.9

transition from a Newtonian plateau to a power-law regime is observed when the
shear rate is larger than 10�3 s�1 (see Fig. 5.3b, d). A sudden abrupt change in shear
stress was often observed in ball-measuring systems for relatively sticky materials
(i.e., high plasticity), because of the small uplift just before the ball returns to the
original position (see Fig. 5.2f, g for IL D 2.2, 2.8 and 3.3). However, this change
is almost undetectable in the vane-measuring system. The power-law regimes are
distinct in the range of 10�1 and 10 s�1, both for the ball and the vane-measuring
systems. Similar results were found by Barnes (1999). When the shear rate reaches
the highest value (i.e., shear rate ! 100 s�1), the Busan clays examined behave as
an ideal Bingham fluid (see Fig. 5.4b). This occurs in the stage where the sphere
rotates from point (g) to point (i) in Fig. 5.2 (see Fig. 5.3a, c).

Assuming that the flow behaves like a Bingham fluid, we can determine the
plastic viscosity (˜h) and the Bingham yield stress (£c) for various volumetric
concentrations of solids. It should be noted that, for fine-grained sediments, the
Bingham yield stress is very close to the apparent yield stress (i.e., Imran et al.
2001) when the bi-viscosity model was applied (Jeong 2013). Hereafter, we can use
the term Bingham yield stress rather than apparent yield stress. The shear banding
formation after one rotation of the sphere in the soil samples is shown in Fig. 5.4a
for an IL D 3.9. The flow curve for this specific test is shown in Fig. 5.4b. Here
the letters (a) to (i) represent the different location of the ball during the test (also
see Fig. 5.2). The first rotation is completed when the ball reaches point (g). An
apparent yield stress appears just before reaching point (g). After the appearance of
yield stress, the results show that plastic viscosity governs the flow (from point g to
point i). The same results were observed for coaxial cylinder and vane rheometry.

For fine-grained sediments encountered in various environments, rheological
properties can be correlated with a liquidity index in a semi-logarithm or log-log
diagram (Locat 1997): (i) liquidity index and plastic viscosity and (ii) liquidity
index and yield stress. It is generally accepted that these findings can be utilized
as input parameters to model subaerial and subaqueous debris flows. Based on
these relationships, a comparison between Busan clays and low-activity clays is
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Fig. 5.5 Relationship between liquidity index and rheological values: (a) viscosity and (b) yield
stress

shown in Fig. 5.5. There is a positive relationship between the liquidity index
and the rheological values, but the differences in correlations are significant in the
controlled shear rate mode. The viscosities determined from the ball and the vane
are very close, but the differences in yield stress are distinct. Similar findings are
also observed in the controlled shear stress mode.

5.4 Discussion

The rheological characteristics of Busan clays typically exhibit a shear thinning
and thixotropic behaviour. Similar results were observed for low-activity clays (e.g.,
Coussot and Piau 1994; Møller et al. 2006; Locat 1997). The flow motion of clay-
rich materials can be modelled using the bi-viscosity rheological law (Locat et al.
2004). These findings will help in understanding the motion of a debris flow with
a long travelling distance. Practically, Fig. 5.5 may be useful for a preliminary
numerical analysis for subaerial and subaqueous landslides (Locat and Lee 2002).
Similar research using these relationships for fine-grained sediments was completed
by Locat et al. (2009). In general, rheological characteristics depend on shear
rate and geometry. In this research, it was assumed that the observed rheological
differences for the Busan clays between cylinder, ball and vane geometries will be
the same as those of marine clays found in the Ulleung basin, East Sea, Korea. For
the same geomorphological and geotechnical conditions, therefore this study can
compare the flow mobility using the rheological properties obtained from different
geometries of viscometers.

Based on the geomorphological features in the Ulleung Basin, East Sea, various
types of submarine landslides are identified (Fig. 5.6a), including slumps, slides,
rockfalls, debris flows and turbidites that occurred along the entire margin of
the basin overlain by Holocene hemipelagic muds (Chough et al. 1985). Flow
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Fig. 5.6 Shearing in the post-failure stage and possible implications of debris flow modelling: (a)
submarine mass movements in the Ulleung Basin, East Sea and (b) runout distance prediction for
the Bingham fluid case

transformation (i.e., the transition from slide to flow) may be one of the possible
mechanisms for explaining high mobility mass movements encountered in the
Ulleung Basin. To investigate the post-failure dynamics of submarine landslides in
the Ulleung Basin, we need a detailed investigation of geotechnical and rheological
characteristics of fine-grained sediments and to develop a robust rheological model.

In debris flow mobility, yield stress is an important parameter for estimating the
final deposition. For the determination of rheological properties for fine-grained
sediments, a detailed analysis of the rheological properties and the complete
methodology are described by Locat and Demers (1988). We compared debris flow
mobility as a function of yield stress determined from Fig. 5.5. At the liquidity
index equal to 3, the yield stresses can be given as 20, 100 and 400 Pa (these
values are most likely too low to compare in situ conditions, but in this research
the authors tried to compare flow motion; in other words, this paper doesn’t deal
with the exact determination of rheological characteristics of fine-grained sediments
encountered in the Ulleung Basin) for cylinder, ball and vane-measuring rheometry,
respectively. The yield stress calculated from vane geometry is the largest value,
and the yield stress calculated from cylinder geometry is the lowest value, which
may be because the wall-slip cannot be avoided. Based on geotechnical and
rheological compilations, debris flow mobility was analyzed using a BING (Imran
et al. 2001). Based on the Bingham rheological law (for numerical simulation,
mud density D 1,500 kg/m3, Herschel-Bulkley exponent n D 1, and reference shear
rate D 1), the yield stresses can be determined: £c vane > £c ball > £c cylinder. As
a consequence, assuming that the materials behave as a Bingham fluid, runout
distances can be predicted at 1 min flowing conditions when the height and deposits
of the debris flows are 70 and 12.5 m (data from Locat et al. 2004 for comparison),
respectively (Fig. 5.6b). It should be noted that rheological measurements are
related to wall roughness and the distance between soil samples and the wall. In
a coaxial cylinderic system, there are no rough surfaces in a viscometer with a
very small container (the samples can be placed in a container of 6 � 70 cm3).



5 Preliminary Investigations of Rheological Properties of Busan Clays. . . 53

The ball-measuring and vane-measuring systems are relatively larger (0.5 L) than
the cylinderic type. The distance between the ball and the container wall is much
smaller than the distance between the vane and the container wall. Wall-slip
has a minor effect for highly diluted suspensions; however, for sticky materials
(highly structured soil samples), the wall-slip effect cannot be neglected. Therefore,
geotechnical and rheological tests should be carried out in the future for muddy
sediments, which are sampled from the landslide deposits in the Eastern part of the
Ulleung Basin. A comparison should be made for the materials from the Busan clays
in the Nakdong deltaic plain and from muddy sediments from the Ulleung Basin.

5.5 Conclusions

Rheological properties of the Busan clays were examined using ball-measuring and
vane-measuring rheometry. In particular, the effect of wall-slip was emphasized.
The Busan clays have characteristics of a shear thinning fluid similar to other low-
activity clays. Rheological properties are positively correlated with index properties.
For this reason, the relationships between liquidity index and rheological properties
can be used to provide a first estimate of debris flow mobility. However, to
provide guidance in the selection of strength parameters where numerical models
are used to simulate debris flows, technical errors should be minimized. There
are significant differences in rheological properties between coaxial cylinder and
ball (vane)-measuring systems. The yield stresses can be determined: £c vane > £c

ball > £c cylinder. Different yield stresses directly affect the runout distance of
flowing materials, and wall-slip is the main cause of inconsistency in the results.
More laboratory data and field observations are needed to confirm the relationships
proposed in this study.
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Chapter 6
Utilizing Cone Penetration Tests for Landslide
Evaluation

M.E. Jorat, S. Kreiter, T. Mörz, V. Moon, and W. de Lange

Abstract Pore pressure and shear strength are two important parameters that
control the stability of slopes. These parameters can be derived in-situ by cone
penetration testing (CPT) with pore pressure measurements. This paper presents
the results from three static, vibratory and dissipation CPT profiles deployed into
a landslide headwall at Pyes Pa, Bay of Plenty, New Zealand. The landslide strata
consist of volcanic ashes and ignimbrites. Studying the stability of slopes in this
area using in-situ geotechnical testing is of societal-economic importance since
several other landslides within comparable strata caused considerable property
damage. Three CPT profiles were collected across the headwall of the slide scar
with 2 m spacing in undisturbed sediments using static, vibratory and dissipation
test modes. Static CPT results are used to evaluate soil grain size variations,
geotechnical parameters of sediments such as shear resistance, probable slip surface
and sensitivity of sediments. Liquefaction potential of sediments is assessed using
vibratory CPT results. For dissipation tests, the cone remained stationary in the
sediment for �60 min to monitor pore pressure dissipation at the depths of 6, 9
and 11 m. With the use of pore pressure dissipation data, values of soil horizontal
permeability are calculated. The liquefaction probability from static CPT results is
compared to liquefaction potential evaluation from vibratory CPT. Last but not least,
an unstable soil layer is defined based on static CPT, vibratory CPT and dissipation
results.
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6.1 Introduction

Slope failure is an important factor which causes damage to public and private
properties every year. Slope failure can be manifested as landslides and may destroy
or damage buildings and infrastructure located on or in the path of a landslide
(Ozcep et al. 2010). In extensive areas of New Zealand, prevalent severe landslips
result from intensive rainstorms or prolonged winter wetness (Trustrum et al. 1984).
Infiltration of rainwater into soil increases the pore water pressure which reduces
the effective stresses and alters structure of soil that finally results in a reduction or
even elimination of frictional and cohesional strength (Reddi 2003). Protracted and
intense rainfall in New Zealand dramatically increases pore water pressure in soils
which boosts shear stresses on materials and causes slopes to fail (Brown 1983).
Slope failures induced by excessive rainfall may cause shallow landslides which
trigger small volumes of earth and/or debris with considerable velocity and high
impact energy (Giannecchini et al. 2012).

There have been several studies on different landslides in New Zealand (e.g.
Brown 1983). In this paper, a landslide which is located at Pyes Pa, Bay of Plenty,
New Zealand is geotechnically investigated as a typical example of a shallow
onshore landslide. We describe its morphological and structural characteristics
and discuss the possible mechanism of emplacement by using static, vibratory
and dissipation cone penetration data. With static CPT (SCPT) data, soil behavior
type, undrained shear strength, sensitivity and liquefaction potential are calculated.
Vibratory CPT (VCPT) is performed to evaluate liquefaction potential by a second
measurement. Permeability properties of layers are evaluated with the use of CPT
dissipation test.

In-situ cone penetration test measurements were undertaken at three different
locations at 463 Pyes Pa Road, Tauranga, New Zealand (Fig. 6.1). Table 6.1 shows
SCPT, VCPT and dissipation test locations which were performed at Pyes Pa
landslide to evaluate the static, dynamic and permeability behavior of soil.

6.2 Site Characterization

The geology of the Tauranga area consists of Pliocene to Pleistocene volcanic
materials derived predominantly from the Taupo Volcanic Zone; the materials are
mainly rhyolitic in composition. At the study site, Late Pleistocene and Holocene
tephras from the surface horizons overlie fluviatile sands and silts and older
pyroclastic units. Below these, the Waimakariri Ignimbrite, a partially welded
pumice-rich ignimbrite, overlies the non-welded Te Ranga Ignimbrite (Briggs et al.
1996). Houghton et al. (1995) suggest that the Waimakariri Ignimbrite has an age
between 0.32 and 0.22 Ma. Based on visual inspection at the landslide area, the first
3 m of the soil profile consists of an ash sequence that continues with a paleosol layer
from 3 to 6.80 m. From the depth of 7–13.70 m, a clayey layer was observed, which
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Fig. 6.1 Map of (a) New Zealand, (b) Bay of Plenty, (c) Topography, landslide location and
location of CPTs at Pyes Pa and (d) landslide cross section. “Map a, b and c are generated from
LINZ (Land Information New Zealand) data” Layering at (d) is derived from soil behavior type
calculated by SCPT
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Table 6.1 Cone penetration
test location details in Pyes
Pa landslide

CPT location/Type Coordinate

Static 37.774358ı S 176.118563ı E
Vibratory 37.774309ı S 176.118561ı E
Dissipation 37.774299ı S 176.118527ı E

likely contains halloysite with accumulation of clay at the base of the sequence.
From the depth of 13.70–16 m, a poorly welded, loose and coarse grain sized
ignimbrite was observed.

A river flows down the low lying valley floor that indicates the vicinity of
the ground water table. According to Foundation Engineering Geotechnical and
Environmental Consultant Company (2006), standing ground water levels were
not encountered below the elevated and gently sloping portions of 52 Pyes Pa
Road, suggesting free drainage of coarse volcanic particles. Yet, across the valley
floor, they observed seepage of groundwater at a layer between 0.60 and 1 m.
This indicates the presence of a complex ground water regime, with mostly free
drainage due to the coarse nature of many of the primary pyroclastic units. However,
perched water tables associated with local aquitards clearly exist. These aquitards
are the result of the accumulation of secondary clay minerals, most commonly
associated with weathering of fine-grained tephra units. The spatial distribution of
these aquitards is difficult to predict.

6.3 Methods

6.3.1 In-Situ CPT Measurements

In-situ measurements of sediment physical and mechanical properties were carried
out with a CPT unit which is called GOST. GOST, a new geotechnical offshore
seabed CPT tool developed at University of Bremen, Center for Marine and
Environmental Sciences (Marum), was utilized for the investigations (Fig. 6.2).
GOST possesses a cone with a projected area of 5 cm2. Compared with normal
cones with projected area of 10 cm2, 5 cm2 cones react more sensitively and
precisely to rapid changes in thin layered soils via the pore water pressure response,
which leads to increased vertical resolution and provides more detailed profiles
(Lunne et al. 1997; Hird and Springman 2006). The penetration rate for static tests
is the standard rate of 2 cm/s (e.g. Lunne et al. 1997). The vibrocone used in this
study was vertically forced with a frequency of 15 Hz and an amplitude of 25 mm.

SCPT, VCPT and dissipation tests were conducted within 1 m of each other. The
tests were conducted in early autumn on 6th of March 2012. Rainfall in Tauranga is
approximately evenly distributed throughout the year, with little seasonal variability.
Instruments were transported to the location and positioned by truck crane, and a
mobile generator was used to provide power for the instruments. Since GOST is
designed and manufactured to work on/off shore, no modification was required to
operate on land.
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Fig. 6.2 Geotechnical Offshore Seabed Tool (GOST) sketch

Table 6.2 Classification
of sensitive clays (Skempton
and Northey 1952)

Sensitivity (St) Classification

�1 Insensitive
1–2 Low sensitive
2–4 Medium sensitive
4–8 Sensitive
8–16 Extra sensitive
>16 Quick

6.3.2 Physical and Mechanical Properties

Soil behavior type (SBT) is evaluated based on SCPT results and the SBT chart
through the CLiq (2008) software program based on the Robertson et al. (1986)
classification scheme. Schmertmann (1978) explained that the sensitivity of soils is
inversely related to the CPT friction ratio. He proposed a correlation for analyzing
the sensitivity of sediments as follows:

St D Ns

ı
Rf (6.1)

Where, Ns is constant and Rf is friction ratio.
Lunne et al. (1997) suggested a value of Ns D 7.5 for mechanical CPT data.

Skempton and Northey (1952) defined sensitivity of clay as a ratio of maximum
undrained shear strength of undisturbed clay over maximum undrained shear
strength of remolded clay. They proposed a classification for sensitive clay which is
shown in Table 6.2.
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Interpretation of undrained shear strength from CPT results was performed using
total cone resistance (Lunne et al. 1997). In order to compare static and vibratory tip
resistance, Sasaki et al. (1984) proposed a formula for direct comparison of these
two values, which is defined as the reduction ratio (RR) and explained as:

RR D 1 � qcv =qcs (6.2)

Where, RR is the reduction ratio, qcv is the vibratory cone penetration resistance
and qcs is the static cone penetration resistance. Values of RR near unity demonstrate
small measured values of qcv compared with qcs, an RR of zero identifies equal
values of qcs and qcv (Bonita et al. 2004), while negative values of RR show greater
qcv than qcs. The soil liquefaction potential index (LPI) is used to interpret the
liquefaction susceptibility in terms of severity over depth which was developed
based on methodology proposed by (Iwasaki 1986). He proposed four discrete
categories based on the numeric value of LPI as follows:

LPI D 0 : Liquefaction risk is very low
0 < LPI <D 5 : Liquefaction risk is low
5 < LPI <D 15 : Liquefaction risk is high
LPI > 15 : Liquefaction risk is very high

GeoLogismiki, in collaboration with Gregg Drilling Inc. and Prof. Peter
Robertson have developed a software which is called CLiq (2008). This program
is a CPT based SBT and liquefaction assessment software. SBT is evaluated based
on a chart proposed by Robertson et al. (1986) and soil liquefaction assessment
procedure based on static CPT results is developed according to Robertson and
Wride (1998). Robertson in 2009 revised his former procedure and that procedure
is used in CLiq software for evaluation of liquefaction resistance of soils.

6.4 Results and Discussion

6.4.1 Static CPT

According to the origin of soil at the study area described in Sect. 6.2, ignimbritic
layers showing different degrees of weathering interlayered with weathered ashes
and other pyroclastites are the cause for changes in the CPT profile (Fig. 6.3).
Specifying the location of saturated zones within the sequence is very important
in interpreting the pore water pressure response during CPT. Pore water pressure
values measured in unsaturated materials represent induced pore water pressures
in response to the undrained loading applied by the cone penetration. In contrast,
pore water pressure values measured within saturated zones represent these induced
pressures, as well as the hydrostatic head associated with the standing water.

Below 13.7 m the measured pore water pressure rapidly falls, indicating that free-
draining material lies below this level. This material is interpreted as ignimbrite



6 Utilizing Cone Penetration Tests for Landslide Evaluation 61

Fig. 6.3 Static CPT result (a) tip resistance, (b) sleeve friction, (c) friction ratio and (d) pore water
pressure and hydrological situation of layers to a penetration depth of 16 m

based on the known local stratigraphy. This ignimbrite has a sandy, pumiceous
texture with minimal weathering. The material is highly permeable and induced pore
water pressures from the cone penetration are insignificant. Immediately above the
ignimbrite, a rapid rise in pore water pressure with depth is seen from 12.5 to 13.7 m.
This zone marks the transition from the lower, uniformly free-draining material to
an overlying sequence of clay and silt materials that show marked variations in the
pore water response. These layers are mostly tephras from different eruptive events
and have variable textures associated with the characteristics of each eruption.

The primary textures are overprinted with different levels of weathering repre-
senting the time of exposure at the ground surface; this weathering is expressed in
the clay content, and in the extreme can be seen as well-developed paleosols in the
sequence. The hydrological conditions of these layers above 13.70 m are illustrated
based on SCPT results (Fig. 6.3). A lower semi-confined aquifer 2 extends from
7.20 to 13 m, and is surrounded by two sealed and semi-sealed aquitards at 6.90–
7.20 m and 13–13.70 m. Above this is an upper aquifer 1 which extends from
the unsaturated zone to 6.90 m; this aquifer contains two better permeable strata.
Aquifer 2 receives water from aquifer 1 through the semi-sealed overlying aquitard.
The upper leaky and unconfined aquifer 1 and lower semi-confined aquifer 2 are
responsible for the pore water pressure increase seen in the layer between 7.20



62 M.E. Jorat et al.

Fig. 6.4 CPT based (a) soil behavior type (b) sensitivity and (c) undrained shear strength
calculated from SCPT results

and 13.70 m which is believed to represent both saturated pore pressure and an
induced pore pressure signal due to penetration. The pore water pressure in the
aquitard located at 6.90 to 7.20 m is low which is related to the permeable layer
immediately above the aquitard that drains pore water from the upper unconfined
and leaky aquifer and transfers it to lower semi confined aquifer 2. In contrast,
because of the buildup of pore water pressure at the lower semi-confined aquifer
2 and very low permeability characteristics of the aquitard located at the depth of
13–13.70 m, pore water pressure is high at the depth of 13.70 m. This results in a
reduction of effective stress. Therefore, excessive rainfall can result in the situation
of zero effective stress at the depth of 13.70 m, leading to failure of the slope.

Taking the results of Fig. 6.4b and values of Table 6.2 into consideration, the first
14.60 m of soil layers are predominantly categorized as medium sensitive/sensitive
materials. Two extra-sensitive layers occur within this sequence: from 3.20 to
3.80 m and from 13.70 to 14.60 m. The apparent rapid increase of sensitivity at
the depth of 0.20 m resulted from great values of sleeve friction in organic soils
(Figs. 6.3b and 6.4a). Given the coarse grain size of particles below the depth of
14.60 m, a sensitivity calculation cannot be applied for this layer. High sensitivity
values of the layers between depths of 3.20–3.80 m and 13.70–14.60 m indicate a
dramatic decrease of remolded undrained shear strength compared with undisturbed
undrained shear strength. This indicates a vulnerability of the layers to disturbance.
Accordingly, at circumstances like earthquakes, the respective layers would be
potential slip surfaces.
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Fig. 6.5 Static and vibratory piezocone test results of (a) tip resistance and (b) pore water pressure
(c) tip resistance reduction ratio. Calculated values of RR, SCPT and VCPT results are presented
together to show the key role of vibration on sediments. (d) Soil liquefaction potential index
analyzed by CLiq software using SCPT data

Undrained shear strength values are shown in Fig. 6.4c. From the depth of
8 m until 13.70 m, Su decreased continuously. The same reduction trend is also
observed in tip resistance, sleeve friction and friction ratio profiles of the same
layer (Fig. 6.3a–c). On the other hand, pore water pressure at the respective
layer increased progressively from the depth of 8 m and reached to its maximum
at 13.70 m (Fig. 6.3d). Fine grained materials started from the depth of 8 m
until 13.70 m, created a relatively impermeable layer which kept water during
precipitation. Very low values of tip resistance, sleeve friction, friction ratio and
undrained shear strength and an increased sensitivity at the depth of 13.70 m indicate
the vulnerability of the layer to fail under the effect of driving forces. Accordingly,
on the occasion of excessive rainfall, the weak soil layer located at the depth of
13.70 m would be considered as the most probable slip surface.

6.4.2 Vibratory CPT

A slight decrease in values of tip resistance under the effect of vibration is observed
in the first 4 m of the VCPT profile (Fig. 6.5a), whilst the most significant reduction
of tip resistance is observed at a layer between 4 m and 4.50 m. From 4.50 m
until 13.70 m, static and vibratory tip resistances become compatible with each
other and from 13.70 m until the end of CPT profile, vibratory tip resistance
decreased progressively. Based on static and vibratory tip resistance, RR was defined
(Fig. 6.5c). According to Tokimatsu (1988), soils with RR values more than about
0.80 have high liquefaction potential. Thus, the layer from 4 to 4.50 m is vulnerable
to liquefaction. The 0.20 m of topsoil layer has RR > 0.80, however, since this layer
consists of organic materials, it is not considered as a liquefiable layer (Fig. 6.4a).
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Fig. 6.6 Dissipation of pore water pressure vs. time performed at penetration depths of 6, 9 and
11 m following static cone penetration

An apparent increase of pore water pressure was observed under the effect
of vibration at layer from 7.80 to 13.70 m (Fig. 6.5b). Konrad (1985) made an
experiment to evaluate effects of cyclic loadings on saturated silty soils and based
on his observations in all tested samples, the residual pore water pressure increased
progressively with cycles of loading. Accordingly, a greater concentration of silt is
verified at the above-mentioned layer which causes increased pore water pressure
under the effect of vibration. With the increase of pore water pressure, effective
stress decreases respectively. Maximum increase in pore water pressure under the
effect of vibration occurred at the depth of 13.50 m which indicates the vulnerability
of this layer to failure due to dynamic loads which are predominately induced by
earthquake.

6.4.3 Dissipation Test

As can be observed from dissipation curves, pore water pressures first increased
from an initial value to a maximum and then decreased to the hydrostatic value
(Fig. 6.6). These kinds of dissipation curves are called non-standard dissipation
curves (Chai et al. 2012). According to Teh and Houlsby (1991), volumetric
expansion, resulting from movement of soil element from the tip to the sleeve of
the penetrometer, is the possible reason for occurrence of non-standard dissipation
curves.
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According to Robertson (2010), the most precise soil permeability (kh)
estimation formula based on CPT dissipation tests is defined by the following
equation:

kh D .ch:”w/ =M (6.3)

Where: ch is the coefficient of consolidation in the horizontal direction, ”w is the
unit weight of water and M is compressibility.

Robertson (2010) reported his findings to estimate 1-D constrained modulus (M)
using:

M D ˛M .qt � ¢vo/ (6.4)

When Ic > 2.2:

˛M D Qtn when Qtn � 14

˛M D 14 when Qtn > 14

Ic D
h
.3:47 � log Qtn/2 C .log Fr C 1:22/2

i0:5

(6.5)

Fr D Œfs =.qt � ¢vo/ � 100% (6.6)

Qtn D Œ.qt � ¢vo/ =pa �
�
pa
ı

¢ 0
vo

�n
(6.7)

n D 0:381.Ic/ C 0:05
�
¢ 0

vo =pa
�� 0:15 (6.8)

˛M D coefficient of constrained modulus
qt D CPT corrected total cone resistance D qc C (1�a)u
�vo D pre-insertion in-situ total vertical stress
pa D reference atmospheric pressure D 100 kPa
Ic D soil behavior type index
Qtn D normalized cone resistance
fs D CPT sleeve friction
a D area ratio of the cone D (An/Ac)
� 0

vo D pre-insertion in-situ effective vertical stress
n D stress exponent
Fr D normalized friction ratio

To facilitate calculation of Ic, the value of the stress exponent (n) is assumed to
be 1.
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The most widely used formula for calculating ch is the one proposed by Teh and
Houlsby (1991):

ch D �
Cp � r0

2 � Ir
.0:5/

�
=t50 (6.9)

Cp D is a factor related to the location of the filter element and for a cone with
shoulder filter element is equal to 0.245 (Teh and Houlsby 1991)

r0 D radius of the cone
Ir D rigidity index
t50 D time required for 50 % of dissipation

Ir D G=su (6.10)

G D 	 � Vs
2 (6.11)

Where, G is shear modulus, su is undrained shear strength, 	 is mass density (”/g)
and Vs is the shear wave velocity.

Hegazy and Mayne (1995) proposed a formula for shear wave velocity calcula-
tion based on CPT results which is as follows:

Vs D Œ10:10 log qt � 11:40�1:67 Œfs=qt�
0:30 (6.12)

To calculate values of t50, an equation which was proposed by Lunne et al. (1997)
is introduced as follows:

U D .ut � u0/=.ui � u0/ (6.13)

Where, U is a degree of dissipation, ut is pore pressure at time t, u0 is in-situ
equilibrium pore pressure and ui is pore pressure at start of dissipation test.

Since the target is to calculate t50 for all dissipation tests, U D 50 % is considered.
According to the hydrological information of the study area as the ground water
level was located down the slope and it was not touched by the cone during
penetration, value of in-situ equilibrium pore pressure is considered to be zero.
Having values of ui from dissipation test, ut at 50 % of dissipation is calculated.
Accordingly, with the use of dissipation curves (Fig. 6.6), values of t50 are
calculated.

Chai et al. (2012) proposed an empirical equation to correct the value of t50 for
non-standard dissipation test as follows:

t50c D t50

.h
1 C 18:50 � .tu max = t50 /0:67 � .Ir=200/0:30

i
(6.14)
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Taking the above-mentioned equations into consideration, kh in respective depths
are calculated and presented in Table 6.3.

According to Table 6.3, values of kh are very low in all samples which indicate the
presence of fine grained materials in the layers. The lowest value of kh is calculated
at the depth of 9 m while the greatest value of kh is achieved at the depth of 6 m.

The greatest value of kh is achieved at the depth of 6 m which is located in the
upper unconfined and leaky aquifer 1. As this point is situated above the permeable
strata, it has greater permeability (Fig. 6.3). Values of kh at depths of 9 and 11 m
are very close to each other and are lower than kh at the depth of 6 m. These points
are located at the lower semi-confined aquifer 2 which is surrounded by aquitards at
depths of 7 and 13.70 m.

Taking the very low horizontal permeability values of layers at depths of 9
and 11 m and pore water pressure condition of the layer between depths of 7.20–
13.70 m into consideration the aquitard located at the depth of 13.70 m is considered
as the most impermeable layer (Fig. 6.3). Because of this characteristic, at times
of precipitation, infiltrated water cannot percolate rapidly toward the groundwater
table causing excessive extra weight cumulating on the weakest and the most
impermeable layers and increasing the failure potential of the slope.

6.4.4 Liquefaction Analysis with CLiq Software

Liquefaction potential index derived using SCPT data was analyzed by CLiq
software and results are presented in Fig. 6.5d. Considering discrete categories of
LPI proposed by Iwasaki (1986), the first 2.70 m of the profile has a very low
risk for liquefaction (Fig. 6.5d). Soil layers between depths of 2.70 and 8.60 m
are at low risk of liquefaction and from the depth of 8.60 m until the end of CPT
profile, soil layers are potentially at high risk of liquefaction (Fig. 6.5d). The layer
located at the depth of 13.70 m, which was indicated before as the most probable
slip surface, is in the zone with high risk of liquefaction. Comparing the results
of this section with the liquefaction probability evaluation discussed in the VCPT
section, CLiq specifies greater areas with a risk of liquefaction than VCPT. Areas
that CLiq indicates with high liquefaction potential by using SCPT data to make
assumptions about cyclic behavior of layers are basically concentrated at the lower
part of CPT profile while in VCPT, liquefiable layers are detected at the upper part
of CPT profile by measuring the change in fabric upon small strain activation. For
analysis of liquefaction in CLiq, the software considers coarse grain sized materials
concentrated at the lower part of CPT profile as loose pulverized sand while these
materials are actually the product of ignimbrite weathering and are not considered
necessarily as pulverized sand which is the proof for a significant difference between
the two methods.
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6.5 Summary and Conclusion

In this study a preliminary evaluation of the site conditions was made by using
the map of the study area and site history as reported by published geological
information. Static, vibratory and dissipation tests were performed by using the
cone penetration test unit which is called GOST at the top of the slide scar. Cone
penetration tests were performed to provide subsurface information. A static cone
penetration test provided information in regard to soil grain size variations and the
local strength variations with depth. The location of a possible slide plane was
detected at a depth of 13.70 m based on low values of tip resistance, sleeve friction,
undrained shear strength. Sensitivity of subsurface layers was also evaluated by
using static cone penetration test results. The upper 14.60 m of layers were
considered as medium sensitive/sensitive materials except for the layers between
depths of 3.20 and 3.80 and 13.70 and 14.60 m which were identified as extra
sensitive layers and indicated the vulnerability of the latter mentioned layers to
disturbance. A vibratory cone penetration test was basically performed to evaluate
subsurface layers liquefaction probability. Accordingly, the layer between depths of
4 and 4.50 m is potentially vulnerable to liquefaction. Pore water pressure increased
under the effect of vibration in the layer between depths of 7.80 and 13.70 m
which indicates the reduction of effective stresses under the effect of vibration.
The maximum increase in pore water pressure happened at the depth of 13.70 m.
Dissipation tests were performed at depths of 6, 9 and 11 m to evaluate the in-
situ horizontal soil permeability at the respective depths. These measurements gave
an average value of horizontal permeability of 1.9 � 10�9 m/s. The low values
of horizontal permeability showed impermeable properties of layers above the
proposed slip surface. Least permeable layers provided a barrier to infiltrated rain
water which causes extra weight on the slope. The extra weight is an important
factor in triggering the slide. The CLiq software was used to evaluate soil layers
liquefaction potential. The software results showed the layers between 8.60 and
16 m to be at high risk for liquefaction. The software was unable to specify any
liquefiable layer at the first 8.60 m of cone penetration test profile while vibratory
cone penetration test specifies vulnerable layers to liquefaction in that area. Software
considered coarse grain sized materials located at the bottom of the CPT profile as
the pulverized sand and reported high risk of liquefaction for the respective layers
while the materials are weathered ignimbrite.

In conclusion, based on static CPT, Vibratory CPT and dissipation test, the layer
located at the depth of 13.70 m is identified as the most probable slip surface.
The landslide is a shallow translational slide with a length of approximately 30 m
and 6 m wide, and is formed on a slope of 27ı. This equates to the scarp base at
approximately 14 m depth. The lower portion of the scarp itself is covered by debris,
but ignimbrite is exposed immediately below the base of the scarp. Therefore, the
depth of 13.7 m observed in the CPT results is believed to be entirely consistent
with the geomorphic evidence of the scarp face.
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In this investigation cone penetration testing provided valuable information in
landslide characterization when evaluated in conjunction with topographical and
geological information.
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Chapter 7
Geomechanical Characterization of Submarine
Volcano-Flank Sediments, Martinique, Lesser
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Abstract Onshore-offshore geophysical studies conducted on Martinique have
identified major flank collapse events of Montagne Pelée that generated large
submarine mass wasting deposits. Here, we evaluate the preconditioning factors
involved in the deformation and failure of marine sediments related to volcano-flank
collapse events. We use core logging, sedimentological and geotechnical data of the
upper 200 m of core at sites U1397, U1398, U1399 and U1400 drilled during the
Integrated Ocean Drilling Program (IODP) expedition 340, west of Martinique. We
find that the low hydraulic conductivity of hemipelagic sediment causes low rates
of dewatering of turbidites and tephra layers allowing excess pore fluid pressures
to persist at depth. Overpressure generation was likely enhanced during major
flank collapses, leading to low shear strength and subsequent deformation of large
volumes of marine sediments, as found at Site U1400.
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7.1 Introduction

Volcano-flank collapses and subsequent debris avalanches are a major hazard in
coastal areas of volcanic islands. Their entry into the sea can have catastrophic
effects on-land and on nearby islands by generating tsunami waves (Harbitz et al.
2012). Along the Lesser Antilles volcanic arc, many prehistoric flank collapses have
been recognized based on submarine deposits offshore Montserrat (Le Friant et al.
2004; Lebas et al. 2011; Watt et al. 2012a, b), Dominica (Deplus et al. 2001; Boudon
et al. 2007), Martinique (Le Friant et al. 2003), St. Lucia (Deplus et al. 2001) and
St. Vincent (Le Friant et al. 2009). A well-documented flank collapse occurred on
Montserrat in 1997 (Voight et al. 2002).

Marine geophysical and on-land studies in Martinique have identified three
submarine mass wasting deposits related to three major flank collapse events of
Montagne Pelée volcano at �100 ka (D1, 1100 km2), �25 ka (D2, 700 km2) and
�9 ka (D3, 60 km2) (Fig. 7.1) (Le Friant et al. 2003). Seismic reflection data for
these deposits suggest that they consist of debris avalanche material that incorporate
shallow marine sediment (Deplus et al. 2001). Incorporation of marine sediments
increases the overall landslide volume and mobility, with important implications for
tsunami modeling (e.g. Voight et al. 2012).

To improve our understanding of both eruption history and the consequences of
flank collapses, IODP expedition 340 obtained sediment records offshore Montser-
rat, Dominica and Martinique (Le Friant et al. 2011). For the first time ever,
submarine mass wasting deposits in volcanic islands were successfully drilled and
revealed the importance of marine sediment deformation. Here we report physical
properties obtained from core logging as well as sedimentological and geotechnical
analyses that we use to infer the consolidation state of the upper 200 m of sediment
drilled at sites U1397, U1398, U1399 and U1400 (Fig. 7.1). Our objective is to
evaluate the preconditioning factors involved in the deformation and failure of
marine sediments during major volcano-flank collapses on Martinique.

7.2 Geomechanical Characterization

Our study focuses on the consolidation state of materials, which is the gradual
reduction in volume and water content of low permeability material, due to the
dissipation by drainage of excess pore water pressure caused by increased external
loading (Terzaghi et al. 1996). Materials are considered “normally consolidated”
when excess pore pressures (exceeding hydrostatic) are completely dissipated.
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Fig. 7.1 Location of IODP drill sites west of Martinique. Inset map shows satellite bathymetry
of the Lesser Antilles (Smith and Sandwell 1997). Multibeam bathymetry map (water depth given
by color scale) from CARAVAL 2002 and AGUADOMAR 1999 cruises (IPGP-IFREMER) shows
main geomorphologic features (based on Le Friant et al. 2003)

From laboratory uniaxial consolidation experiments, which measure how poros-
ity decreases with increasing stress, the maximum effective vertical stress that has
acted in the past – the preconsolidation pressure (� 0

p) – can be estimated. The
ratio between � 0

p and the in situ vertical effective stress � 0
v is referred to as the

overconsolidation ratio (OCR), which indicates whether a sediment is normally
consolidated (OCR D 1), i.e. current overburden is the largest ever supported;
whether previous stresses exceeded that of current overburden, reflecting processes
such as erosion, deformation or cementation (OCR > 1); or if excess pore pressures
maintain abnormally high porosities at depth (OCR < 1). When OCR < 1, excess
pore pressure 
u can be expressed as:


u D � 0
v � � 0

p (7.1)
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Table 7.1 Physical properties measured on whole-round samples collected at Hole U1400C

5H6 7H2 10H4 13H4 19H4

Depth (mbsf) 47 61 84 109 159
Description Carbonate ooze Carbonate ooze Pink tephra Carbonate ooze Carbonate ooze
� 0

v (kPa) 251 309 597 489 1,240
wc (%) 74.4 80.2 52.1 82.8 37.1
PI (%) 11 12 17 28 12
Clay (%) 23.6 23 35.6 11 24.6
Silt (%) 48.9 59.1 36.7 28.6 42.9
Sand (%) 27.5 17.9 27.7 60.4 32.5
e0 (�) 2.07 2.23 1.40 2.41 1.08
e0 (at ¢ 0

v) 2.02 2.18 1.31 2.34 1.03

e/e0 0.02 0.02 0.07 0.03 0.04
� 0

p (kPa) 299 505 219 592 811
OCR (�) 1.19 1.63 0.37 1.21 0.65

u (%¢ 0

v) – – 63 – 35
k (m�s�1) at ¢ 0

v 2.0�10�9 3.4�10�10 1.5�10�10 1.2�10�9 2.8�10�9

k (m�s�1) 4.5�10�10 1.8�10�10 3.8�10�11 1.7�10�10 2.8�10�9

� 0

v effective vertical stress, wc water content, PI plasticity index, e0 initial void ratio before
loading, � 0

p preconsolidation pressure, OCR Overconsolidation ratio, 
u excess pore fluid
pressure considering hydrostatic conditions, k hydraulic conductivity

Standard consolidation experiments require minimally disturbed samples, but
such sampling interferes with continuous sediment core recovery. Thus only a
few undisturbed whole-round samples were obtained during IODP expedition 340.
Here we report only uniaxial consolidation (oedometer) tests performed on five
samples collected from Hole C at Site U1400 (Table 7.1). We also use the Skempton
empirical method to predict the shear strength-overburden stress ratio for normally
consolidated (OCR D 1) marine sediments:

Su=� 0
v D 0:11 C 0:0037 PI (7.2)

where Su D undrained shear strength, � 0
v D effective stress, and PI D plasticity

index (e.g. Bryant et al. 1986).
Hydraulic conductivity (k) was measured by the falling-head method immedi-

ately after reaching effective stress conditions and before the last loading stage
during consolidation experiments. A handheld penetrometer (Soiltest 29-3729) and
an automated shear vane (Wykeham Farrance) were used to measure Su onboard
when materials were sufficiently fine-grained to ensure undrained conditions. Grain
size measurements were performed with a particle size analyzer Coulter LS 230
and Atterberg limits and PI according to Feng (2001). Interpretation of � 0

p follows
the bi-logarithmic approach of Onitsuka (Grozic et al. 2003). � 0

v is calculated from
bulk density from shipboard gamma ray attenuation measurements on whole-round
samples (Expedition 340 Scientists 2012).
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7.3 Results

7.3.1 Summary of Hole Stratigraphy

For our purposes, we distinguish three main lithologies: (i) hemipelagic,
(ii) volcanic (turbidite and/or coarse tephra) and (iii) hemipelagic with intercalations
of fine turbidite/tephra (Fig. 7.2). Site U1399 penetrated distal area of mass wasting

Fig. 7.2 Depth distribution of ratio Su/¢ 0

v. Gray shading, normally consolidated materials. Black
and green colors are used to differentiate Su measurements at holes B (black) and C (green) at each
drilling site, except for site U1397, with hole A in black and hole C in green. A to I, location of
photos in Fig. 7.4. Circles: Su-handheld penetrometer; crosses: Su-automated shear vane
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Fig. 7.3 (a) Consolidation curves showing porosity reduction (decreasing void ratio e) during
uniaxial loading (increasing stress � 0

v) of whole-round samples (5H6 to 19H4; Hole U1400C). (b)
Linear relationship between overconsolidation ratios (OCR) and Su/� 0

v

deposit D1 (�100 ka) and Site U1400 penetrated mass wasting deposits D1 and D2
(�25 ka) described by Le Friant et al. (2003). Deformation in these is characterized
mainly by tilted bedding (Expedition 340 Scientists 2012).

7.3.2 Consolidation State

Evaluation of quality for our whole-round samples (Hole U1400C), based on the
change in pore volume (
e) relative to the initial pore volume (e0), was possible for
samples with OCR > 1 (Lunne et al. 2006). These data suggest that samples 5H6,
7H2, 13H4 are of high quality (
e/e0 < 0.04, Table 7.1).

OCR obtained from oedometer tests (Table 7.1) are plotted together with
obtained Su/� 0

v (Fig. 7.3). A linear regression results in Su/� 0
v D 0.25 ˙ 0.08 for

normally consolidated sediments (OCR D 1). The Skempton approach used for
U1400C data with average PI D 16 (Table 7.1) yields Su/� 0

v D 0.17. Given mean
PI values of 17–21 in hemipelagic sediments in sites U1397, U1398 and U1399, we
assume materials are underconsolidated if Su/� 0

v <0.17–0.25.
Ratios Su/¢ 0

v <0.17–0.25 indicate underconsolidated sediments in the upper
200 m at site U1397 and >50 m below seafloor (mbsf) at U1398, and under-
consolidated to marginally normally-consolidated sediments at U1399 (Fig. 7.2).
At U1400, Su/¢ 0

v suggest materials <120 m are overconsolidated (exceedingly
so <85 m, with 85–120 m transitional), 120–180 m are normally consolidated,
and >180 m are underconsolidated. The latter condition implies excess pore
pressures (�u). Two consolidation samples from U1400C suggest overpressures
with �u D 63 % of vertical stress (63 %¢ 0

v) in sample 10H4 (fine-grained pink
tephra) and 35 %¢ 0

v in sample 19H4 (hemipelagic sediment with dark tephra)
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Fig. 7.4 a to i, examples of facies and structures present at Hole U1400C. Bottom: particle size
distribution of whole-round samples

(Fig. 7.4). The 19H4 result is consistent with the Su/¢ 0
v profile, but the 10H4 result

is anomalous with ¢ 0
p and OCR exceedingly low, compared to adjacent Su values

that indicate OCR � 1. The result might reflect unusual properties of tephra but
should be considered suspect. U1400C show tilted beds and in some cases faulting
or folding (Fig. 7.4), and such deformation could affect the stress state.

7.3.3 Hydraulic Conductivity

Measurements of hydraulic conductivity confirm that hemipelagic sediments and
fine-grained tephras have low k. At effective stress conditions, the highest k
measured corresponds to the deepest sample (19H4; 2.8�10�9 m�s�1), and the
shallowest (5H6; 2.0�10�9 m�s�1), with similar grain size (Table 7.1). A slightly
lower value (1.2–2.1�10�9 m�s�1) is found for relatively coarser 13H4 (Table 7.1).
Values of k an order of magnitude less (3.4�10�10 and 1.5�10�10 m�s�1) are found for
the other two samples (7H2 and 10H4). Values of k at higher stresses are an order of
magnitude less except for sample 7H2, which shows a smaller decrease, and sample
19H4, in which no change in k was noted.



80 S. Lafuerza et al.

7.4 Discussion and Conclusion

Our results suggest that in general, the upper 200 m of the drilled sediments west
of Martinique have pore fluid pressures in excess of hydrostatic, except Site U1400
where overpressure appears only deeper than 180 mbsf. The inferred overpressure
is explained by slow pore fluid escape during the burial of permeable sediment
(turbidities and tephras) sandwiched within minimally permeable hemipelagic
sediment. The 
u values obtained at Hole U1400C suggest that materials with low k
(10�9–10�10 m�s�1) can maintain overpressure at depth, as shown by 
u D 35 %� 0

v

at 159 mbsf (19H4).
At Site U1400, overconsolidation likely reflects compression by sediment de-

formation rather than erosion. This is consistent with a compressive zone within
deposit D2, evidenced by the transverse ridges observed on bathymetry (Fig. 7.1;
Le Friant et al. 2003). At Site U1400, normal consolidation in the transition zone
(85–120 mbsf) is implied by our data despite deformation revealed by sediment
structures (Fig. 7.4).

No clear conclusions can be drawn about the link between the grain size and
k, since calculated k is not proportional to sand content (Table 7.1), though we
have measurements on a limited number of samples. This suggests that grain shape,
sorting, and other micro-structural properties must control hydraulic conductivity,
perhaps explaining why tephra of anomalous sample 10H4 indicates overpressure
(a suspect result). At other sites (U1397, U1398, U1399) the presence of a relatively
higher abundance of thicker turbidites (Fig. 7.2) and coarser tephra, compared to
the sediment succession at Site U1400, results in a higher storage of pore water and
thus higher overpressure, as deduced from Su/� 0

v ratios (Fig. 7.2).
We found a general correlation between Su profiles and results of consolidation

experiments, though Su measurements could be compromised in some holes and
at some depths. Some Su values measured in split cores may be lower because of
anisotropy and/or remoulding during coring. We cannot quantify the reliability of
our Su measurements but three of the consolidation samples were of high quality
(Table 7.1), and four of five appear relatively consistent with Su/� 0

v trends. Only
one sample (10H4) is anomalous. Hence, we consider that our approach provides
reliable first evidence of overpressures as a preconditioning factor for sediment
deformation and failure. Overpressure can be enhanced by undrained loading
(Voight et al. 2012) and/or seafloor acceleration (Moretti et al. 2012) triggered
by debris avalanche emplacement, resulting in low shear strengths, which could
account for the deformation of sediments at Site U1400.
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Chapter 8
Interrelationship Between Sediment Fabric,
Pore Volume Variations as Indicator for Pore
Pressure Changes, and Sediment Shear Strength

Lutz Torbahn and Katrin Huhn

Abstract The physical characterization of sediments forms the basis for slope
stability analysis. The shear strength of water-saturated sediments is a function
of sediment properties and pore pressure conditions. A reduction in strength,
e.g., as a result of transient pore pressure changes, can cause the collapse of the
sediment matrix and subsequently slope sediment fails. As failure processes in the
sediment elude from direct observation, matrix deformation processes, sediment
grain interactions, and the associated stresses can be examined by numerical
simulations. The major aim of this study was to evaluate the effects of varied
sediment fabric on pore volume changes and sediment strength in sheared samples.
For all sediment fabrics, an inversely proportional relationship between strength and
porosity was observed. A controlling effect of grain shape on the maximum friction
coefficient value was demonstrated.

Keywords Sediment strength • Pore volume change • Sediment fabric • Failure
mechanism • Discrete element method

8.1 Introduction

Numerous studies have shown that mineralogical composition and pore fluid pres-
sure control the mechanical behaviour of water-saturated sediments (e.g., Lambe
and Whitmann 1979; Marone 1998), which can be described by the Mohr-Coulomb
failure criterion (Handin 1969; Byerlee 1978). If the pore pressure exceeds the char-
acteristic material strength, the stress-imposed granular matrix will fail (Mitchell
and Soga 2005; Goren et al. 2010). Therefore, transient pore pressure changes are
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widely accepted as a potential trigger mechanism for landslides (e.g., Hampton et al.
1996; Locat and Lee 2002). Various processes can cause such transient pore pressure
variations, e.g., sea level changes and gas hydrate dissolution. The latter will be
of particular importance in the near future, especially in higher latitudes, because
gas hydrate dissociation will be driven by global warming (Mienert et al. 2010).
Accordingly, an improved understanding of the interplay between sediment fabric,
pore pressure (or indicative pore volume variations), and sediment shear strength is
of increasing importance to define the potential trigger mechanisms of submarine
landslides.

To examine these processes occurring prior to and during failure of submarine
slopes, which elude from direct observation, we developed a 3D numerical direct
shear test based on the Discrete Element Method (DEM). With this the relationship
between sediment fabric, pore volume variations, and shear strength was examined.
In our simulations, the sheared samples represented the basal shear plane of subma-
rine landslides, whereas the fixed part of the shear box represented the undisturbed
slope sediment. The mobilized sediment of the landslide was represented by the
movable part of the shear box. The shear plane evolved inside the sheared sample as
the localized failure. This experimental setting allowed for investigation of failure
initiation and failure evolution. Sediment fabrics were created based on idealized
fundamental grain shapes of spheres and aggregates of rod-like and plate-like shape
as numerical replacements for natural silt and clay grains. The simulations were
designed to address the following key questions:

1. How is sediment strength linked to pore volume changes during failure?
2. Does sediment fabric or sediment-grain complexity control sediment shear

strength and pore volume evolution during shearing?
3. Are there any local effects of pore volume changes during the evolution of failure

planes?

8.2 Method

In recent years, numerical simulations using the DEM came into focus for inves-
tigation of physical aspects of grain interactions and localized deformation inside
granular brittle materials (Morgan 1999; Hazzard and Mair 2003; Abe and Mair
2009). The principle functionality of the DEM (e.g., Cundall and Strack 1978;
Potyondy and Cundall 2004) provided the framework for the current study in which
the three-dimensional DEM code PFC3D (ITASCA©) was used.

We developed a numerical direct shear device (Fig. 8.1) comparable in function
to laboratory direct shear experiments. For each test, 120,000 spherical grains of
uniform size (2 �m) filled a six-sided rectangular shear box (100 �m � 100 �m).
The spherical grains approximated the shape of natural rounded silt with a grain
size equivalent to the transition from clay to silt. Frictionless walls were used to
enable (i) comparable boundary conditions in all experiments and (ii) to exclude
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Fig. 8.1 Compilation of shear sample components including the realized fabrics of plate-like
grains, rod-like grains, and spherical grains and visualization of pore volume for the three grain
fabrics. The dashed white mesh shows the measurement area for material friction and porosity
inside the sample. The cube and sub-cubes illustrate the measurement volume for porosity, whereas
the grey sub-cubes indicate the layer of local pore volume investigation

influences caused by the roughness of the driving plate on the friction coefficient
and shear strain distribution, which has been observed in lab and numerical shear
tests (Anthony and Marone 2005; Abe and Mair 2009).

In order to create naturally packed samples, grains were created inside a higher
box and then compressed by a downward moving top wall until the packing
conformed to natural sediment conditions (Hazzard and Mair 2003; Abe and
Mair 2005). A stable load on the top wall was maintained by a servo-mechanism
throughout the entire shear process (Fig. 8.1). A constant shear velocity (1 �m/s)
(with no acceleration) was enacted on the upper wall of the shear box inducing shear
deformation in the positive x-direction.

Increased grain complexity and, thus, sediment fabric, was achieved by aggre-
gating single spherical particles using unbreakable bonds (Fig. 8.1). The rod-like or
plate-like shapes were stable throughout shear and were not susceptible to bending
or abrasion. After aggregation, the aggregates were randomly oriented.

To simulate natural slope sediments, e.g., silt and clay, numerical grain properties
were defined as follows: the coefficient of particle friction (�P) D 0.6 and as we used
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a linear contact model, normal (kN) and shear (kS) grain stiffness were required:
(kN, kS) D 109 N/m. This friction coefficient and according stiffness values have
previously been successfully used to simulate marine sediments (e.g., Kock and
Huhn 2007). Moreover, using the same particle properties for both numerical ‘clay’
and ‘silt’- shaped particles ensures fair comparison and focuses the study to the
influences of the grain shape. An artificially large particle density was used to
force quasi-static deformation conditions by using a density scaling method. Thus, a
sequence of equilibrium states was simulated to ensure that dynamical features, such
as masses and grain inertia were negligible. This method ensures that dry and water-
saturated sands exhibit the same behaviour when using the same static properties
(Roux and Combe 2002).

Three measurement routines were used for the interpretation of model results:
(1) The friction coefficient was calculated from the stress states at individual grain
contacts using the Mohr-Coulomb failure criterion (e.g., Potyondy and Cundall
2004), e.g., for dry and cohesionless material, such as that used here. Inside the
sheared sample the measured friction coefficient varied. Therefore, we calculated
the average friction coefficient in certain areas during shear deformation. (2) The
norm of the particle movement vector was used to determine zones of small
and large grain slip along vertical slices through the central part of the sheared
sample. Areas of relatively large grain motion highlighted areas of localized slip
or failure planes in the sediment (Kock and Huhn 2007). (3) Porosity variations
were calculated to quantify the influences of grain complexity on the pore volume
evolution by:

˜ D Vpore volume= Vsample volume: (8.1)

We used the Visualization Toolkit (VTK) (Schroeder et al. 2004) which allowed
for calculation and visualization of the 3D pore space. VTK generates a volume
model for the inner part of the sheared sample (40 �m � 30 �m or 40 �m � 40 �m)
consisting of a Cartesian regular grid (Fig. 8.2I b, c). After the grain volumes were
subtracted from the entire volume model (Fig. 8.2I d), a grid triangulation was
necessary to calculate the pore volume (Alyassin et al. 1994).

The pore volume error, therefore, depends on the number of grid sections per
grain diameter (Fig. 8.2). A benchmark (Fig. 8.2II) showed an acceptable pore
volume error of 0.38 % for 30 grid sections per diameter (2 �m). For the entire
volume model (Fig. 8.1), a total number of 600 � 600 � 600 grid sections were
required to ensure volume accuracy.

8.3 Results

All numerical shear experiments revealed a direct influence of grain complexity
and, hence, sediment fabric, on material behaviour (see results of measurement
routines (1)–(3) below). In particular, the friction coefficient, as an indicator for
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Fig. 8.3 Characteristic curves of (a) friction coefficient and (b) porosity vs. displacement for the
three aggregates: sphere (dotted line), rod (dashed line), and plate (solid line)

the sediment strength (Fig. 8.3) and the porosity changes as an indicator for pore
pressure variations (Fig. 8.4), showed direct relationships with grain complexity.

(1) For all experiments, we observed – independent of grain shape – an increase
of the friction coefficient and a corresponding decrease in the porosity (Fig. 8.3).
However, the curve shapes of the friction coefficient and porosity indicated specific
distinctions in material behaviour that were influenced by the grain or, especially,
aggregate shapes.

With increasing grain complexity, the friction coefficient at initial shear defor-
mation increased (Fig. 8.3a). The curves for spheres and rods were nearly identical
before the curve bifurcated at 6 �m displacement, whereas the curve for tabular
aggregates differed at low strain.
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Fig. 8.4 Visualization of sediment slip behaviour derived from the particle movement as well as
pore volume changes as an indicator for the pore pressure distribution within the initial and final
5 �m displacement. Large arrows in the pore volume plot represent the position and orientation of
the developed failure plane

Subsequent deformation was affected by material hardening as evidenced by
an increase in the friction coefficient towards the peak friction for all grain
types. A peak friction coefficient of 0.37, in case of spheres, and 0.51 for rods,
was observed after �14 �m and �26 �m displacement, respectively (Fig. 8.3a).
Following peak friction, an overall material softening process was indicated by a
decrease in the friction coefficient towards a steady or critical state. This phase of
material softening and subsequent stable friction was only observed for spheres
and rods. Furthermore, only the spherical particle experiments clearly attained
a critical state. In contrast, even after 40 �m displacement, peak friction was
not attained during shearing of the plate-like aggregates. Instead, the friction
coefficient continuously increased. For the same strain, the experiment with plate-
like aggregates only achieved a pre-peak state.

Peak friction appears to depend on grain complexity. In fact, increasing grain
shape complexity led to an increased peak friction coefficient. However, the friction
coefficient curves of rods and plates showed very similar variations.
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(2) All pore volume curves exhibited different initial and final porosity values
(Fig. 8.3b). It was demonstrated that porosity increases with increasing grain shape
complexity, but decreases universally with increasing strain. The porosity gradient
was also a function of grain complexity: the porosity magnitude decreased by 5.1 %
for spheres, 7 % for rods, and 5.5 % for plates during the 40 �m displacement.

(3) At 0–5 �m displacement, the relative grain movements were identical for all
sediment fabrics (Fig. 8.4a). No distinct failure planes were observed except in small
areas at the side wall edges. The sediment matrix was dominated by compression
for spheres and rods, whereas plates showed a more balanced distribution between
compression and extension.

In contrast, both grain movements and porosity changes showed different
patterns for the different grain shapes from 35 to 40 �m displacement (Fig. 8.4b).
For spheres and rods, a horizontally oriented zone of larger grain slip was observed.
The most significant pore volume change occurred above this shear plane in the
upper part of the shear box, while the underlying part was unaffected. After failure,
when the sediment matrix broke and a stable shear plane evolved, only the upper
shear box part underwent progressive heterogeneous pore volume changes. This
pattern clearly mirrored the location of the shear plane by separation of areas of low
vs. high pore volume changes. In contrast, no distinct horizontal slip area of large
grain motion was observed for plate-like grains (Fig. 8.4b). Instead, two parallel
areas of minor slip evolved shortly before development of a stable shear plane.
At that time, the porosity changes were still randomly balanced and distributed
throughout the entire sample.

8.4 Discussion

8.4.1 Interplay: Sediment Strength and Pore Volume Changes

This study was designed to assess the relationship of sediment strength and pore
volume changes during shearing. An increase in the friction coefficient and a
corresponding decrease in porosity occurred with increasing shear strain in all
experiments (Fig. 8.3). Hence, the densification of the sediment matrix caused
an increase in the number of grain contacts. This was directly associated with
an increase in sediment shear strength because a larger number of contacts must
break to generate a failure plane. This finding correlates with laboratory shear
experiments, e.g., Lohrmann et al. (2003), where the initial sediment compaction
and the respective porosity evolution was attributed to control the shear strength of
granular materials.

8.4.1.1 Effect of Grain Shape Complexity

Detailed analyses of the relationship of sediment strength and pore volume
changes revealed a direct effect from fabric complexity. Generally, increasing grain
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complexity caused an increase in sediment strength and porosity (Fig. 8.3) or an
increase in particle contacts, particularly in case of plate-like grains (Fig. 8.3b). With
strain, the contact numbers and the homogeneity of the stress network increased
which also caused a restricted grain motion. Moreover, the increase in porosity with
increasing grain complexity likely resulted from the generation of heterogeneous
aggregate structures of complex microfabric, which create additional pore volumes.
These results are consistent with those of other studies and suggest that the growth
in sediment strength is also attributable to the resistance of grain rotation (Iwashita
and Oda 1998; Yan 2009).

Our simulations also showed that particle complexity affects the amplitude of
the coefficient of friction as well as the critical strain rate required to reach the peak
friction value. However, Moore and Lockner (2007) found similar shear strength
values for more complex sediment textures, e.g., dry montmorillonite, and mostly
rounded grains, e.g., sand and silt. These differences can be explained by the fact
that natural aggregates break down during heavy loading. As a predefined boundary
condition, however, our aggregates were not able to disaggregate. Therefore, a low
confining pressure regime was simulated resulting in a breakdown of only the fabric
structure. The collapse of the different fabric structures was, nonetheless, sufficient
(�˜ > 5 %) to cause specific compaction rates.

In summary, a more complex grain shape or sediment fabric caused an increase
in pore volume and an increase in sediment strength. This observation correlates
to natural materials with respect to porosities. However, natural wet clays typically
have much lower strength values compared to silt and sand. This aspect cannot be
simulated with our modelling approach because fluids or fluid effects and cohesive
forces have been excluded so that the focus is only on microfabric effects (Lupini
et al. 1981; Saffer and Marone 2003).

Based on the general assumption that a reduction in pore volume resulted in a
pore pressure increase (Goren et al. 2010), all fabrics displayed different increases
in the potential pore pressures caused by pore volume reduction during densification
(Fig. 8.3). The failure of a simple grain shape occurred at lower porosity changes
indicating that less complex grains, e.g., non-cohesive sands or silts, more readily
react to pore pressure changes compared to more complex sediment textures. Hence,
our results confirm that non-cohesive slopes will fail in the case of lower transient
pore pressure changes compared to cohesive slopes.

8.4.2 Local Pore Volume Changes

After the initial deformation, the pore volume change for the spherical fabric was
dominated by compression (Fig. 8.4a). With increasing grain shape complexity, a
more heterogeneous distribution of porosity changes was observed. This effect was
a result of grain motion and rotation during shearing, which destroyed the initial
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grain microfabric and re-oriented the elongated grains of higher shape complexity.
In contrast, the lowest compaction rate and most homogeneous porosity change
were observed for the spherical grain fabric, which allowed an ideal packing
scenario.

At the final deformation stage from 35 to 40 �m displacement, particle re-
arrangement was finished for spheres and rods (Fig. 8.4b). Constant porosities
evolved in the lower part of the shear box, whereas the upper part was still
dominated by compression and extension. In both experiments, stable friction after
peak was achieved and a shear plane developed at the transition from homogenous
to heterogeneous pore volume changes. In contrast, pore volume changes were
still homogenously distributed through the sheared sample and no shear plane was
observed for plate-like grains. This finding indicates that the pore volume below a
landslide failure plane is not significantly changed after plane initiation, while pore
volume changes above the shear plane continue.

8.5 Conclusions

The aim of this study was to assess the effect of grain shape and pore volume
changes on sediment strength. The following general conclusions can be drawn:

• For increasing shear deformation, we observed an increase in the friction
coefficient and a simultaneous decrease in porosity. Thereby, the reduction in
porosity (matrix densification) caused an increase in the grain contact number
which resulted in an increase in the coefficient of friction. In addition, increasing
grain shape complexity caused a further increase in sediment strength and
porosity as a consequence of a non-ideal packing and the associated grain rotation
restriction. The breakdown of the microfabrics in the case of more complex
textures resulted in a reduction of porosity and a significant increase in grain
contacts, which again caused an increase in the friction coefficient.

• Non-cohesive slopes exhibit lower porosities and densifications prior to failure
and are more prone to lower transient pore pressure changes compared to
cohesive slopes, hence failing under lower triggers.

• This new approach indicates the evolution of domains of compressional and
extensional behaviour during the evolution of the failure plane. The underlying
undisturbed sediments below the failure plane show no pore volume changes,
while the upper part exhibits significant porosity fluctuations. Hence, high
resolution porosity analyses should allow for the identification of the basal failure
planes of landslides.
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Chapter 9
Slope Instability of Glaciated Continental
Margins: Constraints from
Permeability-Compressibility Tests
and Hydrogeological Modeling Off Storfjorden,
NW Barents Sea

J. Llopart, R. Urgeles, A. Camerlenghi, R.G. Lucchi, B. De Mol, M. Rebesco,
and M.T. Pedrosa

Abstract Climate variations control sediment supply to the continental slope as
well as glacial advances and retreats, which (a) cause significant stress changes in
the sedimentary column and redistribution of interstitial fluids, (b) induce a particu-
lar margin stratigraphic pattern and permeability architecture and (c) are at the origin
of isostatic adjustments that may reactivate faults. We test this hypothesis using
a combination of geophysical and geotechnical data from the Storfjorden Trough
Mouth Fan, off southern Svalbard. The results of compressibility and permeability
testing are used together with margin stratigraphic models obtained from seismic
reflection data, as input for numerical finite elements models to understand focusing
of interstitial fluids in glaciated continental margins and influence on timing and
location of submarine slope failure. Available results indicate values of overpressure
of 0.23–0.5 (slope-shelf) that persist to present-day. This overpressure started to
develop in response to onset of Pleistocene glaciations and reduced by half the factor
of safety of the continental slope.
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9.1 Introduction

During the last decades large submarine landslides have been widely discovered in
Polar Regions. The Norwegian margin has been subject of a comprehensive study
motivated by the occurrence of gas and oil fields associated to nearby landslides.
Large and medium-size landslides are well documented (i.e. the Trænadjupet
Slide and the Andøya Slide), including the largest known submarine landslide,
the Storegga Slide with a volume of 5600 km3 (Haflidason et al. 2005; Laberg
et al. 2000; Laberg et al. 2002). The thick deposits accumulated during glacial
and interglacial cycles have been subject to ice sheet dynamics, loading and
unloading by the grounded ice sheet, glacio-eustatic sea-level variations, glacio-
isostatic rebound and associated seismicity (Bugge et al. 1987; Mulder and Moran
1995). Continental margin development must have played a significant role in
controlling the migration of interstitial fluids, determining the occurrence of
sediment instability when combined with depositional oversteeping (Dimakis et al.
2000). The aim of this study is therefore to: (1) characterize the compression and
permeability characteristics of glacial-deglacial-interglacial marine sediments of a
polar continental margin; (2) reconstruct the paleohydrogeological evolution; and
(3) determine how continental margin architecture and physical properties couple to
control the location of submarine slope instability.

The study area (Fig. 9.1) is located in the Storfjorden Trough Mouth Fan (TMF)
south of the Svalbard archipelago. This TMF covers an area of about 40.000 km2 and
has a radius of about 190 km, developed concentrically off the Storfjorden trough.

9.2 Data and Methods

Consolidation and permeability tests were performed using a GDS Rowe & Barden-
type Consolidation cell equipped with three 2 MPa advanced pressure/volume
controllers. Atterberg limit were also determined. The liquid limit was determined
using an 80 g, 60ı apex fall cone device, while the plastic limit was estimated from
the hand rolled thin thread of sediment method (Karlsson et al. 1977).

The stratigraphy and 2D architecture of the different units used to perform
the hydrogeological modeling correspond to the seismic units defined in between
seismic reflections R1-R7 described in Faleide et al. 1996. These seismic reflec-
tions were picked on seismic line ITEG08-09 acquired during the Italian cruise
EGLACOM (Fig. 9.2). The R7 and the OB (top of Oceanic Basement) reflectors
correspond to the projected position of these reflectors on line ITEG08-09 made
from the two seismic lines north and south of Storfjorden included in Faleide et
al. (1996) as the line ITEG08-09 did not have enough penetration to image these
reflectors. The velocities for the time to depth conversion have been approximated
from ODP Leg 162 holes 986C and 986D sonic data.
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Fig. 9.1 Location of the study area. Bathymetric shaded relief showing submarine landslides
beyond the shelf break. Seismic lines 1 and 2 (in pink) extracted from Faleide et al. 1996 [6]
and ITEG08-09 (in green) from EGLACOM cruise report (REL OGS 2008/111). Green dots are
gravity cores. Red dot is the Site ODP 986
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Fig. 9.2 (a) uninterpreted and (b) interpreted EGLACOM ITEG08-09 seismic line used for
“BASIN” modelling. (c) ages for seismic reflectors [11]

Using the Finite Element Software “BASIN” (Bitzer 1996; 1999) continental
margin hydrogeological modelling has been carried out to simulate the fluid
migration and pore pressure development. In this study pore pressure is also
described in terms of overpressure (œ), defined as (Flemings et al. 2008):

œ D .P � Ph/=.¢v � Ph/ (9.1)

where P is pore pressure, Ph is the hydrostatic pressure and ¢v is lithostatic or total
stress. The initial thickness (Hi) of different strata used as input for the model was
calculated using van Hinte’s decompaction equation (Van Hinte 1978):

Hi D Hf Œ.1 � �f/=.1 � �i/� (9.2)

where � i is the initial porosity, �f is the present-day porosity and Hf is the present
sediment thickness.

The total length of the modeled transect is around 162 km and the mesh nodes
are equally spaced every 4 km. Ice-induced stresses or erosion by ice have not
been considered. Sedimentary facies are often represented by a mixture of sediment
types, whose composition will vary according to the relative abundance of each
sediment type for a given area and unit. Physical properties are also averaged
according to the sediment mixture. Time intervals were extracted from Knies et al.
(2009) (Fig. 9.2c).
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9.3 Results

Consolidation and permeability testing were performed on two sediment types: lam-
inated sediments interpreted as plumites, and glacigenic debris flows (GDFs) (Ta-
ble 9.1). Pre-consolidation pressures indicate normally consolidated sediments for
plumites and GDFs (Table 9.1). Plumites also have higher initial hydraulic conduc-
tivity (4.8 � 10�8 m/s compared to 2.9 � 10�8 m/s) and compressibility (0.36 versus
0.19) than GDFs. The specific storage and permeabilities show also a more marked
decrease with increasing stress for plumites than for GDFs (Table 9.1 and Fig. 9.3).
Geotechnical tests (Fig. 9.3) show that climatically controlled sedimentation
changes on polar continental margins produce sediments with contrasting physical
properties. The steeper trend in the virgin consolidation and theoretical permeability

Table 9.1 Most important parameters derived from geotechnical tests in this study

Sediment type Wi (%) e0 k0 (m2) S0 (m�1) ¢c

SVAIS-02-02 Plumites 44.16 1.804 5.97E�15 0.06742 36
SVAIS-02-03 Plumites 42.02 1.894 5.53E�16 0.04019 52
SVAIS-02-04 Plumites 39.89 1.729 5.57E�15 0.03773 61
SVAIS-02-05 GDF 26.63 1.110 2.49E�15 0.01334 67
SVAIS-02-06 GDF 23.14 0.899 3.31E�15 0.03003 69
SVAIS-03-06 Plumites 47.86 1.854 6.85E�15 0.0327 64

GDF Glacigenic Debris Flows, Wi initial water content, e0 initial void ratio, k0 initial
permeability, S0 initial specific storage, � c pre-consolidation pressure

Fig. 9.3 Consolidation tests: (a) effective stress/void ratio relationship for the tested samples.
(b) Flow-through permeability versus void ratio. Extrapolation to 1 kPa is used to determine initial
parameters for the simulation. Greenish lines correspond to plumites and reddish to GDFs
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Table 9.2 Parameters used for “BASIN” and fluid flow modeling

Plumites GDFs Till Hemipelagic sediments

Initial porosity 0.64a 0.5a 0.4b 0.778c

Grain density (kg/m3) 2650 2650 2650 2650
Init. Specific storage (m�1) 0.025a 0.015a 0.0056b 0.044c

Init. hydraulic conductivity (m/s) 4.8E�8a 2.9E�8a 5.3E�11b 3.0E�9d

aThis study, bShaver (1998), cODP sites 986C/D data, dUrgeles et al. (2010)

Fig. 9.4 Margin stratigraphic and hydrodynamic modeling with “BASIN” at final simulated
present condition. (a) Margin stratigraphy according to seismic units described by Faleide et al.
(1996). (b) Facies composition. (c) Fractional porosity. (d) Log hydraulic conductivity. (e) Excess
pore pressure (kPa). (f) Overpressure (œ)

lines of plumites clearly highlights these differences (Fig. 9.3). Tests performed on
split plumites cores SVAIS-02 and SVAIS-03 indicate higher water content and
lower shear strength than the GDFs for a similar burial depth (Lucchi et al. 2012).

The parameters obtained from consolidation/permeability testing (see Table 9.2)
have been used as input for the hydrogeological modeling. The last output stage in
terms of physical properties and sedimentological/architectural characteristics from
the model are presented in Fig. 9.4. At the end of the simulation (present day),
the minimum porosities are around 10 % in the continental shelf and upper slope,
mainly corresponding to the units consisting of tills and glacigenic debris flows.
Hydraulic conductivities for these units have values between 10�12 and 10�10 m/s,
but the values start decreasing at �1.2 Ma. Overpressure reaches values of �0.15
near the shelf break and upper slope where the sediment thickness is maximum.
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A sensitivity analysis showed that hydraulic conductivity is the parameter that has
larger influence on the resulting overpressure than other the parameters involved in
the calculations as porosity or specific storage.

9.4 Discussion

“BASIN” modeling allows us to investigate how physical properties, sedimentology
and stratigraphic architecture couple to control margin hydrogeology and fluid flow
pathways. The simulation shows that low porosities (10–30 %) develop in most
of the continental margin, specially the continental shelf and upper-middle slope,
due to consolidation and the initial low porosity of till and glacigenic debris flow
sediments.

Accumulation of GDFs on the upper-middle continental slope, which has low
initial permeability and compressibility, determines the formation of fluid flow
divergence beneath the continental shelf and lower slope. Most of the margin shows
vertical fluid flow which is a normal situation for a fluid flow trend in a continental
margin dominated by consolidation processes. The low porosity and permeability
of the tills act as an impervious boundary which results in shallow moderate
pore pressure and high overpressure. A more marked reduction in permeability
of hemipelagic sediments due to their higher compressibility induces high pore
pressures at depth but only moderate overpressure.

Onset of glaciation between 1.8 and 1.6 Ma (Butt et al. 2000; Laberg et al.
2010) provides abundant glacigenic sediments (tills and GDFs) to the continental
shelf and upper slope, particularly since intensification of glaciation from 0.99 Ma
(�R4) (Knies et al. 2009). These sediments control to a large extent overpressure
development. A maximum value of 0.5 is reached on the continental shelf, while the
shelf edge and upper slope (where most of the landslides occur in that area) display
a lower maximum value of 0.15.

High overpressure in glaciated continental margins may favor onset of slope
failure (Kvalstad et al. 2005) and recent and buried landslides have also been
identified off Storfjorden (Fig. 9.1) (Lucchi et al. 2012; Rebesco et al. 2012).
A preliminary analysis of the factor of safety (FoS) using Eq. (9.3) (Flemings
et al. 2008):

FoS D tan �f

sin � � cos �

�
cos2 � � �

�
(9.3)

where �f is the friction angle (set constant at 28º) and � the slope, shows that
overpressure significantly reduced the FoS (FoS > 1 stable and FoS < 1 unstable),
but not enough to induce slope failure. Along the reflector R2 (0.5 Ma) (where the
largest slope failure is rooted), the steepening during margin development induced
a slight decrease of the FoS in the upper slope since its deposition to present day,
but an increase in some areas of the lower slope (Fig. 9.5). Close to the seafloor
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Fig. 9.5 (a) Evolution of the safety factor on the layer immediately below the seafloor. (b) Evolu-
tion of the safety factor on the R2 surface (�0.5). Dashed lines represent the position of the shelf
edge at different times during simulation

(layer immediately beneath) the FoS decreases with time in the slope area, but the
lower values of FoS are still above 9. This fact shows that the slope has a higher
control on the stability of the continental slope than overpressuring in the study area.
At the maximum slope angle of 3º in the model, a minimum value of overpressure
of 0.89 is needed for the slope to fail, highlighting that external mechanisms are
needed to induce failure.

Weak layers are often involved in slope failure of Arctic and peri-Arctic regions
(Vanneste et al. 2006). The high water content interglacial sediments that occur
beneath rapidly deposited tills and GDFs can develop locally high overpressure
zones which cannot be resolved in our model. Future work also needs to explore
the effects of ice sheet erosion and isostatic compensation due to ice advance and
retreat.

9.5 Conclusions

Consolidation tests of glacial and glacially influenced sediments of the upper slope
of the Storfjorden TMF, western Barents Sea show that plumites (glacial melt-water
plumites) have high void ratios, consolidation coefficients and permeabilities with
respect to glacigenic debris flows at initial deposition conditions.

The compressibility and permeability values, together with stratigraphic input
from seismic reflection profiles, were used in “BASIN” modeling. The modeling
shows that onset of glacial sedimentation has a significant role in developing per-
meability barriers (tills) and/or allowing pore water drainage (GDFs). Occurrence of
relatively uncompressible GDFs on the continental slope controls the margin fluid
migration pathways.
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Present day overpressure reaches a maximum value of 0.5 in the shelf area, 0.15
in the upper slope and 0.23 in the lower slope. These values of overpressure cannot
trigger submarine landslides alone, but reduce the FoS of the margin by up to one
half. Given the relatively reduced overpressure the FoS is mainly controlled by the
evolution of the slope gradient during the margin development. An overpressure of
more than 0.89 is needed to bring the FoS below 1. Also trigger mechanisms as
glacio-eustatic rebound earthquakes can be considered.

Acknowledgements This study is funded by the “Ministerio Economia y Competitividad”
through grants DEGLABAR, (CTM2010-17386), CORIBAR-ES (CTM2011-14807-E) and
SVAIS (POL2006-07390). UNESCO and IUGS are also acknowledged for funding through
project IGCP-585. The “Generalitat de Catalunya” is acknowledged for support through an
excellence research group grant (2009-SGR-146). K. Andreassen and S. Clarke are thanked for
their comments and positive criticism.

References

Bitzer K (1996) Modelling consolidation sedimentary and fluid basins flow. Comput Geosci
22:467–478

Bitzer K (1999) Two-dimensional simulation of clastic and carbonate sedimentation, consolidation,
subsidence, fluid flow, heat flow and solute transport during the formation of sedimentary
basins. Comput Geosci 25:431–447

Bugge T, Befring S, Belderson RH et al (1987) A giant three-stage submarine slide off Norway.
Geo-Mar Lett 7:191–198

Butt FA, Elverhoi A, Solheim A et al (2000) Deciphering Late Cenozoic development of the west-
ern Svalbard Margin from ODP Site 986 results. Mar Geol 169:373–390. doi:10.1016/S0025-
3227(00)00088-8

Dimakis P, Elverhoi A, Hoeg K et al (2000) Submarine slope stability on high-latitude glaciated
Svalbard–Barents Sea margin. Mar Geol 162:303–316. doi:10.1016/S0025-3227(99)00076-6

Faleide JI, Solheim A, Fiedler A et al (1996) Late Cenozoic evolution of the western Bar-
ents Sea-Svalbard continental margin. Global Planet Change 12:53–74. doi:10.1016/0921-
8181(95)00012-7

Flemings P, Long H, Dugan B et al (2008) Pore pressure penetrometers document high
overpressure near the seafloor where multiple submarine landslides have occurred on the
continental slope, offshore Louisiana, Gulf of Mexico. Earth Planet Sci Lett 269:309–325.
doi:10.1016/j.epsl.2007.12.005

Haflidason H, Lien R, Sejrup HP et al (2005) The dating and morphometry of the Storegga Slide.
Mar Petrol Geol 22:123–136. doi:10.1016/j.marpetgeo.2004.10.008

Karlsson R, Swedish Geotechnical Society, Laboratory Committee (1977) Consistency limits: a
manual for the performance and interpretation of laboratory investigations. Statens rad for
byggnads-forskning, Stockholm, pp 1–40

Knies J, Matthiessen J, Vogt C et al (2009) The Plio-Pleistocene glaciation of the Barents
Sea–Svalbard region: a new model based on revised chronostratigraphy. Quat Sci Rev 28:812–
829. doi:10.1016/j.quascirev.2008.12.002

Kvalstad TJ, Andresen L, Forsberg CF et al (2005) The Storegga slide: evaluation
of triggering sources and slide mechanics. Mar Petrol Geol 22:245–256.
doi:10.1016/j.marpetgeo.2004.10.019

http://dx.doi.org/10.1016/S0025-3227(00)00088-8
http://dx.doi.org/10.1016/S0025-3227(99)00076-6
http://dx.doi.org/10.1016/0921-8181(95)00012-7
http://dx.doi.org/10.1016/j.epsl.2007.12.005
http://dx.doi.org/10.1016/j.marpetgeo.2004.10.008
http://dx.doi.org/10.1016/j.quascirev.2008.12.002
http://dx.doi.org/10.1016/j.marpetgeo.2004.10.019


104 J. Llopart et al.

Laberg J, Vorren T, Dowdeswell J et al (2000) The Andøya Slide and the Andøya Canyon,
north-eastern Norwegian–Greenland Sea. Mar Geol 162:259–275. doi:10.1016/S0025-
3227(99)00087-0

Laberg JS, Vorren TO, Mienert J et al (2002) Late Quaternary palaeoenvironment and chronology
in the Trænadjupet Slide area offhore Norway. Mar Geol 188:35–60

Laberg JS, Andreassen K, Knies J et al (2010) Late Pliocene-Pleistocene development of the
Barents Sea ice sheet. Geology 38:107–110. doi:10.1130/G30193.1

Lucchi RG, Pedrosa MT, Camerlenghi A et al (2012) Recent submarine landslides on the
continental slope of Storfjorden and Kveitehola Trough – Mouth Fans (NW Barents Sea). In:
Yamada Y et al (eds) Submarine mass movements and their consequences, vol 31, Advances in
natural and technological hazards research., pp 735–745. doi:10.1007/978-94-007-2162-3

Mulder T, Moran K (1995) Relationship among submarine instabilities, sea level variations, and
the presence of an ice sheet on the continental shelf: an example from the Verrill Canyon Area,
Scotia Shelf. Paleoceanography 10:137–154

Rebesco M, Pedrosa MT, Camerlenghi A et al (2012) One million years of climatic generated
landslide events on the northwestern Barents Sea continental margin. In: Yamada Y et al
(eds) Submarine mass movements and their consequences, vol 31, Advances in natural and
technological hazards research. Springer, Dordrecht, pp 747–756

Shaver RB (1998) The determination of glacial till specific storage in North Dakota. Ground Water
32:552–557

Urgeles R, Locat J, Sawyer DE et al (2010) History of pore pressure build up and slope instability
in mud-dominated sediments of Ursa Basin, Gulf of Mexico continental slope. In: Mosher
DC (ed) Submarine mass movements and their consequences, vol 28, Advances in natural and
technological hazards research. Springer, Dordrecht, pp 179–190

Van Hinte JE (1978) Geohistory analysis; application of micropaleontology in exploration geology.
AAPG Bull 62:201–222

Vanneste M, Mienert J, Bunz S (2006) The Hinlopen Slide: a giant, submarine slope failure
on the northern Svalbard margin, Arctic Ocean. Earth Planet Sci Lett 245:373–388.
doi:10.1016/j.epsl.2006.02.045

http://dx.doi.org/10.1016/S0025-3227(99)00087-0
http://dx.doi.org/10.1130/G30193.1
http://dx.doi.org/10.1007/978-94-007-2162-3
http://dx.doi.org/10.1016/j.epsl.2006.02.045


Chapter 10
Baiyun Slide and Its Relation to Fluid Migration
in the Northern Slope of Southern China Sea

Wei Li, Shiguo Wu, Xiujuan Wang, Fang Zhao, Dawei Wang, Lijun Mi,
and Qingping Li

Abstract A large-scale submarine landslide (Baiyun Slide) covering an area of
10,000 km2 was identified from the multibeam bathymetric data, high-resolution
2D and 3D seismic data acquired in the Baiyun Sag, Pearl River Mouth Basin,
northern South China Sea (SCS). Numerous polygonal faults are also found below
the translational domain of the Baiyun Slide. Enhanced reflections, bright spots
and pull-down reflection have been illustrated from the 2D and 3D seismic data,
indicating the presence of gas. The headwall scarps of the slide are located
stratigraphically above the sediments where the amplitude anomalies are identified.
The focused fluid flow maybe leak from the gas reservoir and migrate upward into
the base of the Baiyun Slide. Though the triggering mechanism of the Baiyun Slide
is still poorly known, the fluid trapped below the slide will reduce the strength of
the sediments and trigger the slope failure. We propose a conceptual model of the
relationship between fluid migration and slope stability.
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10.1 Introduction

Submarine landslides, are commonly observed on passive continental margins. They
can transport significant volumes of sediments to offshore areas and control the
seafloor morphology (Masson et al. 2006). With the development of hydrocarbon
exploration into deepwater areas, submarine landslide is one of the most important
geohazards, which poses a direct threat to submarine installations such as oil
platforms and pipelines and may cause severe damage onshore due to the generation
of destructive tsunami waves (Locat and Lee 2002; Krastel et al. 2006; Masson et al.
2006; Yamada et al. 2012).

The critical preconditioning factors and triggering mechanisms of a single
submarine landslide is still poorly known. However, numerous studies demonstrate
that the significance and recurrence of submarine landslide on continental margins
depend on various factors, such as sea-level fluctuations, earthquakes, tectonic
activity, high-sediment supply or fluid overpressure (Canals et al. 2004; Leynaud
et al. 2004; Tripsanas et al. 2008; Mulder et al. 2009; Strozyk et al. 2009). Over
the last decade focused fluid flow structures have gained increasing attention due to
their role in the assessment of slope stability (Bünz et al. 2005; Micallef et al. 2011;
Berndt et al. 2012). The focused fluid flow systems usually serve as pathways for
upward migration of fluids from gas reservoirs (Cartwright et al. 2007; Huuse et al.
2010; Sun et al. 2012). Numerous structures of over-pressured focused fluid flow,
mostly manifested in gas chimneys and polygonal faults, have been documented in
the Pearl River Mouth Basin (Sun et al. 2012).

In this article, we use a combination of the multibeam bathymetric data and the
high-resolution 2D/3D seismic reflection data acquired in the Pearl River Mouth
Basin (Fig. 10.1) to: (1) identify the distribution and morphology characteristics of
Baiyun Slide; and (2) discuss the possible relationship between fluid migration and
Baiyun Slide. This study highlights the significance of fluid flow system on slope
stability in the South China Sea (SCS), which has been poorly studied to date.

10.2 Geological Setting

The northern SCS is a typical passive margin which experiences complex rifting,
thermal subsidence and sediment deposition during Cenozoic. It is comprised by
five main Cenozoic rift basins, such as Yinggehai Basin (YGHB), Beibuwan Basin
(BBWB), Qiongdongnan Basin (QDNB), Pearl River Mouth Basin (PRMB) and
Taixinan Basin (TXNB), from west to east (Fig. 10.1a). The structural evolution
of all the basins was divided into two stages: an Eocene-Oligocene rift stage and
a Neogene-Quaternary postrift stage characterized by thermal subsidence (Gong
1997; Huang et al. 2003; Zhu et al. 2009).

The PRMB is a NE-elongated Cenozoic marginal rift basin developed on the pre-
Tertiary basement. It lies in the central part of the northern SCS and covers an area
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Fig. 10.1 Map of the Baiyun Slide Complex (a) at the continental margin of South China Sea.
(b) The map also shows the LW gas field and Baiyun submarine canyons near the headwall of the
Baiyun Slide

of 17.5 � 104 km2 (Fig. 10.1). The gas source of PRMB is relatively mature in terms
of hydrocarbon exploration and production compared to other basins in the northern
SCS. The study area located at the southeastern part of the PRMB. The water depth
ranges from 500 to 3,000 m (Fig. 10.1). Several submarine canyons, called Baiyun
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submarine canyons (Zhu et al. 2009), are developed in the north of the headwall of
the slide, which provide important pathways for downslope sediment transportation.
Li Wan (LW) gas field is in the north of the slide for a few kilometres, northward of
the eastern headwall (Fig. 10.1). Gas and oil prospecting and production in this area
necessitate a better understanding of submarine slope stability.

10.3 Data and Methods

The main database for this study includes a 3D seismic dataset covering an area
of approximately 2,500 km2, two 2D seismic lines and a multibeam bathymetry
dataset covering an area of 30,000 km2. The seismic acquisition system consists of
a 3,000 m long 120-channel streamer, with hydrophone group interval of 25 m. The
sampling interval was 4 ms. In 2008, about 20,000 km2 of multibeam bathymetry
was collected from the study area and adjacent area, in water depths of 300–3,000 m
using differential GPS positioning and processed using the software CARIS HIPS of
the Institute Oceanology, Chinese Academy of Science. We use part of this dataset
in the present study. The data density is suitable for the production of raster grids,
at ca. 100 m resolution (cell size), and the vertical resolution is ca. 1–3.3 m in the
study area (3‰ of the water depth), which provides enough sufficient for our studies
of seabed morphologies, such as headwall scarps and sidewall scarps of Baiyun
Slide. Most imaging and analyzing steps included Digital Elevation Model (DEM)
constructing, contour describing and Slope Analyzing, generation of ArcGIS v9.3.

10.4 Results

10.4.1 Morphology and Distribution of Baiyun Slide

Baiyun Slide is one of the largest submarine landslides located at N 19ı–20ı
on the northern SCS (Fig. 10.1b). It has a run-out distance of �150 km and an
estimated affected area of �10 000 km2. We calculate that the average thickness
of Baiyun Slide is 50 m, thus the total estimated volume of Baiyun Slide is
500 km3. The continental slope angle is typically 1–3ı and flattens at 2,500–3,000 m
water depth to <1ı (Fig. 10.2). The headwall domain of Baiyun Slide is located
above the LW gas field (Fig. 10.1) characterized by high sedimentation rate of
11.3 cm/year (Zhang et al. 2002) with a water depth of �1,000 m. We divide
Baiyun Slide into three domains: the headwall domain, the translational domain
and the toe domain (after Bull et al. 2009). Headwall scarps are clearly shown
on the seismic section, which are considered as important kinematic indicators
in the headwall domain of a slide (Bull et al. 2009). The direction of sediment
transportation is usually perpendicular to the scarps. The Baiyun Slide develops
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Fig. 10.2 Seismic profile crossing the entire Baiyun Slide Complex. It shows two main scars, the
slide plane, and numerous polygonal faults below. Location of profile is shown of Fig. 10.1

Fig. 10.3 The sidewalls and a huge remnant block are identified on the seismic profile. Numerous
polygonal faults develop beneath the Baiyun Slide. Location of profile is shown of Fig. 10.1

in a retrogressive fashion, characterized by a stepped pattern of two major slide
scars, 45 and 65 m in height, respectively (Fig. 10.2). The scarps dips steeply
from 10ı to 20ı with sediments being transported directly down slope and away
from the scarps. A large deformed block is showed in the translational domain of
Baiyun Slide (Fig. 10.3). The movement of the failed material downslope across
the slide plane can lead to intense deformation, and the formation of deformed
block can provide kinematic information. The sidewalls form parallel to the gross
flow direction, and offer a primary constraint on the gross general direction of
sediment transport (Fig. 10.1b). Sidewalls are often associated with strike-slip
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Fig. 10.4 (a) Coherence map at 3500 ms of the 3D seismic data in the study area (see Fig. 10.1
for location). Acoustic anomalies zones, polygonal faults and tectonic faults are clearly visible;
(b) Seismic profile crossing the headwall domain of Baiyun Slide. It shows five gas chimneys and
two major large normal faults connected with the deep gas reservoirs. A BSR (blue solid line) may
exist above the free gas zone parallel to the slide plane (black dashed line)

movement. The seismic section across a sidewall shows that the seismic facies
change from high amplitude, continuous reflections outside of the area affected
by slope failure to disorder or chaotic reflections within the slide (Fig. 10.3).
Based on the high sedimentation rate of 11.3 cm/year and the thickness of
sedimentary drape overlying the slide, we estimate that the age of Baiyun Slide
is 0.6 Ma.

10.4.2 Seismic Indications of Gas and Fluid Migration

10.4.2.1 Active Faults Related to Gas and Fluid Migration

The role of normal faults as fluid migration pathways has been intensively studied
due to their significance in leakage, re-migration and re-accumulation of hydrocar-
bon and gas hydrates (Bünz et al. 2003; Gay et al. 2006; Cartwright et al. 2007; Sun
et al. 2010a, b). In the study area, the normal faults can be divided into three classes,
namely deep-seated large normal faults, shallow minor normal fault and polygonal
faults (Sun et al. 2012).

The deep-seated large faults with steep fault-plane dips are widely observed in
the headwall domain of Baiyun Slide (Fig. 10.4b). They are several kilometers long
and often connect with gas reservoir. The seismic reflections are usually phased-
reversed and have anomalously high amplitudes at different stratigraphic levels
along a fault (Fig. 10.4); it is reasonable to assume that the large normal faults



10 Baiyun Slide and Its Relation to Fluid Migration in the Northern Slope. . . 111

are or have been acting as pathways for upward migration of gases and pore fluids.
The shallow minor normal faults are often observed within the free gas zone and
at the crests of gas chimneys (Fig. 10.4). The seismic data reveal that the enhanced
reflections (free gas) are commonly distributed along with the minor normal faults,
which also serve as pathways for fluid migration.

Polygonal faults are extensional non-tectonic faults with small throws and
play a vital role in migration, accumulation and release of fluids (Gay et al.
2006; Cartwright et al. 2007; Sun et al. 2010a, b). Polygonal faults are widely
developed beneath the Baiyun Slide, especially in the headwall domain and
translational domain of Baiyun Slide (Figs. 10.3 and 10.4). The polygonal faults
occur within the lower Miocene tier and are formed during earlier burial upon
compaction-related dewatering and hence are associated with flow and release
of fluids (Bünz et al. 2003; Sun et al. 2010a, b; Cartwright 2011). The chaotic
seismic reflections within the palaeo-canyon provide strong evidence that the
canyon fill may be courser grained material and gas may be present in the pore
space (Fig. 10.3). The migrated fluids may accumulate at the base of the palaeo-
canyon and caused the sediments overpressured. These observations indicate that
the polygonal faults below Baiyun Slide would be a good pathway for migration of
hydrocarbons or other fluids.

10.4.2.2 Gas Chimneys

Gas chimneys are vertical disturbances in the seismic profiles often related to the
propagation of fluids (especially gas) through fissures and fractures in rocks. Such
features are generally inferred to be associated with fluid expulsion and imply
overpressures in the sediments. Gas chimneys occur widely spread at the northern
flank of the giant Baiyun Slide on the northern SCS margin. Five gas chimneys
can be identified below the headwall domain of Baiyun Slide based on the seismic
profile in the study area (Fig. 10.4). They are more than 1200 m in diameter with a
circular plan-view and connected with overpressured gas reservoirs.

Gas chimneys consist of columnar zones of vertically stacked, downward
bending reflections (Fig. 10.4b) compared with surrounding stratal reflections,
which is attributed to low velocity (pull-down) due to gas (Wang et al. 2010; Sun
et al. 2012). The generated gas diffused between fractures, and between clusters of
fracture networks, containing different levels of gas saturation (Arntsen et al. 2007).
In fact only mere presence of gas in a network of fractures will lead to a decrease
of the compressional- and shear-wave velocities. The gas chimneys are therefore
well-exposed anomalies on coherency attribute slice (Fig. 10.4a).

Enhanced reflections are often located near the top of gas chimneys. They provide
evidence for the occurrence of gas in the shallow sediments. The gas is most
likely mainly sourced from deep-seated gas reservoirs and source rock through
gas chimneys or large normal faults. These observations provide evidence that gas
chimneys provide pathways for thermogenic fluids to migrate upward to the shallow
sediments and to form the shallow gas accumulation. The root of gas chimneys is
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crucial for understanding their origin depth, and hence the fluid source. The root
zone is seismically defined as the stratigraphic depth where stratal reflections no
longer have the characteristic of a down-bending reflection architecture (Fig. 10.4b).

10.5 Discussion

10.5.1 Relationship Between Fluid Migration and Slope
Stability

The linkages of fluid flow and sliding is the occurrence of the gas chimneys and
faults terminating at the basal shear surface of Baiyun Slide and shallow gas
accumulations adjacent to this surface (Figs. 10.2, 10.3, and 10.4b). A BSR (bottom
simulating reflector) observed on seismic profiles marks the base of free gas zone
and is thus used as an indicator for the presence of gas hydrates (Fig. 10.4b).
Acoustic blanking may indicate the presence of free gas or high pore-water contents
below the BSR (Fig. 10.4b) (Bünz et al. 2005; Berndt et al. 2012). It also indicates
widespread excess pore pressures in sediments.

Based on these observations, we develop a conceptual model of the spatial
association between slide scars observed in the 3D data and underlying fluid
migration features (Fig. 10.5). It is known that gas and oil can migrate into the
overlying sediments through these focused fluid flow structures from the deep
reservoirs (Bünz et al. 2003; Sun et al. 2012). Gas in the sediments will increase pore
pressure in marine clays that are already weakened because of rapid accumulation
of sediments. Fluid migration and the resulting decrease in effective stress may add
to present-day landslide risk (Berndt et al. 2012). It is reasonable to assume that
expulsion of fluids and subsequent accumulation of gas in the upper slope and outer

Fig. 10.5 Conceptual model illustrating the relationship between fluid migration and slope
instability



10 Baiyun Slide and Its Relation to Fluid Migration in the Northern Slope. . . 113

shelf sediments have contributed to slope instability. Alternatively, it is possible
that sliding happened first, causing a pressure drop, expansion of gas in underlying
reservoirs and subsequent upward gas migration.

10.5.2 Possible Trigger Mechanisms

Baiyun Slide is one of the largest retrogressive submarine landslide in the northern
SCS, however, its trigger mechanism is still poorly understood. Excess pore
pressures within the sediments is considered to be the main possible triggering
mechanism. Processes including rapid sediment deposition and fluid migration as
well as gas hydrate decomposition increase the pore pressure and decrease the
effective strength of sediments, hence increasing the potential for slope failure.
During the Plio-Pleistocene period, the PMRB experienced rapid deposition of
sediments, the highest accumulation rates are about 16 cm/year (Zhu et al. 2009),
which may lead to excess pore pressures and decreasing slope stability. Identified
leaking faults (e.g. polygonal faults etc.) and the occurrence of shallow gas by the
identification of gas chimneys below Baiyun Slide are therefore direct evidences
demonstrating the relationship between fluid migration and slope instability. Fluids
including free gas that leak from the gas reservoir migrate upward through these
fluid flow structures and accumulate in the shallow sediments, which may reduce
the shear strength of the sediments and trigger slope failure.

10.6 Conclusions

The analysis of 2D/3D seismic data in combination with high-resolution multibeam
bathymetric data in the southeastern Pearl River Mouth River Basin allows a detailed
discussion of Baiyun Slide for the first time. The main conclusions are:

1. We identified the Baiyun Slide with a total volume about 500 km3 over an area
of 10,000 km2 and with an estimated age of 0.6 Ma.

2. Numerous polygonal faults and gas chimneys are widely developed beneath the
Baiyun Slide. We suggest a close relationship between fluid migration and slope
instability.

3. The excess pore pressures within the sediments may be the main trigger
mechanism of Baiyun Slide. It is important to assess the geohazard potential
related to submarine mass wasting in northern SCS, especially as the study area
is a current focus for hydrocarbon exploration and production.
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Chapter 11
Post-failure Processes on the Continental Slope
of the Central Nile Deep-Sea Fan: Interactions
Between Fluid Seepage, Sediment Deformation
and Sediment-Wave Construction

Sébastien Migeon, Silvia Ceramicola, Daniel Praeg, Emmanuelle Ducassou,
Alexandre Dano, João Marcelo Ketzer, Flore Mary, and Jean Mascle

Abstract Voluminous mass-transport deposits (MTD) have been identified on
seismic profiles across the central Nile Deep-Sea Fan (NDSF). The youngest MTDs
are buried under 30–100 m of well-stratified slope deposits that, in water depths
of 1,800–2,600 m, are characterized by undulating reflectors correlated with slope-
parallel seabed ridges and troughs. Seabed imagery shows that, in the western part
of the central NDSF, short, arcuate undulations are associated with fluid venting
(carbonate pavements, gas flares), while to the east, long, linear undulations have
erosional furrows on their downslope flanks and fluid seeps are less common.
Sub-bottom profiles suggest that the western undulations correspond to rotated fault-
blocks above the buried MTDs, while those in the east are sediment waves generated
by gravity flows. We suggest that fluids coming from dewatering of MTDs and/or
from deeper layers generate overpressures along the boundary between MTDs and
overlying fine-grained sediment, resulting in a slow downslope movement of the
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sediment cover and formation of tilted blocks separated by faults. Fluids can migrate
to the seafloor, leading to the construction of carbonate pavements. Where the
sediment cover stabilizes, sediment deposition by gravity flows may continue build-
ing sediment waves. These results suggest that complex processes may follow the
emplacement of large MTDs, significantly impacting continental-slope evolution.

Keywords MTDs • Sediment waves • Deformation • Fluid seepages

11.1 Introduction

Gravity-driven sediment failure is an ubiquitous process on continental margins,
resulting in a wide range of possible morpho-sedimentary expressions (McAdoo
et al. 2000; Canals et al. 2004). Most studies of submarine landslides have concen-
trated on the triggering and dynamics of failures and their impacts as geohazards.
In contrast, less attention has been given to processes following the emplacement
of landslides on continental slopes. Although slope failures are known to decrease
slope angles, which should inhibit further landslides, it has been shown that a return
to stable conditions may involve several processes of erosion/deposition (Joanne
et al. 2010). Moreover, observations of fluid seeps in the vicinity of slide scars raises
the question of their role prior to and/or following failure (e.g. Lastras et al. 2004).

In this study, we examine sedimentary records of post-failure activity in the cen-
tral Nile Deep-Sea Fan (NDSF), using a large dataset including multibeam seabed
imagery, seismic-reflection profiles, and deep-towed side-scan sonar and 2–5 kHz
data collected during the FANIL (2001) and APINIL campaigns (2011). Previous
studies of the NDSF have shown its stratigraphic architecture to be characterised by
large Mass-Transport Deposits (MTDs) (Garziglia et al. 2008; Loncke et al. 2009).
In the central NDSF, stratified sediments form slope-parallel seabed undulations
interpreted to record slope destabilisation in association with widespread fluid
seepage, the latter recorded by high-backscatter carbonate pavements (Bayon et al.
2009). Here we present a first examination of lateral variability in the character
of the undulations and fluid seeps, and consider it in relation to the interaction of
processes of deformation and downslope deposition.

11.2 Methods

Multibeam bathymetric and backscatter data were acquired using hull-mounted
Simrad EM300 and EM302 systems during the FANIL and APINIL campaigns,
respectively. In the water depths of interest (1,800–2,600 m), the EM300 resulted
in DTMs with a spatial resolution of 50 m (bathymetry) and 25 m (backscatter),
while the EM302 yielded higher resolution DTMs of 25 m (bathymetry) and 10 m
(backscatter). Subbottom profiles were acquired during both campaigns using a hull-
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mounted chirp system. During the APINIL campaign, a deep-towed acoustic system
(Système Acoustique Remorqué: SAR) deployed c. 70 m above the seabed provided
both sidescan sonar imagery (resolution of 25 cm across swaths up to 1 km wide)
and 2–5 kHz profiles (vertical resolution of 80 cm). Deeper penetration seismic-
reflection profiles were acquired during FANIL using a 24-channel streamer and 2
mini-GI guns.

11.3 Results

Due to suspected interaction between buried bodies and seafloor features, we first
describe the continental-slope architecture then the main seafloor morphologies.

11.3.1 Architecture and Age of MTDs and Slope Deposits

Seismic-reflection profiles show the upper 400 ms of the central NDSF to be
characterised by up to 10 stacked lenticular bodies with a chaotic acoustic facies,
interpreted as MTDs, and interbedded with high-amplitude reflection packages
interpreted as turbidite channels (Fig. 11.2). The MTDs are 22–220 m (20–
200 ms) thick, with sharp or erosive basal contacts and irregular tops. The youngest
(MTD13) is about 150-km long and 35-km wide (Figs. 11.1 and 11.2; Rouillard
2010) and corresponds in cores to a debrite facies dated at c. 73 kyrs (Ducassou
et al. 2013). MTD13 is buried by a stratified seismic facies 33–55 m (30–50 ms)
thick (Fig. 11.2), corresponding in cores to alternating hemipelagite and turbidite
deposits (Ducassou et al. 2009). To the east across the central NDSF, the stratified
facies thickens up to 110 m above buried MTDs of unknown age but older than
MTD13 (Fig. 11.2).

11.3.2 Seabed Sediment Undulations

Multibeam data show the seafloor of the central NSDF across water depths of 1,800–
2,600 m to be dominated by sediment undulations, comprising elongate ridges
alternating with trough-like depressions (Fig. 11.1). From east to west across a field
of about 3,400 km2, a clear change is observed in both the plan-form morphology
and internal architecture of the undulations.

In the eastern part of the field, the mean slope angle is �0.8ı and undulations
are mainly slope-parallel (Fig. 11.1). Ridge crests are continuous for 2–9 km; most
are linear and parallel with consistent wavelengths of 0.5–1 km, although some are
arcuate and convex upslope or downslope in plain view. Ridges are 10–20 m high
on the upper slope and decrease downslope to �5 m. In cross-section, the ridges
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Fig. 11.1 Bathymetric map of the study area in the central NDSF. Red dots are multibeam high-
backscatter patches. White continuous lines display crests of seabed undulations. Blue lines are
small sediment pathways. The red dashed line displays the limit of MTD13. (a) and (b) are
topographic profiles. The inset shows location of the study area on the Nile margin

Fig. 11.2 Seismic profile illustrating occurrence of buried MTDs (red bodies) in the central NDSF.
Some MTDs are affected by faults (F). Yellow and orange bodies are turbidite-channel infillings
with adjacent levees (L). Profile location shown on Fig. 11.1
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are mostly asymmetrical, with shorter upslope flanks (Figs. 11.1, and 11.3a, b), but
symmetrical undulations also occur. In profile, the ridges consist of a well-layered
echofacies, the first 30 ms of which thickens on upslope flanks, indicating higher
sediment deposition, and thins on downslope flanks where truncations are common,
indicating reduced deposition or erosion (Fig. 11.3a, b). Thus these structures have
migrated upslope through time (Fig. 11.3a, b). They overlie a disorganized unit in
which reflectors are tilted, disrupted and shifted vertically by faults (Fig. 11.3a).
This unit overlies a MTD (Figs. 11.2, and 11.3a) which top itself exhibits relief
(Fig. 11.3a). Sidescan sonar imagery across most of ridges (downslope flanks) reveal
abundant furrows, 300–500-m long and 10–20-m wide, oriented parallel or oblique
to slope (Fig. 11.4a), suggesting recent seafloor erosion by downslope flows.

In the western part of the field, overall slope angles are about 2.5ı and in places
up to 5.2ı. The undulations are mainly arcuate and oriented oblique (10–40ı) to
slope, exhibiting a heterogeneous plan-form organisation that changes westwards
(Fig. 11.1). In the eastern area of the western part, most arcuate crests are convex
downslope; they are subparallel and up to 3 km long, with wavelengths of 1–
1.5 km, and heights of 10–20 m with no downslope change. In the western area,
most ridges are disrupted and <1 km long, with sharp changes of orientation
(Fig. 11.1); they are 5–10 m high and �500 m in wavelength and distributed
randomly along the slope (Fig. 11.1). In some places, they display a blocky pattern,
more chaotic to the west. In profile, ridges are mainly asymmetrical with shorter
and steeper downslope flanks (Figs. 11.1 and 11.3c), the reverse of the eastern
part of the field, but also include symmetrical shapes with flat tops. Subbottom
reflectors are continuous between adjacent ridges (Fig. 11.3c), parallel to seafloor
and slightly wavy with wave amplitude constant with depth (Fig. 11.3c). Sediment
thickness is nearly constant between reflectors across the ridges, providing no
evidence for upslope or downslope migration (Fig. 11.3c). Small vertical offsets
in reflectors across some troughs suggest faulting processes (Fig. 11.3c). Troughs
are characterized by higher-amplitude reflections vertically aligned and resembling
chimney-like structures (Fig. 11.3c; Loncke et al. 2004). Sidescan sonar imagery
show the troughs to contain abundant intermediate-backscatter elongate patches
trending parallel to the trough orientation, as well as smaller numbers of high-
backscatter rounded patches (Fig. 11.4b), both inferred to be carbonate pavements
related to gas venting (Dano et al. 2013). Gas flares identified in the water column
above some of the high-backscatter patches indicate active fluid vents (Dano et al.
2013; Praeg et al. 2013). An absence of furrows suggests limited recent downslope
particle transport/deposition.

11.3.3 Sediment Pathways

Several slope-perpendicular linear structures are located on the continental slope in
water depths of 2,100–2,600 m (Fig. 11.1). They are 6–19-km long and V-shaped in
cross section. They are interpreted as small-scale sediment-transport pathways.
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Fig. 11.3 (a) Hull-mounted subbottom profile illustrating sediment-waves; the white line is the top
of a MTD and the dashed line is the top of a deformed interval (see text). (b) SAR subbottom profile
illustrating sediment-waves; the dotted line is the top of a MTD. (c) Hull-mounted subbottom
profile illustrating extensional deformations associated with fluid upward migration. Profiles
location shown in Fig. 11.1

A well-developed channel-levee system (named DSF4 by Ducassou et al. 2009)
is also located in the middle part of the study area, in water depths of 1,800–2,300 m
(Fig. 11.1). It formed between 73 and 10 kyrs and is now being progressively buried
by the undulations.
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Fig. 11.4 SAR imagery illustrating (a) furrows (F) associated with sediment waves in the eastern
study area, and (b) carbonate pavements (CP) flooring troughs of extensional deformations in the
western study area. The white arrow indicates the main direction of turbulent flows that generated
furrows. Images location shown in Fig. 11.1

11.4 Discussion

Undulating seabed sedimentary structures have been described on levees adjacent
to turbidite channels, open continental slopes and submarine pro-deltas (Migeon
et al. 2004; Hoffmann et al. 2011; Urgeles et al. 2011). They have been in-
terpreted as either sediment waves deposited by turbulent flows, or deformation
structures recording gravity-driven displacement of pre-existing sediment. The
seabed undulations of the central NDSF have previously been interpreted as purely
creeping/gliding features (Loncke et al. 2004; Bayon et al. 2009). We argue instead
that the undulations provide evidence of both depositional and deformational
processes. We first show the two main types of sediment undulations observed
across the study area to correspond to end-member cases of these processes, then
consider their overall relation to the underlying MTDs.
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11.4.1 End-Members: Sediment Waves Versus Deformation
Structures

In the eastern part of the study area, the plan-form morphology of the ridge crests
and their downslope decrease in amplitude and wavelength are consistent with
construction from turbulent gravity flows of decreasing velocity and particle load
downslope (Normark et al. 2002). The presence of furrows on the downslope
flanks of ridges confirms the role of these flows, at least during recent times, as
does the occurrence of small-scale sediment pathways (Fig. 11.1). At the scale
of individual ridges, the activity of successive turbulent flows caused preferential
sediment deposition on their upslope flanks and by-passing or erosion of their
downslope flanks (Fig. 11.3a), leading to upslope migration of the ridges. A similar
pattern was observed in other slope settings, resulting in comparable slope-parallel
sediment waves built by turbidity currents (Migeon et al. 2001; Normark et al.
2002).

In the western part of the study area, the chaotic convex-downslope morphology
of the undulations, their ‘reversed’ asymmetry and absence of furrows suggest
a limited impact of gravity flows in their formation. Their internal architecture
provides no evidence of migration over time (Fig. 11.3c), consistent with either low-
energy depositional draping of a pre-existing wavy topography, or with extensional
deformation of the sediment cover. The presence of faults beneath the intervening
troughs, many associated with gas seepage (Figs. 11.3c and 11.4b), favours the role
of post-depositional rotational movements generated along shallow normal faults,
as noted by previous authors (Loncke et al. 2004; Bayon et al. 2009).

The end-member cases of sediment-wave construction and extensional defor-
mation are not exclusive. Thus in the eastern part of the study area, rotational
structures are observed at depth (Fig. 11.3a), sandwiched between the undulating
seabed sediments and the top of the MTD, suggesting that extensional deformation
following MTD emplacement provided the pre-existing morphology that led to
sediment-wave growth, as has been described in other areas (Hoffmann et al. 2011).
In contrast, in the western part of the study area, sediment geometries continue
to be dominated by extensional deformation involving rotating fault blocks, with
widespread fluid venting along troughs aligned with fault planes.

11.4.2 Post-failure Slope Evolution

This work suggests that across the central NDSF, the formation of undulating
sediment structures is initially linked to extensional deformation following the
emplacement of large MTDs. Many extensional faults root within the MTDs and
could result from differential compaction of these deposits, while others only affect
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the overlying sediment cover and suggest slow gliding above MTDs. Because MTDs
are younger and shallower to the west and the sediment cover thickens to the east
(Fig. 11.2), extensional features should not be synchronous over the study area
but must become younger to the west. Thus the west-east transition from irregular
extensional features to well-developed sediment waves could reflect the increasing
age of post-MTD processes affecting the slope.

After the emplacement of a large MTD, new sediment pathways develop on
the slope and facilitate the deposition of a sediment drape. With time, the MTD
experiences compaction, dewatering and eventual fluid release. Overpressures
generated between the MTD and the overlying fine-grained sediment cover could
then facilitate the slow gliding of the sediment cover along extensional faults rooting
in the MTD. However, fluid seepage taking place across the central NDSF are also
likely to be derived from deeper layers, including suspected gas hydrates (Praeg
et al. 2008). This suggests another hypothesis that gas may accumulate at the base
of an MTD, forming an overpressured horizon that contributes to the deformation
of the overlying (and thickening) sediment mass and the development of fluid
migration pathways allowing gas release.

In either case, rotational movements must be favoured by upward fluid flow along
faults acting as conduits (Dano et al. 2013; Praeg et al. 2013). At seabed, gas-
rich fluids lead to the construction of carbonate pavements. Carbonate precipitation
may also take place within the conduits characterized by high-amplitude reflections
(Fig. 11.3c). Such a process is thought to increase the cohesion of deposits and could
contribute to the progressive stabilization of the sediment cover. Where sediment
pathways exist, inactive rotational features will gradually be buried by gravity flows
that may build sediment waves.

Additional high-resolution seismic profiles and 3D seismic data are now nec-
essary to investigate the sediment cover above older MTDs to see whether this
evolution is applicable or not to any time intervals.

11.5 Conclusion

An integrated analysis of multibeam and side-scan seabed imagery, and seismic
profiles reveals lateral variations in the character of undulating features built on
top of large MTDs across the central NDSF. They are interpreted to record the
interaction of two end-member gravity-driven processes, extensional deformation
associated with faulting and fluid migration, and sediment waves built by turbulent
flows. Deformation features provide an initial morphology for sediment deposition
and, where extension is reduced or ceases, may be progressively transformed into
sediment waves. These results indicate that complex processes of continental-slope
evolution may follow the emplacement of MTDs.
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Chapter 12
Fluid Seepage in Relation to Seabed
Deformation on the Central Nile Deep-Sea Fan,
Part 1: Evidence from Sidescan Sonar Data

Alexandre Dano, Daniel Praeg, Sébastien Migeon, Jean-Marie Augustin,
Silvia Ceramicola, João Marcelo Ketzer, Adolpho Herbert Augustin,
Emmanuelle Ducassou, and Jean Mascle

Abstract The central Nile Deep-Sea Fan contains a broad area of seabed
destabilisation in association with fluid seepage: slope-parallel sediment
undulations are associated with multibeam high-backscatter patches (HBPs) related
to authigenic carbonates. During the 2011 APINIL campaign, a deep-towed
sidescan and profiling system (SAR) was used to acquire high-resolution data
along three transects across water depths of 1,700–2,650 m. Three seabed domains
are distinguished, all developed within stratified sediments overlying mass-transport
deposits (MTDs). Upslope of the undulations (<1,950 m), sidescan HBPs record
focused fluid seepage via seabed cracks. In the western area of undulations, sidescan
HBPs are distinct from intermediate-backscatter patches (IBPs) that extend up to
850 m parallel to the undulations, mainly along their downslope flanks; some
contain sub-circular HBPs up to 300 m wide, three associated with smaller (<10 m)
hydroacoustic gas flares. Focused fluid seeps are inferred to have shifted over time
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to form elongate carbonate pavements, preferentially along the footwalls of faults
beneath the undulations that provide pathways for fluid flow. In contrast, in the
eastern area of undulations, sidescan imagery reveal only slope-transverse furrows
formed by turbulent flows, interpreted to indicate that fossil carbonates sampled
during submersible operations have been exhumed by erosion.

Keywords Fluid seepage • Sediment deformation • Backscatter • Gas flares

12.1 Introduction

Slope instabilities may be associated with features of seabed seepage (Lastras
et al. 2004; Ramprasad et al. 2011), but it remains unclear whether fluid migration
and release over time is a cause or consequence of sediment deformation. The
Nile Deep-Sea Fan (NDSF) provides a useful study area, as investigations over
the last decade have shown it to contain a rich variety of features of sediment
destabilisation as well as of fluid migration and seepage (Loncke et al. 2004, 2009;
Garziglia et al. 2008). The central NDSF contains a broad area of slope-parallel
seabed undulations (Fig. 12.1), composed of stratified sediments overlying large
mass transport deposits (MTDs), interpreted to record downslope deformation in
association with fluid venting (Loncke et al. 2004; Bayon et al. 2009; Migeon
et al. 2014). The undulations contain internal shear planes consistent with creeping
and/or gliding of sediment blocks, while fluid seepage is recorded by patches
of high acoustic backscatter up to 400 m across corresponding to pockmarks
and/or low mounds (Loncke et al. 2004). Submersible observations show the high-
backscatter patches to coincide with authigenic carbonate pavements, and suggest
a model in which downslope sediment deformation above a decollement at the
top of the MTDs has created pathways for fluid seepage through the troughs of
the undulations, while apparently causing fossil carbonates to be exhumed along
their crests (Bayon et al. 2009). In contrast, submersible observations upslope
from the undulations suggest that carbonate pavements record ongoing seepage by
diffuse fluid flow through undeformed sediments overlying MTDs (Bayon et al.
2009).

New information on the central NDSF was acquired during the 2011 APINIL
campaign, using high-resolution swath/profiling systems. These data provide ev-
idence of a lateral change in character of the seabed undulations, interpreted to
record the interaction of gravity-driven deformation with downslope depositional
processes over time: younger structures recording ongoing deformation and fluid
venting in the west, give way eastwards to older deformation structures that are
being transformed into sediment waves (Migeon et al. 2014). Here we focus on
results from deep-towed sidescan swaths (Fig. 12.1), which provide the highest
resolution seabed imagery yet available from the central NDSF. We examine the
variation in seabed character across the area, with particular interest in the relation
of seabed seepage to sediment deformation.
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Fig. 12.1 Bathymetric map of the study area in the central NDSF. Red dots are multibeam
high-backscatter patches. White continuous lines display crests of seabed undulations. Blue lines
are small sediment pathways. The red square locates submersible investigations of carbonate
pavements (Bayon et al. 2009)

12.2 Methods

Sidescan sonar imagery and 2–5 kHz sub-bottom profiles were acquired using the
deep-towed SAR (Système Acoustique Remorqué) developed by Ifremer, towed
80–100 m above the seafloor at an average speed of 1 ms�1 and positioned using
a short-baseline acoustic system. The sidescan sonar insonified an 1,100 m wide
seabed swath with a spatial resolution of 0.25 m across-track and 1 m along-track,
here gridded to 1.5 m pixels. High frequencies (170/190 kHz) and low incidence an-
gles mean that penetration is minimal and backscatter intensity is mainly controlled
by seabed morphology and sediment type. The different data types, including water
column gas flares, were visualised using Sonarscope software (Ifremer).

12.3 Results

Subottom profiles across the central NDSF in water depths of 1,700–2,650 m
(Fig. 12.1) show that the entire area is underlain by MTDs overlain by stratified
sediments, both of which are thinner in depths <1,950 m (Figs. 12.2 and 12.3), here
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called the middle slope (cf. Bayon et al. 2009). Across the lower slope in depths
>1,950 m, the stratified sediments are deformed into seabed undulations that thicken
and change in character eastwards: in the west short, arcuate features correspond to
rotated fault blocks, while in the east longer, linear features are interpreted as older
deformation structures that are being progressively transformed into sediment waves
(Migeon et al. 2014).

Four types of seabed feature were identified: (1) erosional furrows, (2) sediment
cracks, (3) carbonate pavements and (4) hydroacoustic gas flares rising from seabed
into the water column.

12.3.1 Erosional Furrows

Seabed furrows consist of parallel lineaments 5–10 m wide and up to 800 m long,
oriented transverse to slope (Fig. 12.3b). They are only observed along the eastern
SAR transect (Fig. 12.1), from 2,150 to 2,500 m water depth, oriented N-NW. They
are located on the downslope flanks of the larger seabed undulations and on both
upstream and downstream flanks of the smaller ones. They are interpreted to record
erosion of the seabed by turbulent flows moving downslope, as part of the ongoing
sedimentary accretion of undulations in this part of the slope (see Migeon et al.
2014).

12.3.2 Sediment Cracks

Superficial sediment cracks are observed as radiating networks of lineaments of
high backscatter (Figs. 12.2a, b and 12.3a), up to 4 m wide and 250 m long. Cracks
were observed along the western SAR transect (Fig. 12.1) in two different settings,
on the middle and lower slope. On the middle slope, in water depths of 1,690–
1,970 m, they are associated with a blocky seabed morphology developed above an
acoustically unstratified unit, together indicative of a mass transport deposit buried
by thin stratified sediments (Fig. 12.2a). The radiating cracks could result from
compaction following the emplacement of cohesive MTDs; some are associated
with seabed carbonates (Fig. 12.2a, see below) and could have either guided upward
fluid migration or been created by fluid flows. On the lower slope, they are seen on
or near the crests of stratified sediment undulations that have undergone rotational
tilting (Figs. 12.2b and 12.3a). The cracks lie parallel to the crest undulations and
are inferred to be extensional structures related to fault block rotation.
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12.3.3 Carbonate Pavements

Carbonate pavements are inferred from sidescan backscatter anomalies of varying
intensity, here referred to as high and intermediate backscatter patches (HBPs and
IBPs; Figs. 12.2 and 12.3a). On sidescan imagery, HBPs are up to 300 m in diameter,
sub-circular to irregular in shape. They occur on the middle slope, on top of a blocky
mass flow, in association with seabed cracks (Fig. 12.2a). They also occur on the
lower slope, in the western area of seabed undulations, in association with more
extensive IBPs (Figs. 12.2b and 12.3a), which exhibit lower but variable backscatter
intensities and are elongate parallel to the seabed undulations, with widths up to
200 m and lengths up to 850 m. The IBPs and HBPs are preferentially located along
the downslope flanks of the seabed undulations (Figs. 12.2b and 12.3a), although
they can also extend across their troughs and crests. SAR 3.5 kHz profiles show
many downslope flanks to be underlain by an incoherent acoustic facies consistent
with the presence of gas (Figs. 12.2b and 12.3a). The HPBs and IBPs are interpreted
as carbonate pavements formed in response to upward seepage of gas-rich fluids,
as shown by submersible observations elsewhere in the central NDSF (Bayon
et al. 2009). They overlap with backscatter anomalies observed on lower frequency
multibeam data (Fig. 12.1) but are more extensive (see Praeg et al. 2014); however,
there are none along the lower part (water depths >1,950 m) of the eastern SAR
transect where no multibeam anomalies are observed (Fig. 12.1).

12.3.4 Hydroacoustic Flares

The SAR encountered gas flares in the water column at three sites, each near HBPs
observed on sidescan imagery. The flares are observed on data uncorrected for
slant-range, as vertical or slightly inclined features 3–10 m wide and up to 100 m
high, i.e. the depth of the SAR above the seabed (Fig. 12.4). At each site a pair
of flares was observed, c.60 m apart, recording separate bubble streams rising into
the water column. It was not possible to position the flares relative to the sidescan
swath, although they could be seen to lie to port or starboard of the SAR; in one
case flares are seen to pass from one side to the other, indicating near-range features.
Positioning of the flares using multibeam water column data (see Praeg et al. 2014)
confirms that the flares lie at the edges of sidescan HBPs and indicates that features
>250 m from the SAR are not observed.

12.4 Discussion

Analysis of sidescan sonar data across the central NDSF allows the identification
of three open-slope domains characterized by differing associations of sediment
deformation and fluid seepage: a middle slope (depths <1,950 m), and western and
eastern areas of seabed undulations on the lower slope (depths >1,950 m).
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Fig. 12.4 Identification of gas flares in the side-scan sonar water column data, in colour and
projected into vertical plane. The flares are 3–10 m wide and c. 60 m apart, inferred to lie within
250 m of the high-backscatter patch observed at seabed (the swath is 1,100 m wide on figure, 550 m
on each side). Inset: correlation of these gas flares to gas signatures (IAF) on 2–5 kHz sub-bottom
profile

12.4.1 Mid-slope Domain: Focused Fluid Flow
Through MTDs

The southern domain corresponds to the middle slope, in water depths of 1,700–
1,950 m, which is dominated by blocky MTDs 20–30 m thick on average, draped
by layered deposits up to 2 m thick (Fig. 12.2a). From sedimentation rates estimated
from cores in the area (Ducassou et al. 2009), the MTDs could be at least 10 kyrs
old. Isolated HBPs observed above the MTDs in association with seabed cracks
(Fig. 12.2a) indicate authigenic carbonate pavements formed from seepage of gas-
rich fluids, unlikely to have come from dewatering of the relatively thin MTDs
following their emplacement. Gas-rich fluids suggest focused fluid flow from depth,
which exploited pathways offered by the cracks. This is in contrast to results from
submersible observations on the slope to the east, in water depths of 1,650 m, where
seabed carbonate pavements above MTDs were shown to record downward growth
over the last 5 kyrs and suggested to record diffuse fluid flow (Bayon et al. 2009).
The broad carbonate pavements (including IBPs up to 1.4 km across) are more likely
to record growth over time by lateral displacement of sites of focused seepage, as
suggested by Dupré et al. (2010).
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12.4.2 Western Undulations: Fluid Flow Along Faults Rooted
in MTDs

The western domain of seabed undulations contains abundant backscatter patches
of high to intermediate intensity (Figs. 12.2 and 12.3a), indicative of carbonate
formation in response to the migration and seepage of gas-rich fluids (cf. Bayon
et al. 2009). The carbonate pavements are oriented sub-parallel to the seabed
undulations, which record gravity-driven deformation of the upper sediment cover,
in an area where the mean slope angle is 2.5ı (Migeon et al. 2014). As gas charging
is known to decrease sediment shear strength through time, which can contribute
to creeping and/or landsliding processes (Locat and Lee 2002), fluid circulation
is inferred to play a key role in the development of shallow instabilities on the
central NDSF. In turn, our results provide evidence that sediment deformation has
influenced fluid circulation.

Results from SAR sidescan imagery in the west of the study area indicate a
distinction between sub-circular HBPs up to 300 m across, several of which are
associated with smaller (<60 m) sites of gas venting, and broader areas of inter-
mediate backscatter (IBPs) that extend up to 850 m along the seabed undulations.
Backscatter patches of varying intensity have also been observed on 75 kHz sidescan
sonar imagery from the central NDSF, upslope of the seabed undulations, which
showed areas of variable (intermediate) backscatter up to 1,400 m across, within
which occur smaller HBPs, some with gas flares at their edges (Dupré et al. 2010).
The authors suggested that blocking of fluid flow by carbonate growth leads to
lateral displacement of sites of seepage and the formation over time of broad
carbonate sheets. Our results are consistent with this mechanism, which we apply
to explain variable backscatter intensities in terms of successive stages of carbonate
formation: IBPs correspond to fossil seepage sites, which may be covered by a thin
veneer of sediment, while HBPs correspond to exposed areas of carbonates, within
which backscatter may be enhanced both by micro-relief and by bioactivity related
to active gas seepage (Dupré et al. 2010).

The SAR imagery shows that, in the western part of the study area, the growth
over time of carbonate pavements is taking place along elongate zones, parallel
to the seabed undulations. The formation of carbonate pavements appears to be
favoured along the downslope facing flanks of the undulations, above faults assumed
to bound rotated sediment blocks (Fig. 12.3a; Migeon et al. 2014). We infer that
the faults act as fluid migration pathways, leading to preferential formation of
carbonates along their footwalls.

12.4.3 Eastern Undulations: Exhumation of Fossil Carbonates

In the eastern domain of seabed undulations, neither IBPs nor HBPs were observed
on sidescan imagery, consistent with the eastward decrease in density of HBPs
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observed on multibeam data (Fig. 12.1; Migeon et al. 2014). A reduced fluid flux
is supported by submersible observations in an area 2 km east of the SAR transect
(Fig. 12.1, red square), which found dissolved methane anomalies in the troughs
of some undulations but did not encounter gas bubbles (Bayon et al. 2009). The
same study showed carbonate pavements on the crest of one undulation to be
fossil features, dated at c. 8 kyrs, suggested to have been exhumed by deformation
associated with formation of the seabed undulations. Our results suggest instead
that these carbonates have been exposed by seabed erosion associated with the
formation of elongated furrows, recording downslope particle transport by gravity
flows (Fig. 12.3b). The predominance of sediment transport and deposition in the
eastern domain, and the reduced importance of fluid circulation and gas venting,
is consistent with an interpretation of the seabed undulations as older deformation
structures that are being transformed into sediment waves (Migeon et al. 2014).
Sedimentation could also contribute to the burial of seeps on the upslope flanks of
undulations, a further explanation for their limited observation.

12.5 Conclusions

Changes in seabed character across the central NDSF observed on sidescan sonar
imagery distinguish three main slope associations of sediment deformation and fluid
seepage. A mid-slope (<1,950 m) area contains evidence of focused fluid flow from
depth that has exploited seabed cracks developed above recent mass failure deposits.
On the lower slope (>1,950 m), a broad area of seabed undulations changes in
character from west to east. In the west, abundant evidence of seabed seepage
correlates with shallow faults recording ongoing sediment deformation, which are
inferred to have provided pathways for active seeps that have shifted over time
to form broad carbonate pavements elongate along the seabed undulations. In the
east, decreased evidence of seepage activity correlates with an increase in sediment
furrows recording erosion by turbulent flows, which is inferred to have exhumed
fossil carbonates sampled during submersible observations.
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Chapter 13
Fluid Seepage in Relation to Seabed
Deformation on the Central Nile Deep-Sea Fan,
Part 2: Evidence from Multibeam and Sidescan
Imagery
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Sébastien Migeon, Silvia Ceramicola, Alexandre Dano,
Emmanuelle Ducassou, Stéphanie Dupré, Jean Mascle,
and Luiz Frederico Rodrigues

Abstract On the central Nile deep-sea fan, stratified sediments overlying
mass-transport deposits (MTDs) are deformed into slope-parallel seabed undula-
tions associated with fluid seepage. The western part of this system, in water depths
of 1,950–2,250 m, is examined using multi-frequency data from hull-mounted and
deep-towed swath/profiling systems. Sub-bottom profiles show sub-vertical fluid
pipes that terminate both at and below seabed, and gas signatures along fault planes
bounding the undulations. Fluid seepage is recorded by high- to intermediate-
backscatter patches (HBPs, IBPs) that differ in appearance on multibeam
imagery (30 kHz, �3 m penetration) and sidescan swaths (170/190 kHz, <0.1 m
penetration). Comparison of the two suggests a distinction of (a) buried carbonates
(0.1–3 m), (b) broad near-seabed (<0.1 m) carbonate pavements elongate along the
undulations, (c) sub-circular areas of seabed seepage up to 300 m across. Four of the
latter have narrower gas flares at their edges rising 400–800 m above seabed. These
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results are consistent with an evolving system of narrow fluid conduits that support
the growth and burial of carbonate pavements, shifting over millennial timescales
along linear zones parallel to fault planes rooted in MTDs. Sediment deformation
above MTDs is inferred to provide pathways for fluid escape, but migration of
gas-rich fluids from depth is likely to have facilitated slope destabilisation.

Keywords Slope undulations • Fluid seeps • Backscatter • Carbonates • Pipes •
Faults

13.1 Introduction

Fluids play a key role in submarine slope stability (Sultan et al. 2004), but the rela-
tion of sediment failure to fluid migration and seepage remains poorly understood
(Locat and Lee 2002). Seabed seepage may occur in association with different types
of slope destabilisation (e.g. Lastras et al. 2004; Loncke et al. 2004; Paull et al.
2008), but it is unclear whether as consequence or cause. The central Nile Deep-
Sea Fan (NDSF) provides an interesting example: slope-parallel seabed undulations,
composed of stratified sediments up to 100 ms thick above mass-transport deposits
(MTDs), are interpreted to record gravity-driven deformation in association with
fluid seepage (Loncke et al. 2002, 2004; Bayon et al. 2009b; Migeon et al. 2014).
Sub-bottom profiles indicate internal structures consistent with creeping and/or
gliding, while fluid seepage is recorded by multibeam backscatter anomalies up
to 400 m across corresponding to depressions or low mounds (Loncke et al.
2002, 2004). Submersible observations show backscatter anomalies to correspond
to exposed carbonate pavements and suggest a model in which deformation of
sediment above a decollement at the top of the MTDs has created pathways for
fluid migration along the troughs of the undulations (Bayon et al. 2009b).

New high-resolution information was acquired across the central NDSF during
the 2011 APINIL campaign (Fig. 13.1), using hull-mounted and deep-towed
swath/profiling systems. The results provide evidence that whereas undulations
in the east correspond to deformation structures that are being progressively
transformed into sediment waves, in the west younger undulations record ongoing
deformation and fluid venting, above an MTD dated to c.73 ka (Migeon et al. 2014;
Dano et al. 2013). Here we focus on part of the western area (Fig. 13.1) where
coincident data were acquired using multibeam, sidescan and sub-bottom systems,
allowing a multi-frequency analysis of seabed features of fluid seepage in relation
to sub-bottom evidence of fluid migration through the deformation structures.

13.2 Methods

Multibeam data were acquired using a hull-mounted Simrad EM302 (27–33 kHz),
yielding DTMs with cell-sizes of 25 m (bathymetry) and 10 m (backscatter). Water
column data were acquired along selected swaths and processed using Fledermaus
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Fig. 13.1 Bathymetric map of central NDSF showing study area location. Black parallel lines
denote SAR sidescan transects. White continuous lines are the crests of seabed undulations;
red dots are multibeam high-backscatter patches. The red square locates an area of submersible
investigations of carbonate pavements (Bayon et al. 2009b)

Midwater. Sub-bottom profiles were acquired with a hull-mounted Chirp system
(1.8–5.3 kHz). Sidescan sonar imagery and 2–5 kHz profiles were acquired using
the deep-towed SAR (Système Acoustique Remorqué) developed by Ifremer, towed
80–100 m above seabed. The sidescan sonar (170/190 kHz) insonified a swath
up to 1,100 m wide with a theoretical resolution up to 25 cm across-track and
1 m along-track, here gridded to 1.5 m pixels. SAR water column data were
visualised using Sonarscope software (see Dano et al. 2013). In comparing seabed
imagery, penetration of marine muds by sonar systems decreases with frequency and
offset (Mitchell 1993), such that a deep-towed 170/190 kHz sidescan will penetrate
�10 cm, while a hull-mounted 30 kHz multibeam may penetrate up to 3 m (as
demonstrated by Migeon et al. 2010).
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13.3 Results

13.3.1 Faults and Fluid Indicators on Sub-bottom Profiles

Sub-bottom profiles across undulations in the study area show that stratified
sediments up to 70 ms thick, and the top of the underlying MTD, are both offset
by faults to form rotated sediment blocks (Fig. 13.2b); in places rollover anticlines
suggest listric faults (Fig. 13.2c). Most faults lie beneath the downslope faces of
undulations (Fig. 13.2; see also Fig. 2 in Dano et al. 2013), although a few dip
upslope (Fig. 13.2b).

The profiles also reveal two kinds of near-seabed amplitude anomaly within the
stratified sediments, incoherent acoustic facies (IAF) and pipes (Fig. 13.2). IAF
are diffuse zones of amplitude enhancement, typical of free gas on high-frequency
profiles; such an interpretation is supported by their coincidence with hydro-acoustic
flares in the water column at two sites, both above faults (Fig. 13.2a, b). Pipes
are common across the study area, as sub-vertical to inclined amplitude anomalies
up to 15 m wide, most not coincident with faults (Fig. 13.2b, c); some terminate
a few meters below seabed (Fig. 13.2c-inset), and not all of those that reach
seabed coincide with backscatter anomalies (cf. Fig. 13.3). These observations are
coherent with interpretations of pipes as products of past or ongoing fluid migration,
fracturing and cementation (Andresen 2012).

13.3.2 Seabed Backscatter Anomalies at Differing Frequencies

Multibeam and sidescan sonar imagery across the same area of seabed undulations
are shown in Fig. 13.3. The 10 m multibeam DTM shows many high-backscatter
patches (HBPs), sub-circular to elongate, up to 400 m across, with no obvious
pattern in their distribution or orientation. Smaller and/or intermediate-backscatter
patches are also observed, but are difficult to distinguish from noise (Fig. 13.3). The
larger HBPs are comparable to those previously observed on the central NDSF using
a 50 m DTM based on 12–30 kHz multibeam imagery (Loncke et al. 2004; Bayon
et al. 2009b). Comparison to the sidescan sonar swath shows the multibeam HBPs
to correspond to three possible signatures: (1) areas of ‘normal’ backscatter (i.e. no
anomalies); (2) patches of variable but intermediate backscatter (IBPs), elongate up
to 850 m along the seabed undulations (see Dano et al. 2013), many of which overlap
with the multibeam anomalies but are generally of greater extent; (3) sub-circular
high-backscatter patches (HBPs) up to 300 m wide that coincide with, or lie within,
the multibeam HBPs. Conversely, a comparison of the broad sidescan IBPs with
multibeam backscatter suggests that many have some expression as intermediate
multibeam amplitudes that are difficult to delineate.

These differences can be explained by differing penetration of the 30 kHz multi-
beam and 170/190 kHz sidescan sonar systems: multibeam backscatter integrates
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Fig. 13.2 Sub-bottom profiles across seabed undulations (locations in Fig. 13.3): (a) SAR 2–5
kHz profile showing incoherent acoustic facies (IAF), coincident with gas flares observed on
170/190 kHz sidescan data (in colour, water column swaths projected into vertical plane – see Dano
et al. 2013); (b) hull-mounted Chirp 1.8–3.5 kHz profile subparallel with above (see Fig. 13.3a,d)
showing fault-block rotations, sub-vertical fluid pipes and IAF; (c) hull-mounted Chirp profile
across an area lacking seabed backscatter anomalies, showing sub-vertical fluid pipes, two of which
do not reach seabed, and rollover anticlines consistent with listric faults

acoustic anomalies to depths of several meters, while the sidescan only sees features
within 0.1 m of seabed (at higher resolution). Thus we infer that some multibeam
HBPs are buried to depths of 0.1–3 m, whereas sidescan IBPs vs HPBs distinguish
different kinds of feature at or near seabed. Assuming backscatter anomalies to
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Fig. 13.3 Comparison of seabed imagery from multibeam and sidescan sonars (location in
Fig. 13.1): (a) EM302 multibeam backscatter (10 m DTM) showing high-backscatter patches
and the locations of four gas flares (F1-4); (b, c) comparison of multibeam backscatter anomalies
(left) with high- and intermediate-backscatter patches (HBPs, IPBs) seen on SAR sidescan imagery
(right); (d) comparison of multibeam and SAR backscatter anomalies as in (b)

be caused by authigenic carbonates, sidescan amplitudes may be enhanced by
bioactivity and micro-relief in areas of gas venting, and/or reduced by a thin
sediment veneer (cf. Dupré et al. 2010). In support of burial, patches of intermediate-
(variable) and high-backscatter have been observed on 75 kHz sidescan imagery
(penetration <1 m) on the central Nile fan upslope of the seabed undulations, and
submersible transects only encountered exposed carbonates, and bioactivity, across
the HBPs (Bayon et al. 2009b; Fig. 13.4). One question is why the elongate IPBs, if
within 0.1 m of seabed, are of greater extent than multibeam HBPs (Fig. 13.3)? This
could be explained if multibeam backscatter strength depends on the total thickness
of reflective material within the upper <3 m sub-seabed; then parts of large sidescan
IBPs could correspond to thin near-seabed sheets, within which occur smaller areas
of thicker material (e.g. carbonates).
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Fig. 13.4 Visualisation of water column gas flares on multibeam and sidescan imagery relative to
seabed HBPs: (a) location of flares F1-4 from multibeam water column data, c.100 m wide and
rising 400–800 m above seabed (locations also in Fig. 13.3a); (b, c) flare F1 at the edge of an HBP,
>250 m from the centre of the c.1,100 m wide SAR swath; (d, e) flare F2 at the edge of an HBP,
<250 m from the SAR water column profile which resolves two smaller flares �10 m wide and
c.60 m apart

13.3.3 Water Column Gas Flares

Multibeam water column data allow the identification and positioning of four hydro-
acoustic flares, rising 400–800 m above seabed to water depths of 1,400–1,800 m
(Figs. 13.3 and 13.4). The base of each flare is c.100 m wide and lies at the edge
of a multibeam HBP (Fig. 13.3); three lie within the SAR swath and are seen to
coincide with the edges of sidescan HBPs (Fig. 13.4). Two of the flares (<250 m
from the swath centre) were visualised on higher resolution sidescan water column
data (Fig. 13.2a), which shows each to correspond to a pair of narrower flares �10 m
wide and c.60 m apart (Fig. 13.4d, e; see Dano et al. 2013). Thus gas is rising from
multiple relatively small (�10 m) sites at the edges of larger backscatter anomalies
(corresponding to HPBs on both sidescan and multibeam imagery).
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13.4 Discussion

13.4.1 Growth and Burial of Carbonate Pavements

Backscatter anomalies on the central NDSF have been correlated to seabed expo-
sures of authigenic carbonates, formed in response to the upward flow of methane-
rich fluids (Bayon et al. 2009a, b). Our comparison of multibeam and sidescan
backscatter signatures suggests instead that multibeam HBPs indicate the presence
of carbonates within the upper few meters of sediment, not necessarily exposed at
seabed. Moreover, sidescan imagery indicate a near-seabed (<0.1 m) distinction
between sub-circular high-backscatter patches (HBPs), several associated with gas
flares at their edges, and larger intermediate-backscatter patches (IBPs) inferred to
correspond to elongate carbonate pavements resulting from past seepage (see Dano
et al. 2013). Interestingly, the sidescan IBPs overlap with but are of greater extent
than multibeam HBPs, which can be explained if the IBPs include relatively thin
near-seabed carbonate sheets. Water column data show gas is currently venting
from only a few sites at the edges of HPBs, via flares �10 m wide on sidescan
imagery, comparable to the widths of fluid pipes observed on sub-bottom profiles
(Fig. 13.2).

These results are consistent with changes in fluid seepage over time to drive
the growth of carbonate pavements and their progressive burial within near-seabed
sediments. As suggested by Dupré et al. (2010), blockage of upward flow by
carbonate growth provides a mechanism to laterally displace seepage sites and allow
the formation over time of broad sheets. Dating of carbonate crusts elsewhere on the
central NDSF indicates downward growth (Bayon et al. 2009a), and the diversion of
flow beneath carbonate pavements is one means to allow the lateral growth of thin
sheets. In addition, our observations of sub-vertical pipes, some of which do not
reach seabed (Fig. 13.2b), show that individual fluid conduits may be abandoned.
We infer an evolving system of sub-vertical conduits, feeding sites of seepage and
the lateral growth of broad carbonate sheets, both of which can cease to be active
and become progressively buried.

The timescales over which carbonates form and are buried may be estimated from
sedimentation rates. Two cores from the central NDSF near the study area indicate
rates of 2 cm/ka over the last 5 ka, 10–16 cm/ka from 5 to 15 ka and 2–11 cm/ka
from 15 to 70 ka (Ducassou et al. 2009). Thus carbonates observed with sidescan
imagery, assuming they are within 10 cm of seabed, must have formed during the
last 5 ka, while features within the upper 2–3 m of sediment may date back at least
to the last glacial maximum. This suggests changes in sites of seepage over millenial
timescales, to allow the growth of elongate carbonate pavements. This estimate is
consistent with a c.8 ka age obtained by U/Th dating of carbonate pavements on the
central Nile fan to the east (Fig. 13.1; Bayon et al. 2009a), in an area where buried
pavements are inferred to have been exposed by seabed erosion by turbulent flows
(Migeon et al. 2014; Dano et al. 2013).
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13.4.2 Fluid Migration Along Fault Planes

We infer that sites of fluid flow and seepage shift over relatively short (millenial)
timescales to allow the growth of carbonate pavements along linear zones parallel
to the seabed undulations. The formation of pavements appears to be favoured
along the downslope-facing flanks of the undulations (see Dano et al. 2013),
which correspond to fault planes bounding rotated sediment blocks (Fig. 13.2).
This suggests the faults are acting as preferential pathways for fluid migration
and influencing the localisation of fluid conduits. The distribution of pipes clearly
shows that fluid conduits are not restricted to the faults (Fig. 13.2), nonetheless the
observation of elongate carbonate pavements on sidescan imagery suggests that over
time fluid seepage shifts along zones parallel to the fault planes.

This finding concurs with the model of Bayon et al. (2009b), who suggested that
sediment deformation controls fluid escape on the central NDSF. However, their
model envisages fluid flow along a planar boundary at the top of the MTDs, serving
as a decollement for deformation driven by dewatering. In our study area, faults are
observed to offset the top of the MTD (Fig. 13.2), and so must extend downward
into it (see also Migeon et al. 2014; Dano et al. 2013). Given that fluid seepage
on the NDSF is not confined to the area of seabed undulations (e.g. Loncke et al.
2004), it seems unlikely that gas-rich fluids are derived only from the MTDs
and the <70 ms of sediment overlying them. We suggest that gas-rich fluids
are derived from greater depths, and pass through the MTDs to reach seabed,
exploiting pathways created by sediment deformation. If fluid migration pathways
are indeed a consequence of deformation, the question remains whether fluids are
contributing to the deformation? One hypothesis is that rising gas-rich fluids pass
through the MTDs to generate overpressures below the base of the overlying fine-
grained sediment cover, such that the upper part of the MTD acts as a decollement
to superficial failure (see Migeon et al. 2014). Another possibility is that the
MTDs instead act as barriers to fluid flow so that, following their emplacement,
gas accumulation at their base leads to overpressures that drive or enhance post-
failure deformation, ultimately impacting on the sediment cover to allow fluid
escape.

13.5 Conclusions

A multi-frequency comparison of seabed backscatter signatures on the central
Nile fan using multibeam and sidescan sonars indicates three types of anomaly
linked to fluid seepage: buried carbonates (0.1-3 m), elongate near-seabed (<0.1 m)
pavements produced by past fluid seepage and smaller areas of ongoing seabed
seepage. Sites of seepage through vertical conduits are inferred to have shifted
over timescales of millennia to build up broader carbonate sheets, preferentially
along linear zones above fault planes bounding rotated sediment blocks that root
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in underlying MTDs. Sediment deformation has thus provided pathways for fluid
escape to seabed above the MTDs, but upward fluid migration beneath the MTDs is
likely to have driven or enhanced sediment destabilisation.
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Chapter 14
Advances in Offshore Seismic Slope
Stability: A Case History

Omar Zanoli, Claudio Piatti, Lorenzo Zuccarino, and Eric J. Parker

Abstract This paper presents a case history showing how the integration of detailed
geophysical and geotechnical data and advanced numerical modeling can overcome
the limitations of conventional analysis in predicting seismic stability of deepwater
slopes. Submarine landslides represent one of the most critical geohazards for
offshore pipelines and deepwater hydrocarbon developments. This is particularly
true for seismically active regions where earthquakes are expected to be a triggering
mechanism. A typical issue encountered in these cases is the coexistence of
several detrimental aspects: poor geomechanical properties of shallow sediments;
presence of steep slopes; and/or severe seismic input. The combination of these
aspects often makes it difficult to match results of conventional pseudo-static slope
stability analysis with field observations. These methods are generally conservative
for deepwater conditions and are not able to reproduce observed past failures
modes. This case history is of a complex slope system in the Mediterranean Sea.
Morphologically the system presents a number of canyons and large-scale landslide
features, overlain by a limited number of shallow planar slides. Geochronological
testing constrained the large, deep slides to the distant past while confirming the
shallow slides as recent phenomena. The use of high quality sampling and advanced
laboratory tests provided the necessary input for dynamic nonlinear FEM analyses
using OpenSees software. Numerical results based on a set of real time histories
confirmed field observations and highlighted the possible formation of seismically
triggered shallow slides. The paper describes how geophysical data, accurate soil
sampling and advanced laboratory testing together with an advanced numerical
model can develop reliable slope stability assessments for projects in difficult
environmental conditions.
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14.1 Introduction

The combination of poor geomechanical properties, steep slopes and severe seismic
input often leads to discrepancies between the results obtained from conventional
pseudo-static slope stability methods and field observations (e.g. Biscontin and
Pestana 2006). These methods are generally conservative for deepwater conditions
and are not able to reproduce observed past failures modes. More advanced
approaches (e.g. numerical modeling) are thus necessary to provide more realistic
evaluations. This case study provides a description of an advanced slope stability
assessment approach for seismic active environments.

14.2 Geomorphological and Geotechnical Data

14.2.1 Site Investigations

The study is based on data from a Detailed Marine Survey (DMS) including both
geophysical and geotechnical/geological data.

Geophysical data comprise high-resolution, multi-beam bathymetry, sub-bottom
profiling (SBP) and side scan sonar (SSS) data collected from an AUV (Autonomous
Underwater Vehicle), 2D Ultra High Resolution (UHR) multi-channel seismic data,
hull-mounted Pinger (HMP) profiles and Mini Sleeve Gun (MSG) profiles.

The geotechnical campaign included an extensive in-situ testing (Piezocone
Penetration Test – PCPT) and sampling (Piston Gravity Core and Box Core)
program, followed by standard and advanced laboratory testing. Detailed geological
logging and dating (i.e., C14 radiocarbon and biostratigraphic analyses) were also
carried out on undisturbed samples.

14.2.2 Geomorphological Setting

The area of interest comprises a major submarine canyon (Fig. 14.1) in water
depths ranging from 250 to 1,250 m. The head of the canyon presents a steep-
sided upper section with gradients up to 35º. This zone is followed by a perched
mid-canyon section, with significantly lower gradients. Farther downslope, the
canyon becomes steeper again and enters a lower canyon section. The complex
can be described as a confined canyon system with intervening spurs. Slope failure
deposits within the complex are characterized by a chaotic mixture of materials.



14 Advances in Offshore Seismic Slope Stability: A Case History 155

Fig. 14.1 Shaded relief map of the head of the canyon with indication of recent translational
failures (left). CHIRP profile along section A-A0 with evidence of recent shallow translational
slide (right)

These deposits originated primarily as translational failures at the canyon heads and
flowed downslope, often as blocky runout, ending as debris flows interbedded with
stratified clays.

In terms of lithology, the slope is covered by very soft to soft, well-layered
hemipelagic clays of varying thicknesses. Sapropel horizons are frequently en-
countered within the shallow sediments. Soil sampling shows that underlying slope
failure deposits consist of very soft to stiff clays and sandy clays. No evidence of
gas hydrates was inferred from geophysical data in the area.

Three small translational failures manifested by seafloor scars are located near
the head of the main canyon (Fig. 14.1). These translational slides are a few meters
thick and appear to be the most recent failures in the upper slope. Dating of box
core samples collected in the evacuation zone of one of these slides suggests
they occurred in the last 800–1,000 years. Geochronologic testing indicates that
the age of the main canyon failures is much greater, between about 17,000 and
18,500 years BP.

14.2.3 Geotechnical and Geophysical Data Integration

In principle, geotechnical data from an individual location can be extended to the
nearby volume of soil only if the soil can be expected to be laterally continuous.
Lateral variability can be assessed using geophysical data.
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Fig. 14.2 Example of seismic and CPT data integration

The comparison between in-situ geotechnical and geophysical data was
qualitatively evaluated through the superimposition of cone tip resistance plots
on seismic sections. The correspondence between reflectors and peaks in cone tip
resistance or sudden changes in cone tip resistance can be of value. An example is
reported in Fig. 14.2. In this particular case no evident correlation between cone
resistance and seismic reflectors is present, but the seismic section shows high
lateral continuity of the sediments, confirming that the PCPT tests can be extended
to the surrounding soil.

14.2.4 Soil Sampling

Obtaining high quality geotechnical samples is always challenging for deepwater
projects. For this investigation a combination of box cores and long piston cores
was chosen as the best solution for the expected soil conditions. Specifically, the
Carma® Gravity Piston Corer technology (Magagnoli 2003) was used. This sampler
retrieves large diameter (100 mm) cores, up to 30 m long, in fine sediments. An
active piston allows for the reduction of compressive stress on the core top caused
by the barrel’s penetration, thus avoiding breakage of the core and liner implosion
upon recovery.

An assessment of sample quality was performed using the Lunne et al. (1997)
criteria, as shown in Fig. 14.3. This criteria is based on the evaluation of change in
pore volume relative to the initial pore volume (�e/e0). The pore volume change
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Fig. 14.3 Sample quality index following Lunne et al. (1997) for the recovered samples

(�e) was evaluated after reconsolidation to in-situ stress in triaxial, direct simple
shear (DSS) and oedometer tests. As shown in Fig. 14.3 most of the samples were
good to very good quality, thus indicating that advanced laboratory test results
would not to be unduly influenced by soil sampling.

14.2.5 Advanced Laboratory Testing

In addition to the standard geotechnical testing, a complete and detailed advanced
laboratory test program was performed. The scope of testing was:

1. evaluate the influence of anisotropic consolidation stress on soil strength due to
sloping ground condition;



158 O. Zanoli et al.

2. study the effect of cyclic loading on soil strength;
3. verify post-earthquake soil strength;
4. quantify soil stiffness degradation and damping increase during cycling loading.

Classification/consolidation test results indicate that the sampled soil is a slightly
overconsolidated low to medium plastic clay.

The advanced laboratory program comprised Anisotropic Consolidated
Undrained triaxial tests in Compression (CAUC) and Extension (CAUE), Direct
Simple Shear tests (DSS), Cyclic Direct Simple Shear (CSS), Bender Elements
tests (BE) and Resonant Column tests (RC).

All samples were anisotropically consolidated to the estimated in-situ effective
vertical and horizontal stresses. Specific triaxial tests were performed prior to the
main program to evaluate the coefficient of lateral pressure at rest (K0).

The effect of cyclic loading and average shear stress imposed by sloping
conditions on undrained shear strength was measured through CSS tests performed
under stress controlled conditions with cyclic frequency of 1 Hz. The cyclic strength
of soils, as defined by Andersen (2009), is given by the sum of average and cyclic
shear stresses at failure:

�cy;f D �a C �cy

For the tested soils, £cy,f was found to be 45 % greater than the static strength for
slope angles from 10ı to 20ı. This outcome is in line with literature results on clays
and is the result of:

1. loading rate effects (faster loading in cyclic test leads to higher strength than in
standard monotonic shear);

2. cyclic degradation effects (strength decreases as number of cycles increases);
3. anisotropic consolidation effects (£a).

Field experience shows that submerged slope failures are not usually triggered
by inertial force during the seismic event. Rather, failure occurs some time after
ground shaking stops due to soil structure weakening which is often related to pore
pressure increase (Biscontin and Pestana 2006). In order to quantify this aspect, CSS
tests were loaded for a specified number of cycles and then monotonically sheared
to failure. The purpose of the initial cyclic phase was to induce a permanent strain
(”p) in the specimen to simulate the effects of a seismic event. Once the cyclic phase
was terminated, samples were monotonically loaded to failure. The test results show
that the post cyclic undrained shear strength was about 85 % of the static undrained
strength.

Soil response to seismic loading is also strongly influenced by the shear modulus
decay (G/Gmax) and damping ratio (D). The shear modulus at small strain (Gmax)
was measured with bender element tests (BE) and Resonant Columns tests (RC).
The latter also gave G/Gmax and damping ratio for a shear strains <0.1 %. Shear
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Fig. 14.4 Shear modulus and damping curves versus shear strain as result of some of the advanced
laboratory tests (Resonant Column and strain-controlled CSS). Modulus reduction curve adopted
in the model at 12.5 m depth is shown as an example

modulus at higher strain levels (>0.1 %) were derived from hysteresis loops in strain
controlled CSS tests. Figure 14.4 shows laboratory results and reference curves
from the literature. There was fairly good correspondence between measured values
and results by Vucetic and Dobry (1991). Modulus degradation (G/Gmax) was more
severe for the tested samples than the published results; this is primarily attributed
to the very low confining stress levels used in testing.

14.3 Stability Analyses

Stability analyses were conducted for static (pre- and post-earthquake) and seismic
loading conditions, with both conventional and advanced approaches. Relevant
results described in this section are primarily focused on comparison between the
pseudo-static and advanced dynamic approaches.

The results presented refer to a specific section located in the northern flank of
the canyon. This section was considered the most critical along the scarp, because
it presents gradients exceeding 30ı and poor geomechanical properties. The upper
part of the section descends a steep slope, and seismic reflections from sub-bottom
profiles appear to be generally parallel and unbroken. The stratigraphy consists of a
thin superficial layer (0–0.5 m) of hemipelagic deposition that overlies a thick unit
of very soft to firm slightly sandy clay. At the base of the slope, a slope failure unit
designated as a Mass Transport Deposit (MTD) is observed. It is characterized by
chaotic internal reflectors and highly undulating, rough seabed. The MTD comprises
very soft to stiff clay and sandy clay.
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14.3.1 Conventional Approach

Slope stability was initially evaluated using some of the more common limit
equilibrium formulations, all of which are based on the method of slices. Soil was
modelled in terms of unit weight and undrained shear strength. Total unit weights
range from 16.0 kN/m3 (0–2 m depth) to 18.0 kN/m3 (2–13 m) and 19.0 kN/m3

(below 13 m). Measured undrained shear strength at the mudline is 5 kPa. The
strength increase with depth is of the order of 4.5 kPa/m in the first 3 m decreasing
to 3.0 kPa/m below. Hydrostatic pore pressure was assumed in the analysis. Static
analyses gave satisfactory safety factors (SF > 1.65). The least resistant slip surface
was found at a depth of approximately 40 m.

Pseudostatic analyses were performed considering peak ground acceleration
(PGA) values derived from a site-specific Probabilistic Seismic Hazard Assessment
(PSHA) study considering return periods of 100, 1,000 and 10,000 years. A seismic
coefficient of 0.5 was applied consistent with recommendations of EN 1998–5
(2004). The resulting factor of safety resulting from the pseudostatic analyses was
marginal (SF � 1) for 100 year return period and unsatisfactory (SF < 1) for both
1,000 and 10,000 year return periods. The critical slip surface was found to be
approximately 60 m below the mudline.

This location for the critical surface contradicts field evidence. In fact, relatively
superficial, probably seismically triggered, slides have been recognized rather than
deep-seated failures. Furthermore, the age of the surficial slide is of the order of
1,000 years, significantly older that would be implied by the critical 100 year return
period.

Post-earthquake stability assessment was performed using the aforementioned
reduced undrained shear strength. Safety factors greater than 1.4 were assessed,
indicating low susceptibility to post-earthquake failure.

14.3.2 Dynamic Approach

As an alternative to the pseudostatic approach, the slope response to earthquake
loading was evaluated using a 2D dynamic finite element model. The model was
implemented using the OpenSees finite element framework (PEER 2010). The soil
domain was represented using a PressureIndependMultiYield material model. This
is a general constitutive model in which the soil is represented as a nonlinear
hysteretic material (Parra 1996; Yang 2000; Yang et al. 2003) with a Von Mises
multi-surface (Iwan 1967; Mróz 1967) kinematic plasticity model. Plasticity is
exhibited only in the deviatoric stress-strain response. The volumetric stress-strain
response is linear-elastic and is independent of the deviatoric response. Plasticity is
formulated based on the multi-surface (nested surfaces) concept, with an associative
flow rule, according to Prevost (1977). The nonlinear shear stress strain backbone
curve is represented by the Kondner hyperbolic model (Kondner 1963). The model
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utilized a 9-node quadrilateral plane-strain element. This element is implemented
for simulating dynamic response of solid-fluid fully coupled material, based on
Biot’s theory of porous medium.

The base of the model is a non-reflecting boundary modelled as a Lysmer-
Kuhlemeyer (1969) dashpot. This approach simulates an infinite elastic half space,
allowing some of the energy imparted by the event to radiate out of the model.
To ensure that free-field conditions exist at the vertical boundaries of the model, a
significantly more massive column of soil elements was simulated along the two
vertical boundaries of the model. When the horizontal excitation is applied to the
model, the reaction of these massive columns is equivalent to the free-field response.

The model size was chosen to be sufficiently large to incorporate the steepest
portion of the slope and sufficiently deep to reach an average shear wave velocity
greater than 300 m/s at the base of the model where input time histories were
applied. The final model was 116 to 38 m high and 600 m long. The mesh consisted
of 2,380 elements. The maximum size of any element was limited to one-fifth
(Kramer 1996) of the shortest wavelength represented in the analysis. The mesh
was dimensioned to pass a maximum frequency of 10 Hz.

A suite of seven real earthquake time histories was considered for the dynamic
analyses. These accelerograms were recorded on stiff soil conditions, and chosen to
match the characteristic magnitude/distance from the deaggregation results from the
PSHA. The time histories were scaled to the PGA associated with the three return
periods considered (100 year, 1,000 year and 10,000 year).

The dynamic FE model showed that the slope would be stable under the 100 year
return period event, but that it would experience some distress for the 1,000 and
10,000 year return period ground motion. For the stronger ground motion a sliding
surface develops at a depth of about 7 m (Fig. 14.5). The failed zone is of the
order of 100 m long, and the length does not significantly increase for the larger
earthquake. The soil in the failure zone develops significant shear strain, �10 %
for the 1,000 year event increasing to 20 % for the 10,000 year earthquake. The
interpretation of the results is that at these strain levels failure is expected. The FE
results reproduced both the physical size and estimated return periods of the slides
observed in the field. Calculated displacements shall be read in terms of qualitative
trends rather than quantitative values because strongly dependant on constitutive
model assumptions.

14.4 Conclusions

The results obtained from a detailed survey comprising both geophysical and
geotechnical data were used to develop an advanced geotechnical FE model using
OpenSees. The required input data were gathered from an extensive advanced
laboratory program which was used to define soil behavior under cyclic loading.
Conventional pseudo-static analysis and advanced numerical modeling were per-
formed for seismic slope stability assessment and then compared.
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Fig. 14.5 Results of the dynamic FE model for 10,000 year return period. The graph on the left
shows the horizontal final displacement profile below Point A (see location in left top) for the seven
considered time histories. Bottom right picture shows the final horizontal displacement field (blue
associated with lowest displacement, dark red with highest displacement)

The results of the 2D FE analysis are in good agreement with field observations.
Based on the FEM, slopes are considered stable for short return period events
(100 year), and in fact, extensive recent run-out sliding is not evident. Moderate
to long return period events are expected to cause small (100’s of meter size) and
shallow slides, such as the three features in the upper canyon. The analysis did not
predict massive deep sliding, and in fact no such slides are observed after the major
sea level rise that started about 18,000 year BP and triggered worldwide submarine
failures (e.g., Tappin 2010; Ducassou et al. 2009).

The FE results also highlight the degree of conservatism in the pseudo-static
analysis. The simplified analysis suggested that the stability of the considered slope
was marginal for 100 year, while deep failure was predicted for the 1,000 and
10,000 year earthquakes. FE analysis and field observations show the situation is
much less severe.
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Chapter 15
Size-Frequency Relationship of Submarine
Landslides at Convergent Plate Margins:
Implications for Hazard and Risk Assessment

Jan H. Behrmann, David Völker, Jacob Geersen, Rieka Harders,
and Wilhelm Weinrebe

Abstract We use complete inventories of submarine landslides from the Middle
America (MA) and the Central Chile (CC) trench and forearc systems to analyze
the size-frequency relationship of such structures on active continental slopes. The
MA forearc is characterized by subduction erosion, and the CC forearc has had an
accretionary tectonic history since the Late Neogene. Both are end-member types
of convergent margins around the world. Both margin segments have been mapped
by high-resolution swath bathymetry at strike lengths of about 1,300 km (MA) and
1,000 km (CC). The Middle America forearc has 143 discernible slides with sizes
ranging from 0.38 to 1,426 km2. Offshore Central Chile, the 62 mapped slides are
0.9–1,285 km2 in size. Slide localization is markedly different at both margin types.
While they also vary strongly along strike of the individual margin, depending on
forearc slope gradient, kinematic coupling between plates, or topographic structure
of the downgoing plate, the size-frequency relationships are remarkably similar.
This allows quantification of the incidence of a submarine slide of given size per
margin segment. The relationships hold for slide sizes from 10 to 1,000 km2, with
the cut-off defined by slide size (smaller slides) and sample size (larger slides).
As slide traces of 100–300 km2 size are obliterated by tectonic deformation after
about 200,000 years, recurrence rates for slides of a given size can be estimated.
This offers a chance to assess hazard and risk resulting from such events. It is
suggested that it takes 20 to 200 plate boundary earthquakes to set off a medium-
sized (>10 km2) or larger slump or slide.
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15.1 Introduction

Submarine slides scar the continental slopes worldwide (e.g. Summerhayes et al.
1979). While such mass wasting structures of all sizes have been well documented
for many passive continental margins (e.g. Lee 2008; Tripsanas et al. 2004), the
exploration of active continental margins for such structures has proved difficult,
mainly for two reasons. First, the forearc relief is to a large extent shaped by
tectonic deformation, and by a variety of surface processes that work against
accumulation of unstable sedimentary piles over long stretches of time. Deformation
creates hummocky terrain, characterized by fold structures and thrust ridges. Also,
vigorous oversteepening by subduction erosion, and rapid sediment loading on the
continental shelf edges and upper slopes tend to define an environment of downslope
transport in erosional gullies and/or submarine canyons. The second reason is that
large, coherent bathymetric surveys of active continental margins have only recently
become available. In this paper, we present and discuss the results of two large-
scale surveys of submarine slumps and slides along the Middle America (MA)
and Central Chile (CC) forearcs, derived from high-resolution bathymetric mapping
(Harders et al. 2011; Völker et al. 2012). The strike lengths of the surveyed areas are
1,300 km (MA) and 1,000 km (CC), respectively. The forearc areas are completely
covered. This allows quantitative assessment of numbers and sizes of structures,
and can answer the question whether there is a size-frequency relationship for the
slumps and slides, akin to that established for earthquakes (e.g. Rundle 1989). With
the data available we also discuss the question how long it takes forearc deformation
processes to obliterate the traces of a slide of given size. This way it becomes
possible in principle to make estimates about recurrence times of slumping and
sliding on a margin of a given strike length.

15.2 Tectonic Setting of the MA and CC Convergent Margins

The evolution of the MA forearc between the Panama-Costa Rica border and the
Guatemala-Mexico border (between 8ı N and 14ı N) has been dominated by
subduction erosion at least since the Neogene (e.g. von Huene et al. 2000). The
Cocos Plate is subducted beneath the Caribbean Plate at a rate of 85 mm/a (DeMets
2001) in a direction slightly oblique to the NW-SE striking margin since the Late
Oligocene/Early Miocene (Kimura et al. 1997). The most obvious feature (see e.g.
Harders et al. 2011) is a well-defined and narrow deep-sea trench. The geomorphic
expression of the downgoing Cocos Plate is strongly variable along strike, reflecting
different processes of plate construction and alteration (e.g. Werner et al. 1999;
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Barckhausen et al. 2001). Forearc morphology and the width of the shelf vary
greatly along the margin, paralleling the changes in crustal structure and relief
of the downgoing plate (e.g. Harders et al. 2012). There is rugged topography
landward of the Cocos Ridge and the oceanic plate segment with numerous
seamounts immediately to the NW. Offshore Nicoya Peninsula and Nicaragua the
more subdued relief of the downgoing oceanic plate faces a continental margin with
a less irregular morphology and a well developed canyon system on the middle
and upper slopes. Offshore Central Chile the N-S striking forearc between 32ı S
and 42ı S has recorded an important episode of frontal accretion at least since
the Late Neogene, after a long history of subduction erosion (e.g. Kukowski and
Oncken 2006). The present subduction rate of the Nazca Plate is around 66 mm/a,
slightly dextrally oblique with an azimuth of about 80ı (Angermann et al. 1999).
The age of the subducting Nazca Plate increases northward from the Chile Triple
Junction (e.g. Behrmann et al. 1994) to about 35 Ma around 32ı S, where the Juan
Fernandez Ridge, a shallow ENE-WSW trending rise with a series of seamount
groups, enters the marine forearc (Tebbens and Cande 1997). Where it approaches
the Chile Trench the elevated rise forms a barrier for trench parallel sediment
transport from the south. In the area between 32ı S and 42ı S the Chile trench
is filled with about 1.5–2 km of sediment (Völker et al. 2006), and submarine
canyons operate as major sediment pathways. The tectonic processes that constrain
the morphology and structure of the overriding South American Plate vary strongly
from north to south, and also show distinct across-slope segmentation (Geersen
et al. 2011a). From the trench to about 2,500 m water depth, the CC forearc is an
active accretionary prism, dominated by a sequence of landward dipping thrust sheet
packages (Bangs and Cande 1997; Geersen et al. 2011a). Further landward there is
a Mesozoic paleo-accretionary prism with much smoother bathymetric expression,
mainly due to a cover of 0.5–2 km of slope and shelf sediments, followed by
continental metamorphic basement (e.g. Bangs and Cande 1997; Contreras-Reyes
et al. 2010) closer to the coastline. Active faulting in the latter domains is restricted,
including out-of-sequence thrusting, but also normal faulting in response to forearc
uplift and collapse (Geersen et al. 2011a).

15.3 MA and CC Slumps and Slides: Observations and Data

Altogether 143 submarine mass wasting structures along the Central America
forearc were detected and mapped by Harders et al. (2011). Sizes and coordinates of
the structures are given in Table 15.1. The largest one is the Nicoya Slump offshore
Nicoya Peninsula (Fig. 15.1a). It covers a total area of 1,425 km2, and is one the
most extensive areas of submarine mass wasting on any active margin on Earth. It
affects the whole forearc down to the plate boundary (von Huene et al. 2004).

Other spectacular very large rotational slumps (see e.g. Mulder and Cochonat
1996 for issues of nomenclature) are the Jaco and Parrita structures (Fig. 15.1a, b),
each about 120 km2 in size. Both are retrogressive, cohesive failures of the whole
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Fig. 15.1 Bathymetric maps showing examples of slumps and slides of the MA (a, b) and CC
(c, d) forearcs. (a). The MA margin offshore the Nicoya and Osa peninsulas (b) oblique view
from SSW showing the Jaco and Parrita structures. Bathymetric image with superimposed sidescan
sonar image (after Harders et al. 2011) (c) Reloca slide (Völker et al. 2009). Oblique view from
WNW. Note burial of the axial channel of the Chile trench by slide products. (d) Valdes Slide
(Anasetti et al. 2010), located on the landward side of an active thrust ridge. Oblique view from SE

continental slope that developed behind subducting seamounts (Harders et al. 2011).
Given the plate convergence rate (85 mm/a) and the downslope preserved length
of the Jaco slump structure (about 18 km; Fig. 15.1b) it can be inferred that it
takes about 200,000 years for such a slump to be obliterated by deformation and
depositional processes in the forearc. While the very large slumps are rotational, a
large number of the medium-sized to large (10–100 km2) and small (<10 km2) mass
wasting structures have translational geometries. These are not related to mechanical
obstacles ploughing into the overriding plate, but are caused by extensive failure of
oversteepened forearc slope. The slope and strata-parallel attitude of translational
slides suggests preconditioning by weak layers (Harders et al. 2010).

The regional overview picture for MA forearc slumps and slides is as follows
(Fig. 15.2a). Offshore Guatemala, between 93ı W and 90ı W numbers of slides vary
between 10 and 19 per degree western longitude, and sizes are small to intermediate,
with averages around 20 km2. Here, relatively smooth oceanic crust of the Cocos
Plate is subducted (Fig. 15.2a), failures mostly occur where the slope is undercut
and steepened by active normal faulting. The segment between 90ı W and 88ı W
(the El Salvador Segment of Harders et al. 2011) has numerous (10–20 per degree
longitude) small slides with average sizes of 3.48 km2 and 7.25 km2, respectively.



15 Size-Frequency Relationship of Submarine Landslides at Convergent Plate. . . 171

Fig. 15.2 (a) slide frequency (grey histogram) and average size along the MA forearc between
83ı W (Costa Rica) and 93ı W (Guatemala). (b) cumulative slide area plotted against southern
latitude for the CC forearc

These mainly result from sidewall collapse of erosional gullies on the upper slope.
East of 88ı W slides are more numerous again and average size is medium-sized to
large (18.93–34.18 km2), mainly owing to the subduction of numerous seamounts
and ridges. The single maximum in average size (112.92 km2) is clearly due to the
Nicoya Slump (see Fig. 15.2a).

On the CC forearc three groups of mass wasting structures were identified by
Völker et al. (2012) in their survey of 62 slumps and slides between 32ı and 42ı S,
mainly on grounds of their geographical and tectonic setting along the margin. The
database can be found as an electronic supplement to Völker et al. (2012). The three
groups differ in size to some extent, and have distinct failure geometries. The first
group comprises relatively small translational slides related to canyon wall collapse.
This phenomenon is widespread north of 37ı S, where 40–60 % of the canyon walls
have collapsed. Canyons south of 37ı S show few canyon wall collapses and related
translational slides (<10 % of affected canyon walls). This variability, as discussed
by Völker et al. (2012), may be explained either by (1) absence or presence of weak
sediment layers (e.g. volcanic ashes), (2) differences in the activity and geometry of
the canyon systems due to tectonic deformation (bends undercutting canyon walls
controlled by active thrust ridges), or (3) latitudinal shifts in sediment composition
and deposition rate. The second group are collapses of steep parts of the lower
continental slope. Six slides with sizes between 15 and 217 km2 are preserved in
water depths between 2,100 and 5,000 m, and two smaller slides lie on the flanks
of sediment thrust ridges at the deformation front of the subduction zone (Völker
et al. 2012). In this category, the Reloca Slide (Fig. 15.1c) is the most noticeable
because of its size and volume (Völker et al. 2009), and because the displaced
rocks are preserved as prominent features in the Chile Trench. The lower continental
slope is steep (20–30ı). The slide has an arcuate headscarp at about 2,900–3,000 m
water depth, and a steep and straight slide ramp of 2,000 m elevation. Three major
displaced blocks rise some 100 m above the trench floor, and are surrounded by
about 25 smaller blocks (Fig. 15.1c). The debris field has a run-out distance of 18 km
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and partly buries the axial channel of the Chile Trench, attesting to a Holocene
age of the slide. The third group are supergiant failures of the whole continental
slope (Geersen et al. 2011b). Offshore Arauco Peninsula. Three very large slope
indentations with areas of 1,285, 924 and 1,145 km2, shape the continental slope
down from to shelf edge to the abyssal plain, and slide products change the seismic
reflection pattern of the sedimentary trench fill (Geersen et al. 2011b). The failure
structures are evident as elongate embayments with steep, up to 500 m high lateral
and headwalls and chaotic seafloor morphology in the centers. The morphological
differences between failed and unfailed slope suggests that 300–500 km3 per slide
have been involved in each failure. The regional overview of slump and slide areas
(Fig. 15.2b) shows that the margin segment between 33ı S and 37ı is affected by
intense mass wasting (125–477 km2 per degree southern latitude). The very large
figures between 37ı S and 39ı S relate to the three giant slides mentioned above.
Further south, slumping and sliding is insignificant. In contrast to the MA forearc,
where localization of mass wasting structures is mainly related to the structure of
the downgoing plate (Harders et al. 2012) slide localization on the CC forearc is
constrained by the action of intense frontal and mid-slope deformation between
33ı S and 37ı S in a region of high kinematic and frictional coupling between the
converging plates (see Geersen et al. 2011a). Apart from Reloca Slide, a spectacular
illustration of this fact is provided by the translational Valdes Slide (Fig. 15.1d; see
also Anasetti et al. 2010), located on the eastern flank of an active thrust ridge,
and moving material landward. Material underplating and resulting uplift caused
wholesale slope collapse on the overriding plate between 37ı S and 39ı S, a situation
unique to the CC forearc.

15.4 Size-Frequency Relationships

The database of Völker et al. (2012) for the CC forearc and that in Table 15.1
for the MA forearc can be used to investigate size-frequency relationships of the
slumps and slides. The logarithmic plots in Fig. 15.3 show that both margins have
very few supergiant structures (area >1,000 km2), and the normalized incidence
is less than one per 1,000 km of margin for the MA forearc, and two for the CC
forearc. Numbers of very large (area >100 km2) structures are almost similar, and
constrain an incidence of about four per 1,000 km of margin. Small, and medium-
sized to large (10–100 km2) slides are almost twice as frequent on the MA forearc
if compared with the CC forearc. Incidences are about 40 % higher (Fig. 15.3b),
probably reflecting the more irregular topography of the downgoing plate. For the
MA forearc this means that a slide at least of small (i.e. >3 km2) size occurs every
12 km along the strike of the margin. For the Chile forearc this number is about
20 km. Only few very small slides have been identified in both studies (Harders et al.
2011; Völker et al. 2012). This may be because structures of less than 3 km2 are in
danger of being overlooked even in high-resolution bathymetric surveys, despite of
a <100 � 100 m footprint of modern multibeam echosounders. Likely causes are
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Fig. 15.3 Logarithmic plots showing frequency-size relationships. (a) area vs. number, (b) area
vs. slide incidence per km of margin

low headwall and sidewall heights, relief deterioration by small-scale downslope
mass transport, and the generally low modification small slides impose on overall
forearc topography.

15.5 Discussion and Conclusion

Figure 15.3 shows a very rough power law relationship between sizes and fre-
quencies of submarine mass wasting structures in the two data sets, at least for
the size interval between 10 and 1,000 km2. Fully quantitative evaluation akin
to that relating to instrumental seismicity (e.g. Rundle 1989) should be treated
with caution at this stage, because of the relatively small data set from a limited
sample of margins. From the incidence data (Fig. 15.3b) it is apparent, however,
that very large to supergiant slides (>100 km2) occur every 250 km along strike of a
convergent margin (incidence is 0.004 per 1,000 km). If we suppose that the traces
of structures of very large or greater size can become obliterated after approximately
200,000 years, like in the example of Jaco Scar (Fig. 15.1b; slide # 840, 115 km2

in Table 15.1), then one mass movement event of this size would have to occur
along 1,000 km of margin within this time frame. A similar recurrence interval is
also suggested by the age estimates for the CC margin giant and supergiant slides,
which occurred roughly every 200,000 years over the last 0.6 Ma (Geersen et al.
2011b). This interpretation is contingent on the assumption that submarine mass
wasting is a steady surface process at convergent margins. Coulomb wedge theory
(e.g. Davis et al. 1983), which predicts that forearc wedges of critical slope angle are
on the verge of failure throughout, including the possibility of slope destabilization,
supports this assumption. Slides down to medium size (>10 km2) have an average
incidence roughly ten times higher (0.042; Fig. 15.3b). Thus, the recurrence interval
of medium-sized or larger slides could be around 20,000 years. This means that
major slumps and slides are rare events at convergent margins, although they can
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be enormous in size and very hazardous. Any systematic causal relationship with
plate boundary earthquakes, however, would be at best tentative. Given the length
of interseismic cycles (100–1,000 years) for individual seismotectonic segments of
active plate boundaries, only one out of 20–200 plate boundary earthquakes may set
off a medium-sized or larger slide. This highlights the fact that the tsunami hazard
and risk at convergent margins is mainly constrained by seismic events, and only to
a second degree by earthquake-related slope instability.

Acknowledgements We are grateful for the reviews of this manuscript by Yuzuru Yamamoto and
Achim Kopf, which helped to improve the original manuscript.
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Chapter 16
A Numerical Investigation of Sediment
Destructuring as a Potential Globally
Widespread Trigger for Large Submarine
Landslides on Low Gradients

Morelia Urlaub, Peter Talling, and Antonis Zervos

Abstract Submarine landslides on open continental slopes can be far larger than
any slope failure on land and occur in locations worldwide on gradients of <2ı.
Significantly elevated pore pressure is necessary to overcome the sediment’s shear-
ing resistance on such remarkably low gradients, but the processes causing such
overpressure generation are contentious, especially in areas with slow sedimentation
rates. Here we propose that the progressive loss of interparticle bonding and fabric
could cause such high excess pore pressure. Slow sedimentation may favour the
formation of a structural framework in the sediment that is load-bearing until yield
stress is reached. The bonds then break down, causing an abrupt porosity decrease
and consequently overpressure as pore fluid cannot escape sufficiently rapidly. To
test this hypothesis, we implement such a loss of structure into a 2D fully coupled
stress-fluid flow Finite Element model of a submerged low angle slope, and simulate
consolidation due to slow sedimentation. The results suggest that destructuring
could indeed be a critical process for submarine slope stability.
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16.1 Introduction

Submarine landslides are one of the main processes for moving sediment in the
ocean, and in some cases there is strong evidence that they have generated far trav-
elled tsunamis (Masson et al. 2006). Submarine landslides can contain >1,000 km3

of sediment and be two orders of magnitude larger than the biggest terrestrial
slides. The largest of these landslides occur on open continental slopes at passive
margins, and as the tsunamigenic potential of a submarine landslide scales up with
the volume of displaced material, these landslides are of specific socioeconomic
interest. In order to enable a thorough evaluation of the geohazard of a particular
region, as well as for potential mitigation efforts, there is a need to understand what
causes these large landslides. However, the inability to observe submarine landslides
directly makes them more difficult to analyse than many other geohazards. Our
understanding of what causes these landslides is limited to hypotheses that are
difficult to test rigorously and involve large uncertainties.

The largest open continental slope landslides tend to occur on extremely
shallow slope angles of 2ı or less. They also have similar headwall heights of
about 100–250 m (Hühnerbach et al. 2004; Twichell et al. 2009), and occur as
translational slab slides along bedding parallel glide planes (Masson et al. 2006).
The morphological similarity among these large landslides, albeit being located in
very different depositional environments, is striking and suggests a common trigger
mechanism.

Mechanically, failure of such shallow slopes can only be explained by pore pres-
sures that greatly exceed hydrostatic pressures, and thereby decrease the sediment’s
shearing resistance. However, the potential excess hydrostatic pressure sources that
are discussed in the literature are often not capable of explaining the observed
landslides. The dissociation of gas hydrates for example may act at the upper end
of the gas hydrate stability zone (<600 m water depth). However, headwall depths
of landslides at low gradient slopes cluster at 1,800–2,500 m water depth, and some
headwalls occur down to 3,600 m water depth (Hühnerbach et al. 2004; Twichell
et al. 2009). Gas hydrates are stable at these deeper water depths, suggesting that
at least some large landslides are not triggered by hydrate dissociation. In the Gulf
of Mexico high excess pore pressures (up to 70 % of the vertical effective stress
in hydrostatic conditions) could be attributed to the rapid burial of low permeable
sediment at deposition rates >30 m/ky (Dugan and Flemings 2000; Flemings et al.
2008). It is, however, difficult to generate such high overpressures, or to drive fluid
laterally, in areas of slow sedimentation (<1 m/ky) such as north-west Africa, south-
east Australia, or parts of the US east coast (Urlaub et al. 2012). Di Prisco et al.
(1995) showed that even minor earthquakes can potentially cause failure of shallow
(<20 m) submerged slopes, although some recent very large earthquakes have
caused few submarine slope failures (Sumner et al. 2013). Nevertheless, deep-seated
failures require significantly stronger ground acceleration due to higher effective
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stresses at large sediment depths (Di Prisco et al. 1995). It is therefore more likely
that the excess pore pressure provided by an earthquake acts as a final trigger on a
slope that already is in an overpressured state. But what other general mechanism
that is independent of burial rates, and that could be global rather than local, could
cause excess pore pressure at depths corresponding to those of failure planes of large
volume landslides?

16.1.1 Destructuring of Cemented Hemipelagic Clay
as a Source of Overpressure

Sediment cores from passive continental slopes often contain hemipelagic clay
intervals with 70–85 % calcium carbonate content. Visual observations, for example
from the north-west African continental slope, show that the calcareous hemipelagic
clay is often very stiff and has a comparatively high porosity at 5–6 m below
seafloor (Masson, personal communication). This same stiff clay layer is remarkably
uniform over hundreds of kilometres and a large range of water depths, and it is
conceivable that those layers could form regionally extensive failure planes.

The stiffness of hemipelagic sediment is likely a result of early cementation
that takes place during deposition and before the skeleton has the opportunity
to readjust to the new, leaving a particularly open structure and high porosity.
Post-depositional processes such as bioturbation, interaction of organic matter,
electrostatic bonding or creep may also contribute to the formation and preservation
of such an open structure (Locat et al. 2003). There is, however, a critical depth at
which the vertical stress would be equal to the resistance of the bonding strength
generated by cementation (Skempton and Northey 1952). If loaded further the
bonds are liable to break leading to a progressive degradation of the open structure
(‘destructuring’). This comparatively rapid collapse of pore space, along with
corresponding reduction in permeability causes overpressure as the excess pore fluid
cannot dissipate.

The structural resistance provided by the cement is highly variable and depends
strongly on the physical and chemical conditions applied during its formation, as
well as the sediment’s composition (Locat et al. 2003). In laboratory measurements
the onset of structure degradation often occurs for overburden of �100–500 kPa
(e.g. Liu and Carter 1999; Tanaka and Locat 1999). This pressure range equals
depths of �20–100 m below seafloor (using a submerged unit of weight of 5 kN/m3),
which corresponds to the depths of failure planes for large volume landslides.
Destructuring is stress-controlled, and thus independent of sedimentation rates.
Considering that structure is a general property of marine clays, excess pore pressure
generation as a result of destructuring could therefore be a rather general process,
hence explaining the global distribution of major landslides.



180 M. Urlaub et al.

16.1.2 Aims and Approach

In this paper we explore whether the progressive loss of structure during burial
and shearing could cause sufficient excess pore pressure to cause failure of a low
gradient continental slope. This contribution is novel because previous submarine
slope stability analyses have not addressed destructuring effects.

We use a Finite Element model to simulate consolidation and burial of a
cemented hemipelagic clay layer in a typical continental slope with a gradient of 2ı.
Consolidation occurs as a result of self weight and a continuous, spatially varying
load. The cemented hemipelagic layer is initially stiff and load-bearing, but as it
reaches critical pressures gradually looses its strength and stiffness.

16.2 Methodology

The Finite Element model uses fully coupled transient 2D plane strain pore fluid
diffusion and stress analysis. The fluid is governed by Darcy’s law while the
mechanical part is based on the effective stress principle. The sediment is assumed
homogeneous and fully saturated with a single incompressible pore fluid (sea water).

16.2.1 Material Model

The modelled material represents fine grained hemipelagic sediments. The elasto-
plastic, isotropic hardening Modified Cam Clay model accounts for compaction,
and is adjusted slightly to include destructuring effects. Permeability is nonlinear,
anisotropic and changes as a function of porosity (Table 16.1). We choose the
porosity-permeability relationship for hemipelagic clays of Binh et al. (2009), as
it is one of the few to include samples from depth >10 m below seafloor. The
physical-mechanical properties are average values for hemipelagic clays based on
published data (Table 16.1), except for the slope of the consolidation curve (œ),
which is explained in the following paragraph.

The consolidation path of structured sediment subjected to loading is shown
in Fig. 16.1. In the following, the slope of the curve in the volume-pressure plot,
œ, is referred to as compressibility. At low pressures, the structured (undisturbed)
sediment is comparatively stiff (A to B in Fig. 16.1b), and structure allows the
sediment to maintain high porosity. As pressure increases and exceeds the resistance
provided by the structure, the sediment progressively looses its cement, and the
structure-permitted porosity decreases rapidly (B-C). This destructuring phase is
characterised by a steep slope of the consolidation curve. As loading and the loss of
structure continues, the compression curve appears asymptotic to the equilibrium
curve for structureless sediment (C-D). Kinematic hardening models have been
developed that include the effect of destructuring, which require an extensive set
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Fig. 16.1 Destructuring during compression in plots of specific volume, v, against mean effective
pressure, p0: (a) Oedometric paths of two deep sea sediment samples with slope œ. The grey
line represents the oedometric path of a structureless sample. The black line represents cemented
hemipelagic (Hattab and Favre 2010) and the green line microfossil rich clay (Tanaka and Locat
1999). (b) Schematic representation of a typical consolidation path of structured sediment, and its
structureless counterpart (grey line). (c) Definitions of material parameters for the implementation
of destructuring in the material model

of parameters. We deliberately refrain from using such constitutive models as
these specific parameters are hardly known for deep sea sediments. To account for
destructuring effects instead, we introduce compressibility as a function of pressure
in our elastoplastic material definitions. Three different œ values for different
pressure ranges represent three stages of the material: cemented (œc, p0 <100 kPa),
destructuring (œd, 100 kPa < p0 <300 kPa) and structureless (œsl, p0 > 100 kPa,
Fig. 16.1c).

We use the œ and critical pressure values reported by Hattab and Favre (2010).
The authors conducted consolidation tests on cemented hemipelagic clay samples
from the deep sea Gulf of Guinea, where sedimentation rates are about 0.3 m/ky
For stresses below 90 kPa the sediment is stiff without a significant porosity
decrease (œc < 0.10). Between 100 and 300 kPa cementation degrades progressively
and the volume loss is significant (œd D 0.90). We choose a slightly higher œd.
This is because it is likely that the true compressibility during destructuring is
underestimated, as a considerable part of the structure has been lost due sampling
and recovery (Locat and Lee 2002). For higher stresses œsl decreases to 0.48.

16.2.2 Model Description

Although slope failure is expected in the upper 250 m, large overall model depths
are necessary to avoid boundary effects. Hence, the model is 5,500 m deep in z-
direction at the shelf, and 2,000 m at the abyssal plain. The entire model is 120 km
long in x-direction with a slope angle of 2ı. The shelf and abyssal plain are each
10 km long. Water depth is 200 m at the shelf break and 3,700 m the abyssal plain.
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The lateral boundaries of the model are fixed in the horizontal direction, but are
free to move vertically. The base of the model is fixed in both vertical and horizontal
directions. The upper boundary is free to move in either vertical or horizontal
direction. The landward boundary of the model is impermeable, but pore fluid is
allowed to flow through the abyssal plain boundary. No flow takes place through
the basal boundary as sediments at this depth are highly lithified and virtually
impermeable.

The water column is not modelled as such but represented by a pressure load
corresponding to the hydrostatic pore pressure at the seafloor. The newly added
sediment is simulated by an equivalent vertical vector load on the seafloor that
increases linearly over time. The maximum loading rate along the shelf corresponds
to 0.15 m/ky and decreases linearly downslope to 0.01 m/ky at the right side
boundary.

Before loading by sediment deposition begins, all stresses are in equilibrium with
the gravitational load (g D 9.81 m/s2), and pore pressures are hydrostatic throughout
the model. As only slow deposition is considered in this study, the sediment in the
model is initially normally consolidated. The initial porosity corresponds to a depth-
porosity relationship for deep sea clays (Kominz et al. 2011). A detailed description
of the model can be found in Urlaub (2012).

16.2.3 Assumptions and Limitations

Newly deposited sediment only provides a surface load in the models. Compaction
and pore fluid generation and the build up or degradation of structure within
the newly deposited sediment would occur in nature, but are not simulated here.
Consequently, the model is not capable of simulating failure within this interval
of newly deposited sediment. However, as the failure surface for the landslides
considered here is typically at depths of 100–250 m below seafloor, this limitation is
only critical if the thickness of deposited sediment exceeds 100 m. This is only the
case when significantly longer time scales or higher deposition rates than the ones
considered here (800 ky for 0.15 m/ky) are modelled.

The model is a first attempt of testing the effect of a cemented layer whose
resistance has been exceeded on the stability of a submarine slope. The mechanical
model is a highly simplified representation of a cemented sediment. Destructuring
as implemented here neglects the effect of shearing and kinematic hardening, as
well as the loss of strength. More complex material models are available that can
be used to model structured clays. However, these constitutive models require a
large number of parameters. Such parameter sets do not exist for marine sediments,
mainly due to sample disturbance during recovery. The model thus predicts excess
pore pressure generation, but may not truly represent failure mechanisms.
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16.3 Results

The model is run for 800 ky. To evaluate excess pore pressure generation and
slope stability during the analysis we show the temporal evolution of overpressure
ratio u* (the ratio of excess pore pressure to vertical effective stress in hydrostatic
conditions), porosity n, vertical effective stress ¢ 0

v, and total shear strain ”, at six
nodes of different depths at the upper slope (Fig. 16.2a–d). The upper two nodes
are located at 0 and 19 m below the model surface and they are not affected
by destructuring. Changes in porosity are comparatively small and u* is always
<0.05. Effective stress increases continuously and shear strains do not exceed 3 %.
The node at 28 m below the model surface begins at the upper boundary of the
destructuring pressure range. Hence, it compacts rapidly but upwards drainage of
pore fluid is possible as the overlying sediment is intact and maintains its high
porosity and permeability. Consequently, u* is small and ¢ 0

v increases as loading
goes on. Shear strains increase at a constant rate to about 0.145. The three deeper
nodes (36–63 m below model surface) are actively destructuring from the start of
the model run, as indicated by a rapid porosity decrease. No drainage paths exist due
to rapid collapse of pore spaces in the material above and below, so that u* rapidly
increases to 0.6. If the model would run for longer, u* is expected to reach even
higher values as it is continuously rising with time. The load is increasingly carried
by the pore fluid and ¢ 0

v remains constant. Shear strains reach up to 15 % with a
decrease in the rate at which ” increases towards later stages of loading.

2D contour plots of the overpressure ratio and incremental shear strains, �”, for
the entire model area show the final stage of the analysis after loading of the slope
for 800 ky (Figs. 16.2e, 16.3). Maximum values of u* reach up to 0.6 within the
destructuring layer at about 40–50 m below the model surface at the upper slope
(Fig. 16.2e). In addition to such high excess pore pressures, a zone of particularly
high incremental shear strains just above the u* maximum appears (Fig. 16.3). This
indicates the development of a shear zone that can accommodate a failure plane.

16.4 Discussion

We implemented the gradual loss of structure of hemipelagic clay in a low angle
continental slope model. When subjected to 800 ky of continuous and asymmetric
sediment deposition at a maximum rate of 0.15 m/ky, high excess pore pressures
reaching up to 60 % of the vertical effective stress in hydrostatic conditions develop,
along with a zone of locally high shear strains. The excess pore pressures are still
increasing when the run was terminated. These patterns indicate that failure may
occur along a plane at 100–150 m below seafloor, which is in agreement with
the depths of glide planes observed in field data. Similar continental slope models
subjected to slow sedimentation without the effect of destructuring do not show any
indications of instability (Urlaub et al. 2012). The presence of a pressure-dependent
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Fig. 16.3 Close-up of a surface-near section showing the overpressure ratio (grey contour lines)
after 800 ky of constant sediment deposition. Filled coloured contours show the incremental shear
strain of the last numerical increment. A surface-parallel zone of intense shearing lies just above
the maximum overpressure ratio contour line. Taking into account the newly deposited sediment
(which is not physically modelled or illustrated), the model surface at this time and distance from
the shelf corresponds to a depth of about 115 m below seafloor

high compressibility (destructuring) zone seems the only mechanism that could
cause failure of a low gradient slope when slow sedimentation acts as the only
pressure source. It is therefore possible that destructuring may be important for the
stability of continental slopes, and can help to explain failure of low angle slopes at
continental margins with little sediment input. It is a process that could operate in
many locations worldwide.

It is important to emphasise that the pressure range in which destructuring takes
place and compressibility is high (p0

1 > p0 < p0
2, Fig. 16.1c) directly controls the

depth of the failure plane. The rate of porosity reduction during the destructuring
phase (œd) controls the magnitude of excess pore pressure, and therefore the overall
stability. Hence, whether failure occurs, and at which depth the failure plane
is located, is prescribed by the mechanical behaviour of the sediment. Further
investigations into the role of destructuring on slope stability require a thorough
evaluation of these material properties.

Crushing of microfossils during compaction is a process with similar effects
on excess pore pressure generation as destructuring of clay. Sediments rich in
microfossils do not consolidate to as low porosities as other marine clays owing
to microfossil shells acting as a structural component (Tanaka and Locat 1999).
However, a “delayed compressibility” that can reach œ values of up to 2.0 is typical
for such microfossil rich sediments (e.g. diatomaceous ooze shown in Fig. 16.1a).
As a critical pressure is overcome during burial these shells collapse, porosity
decreases rapidly and excess pore pressure builds up.
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16.5 Conclusion

We investigate whether destructuring of cemented hemipelagic clay can cause
sufficient overpressure to cause failure of a low gradient continental slope in an
environment with low sedimentation rates. Under the conditions used here for
the numerical modelling of the burial of such hemipelagic clay on a 2ı slope
indicates the development of a bedding parallel failure plane after �800 ky. These
initial results suggest that the loss of structure has the potential for causing wide
spread weak layers that could cause large volume landslides at low gradient slopes
globally.
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Locat J, Lee HJ (2002) Submarine landslides: advances and challenges. Can Geotech J 39:193–212
Locat J, Tanaka H, Tan TS, Dasari GR, Lee HJ (2003) Natural soils: geotechnical behavior and

geological knowledge. In: Tan TS et al (eds) Characterisation & engineering properties of
natural soils, vol 1. A.A. Balkema Publishers, Lisse, p 3

Masson DG, Harbitz CB, Wynn RB, Pedersen G, Løvholt F (2006) Submarine landslides:
processes, triggers and hazard prediction. Philos Trans R Soc 364:2009–2039

Powrie W (2002) Soil mechanics. Spon, London
Skempton AW, Northey RD (1952) The sensitivity of clays. Géotechnique 3:30–52
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Chapter 17
How Stable Is the Nice Slope? – An Analysis
Based on Strength and Cohesion from Ring
Shear Experiments

Sylvia Stegmann and Achim Kopf

Abstract The upper shelf of the landslide-prone Ligurian Margin (Western
Mediterranean Sea) off Nice well-known for the 1979 Airport Landslide is a
natural laboratory to study preconditioning factors and trigger mechanisms for
submarine landslides. For this study low-stress ring shear experiments have been
carried out on a variety of sediments from >50 gravity cores to characterise the
velocity-dependent frictional behaviour. Mean values of the peak coefficient of
friction vary from 0.46 for clay-dominated samples (53 % clay, 46 % silt, 1 %)
sand up to 0.76 for coarse-grained sediments (26 % clay, 57 % silt, 17 % sand).
The majority of the sediments tested show velocity strengthening regardless of the
grain size distribution. For clayey sediments the peak and residual cohesive strength
increases with increasing normal stress, with values from 1.3 to 10.6 kPa and up
to 25 % of all strength supported by cohesive forces in the shallowmost samples.
A pseudo-static slope stability analysis reveals that the different lithologies (even
clay-rich material with clay content �50 %) tested are stable up to slope angles
<26ı under quasi-drained conditions.

Keywords Ring shear • Submarine landslide • Slope stability analysis

17.1 Introduction and Geological Setting

The upper shelf off Nice (Southern France) along the Ligurian Margin is recognised
for the 1979 Airport Landslide (e.g. Dan et al. 2007). Beside the reconstruction
of the tsunamigenic 1979 landslide, an on-going project (Ifremer Brest [France],
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Marum Bremen [Germany]) concentrates on the sediment-mechanical behaviour of
the non-failed, but apparently meta-stable portion of the Nice Slope (Leynaud and
Sultan 2010; Sultan et al. 2010; Stegmann et al. 2011).

In this study we focus on the frictional behaviour of sediments in and around
the Nice Airport landslide scar (Fig. 17.1). Given the proximity to the dynamic
sedimentary system of the Var river and coastal aquifer along the shelf off Nice,
coarse-grained turbidites, thin silt layers, homogeneous sand packets are embedded
in soft silty clay deposits (e.g. Sultan and Shipboard Party 2008; Kopf et al. 2008,
2009). Reddish, mottled or slumped clayey layers indicate incipient soft sediment
deformation. Occurrence of fresh water, fluid-rich pockets and piping in cored
sediments as well as pore pressure transients attest to active fluid flow processes
(Kopf et al. 2008, 2009; Sultan et al. 2010; Stegmann et al. 2011). In situ CPTu data
(see Fig. 17.1) reveal a significant decrease of sleeve friction initiating between 4
and 8 mbsf and indicate a disturbed/softened state of the sediments (Sultan et al.
2010). This is further supported by 3.5 kHz seismic data showing disturbance and
gas blankening within the stratified soft deltaic sediments on both plateaus (Sultan
and Shipboard Party 2008; Sultan et al. 2010). Based on these findings we want to
investigate peak as well as residual shear behavior of key lithologies of the deltaic
sequences (Fig. 17.1).
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17.2 Methods

17.2.1 Coring and Sedimentological Analysis

Gravity cores were collected during the expeditions POS386 and POS429 in the
1979 Airport landslide scar as well as on the non-failed western and eastern plateaus
and along its slopes (Fig. 17.1; Kopf et al. 2008, 2009).

After splitting and visual core description the sediments underwent a non-
destructive determination of physical properties (e.g. bulk density) with a Geotek
multi-sensor core logger (MSCL). Grain-size analyses on discrete samples were
carried out using the laser diffraction method (Coulter LS-13320) quantifying 117
grain size classes from 0.04 to 2,000 �m as volume percent (vol%). Water content
was determined by weighing the wet and dry samples.

17.2.2 Shear Experiments with the Ring Shear Apparatus

For this study ring shear experiments determine the drained shearing behaviour
at large shear strains of remoulded specimens at moderate to low shear rates
at a desired normal stress. In addition to the intrinsic shear characteristics of
the different samples, e.g. coefficient of friction (� D £/¢ 0

n), the rate-dependent
frictional stability was monitored, which is controlled by the velocity dependence of
the steady-state friction parameter (a-b) (Scholz 1998). We used the Bromhead ring-
shear device TORSHEAR manufactured by Wykeham Farrance (Bishop et al. 1971).
The remoulded sediment sample is confined radially between concentric rings while
a uniform normal stress is applied by a lever loading system (Fig. 17.2a, b). During
shearing shear force, vertical displacement, and rotation are logged at a sampling
rate of 10 s. Withering of the sediment is avoided as the shear box is inside a water
container. Drainage of fluids is enabled by porous filter plates at the base and top of
the specimen.

The Nice Slope sediments were tested under effective normal stress ¢ 0
n of 27, 51,

100 and 198 kPa, with consolidation carried out slowly so that complete dissipation
of any excess pore pressure is assumed. At each loading state the same shear
rate sequence (0.06–0.6–6.0–0.03 mm/min) was applied until 200 mm horizontal
displacement was reached. Peak shear strength (£peak) is obtained during the first
shear phase at 0.06 mm/min at each stress increment, when the sample is assumed
to be intact and no sliding surface is developed or is healed due to the consolidation
under the increasing load (Hight et al. 1979). The constitutive stability parameter
(a-b) was determined at the step from initial velocity of 0.06 to 0.6 mm/min on
the residual path of the experiment. After completion of the shear sequence of
four velocities at each ¢ 0

n state, the sample was unloaded. Cohesive shear strength
£cohesion was then measured in the absence of any external stress (¢ 0

n � 0 kPa)
following Ikari and Kopf (2011).
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Fig. 17.2 (a) Schematic diagram of the ring shear device in cross section; (b) top view of the
sample cell; (c) Examples for typical shear test protocols with shear strength £ plotted versus shear
distance. Shearing related to different rates is marked with various colours. The rate sequence
presented here was used for all tests. Experiment (i) was carried out on sample GeoB13952-
422 cm bsf at 101 kPa; experiment (ii) was carried out on sample GeoB13929-54 cm bsf at 51 kPa.
Graph (iii) represents a so-called cohesion test, which was limited to one shear sequence with
v D 0.06 mm/min for sample GeoB13946-381 cm bsf at 51 kPa. See text

17.2.3 Stability Assessment of the Nice Slope Sediments

The stability of selected Nice Slope lithologies was assessed by the calculation of
the Factor of Safety (FS). We use the infinite slope approximation for a static slope
stability analysis under drained conditions (Løseth 1999), following:

FS D c C  0z
�
cos2ˇ � ��� tan'

 0 z sinˇ cosˇ
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with c D cohesion, ”0 D unit weight (submerged), z D depth, “ D slope angle,
® D friction angle, and œ* D �u/¢n (being the pore pressure ratio). The numerator
of this equation originates from the Mohr-Coulomb failure criterion £ D c0 C ¢ 0

n

tan®, where £ D shear strength, c0 D intercept of cohesion, ¢ 0
n D effective normal

stress, and ® D internal friction angle (e.g. Hampton and Lee 1996). We use this
relationship for intercomparison between the stability of the different lithologies
and also to oppose ring shear data on cohesion (measured cohesive strength) with
the graphical intercept at zero effective stress.

The Factor of Safety (FS) was obtained for each lithology for a mean effective
stress of 51 kPa, corresponding to 6 m subbottom depth based on the calculation of
overburden stress using the mean bulk density of 1.9 g/cm3. This depth reflects a
distinct decrease in CPTu data in many profiles through the sedimentary sequence
(see Sultan et al. 2010, in particular Figs. 5 and 7). ®peak and ®residual are obtained
directly from the ring shear data. For the pore pressure ratio we generalise
�u D 2 kPa for the superficial portion of sediment of the plateau (see Fig. 11,
Stegmann et al. 2011). The analysis encompasses a range of relevant slope angles
along the Nice slope (plateau: <6ı, slope: 7–19ı and steep flanks along the slope:
25–29ı).

17.3 Results

17.3.1 Sedimentological Analysis and Physical Properties

The samples selected for the shear experiments comprise representative lithologies
of the Nice Slope surface sediments (Kopf et al. 2008, 2009). The deposits consist
predominantly of silt (46–70 %). Depending on whether cohesive or granular
material is predominantly coexisting clay (22–53 %) and sand contents (1–17 %)
vary (Table 17.1). Bulk density ranges from 1.51 to 2.07 g/cm3 (average 1.9 g/cm3)
and reflect both grain size distribution and consolidation state. Natural water content
ranges from 31.5 to 44.8 %wt for the clay-rich sediments, but could be as low as
26.6 % for the coarse-grained or overconsolidated material of the 1979 landslide
scar (see Table 17.1).

17.3.2 Frictional Behavior of the Nice Slope Sediments

In total, eleven ring shear experiments were carried out. A typical protocol of our
multistage testing procedure for three different ¢ 0

n stages is given in Fig. 17.2c.
The silty specimens tested fail (peak strength) typically between 1 and 4 mm shear
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Table 17.1 Summary of (i) selected index/sedimentary properties of Nice slope sediments used
for ring shear experiments (e.g. grain size distribution, water content) and (ii) their frictional
characteristics (coefficient of friction, cohesive strength, frictional stability expressed by velocity
weakening [vw] and velocity strengthening [vs]). The samples were selected with respect to
their geological setting (failed [1979 landslide scar] vs. stable [western/eastern flanks]) and their
sedimentological properties (e.g. bulk density, grain size distribution); Note that colour coding
corresponds to that of Fig. 17.1
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displacement. The friction value at high strains (post-yield) is lower than the peak
value in some cases (Fig. 17.2c, i) but is higher in others (Fig. 17.2c, ii). The shear
behaviour during the cohesion tests (Fig. 17.2c, iii) differs as the curve shows brittle
failure with a more accentuated drop from peak to residual strength. As the residual
value of the cohesion test should be consistent with the non-brittle strength of
normally consolidated material (Lupini et al. 1981) we define the cohesive strength
of the normally consolidated Nice Slope sediments with the value obtained after a
shear distance of 60 mm, termed £cohesion.

The coefficient of friction (�) varies between 0.46 and 0.76 for �peak and between
0.49 and 0.68 for the residual state (�residual). Both �peak and �residual reveal a clear
stress-dependency as they generally decrease with increasing ¢ 0

n. The opposing
trend is observed in shear tests where the sand content (17 %, e.g. GeoB13929-
56 cm) or clay content (>50 %, e.g. GeoB16542-298 cm) are high (Table 17.1).
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Fig. 17.3 (a) Correlation between peak friction angle ® and clay content. The line marks the
corridor of the peak friction angle for the four different normal stress states. (b) Percental portion
of cohesive strength relative to the residual strength measured at corresponding load increments

The influence of grain-size distribution on friction is reflected by the relationship
between (peak) friction angle and clay fraction (Fig. 17.3a). Clay contents exceeding
30 % result in peak friction angles ranging from 23ı to 30ı, whereas higher friction
angles (up to ® D 37ı) are caused by a sand content up to 17 %. The corridor of ¢ 0

n

related peak friction angle of the different shear experiments scatters more widely
when sand or clay is more abundant (see grey shading in Fig. 17.3a).

Cohesive strength was determined for the majority of the ¢ 0
n stages of the

individual shear tests (Table 17.1). Minimum and maximum values of £cohesion range
from 1.3 kPa (¢ 0

n D 27 kPa) up to 10.6 kPa (¢ 0
n D 198 kPa), both measured in clay-

rich samples with only 1 % sand of the Western Plateau (Table 17.1).
In general, £cohesion indicates a ¢ 0

n-dependency as an increase of ¢ 0
n generally

causes the cohesive strength to increase as well (Fig. 17.3b), most likely a result
from consolidation alone. Other than that, an unambiguous correlation between the
grain size composition and the cohesive strength cannot be established (Table 17.1).
The cohesive proportion of shear strength represents 2–27 % of the residual strength
at the load increments tested (Fig. 17.3b).

17.3.3 Stability Assessment of the Nice Slope Sediments

The underlying criteria for using remoulded samples in a ring shear device have
been the fact that (i) the Nice sediment is compositionally very heterogeneous and
often disturbed, and that (ii) earlier in situ work suggested that a decrease in qc (cone
resistance) and, more prominently, fs (sleeve friction) reflects remoulded strata (see
Lunne et al. 1997; Sultan et al. 2010). If we compare cohesive background sediment
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failure criterion. Shear strength data (the corridor of each curve represents the range between peak
and residual value) are plotted versus effective normal stress; (b) the factor of safety (FS) was
calculated using drained ring shear data for slope angles, which represent the plateau (1–6ı), the
slope (7–19ı) and outcropping portions along the slope (25–29ı)

of the stratified foresets of the deltaic sedimentation sequences (GeoB13936
and -46) and slope apron (GeoB13928) including cohesive, reddish layers, which
have been observed in several cores (e.g. GeoB13946), the corresponding Mohr-
Coulomb critical failure lines define two distinct corridors (Fig. 17.4a). The weakest
lithologies originate from the clay-bearing sediments of the western (GeoB13946-
381 cm [reddish layer]) and eastern (GeoB13936-225 cm) plateau (Fig. 17.4a).
Cohesion c0 (i.e. intercept of the failure line at zero effective normal stress) varies
between 0.8 kPa (GeoB13946-381 cm) and 2.9 kPa (GeoB13936) for the peak
strength. For comparison measured £cohesion ranges is �1.3–1.5� higher for most
samples. However, the weakest material (GeoB13946-381 cm) encountered in the
shallow Nice Slope deposits shows extraordinarily high cohesive strength (a factor
of 4.5 larger than that determined from the intercept of the failure criterion) and
is also characterised by macroscopic deformation in the core. However, cohesive
strength measured in normally consolidated ring shear samples may overestimate c
since water contents may be lower than in situ.

When using c0, the FS analysis indicates stability for the plateau as well as the
adjacent slope with FS > 1 for angles up to 26ı, with minor variations caused by the
lithological variability off Nice (see graphs in Fig. 17.4b). With the higher values
of £cohesion used, slope stability assessment would tend towards even higher slope
angles until FS D 1 is reached.
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17.4 Discussion

In general, our data agree well with the variations in clay content (Fig. 17.3a),
although the difference between �peak and �residual is relatively small for the clay-
rich samples. The Nice Slope specimens plot along a similar corridor as marine
sediments from Nankai (Brown et al. 2003, their Fig. 4) and onshore soils of
known mineral composition (Skempton 1985; Lupini et al. 1981), and corresponds
quantitatively with the earlier findings (Fig. 17.3a).

Cohesive strength usually rises with increasing ¢ 0
n and could not be related to

grain-size distribution (Table 17.1, Ikari and Kopf 2011). We interpret this trend
as a result of the bonding forces between clay particles, but also of interlocking of
single grains with increasing compaction in the more granular specimens. At low
¢ 0

n, the relative amount of strength attributed to cohesive forces can reach 12–14 %
in normally consolidated sediment, and may be even higher in overconsolidated
materials (e.g. from inside the 1979 scar). The cohesive forces are further governing
slope stability of the area since they represent the tensile strength to be overcome by
gas or other fluids that progressively weaken the seaward edge of the eastern plateau
(see Sultan et al. 2010).

Both �peak and �residual reveal a clear stress-dependency as they generally
decrease with increasing ¢ 0

n. This has been observed in earlier studies (e.g. Ikari
et al. 2009), and reflects in situ results from the Nice Slope (see Sultan et al. 2010;
Leynaud and Sultan 2010). At the shelf-slope break, fs values drop drastically in
appx. 4–8 mbsf, which has been attributed to sediment remoulding and incipient
shear zones (Sultan et al. 2010, their Fig. 5). Similar drops in strength are reflected
by a decrease in both qc between 12–18 mbsf (ibid., Fig. 6) and 21–23 mbsf (ibid.,
Fig. 4) and by decreasing qc and fs below 20 mbsf (ibid., their Figs. 5 and 7). The
strong decrease in fs is further evidencing high sensitivity of the clay (Lunne et al.
1997), which has been seen before in the area (Dan et al. 2007), but can barely be
supported by our data because of the limited total length of the gravity cores.

The majority of our samples show velocity strengthening when increasing the
initial velocity of 0.06 mm/min by an order of magnitude (Table 17.1). The
associated stable sliding behaviour generally favours (aseismic) creep, as known
from landslide-prone slopes, fault zones, and other geological settings (e.g. Marone
et al. 1991).

Residual strength is usually not relevant for first-time slope failures, but the
strength of clayey sediments may be similar to the residual state if the sediment
structure has been disturbed and indicates progressive deformation (e.g. on slip
surfaces in previous landslides, creeping slopes, in progressive shears, or after an
embankment failure; see Skempton 1985). Those processes are all highly relevant
for the Nice Airport area (e.g. Dan et al. 2007; Sultan et al. 2010). However, based
on our data the slope stability analysis indicates little difference between peak and
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residual state (Fig. 17.4b). For the low ¢ 0
n, drained condition (51 kPa) cohesion

plays a significant role in stabilising the slope. It is also worth noting that cohesive
forces measured in our experiments range in the same order of magnitude as pore
pressure fluctuations from seasonal charging of the aquifer system by precipitation
and snow melt off Nice (Stegmann et al. 2011).

Our slope stability analysis attests that wide portions of the Nice Slope are char-
acterised by FS > 1 and are stable under drained conditions as long as slope angles
are <26ı (see Fig. 17.4b). The clay-dominated reddish sediment (GeoB13946-
381 cm) represents here the lithology most prone to instability. However, this picture
may change in case external triggering events affect the Ligurian margin. These
include earthquakes (Courboulex et al. 2007), groundwater charging (Stegmann
et al. 2011), gas migration and creep (Sultan et al. 2010) or human impact (Dan
et al. 2007). Those factors may evidently lower the effective stress drastically, so
that less conservative stability analyses based on dynamic data (e.g. Leynaud and
Sultan 2010) are appropriate to apply. Hence, we conclude that our analysis is best
suited for the “background situation” whereas stability analysis work by Leynaud
and Sultan (2010) is simulating the “event case”.
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Chapter 18
Regional Slope Stability Assessment Along
the Caucasian Shelf of the Black Sea

Vsevolod Yu. Ionov, Ernest V. Kalinin, Igor K. Fomenko,
and Sergey G. Mironyuk

Abstract Construction of submarine pipelines across the Caucasian shelf of the
Black Sea draws a necessity of a detailed study of submarine landslides, which
were discovered during a recent survey. The most probable triggers for landslide
generation for the Caucasian shelf include earthquakes, wave loading and human
activity. Slope stability assessment of the study area was carried out in order to
reveal the most important triggering mechanisms. 1-D slope stability modelling was
implemented for the purpose of landslide prediction. Gravity force, seismic loading
and storm waves’ loading were taken into consideration in the present slope stability
assessment. The results indicate that for static conditions, landslides formation
would most probably occur within the shelf break area where the surface inclination
is �30ı. For the shelf area, landslide formation only occurs with additional triggers,
such as seismic or wave loading.
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18.1 Introduction

For the past 20 years there has been an active development of oil and gas fields on the
shelf of the Russian Federation along with major construction projects of extensive
submarine pipelines such as “Blue Stream”, “Dzhubga-Lazarevskoe-Sochi” and
“South Stream”. All the submarine pipelines mentioned above cross the Black Sea
shelf area (Fig. 18.1) with two of them – Blue Stream and South Stream – crossing
the continental slope, which is the most hazardous area with regard to the formation
of submarine landslides.

Though the shelf and continental slope of the Black Sea are broadly utilized for
the purpose of oil and gas development as well as transportation, scientific publica-
tions devoted to prediction and mathematical modeling of submarine landslides are
missing.

The presented manuscript aims to predict submarine landslide formation on the
Caucasian shelf area and continental slope of the Black Sea. In accordance with the
proposed scope, the following objectives were analyzed:

1. investigation of geological engineering conditions within the study area;
2. setting up a model to assess slope stability in accordance with the geological

engineering conditions within the study area;

Fig. 18.1 (a) Map showing location of the study area (black box) and Blue Stream (Russia -
Turkey) and South Stream (Russia - Bulgaria) submarine pipelines (dashed lines crossing the Black
Sea). (b) Detailed map showing locations of analyzed cores (BH drilling, VC vibrocoring)
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3. regional and local slope stability assessment within the study area on the
Caucasian shelf.

The area shown on Fig. 18.1 was selected for the chosen approach.

18.2 Geological Engineering Conditions Along the Caucasian
Shelf of the Black Sea

The shelf within the boundaries of the study area can be characterized as the
abrasion-accumulative plain. Its width varies from 1.5 km (near Shahe village) up
to 14 km (Sochi city, see Fig. 18.1 for locations). The shelf area can be divided into
three zones: wave-cut bench, inner shelf and outer shelf.

The wave-cut bench forms a zone of abrasion type relief, which stretches as a
narrow belt along the shoreline. Its width is about 500 m and it reaches a depth of
about 8–15 m. The wave-cut bench zone is formed by rocks, which are associated
with terrigenous-carbonate flysch deposits.

The Inner shelf forms a zone of accumulative relief. It is under the frequent
influence of wave loading and is bounded by the 10 and 30 m depth contours.

The Outer shelf is also an accumulative type relief situated beyond the area of
frequent wave loading influence. It is bounded by the shelf break. Here, the shelf
area is rather flat with slope inclinations of less than 1ı towards the shelf break. The
shelf break itself is located in the depths ranging from 30 m (near the mouth of the
Shahe River) up to 180 m (near Lazarevskoe village).

Geological engineering conditions of the study area were analysed on the basis of
Peter Gaz LLC repository survey data, which include results of drilling, vibrocor-
ing and geophysical surveying along the Dzhubga-Lazarevskoe-Sochi submarine
pipeline route (geotechnical and geophysical cruises took place in 2008). The
drilling and vibrocoring locations are 1–7 km off the shoreline and in the 15–70 m
depth range. The geological section was examined and sampled to a depth of 20 m.
The top 20 mbsf of the section are formed by the deposits of Paleocene-Eocene and
Quaternary periods. Paleocene-Eocene deposits are presented by terrigenous and
terrigenous-carbonate flysch. Quaternary sediments are unconformably overlying
the flysch and are presented by a variety of sediment types (Table 18.1). Physical
and mechanical properties of samples taken during the survey were determined in
the onshore laboratory. All laboratory data was statistically reprocessed using a
standard approach (GOST20522-96 1996). Physical and mechanical properties of
Quaternary sediments are presented in the Table 18.1.

Sands with shells and shell debris are predominantly observed in the inner shelf
zone. Mostly clayey sediments with high organic content and very soft to soft
consistency may be observed in the outer shelf zone. Abundant shells and shell
debris are found in these sediments. Quaternary sediments are deposited parallel
to the seabed within the shelf and shelf break area. The geological setting in the
shelf and shelf break area is not changing along the whole study area. Soft-sediment
thickness in the shelf area is about 20 m according to geophysical data.
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Fig. 18.2 (a) Part of the DTM (Global Mapper slope shader) showing the landslide area near
Novomikhailovsky village. The white dashed line shows the edge of available bathymetric data.
See Fig. 18.1 for location of slide. (b) Side-scan sonar image of the same area. (c) Profile across
the landslide area (see (a) for profile location)

Very soft organic clay and very soft organic silty clay are the most widespread
sediments in the study area. Thickness of these sediments at several sites reaches up
to 12 m, and the layer’s base lies at 16 m depth.

During the geological engineering survey on the Caucasian shelf of the Black
sea between Dzhubga and Kudepsta villages, the authors discovered four submarine
landslides in the inner shelf area (see Fig. 18.1 for location) by analyzing the digital
terrain model (DTM). One of the discovered landslides is shown on Fig. 18.2. These
landslides are about 1–2 m thick, up to 1,000 m long, and 500 m wide. According
to the classification presented by Locat and Lee (2002) these landslides may be
classified as translational slides. In general, average inclination of the surface within
areas affected by landslides is not more than 1ı. Length and width of the discovered
landslides is 2–3 orders of magnitude larger than their thickness, which explains
why these landslides form a thin deposit on top of the slightly inclined shelf surface.

Due to large spacing between sampling locations along the submarine pipeline
route, none of the locations hit the landslide deposits. However, according to the
sediments sampled closest to the landslide locations, we assume that landslide
deposits are dominated by sandy soils.
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For the territory of the Caucasian shelf and continental slope of the Black Sea,
the most likely triggering mechanisms would include earthquakes, wave loading and
human activity (e.g. bottom trawling, ship anchoring, dumping of soil, munitions
clearance during submarine installations construction).

The presence of landslides in the study area indicates a necessity of slope stability
assessment of Caucasian shelf of the Black Sea.

18.3 Methods

We follow a 1D approach based on limit equilibrium methods, which was utilized
to perform the regional and local slope stability assessment.

Most limit equilibrium methods are based on the computation of a factor of
safety along the slip surface (Duncan and Wright 2005). For static conditions, the
following equation was used for the factor of safety (FS) computation (Hampton
et al. 1996):

FS D c0 � “ C W0 � cos ’ � tan ®0

W0 � sin ’
(18.1)

where:

• FS – factor of safety,
• W0 – submerged weight of a slice,
• ˇ – length of the slice base,
• ˛ – angle between the slice base (slip surface) and the horizontal,
• ®0 - effective angle of internal friction,
• c0 – effective cohesion.

In the present article, slope stability assessment was implemented with strength
parameters in terms of effective and total stresses. Calculations with seismic and
storm wave loading was performed only with strength parameters in terms of
total stresses. For clayey soils, an additional analysis was carried out by means of
undrained shear strength.

It is important to mention, that modeled profiles were used instead of real
geological profiles during the 1D slope stability assessment. Modeled profiles are
formed by one type of soil. Application of this approach is reasonable because width
and length of discovered landslides is several orders of magnitude larger than their
thickness; hence the modeled profiles may be seen as infinite objects. This approach
anticipates a stability assessment along the whole slip surface, though it could be
used for a single slice with a unit length base. Furthermore, it should be mentioned,
that the slip surface is parallel to the seabed surface within the 1D slope stability
approach.

Slope stability assessment was implemented for different inclinations of the
seabed surface (1–40ı) of the modeled profiles, thickness of the sliding mass
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Table 18.2 Peak ground accelerations and seismic coefficients used during the slope stability
assessment (degrees according to MSK-64 scale, VII – very strong earthquake, VIII – damaging,
IX – destructive, and X – devastating earthquake)

Degree (MSK-64)

VII VIII IX X

Design ground acceleration, m/s2 1 2 4 8
Seismic coefficient in horizontal direction 0.09 0.18 0.36 0.72
Seismic coefficient in vertical direction 0.0297 0.0594 0.1188 0.2376

�0.0297 �0.0594 �0.1188 �0.2376

(1–20 mbsf), strength parameters (in total, effective stresses and with cu) and for
additional loading (seismic and storm wave). Thus, we suppose that the presented
modeling approaches match with the geological engineering conditions of the study
area and can be applied for preliminary landslide prediction purposes in the study
area.

Slope stability analysis including seismic forces was implemented by means of
seismic coefficients (pseudostatic approach) using the following equation (Ionov
et al. 2012; Stability modelling with SLOPE/W, 2008):

FS D c � “ C .W0 C kv � W/ � cos ’ � tan ®

.W0 C kv � W/ � sin ’ C kh � W � cos ’
(18.2)

where:

• c – cohesion in terms of total stresses,
• ® – angle of internal friction in terms of total stresses,
• W – total weight of slice,
• kh and kv – seismic coefficients in horizontal and vertical direction accordingly.

Slope stability assessment was implemented for seismic loading with intensity
VII to X (degrees according to Medvedev-Sponheur-Karnik scale or MSK-64). All
seismic coefficients used in the calculations are presented in Table 18.2.

Storm wave loading was applied in the modeling process using the equations
presented by Seed and Rahman (1978):

FS D c � “ C W0 � cos ’ � tan ®

W0 � sin ’ C ”¨ � H � z �  

L � cosh
�

2 d
L

�
(18.3)

where:

• z – is the distance from the seabed to the slip surface,
• w – the unit weight of water,
• H – wave height,
• L – wave length,
• d – water depth.
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Table 18.3 Extreme wave parameters for the Caucasian shelf of the Black Sea between Dzhubga
and Kudepsta villages

Wave height, m Wave height, m

Return period Water depth, m Probability 0.1 % Probability 50 % Mean wave length, m

10 years 60 10:5 3.5 118

20 6:1 2.2 70

100 years 60 13:6 4.6 152

20 7:2 2.7 80

Extreme wave parameters for 10 and 100 years periods were used during the
calculations (Table 18.3). Wave heights are presented for 0.1 and 50 % probabilities.

18.4 Regional Submarine Slope Stability Assessment Based
on 1D Modelling

Slope stability assessment was carried out according to the model described above
for each type of soil of the study area (Table 18.1).

Modeling results indicate that soils in the shelf area stay stable for static
conditions (without additional triggers). Closer to the shelf break with increasing
surface inclination, landslide formation, however, becomes possible even for static
conditions. The most unstable soil is very soft organic clay. It should be mentioned
that this type of soil is most widespread within the study area. According to the
modeling within the shelf break area, formation of landslide with a thickness of up
to 16 m is possible for static conditions.

Results for sandy soils essentially differ from those derived for very soft and soft
clayey types of soils. Strength parameters for sandy soils are higher than for clayey
soils. This difference is caused by the fact that sandy soils occur predominantly in
the inner shelf zone and these soils are subjected to frequent storm wave loading.
Calculations revealed that failure in sandy soils are almost independent from the
strength parameters used in the model, either in terms of effective or total stresses.
For static conditions, sandy soils in the shelf area and on relatively gentle sites of
continental slope area stay stable. A failure in sandy soils on the continental slope
will occur only at sites where the surface inclination exceeds 28ı.

In general, the modeling results for static conditions show that gravitational
forces are not sufficient for landslide formation in the shelf area.

Slope stability assessment with applied seismic loading shows that landslides
are likely to occur in very soft and soft clayey soils both in the shelf area and in
the continental slope area with seismic intensities of more than VII. In sandy soils
within the shelf area, landslides may appear with seismic intensities of XI–X, and
on the continental slope with seismic intensities of VII–VIII and more.
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According to the modeling with applied storm wave loading, landslides may
predominantly form in very soft and soft clayey soils. Formation of landslides
triggered by storm waves in sandy soils may only be possible in the shelf break
area, especially near the mouth of Shahe River.

18.5 Local Submarine Slope Stability Assessment Based
on 1D Modelling

1D modelling results were also used for local slope stability assessment for several
sites shown on the Fig. 18.1.

Local slope stability assessment was done using borehole and vibrocoring data;
lithological information of these cores are shown on Fig. 18.3. Seabed surface
inclination for all studied sites does not exceed 1ı.

18.5.1 Dzhubga

For static conditions, this site is considered as stable. With respect to seismic loading
landslides formation would occur only with seismic intensities greater than VII. It

Fig. 18.3 Boreholes and vibrocores showing the most typical geological profiles of Caucasian
shelf of the Black Sea used for local 1D slope stability assessment (see Fig. 18.1 for location of
sites)
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should be mentioned that the entire soil profile would then be affected by landslide
processes. Modelling with storm wave loading indicates that failure may only occur
at maximum wave heights of 13.6 m, and with undrained shear strength applied in
the calculations. In this case, the sliding mass would be 10–20 m thick.

18.5.2 Novomikhailovsky

For static conditions the whole Quaternary soils stay stable. Landslides may occur
only with seismic loading with intensity greater than VII. In this case, the whole
thickness of soil mass becomes unstable. According to the modelling with applied
storm wave loading (wave height of 13.6 m) the soil at depth up to 10 mbsf will
stay in limit equilibrium, but from 10 to 20 m depth the soil mass would become
unstable.

18.5.3 Tuapse

The available core for Tuapse is only 3.5 m long. For static conditions the soil mass
stays stable. Modeling with applied seismic loading indicates that very soft organic
clays become unstable with seismic intensity greater or equal to VII, if the slip
surface is located at 5 mbsf and would stay stable if the slip surface is located at
2 mbsf. Therefore, if very soft organic clays occur at 5 m depth below the seabed,
the soil mass would become unstable. If very soft organic clays are underlain by soil
with higher strength parameters the whole soil mass would stay stable. Our storm
wave loading model suggests that the soil mass would stay stable up to 3.5 mbsf.
If the base of very soft organic clays lies at depths of 20 mbsf landslide formation
would be possible with extreme wave heights such as >13 m.

18.5.4 Ashe

Due to identical geological setting of this location with the Tuapse location, all
results are comparable to it.

18.5.5 Shahe

The borehole is located on the shelf and 470 m away from the shelf break at 12.6 m
water depth. The width of the shelf area near the mouth of Shahe river is 1.5 km and
the shelf break is located at water depths about 15–30 m. Inclination of the seabed
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surface in the shelf break area does not exceed 15ı. Assuming a low variability of
geological engineering conditions across the shelf area, it is likely that geological
profiles in the shelf break area close to the Shahe submarine canyon would be the
same as the studied borehole location and, therefore it is reasonable to extrapolate
the modeling results for Shahe borehole to the shelf break.

For static conditions, the examined shelf area stays in stable condition. In the
shelf break area, landslide formation may be related to very soft organic silty
clays (7.0–14.8 mbsf). Under earthquake loading in the shelf and shelf break area,
landslide formation is possible with seismic intensities larger than VII. Modeling
with applied storm wave loading indicates that landslide may occur in the shelf
break area with very soft organic silty clays at wave heights of 2.2 or 7.2 m.

18.5.6 Dagomis

Modeling in static conditions shows that examined soil mass stays stable. Calcula-
tions with applied seismic loading revealed that a soil mass with a thickness >5 m
becomes unstable under seismic loading with an intensity of VII. According to the
modeling with applied storm wave loading, the examined soil mass stays stable.
However, if the base of the very soft sediments layer is located at 20 mbsf, landslides
may occur with waves of 13.6 m height.

18.5.7 Kudepsta

For static conditions the examined soil mass stays stable. Under seismic loading
with intensity of VII the soil mass becomes unstable and in this case, the maximum
thickness of the sliding mass would be 5 m and more. Storm wave modeling
indicates that landslides with thickness of 10 m may occur on the Kudepsta location
with wave heights exceeding 13.6 m.

18.6 Discussion and Conclusion

In the present article we investigated geological engineering conditions along the
Caucasian shelf of the Black Sea. Four submarine landslides are present in the
study area where slope inclination of the seabed surface is about 1ı. The sliding
masses presumably are represented by different types of sand. The landslides may
be classified as translational slides. The most likely triggering mechanisms are
earthquakes and storm waves. Slope stability assessment was carried out for the
purposes of examining possible triggering mechanisms.
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Regional slope stability assessment revealed that the shelf area is stable implying
that submarine landslides only occur if additional triggers are present, whereas
landslides may occur on the continental slope only under gravitational force loading.

Local slope stability assessment indicates that in static conditions all seven
locations examined within the shelf area are stable. We would expect formation of
massive landslides within the shelf area during an earthquake of seismic intensities
of VII and higher. In addition, storm wave loading may also trigger landslides on
all examined locations. It should be mentioned that landslides may only occur if we
consider extreme wave heights such as >13 m in water depth of 60 m, which is very
unlikely for the Black Sea according to statistical data (see Table 18.3).

Interestingly, a landslide with thicknesses of about 15 m is likely to occur even
under static conditions and with storm wave heights of 2.2 and 7.2 m at the drilling
location near Shahe village located very close to the shelf break.

It should be mentioned that triggering mechanisms for the four discovered
landslides were not revealed.
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Chapter 19
A Semi-empirical Method to Assess Flow-Slide
Probability

Geeralt A. van den Ham, Maarten B. de Groot, and Dick R. Mastbergen

Abstract Flow-slides in submerged slopes in non-lithified sand and silt-sized
sediments form a major threat for flood defences along (estuary) coastlines and
riverbanks in the Netherlands. Flow slide is a complex failure mechanism including
both soil mechanical and hydraulic features. Two important sub-mechanisms are
static liquefaction and breaching. Both result in a flowing sand-water mixture, that
eventually re-sediments under a gentle slope. Therefore, when analyzing historical
flow slides it is often not clear to what extent static soil liquefaction and/or breaching
played a role.

This paper presents a practical, semi-empirical method for assessing dike failure
probability due to flow-sliding. It is based on statistical information about docu-
mented historical flow slides, in which the results of complex theoretical models,
describing physics of static liquefaction or breach-flow, are incorporated.

Keywords Flow slides • Dike failure • Risk analysis

19.1 Introduction

Flow slides in submerged slopes in non-lithified sandy or silty sediments form a
major threat for flood defences along (estuary) coastlines and riverbanks in the
Netherlands. Such flow slides may result in severe damage to dikes and structures.
Measures to prevent, mitigate, or repair the damage caused by flow slides are costly.
Due to the complexity of flow slides, methods enabling an accurate quantitative
risk assessment are under-developed, especially compared to methods currently
available for other failure mechanisms (e.g. backward erosion below the dike or
macro-instability of the dike).
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In the past, dike failure probability due to flow-sliding was predicted using
either simple but conservative empirical rules based on documented historical flow
slides, in which no distinction between sub-mechanisms such as static liquefaction
or breach-flow was made, or rather complex theoretical models describing the
physics of these sub-mechanisms. This paper presents how both approaches can
be combined into a practical, semi-empirical method for assessing dike-failure
probability due to flow-sliding, accounting for uncertainties of the main influence
factors.

19.2 Failure Mechanisms

Flow slide includes both soil-mechanical and hydraulic features. Two important
types are static soil liquefaction and breaching. Both result in a flowing sand-water
mixture, exhibiting the same post-event failure scarp morphology, characterized by
a very gentle slope. Therefore in the analysis of historical flow slides it is often not
clear to what extent each of the two phenomena was responsible.

19.2.1 Static Liquefaction

Static soil liquefaction entails the sudden loss of strength of loosely packed saturated
sand or silt, resulting in a sudden collapse of the sand body. Contrary to “ordinary”
slope failure, in which the instable soil mass slides along a clear rupture surface
while staying more or less intact, in a liquefaction flow slide the instable mass of
sand (or silt) flows laminar like a viscous fluid.

Generally, for static liquefaction in an under-water slope the following conditions
are required (1) the presence of a sufficiently large zone of loosely packed,
non-lithified, and water-saturated sand or silt; (2) the stress state of the loosely
packed sand elements should be close to the so-called metastability point (i.e. the
intermediate maximum in the stress path). For this, both mean stress and shear stress
should be sufficiently large, which is only the case in a sufficiently high and steep
slope; and (3) the presence of a trigger, for example a (small) load change.

19.2.2 Breach Flow-Slide

Unlike liquefaction and “ordinary” shear slope failure, breaching only takes place at
the sand surface: a local steep part of the slope, the so-called “breach”, retrogresses
upslope and generates a turbulent sand-water mixture flow over the sand surface
downslope. The velocity and discharge of this mixture will grow by erosion of
the sand surface and entrainment of ambient water if (a) the initial perturbation
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generates a sufficiently high flow velocity carrying enough sand, and (b) if the
local slope is steep enough. Since the retrogression velocity of the initial breach
is relatively small a breaching flow slide generally takes much more time (several
hours) than a liquefaction flow slide (several minutes).

Generally, for a breach-flow slide in an under-water slope the following con-
ditions are required: (1) the presence of a sufficiently large zone of fine sand or
silt; (2) a sufficiently high and steep slope; and (3) the presence of a trigger, for
example scour or a local slope instability yielding a small but very steep slope
section (breach).

19.3 Physical-Based Models

19.3.1 Static Liquefaction

Static liquefaction is widely discussed in literature (e.g. Jefferies and Been 2006).
Examples of publications on the assessment of liquefaction-induced slope failure are
Olson and Stark (2003) and Stoutjesdijk et al. (1998). Application of physical-based
models usually requires an extensive local site-investigation and a large number
of laboratory tests to assess necessary soil parameters. Insufficient accuracy in
such assessments requires conservative estimations, resulting in unrealistically high
failure probabilities.

19.3.2 Breach Flow-Slide

Validated equations governing the 1-dimensional stationary 2-layer flow and erosion
processes, comparable with turbidity currents in combination with breaching can
be found in Mastbergen and Van den Berg (2003). They are incorporated in the
computer code HMBreach. The code allows assessing the sensitivity of an under-
water slope with given geometry and sand properties to breaching, by calculating
the minimum size of the initial breach for it to trigger a self-accelerating breach-
flow. However, the tool has been validated only for restricted cases and the results
are very sensitive to the applied friction and erosion model. Nor is exactly clear how
the process develops when an upslope retrogressing breach reaches a contractive
sand layer. Most likely, a local liquefaction flow slide, similar to the ones observed
during large-scale flume tests (de Groot et al. 2012), will be initiated, which may
trigger a breach flow slide upslope and/or downslope of a failed slope section.

A more advanced fully 3-dimensional flow model including turbulence genera-
tion, density flow, and sand transport processes is being developed in the software
Delft3D-Flow (Lesser et al. 2004). Recently, computations simulating a breach-flow
slide in the Eastern Scheldt have been performed successfully. However, the results
still have to be validated with HMBreach and (scarce) field measurements.
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19.3.3 Applicability of Physical-Based Models

Application of the theoretical models describing (parts of) flow-sliding is costly
and does not always result in a reliable prediction of the flow-slide probability.
The prediction accuracy of a flow slide depends on the (statistical and systematic)
uncertainty of the input parameters and imperfection of the theoretical models
themselves. High-level expertise is required to estimate the flow-slide probability
using theoretical models, even when knowledge is available on local soil properties,
slope geometry, and possible triggers. Although the theoretical liquefaction and
breach-flow models are capable to quantify the relative influences of geometry and
soil parameters, the reliability of the estimated probability remains limited.

19.4 Empirical Method

19.4.1 Basic Information and Mean Flow-Slide Frequency

A purely empirical method is based on documented historical flow slides in
Zeeland, in the southwest of the Netherlands, as described by Wilderom (1979) and
summarised by Silvis and De Groot (1995). Zeeland is a group of islands separated
by tidal estuary channels which are part of the Rhine-Meuse-Scheldt delta. This
dynamic area is characterised by alternating sedimentation and erosion along the
channels. The consequent continuous gradual change in geometry of the submerged
slopes results from time to time in a flow slide. These are probably initiated by
a trigger (such as a rapid drop of water level), shortly after gradual erosion and
sedimentation have caused a critical combination of slope angle and slope height.

According to Wilderom, the total number of flow slides along estuary banks in
Zeeland between 1800 and 1978 was approximately 710. From the total length of
(merely unprotected) estuary banks of approximately 190 km, the frequency of flow
slides was found to be 0.02/km/year. This frequency can be used as a first rough
estimate of the flow-slide probability in a similarly dynamic area with similar slopes
and similar soil conditions.

19.4.2 General Applicability to Other Regions
in the Netherlands

To what extent can the experience in Zeeland be applied in other parts of the
Netherlands? The dynamic character of the shoals and channels in Zeeland may
be similar to that of other tidal estuaries, but it is less in rivers and even less so in
lakes. Application of the probability of occurrence found in Zeeland would result in
overestimation of flow-slide probability. The similarity in slope geometry needs to
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be compared from case to case, as will be discussed below. The general similarity
in soil conditions follows from a comparison between the geology of other parts in
the Netherlands with that of Zeeland, as presented in the following sections.

The geological past of Zeeland is characterised by rapidly shifting coastlines.
Generally the upper 30 m of soil consists of Holocene deposits. Most of these consist
of (medium) fine sand, which, in general, is loosely packed due to high deposition
rates. The variation in tidal currents often resulted in thin clay layers in between the
thicker sand layers.

The depositional environments in which sand accumulations formed in other
parts of the Netherlands have been rivers, tidal waters, open coast shorelines, coastal
sand flats, and periglacial sand deserts (see for example Schokker et al. 2007). Loose
packing of sand is present in all these deposits. The combination with clay and peat
layers (determines dissipation of excessive pore pressures) makes these deposits
sensitive to liquefaction (Hicks and Onisiphorou 2005).

Thus, soil conditions relevant for the occurrence of flow slides in other parts of
the Netherlands can be considered to be generally similar. Nevertheless, local soil
conditions may significantly deviate from the mean conditions in Zeeland and need
to be considered for each case separately.

19.4.3 Influence of Local Soil Characteristics
and Slope Geometry

Application of the mean probability on a flow slide may be justified for a specific
stretch of slope which has the characteristics of a “mean slope”. For cases with
lower or higher packing or other slope characteristics the probability will be
different. Below we discuss how the expected probability can be adjusted to local
characteristics.

A first source of information for such adjustment can be found in Wilderoms
documentation of each flow slide. It includes parameters of the under-water slope
geometry prior to the flow slide and general information about the local soil
conditions and triggers for various bank stretches along the shores of Zeeland. Part
of this information is illustrated in Figs. 19.1 and 19.2.

Figure 19.1 shows the influence of the type of deposits. Generally, the flow-
slide frequency decreases with increasing age of the deposits. There is, however, a
large variability among the different bank stretches. Some are much more sensitive
than others; others even show an opposite tendency with respect to the influence of
geology. The variability shows the large influence of other factors than the soil type
in geological terms.

Large variability can also be observed if only slope angle is considered
(Fig. 19.2).

Although these data contain a wealth of information, until now it has only been
used to relate average site properties to an average flow-slide probability (i.e. a mean
slope height (HR) of 24 m, a mean slope angle of 1:5, an estimated mean relative
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Fig. 19.1 Flow-slide frequency for all Zeeland banks documented by Wilderom (1979) and its 12
bank stretches as a function of geology

Fig. 19.2 Histogram with cotangent of average slope angle (’) of flow slides in Zeeland
documented by Wilderom (1979)

density of 30 % (corresponding with § D �0.05, see Van Duinen et al. 2013)
and an estimated mean median grain size of 2 � 10�4 m). A multiple regression
analysis would have been a good option, had the observations on the different site
characteristics and flow-slide occurrences been paired. Unfortunately they were not.
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19.5 Semi-empirical Method

Due to the limited possibilities for quantifying the influence of site characteristics
on flow-slide probability using empiric data only, a semi-empirical method has been
developed. The method takes the flow-slide probability for the mean slope as a
starting point, and quantifies the influence of local deviations using the theoretical
models described earlier.

Since other information is lacking, it may be assumed that half of all flow slides
registered by Wilderom (1979) have been pure liquefaction flow slides while the
other half concerned pure breach flow-slides (in reality many flow slides were
presumably a combination of both mechanisms).

Therefore the flow-slide probability can be written as:

P .ZV / D 0:5 � P
�
ZVliquefaction

�C 0:5 � P
�
ZVbreachflow

�
(19.1)

It is assumed that the occurrence of liquefaction is mainly influenced by (1) the
stress state, which can be expressed by a so-called fictitious slope height (in which
the influence of the above-water part of the slope is included (HR)) and an average
under-water slope angle (cotan’R); and (2) the packing of the potentially liquefiable
layer (expressed by relative density, ID, or state parameter, §). The thickness of this
layer is assumed to be 5 m, since this is the minimal thickness required for slope
instability due to liquefaction.

Besides slope height and angle the occurrence of an unstable breach flow is
assumed to be mainly influenced by medium grain size.

The probabilities on a liquefaction flow-slide and breach flow-slide can thus be
expressed by:

P
�
ZVliquefaction

� D f 1 .HR/ � f 2 .cotan˛R/ � f 3 .density/ (19.2)

and

P
�
ZVbreachflow

� D f 4 .HRB/ � f 2 .cotan˛R/ � f 5 .D50/ � f 6 .claylayers/ (19.3)

which can, together with Eq. (19.1), be combined into:

P .ZV / D f 2 .cotan˛R/ � f0:5 � f 1 .HR/ � f 3 .density/ C 0:5 � f 4 .HRB/ �
f 5 .D50/ � f 6 .claylayers/g � 0:02km�1 � year�1 (19.4)

Note that for breach flow the definition of slope height may be different than for
liquefaction. For that reason different symbols are used (HR vs. HRB).



220 G.A. van den Ham et al.

Fig. 19.3 Influence slope height (HR), slope angle (cot’) and relative density (ID) on the
occurrence of metastability, as calculated with SLIQ2D (Modified from Stoutjesdijk et al. 1998)

19.5.1 Determination of P(ZVliquefaction)

Figure 19.1 shows that the flow-slide frequency in “young Holocene deposits” is
roughly twice as much as in “old Holocene deposits”. Thus the frequency increases
by a factor two if the relative density decreases by 10 %, or a corresponding increase
of the state parameter by 0.05.

From sensitivity analyses with the liquefaction programme SLIQ2D (Stoutjesdijk
et al. 1998) it appears that a decrease in relative density has roughly the same effect
on the size of the metastable area as an increase of the slope height by a factor three
(e.g. from 10 to 30 m) or an increase of slope angle by a factor 1.5 (e.g. from 1:6 to
1:4), see Fig. 19.3.

This leads to:

f 1 .HR/ D
�

H R

24

�2:1

(19.5)

f 2 .cotan˛R/ D
�

5
cotan˛R

�5:7

(19.6)
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Fig. 19.4 Influence of grain size and slope angle on critical perturbation according to HMBreach

f 3 .densi ty/ D
�

1

3

�10�.ID�0:3/

(19.7)

In the above equations the term describing the influence of relative density
�

1
3

�10�.ID �0:3/
can be replaced by a term based on state parameter (§).

Reduction in slope angle from 1:5 to 1:11 yields a 100 times smaller probability.
This agrees with the observations in Fig. 19.2.

Since it is unknown whether the flow slides registered by Wilderom are liquefac-

tion or breaching flow-slides, the term
�

5
cotan˛R

�5:7

applies for breach flow-slides as

well.

19.5.2 Determination of P(ZVbreachflow)

Figure 19.4 presents the result of a series of HMBreach calculations for homoge-
neous sandy slopes. The critical value of the initial breach, i.e. the value that just
causes a self-accelerating turbulent sand-water mixture flow and here expressed as
sand transport sz, is presented on the vertical axis. The horizontal axis presents
the mean grain size, whereas each curve is valid for a certain slope angle. The
same value of the critical initial breach is assumed to correspond to the same
probability on a breach flow. This makes clear that a decrease in grain size from
D50 D 2 � 10�4 m to 1.25 � 10�4 m yields the same value of the critical perturbation
(i.e. sz D 5 kg/sm) if the slope angle is reduced from cotan’ D 4 to cotan’ D 6.
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This means that f5 can be expressed as:

f 5 .D50/ D
�

2�10�4

D50

�E

where
f 5.1:25�10�4/

f 5.2�10�4/
D f 2.6/

f 2.4/
or
�

1:25�10�4

2�10�4

�E D �
6
4

�5:7
,

which yields E D 5.

In a similar way f 4 .HRB/ D �
H RB

24

�D
with D D 4 is found.

Finally f 6 is introduced because the presence of cohesive layers within the sand
body increases the probability of a trigger. Undermining of these layers by the
upslope moving breach may cause these layers to break down resulting in a sudden
increase in the height of the vertical breach. This leads to a sudden increase in
sand discharge and increase of erosion. Cohesive layers start to play a role if their
(individual) thickness is larger than 0.5 m. If their thickness exceeds 5 m it can be
assumed that the breach will stop.

In case a small number of relatively thin clay layers is present, as in the Holocene
deposits in Zeeland, f 6 .claylayers/ D F D 1 holds. Since the present version of
HMBreach cannot account for cohesive layers, values for F for other situations have
been estimated. F may vary between 1/3 (no clay layers) to 3 (many clay layers).

This results in:

P .ZV/D
�

5

cotan˛R

�5:7
(

0:5 �
�

HR

24

�2:1

�
�

1

3

�10�.ID �0:3/

C0:5 �
�

HRB

24

�4

�
�

2 � 10�4

D50

�5

�

Fcohesivelayers

)

� 0:02 km�1 � year�1
(19.8)

19.6 Concluding Remarks

The presented semi-empirical method for calculating the probability of occurrence
of flow slides has a solid base in the documentation of historical flow slides.
The incorporation of the results of theoretical models describing the physics is
promising, but needs further development. The theoretical models on breach flow-
slide need further development and validation, including the interaction with static
liquefaction. The respective factors in the semi-empirical equation need to be
adapted accordingly. The role of the dynamic character of banks needs to be
investigated such that the effects of gradual change of geometry and triggers can
be incorporated. This will likely result in lower predicted probabilities for slopes in
banks with a less dynamic character.
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dilative sand fill. Géotechnique 55(2):123–133

Jefferies M, Been K (2006) Soil liquefaction – a critical state approach. Taylor & Francis,
London/New York

Lesser GR, Roelvink JA, Van Kester JATM, Stelling GS (2004) Development and validation of a
three-dimensional morphological model. Coast Eng 51(8–9):883–915

Mastbergen DR, Van den Berg JH (2003) Breaching in fine sands and the generation of sustained
turbidity currents in submarine canyons. Sedimentology 50(4):625–637

Olson SM, Stark TD (2003) Yield strength ratio and liquefaction analysis of slopes and embank-
ments. J Geotech Geoenviron Geol 129(8):727–737

Schokker J, Weerts HJT, Westerhoff WE, Berendsen HJA, Den Otter C (2007) Introduction of
the Boxtel formation and implications for the quaternary lithostratigraphy of the Netherlands.
J Geosci/Geologie en Mijnbouw 86(3):197–210

Silvis F, De Groot MB (1995) Flow slides in the Netherlands: experience and engineering practice.
Can Geotech J 32:1086–1092

Stoutjesdijk TP, De Groot MB, Lindenberg J (1998) Flow-slide prediction method: influence on
slope geometry. Can Geotech J 35(1):43–54

Van Duinen TA, Bezuijen A, Van den Ham GA, Hopman V (2013) Field measurements to
investigate submerged slope failures. Submitted to 6th international symposium on submarine
mass movements and their consequences, GEOMAR, Kiel, Germany, 23–25 September 2013

Wilderom NH (1979) Resultaten van het vooroeveronderzoek langs de Zeeuwse stromen. Rijkswa-
terstaat, Nota 75.2



Chapter 20
Submarine Slope Stability Assessment
of the Central Mediterranean Continental
Margin: The Gela Basin

Fei Ai, Jannis Kuhlmann, Katrin Huhn, Michael Strasser, and Achim Kopf

Abstract This study investigates slope stability for a relatively small scale
(5.7 km2, 0.6 km3), 8 kyr old landslide named Northern Twin Slide (NTS) at
the slope of the Gela Basin in the Sicily Channel (central Mediterranean). The NTS
is characterized by two prominent failure scars, forming two morphological steps
of 110 and 70 m height. Geotechnical data from a drill core upslope the failure
scar (GeoB14403) recovered sediments down to �52 m below seafloor (mbsf).
The deposits show low over consolidation ratio (OCR D 0.24–0.4) and low internal
friction angle (20–22ı) around 28–45 mbsf, which suggests this mechanically
weak interval may act as potential location of instability in a future failure event.
Oedometer tests attest the sediments are highly under consolidated and the average
overpressure ratio (�*) is �0.7. Slope stability analyses carried out for different
scenarios indicate that the slope is stable both under static undrained and drained
conditions. A relatively small horizontal acceleration of 0.03–0.08 g induced by an
earthquake may be sufficient to cause failure. We propose that moderate seismic
triggers may have been responsible for the twin slide formation and could also
cause mass wasting in the future.
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20.1 Introduction

Submarine landslides are ubiquitous on continental margins. Overpressure near the
seafloor plays a significant role in the occurrence of submarine landslides (Flemings
et al. 2008). Seismic activity is considered as an important triggering mechanism of
submarine landslides (Masson et al. 2006). It is therefore important to evaluate the
effects of overpressure as a preconditioning factor and seismic shaking as triggering
mechanism for submarine slope instability in earthquake-prone regions.

The study area is located between 200 and 800 m water depth along the
eastern margin of the Gela Basin of the Sicily Channel, central Mediterranean.
The continental slope has a general gradient (approx. 3ı) and steep slide head
scarps (up to 32ı in places) (Fig. 20.1a). Two recent slides (termed Northern Twin
Slide and Southern Twin Slide) show subrounded scars on the upper slope and are
characterized by bathymetric bulges at the base of the slope (Minisini et al. 2007).
These landslides are described as multiple failures likely controlled by specific
stratigraphic surfaces acting as glide planes (Minisini and Trincardi 2009; Trincardi
and Argnani 1990).

In order to provide a possibility to assess future slope instabilities due to over-
pressure and seismic shaking, undrained and drained infinite slope stability models
are introduced to model slope stability under both static and pseudostatic conditions.

20.2 Geological Setting

The Gela Basin is the most recent (Plio-Quaternary) foredeep of the Maghrebian
fold-and-thrust belt (Argnani et al. 1986). The extensional basin originated in
the late Miocene to early Pliocene with the emplacement of the Gela nappe,
which lasted until the early Pleistocene (Grasso 1993). Sequence stratigraphic
interpretation on the shelf and upper slope area on the Gela Basin (Minisini and
Trincardi 2009; Kuhlmann et al. 2013) identify, from top to bottom (Fig. 20.1b): (I)
deposits resting on top of erosive unconformity ES1, (II) a progradational wedge
pinching out towards NE and (III) deposits beneath sequence boundary SB1. In
general, the studied northern slope of the Gela Basin shows high sedimentation
rates of 85–250 mm/kyr area result of abundant supply of fine-grained material and
tectonic subsidence (Emeis et al. 1996).

The NTS is characterized by two prominent failure scars forming two morpho-
logical steps of 110 and 70 m height (Fig. 20.1b). The slope angle of the slide
headwall is around 16ı, while the surfaces of the displaced masses dip at 1.5–4.5ı
(Minisini et al. 2007). The accumulation area of the NTS is characterized by a
morphologic bulge at the seafloor which extends 7 km downslope and 1.5 km in
width. The source area of the NTS is 5.7 km2 and the average height of the failure
section is approx. 100 m. The runout of the NTS is 11.7 km (Minisini et al. 2007).
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Fig. 20.1 (a) Overview map showing the morphology of the Twin Slides in the Gela Basin
offshore Sicily (Italy). Black dot indicates the location of core GeoB14403. Red dashed lines
indicate the scarps of the Twin Slides. Black lines indicate the locations of parasound profiles
presented in (b). (b) Parasound sub-bottom profile crossing the NTS. Red rectangle shows the
location of the core GeoB14403. Green dashed lines indicate the Erosion surface 1 (ES1) and the
sequence boundary1 (SB1). Red dashed lines indicate the boundaries of different Marine Oxygen
Isotope Stages (MIS) (Minisini et al. 2007; Kuhlmann et al. 2013). Black dashed line indicates the
slip surface of the upper retrogressive landslide
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20.3 Material and Methods

20.3.1 Shipboard and Laboratory Analysis

The principal data set for this study is based on a MeBo (MARUM seafloor drill
rig) core and a co-located gravity short core, both acquired during Cruise MSM15/3
in 2010. A 51.9 m-long succession from the undisturbed slope apron upslope the
NTS scar was recovered. Visual core description was carried out on board shortly
after core recovery on the split core. Discrete samples were taken on board to
measure water content and bulk density using oven drying method and pycnometer
(Blum 1997). Undrained shear strength (Su) was estimated using a Mennerich
Geotechnik (Germany) vane shear apparatus (Blum 1997) and Wykeham Farrance
cone penetrometer (Wood 1985).

Laboratory experiments consisted of grain size distribution analysis using a
Beckman Coulter LS 13320 particle size analyzer and Atterberg limits using the
Casagrande apparatus and rolling thread method (Casagrande 1932). Consolidation
tests were performed using uniaxial incremental loading oedometer system (ASTM
2004a), with permeability being estimated from the consolidation test results (Lamb
and Whitman 1969). The drained sediment strength parameters, cohesion (c0) and
internal friction angle (�0), were determined using drained direct shear tests (ASTM
2004b).

20.3.2 Overpressure Estimation

Effective stress is an important parameter for slope stability analysis. Overpressure
impacts the effective stress as seen in Terzaghi et al. (1996). Overpressure (�u) is
defined as fluid pressure (u) in excess of hydrostatic equilibrium (u0) (Dugan and
Sheahan 2012). The Terzaghi’s effective stress relationship is:

� 0
v D �v � u D �v � .u0 C �u/ D .	b � 	w/ gz � �u

D . � w/ z � �u D  0z � �u
(20.1)

Where � 0
v is vertical effective stress, �v is total overburden stress, 	b is bulk density

(assuming constant), 	w is density of water (assuming constant),  is unit weight,
w is unit weight of water,  0 is buoyant weight, z is overburden depth, and g is the
acceleration due to gravity.

Preconsolidation stress (� 0
pc) interpreted from consolidation test is an approach

to evaluate overpressure (Casagrande 1936):

�u D � 0
vh � � 0

pc (20.2)
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Where � 0
vh is vertical effective stress for hydrostatic conditions (� 0

vh D  0z). The
overpressure was used to perform back analysis of slope stability under drained
conditions.

20.3.3 Slope Stability Analysis

The infinite slope stability analysis is used to calculate the factor of safety (FS). In
the infinite slope approximation FS � 1 represents stability and FS < 1 represents
instability. For static conditions the FS calculation after Morgenstern (1967) and
Løseth (1999) follows:

FS D Su

 0z sin � cos �
.Undrained/ (20.3)

FS D c0 C  0z
�
cos2 � � ��� tan �0

 0z sin � cos �
.Drained/ (20.4)

Where � is slope angle (also assumed angle for slip surface) and �* is over-
pressure ratio (�� D �u

ı
� 0

vh ). The evaluation of slope stability under earthquake
loading is commonly based on pseudostatic analysis (ten Brink et al. 2009;
Morgenstern 1967). The overpressure that may be generated during an earthquake is
not taken into account for the slope stability analysis. The seismic response included
in the FS calculation is the integrated horizontal ground acceleration kg (where k is
horizontal acceleration coefficient and g is the acceleration due to gravity), which is
assumed to be applied over a time period long enough for the induced shear stress
can to be considered constant.

FS D Su

 0z Œsin � cos � C k . = 0 / cos2��
.Undrained/ (20.5)

FS D c0 C  0z
�
cos2 � � �	� tan �0

 0z Œsin � cos � C k . = 0 / cos2��
.Drained/ (20.6)

The aim of the stability analysis is to estimate the static FS of the slope and the
minimum seismic acceleration required to trigger a slope failure under undrained
and drained conditions, respectively.

20.4 Results

20.4.1 Physical and Geotechnical Properties

The physical properties and geotechnical results are presented in Fig. 20.2. The
dominant lithology is homogeneous silty clay to clayey silt with a narrow range
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Fig. 20.2 Lithological, physical properties and geotechnical properties profile of core GeoB14403
for slope stability assessment

of particle sizes. The sediment’s plastic limit is �28 %, while the liquid limit
ranges from 55 to 74 %. Natural water content is close to the liquid limit and
gradually decreases with depth, while bulk density gradually increases with depth.
Undrained shear strength values range from a few kPa near the seafloor to �50 kPa
at depth, where the pocket penetrometer generally shows slightly higher values
than vane shear. The undrained shear strength-depth relation obtained from pocket
penetrometer tests is: Su D 0.6z C 37 (kPa, R2 D 0.64). The sediment appears to
be under consolidated as inferred from low ratios between the undrained shear
strength and vertical effective stress at static condition (Su

ı
� 0

vh � 0:1) (Locat and
Lee 2002).

Consolidation tests indicate sediments are slightly under consolidated
(OCR D � 0

pc /� 0
vh D 0.76 at 4.08 mbsf)at shallow subsurface depth and become

strongly under consolidated deeper downhole(OCR D 0.23 at 49 mbsf).
Overpressures estimated from consolidation test results using Eq. 20.2 indicate
that overpressure increases with depth and �* ranges from 0.24 to 0.77. Drained
direct shear tests indicate that sediments from 28 to 45 mbsf have somewhat lower
angle of internal friction (approx. 20ı) compared to one sample from shallow depth
(approx. 30ı). Values of the effective cohesion intercept (c0), range from 0 to 30 kPa
for granular to clay-rich sediments.
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Table 20.1 Parameters used for slope stability calculations (Data derived from Fig. 20.2)

Static or variable/value (in different scenarios)

Input parameters Undrained static Drained static
Undrained
seismic

Drained
seismic

Undrained shear strength,
Su(kPa)

Static/0.6z C 3.7 Static/33.7

Depth of the failure surface,
z (m)

Variable/10–100 Static/50

Slope angle, ™ (ı) Variable/1–5.5
Cohesion, c0 (kPa) – Static/23.5 – Static/23.5
Internal friction angle,

·0 (ı)
– Static/21 – Static/21

Overpressure ratio, œ* – Variable/0.4–1.0 – Static/0.7
Unit weight, ” (kN/m2) – – Static/16.4
Horizontal acceleration

coefficient, k
– – Variable/0–0.09

Buoyant weight, ”0 (kN/m2) 6.6
Gravitational acceleration,

g (m/s2)
9.81

FS/k 1.9/0 3.6/0 1/0.02 1/0.053

Fig. 20.3 Slope stability analysis under undrained (a) and drained (b) conditions for the NTS.
Contour plots indicate FS values. Dashed white lines indicate current mean values of the
parameters in the NTS

20.4.2 Slope Stability Analysis

Factor of safeties for four different cases were calculated using Eqs. 20.3, 20.4, 20.5,
and 20.6 with two parameters changing within a certain range and other parameters
keeping at constant value (Table 20.1 and Figs. 20.3 and 20.4). According to
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Fig. 20.4 Back-calculation of pseudostatic horizontal acceleration ratio showing FS as a function
of slope angle and pseudostatic horizontal acceleration ratio under undrained (a) and drained (b)
conditions for the NTS. Contour plots indicate FS values. Dashed white lines indicate the value
of pseudostatic horizontal acceleration required to trigger slope failure (FS D 1) at current mean
value of the slope angle

the parameters of current situation, the factor of safeties of static undrained and
drained cases can be constrained (Fig. 20.3). Horizontal acceleration coefficients
in earthquake undrained and drained cases were back-calculated using Eqs. 20.5
and 20.6 while FS D 1. The slope appears to be presently stable both under static
undrained and drained conditions. The depth of the failure surface shows less
influence on FS compared to slope angle in the undrained slope stability analysis.
Overpressure ratios �* � 0.93 are required to fail a drained slope at an angle of 5.5ı.
Pseudo-static analysis indicates that slope is vulnerable in undrained earthquake
case. Horizontal acceleration coefficient k D 0.02 is need to trigger slope failure
in undrained earthquake case, while higher horizontal acceleration coefficient
(k D 0.053) is required to trigger slope failure (FS D 1) at current mean values of
the slope angle (3ı) in drained earthquake case.

20.5 Discussion

20.5.1 Preconditioning Factors

Generally factors such as high sedimentation rate, slope steepening and the presence
of intrinsically weak layer scan greatly reduce the factor of safety of slope
under static loading conditions. High sedimentation (�m/kyr) of low permeability
sediments (permeability �10�16 m2) can generate overpressure, a condition known
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as under consolidated (Dugan and Sheahan 2012). Undrained shear tests and consol-
idation tests presented here suggest the sediments are strongly under consolidated
(OCR D 0.27–0.77). The state of overpressure in the Gela basin most likely results
from deposition of fine-grained sediments with high sedimentation rates. Based
on seismostratigraphic interpretation and shallow cores a high sedimentation rate
(0.3–0.6 m/kyr) was proposed since the Last Glacial Maximum at 18–24 kyr B.P.
(Minisini and Trincardi 2009). Kuhlmann et al. (2013) estimate the sedimentation
rate was �0.5 m/kyr during MIS 1 and �1 m/kyr during MIS 3 according to
results from the MeBo core recovered in the undisturbed slope apron of the NTS.
Based on our oedometer experiments, the coefficient of permeability of sediment
is on the order of 10�10 m/s (permeability �10�16 m2). Such a low permeability
may inhibit fluid seepage and thereby induce the overpressure buildup (Dugan and
Sheahan 2012).

The slope stability analysis suggests the slope angle has a larger influence on
the FS than on depth of failure plane. Since FS decreases with increasing slope
angle, one possible mechanism for failure could be rapid wedge-shaped sediment
accumulation during sea level low stand (Minisini et al. 2007) or bottom currents
leading to net erosion and undercutting the toe of slope (Bennett and Nelsen 1983).
Both mechanisms have been hypothesized to occur in the study area (Minisini et al.
2007; Verdicchio and Trincardi 2008). Based on low internal friction angle derived
from direct shear test, sediments from 28 to 45 mbsf appear to be weaker, potentially
forming a preferential slip plane for future slope failure. Slope stability analysis
further suggests the slope is stable in static conditions. To reach FS D 1 or lower,
an overpressure ratio of 0.93 at slope angle of 5.5ı would be required, which is not
observed at present. Hence additional triggers are needed to generate slope failure.

20.5.2 Triggering Factors

Pseudostatic slope stability analysis suggests that pseudostatic horizontal accelera-
tion in the order of 0.02–0.053 g is required to fail the slope (FS D 1) in undrained
as well as drained conditions. Strasser et al. (2011), based on the principles by Seed
and Idriss (1971) and Seed (1979), suggested that the pseudostatic horizontal accel-
eration only represent �65 % of the effective earthquake peak ground acceleration
(PGA D 0.03–0.08 g). In order to explore plausible scenarios for earthquake events,
which might induce seismic shaking in this intensity range and thus could trigger
slope failure of the NTS, PGA is estimated using empirical attenuation equations
after Bindi et al. (2011) that depend on the combination of magnitude and source
distance of earthquake (Fig. 20.5).

The Sicily channel show slow seismic activity (Fig. 20.5a). Over the last
40 year, only small earthquakes occurred, which are too low to trigger instabilities
(Fig. 20.5b). The attenuation relationship combined with the critical threshold
condition for instability, as revealed from our analysis, indicates that moderate
earthquakes with magnitudes M D 4.0–4.8 near or at the location of the study area,
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Fig. 20.5 (a) Earthquake record of the Sicily channel since 1970 (USGS database). Dashed black
circles indicate the distance to the study area. Red circles indicate magnitude levels of earthquakes.
(b) PGA estimation using empirical attenuation equations after Bindi et al. (2011) that depends on
combination of magnitude and source distance of earthquake. Contour plots indicate the PGA. Red
lines indicate the PGA values are required to trigger slope failure. Dashed white lines indicate the
largest and closest earthquake in the study area during last 40 year

or strong (M D 7), far-field events in epicentral distance <20–80 km are required to
trigger the slope failure. Past landslide occurrence in the study area indicates that
over a longer time scale, larger magnitude earthquakes than those recorded during
the instrumental period may have occurred. We propose that moderate seismic
triggers may have been responsible for NTS formation and could also cause mass
wasting in the future.

20.6 Conclusions

In summary, we have demonstrated geotechnical properties of sediments and slope
stability analysis of the Gela Basin. Strongly under consolidation of the sediments
in the study area are mainly attributed to rapid sedimentation in fine sediments.
Despite of the high overpressure presented in the sediments, the stability analysis
suggests the slope is stable under static conditions. Slope failure may be triggered by
moderate earthquake (M4.0–M4.8) in the study area, or even strong events if farther
away. Additional studies of in-situ pore pressure measurement and pore pressure
change during the seismic loading are needed in order to further investigate the
dynamic response and better assess the slope stability.
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Chapter 21
The 1930 Landslide in Orkdalsfjorden:
Morphology and Failure Mechanism

Jean-Sebastien L’Heureux, Oddvar Longva, Louise Hansen,
and Maarten Vanneste

Abstract The 1930 landslide and associated 15-m high tsunami along the shore of
Orkdalsfjorden, mid Norway, killed one person and caused major damage to port
facilities. The combination of witness testimony with swath bathymetry data, high
resolution seismic reflection data and gravity cores show that the failure propagated
rapidly (up to 25 m/s) and progressively over a clay layer in a retrogressive manner.
The volume of sediment evacuated downslope of the 8–12 m high and 3 km long
headwall amounts 18.5 � 106 m3 during this event. The transformation of the failed
mass into a sediment gravity flow caused subsequent slope failures on the opposite
side of the fjord and the breakage of submarine cables at distances of 3 and 18 km
away from the initial landslide.

Keywords Historical landslide • Fjord • Morphology • Failure mechanism •
Tsunami

21.1 Introduction

Landslides occur frequently along Norwegian fjords and are therefore a threat
to coastal communities and near-shore facilities or infrastructure. In many cases,
shoreline landslides develop following a common pattern, initiating offshore,
retrogressing towards and in several cases across the shoreline and ultimately
generating tsunamis (e.g. L’Heureux et al. 2011). The causes for these failures
are not easy to pinpoint; however, this information is essential to correctly perform
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hazard assessment in such areas. To this aim, the analysis of past landslide events
can give important knowledge on factors contributing to failure, landslide dynamics,
the timing and the links between mass-wasting processes and their tsunamigenic
potential. In this study, we investigate the 1930 landslide in Orkdalsfjorden,
mid-Norway, using an integrated data set consisting of swath bathymetry data, high-
resolution seismic reflection profiles and several gravity cores.

21.2 The 1930 Orkdalsfjorden Landslide

Orkdalsfjorden is an 11 km long tributary to the larger Trondheimsfjorden and is
situated �25 km southwest of Trondheim, mid Norway (Fig. 21.1b). The fjord
basin is up to 400 m deep and has steep flanks. The water depth increases further
northwards to more than 500 m in Trondheimsfjorden. A major river, Orkla, enters
Orkdalsfjorden just north of the town of Orkanger.

The Orkdalsfjorden landslide occurred close to the mouth of the Orkla river in
the early morning of May 2nd, 1930. The landslide was registered when about
1,250 m3 of a minor recently-placed landfill disappeared into the fjord (location
X; Fig. 21.1c). The failure occurred at 7:48 a.m. at an exceptionally low tide,
and stretched �500 m along the fjord (Bjerrum 1971). A few minutes later and
approximately 2 km southwest, a 600- to 700-m-long stretch of land disappeared at
Orkanger (location Y; Fig. 21.1). During this event, piers and harbour constructions
were destroyed. A picture of the onshore encroachment is shown in Fig. 21.1d.
Shortly afterwards, more shoreline failures took place on the opposite side of the
fjord between 7:55 and 8:00 a.m. (location Z; Fig. 21.1c). This multiphase sequence
of submarine landslides has, up to now, been considered to result from collapse and
liquefaction of sandy material (Bjerrum 1971).

During the 1930 landslide event, an up to 15 m high wave caused severe damage
to harbour installations and one man perished during this event. At 7:55 a.m., a
telephone cable situated 3 km to the north of location X on Fig. 21.1b, and at a
depth of 350 m, broke. This indicates that the landslide propagated with a velocity
of approximately 7 m/s. Approximately 18 km further north along the fjord another
cable was broken at 9:40 a.m. (Fig. 21.1b). This corresponds to a speed of 3.1 m/s
since the occurrence of the initial landslide.

21.3 Data and Methods

Bathymetric data from Orkdalsfjorden were collected in 2003 and again in 2009
using a 250 kHz interferometric sidescan sonar system (GeoAcoustics) mounted
onboard the R/V Seisma. The bathymetric grids have 1 m by 1 m cell size. During
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Fig. 21.1 Location of Orkdalsfjorden landslide, (a) the study area, (b) location of broken
telephone cables, (c) swath bathymetry over the landslide area with tracks of seismic lines and core
locations, (d) photography of the onshore escarpment at location Y (Courtesy of Adresseavisen)
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the 2009 surveying, 14 lines of parametric sub-bottom profiler (TOPAS) were
acquired over the landslide scar area. Also in 2009, a total of 9 gravity cores up to
1 m long were retrieved. X-ray imagery, detailed visual sedimentological description
and measurements of magnetic susceptibility at every 1 cm with a Bartington MS2
probe were performed on the cores. Measurements of undrained shear strength were
performed on clay samples using the Swedish fall-cone.

21.4 Results and Interpretation

The geomorphology in Orkdalsfjorden is characterized by steep slopes with gradi-
ents from about 6ı close to the shoreline to over 25ı near the foot of the slopes. To
the southwest, the Orkla river delta is a pronounced morphological feature with
distinct channels, gullies and sediment waves (Figs. 21.1c and 21.2). Sediment
waves are found from the foot of the delta at approximately 100 m water depth
to water depths beyond 300 m in the fjord basin. The slopes off the northwestern
shoreline are at some locations deeply incised by gullies originating from small
creeks onshore (Fig. 21.1b). At either side of the fjord, landslide scars of varying
dimensions and mass-wasting deposits can be observed.

Fig. 21.2 Oblique view of the Orkdalsfjorden landslide with morphological interpretation and
bathymetric profiles
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21.4.1 Geomorphological and Stratigraphical
Landslide Features

The bathymetry data clearly reveals that the entire southwestern flank of the fjord
is affected by mass movement processes, including the presence of multiple
escarpments, detached slabs, channels, and smaller debris flows (Figs. 21.1c
and 21.2). A distinct escarpment or headwall connects the initial landslide area
(X) with the landslide affecting the harbour at Orkanger (Y). The headwall varies
between 8 and 12 m in height, and has a slope between 24ı and 34ı. Most of the
area downslope of the 3 km long headwall has a smooth, relatively flat surface
devoid of landslide debris.

Based on the bathymetric data, the volume of material evacuated during this slope
failure (from X to Y) is estimated at 15–17 � 106 m3. The slope within the evacuated
slide scar area increases from about 6–7ı at the foot near the headwall to over 20ı
close to the fjord bottom. Some landslide debris can be observed along the foot of
the headwall, and also as a cluster shown along profile C–C0 in Fig. 21.2. There, the
seafloor displays a staircase pattern, which is attributed to the detachment and tilting
of blocks during the landslide. Combining the observations from the bathymetry
data with the seismic profiles, one can notice that the tilted blocks rest on a high-
amplitude reflector corresponding to the evacuated surface (Fig. 21.3). This reflec-
tion continues within unfailed sediments upslope of the headwall scar (Fig. 21.3).

The headwall scar close to the initial landslide area is incised by a channel and a
more than 20 m deep “V-shaped” gully (Profile A–A0; Fig. 21.2). Within the gully,
close to shore, planar surfaces at two different levels indicate that more than one
layer were involved in the failure process. At 200 m off the shoreline, the hummocky
gully floor indicates accumulation of debris and blocks from the initial landslide
event and/or from the sidewalls of the gully. These mass wasting deposits are up
to 20 m thick and acoustically transparent with chaotic reflections on the seismic
data (Fig. 21.3). These landslide deposits are underlain by acoustically stratified
sediments which likely represent marine to glacio-marine clays such as encountered
in the surrounding fjord system (e.g. Bøe et al. 2003; Rise et al. 2006). On the
seismic profile, one can observe a deep truncation within the clays deposits which
has been filled in by landslide debris (Fig. 21.3). A laminated block, up to 20 m high,
is also seen at the interface between the intact sediments and the landslide debris.
The laminations in the block are oblique to those observed in the surrounding intact
sediment. The block must therefore have been transported and/or rotated.

On the north-western side of the fjord and close to where the last shoreline failure
was registered in 1930 (i.e. location Z; Fig. 21.1), the bathymetric data shows two
distinct landslide scars. The 2 m high scars start at the shoreline and vanish in the
landslide debris at the bottom of the fjord �700 m away. Based on the bathymetric
data, the sediment evacuated from this secondary landslide is estimated at 1.0–
1.5 � 106 m3 summing up a total landslide volume of approximately 16–18.5 � 106 m3

for the 1930 event.
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Fig. 21.3 (a) Seismic reflection profile showing detached and tilted slabs, and the evacuated
landslide scar. Note the reflector corresponding to the sliding place below the debris and also
within the intact sediment wedge. (b) Seismic reflection profile across the gully outside the initial
landslide area (see Fig. 21.1c for location)

21.4.2 Core Data

Results from two representative gravity cores are presented in Fig. 21.4. Core 1001
was collected upslope of the headwall escarpment and consists of three different
lithofacies. The bottommost interval (48–110 cm) consists of bioturbated silty sand
to fine sand with little variation in magnetic susceptibility. A middle interval from
19 to 48 cm is made of sandy silt with little to absent bioturbation. The 19 cm
thick topmost interval consists of dark, laminated, organic-rich silty clay including
sulfurous layers. The lowest values of magnetic susceptibility in the core are found
in this layer.

The top unit likely represents natural fjord-marine sedimentation affected by
industrial waste from the nearby metal factory at Thamshavn, which has been
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Fig. 21.4 Description of cores 1001 and 1002 collected outside and within the 1930 landslide scar
respectively. Note the difference in depth scale between the two cores

operating since 1931. Core 1002 was collected within the evacuated landslide area
(Fig. 21.1c). The topmost 13 cm consists of the same laminated and organic-
rich silty clay as described in core 1001 and clearly represent the sedimenta-
tion since 1931 (Fig. 21.4). Below, the sediment consists of irregular beds of
silt, sand and gravel with anthropogenic remains interpreted as landslide debris.
A overconsolidated clay with an undrained shear strength of 12–13 kPa is found
at the bottom. The overconsolidation of the clay is attributed to the removal of
overburden (8–12 m) during the 1930 landslide and its depth corresponds to the
level of the seismic reflection interpreted as a slide plane on Fig. 21.3a.

21.5 Discussion and Conclusions

Results from a gravity core and correlated seismic reflection data show that a
clay layer forms the main slip surface of the 1930 Orkdalsfjorden landslide. The
morphology and seismic profiles indicate that the initial failure took place on top
of this clay layer and most likely at the boundary between this layer and the sandy
fjord sediments. No core data describing the sediments immediately above or below
this clay bed is available. However, data from similar fjord environment in the
Trondheim harbour (L’Heureux et al. 2009, 2010) and Finneidfjord (L’Heureux
et al. 2012; Vardy et al. 2012) have shown that clay-rich event beds deposited in the
fjord as distal debris from terrestrial quick clay slides have functioned as slide planes
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Table 21.1 Summary of estimated velocities for the different failure stage during the 1930
Orkdalsfjorden landslide

Event Distance (km) Time (h) Velocity (km/h) Velocity (m/s) Stage

Landfill failure 0 7:48 � � Initial failure
Harbour failure 2�3 7:50 60–90 17�25 Failure prop-

agation
First cable break 3 7:55 25 7 Post-failure
Second cable break 18 9:40 11 3 Post-failure

Note that the distance for each event is estimated from the area of the initial landslide

for submarine translational slides. Similarly, the valley of Orkla has thick deposits
of glacio-marine sediments onshore and a history of quick-clay slides. We therefore
interpret this clay bed to result from a quick-clay landslide in the catchment of the
fjord. In such case, the slide plane lies at the boundary between the clay and the
sandy fjord sediments above.

The causes for the 1930 landslide are attributed to a combination of human
activity along the fjord shoreline (fill) combined with unfavourable groundwater
conditions (low spring tide) and steep shoreline slopes.

The flow of debris following landward encroachment and failure of the fill in
the early stage of the landslide caused intense seabed erosion and the formation of
gullies in the deeper marine and glacio-marine sequences. The unloading caused
prior and during the erosion may have led to intense strain accumulation in the clay
layer in the western slopes, while the shoreline slopes to the east were supported by
the outcropping bedrock (Fig. 21.1c). From this point, failure propagation took place
relatively fast since the harbour in Orkanger was witnessed to fail only a couple
of minutes after the initial landslide. A rough estimate yields a velocity of about
17–25 m/s for the failure propagation (Table 21.1). Based on the geomorphology
and the seismic data, the failure propagated progressively over the clay layer in a
retrogressive spreading manner upward and sideward. However, more geotechnical
data are needed to assess whether or not the landslide mechanisms is associated to
the brittleness and the sensitivity of the clay. The retrogressive process continued
until the slope gradients reached a value of �6ı. At this stage, the potential energy
in the slope was not sufficient for remoulding the sediments. The dip of the main
headwall with slope angles up to 34ı is representative of the internal friction angle
for the sandy material found in nearby cores. These deposits may also have helped
slowing down the retrogressive process. Following the main landslide event the
sediments transformed into a debris flow and subsequently into a turbidity current,
as suggested by the sediment waves in the deeper fjord basin (Fig. 21.1c, see also
Bøe et al. 2003). The early acceleration phase of this landslide towards the deeper
fjord basin likely caused the 15-m high tsunamis. Simultaneously, the bottom slope
erosion caused by the sediment flow likely triggered the subsequent slope failures
registered on the northern side of the fjord (Fig. 21.1c).

The 1930 Orkdalsfjorden event is one of the few known submarine/coastal land-
slide where timing of all stages of land sliding (i.e. failure initiation, propagation and
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post-failure development) can be assessed (Table 21.1). It provides a good example
showing that extensive areas of the seabed may fail in a relatively short period of
time with important implication for tsunami generation. The potential hazard posed
by mass movement processes must therefore be assessed regionally when planning
construction activity in near-shore and coastal environments.
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Chapter 22
Imaging Active Mass-Wasting and Sediment
Flows on a Fjord Delta, Squamish, British
Columbia

John E. Hughes Clarke, Carlos R. Vidiera Marques, and Danar Pratomo

Abstract An active fjord head delta in Squamish British Columbia, was selected
as the location for a repetitive multibeam survey program to monitor temporal
evolution of the prodelta morphology. Daily resurveys in 2011 established the
style and extent of submarine mass movements, their typical periodicity and the
conditions associated with the most active periods. This has now been followed by
an hourly resurvey program in 2012 during those most active periods to actually
witness the progression of activity immediately preceding, during and subsequent
to a singular event.

The delta front in depths of 20–50 m is often the apparent start point for trains
of sequential erosive and depositional events associated with upslope bedform
migration along prodelta channels. Heavy targets on the channel floors were
monitored in 2011 and indicated rare, abrupt down channel displacements of a few
hundred metres, indicating that a small subset of events involved bulk translation of
the seabed. In 2011, a bottom-mounted ADCP beyond one channel mouth recorded
clear turbidity current events for a subset of the channel bedform migration periods.

In 2012, using multibeam water column imaging and a rapidly dipping towed
optical backscatter probe, the evolution of a descending suspended sediment plume
below the overlying river plume was monitored on an hourly basis. Towards low
water, that descending plume was seen to occasionally feed a near seabed higher
suspended sediment layer. On the development of this layer, the water column
imaging revealed a thin basal flow that lasted about an hour and corresponded
directly with the period of migration of the channel floor bedforms. Delta-lip failures
are associated with the upslope end of about half of the bedform trains suggesting
an alternate initiating mechanism.

J.E. Hughes Clarke (�) • C.R. Vidiera Marques • D. Pratomo
Department of Geodesy and Geomatics Engineering, University of New Brunswick,
P.O. Box 4400, Fredericton NB, Canada E3B 5A3
e-mail: jhc@omg.unb.ca

S. Krastel et al. (eds.), Submarine Mass Movements and Their Consequences, Advances
in Natural and Technological Hazards Research 37, DOI 10.1007/978-3-319-00972-8 22,
© Springer International Publishing Switzerland 2014

249

mailto:jhc@omg.unb.ca


250 J.E. Hughes Clarke et al.

Keywords Prodelta mass wasting • Surface differences • Cyclic steps • Bedform
translation • Turbidity current • Water column imaging

22.1 Introduction

The majority of inferences about mechanisms for submarine mass wasting and
sediment flows are based on interpretation of either outcrop geology, the result-
ing morphology of deposits on the seabed or comparisons to laboratory-scale
experiments. To confidently describe a specific event, the seabed needs to have
been surveyed prior to, and immediately after the event. For most descriptions of
inferred mass wasting, only the result is imaged. To actually observe the process,
instrumentation needs to be present (and survive) during an event.

Periodicity of deep-sea mass wasting or turbidity current events is usually too
long to set up a specific monitoring program. Serendipitous interruptions of large
scale infrastructure like deep-sea cables have provided the first (Heezen and Ewing
1952) and most detailed (Hsu et al. 2008) evidence for the passage of a specific
event. In shallow water, where periodicity is expected to be higher, monitoring of
natural flows is possible (Prior et al. 1987; Xu et al. 2004). With the advent of precise
shallow water multibeam surveys, change analysis has also become feasible, most
notably the work of Hill (2012).

The Squamish experiments, described herein, build on the repetitive survey
approach of Hill (2012), but rather than address change on a seasonal scale
(representing the cumulative sum of many events), examine it on a daily and hourly
timescale. The specific objectives were to try to constrain:

• Initiating mechanisms – whether delta lip failure or hyperpycnal-like conditions
could be associated with the onset of flow.

• The character of the near-seabed flow – whether they are fully turbulent or in-
volve grain-to-grain interaction.

• The timing and mechanism of the bedform migration – how are they formed and
what do they imply?

22.1.1 Geological Setting

The Squamish delta lies at the head of Howe Sound, British Columbia and
is the major source of sediment into the sound. Hickin (1989) estimated that
approximately one million cubic metres of sediment are delivered annually. The
basin is approximately 16 km long, extending from the delta to a ponded basin in
285 m of water. The focus of this project is on the first 2 km extending down to a
water depth of �200 m.
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Fig. 22.1 Squamish prodelta bathymetry and block displacements. Starting location indicated by
larger white star. Subsequent translated positions indicated by black stars. Ten metres contour
intervals. For each shift, the horizontal translation and the pair of Julian days over which the shift
took place are indicated. Where and when blocks disappeared, the date is indicated

The first complete survey of the prodelta occurred in 1973, 2 years after the river
mouth had been radically altered through the construction of a training dyke (Hickin
1989). Change between the 1973 and 1990 single beam surveys and multibeam
surveys from 2004 to 2006 were analyzed by Brucker et al. (2007). They noted
that, on average, the proximal prodelta is accreting at a rate of about 1 m per year,
with almost all the change attributable to the summer freshet period. That accretion,
however, is punctuated by local incisions pertaining to three main channels on the
prodelta (Fig. 22.1). Within those channels active transverse bedforms are well
developed. What was not clear from the 2004–2009 surveys, spaced at 6–24 months
apart, was whether the cumulative summer’s change corresponded to a few major
events or a large number of relatively minor events. Also no measurement had been
made of any flow characteristics such as velocity, duration or suspended sediment
concentration. The 2011 and 2012 programs, reported herein were specifically
designed to address these deficiencies.
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22.1.2 Methods

To investigate mass wasting activity on the Squamish prodelta a series of methods
have been employed:

Bathymetry: For the 2011 and 2012 field seasons, an EM710 multibeam operating at
70–100 kHz utilizing 1ı � 2ı beams was employed. Together with RTG-GPS and
aided inertial navigation, confident accuracy in the range 1 m or 2.5 % of depth
horizontally and �30 cm or 0.5 % of depth vertically (Hughes Clarke et al. 2012)
is achievable.

Water Column Acoustic Scattering Imagery: the multibeam sonar provides a
measure of the 3D acoustic scattering field within a cylinder of radius of the
minimum slant range to the seafloor. The 70–100 kHz sonar is not attenuation
limited in these depths and thus can usefully distinguish scattering from noise
close to the seabed.

Current Measurements: In 2011 a bottom mounted ADCP was deployed for a
4 month period with the exception of a 20 day period when it was buried. The
ADCP location was seaward of the mouth of the northern channel and thus could
only detect events in that channel. The ADCP was not deployed in 2012 due to
concerns about burial in the more proximal channel environment.

Temperature and Salinity Structure: In order to calculate the density deficit between
the incoming cold fresh water and the generally warmer salty waters of the fjord,
a towed dipping sensor with a CTD was deployed. The dip periodicity depends
on the depth desired and the vessel speed. Dips within the river plume (about
10 m depth) could be obtained every 100 m. A maximum depth of 125 m was
possible if the vessel slowed to less than 1 knot.

Suspended Sediment Concentrations: The same towed sensor was equipped with an
optical backscatter probe. In 2011, a single probe was deployed which saturated
at sediment concentrations of about 0.07 kg/m3. The river plume rarely exceeded
this value, but deep dips into bottom-following flows often caused saturation. In
2012 a second probe with a 100x lower sensitivity was added to examine the
higher concentrations in the basal flows.

Correlation between output voltage and sediment load was attempted but
complicated by some ambient light sensitivity. Nevertheless, agreement between
estimated plume suspended loads and values previously reported by Syvitski and
Murray (1981) and Hickin (1989) suggest that the values are within �20 % of
actual levels. Therefore suspended load is reported here in absolute kg/m3 units.

Bulk Seafloor Displacements: While the ADCP indicated turbulent suspension flow
beyond the channel sections, it was not clear whether the sediment displacements
in the channels could be attributed to traction by the overriding turbulent flow or
whether there was bulk displacement (sliding or grain flow) along the channel
floor.

In order to monitor whether there was bulk displacement of the channel
floors after the manner pioneered by Paull et al. (2010), concrete blocks (either
24 or 36 kg) were placed on the channel floors with three air filled spheres
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suspended above. An automated algorithm was developed for the multibeam
water column imagery (Marques 2012) to unambiguously identify and locate the
spheres amongst the other mid-water scattering targets due to gas or zooplankton.

In 2011 six of these blocks with buoyed markers were laid in the thalwegs
of the major channels (Fig. 22.1). The location of each of these blocks was
monitored on a daily basis.

2011 Survey Design: A one to 3 day period for resurvey was conducted in 2011
over a period of 4 months (Hughes Clarke et al. 2012) during the summer high
discharge period. From this, cumulative daily change could be assessed to infer
correlations with tidal range and river discharge.

2012 Survey Design: Based on the inference from the 2011 daily surveys, the period
of highest probability of mass wasting was selected for resurveys at periods of
about 1 h in 2012. The survey plan involved running the channel corridors from
about 4 h before low water, to about 2 h after low water. Immediately preceding
the start of the channel surveying, the delta lip was imaged to see if there had been
any change since the previous evening. And at the end of the day, the delta lip was
resurveyed to compare with the morning and the following day. The overnight
low-tide was weak due to the diurnal inequality and no overnight change in the
either the delta lip or the channel floors was ever observed.

For the first 2 days all channels were sequentially surveyed with a repetition
period of about 1.5 h. On the subsequent 4 days only a single channel was
surveyed with a repetition period of about 0.5 h. Results for the first 3 days,
during a river surge are presented.

22.2 Results

The 2011 campaign (Hughes Clarke et al. 2012) is herein briefly reviewed together
with a new analysis of the 2011 block displacements. This provides a context for
the 2012 operations which directly address the stated objectives.

22.2.1 2011 Daily Sequence of Events

On each survey weekday in 2011, the active delta lip was mapped from the edge
(at �1 m below chart datum) to 50 m depth. From that point, transects were run
along the thalwegs of the three active channels down to 200 m. By running the
channel axes, the centre beams of the multibeam with the highest accuracy were
used to try and detect bathymetric change. This was also the geometry in which the
best acoustic water column imaging could be obtained.

The terrain model for each day was subtracted from the previous day to assess
resolvable change. On an active day, regions of erosion and deposition along one or
more of the channels were observed (Fig. 22.2) almost always indicating upslope
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Fig. 22.2 2012 daily cumulative depth differences along a 1,000 m long section down the North
Channel (white box in Fig. 22.1). Left shows the bathymetry with 10 m contours

migration of the transverse bedforms. The only time that the bedform migration
direction was ambiguous was during larger events when displacements exceeded ½
a wavelength and thus crest to crest ambiguity exists. Some of these active bedform
trains appear to initiate upslope in an erosive headscarp, but many appeared to
extend gradually downslope without any discrete initiating source location.

Often more than one channel was active in the same day. Using 93 sequential
surveys, a total of 103 channel-specific daily events were detected in 2011, of which
49 were in the northern channel (Fig. 1 in Hughes Clarke et al. 2012). For 20 of the
northern channel events, a corresponding turbidity current surge was detected at the
ADCP. A typical flow was 5–15 m thick, with a duration of about an hour and peak
velocity of about 0.5 m/s (Hughes Clarke et al. 2012).

For each transect, a vertical section of the acoustic volume scattering along the
channel axis from the surface to the seabed was obtained. For most days all this
revealed was the zooplankton stratification in the fjord. As the summer progressed,
it became apparent that the deep scattering layer would occasionally be perturbed
by a bottom-following low scattering layer.

These bottom-following low-scattering layers were typically associated with low
tide. During the low water period, the discharge of the river is constricted to a
narrower cross section which results in a stronger off-delta flow.
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For the majority of days, even if a seabed change clearly happened in the channel
the blocks did not move. On just 8 of the 52 days on which change occurred, the
blocks were translated by between 12 and 253 m (Fig. 22.1). It is notable that the
spatial patterns of erosion and deposition do not look discernibly different on days
when there was block displacement and days when there was not. Thus, while mass
displacement must have occurred on those days, subsequent current activity appears
to have moulded the sediments in a way that makes it indistinguishable from other
mechanisms.

22.2.2 2012 Hourly Sequence of Events

The 2011 daily results suggested that events were preferentially correlated with
lower-low water spring tide and thus in 2012 sequential 0.5–1.5 h period surveys
were focused around that time to try to capture an event in progress.

Over 7 days, three days revealed active events. The cumulative bathymetric
changes in the northern channel are presented in Fig. 22.2. The sampling interval
for the first 2 days was 1.5 and 0.5 h for the third day. On the first day (JD182), the
change extended over two epochs (inter-survey periods) implying all activity within
a maximum of a 3 h period. On JD183 and JD184 all change was constrained to a
single epoch implying less than 1.5 h and 0.5 of activity respectively.

The JD182 sequence of events in the northern channel is presented in Fig. 22.3
by showing the evolution of the bathymetric change within 5 discrete epochs. For
that event, motion started in the shallowest end of the first line (Fig. 22.3 top). For
the next two difference pairs (over a maximum of 3 h), changes were seen indicating
upslope migration of the bedforms in both the one main and multiple feeder
channels. Note that the active feeder channels change between epochs suggesting
that there were multiple overprinting flows from separate sources.

For the same five survey lines, the acoustic water column volume scattering is
presented (Fig. 22.4) with superimposed suspended sediment profiles. There was no
activity at the start of the day. During the migration period a distinct basal flow was
visible with an associated near-seabed suspended sediment peak and drop in salinity.
For subsequent images, an upward expanding low acoustic backscatter anomaly was
seen above the seabed in the wake of the flow. This anomaly has an increasingly
thick but more dilute suspended sediment signature which slowly died away along
with the salinity anomaly.

As well as a positive suspended sediment anomaly associated with each of the
underflows, there was often also a notable drop in salinity (Figs. 22.4 right and
22.5). This is an indicator that the source of the fluid associated with these flows
is derived from shallower depths. More significantly, it indicates a potential density
deficit for that fluid compared to the ambient water into which it is intruding. Any
drop in salinity should make the intruding water inherently lighter. That the flow
remains on the seabed implies that there must be (or recently have been) sufficient
suspended sediment to offset the negative density anomaly due to the salinity drop.
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Fig. 22.3 Left: 5 inter-survey depth difference maps obtained on JD182 along the first 900 m of
the northern channel (uphill to right). For each map, a representative transect is plotted on the right
along the thalweg as indicated by a white line. Arrows indicate active feeder channels

Figure 22.5 illustrates the calculation of the density profile of the ambient water
(using a profile taken before the flow arrived) and the instantaneous density profile
through the active underflow. Note that these densities are based on temperature,
salinity and pressure alone and thus only reflect the density of a clear watermass.
By subtracting the two density profiles, a density anomaly can be calculated.

22.3 Discussion and Conclusion

Initiating Mechanisms: Two plausible initiation mechanisms are suggested from the
observations:

1. Input of sediment from a delta-lip failure
The delta lip can only be examined at high tide and thus only the cumulative daily
change can be seen (Fig. 22.2), not by epoch. For JD182 and JD183, discrete
amphitheatre-like delta lip scarps are present at the upstream end of some of the
active bedform trains. Thus some of the trains could be fed from a discrete failure.
The failure scarps could, alternately however, just be a result of oversteepening
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Fig. 22.4 Illustrating the EM710 90 kHz water column acoustic scattering images for an extended
distance along the same five transects as Fig. 22.3. Lighter tones are higher acoustic backscatter.
The red profiles are superimposed optical backscatter sections. On the right, the salinity and optical
backscatter profiles of the upper 125 m are plotted in detail

due to bedform translation below. Significantly about half of the bedform trains
are sourced from locations on the delta lip that accreted over the day without
evidence of failure. This implies that another mechanism is required.

2. Fallout of sediment from river discharge.
While enhanced suspended sediment is seen within the plume, at no point do
the values provide nearly enough excess density to cause plunging of the river
water (Mulder and Syvitski 1995). The suspended load however, is observed
to be transferred from the fresh water layer to the brackish underlying layers
(Figs. 22.4 and 22.5), reminiscent of the mechanism proposed by Parsons et al.
(2001). This avoids the need to overcome the bulk of the freshwater excess
buoyancy. The presence of a brackish anomaly in the under flows requires at
least some entrainment of overlying water. To establish whether this is really
the driving mechanism, however requires insights into the character of the near-
seabed flow.

The character of the near-seabed flow: The density deficit near the seabed im-
plied by the drop in salinity bears directly on the nature of the turbid underflow. For
that flow to continue to hug the seabed, there must be a matching suspended load
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Fig. 22.5 Lower: showing optical backscatter profiles superimposed over the multibeam water
column nadir section during the peak flow on JD183. Upper: plots showing temperature, salinity
and suspended sediment profiles for the six dips and for the deepest two the density and density
difference (assuming clear water)

that at least matches the surfeit of density. For the example shown in Fig. 22.5, it is
clear that a suspended load of at least 0.7 kg/m3 would be required. Yet the dipping
optical backscatter probe never recorded a value higher than �0.4 kg/m3.

The fact that the measured suspended load at the seabed is not greater than the
density deficit due to the brackish nature of the flow implies that there must be an as-
yet unmeasured source of excess density. The probe was designed to freefall towards
the seabed and automatically stops at least 2 m above the seabed thereby missing
the base of the flow. It is speculated that there must be a very thin (<2 m) higher
density and more brackish flow, whether a turbulent suspension or grain flow, that
drives the observed bedform translations and sheds the positively buoyant turbid
plume. The displacement of heavy concrete blocks during a small proportion of the
flows in 2011, suggests occasional very strong basal flow, possibly grain-supported.

The measured tops of the underflows appear inherently positively buoyant. This
is supported by the observation that in the wake, the flows appear to rise up, as shown
by a diluting and thickening turbid layer. This would be expected as the suspended
sediment concentration drops leaving a positively buoyant remnant plume. The
rising turbid layer matches the anomalously low water column scattering. It is
apparent that acoustic scattering at 90 kHz (�1.7 cm wavelength) is responding
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to scatterers at the scale of the zooplankton rather than the much smaller suspended
sediment. It is thus speculated that the reduction in scattering is due to the retreat of
the deep scattering layer (zooplankton) away from the brackish intrusion.

Timing and Mechanism of Bedform Migration: For all the events detected in
2012, the onset of seabed change occurred within 1 h of low water. Either proposed
initiating mechanism is most likely at that time due to the enhanced river suspended
load and off-delta current speed. For the smaller event on JD184, only a single train
of bedforms is seen and all activity is constrained within a 0.5 h period. For JD182
and JD183, as multiple trains of bedforms clearly emanate from differing feeder
channels on the delta lip, it is apparent that there were multiple flows coalescing
and the constraining time interval is correspondingly longer at up to 3 h or 1.5 h
respectively. By spanning two observation epochs, the event on JD182 can be seen
to have progressively shifted source feeder channels (Fig. 22.3 arrows). The feeder
channel with the longest duration is notably associated with the major delta lip
failure.

The bedform migration appears coincident with the first occurrence of near-
seabed enhanced suspended load and does not continue during the rising wake.
On all days, upstream migration was unambiguous for all bedforms indicating
preferential erosion on the upstream faces and deposition on the downstream sides.
Without knowledge of the nature of the near seabed flow, however, the manner in
which this happens remains unknown.

In conclusion, the Squamish observations provide important new insights into
the triggers and character of mass wasting and sediment flows on delta fronts.
However, there still remains a need to image the near-bed (< 2 m) layers within these
flow events, and to understand the character and triggers for up-slope migrating
bedforms. Until this is done key questions will remain unanswered.
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Chapter 23
Coastal and Submarine Landslides
in the Tectonically-Active Tyrrhenian
Calabrian Margin (Southern Italy):
Examples and Geohazard Implications

Daniele Casalbore, Alessandro Bosman, Domenico Ridente,
and Francesco Latino Chiocci

Abstract High-resolution multibeam bathymetry is used as basis for detecting
instability processes on the Tyrrhenian margin offshore Calabria (Italy). Among
the many evidence at different spatial scale, we focus on selected cases that may
represent a potential geohazard because of their scale, shallow/proximal location
and state of activity. These include failures along coastal cliffs and canyon headwalls
indenting narrow shelves. Coastal rocky failures impacting shallow water offshore
Scilla and Palmi retain significant tsunamigenic potential, as proved by the 1783
Scilla event. Slide scars at canyon headwalls offshore Bagnara Calabra and Gioia
Tauro indicate retrogressive failure active at water depth <10 m, just few hundreds
of meters from the coast and the settlements and infrastructures there present.
Geohazard related to these features is therefore relevant as testified by the failure
induced during construction of the Gioia Tauro harbour in 1977.

Keywords Rocky-failures • Canyons • Continental margins • Seafloor
mapping • Tsunami

23.1 Introduction

In the last decades, the exploitation of offshore natural resources and of the coastal
zone has become a relevant socio-economic issue. As a consequence, the intensified
deployment of seafloor-lying structures has determined the rapid settlement of
coastal sea stretches and an increasing human impact, raising the importance
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of marine geohazard assessment and management. In this perspective, a special
interest has to be dedicated to submarine instability in shallow-water and coastal
environment, particularly in areas where a narrow shelf is present. The Tyrrhenian
margin offshore Calabria is tectonically and seismically active and provides a
favorable setting for depositional dynamics predisposing and/or triggering mass
failure processes. In this view, one of the most catastrophic events occurred in
1783 and was a coastal landslide from Mt. Pacı̀, near Scilla, which entered the sea
triggering a local tsunami that resulted in �1,500 casualties (Mazzanti and Bozzano
2011 and reference therein). More recently, in 1977, failure at the headwall of Gioia
Canyon generated a local tsunami that damaged the nearby Gioia Tauro harbour,
with the loss of some vehicles (Colantoni et al. 1992). Because of the growing
human impact in this sector, a more comprehensive understanding of the distribution
and frequency of failure-prone features and related geohazard potential is needed.
The recent acquisition of high-resolution bathymetry enabled the recognition of
more than 400 submarine slide scars along this margin (from coast down to 2,000 m
wd), covering a broad spectrum of dimensional scale and depth range (Casas et al.
2012). We focus on the characterization of coastal and very shallow-water slope
failures, as they represent an ongoing geohazard in the study area.

23.2 Geological Setting

The Tyrrhenian Calabrian margin originated as a rifted margin during the spreading
of the Southern Tyrrhenian Sea (Fig. 23.1), in turn controlled by the NW subduction
of the Ionian plate beneath the Calabrian Arc (e.g. Malinverno and Ryan 1986).
Regional uplift along the Calabrian Arc (�1 mm/a since Middle Pleistocene)
is accommodated by NW-SE to E-W extension along fault systems (Antonioli
et al. 2006; Ferranti et al. 2008 and reference therein). These fault systems
define a seismic belt where several historical and pre-instrumental strong (ca.
M � 6) earthquakes have been recorded, as for instance the February 5–March 28,
1783 sequence (e.g. CPTI Working Group 2004), also responsible for the Scilla
tsunamigenic landslide (Bozzano et al. 2011).

Largely due to its tectonic evolution, the Calabrian margin is characterized
by a very narrow to nearly absent continental shelf abruptly passing to steep
slopes (Fabbri et al. 1980). In this view, two different geomorphic settings can be
distinguished in the study area (Fig. 23.1):

(a) the southern setting between Scilla and Palmi, where the continental shelf is
extremely narrow, connecting to a very steep slope (gradients up to 30ı);

(b) the northern setting between Palmi and Gioia Tauro, where a wider shelf is
locally interrupted by the head region of the two, down-slope coalescing (not
shown in Fig. 23.1), Gioia and Mesima Canyons (hereafter Gioia-Mesima
Canyon system; GMC). The GMC is fed by mountainous creeks with short,
steep courses known as “fiumara”, characterized by torrential discharges and
high sediment yields.
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Fig. 23.1 Shaded relief of the study area and main morpho-bathymetric features; GMC: Mesima
(to the north) and Gioia (to the south) Canyons. Brown areas indicate the extent of main coastal
towns and infrastructures. Location of detailed maps are shown as yellow boxes

23.3 Data and Methods

This work relies on the interpretation of high-resolution morpho-bathymetric data
collected during several cruises carried out over the last 10 years aboard RnVs
Urania and Universitatis (and small boats for shallow-water surveys). Data were
acquired using multibeam systems operated at different frequencies (from 50 to
455 kHz) and DGPS- or RTK-positioning for assuring maximum resolution at all
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the water depths. Volume of material mobilized from slope failures was estimated
from landslide scars and deposits through the morphological reconstruction of a pre-
failed surface according to the regional slope. Time lapse multibeam surveys were
also used to generate residual maps for monitoring rapid morphological changes in
unstable and/or highly dynamic environments, such as canyon headwalls.

23.4 Results

Morpho-bathymetric analysis indicates that sediment mass failures display different
geomorphic features and variable spatial scale and depth range. Among the over 400
landslide scars mapped in this margin (Casas et al. 2012), we focus only on selected
cases where (a) the slide scars and deposits are well-defined, (b) occur in coastal or
very shallow-water, and (c) show evidence of recent activity and/or are related to
known tsunamigenic failures.

Coastal landslides with hummocky deposit are described offshore Scilla
(Fig. 23.2a) and Palmi (Fig. 23.2b). In the first case, two slide scars are presented,
one affecting the coastal cliff (Mt. Pacı̀) and one carving the narrow shelf
immediately in front of it, suggesting two genetically related events.

The landslide deposits lie between �270 and �305 m, where slope gradients
abruptly decrease from 8–10ı to <2ı. The deposits cover an area of �700.000 m2

and show a rough morphology due to several hummocks ranging 20–180 m in length
and 2–30 m in relief. Mobilized volume from the subaerial and submarine scars is
estimated in the order of 5 (Bozzano et al. 2011) and 3 � 106 m3, respectively. The
total volume of the landslide deposits is estimated in the order of 6–8 � 106 m3,
12–14 % of which consists of hummocks that increase in size toward the more
distal part of the deposit.

Fig. 23.2 3-D view of landslide deposits with hummocky morphology identified offshore Scilla
(a) and Palmi (b) (see Fig. 23.1 for location)
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Offshore Palmi a landslide deposit at water depth between �390 and �410 m,
where slope gradients decrease from 6–8ı to 2–3ı, shows hummocky morphology as
well (Fig. 23.2b). It likely relates to two distinct slide scars carving the coastal cliffs,
by this displaying a patchy distribution, with a main depocentre (A in Fig. 23.2b)
extending over �700.000 m2 and a smaller one (�100.000 m2) east of the former
(B in Fig. 23.2b). The main deposit forms a cluster of hummocks (ranging 40–
120 m in length and 5–12 m in height) at the base of the slope (total volume of
�800.000 m3), 300 m from which lays a large out-runner hummock (470 m long,
230 m wide and 50 m high; 2 � 106 m3 estimated volume). Deposit B consists of
hummocks up to 70 m long and 10 m high, summing up to an estimated volume
of 90.000 m3. No submarine slide scar is observed in addition to the two sub-aerial
scars and the littoral wedge (LW, hereafter) is well-preserved in this sector.

Submarine scars at canyon headwalls are observed offshore Bagnara Calabra
and Gioia Tauro, displaying a retrogressive pattern and resulting in more than 50
detectable slide scars (Figs. 23.3 and 23.4).

Offshore Bagnara Calabra, three channels show headwalls extending from �15
to �200 m as the result of several coalescing landslide scars (up to 50–100 m wide,
Fig. 23.3) that affect the littoral wedge, suggesting very recent erosion. Indeed,
based on the comparison between geo-referenced aerial photo acquired in 2003
and multibeam bathymetry acquired in 2007, the erosional edge of the LW shows
two loci of erosional retreat: one affects an area of 50.000 m2 and is quantifiable
as a coastward retreat of 40 m (Fig. 23.3b); the other affects an area of 5.000 m2

and results in a retreat of 50 m along a newly formed landslide scar (Fig. 23.3c).
A residual bathymetric map (derived from surveys on July 2007 and October 2008)
of one of the channel headwall shows a neat semi-circular retrogressive slide scar at
�15 m water depth (Fig. 23.3e). Thalwegs are marked by crescent-shaped, concave-
down bedforms, with tens to hundreds of meters wavelength and amplitude of few
meters.

The Gioia Canyon headwall (Fig. 23.4) shows two retrogressive branches that
deeply indent the continental shelf at water depth of only 5–10 m, each branch
consisting of several small (100–200 m wide) landslide scars; downslope, the
thalweg shows a frame of crescent-shaped bedforms similar in size and shape to
those recognized in the canyons offshore Bagnara.

23.5 Discussion and Conclusions

We define two types of mass failure yielding potential geohazard over a large
number of geomorphic features indicative of mass movement along the Calabrian
Tyrrhenian margin: (1) rocky coastal failures that evolve into submarine rock/debris
avalanche (e.g. Locat et al. 2004; Shea and van Wyk de Vries 2008; Romagnoli
et al. 2009); (2) submarine retrogressive scars confined at canyon headwalls.

Type 1 is documented by hummocky landslide deposits offshore Scilla and
Palmi, where coastal failure has been interpreted as a fault zone deformation effect
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Fig. 23.3 (a) 3-D view of channels offshore Bagnara Calabra, deeply indenting the littoral wedge;
note the entrenchment of fiumara and the vicinity of their mouths to the channel headwalls (see
Fig. 23.1 for location of image). (b) and (c) the left panels show geo-referenced aerial photo
(acquired in 2003, dotted white lines indicate the coastlines), where the different color of the
sea allows to map the edge of the littoral wedge (LW), indicated by solid white line; the middle
panels show the multibeam bathymetry (2007), where the edge of LW is indicated by red lines;
the right panel show the comparison of LW edge mapped in 2003 and 2007, where a coastward
retreat is observed. (d) and (e) Shaded relief related to the 2008 survey and residual map obtained
as difference between 2007 and 2008 bathymetries of the channel headwall offshore Bagnara,
providing evidence of a new slide scar

in relation with known active fault systems (e.g. Ferranti et al. 2008). In this view,
the hummocky deposit offshore Scilla relates to the Mt. Pacı̀ slide, triggered during
the second main shock of the 1783 earthquake sequence (Bozzano et al. 2011).
However, the recognition of a submarine scar coaxial with the subaerial one suggests
a multiple event and poses a question on the timing/triggering relationships between
the two failures (Fig. 23.2a). Unraveling such question would bring relevant insights
in geohazard perspective, especially in the case of a shallow submarine landslide
affecting retrogressively the instable coastal sectors, as proposed for other coastal
landslide complexes (Cauchon-Voyer et al. 2008).
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Fig. 23.4 Shaded relief of Gioia Tauro Canyon multiple headwall, deeply indenting the continen-
tal shelf and confining the Gioia Tauro harbour entrance

The landslide deposits offshore Palmi are interpreted as older failures with
respect to the Scilla event, as the presence of a well-preserved littoral wedge and
the lack of related submarine scars indicate that these events occurred before the
development of the littoral wedge.

The shape and distribution of the hummocky landslide deposit offshore Palmi
and Scilla also provide hints on post-failure processes. Failed deposits lie in
correspondence of a marked decrease of slope gradients, in agreement with the
fact that cohesionless inertial flows rapidly stop when gradients decrease (Jaeger
et al. 1996). However, the average increase in hummock size with distance from
the source area contrasts with common behavior of subaerial rock/debris avalanche
(Yoshida et al. 2012). A possible explanation to this may reside in the low run out of
these failure events, which would have hampered fragmentation of the hummocks
by reducing time and distance available for blocks to partition according with the
expected kinetic energy/size relationship.

Type 2 is documented by retrogressive scars within the headwalls of canyons
offshore Bagnara Calabra and GMC; the lack of related slide deposits may indicate
disintegrative failures (e.g. McAdoo et al. 2000). This type denotes the importance
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of multiple predisposing factors, including high-rate, rapid sedimentation supplied
both by coastal creeks (Fiumara in Fig. 23.3 and Budello in Fig. 23.4) directly
discharging throughout the narrow shelf and onto steep slope settings and by
sediment transported by long-shore currents that can be trapped within canyon
heads (Fig. 23.3). High-energy sedimentary dynamics is further proved by the
widespread crescent-shaped bedforms on the canyon thalwegs, similar to those
observed in other active canyons (e.g. Monterey Canyon; Paull et al. 2010). Related
to this depositional dynamics are also some possible triggering mechanisms, as for
instance the load exerted by hyperpycnal flows generated during flash-flood events
(Casalbore et al. 2011); more in general, an additional triggering mechanism is
represented by cyclic load due to earthquakes and storm-waves.

From a geohazard perspective, the examples described indicate that coastal and
shallow-marine failures cluster in a seismically active margin sector and may be
independently solicited or even interact by triggering each other. Coastal rocky
landslides have a high tsunamigenic potential, as demonstrated by the 1783 Scilla
event that was able to generate up to 16 m-high waves in the near-field, rapidly
decreasing far from the source; however, the recurrence time of these failures should
be relatively low, as testified by the recognition of only two to three events along the
entire margin. Conversely, shallow-marine failures at canyon heads mobilize lower
volume, and consequently have a minor tsunamigenic potential, but their frequency
is very high. Indeed, in spite of the lack of chronological constraints, the recognition
of several slide scars at canyon headwalls that indent the present-day littoral wedge
testifies frequent retrogressive failure, also in recent time. Given the proximity of
the canyon headwalls at the coast (�100 m) and their retrogressive evolution, future
slope failures could have head-scarps intersecting the shoreline, thus representing a
major hazard for coastal settlements. Altogether these results allow to better define
regional geohazard along the Calabrian (Tyrrhenian) margin, enlarging the previous
knowledge based only on historical reports related to catastrophic events, such as
the 1783 Mt. Pacı̀ and the 1977 Gioia Tauro slope failures.
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Chapter 24
Recurrent Superficial Sediment Failure
and Deep Gravitational Deformation
in a Pleistocene Slope Marine Succession: The
Poseidonia Slide (Salerno Bay, Tyrrhenian Sea)

Francesca Budillon, Massimo Cesarano, Alessandro Conforti,
Gerardo Pappone, Gabriella Di Martino, and Nicola Pelosi

Abstract A large number of exposed scars, originated by multievent sediment
failures, have been identified on the southern flank of a deep submarine valley
in Salerno Bay (Southern Tyrrhenian Sea), between depths of 300 and 700 m. A
200 km2 complex landslide lies across a 17 km-long SW-NE trending anticline,
which is exposed 40 m above the seafloor of the continental slope and folds a
Pleistocene marine successions. The exposed anticline, as well as others which
are more subdued, have been formed by gravity-driven deformation of a deep and
unconsolidated slope succession. The deep deformation seems to be coeval with
recent stages of regional tectonic activity, given that a regional unconformity related
to MIS 6 lowstand seals both the deep landslide features and the fault planes.
A combined dataset of 2D high resolution seismics, swath-bathymetric digital
elevation model of the seafloor and a gravity core was used to establish a possible
relation between recurrent sediment failures at the seabed and the stack of positive
reliefs in the compressional toe region of the buried landslide system and to learn
more on the timing of the deformation phases.
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24.1 Introduction

Toe regions of submarine landslide deposits may assume a wide variety of
configurations including thrust ramps or displaced fronts as end members in
unconfined systems, and folds, buttressed horse toe and/or compressional ridges
in confined systems (Trincardi and Argnani 1990; Gamberi et al. 2011). It has long
been recognized that unconfined landslides lean towards more accentuated depletion
areas, more effective evacuation of scars and considerable run out distances if
compared to the volume of involved material; in comparison confined systems
show deep basal shear surfaces and accommodate limited differential depth, with
relatively modest downslope transfer of displaced sediment (Frey-Martinez et al.
2006). Recently, a tri-dimensional slope stability assessment has demonstrated that
compressive structures could favor slope failures, despite a low mean slope angle
and low gravity loading of sediment weight, because of a reduction of the shear
strength (Sultan et al. 2007).

Surficial and slides on steep continental slopes or on the flanks of compressional
structures are often characterized by unconfined displaced masses. The run-out
distances of these landslide can be long due to the initial inertia of the displaced
masses and the low frictional resistance between them and the undeformed seabed
Additionally, large landslide systems are often clues to deeper and older instability
processes (Minisini and Trincardi 2009).

This paper reports the first results of an integrated morpho-stratigraphical
reconstruction in an unstable slope area within Salerno Bay (Fig. 24.1) that has
undergone repeated slope failures since the Middle Pleistocene, driven by different
processes and at different spatial scales. Remarkably, the exposed compressional
folds in the toe region of a buried large landslide system have themselves become
source areas of sediment failures, developing small-scale unconfined slides.

24.1.1 Geological Setting

Half-graben basins (Gaeta, Naples and Salerno bays) separated by structural highs
(Mt. Massico, Sorrento Peninsula and Cilento) along the Tyrrhenian side of the
Southern Apennine range (Fig. 24.1) resulted from Quaternary extensional tectonics
(Casciello et al. 2006 and references therein). The extensive vertical displacement
was also accompanied by intense volcanic activity from Somma-Vesuvius, Campi
Flegrei and Ischia Island, that produced tephra layers which represent good chronos-
tratigraphic markers for the surrounding areas.

The overall thickness of the Pleistocene basin infill in Salerno Bay, which extends
toward the mainland beneath the Sele Plain, ranges between 1,500 and 2,000 m,
but can locally exceed a thickness of 3,000 m (AGIP 1977; Bartole et al. 1984;
Casciello et al. 2004). These basin fills comprise marine clastic, epicontinental and
volcanoclastic sediments which record the interactions between the glacio-eustatic
sea level fluctuations and tectonic activity (Aucelli et al. 2012). The bedrock of the
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Fig. 24.1 (a) DEM of Salerno Bay and studied area; tracks of available seismic profiles across
the Poseidonia landslide. (b) Schematic representation of the main structural lineaments of the
continental margin and inland geology: 1 Quaternary deposits, 2 Meso-Cenozoic basinal units, 3
Meso-Cenozoic carbonate platform units, 4 extensional fault

Quaternary infill is stacked tectonic slices, whose higher terms consist of basinal
units with their syn-tectonic siliciclastic deposits (Casciello et al. 2004). Extensive
vertical displacements (up to 1,500 m) resulting from extensional tectonics and the
accompanying seismic activity are seen as the main agents of gravity-driven mass
wasting processes recorded in the stratigraphic succession of the peri-Tyrrhenian
basins (Aiello et al. 2009; Milia et al. 2009).

24.2 Methods

This study uses bathymetric and stratigraphic data, collected by the Istituto per
l’Ambiente Marino Costiero (IAMC) of the National Research Council of Italy
(CNR) during the Arcose cruise aboard the R/V Urania in 2010. Chirp sonar profiles
were acquired by using a 2–7 kHz sweep-modulated bandwidth. A Digital Elevation
Model (DEM) with 10 m grid resolution was derived from bathymetry data collected
with a Kongsberg EM710 multi-beam echo-sounder (100 kHz). A 7 m-long gravity
core was retrieved from a large erosional scar (LES) of the Poseidonia landslide
(Fig. 24.2).

A complete bathymetric basemap of Salerno Bay (Fig. 24.1) was created by
compilation of data acquired as part of a national cartographic project conducted by
IAMC CNR, between 2002 and 2009. Additional seismic profiles used (Fig. 24.3)
were acquired in 1994 by IAMC and DiSAM of Parthenope University using a
prototype 16 kJ Sparker source.
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Fig. 24.2 (a) Morphological features of Poseidonia landslide system; red lineaments mark the
morphologies related to the subdued landslide, white lineaments outline recent landslide features,
1 extensional fissure, 2 anticline axis, 3 headscar, 4 lateral scar, 5 landslide deposit, 6 track of profile
in (f); (b) Chirp line with core location: the core enters a hemipelagic succession and below, a mass
flow deposits; (c) core stratigraphy, showing the thickness of the post-slide drape above the mass
flow deposit, failed from upslope scars; (d) detail of the failure scars from the anticline axis; (e) the
complex erosional front on the upper slope made by several superimposing failure events, 1) core
location, 2) track line of fig. (b); (f) topographic profile across the Poseidonia landslide system (see
text for explanation)

24.3 Observations

24.3.1 Submarine Topography of the Poseidonia
Landslide Area

The seafloor within the study area slopes, via a series of steps, to the northwest
from 200 m to approximately 800 m into what is termed the Salerno Valley (SV)
(Figs. 24.1 and 24.2). South of the SV and separated by a steep, fault-controlled
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scarp, is the Paestum Basin. The slope has several morphological features that reflect
the tectonic and failure processes of the area and the stratigraphic context of the sub-
seafloor (Fig. 24.2a, f). From �200 m down to the SV are:

• an arcuate depression 800 m wide and 18 km long (I), running in the 200–350 m
depth range, and concave toward the SV; it is almost 20–30 m deep and becomes
less evident toward the coast;

• a 4 km-long narrow anticline (II) at west end of the studied area, elevated 15 m
above the surrounding seafloor; toward the north-east it turns into a 6ı smooth
step that deepens the seafloor by about 40 m;

• a gentle slope (III), 2 km wide with a dip of 3–6ı, where a 14 km-long erosional
front characterized by several headwall scars occurs; failure scarps exceed 20 m
high and appear to have failed along stratigraphic surfaces since they show
mostly flattened transfer areas;

• an almost flat area (IV), 2–3 km wide and 16 km long, where a 1.2 km-wide
slidescar occurs (LES, Fig. 24.2a, e); this sector also accommodates part of the
mass waste derived from upslope scars.

• a 18 km-long anticline (V), SW-NE oriented and slightly convex seaward; the
structure is elevated 40 m above the surrounding seafloor but deepens in the
middle segment where it is crossed by the LES; several other minor scars on
the lateral sides, caused its progressive narrowing (Fig. 24.2d);

• a 3 km-wide transfer area (VI), 3–8ı dip, where lateral scars of major surficial
failures ensue;

• the SV seafloor (VII) that is base level for recent slope mass movements.

24.3.2 Seismic Stratigraphy

The availability of 2D seismic reflection data at different resolutions allows for the
recognition of a multievent superficial landslide system with exposed morphologies
(Figs. 24.2 and 24.4) and a buried large-scale landslide system (MTC and MS in
Fig. 24.3), whose features still affect to some extent the present-day slope seafloor.

The exposed landslide system formed a 14 km-wide erosional front made
of numerous intersecting, retrogressive and basinward-progressive scars between
�300 and �700 m. Failures removed the uppermost part of the Pleistocene
succession (Fig. 24.4) along stratigraphic planes, as the transfer surfaces are mostly
planar and height of lateral walls in each individual scar is nearly constant. Major
scars are as deep as 10–15 m but exceed 50 m in LES (Fig. 24.4b); the volume
of removed material ranges between 0.025 and 0.54 km3. Chirp profiles show that
recent failures are localized preferentially on over steepened slopes that occur on
top of buried anticlines and fault scarps. The occurrence of acoustically transparent
and chaotic deposits beneath the scars indicates that the areas of mass transport
deposition have become in turn areas of sediment dismantling. Small scars are also
observed carving former scars (Fig. 24.2a), reflecting a seaward propagation of slope
instability.
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Fig. 24.4 Chirp profiles across the Poseidonia landslide depict the exposed features of the surficial
landslide system and the relative deposits; (a) profile Pos3 1 crosses a large exposed slidescar
(LES) filled with mass flow deposits failed from upslope scars (refer also to Fig. 24.2); (b) line
drawing of Pos 1 shows that the landslide deposits settled within two main depocentres: the
shallowest is confined on a slope terrace controlled by the emergency of a compressional fold
of the buried landslide system, the deepest is at the base of the slope in the SV, beyond the fold

The sub-seafloor of the SV basin consists of 0.4 s-thick (about 320 m), of well-
layered, mostly horizontal marine deposits (sheet turbidities and hemipelagites),
interbedded with thin mass-transport lenses, overlaying a 0.8 s-thick (about 640 m)
unit of inclined reflectors that truncate against a south-east-dipping growth normal
fault (Fig. 24.3).

The Salerno Bay slope (Fig. 24.3) shows 0.06–0.12 s-thick (about 50–100 m)
undeformed surface unit, consisting of subparallel laterally continuous reflectors
that includes the Late Pleistocene depositional sequence (Budillon et al. 2011)
formed during the last 4th order glacio-eustatic cycle (100–120 ky cal. BP). Below
this unit, a 0.1 s-thick (about 50 m) wedge-shaped unit occurs (MS). Reflector
geometries document post-depositional deformation since they are faulted and
downthrown toward the basin in the upper slope, and folded and buttressed against
the underlying chaotic body (MTC) at the base of slope (Fig. 24.3). Despite the
deformation disturbance, reflectors are traceable for long distances along-slope and
allow the slide deformation offset to be defined. Down-throw of about 0.23 s (twtt)
in the depletion area results from movement on extensional faults that bound the
detached tilted blocks, and a resultant shortening of about 10–15 % along the
compressional segment occurs. This unit is interpreted as a confined rotational
landslide, here referred as a mega-slump (MS), whose headwall scarp has left an
extensional fissure in the upper slope, visible as an arcuate depression between �200
and �350 m bsl (Fig. 24.2a, f). The depth of the fissure gradually diminishes from
west to east, for two possible reasons: (a) the whole downthrown is reduced at the
lateral margin of the headwall scarp; (b) the post-slide sediment wedge has partially
filled up the feature.
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Below MS is a 0.3–0.4 s-thick (about 240�320 m) unit (MTC in Fig. 24.3)
made of chaotic reflectors and topped by an irregular surface separated from the
truncated reflectors of the SV by a sharp basal shear surface. The basal shear surface
is visible partially since it is covered by multiple echoes in shallow water. However,
a deep multichannel seismic record, shot for oil explorations in 1968, and mostly
coincident with Fig. 24.3 profile, shows that this shear surface develops from 1.8 s
(twtt), up to 1 s (twtt) for about 15 km landwards (Sacchi et al. 1994). According
to this observation, the MTC basal shear surface extends nearly underneath the
extensional fissure of Fig. 24.2a.

24.3.3 Core Stratigraphy

Gravity core C13 (Fig. 24.2) recovered about 6.7 m of sediment from the LES of the
exposed landslide system. The core stratigraphy (Fig. 24.2c) consists of olive grey,
slightly laminated, fine-grained sediment (hemipelagites), inter-layered with thin
deposits of graded fine-sand (turbidites) and several ash layers that correlate to well-
known tephras already recognized in Salerno Bay (Insinga et al. 2008; Sacchi et al.
2009; Lirer et al. 2013). The established tephro-stratigraphic framework for this area
allows us to constrain the age of the upper 4 m of the LES post-slide to the younger
than 15ky BP (D. Insinga, personal communication). Resulting depositional rates
(of about 24 cm/ky) are in good agreement with those calculated using Palaeo-
Secular Variation of Magnetic Field in a slope core, 13 km north-eastward which
spans the last 26 ky BP (Iorio et al. 2009). Therefore, the same depositional rate is
assigned to the whole drape layer down to a depth of 6 m, resulting in an minimum
age of 24–24 ky BP, assuming no erosion at the base of the turbidites. However, the
age of the post-slide drape in the LES (Figs. 24.2 and 24.4) is likely the age of the
failures on the upper slope, whose deposits have partially filled the LES, rather than
the failure responsible for creating the LES.

24.4 Discussion and Conclusion

Using the aforementioned observations a model of the Poseidonia landslide evolu-
tion and the relations among events is proposed (Fig. 24.5). Slope oversteepening
due to the growth of a SE-dipping fault in the SV (Fig. 24.3) appears to be the
preconditioning factor for the failure and emplacement of MTC and successively
MS, as they are both sealed by the same marker bed (dark green line, Fig. 24.3). We
believe that the activity along the SE-dipping fault was continuous during the Early-
Middle Pleistocene, as the basin fill in the SV has regularly accreted against the
fault plane and deep reflectors are progressively steeper with depth (Figs. 24.3 and
24.5a). Therefore, sediment failures should have occurred when the slope gradient
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overcame the internal shear strength of sediment packages, possibly triggered by the
coseismic activity, related to the fault displacement, as most often assumed (Canals
et al. 2004).

24.4.1 Emplacement History

MTC emplaced first along a seafloor-emergent basal shear surface, overlying
undeformed base-of-slope strata (Fig. 24.5b). Thickness of mass deposit was less
than appears now; there are no elements to define the run-out, given that no
correlation has been achieved among the undeformed slope reflectors and their
counterpart involved in the failure. After the MTC emplacement, the deposition
of a wedge-shaped unit ensued, tapering toward the SV. About 0.35 s (twtt) of
sediments were accommodated in the depletion area of the MTC, and downlapping
reflections developed on the irregular surface MTC (Fig. 24.5c). Further slope over-
steepening caused the deformation of the wedge together with the MTC, possibly
via reactivated of internal slip planes (Trincardi and Argnani 1990) (Fig. 24.5d).
The stack of MTC relief in the toe region acted as a physical confinement for MS,
which, as a result, was folded and buttressed against the MTC frontal ramp. On
the whole, a 15 % contraction of the total length of the rotational slides is possible.
The cumulative height of the headwall drop (about 0.23 s twtt, or 170 m) is probably
underestimated, since the foot-wall has undergone extensive erosion and progressive
leveling during ensuing lowstand phase of Late Pleistocene.

We believe that the formation of internal shear planes could explain both the
remarkable over-thickness and the chaotic character of MTC with respect to MS.

The anticlines, rapidly stacked within MS and accompanied by internal disrup-
tion along their axis (Fig. 24.3), underwent frequent failures possibly due to the
reduced competency of geotechnical properties resulting from excess pore pressure
and reduced shear strength (Canals et al. 2004; Sultan et al. 2007). Indeed, the fold
profile gets progressively sharper toward the top for the presence of several scars
carving its sides and several thin lenses of mass flow deposits occur at the foot of
lateral flanks.

Once active deformation of MTC and MS ceased, a drape of shelf margin
sediments were deposited. The age of the drape roughly marks the end of the faults’
activity and deep-rooted landslide emplacement, which we think occurred shortly
before the last interglacial (Fig. 24.3).

The upper part of the drape is carved in turn by several small-scale translational
slides, still evident on the seafloor (Figs. 24.2 and 24.4). On the whole, recent scars
are confined within the boundaries defined by the older events (Fig. 24.2); however
distinct run-outs from LES and other scars on the seaward side of the anticline
extend much farther than MTC toe. Disintegrative behavior of the remobilized mass
is assumed based on the evacuation efficiency of the scars and distally flattened
deposits. Where small, more recently developed scars cut into the stratigraphically
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Fig. 24.5 Emplacement history of the Poseidonia landslide by a semi-quantitative evaluation
according to thickness (in time), geometries and extension of seismic units (See text for discussion)

deeper and more cohesive sediments exposed by the pre-existing larger scars (i.e.,
basin ward-progressive scar evolution), the associated deposits show hummocky
features and pressure ridges (Fig. 24.2a), indicative of minimal disintegration during
transport (Minisini and Trincardi 2009).

It is believed that a different run-out and internal character among slides
reflect the lithology of the material involved in the collapse (Gamberi et al.
2011). The stratigraphy of Milena 1 borehole highlights a lithologic change at
170 mbsf (Fig. 24.3) that could approximately correspond to the base of Late
Pleistocene drape. Generally, the MTC and MS rotational slides could have involved
a coarser lithology, while recent translational slides may have rooted in fine-grained
successions punctuated by ash layers from Campania volcanic vents, mostly Late
Pleistocene in age. Although the assessment of the timing of recent slides failure is
a difficult task, we tentatively date the erosional front (Fig. 24.2) to the last glacial
lowstand on the basis of the post-slide drape that holds several ash layers from last
15 ky of activity from the Somma-Vesuvius and Campi Flegrei vents (Fig. 24.2c).
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Chapter 25
Mass Wasting Features on the Submarine
Flanks of Ventotene Volcanic Edifice
(Tyrrhenian Sea, Italy)

Daniele Casalbore, Alessandro Bosman, Eleonora Martorelli,
Andrea Sposato, and Francesco Latino Chiocci

Abstract High-resolution multibeam bathymetry acquired around Ventotene and
S. Stefano islands (eastern Pontine Archipelago, Italy) enabled us to map main
mass wasting features affecting their submarine portions. Large-scale instability
morphological features are absent (apart from a 4 � 2.5 km caldera in the western
sector), whereas 126 landslide scars of 100-m of length scale were identified
between 130 and 1,150 m of water depth (wd). Two main groups of scars can
be distinguished: the first one affects the edge of the insular shelf between 130
and 260 m wd. The second group affects the lower slope and surrounding basins,
representing cases of retrogressive failure at the heads of channelized features. The
different morphological relief of the scars coupled with the recognition of crescent-
shaped bedforms made it possible to distinguish two mass-wasting/erosive stages
and consequently to map the more active sectors of the edifice. The future evolution
of the mass wasting processes will produce the enlargement of erosive sectors
with possible formation of large channels, which will carve wide sectors of the
edifice, as suggested by available geological constraints and by comparison with the
nearby and older western sector of the Pontine archipelago, where a more mature
organization of mass wasting processes is observed. The present study can provide
useful insights for hazard assessment and future planning of risk mitigation in such
islands that are densely populated and touristically exploited during the summer
months.
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25.1 Introduction

Over the last decades, advances in seafloor mapping have greatly contributed to
improve our knowledge of marine volcanic edifices and to document the common
occurrence of gravity-related processes on the flanks of insular volcanoes (e.g.
Boudon et al. 2007). Such studies are usually related to the submarine portions
of active insular volcanoes, such as Stromboli (Bosman et al. 2009), Vulcano
(Romagnoli et al. 2013 and reference therein) and Ischia (Chiocci and De Alteriis
2006) for the Italian seas, confirming the occurrence of widespread mass wasting
processes on their flanks. In this manuscript, we present the results of a recent
investigation of the mass wasting processes on the submarine portions of the
Ventotene edifice, an extinct Pleistocene volcano located in the central Tyrrhenian
Sea (Fig. 25.1). A morphometric analysis of the landslide scars affecting the seafloor
is presented in order to determine the key factors that control such slope instability.
Moreover, a qualitative comparison of the spatial distribution of landslide scars
at Ventotene with respect to that observed on the nearby Plio-Pleistocene western
Pontine islands (Chiocci et al. 2003) was realized in order to provide insights on how
the submarine morphology of the Ventotene edifice might develop in the future.

25.2 Geological Setting

The Pontine islands, located in the central Tyrrhenian Sea, lie on a basement that
was thinned and stretched by Plio-Pleistocene extensional deformation, related to
the opening of the Vavilov basin (Zitellini et al. 1984). This setting gave rise to
a very steep, NW-SE trending continental slope and to intra-slope basins (e.g.,
the Ventotene and Palmarola basins), promoting intense volcanic activity during
late Pliocene – late Pleistocene in the Pontine Archipelago (Cadoux et al. 2005).
Seismic activity is generally low in the central Tyrrhenian Sea; in detail, the Pontine
Archipelago is characterized by frequent, but weak earthquakes (Favali et al. 2004).

The western sector of the archipelago includes Ponza, Zannone and Palmarola
islands (Fig. 25.1), which developed during two main volcanic cycles dated between
4.2–2.9 Ma and 1.6–0.9 Ma (Cadoux et al. 2005). The eastern sector includes
Ventotene and S. Stefano islands, representing the tip of a large strato-volcano
(i.e. Ventotene edifice) emplaced at the centre of the subsiding Ventotene basin
and bounded southward by NW-SE regional features (Marani and Gamberi 2004).
Ventotene and S. Stefano islands are composed of basaltic to trachytic effusive and
pyroclastic products that erupted during the time span of 0.92–0.33 Ma (Metrich
et al. 1988). The volcanic activity ended with a large explosive eruption, i.e.
the Parata Grande lgnimbrite (0.15–0.3 Ma, Perrotta et al. 1996). According to
stratigraphic, magnetic and low-resolution bathymetric data, Metrich et al. (1988)
identified a possible caldera collapse, 2–3 km off the western coast of Ventotene
Island, where the eruptive center of the edifice was presumably located.
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Fig. 25.1 Shaded relief of Ventotene edifice, isobaths each 100 m. The dashed blue line represents
the caldera limit; in the upper left, two cross-sections show its shape. The red and dotted black lines
represent the recognized landslide scars and the outer edge of the insular shelf, respectively; SDT
submerged depositional terrace, RS rough seafloor, SS smooth seafloor, V.E. vertical exaggeration.
Bold black boxes represent the following figures and inset on lower right represents the location of
the study area within the central Tyrrhenian Sea

25.3 Data and Methods

Multibeam data were acquired from Ventotene edifice with systems operating at
frequencies of 70 and 300 kHz (EM710 and EM3002D) aboard RV Urania and
Maria Grazia (CNR, Italy) between 2009 and 2012. Data are DGPS-positioned and
their processing was performed with Caris HIPS and SIPS software to generate
digital terrain models with cell-size ranging from 1 m in shallow water (<100 m wd)
to 10 m at greater depths. Slide scars were identified on bathymetric data through
the recognition of abrupt scarps. We also used DEMs to calculate slope gradients,



288 D. Casalbore et al.

a useful tool to classify the recognized scars as well as a critical factor for slope
stability. The volumes of the slides were calculated by using headscarp height, scar
gradient and area, and assuming a wedge geometry.

25.4 General Morphology

The Ventotene edifice has a diameter of about 23 km and rises from 600 m wd
in the NW sector to 800 m wd in the E and SE sectors. The upper part of the
edifice is characterized by a 6–8 km wide insular shelf, with the outer edge located
at variable depths (between 130 and 260 m wd, dotted line in Fig. 25.1). The insular
shelf is characterized by gradients <3–4ı, and its largest portion is characterized
by a rough seafloor (RS) in the first 100 m wd, whereas a smoother seafloor (SS)
is recognized at greater depths (RS and SS in Figs. 25.1 and 25.2). The RS type
mostly corresponds to rocky outcrops and the SS to a terraced morphology due to
the presence of prograding sedimentary bodies located at different depths. These
bodies are a common sedimentary feature found on steep and narrow Italian shelves
in volcanic and non-volcanic setting, where they have been interpreted as submarine
depositional terraces (SDT in Figs. 25.1 and 25.2, Chiocci and Orlando 1996;
Chiocci et al. 2004). On the western part of the shelf, a 4 � 2.5 km depression,
delimited by 30–40 m height scarp, is present (dashed blue lines in Fig. 25.1).
The floor of the depression has a smooth morphology due to the presence of a
sedimentary infill, so that the original height of the scarp was larger than the present
day. Below the shelf edge, gradients increase to values >20ı and the seafloor is
characterized by an uneven morphology, due to the presence of volcanic outcrops
alternating with erosive-depositional features (Fig. 25.1).

Fig. 25.2 Shaded relief of the north-western (a) and north-eastern (b) sectors of Ventotene edifice,
where landslide scars type Ia, Ib and II are present, see text for details. Location of these figures
can be found on Fig. 25.1 as well as the acronyms’ definitions
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Table 25.1 Landslide statistics for the total distribution of scars identified on Ventotene submarine
flanks and subdivided according to their depth and location, i.e. shelves and submerged deposi-
tional terraces (SDT), volcanic flanks and basin

Number
of cases nna cases Minimum Maximum Mean Median

Standard
deviation

Total distribution
Water depth (mbsl) 126 0 130 1,157 548 576 233

Length (m) 126 0 66 2,900 322 246 323

Width (m) 126 0 136 4,400 492 390 472

Headscarp height (m) 101 25 5 83 19 15 14

Headscarp gradient (ı) 101 25 5 43 18 18 7

Scar gradient (ı) 113 13 2 29 11:8 10 6:9

Area (106 m2) 126 0 0:006 9.8 0:248 0:086 0:9192

Volume (106 m3) 101 25 0:036 68.6 3:2361 0:6525 10:2768

Shelves and SDT
Water depth (mbsl) 29 0 130 260 217 240 44

Length (m) 29 0 100 990 309 194 248

Width (m) 29 0 200 1,860 512 400 340

Headscarp height (m) 10 19 13 83 33 22 26

Headscarp gradient (ı) 10 19 18 27 21 21 2:7

Scar gradient (ı) 29 0 7 29 18:7 19 6:5

Area (106 m2) 29 0 0:02 1.6 0:2141 0:086 0:3332

Volume (106 m3) 10 19 0:16 64 11:883 1:3125 22:0411

Volcanic flanks and basin
Water depth (mbsl) 97 0 297 1,157 647:06 630 165:61

Length (m) 97 0 66 2,900 326:35 254 344:4

Width (m) 97 0 136 4,400 486:98 370 507:01

Headscarp height (m) 91 6 5 55 17:5 14 10:8

Headscarp gradient (ı) 91 6 5 43 18 17 7:27

Scar gradient (ı) 84 13 2 28 9:43 8 5:21

Area (106 m2) 97 0 0:006 9.8 0:2582 0:086 1:033

Volume (106 m3) 91 6 0:036 68.6 2:2859 0:637 7:71654

Water depth is referred to the minimum depth of the headscarp
nna non-available cases are used to indicate the morphometric parameters that cannot be measured

25.4.1 Morphometric Analysis of Landslide Scars

A total of 126 landslide scars were recognized between 130 and 1,150 m wd, and
their main morphometric parameters were measured (Table 25.1). The slide scars
are few hundreds of meters long in the downslope direction and some hundreds
of meters wide across. They witness the mobilization of estimated debris volumes
ranging from few tens of thousands to some tens of millions of cubic meters;
however, downslope related landslide deposits are commonly lacking.

Although slide scars were recognized at different depths all over the flanks, their
distribution is not random. Two main groups can be recognized according to their
distribution around specific sectors and depth intervals:
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(a) the first group (29 scars) affects the edge of the insular shelf and the overlying
terraced features between 130 and 260 m wd, and it shows the highest scar
gradients (median value of 19ı, Table 25.1). Two different scar morphologies
are present in this group: the first type mainly affects the outer edge of the shelf
(scar Ia in Fig. 25.2a) and it is characterized by the lack of a marked headwall.
The second type (scar Ib in Fig. 25.2b) occurs at shallower depths, indenting
the edge of the deeper SDTs and it shows a marked headwall, with median
height of 22.5 m and gradient of 21.5ı (Table 25.1). These scars often represent
headwalls of channelized features, where crescent-shaped bedforms are present
(Fig. 25.2b). The bedforms have wave-length of 70–110 m, amplitudes of 3–5 m
and their crest-lines are concave downslope and perpendicular to the maximum
gradient direction;

(b) the second group (97 scars) is observed on the volcanic flanks and the
surrounding basins between 300 and 1,150 m wd (median value at 630 m wd,
Table 25.1 and Fig. 25.2). The scars are longer and higher than in the previous
group and most of them are characterized by a well-defined headscarp, with
median height of 14 m and gradient of 8ı. It is also noteworthy that a higher
spatial density of slide scars is recognized in the south-eastern and southern
flanks with respect to the western one (Fig. 25.1).

25.5 Discussions and Conclusions

25.5.1 Large-Scale Instability Processes

The high-resolution bathymetry of Ventotene edifice allowed us to recognize a
large number of small and medium-scale landslides with landslide volumes ranging
between tens of thousands up to some tens of millions m3, whereas morphological
features related to large-scale slope instabilities are absent. The latter features are
quite common features on flanks of volcanic islands, where the seafloor morphology
is dominated by debris avalanche and slump deposits related to large-scale sector
collapses (e.g. Moore et al. 1994; Urgeles et al. 1997; Boudon et al. 2007; Casalbore
et al. 2010 and reference therein). This is also the case at the nearby Ischia island that
was affected by large-scale instability processes promoted by intermittent caldera
resurgence, that caused a rapid uplift of the 780 m high Mt Epomeo in the past
33 ka (Chiocci and De Alteriis 2006).

The Ventotene edifice formed within the confined and subsiding Ventotene basin
and is characterized by low relief (<1,000 m) and by the lack of a well-defined
axial rift. Other volcanic islands morphologically similar to Ventotene (Pico and
Faial at Azores and Vulcano at Eolie; Mitchell et al. 2012; Quartau et al. 2012;
Romagnoli et al. 2013, respectively) do not show large-scale mass wasting features
as well and we suggest that this type of islands has a low potential to generate
large-scale instability processes. The presence of one (or more) axial zones is,
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indeed, a common character of collapsed volcanic edifices, as demonstrated by
field examples and laboratory studies (e.g. Tibaldi 2001 and reference therein). In
contrast, the volcano-tectonic evolution of Ventotene was characterized by summit
caldera collapse, as supported by the recognition of an old and partially filled
depression in the western part of the edifice (Fig. 25.1). According to its shape
and size, this depression can be interpreted as a caldera collapse, as was similarly
suggested by Metrich et al. (1988). Its formation may be related to the last explosive
eruption that ended the volcano-tectonic history of Ventotene at 0.15–0.3 Ma, as
hypothesized by Perrotta et al. (1996).

25.5.2 Small-Scale Instability Processes

Another interesting characteristic of the mass wasting processes at Ventotene is the
absence of small- and medium-scale landslide scars at depths shallower than 130 m
wd. This is likely due to the extensive outcropping of volcanic bedrocks in the inner
part of the shelf, as testified by the rough seafloor in the first 100 wd (RS in Figs. 25.1
and 25.2). In contrast, the shallowest scars affect the outer edge of the insular shelf
and the deeper SDTs, where the smoother seafloor is related to the presence of a
sedimentary cover (SS in Figs. 25.1 and 25.2). These failures may be promoted
by over-steepening of non-cohesive sediments near the shelf edge (Table 25.1),
similar to slope failures observed around the insular shelves of Stromboli (Casalbore
et al. 2011), Faial (Quartau et al. 2012) and Vulcano (Romagnoli et al. 2013).
At Ventotene, we tend to exclude a major role of cyclic load due to earthquakes
or storm-waves as triggering processes, because of the low seismicity of the area
and high depths (>130 m wd) The analysis of the morphological relief of the
scars allows to distinguish between two mass-wasting/erosive stages: the deeper
scars (Scar Ia in Fig. 25.2a) show a low relief and can be interpreted as older
features, partially infilled by the prograding sequences of the SDTs. Contrastingly,
the shallower scars (Scar Ib in Fig. 25.2b) have well-defined headscarps and indent
the deeper SDTs, witnessing a younger erosive stage, as is also supported by the
presence of crescent-shaped bedforms at their base. These bedforms are similar
in size and morphology to those recognized at Monterey Canyon head (Paull
et al. 2010), and at channelized features at Stromboli and Vulcano submarine
edifices (Casalbore et al. 2010; Romagnoli et al. 2013), where they have been
interpreted as a proxy of recent sedimentary activity/transport. This evidence has
important implications for geohazard assessment at Ventotene, because it allows
us to identify the NE sector as the more active of the edifice. This sector need be
further investigated and carefully monitored, given that the occurrence of future
slope failures at such shallow-water depths could generate local tsunamis.

The other main cluster of slide scars was identified on the lower flanks of
Ventotene edifice and the surrounding basins (Table 25.1 and Fig. 25.1). Most of
them are present in the southern and south-eastern flanks, where the base of the
edifice lie at the greater depths (see Sect. 25.4 and Fig. 25.1), likely in response to
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structural control related to regional NW-SE oriented tectonic features. Most of the
scars are characterized by a high morphological relief, suggesting a relatively recent
activity. Furthermore, they often coalesce to form the headwall of wide channelized
features that develop downslope, suggesting a retrogressive mechanism for their
origin, as proposed for similar features in other volcanic settings (Chiocci et al.
2003; Casalbore et al. 2010). The lack of landslide deposits at the base of the
scars may reflect the disintegrative nature of the failures, where landslide masses
either lose cohesion during failure or failed as a cohesive mass and disintegrated
downslope, evolving in both cases into debris flows and/or turbidity currents.

25.5.3 Evolution of Mass Wasting Processes

According to the afore mentioned evidence, the evolution of mass wasting at
Ventotene may be related to a twofold process. On the one hand, slope failures
have affected the shelf edge, where easily removable volcaniclastic material is
deposited. This process likely was most active during sea-level low stand and may
have been triggered by storm loading. On the other hand, slope instability seems
to be related to the progressive upslope migration of slope failures and related
channelized features of the lower flanks due to retrogressive instability processes.
This evolution should lead to a more mature organization of mass wasting features
within some main channels, carving wider sectors of the flanks of the edifice. An
extreme case of this evolution is represented by the nearby and older sector of the
western Pontine Archipelago and the facing continental slope, affected by pervasive
mass wasting processes (up to 98 % of the seafloor is affected by instability; Bosman
et al. 2011). Indeed, the cannibalization (slope retreat) of this continental margin is
a consequence of extremely high seafloor gradients (8–12ı, locally up to 30ı) as
well as of the presence of regional NW-SE tectonic features active during the Plio-
Pleistocene (Chiocci et al. 2003).
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http://dx.doi.org/10.1029/2006JB004674
http://dx.doi.org/10.1029/2006JB004674
http://dx.doi.org/10.1029/2011GC003987
http://dx.doi.org/10.1016/j.margeo.2012.12.002


Chapter 26
Submarine Mass-Movements Along the Slopes
of the Active Ionian Continental Margins
and Their Consequences for Marine Geohazards
(Mediterranean Sea)

Silvia Ceramicola, Daniel Praeg, Marianne Coste, Edy Forlin, Andrea Cova,
Ester Colizza, and Salvatore Critelli

Abstract The Ionian margins of Calabria and Apulia (IMCA) have been affected
by mass movements of varying style, scale and age. Here we present examples of
seabed and subsurface features identified along more than 400 km of the IMCA
from multibeam seabed imagery and subbottom profiles acquired by OGS since
2005. Four different types of mass movement phenomena are recognized with
expression at seabed and in the shallow subsurface: (1) mass transport complexes
(MTCs) within intra-slope basins, (2) isolated slide scars (ISS) along open slopes,
(3) slope-parallel sediment undulations (SPSU) recording block-rotations linked to
fluid migration, and (4) headwall and sidewall scarps (HSC) in submarine canyons.
Preliminary analyses of sedimentary processes suggest that both open-slope failures
capable of triggering tsunamis and retrogression of canyon headwalls within 1–3 km
of the Calabrian coast represent potential geohazards for coastal populations and
offshore infrastructures.
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26.1 Introduction

Gravity-driven submarine processes on continental margins are important geomor-
phic agents for transporting sediments downslope into deep-marine environments.
Advances in shallow geophysical surveying methods have significantly improved
our ability to map and describe the morpho-sedimentary features that record
submarine mass movements over time (Chiocci and Ridente 2011). Any activity that
affects the seabed represents a potential geohazard. An improved understanding of
the spatial distribution and timing of geomorphic features related to mass movement
is relevant both to understanding triggering factors (e.g. seismicity, faulting, fluid
migration), and to assessing potential hazards for offshore infrastructures and
adjacent coastal areas (e.g. tsunamis).

The Ionian margins of Calabria and Apulia (IMCA) provide an interesting
laboratory to study active sedimentary processes related to submarine failures
(Fig. 26.1). The two tectonically-active margins lie on opposite sides of the suture
due to the subduction of the African and Adrian plates beneath southern Italy, and
contain a variety of slope settings related to different tectonic activity (Rossi and
Sartori 1981; Sartori 2003). The seabed dynamics of the IMCA and its linkages
to deeper structures are currently being examined at OGS in the context of the
Italian projects MAGIC and RITMARE, with the overall aim of defining and
mapping geological features and processes that may constitute geological risks for
surrounding coastal areas.

In this paper, we present examples of seabed and subsurface features identified
from multibeam and subbottom data acquired over the last several years from the
IMCA, supplemented by public seismic data held by OGS. The objective is to
describe the variety of features related to mass movements, and to assess their
potential hazard for coastal areas and offshore infrastructures.

26.2 Geological Setting

The IMCA includes two margins affected by subduction and accretionary tectonism.
The Ionian Calabrian margin (ICM) records two main processes: compression and
fore-arc extension during the SE advance of the Calabrian accretionary prism since
the late Miocene (Sartori 2003), and rapid uplift (up to 1 mm/year) of onshore and
shallow shelf areas since the mid-Pleistocene (Westaway 1993). This has resulted in
steep slopes (3–8ı) in the south, landward of the deep-water Crotone and Spartivento
forearc basins, and irregular slopes (2–4ı) in the north across the offshore extension
of the southern Apennine thrust-fold belt, where intraslope basins of the western
Gulf of Taranto correspond to piggy-back structural highs and lows (Fig. 26.1).
The passive Ionian Apulian margin (IAM) is the result of westward subduction
of the Adria plate under the southern Apennines, resulting in a steep (4–6ı) slope
characterised by several morphological steps resulting from the uneven structural
setting of the underling Mesozoic carbonate platform. The seismicity of the IMCA
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Fig. 26.1 Location of the IMCA study area and the main seabed morpho-sedimentary features
related to downslope sediment movements. Offshore bathymetry based on DTMs of variable
resolution (5–50 m grids, shaded relief illuminated from NE)

during the last century is mainly located along the onshore to nearshore parts of
the Apennine-Calabrian accretionary system and decreases in foreland areas (DISS
Working Group 2010). However, in 1743 an earthquake of estimated magnitude 7.0
affected a large area of the Ionian Sea from the Salento peninsula to the Greek island
of Lefkas (Boschi et al. 2000).
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26.3 Data and Methods

This study is primarily based on high-resolution geophysical data (multibeam and
subbottom profiles) acquired by the RV OGS Explora during campaigns in 2009 and
2005. Swath bathymetric data were acquired over an area of about 30,000 km2 using
Reson 8150 (12 kHz) and 8111 (100 kHz) multibeam systems to obtain DTMs of
variable cell size (5–50 m). Subbottom data consist of ca. 10,000 line-km of Chirp
profiles (2–7 kHz). Our interpretive method consists of mapping seabed morpho-
bathymetric elements in relation to acoustic facies identified on the sub-bottom
profiles, in order to identify the principal tectonic and sedimentary features of the
margin. Linkages to deeper structures are made using public multichannel seismic
datasets (Videpi Project), held in a digital database at OGS.

26.4 Results

The seabed morphology and subsurface data together allow the recognition of four
main types of mass movement phenomena along the slopes of the IMCA: mass
transport complexes (MTCs) within intra-slope basins, isolated slide-scars (ISS)
and slope-parallel sediment undulations (SPSU) on open slopes, and headwall and
sidewall scarps in submarine canyons (HSC).

26.4.1 Mass Transport Complexes (MTCs)
Within Intra-slope Basins

MTCs are recognised within piggy-back basins on the Calabrian slope of the Gulf
of Taranto, in water depths of 600–900 m, as features including both seabed slide
scarps and buried failure deposits together extending over areas of 30–200 km2

(Fig. 26.1). Slide scarps are observed around the steep (up to 5–9ı) flanks of
the intra-slope basins as linear to crescentic features, some showing “fresh” sharp
morphologies in contrast to others showing more rounded ruptures, that record
multiple failure events. Blocks of various sizes are observed both along runoff
and at the base of the slopes (Fig. 26.2). Sub-bottom profiles show the adjacent
basins to contain unstratified (acoustically transparent) bodies up to tens of meters
thick beneath thinner acoustically stratified units, interpreted as buried debris flows
(Fig. 26.2). In places, stacked debris flows are observed, indicating that the MTCs
record multiple episodes of failure along the intra-slope basin margins.
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Fig. 26.2 Examples of mass transport complexes (MTCs) within intra-slope piggy-back basins of
the Ionian Calabrian margin. Location is indicated in Fig. 26.1. Chirp sonar profile AB across a
basin shows slide scarps and blocks above an unstratified debris flow deposit

26.4.2 Isolated Slide Scars on Open Slopes (ISS)

The steep (3–8ı) open slopes offshore southern Calabria and western Apulia contain
evidence of repeated failures, recorded by multiple slide scars at seabed and, in
places, stacked slide deposits (Fig. 26.1). On both slopes larger isolated slide scars
are observed: the Assi and Manduria failures (Fig. 26.3).

The Assi failure lies 8 km offshore Calabria on slopes of ca. 3ı and in water
depths of 400–1,400 m, where seabed scarps up to 50 m high define an elongate slide
scar up to 6 km wide and at least 18 km long (Fig. 26.3A). Sub-bottom profiles show
the slide deposits to include both acoustically stratified sediments and unstratified
bodies and blocks (Fig. 26.3a). The profiles also show the slide to cut older debris
flow deposits, linked to seabed scarps observed upslope (Fig. 26.3a). We infer the
Assi to be the most recent isolated failure to affect this slope, and estimate that it
mobilized in total ca. 2 km3 of sediment, in one or more events.

The Manduria failure lies 30 km offshore Apulia on slopes of 4–5ı and is an
elongate depression up to 250 m deep and 34 km long, extending across water depths
of 400–1,800 m to join the Taranto canyon (Fig. 26.3B). The feature resembles
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Fig. 26.3 Isolated slide scars on the Calabrian and Apulian open slopes (locations in Fig. 26.1).
(A) Assi failure, the Chirp profile (a) shows the upper failure to include stratified and unstratified
sediments, and to cut older debris flow deposits; (B) Manduria failure, the Chirp profile (b2) shows
slide scarps and deposits, while the multichannel profile (b2) suggests a link to faults

a canyon, but is in part bounded by seabed slide scarps that are linked to seabed
blocks and subsurface slide deposits on subbottom profiles (Fig. 26.3b). A concave
axial profile includes two knick-points at 900 m and at 1,190 m depths, suggesting
retrogressive failure activity. The total volume of the feature is estimated at 13 km3.
No deposits are observed at the base of the slide as they have probably been redis-
tributed into the Ionian abyssal plain via the Taranto canyon. Seismic lines show
that the Manduria failure coincides with faults in the Mesozoic carbonate platform
(Fig. 26.3) suggesting a possible tectonic control on the localization of failures.

26.4.3 Slope-Parallel Sediment Undulations (SPSU)

In two areas south of Calabria, each on slopes of ca. 2ı, multibeam data reveal
distinctive slope-parallel sediment undulations, with lengths up to 12 km and
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Fig. 26.4 Slope-parallel seabed undulations (SPSU) of the southern Calabrian margin (see
Fig. 26.1). Top right: bathymetric profiles across the two areas of asymmetric SPSU, location
of profile A–B shown at left. C and D are Chirp profiles showing interpreted faults and fluid escape
pipes

spacing of 0.6–1.4 km (Fig. 26.1). The undulations are up to 100 m in relief and
asymmetric in profile, with steeper upslope-facing flanks (Fig. 26.4 top-right). On
subbottom profiles they consist of stratified sediments, mainly conformable with
seabed to form anticline-like structures, but laterally discontinuous across seaward-
dipping surfaces beneath their troughs interpreted as fault planes (Fig. 26.4c, d).
The stratified sediments also contain inclined zones of high amplitudes near seabed,
resembling fluid escape pipes (Andresen 2012). The SPSU are interpreted as fault-
bounded sediment blocks recording downslope rotation in association with fluid
migration, comparable to slope-parallel undulations observed elsewhere, notably on
the Nile fan (Loncke et al. 2004; Migeon et al. 2013; Praeg et al. 2013).

The undulations provide evidence of a linkage between seabed sediment de-
formation and subsurface fluid flow. An interpretation of rotated sediment-blocks
is consistent with evidence from deeper seismic profiles across the eastern area,
showing the SPSU to form part of a folded/faulted Pleistocene interval developed
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Fig. 26.5 Headwall and sidewall scarps in the Squillace canyon system (location in Fig. 26.1). The
cauliform headwall lies 1–3 km from the coast, not all branches of the dendritic network connect
with the hydrographic system onshore (in blue)

above diapiric structures affecting thick Pliocene sediments (Capozzi et al. 2012).
The diapiric structures were originally suggested to be halokinetic (Rossi and
Sartori 1981), but recently to be mud mobilized by upward fluid migration along
normal faults (Capozzi et al. 2012). Our results indicate that the diapric structures
are associated with fluids and show that their buried crests coincide with slope-
parallel sediment blocks bounded by normal faults. We infer that overpressured
fluids continue to facilitate progressive downslope rotation of sediment blocks along
faults rooted in the diapiric structures. It is notable that the fluids have not resulted in
mud volcanism, in contrast to adjacent areas (Praeg et al. 2009; Morelli et al. 2011).

26.4.4 Headwall and Sidewall Scarps in Submarine
Canyons (HSC)

The Calabrian slopes are incised by numerous submarine canyons, of varying sizes
and morphometries, not all connected to onshore drainage systems (Fig. 26.5). In the
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Gulf of Taranto, the canyons extend 50–70 km offshore to join the Taranto canyon,
which drains 250 km to the Ionian abyssal plain. South of Calabria canyons extend
up to 70 km into the Crotone-Spartivento fore-arc basins (Morelli et al. 2011).
Seismic profiles across the Squillace canyon in the Crotone basin show incision of
relatively young (Pleistocene) sediments (Capozzi et al. 2012). All of the canyons
are marked by semi-circular scarps, overlapping along their headwalls and isolated
along sidewalls (Fig. 26.1), recording smaller-scale failures. The largest canyon
system is located in the Gulf of Squillace (Fig. 26.1), where the headwall has a
total perimeter of 62 km and an area of ca. 630 km2. The canyon system is highly
dendritic, the first-order branches of the cauliform headwall extending to within 1–
3 km of the coastline. Headwall scarps are on average 30 m high and 60 m long, with
a density of occurrence of ca. 50/km2. Sidewall scarps are bigger in size (50–150 m
high and 50–500 m long on average) with a lower density of occurrence (12/km2).

Headwall and sidewall scarps show that failures of the canyon walls represents
an important mechanism for their retrogressive growth. Considering only headwall
scarps in the first-order canyon branches of the Squillace system, we estimate the
volume of sediment removed by failure to be of the order of 6 km3. Retrogressive
scars are observed to be larger where canyons cut structural highs (e.g. Squillace),
suggesting ongoing adjustment to tectonically-created topography.

26.5 Discussion – Mass Movements and Geohazards
in the IMCA

The four types of mass movement described above constitute different degrees of
marine geohazard for the Ionian coastal and deep-sea areas.

The slopes of the IMCA are marked by seabed slide scarps, which are partic-
ularly abundant along the Calabrian and Apulian margins of the Gulf of Taranto
(Fig. 26.1). MTCs of the western Gulf of Taranto are located away from the coasts
in water depths of �600 m and confined in intra-slope basins, and so do not represent
a significant hazard for coastal areas. Nonetheless, they record a history of recurrent
failure that is likely to be linked to seismogenic activity along the Apenninic belt,
thus reflecting a wider potential for seismically-triggered failures. The Apulian
slope is dissected by slide scars (Fig. 26.1), some of which appear to be linked to
faults (Fig. 26.3B). This is interesting as this area has been considered seismically
quiet, and raises the question of to what extent the observed failures may reflect
distal versus proximal effects of seismicity. In our opinion, seismicity represents a
significant potential trigger for geohazards along the IMCA in the Gulf of Taranto.

Isolated slide scars (ISS) on the Calabrian and Apulian open slopes also reflect
a potential for larger submarine failures that may be capable of triggering tsunamis
or anomalous waves. Tsunami modelling has been performed for the Assi slide,
one scenario showing the area most affected to be the adjacent coast between
Roccella Jonica and Monasterace (Fig. 26.1), where waves up to 1 m high could
cause damage to coastal infrastructures (Zaniboni et al. 2012). Thus future open-
slope failures similar to Assi could constitute geohazards for adjacent coastal areas,
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as well as for deep-sea infrastructures (pipelines, cables etc.). A better understanding
of failures on the IMCA is relevant to the monitoring of tsunamigenic failures in the
Mediterranean Sea, where tsunami early-warning systems are less effective than in
open oceans. This is an important issue as, in contrast to earthquakes, tsunamigenic
failures can be monitored.

Slope-parallel seabed undulations (SPSU) represent a low potential hazard
because they record slow gravity-driven deformation of slope sediments. However,
the SPSU are associated with fluid pipes that we infer to reflect fluid overpressures
associated with underlying mud diapirs. A sudden release of fluid overpressures
could present a hazard for deep-sea infrastructures, as reflected in near-by mud
volcanoes (Praeg et al. 2009).

Retrogressing canyon headwalls represent an important geohazard along the
southern Calabrian margin, where they are located within 1–3 km of the coastline
(see also Morelli et al. 2011). Headwall regression can lead to coastal erosion,
with risks for coastal infrastructures (highways, harbours, railways). Retrogressive
canyon erosion has caused of the repeated collapse of the pier of the harbour of Cirò
Marina (Casalbore et al. 2012), which could have been avoided with more efficient
geohazard assessment and coastal management. We recommend monitoring and
higher sensibility of national and regional stakeholders to this important issue.

26.6 Conclusions

The Ionian margins of Calabria and Apulia, including the Gulf of Taranto, provide
a natural laboratory to study submarine geohazards, due to ongoing convergent
tectonism and a wide range of mass failure phenomena. Mapping of over 400 km
of the IMCA show the seabed and shallow subsurface to contain four main types of
sedimentary record of failure over time: (1) mass transport complexes within intra-
slope basins, (2) isolated slide scars along open slopes, (3) slope-parallel sediment
undulations recording gravity-driven block rotations linked to over pressured fluids,
and (4) headwall and sidewall scarps in submarine canyons. Preliminary analyses
of sedimentary processes occurring along the IMCA indicates that open-slope
failures capable of triggering tsunamis represent potential geohazards both for
coastal populations and for deep-sea infrastructures, whereas retrogression of
canyon headwalls lying <1–3 km off the Calabrian coast represents an important
geohazard that requires regular monitoring. Seismic hazard remains a major issue
to be addressed in the IMCA.
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Mt. Etna, Italy
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Abstract Mt. Etna is the largest and one of the best-studied volcanoes in Europe.
It represents a highly active basaltic volcano on top of the active Apennine
thrust belt. The instability of its eastern flank has been described as an important
preconditioning factor for the occurrence of submarine mass wasting events. In
order to better understand the processes that may cause submarine slope failures,
a new dataset including seismic, hydroacoustic and core data was collected during
RV Meteor cruise M86/2 from December 2011 to January 2012. Seismic profiles
and sediment cores reveal repeated mass transport deposits (MTD), indicating a
long history of landslides in the working area. Some of the sampled MTDs and their
surrounding strata contain volcaniclastic debris, indicating that slope failures may
be controlled by volcanic and non-volcanic processes. Several tephra layers directly
cover MTDs, which is regarded as an indicator for the possibility that several flank
failures occur immediately before or very early during an eruption.
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27.1 Introduction

Mt. Etna (Sicily, Italy) is known as the largest active volcano in Europe (Fig. 27.1)
(Gvirtzman and Nur 1999). It represents a highly active basaltic volcano overlying
the active plate boundary between the African and Eurasian Plate (Chiocci et al.
2011; Doglioni et al. 2001), and builds up on continental crust (Gvirtzman and
Nur 1999).

The eastern flank of Mount Etna is well known for its instability (Branca and
Ferrara 2013) and its ongoing deformation (Argnani et al. 2012), which is controlled
by spreading of an extensional fault system (Borgia et al. 1992). Chiocci et al. (2011)
consider this ongoing deformation as an important factor controlling subaerial and
submarine mass wasting events. Pareschi et al. (2006) postulate a long-lasting
history of mass movements after the built-up of Mt. Etna, as long run-out debris
slumps could be imaged offshore Mt. Etna. Chiocci et al. (2011) observed a large
bulge offsetting the margin that is deeply affected by widespread semicircular
steps, which have been interpreted as being associated with large-scale gravitational
instabilities.
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A variety of processes leading to a destabilization of the flank and possible
catastrophic slope failures may act in addition to the ongoing deformation in
the working area. These mechanisms include tectonic activity due to frequent
earthquakes in the Calabrian Arc (e.g. Azzaro et al. 2000; Ferreli et al. 2002),
high recurrence rate of volcanic eruptions and volcanic tremor (e.g. Simkin and
Siebert 1994), and liquefaction of tephra layers, which was observed in comparable
settings, e.g. by Harders et al. (2010). Furthermore, widespread incised gullies
indicate ongoing highly variable hydrodynamic and gradational activity (Micallef
and Mountjoy 2011), controlling the recent morphology in this area.

All these implications reveal that the area east of Mount Etna is a region, which is
highly prone to submarine mass wasting. Several questions, however, remain open,
including the spatial distribution of mass wasting and the role of abundant and
widespread tephra layers. Based on new data collected during RV Meteor cruise
M86/2 (December 2011/ January 2012), we focus on the relationship between
widespread tephra layers and MTDs as well as on the identification of large- and
small-scale features contributing to slope failures off Mt. Etna.

27.2 Data

All data presented in this manuscript are newly collected during RV Meteor cruise
M86/2 (December 2011 to January 2012) and are presented here for the first
time. High-resolution 2d reflection seismic data were acquired using a 1.7 l GI-
Gun and a digital Geometrics GeoEel 104-channel streamer with a total length
of 162.5 m and a hydrophone spacing of 1.56 m. Seismic data were processed
with GEDCO Vista Seismic Processing V.11 including setting up the geometry,
frequency filtering, normal move correction (NMO) with a constant velocity,
stacking and time migration. Bin size was set to 2 m resulting in an average fold of
10. Bathymetric data were collected using the hull mounted Kongsberg EM120 and
Kongsberg EM710 multi-beam echo-sounders. Parasound sediment echo-sounder
data were acquired by an ATLAS DS-3/P70. In addition, a 10 m gravity corer was
used for sediment sampling. All sediment cores were only examined visually as a
detailed sedimentological analysis of the cores is not objective of this manuscript.

27.3 Results

27.3.1 Morphology of the Eastern Flank of Mt. Etna

Fiumefreddo Valley (FV) and its southern prolongation (EFV) (Fig. 27.1) mark the
northern boundary of the eastern flank of Mt. Etna. This valley system hosts a wide
spread hummocky topography, which is a strong implication for mass transport
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Fig. 27.2 2d reflection seismic profile M86-2-p407 and Parasound echo-sounding zoom-in of the
Riposto Depression. The seismic section shows the distribution of proximal and distal sedimentary
units and illustrates steep slope gradients. The Parasound echo sounding shows near-surface
transparent units intercalated with well-stratified reflectors in the Riposto Depression. See Fig. 27.1
for location of profile

deposits (MTDs) at the seafloor. Riposto Ridge (RR) represents a major ridge in
the North, which extends offshore in a curved shape towards the southern part
of Fiumefreddo Valley; RR is strongly reworked by submarine canyon- and gully
structures (Fig. 27.1).

Riposto Depression (RD, Figs. 27.1 and 27.2) is a flat depression, which covers
an area of 7.25 km2 and is surrounded by an amphitheater-like structure. This
structure most likely represents the remnant of a major flank failure (Chiocci et al.
2011). Ridges surrounding the Riposto Depression show slope gradients of up to
20ı. Large blocks and MTDs are visible especially on its eastern margin (Fig. 27.1),
which can also be observed in seismic profiles (Fig. 27.2). The near-shore areas are
characterized by funnel-shaped sedimentary systems, which host several incisions
running down-slope to the East (Fig. 27.1). The southern boundary of the deforming
part of Mt. Etna is marked by the Catania Canyon (Chiocci et al. 2011). In
general, the entire flank offshore Mt. Etna is characterized by numerous small
scale gully- and canyon like structures carving into the background morphology,
which is commonly observable at steeply dipping continental margins (Micallef and
Mountjoy 2011; Vachtman et al. 2013).
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27.3.2 Seismic Evidence for MTDs

Most of the seismic units displaying high amplitude and discontinuous reflectors
can be interpreted as MTDs. Profile M86-2-p407 (Fig. 27.2) represents a typical
cross-section from the near shore areas to the southern extension of Fiumefreddo
Valley. The profile shows four different settings:

• The Riposto Ridge is characterized by slope angles of up to 20ı and prominent
deformed ridges. The slope shows headwall-like structures, as indicated by
widespread erosional truncations. Most of the depressions show an interlayering
of chaotic seismic units interpreted as MTDs, and well-stratified sediments.

• The Riposto Depression is a small basin with a complex internal structure. The
seismic record (Fig. 27.2) images well-stratified sediments in the uppermost
100 ms TWT underlain by three major high amplitude discontinuous units,
which can be found below 2,150 ms TWT in the seismic record (Fig. 27.2).
We interpret those units as MTDs. Parasound echo-sounder data allow a detailed
view of the upper �50 m of the sediments illustrating transparent units close to
the sea floor as well as inter-bedded well stratified sediments (Fig. 27.2). The
transparent/discontinuous units are interpreted as MTDs.

• The transition from Riposto Depression to the southern prolongation of
Fiumefreddo Valley shows a rough topography. It reveals a field of blocks
outcropping at the seafloor (Figs. 27.1 and 27.2). This hummocky topography
may be formed as a result of one major or several smaller slope failures.

• The southern prolongation of Fiumefreddo Valley is imaged as a half-graben-
like feature on the seismic profile (Fig. 27.2). The upper units are characterized
by high amplitudes, discontinuous and more or less horizontal reflectors, while
the lower units show a clear tilt. Further to the North, Fiumefreddo Valley is filled
by high amplitude reflectors with varying continuity (Fig. 27.3).

A profile showing widespread MTDs around the Fiumefreddo Valley (Fig. 27.1)
is shown in Fig. 27.3. Several chaotic units interpreted as MTDs are inter-bedded
with well-stratified reflector packages representing the undisturbed background
sediments. The area NE of Fiumefreddo Valley is of special interest. Billi et al.
(2008) interpreted the morphology in this area as a large MTD originating from the
head region of Fiumefreddo Valley based on an older data set. They considered a
major sediment slide in this area as a potential trigger mechanism for the devastating
tsunami, which followed the 1908 Messina earthquake. This hypothesis is strongly
doubted by Argnani et al. (2009) based on modern bathymetric data. Argnani et al.
(2009) show, that the morphology of the area is a product of long-lasting erosion
without any trace of a 100 year-old large-scale landslide. The interpretation by
Argnani et al. (2009) is well supported by the new seismic data. Thick stratified
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Fig. 27.3 2d reflection seismic profile M86-2-p404 traversing the northern edge of the survey
area in a SW to NE direction. Especially the section from offset 8,000–14,500 reveals a stratified
sedimentary unit, which is underlain by a large MTD. See Fig. 27.1 for location of profile

sedimentary units are found immediately below the sea floor (Fig. 27.3). These units
are underlain by large MTDs, which were most likely deposited during the evolution
of the Fiumefreddo Valley but not in present times. The buried MTDs indicate a long
history of mass wasting at the eastern flank of Mt. Etna.

27.3.3 MTDs and Tephra Layers in the Sedimentary Record

Gravity cores were taken at several locations in order to sample near surface
MTDs. Most of the cores show clear indications for MTDs, all of which host major
tephra layers. To illustrate some typical features, sediment cores M86/2-007-01 and
M86/2-015-01 were chosen. Gravity core M86/2-007-01 (Fig. 27.4a) with a total
length of 433 cm was recovered southwest of the amphitheater structure at the
eastern flank off Mt. Etna edifice (see Fig. 27.1 for location of core). It reveals
a strong variation of deposits through the sediment column. Major tephra fallout
deposits can be observed at 20–22, 58–61 and 325–331 cm (Fig. 27.4). In addition,
two chaotic facies can be identified yielding intraclasts of up to 6 cm in diameter.
Most remarkable feature in this gravity core is the section between 325 and 370 cm
(Fig. 27.4b), as it bears a tephra layer with a thickness of ca. 6 cm, which is directly
underlain by a ca. 40 cm thick chaotic unit.

Gravity core M86/2-015-01 (Fig. 27.4c) with a total length of 356 cm was
recovered at the western edge of the amphitheater structure. Especially the lower
section from 270 to 328 cm is of special interest, as it hosts a similar succession
of MTD and tephra as described for the core M86/2-007-01 (Fig. 27.4d), as this
MTD is directly overlain by a tephra layer. This chaotic layer features intraclasts of
up to 9 cm in size with different compositions. Most prominent are tephra- as well
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Fig. 27.4 (a) Gravity core M86/2-007-01 (b) Close up of Gravity Core M86/2-007-01 from 300
to 390 cm (c) Gravity core M86/2-015-01 (d) Close up of Gravity Core M86/2-015-01 from 270
to 328 cm
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as clasts made out of fine to medium sands. As the composition of this chaotic unit
hosts a mixture of sedimentary material available at the submarine slope of Mt. Etna,
we consider this chaotic unit as a representative MTD for this region.

27.4 Discussion

27.4.1 MTD Distribution and History of Sliding

As previously described and discussed by Pareschi et al. (2006) and Chiocci et al.
(2011), the entire survey area is strongly affected by submarine mass wasting.
The new M86/2 high-resolution dataset reveals new insights into a long history of
mass wasting and its strong connection to morphological features like the Riposto
Depression. Especially seismic profile p404 (Fig. 27.3) provides indications for one
or more ancient slope failure, as the prominent MTD is overlain by a well-stratified
sedimentary unit with a thickness of ca. 200 ms TWT. Furthermore, Fiumefreddo
Valley and its prolongation to the South (Figs. 27.1 and 27.2) seems to act as an
important conduit. It collects debris and MTDs from the eastern flank of Mt. Etna
and appears to restrict the sedimentary transport to the East and the Ionian Sea. The
analysis of all available seismic data allows to document the regional and temporal
distribution of large and small scale MTDs. Distal areas such as the southern
prolongation of Fiumefreddo Valley show relatively small mass wasting deposits
in the deeper sediment record, whereas high amplitude, discontinuous reflectors
in the upper sediment column indicate larger scale MTDs in more recent times.
For proximal areas, larger scale MTDs can be traced in sediment units deeper than
200 ms TWT. These MTDs can especially be traced within the Riposto Depression
(Fig. 27.2), which shows a focus of large MTDs in the lower sedimentary units.
The Riposto Depression represents a basin, which is strongly affected by mass
wasting. It collects large amounts of transported sediments from the surrounding
amphitheater structure with flank gradients of up to 20ı.

Exposed and buried MTDs imply a long history of sliding and recent MTD
generation in the working area strongly support the hypothesis of large-scale
gravitational instabilities (Chiocci et al. 2011) and a long time activity of mass
movements as run-out debris slumps (Pareschi et al. 2006).

27.4.2 Relationship between Tephra Layers and MTDs

The entire survey area is strongly affected by MTDs. Most general factors con-
trolling slope failures include strong tectonic control and associated seismicity,
over steepening of flanks due the deformation of the flank (Chiocci et al. 2011),
volcanic eruptions, and possible liquefaction of tephra layers, which may act as a
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slide plain and therefore entrain overlying sediments (Harders et al. 2010). Here
we would like to focus on the role of tephra layers, as the identified succession
of tephra layers directly on top of MTDs may be important for understanding
possible slide triggering mechanisms in the working area. Harders et al. (2010)
suggested for a comparable setting at the Middle America Trench that tephra layers
act as detachment planes due to liquefaction during seismic activity. Nevertheless,
no indication for such a process could be found in the working area offshore
Mt. Etna. On the contrary the location of tephra layers immediately above the
MTDs suggest a close link between emerging volcanic activity and slope failure.
Volcanic tremor before an eruption may induce high seismicity and may trigger
slope failures. Deformation of volcanic flanks during the rise of magma before
an eruption and associated hydrothermal activity may further contribute to slope
instability (van Wyk de Vries et al. 2000). Hence a slope failure would be followed
by an eruption and the deposition of a tephra layer would occur immediately
afterwards on top of the MTD. The consecutive succession of deposits was observed
at several cores at different locations. No correlation between cores is possible
but the different compositions of the tephra layers overlying MTDs suggest that
different stratigraphic intervals were cored at different locations. We are aware that
tephra does not behave like other particles in the water column (Carey 1997) as it
may build vertical gravity currents, which lead to an inhomogeneous distribution of
the widespread tephra layers. However, we are convinced that we sampled several
slides with different ages, which show the typical succession of a MTD covered
by a tephra. Hence, we consider the triggering of MTDs during emerging volcanic
activity as being of general importance for the eastern submarine flank of Mt. Etna.

We also identified MTDs without a tephra layer on top indicating that other
processes for slope stability are important as well. They may include oversteepening
of the slope, toe erosion in areas with deep incisions, seismicity not related to
volcanic activity, and high sediment accumulation rates. We also would like to point
out that we have not cored any of the large MTDs identified in the seismic record
as they cannot be reached without deep drilling. The clear indications even between
small near-surface MTDs (identified in the cores) and volcanic activity let us assume
that large failures are triggered by volcanic activity in a similar matter though a time
lag between the MTD generation and the settling of tephra could lead to a similar
observation in the sedimentary record.

27.5 Conclusion

Widespread MTDs could be mapped off the eastern flank of Mt. Etna edifice.
MTDs at different stratigraphic levels indicate a long history of mass wasting. The
distribution of MTDs is mainly controlled by pre-existing morphology. A typical
succession of MTDs directly overlain by tephra layers indicate that volcano induced
seismicity and flank deformation prior to an eruption act as important trigger
mechanisms for slope failures on the eastern flank of Mt. Etna. This observation



316 F. Gross et al.

was established at relatively small scale slides with thicknesses of up to 50 cm and in
sediment depth less than 5 m. Seismic data show significantly larger buried MTDs,
which were most likely triggered by similar volcanic processes in the past.
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Chapter 28
The Malta-Sicily Escarpment: Mass Movement
Dynamics in a Sediment-Undersupplied Margin

Aaron Micallef, Aggeliki Georgiopoulou, Timothy Le Bas, Joshu Mountjoy,
Veerle Huvenne, and Claudio Lo Iacono

Abstract The Malta-Sicily Escarpment (MSE) is a steep carbonate escarpment
that appears to have largely remained isolated from inputs of fluvial and littoral
sediments since the Messinian Salinity Crisis. Mass movement activity has so far
only been inferred from sediment cores at the base of the MSE. In this study
we use geophysical and sedimentological data acquired from the upper MSE and
outer Malta Plateau to: (i) map and characterise the dominant forms of mass
movements, and (ii) determine the nature and origin of these mass movements,
and their role in the evolution of the MSE. We document 67 mass movement scars
across 370 km2 of seafloor. Slope instability entailed translational slides, spreads
and debris flows that mobilised Plio-Pleistocene outer shelf hemipelagic/pelagic
sediments or carbonate sequences across the upper continental slope. Slope failure
events are caused by loss of support associated with the formation of channels,
gullies, canyon heads and fault-related escarpments. Mass movements play a key
role in eroding the seafloor and transferring material to the lower MSE. In particular,
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they control the extent of headward and lateral extension of submarine canyons,
facilitate tributary development, remove material from the continental shelf and
slope, and feed sediment and drive its transport across the submarine canyon
system.

Keywords Submarine mass movement • Submarine canyon • Sediment-
undersupplied margin • Malta-Sicily Escarpment • Mediterranean

28.1 Introduction

The Malta-Sicily Escarpment (MSE) is one of the principal physiographic elements
of the central Mediterranean (Fig. 28.1). Consisting of a steep, NNW-SSE trending
slope that extends southwards from the east coast of Sicily, the escarpment is
250 km long and has a vertical relief of almost 3 km. The MSE is the expression
of a passive margin separating the continental crust of the Malta Plateau from the
oceanic crust of the Ionian Basin (Argnani and Bonazzi 2005). Triassic-Neogene
sedimentary and volcanic sequences outcrop along the escarpment (Casero et al.
1984; Scandone et al. 1981). Reconstructions of past sea level changes (Imbrie et al.
1989) and stratigraphic analyses (Max et al. 1993; Osler and Algan 1999) suggest

Fig. 28.1 Bathymetric map of the MSE, central Mediterranean Sea, showing the principal
morphological features of the region. IB Ionian Basin, MG Malta Graben, MP Malta Plateau, MSE
Malta-Sicily Escarpment, NM North Malta Basin (Source: IOC et al. 2003). Faults are mapped
from published seismic reflection data; some of them have been reactivated in the early Pliocene
(Casero et al. 1984; Gardiner et al. 1995)
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that, following the Messinian Salinity Crisis (�5.9 Ma), the majority of the MSE
has largely remained isolated from inputs of fluvial and littoral sediments, and that
it has experienced low sedimentation rates; the escarpment may thus be classified
as a sediment-undersupplied margin. The MSE is also located at the convergence
between the eastward flowing Atlantic Ionian Stream and the westward passage of
the denser Levantine Intermediate Water. Sediment drift accumulations, indicative
of bottom current activity, have been reported at the foot of the MSE (Marani
et al. 1993).

The role of slope instability in the overall evolution of the MSE is not well-
understood. Mass movement activity has mainly been inferred from sediment cores.
Volcaniclastic and terrigenous turbidites and debrites have been reported from
the lower reaches of a submarine canyon system that incises the MSE (Casero
et al. 1984; Scandone et al. 1981). Slumping across the MSE itself has only been
reported from seismic reflection profiles (Jongsma et al. 1985). In this study we
use geophysical and sedimentological data recently acquired from the outer Malta
Plateau and upper MSE to: (i) map and characterise the dominant forms of mass
movements, and (ii) determine the nature and origin of these mass movements, and
their role in the evolution of the MSE.

28.2 Data and Methods

Our study is based on four types of data acquired from the MSE during the
CUMECS research cruise (2012).

(i) Multibeam echosounder (MBES) data: An area of �370 km2 of seabed was
surveyed using a Kongsberg-Simrad EM-710 system (70–100 kHz) (Fig. 28.1).
Both bathymetry and backscatter grids with 10 m � 10 m bin size were derived
(Fig. 28.2). These grids were visually interpreted and standard morphometric
attributes (gradient, aspect, curvature) were extracted.

(ii) Sub-bottom profiles: 500 km of high resolution seismic reflection profiles were
acquired simultaneously with the MBES data. The profiles were collected using
a hull-mounted CHIRP-II profiler with operating frequencies of 2–7 kHz. For
conversion of two-way travel time to depth we used a standard seismic p-wave
velocity of 1,600 m s�1.

(iii) Gravity cores: A total of 28 m of sediment cores were obtained from nine
sites using a 6-m gravity corer (Fig. 28.2a). The cores were visually logged,
photographed, and analysed in terms of sediment colour, magnetic susceptibil-
ity, p-wave velocity, and gamma density using a Geotek® Multi-Sensor Core
Logger.

(iv) Dredge samples: Samples were acquired with a cylindrical metallic dredge
from one selected site at a depth of 320 m (Fig. 28.2a).
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Fig. 28.2 (a) Bathymetric data draped on a shaded relief map and (b) backscatter map of the study
area (isobaths at 200 m intervals). Location in Fig. 28.1

28.3 Results

28.3.1 Seafloor Morphology and Composition

The study area comprises two morphologically diverse provinces (outer Malta
Plateau and MSE) that are divided by the 410 m isobath (Fig. 28.2a).

28.3.1.1 Outer Malta Plateau

The seafloor between 160 and 410 m depth is predominantly smooth, very gently
sloping (0.8–1.8ı) towards the east, and characterised by low backscatter response.
Across the Outer Malta Plateau we identify three morphological elements of
interest:

(i) Escarpments
Steep breaks of slope, up to 12.5 km long and 60 m high, occur in three
orientations: W-E, N-S and SW-NE. They are straight to non-linear, and they
generally correspond to high backscatter (Figs. 28.2 and 28.3b).

(ii) Scars
Located just upslope of the 410 m isobath are four scars that range from
1 to 18 km2 in area. The scars have ellipsoidal to elongated plan-form
shapes oriented east to north-eastwards; their lateral and upslope limits are
characterised by escarpments with gradients of up to 15ı and heights of up
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Fig. 28.3 Bathymetric map and sub-seafloor image of the: (a) Largest scar in the Outer Malta
Plateau; (b) longest channel in the Outer Malta Plateau, the elongated morphology and es-
carpment across its northern wall. Bathymetric map of (c) small scar in Outer Malta Plateau;
(d) amphitheatre-shaped depression in the upper MSE; (e) shallow scars in the upper MSE. Depth
legend in Fig. 28.2. C channel, CSR chaotic seismic reflections, D circular depressions, DSR
draping seismic reflections, E escarpment, G gullies, M mounded morphology, PAR planar high
amplitude reflector, PSR parallel seismic reflections, R&T ridges & troughs, S scar, UCR upwardly-
convex high amplitude reflectors

to 50 m. The largest scar comprises a series of sub-parallel linear ridges and
troughs (Fig. 28.3a). The other three scars, on the other hand, are intersected by
gently-sloping escarpments (Fig. 28.3c). The downslope section of these scars
consists of smooth, near-planar seafloor whereas the upslope section comprises
a ridge and trough pattern (Figs. 28.3a, c). The downslope limit of all the scars
is contiguous with another scar, a channel or an escarpment.

(iii) Channels
The deepest part of the Outer Malta Plateau is incised by four channels.
Two other channels connect scars with the upper MSE (Figs. 28.3a, c).
The longest channel (12 km long) dominates the northern part of the study
area (Fig. 28.3b). Its steeper northern wall is characterised by an elongated
mounded morphology, up to 1 km wide, which extends along the foot of a
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70 m high escarpment. Two 90 m wide circular depressions are also observed
in that location. The walls of the long channel are affected by 16 small scars
(0.03–0.4 km2 in area), all of which slope towards and connect to the channel
bed. The scars are shallow (maximum depth of 5 m), smooth, planar and have
low aspect ratios.

28.3.1.2 Upper MSE

The seafloor deeper than 410 m is considerably different from that upslope. The
slope is steeper (mean gradient of 11ı) and is heavily incised by a dense network of
gullies and distinct larger and wider channels that extend all the way from the shelf
break to the limit of data coverage (Fig. 28.2). The gullies have steep sidewalls and
sharp interfluves, whilst their beds generally coincide with high backscatter values.
Some gullies are carved into large amphitheatre-shaped depressions (Fig. 28.3d),
the upslope limits of which are high escarpments (up to 150 m in height) that have a
very high backscatter response (Fig. 28.2b). The southernmost of these depressions
intersects a N-S trending ridge; dredged material from this ridge consists of hard
carbonate rocks. A large proportion of the gullied slope is affected by numerous,
shallow scars (Fig. 28.3e). These are oriented downslope with a predominantly
elongate plan shape, and they have upslope limits that are generally linear, steep
and have a high backscatter character. The lower limit is difficult to identify from
the bathymetric data. The scars are mostly located upslope or adjacent to gullies and
channels.

28.3.2 Sub-seafloor Architecture

The seismic expression of the sub-seafloor in most of the shallow province
comprises a sequence of continuous, parallel, high amplitude seismic reflections
that is at least 50 m thick in places. At abrupt changes in slope, the sequence
thins and seismic reflections converge. Sub-bottom profiles across scars in the
shallow province show that this parallel seismic reflection pattern is truncated at
escarpments (Fig. 28.3a). At the downslope limit of the scars, the seismic signature
is predominantly chaotic. Where ridge and trough morphology occurs, the seismic
pattern is predominantly represented by an irregular, chaotic, low reflectivity unit,
which has variable thickness and is draped by an up to 5 m thick unit of coherent,
moderate reflectors (Fig. 28.3a). The base of the irregular unit is a planar, high
amplitude reflector.

The internal stratigraphy of the elongated mound on the long channel’s northern
wall is characterised by an asymmetric package of sub-parallel, upwardly-convex,
high-amplitude reflectors (Fig. 28.3b). This sequence is also draped by a coherent,
moderately reflective, 5 m thick unit.
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Fig. 28.4 (a) Data and interpretation of sediment cores from sites CU03, CU08, CU05 and CU07,
and (b) their location on a sub-seafloor transect. The coloured bar to the left of the core photographs
represents lithological interpretation. Location of cores and transect in Fig. 28.2a

28.3.3 Sub-surface Sedimentology

The sediment in all nine gravity cores is predominantly clay to silty clay of
homogeneous lithology and physical properties, and punctuated by infrequent
variations (Fig. 28.4). These include:
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(i) Between 60 and 75 cm downcore in most cores, there is a layer of volcanic ash
that generates a characteristic high peak in the magnetic susceptibility curve,
which is used to correlate cores. This peak is found deeper downcore in core
CU05, at about 120 cm.

(ii) The last 60 cm of core CU03 shows inclined laminae, sand clasts and erratic
variability of the physical properties. Similar characteristics are found between
70 and 120 cm downcore in core CU05, 10 cm above the ash layer.

(iii) Between 260 and 290 cm downcore in CU05 there is a sequence of silty clay
containing medium sand laminae alternating with clay laminae, characterised
by relatively higher gamma ray density and p-wave velocity.

(iv) A 1 m thick sequence of unsorted, roughly-graded, medium to fine sand
intermixed with clay occurs in core CU07. This sequence is characterised by
relatively higher gamma ray density and p-wave velocity than the rest of the
core, which correlates with the layer described above in core CU05.

28.4 Discussion and Conclusions

28.4.1 Nature of Mass Movements and Sediment Transport

We interpret the scars documented across the study area as evidence of widespread
slope instability. The 67 mass movements identified can be divided into two
classes – shelf mass movements that affect the outer Malta Plateau, and slope mass
movements that occur across the MSE. Their areal extents range across three orders
of magnitude and display up to three levels of retrogression.

On the outer Malta Plateau, mass movements have occurred on very gentle slopes
of stratified fine sediments, which is likely of hemipelagic and pelagic origin and
deposited during the Plio-Pleistocene (Micallef et al. 2011; Tonarelli et al. 1993).
The style of deformation observed is indicative of both translational slides and
debris flows. The ridge and trough morphology is the signature of spreading, which
involves extension of a sediment unit and its break up into blocks that slide above
a planar failure surface (Micallef et al. 2007). Spreading occurs in the largest scar
as well as in the upslope sections of the smaller scars located at the shelf break.
The chaotic seismic signature of the downslope limit of the scars is indicative of
internal deformation, most likely caused by the occurrence of debris flows. The core
retrieved from the long channel thalweg (CU05) has a sequence with the deformed
sediments and erratic physical properties (Fig. 28.4), which we interpret as a debrite.

On the upper part of the MSE, slope instability has taken place in carbonate
sequences with a steeply inclined exposure (Scandone et al. 1981). Due to the
composition of the failed material, the chaotic seismic signature of the deposits, and
their linear to arcuate steep headwalls, we infer that the style of failure was either a
translational slide or debris avalanche (e.g. ten Brink et al. 2006). The amphitheatre-
shaped depressions are likely canyon heads that result from coalescing, arcuate scars
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Fig. 28.5 Interpretation map of the study area (isobaths at 25 m intervals)

(Mulder et al. 2012). Mass movements associated with the upslope development
of the southernmost of these canyon heads were powerful enough to erode a
structurally-controlled bedrock ridge at its headwall (Fig. 28.5).

From the geophysical and sediment core data in Figs. 28.3b and 28.4, we interpret
the elongated mounded morphology along the northern wall of the long channel as
a contourite (Rebesco and Stow 2001; Stow et al. 2002).

28.4.2 Causes of Slope Instability

We propose four potential causes of slope instability across the outer Malta Plateau
and upper MSE:

(i) Loss of support: The retrogressive nature of the mass movements – with
their location upslope of other mass movements, escarpments, channel/gully
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beds or canyon heads – indicates that loss of support plays an important
role in triggering slope instability in the study area. Across the MSE, the
incision of gullies and channels triggers slope failures across their walls due
to oversteepening and loss of support (e.g. Micallef et al. 2012). These flank
failures are responsible for widening and extending the gullies and channels
upslope. The same dynamics characterise the long channel in the outer Malta
Plateau. In this case, the formation of a contouritic drift on the northern wall
indicates that bottom currents may play a role in channel incision. Otherwise,
loss of support is the result of a mass movement taking place downslope or
associated with the upslope development of a submarine canyon head.

(ii) Sedimentation: Hemipelagic and pelagic sedimentation, as well as contouritic
deposition along the northern wall of the long channel, provide the material
that fails across the outer Malta Plateau. Sedimentation rates across the Malta
Plateau in the last 5 Ma are reported to be low, in the range of �6 cm per
1,000 year on the Malta Plateau (Max et al. 1993; Osler and Algan 1999).
Thus, we believe that sediment loading and associated excess pore pressure
development are not a pre-conditioning factor for slope instability in the region.

(iii) Faulting and seismicity: Faults, linked to the different rates of underthrusting
between the buoyant Malta Plateau and the Ionian crust (Adam et al. 2000;
Grasso 1993), are common across the study area (as shown in Fig. 28.1 and
inferred from the escarpments in Fig. 28.5) and likely to have exerted a pre-
dominant control on the physiography and, indirectly, on the location of mass
movements (e.g. occurrence of steep slope gradients, seafloor deformation,
escarpments, and channels). Seismic activity has mostly been restricted to the
northern section of the MSE (Argnani and Bonazzi 2005). Ground shaking
associated with distal earthquakes could thus have played a minor role in
triggering slope instability across the study area.

(iv) Fluid flow: Deep fluid flow systems, sourced by Late Mesozoic sedimentary
units, have been reported in parts of the outer Malta Plateau (Micallef et al.
2011). Fluid, likely transferred to the surface by faults in the Tertiary carbonate
sequences, may thus play a role in reducing the stability of the outer Malta
Plateau by elevating pore pressures in the sediments. The circular depressions
identified on the northern wall of the long channel may be evidence of fluid
escape at the seabed.

28.4.3 Role of Mass Movements in the Evolution of the MSE

The evolution of the MSE in the study area appears to have been determined
by the interaction of: (i) fault activity associated with the tectonic regime of the
central Mediterranean, (ii) sedimentary activity, driven by hemipelagic, pelagic and
contouritic sedimentation, (iii) seafloor incision, related to bottom current activity
and, possibly, to oceanographic and terrestrial processes that could have been active
during sea level lowstands (e.g. Messinian Salinity Crisis). In this framework, the
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role of mass movements across the MSE and outer Malta Plateau was to erode
the seafloor and transfer material to the lower MSE. What is interesting about our
study area is that it presents a very good example of how mass movements and
canyon processes are interrelated. Submarine mass movements control the extent
of lateral and headward extension of the canyons across the continental slope and
shelf, as well as facilitate tributary development. They also remove material from
the continental shelf and slope, feeding sediment and driving its transport down-
canyon. Because of their size and position in the stratigraphic record, we believe that
the mapped submarine mass movements do not constitute a significant geohazard to
the central Mediterranean region.
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Chapter 29
Submarine Mass Movements Along a Sediment
Starved Margin: The Menorca Channel
(Balearic Islands – Western Mediterranean)

Claudio Lo Iacono, Roger Urgeles, S. Polizzi, J. Grinyó, M. Druet, M. Agate,
J.M. Gili, and J. Acosta

Abstract Sediment starved passive margins, particularly those of insular slopes,
display significant mass transport activity despite the absence of environmental
stresses from high sedimentation rates. The “Menorca Channel” represents the up
to 120 m deep shelf sector connecting the Menorca and Mallorca Islands (Balearic
Islands – Western Mediterranean). South of the Menorca Channel submarine
gravitational processes have been mapped and interpreted from swath-bathymetry,
TOPAS parametric echosounder and deep-towed videos. The shelf-break is located
at an average depth of 140 m, and sediment instability is a widespread phenomenon.
The slope region south the Menorca Channel shows a number of submarine canyons
disrupting the outer shelf. The north-easternmost canyon is the more active feature,
with an incised axis and scars shaping the flanks up to their edges. Headwall
scarps, between 140 and 700 m depth, are up to 20 m high. The shallower scarps
producing slab-type failures have carved the outer edges of planar sedimentary
bodies interpreted as formed in shallow environments during previous glacial stages.
Results show that a variety of sediment instability processes extensively shape the
southern upper slope of the Menorca Channel. Submarine canyons develop on the
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Emile Bodout Escarpment (EBE), a passive tectonic feature which bounds the slope
region of the study area. A number of knickpoints within the canyons suggest
backward erosion control on mass wasting and, at the same time, that slope failure is
one of the main drivers for canyon upslope migration. Steep gradients of the upper
slope, the presence of weak layers and the action of major storms during lowstand
stages are additional factors likely to influence the distribution and frequency of
mass wasting processes in this area.

29.1 Introduction

Submarine landslides are present across the full range of continental margins,
tectonic settings (Hampton et al. 1996) and oceans (Weaver et al. 2000; Huhnerbach
et al. 2004; Chaytor et al. 2009). Seafloor instability is triggered when the driving
stresses acting on the slope exceed the resisting forces (Hampton et al. 1996).
The factors that may induce submarine slope failure are divided between those
that increase the driving stress (e.g. earthquakes) and those that reduce the shear
resistance (e.g. high sedimentation rates, non-equilibrium consolidation and pore
pressure build-up). Earthquakes typically occur on tectonically active margins,
while high sedimentation rates are characteristic of continental margins fed by large
river systems. Passive margins of insular slopes are devoid of large earthquakes and
onshore watersheds are relatively small, implying that large river systems cannot
be formed and therefore sediment delivery to the adjacent continental margins is
rather limited. Despite the overall lack of these typical trigger mechanism and
pre-conditioning factors for slope instability, submarine landslides are ubiquitous
on some sediment-starved insular slopes such as those of the study area. In this
study we present a morphological characterization of the mass wasting processes
observed along the southern margin of the Balearic Promontory, between Menorca
and Mallorca Islands (Balearic Islands – Western Mediterranean) (Fig. 29.1a). The
main aims are to explore the factors that induce submarine slope failure in this
environment and to better highlight the controls on the long-term evolution of
sediment undersupplied insular slopes.

29.2 Geological Framework

The Balearic Promontory is a structural elevation including four major islands (from
west to east: Ibiza, Formentera, Mallorca and Menorca) resulting from successive
pre-Oligocene subduction of Africa beneath Eurasia, Oligocene rifting and oceanic
accretion during the Miocene (Acosta et al. 2001). The Promontory separates the
Balearic–Provençal Basin to the north from the Algero-Balearic Basin to the south
(Acosta et al. 2002). The study area lies on the southern flank of the Menorca
Channel between the islands of Mallorca and Menorca (Fig. 29.1a). A NE–SW
steep scarp, the Emile Baudot Escarpment (EBE) bounds the southern margin of
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Fig. 29.1 (a) Bathymetry of the study area south of the Menorca Channel. Black boxes mark
locations of detailed maps shown in Fig. 29.2. Lower case letters indicate the position of the images
in Fig. 29.4. Red line shows location of parametric profile in Fig. 29.5. White stars show dredging
locations. Inset shows location of the study area. (b) Interpretation of bathymetric data. Colored
numbers indicate thalweg long profiles in Fig. 29.3

the Promontory, including the Menorca Channel (Fig. 29.1a). The EBE has been
interpreted as evidence of the right-lateral strike–slip fault system that bounds
the south Algero- Balearic basin (Mauffret et al. 2004). It is worthy to note the
absence of earthquakes along the fault in the last 80 years (IGN, USGS), indicating
the aseismic character of this feature. In the study area, the Menorca submarine
canyon and other minor incisions converge towards a narrow channel (the South
Mallorca Trough) that feed the Menorca Fan, a wide fan-shaped area along the
base of the EBE (Camerlenghi et al. 2009). The Menorca channel has reduced or
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null river sediment inputs. Sediments composing the seafloor mainly originate from
local coastal erosion processes and by a variable carbonate production of bioherms
(Barberà et al. 2012).

29.3 Methods

The data presented in this study was primarily collected for the INDEMARES-LIFE
Project (www.indemares.es) of the Instituto Español de Oceanografia (IEO) and the
Institut de Ciències del Mar (ICM-CSIC). Multi beam data were acquired during
five cruises between 2010 and 2012 with a Simrad EM302 on the RV Miguel Oliver.
Processing and visualization of bathymetric data were performed with CARIS HIPS
system and ARC-GIS respectively. TOPAS PS18 high-resolution seismic records
and rock dredges were collected in 2012 by IEO on the RV Miguel Oliver. Video
surveys were conducted using the manned submersible JAGO (GEOMAR) in depths
of 120–400 m. Video analysis was performed with the Final Cut software.

29.4 Results

The continental margin south off the Menorca and Mallorca Islands presents a
width of �10–20 km and is mainly characterized by several lineations. These
features display a curved morphology generally parallel to the bathymetric contours
(Fig. 29.1). At least 8 bars, likely representing beachrock deposits, are recognized
for a 90–110 m depth range (Fig. 29.1b). The shelf break, 120 m deep, is relatively
sharp and indented by few canyons, particularly off Mallorca (Fig. 29.1). Off the
shelf break, the upper slope is relatively smooth and has a terraced morphology
(Figs. 29.1a and 29.2a). These terraces display also a smooth morphology that is
only disturbed by Mass Transport Deposits (MTD) with hummocky morphology
(Figs. 29.1b and 29.2c). The upper reaches of the slope display few canyons in
the whole survey area. The only major canyon is the Menorca Canyon which
evolves from the southern Menorca slope; it is well incised on the continental
shelf and has well developed side valleys (Fig. 29.1). In between Menorca and
Mallorca, off the Menorca Channel, the erosional features are rather shallow and
do not incise significantly on the shelf (Fig. 29.1). These features resemble channels
rather than canyons. Off south Mallorca, no major canyons develop, despite the
middle slope showing pervasive gullying (Figs. 29.1 and 29.2). From north to
south, the long profile of the canyons-channels-gullies shows increasing evidence
of non-equilibrium conditions, with several knickpoints present within the gullies
off Mallorca (Fig. 29.3), some of them related to failure scars (Figs. 29.1 and 29.3).
Some knickpoints show elevations that exceed 200 m, with long-profile slopes that
are remarkably different upslope and downslope from the knickpoint (Fig. 29.3).

www.indemares.es
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Fig. 29.2 Details of multi beam bathymetry showing (a) slab slides at the side flank of a submarine
canyon (b) slab like stepped landslide scars at the head and interfluve of submarine canyons
(c) hummocky MTD originating from littoral terrace/depositional body with beach rocks and
(d) cyclic steps within submarine channel/canyon (see Fig. 29.1a for location)

Fig. 29.3 Canyon long profiles (left) of selected canyons along the southern margin of the
Menorca southern slope showing prominent and some more conspicuous knickpoints (arrows).
Slope gradients with depth for the same canyons are shown to the right. For location of long-
profiles see colored numbers in Fig. 29.1b

Analysis of video records (Fig. 29.4) shows that rocky outcrops generally
coincide with the headscarps of landslides and show strata heads (Fig. 29.4a) and
sub-vertical walls (Fig. 29.4b). Sediments along the shelf margin and the upper
slope are mainly composed of bioclastic medium to coarse sands and gravels,
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Fig. 29.4 Images extracted from the Jago video records on the Menorca upper slope, (a) strata
head outcrops along a landslide scar, (b) tens of meters deep sub-vertical scar entirely encrusted
by red algae, (c) bioclastic sands, (d–f) landslide composed of carbonate bioclastic deposits
(beachrocks?), (f) vertical walls in the Menorca Canyon head. Location of the images is indicated
with the letters on Fig. 29.1a. White bar corresponds to the length of 50 cm

coming from the degradation of the wide benthic assemblages present in the area
(Fig. 29.4c). Most of the rocks observed along the shelf margin and in the head of the
Menorca Canyon are likely composed of cemented bioclastic deposits (Fig. 29.4d,
e). The substrate along the deep sub-vertical walls (Fig. 29.4f) is probably composed
of the Tertiary carbonate rocks outcropping on-land in Menorca. Dredge rock
samples collected on the 230 m deep landslide deposit (Fig. 29.2c) and in the
Menorca Canyon head (�120 m) present the same lithological typology. Samples
correspond to graded bioclastic and lithoclastic cemented coarse sands to gravels
with a minor fine sediment component (Fig. 29.4d, e). Grains are sustained by
secondary carbonate cements and several entire or partially fragmented shells are
observed.

Parametric TOPAS sub-bottom profiles display typical downlap and toplap
geometries for the sedimentary body that defines the shelf break (Fig. 29.5). Below
the shelf break the seismic facies is initially well stratified and sub-parallel in
areas where the seafloor shows relatively smooth relief. The stratified facies are
often truncated at scarps 10–20 m high that root at distinct stratigraphic levels
(Fig. 29.5). In deeper water with a more gullied relief some stratification is visible,
although this is masked by the presence of hyperbolae induced by canyon roughness.



29 Submarine Mass Movements Along a Sediment Starved Margin. . . 335

Fig. 29.5 TOPAS high-resolution parametric profile displaying slab slides on the upper slope of
the southern Balearic Margin. See Fig. 29.1a for the location of the profile

The canyon’s thalweg often displays opaque acoustic facies, but in some instances
transparent deposits are observed within the canyons or at their foot.

29.5 Discussion

29.5.1 Factors Pre-conditioning Failure in Sediment Starved
South Balearic Margin

The South Balearic margin is devoid of significant seismic activity and sedimenta-
tion rates are low (from 0.2 to 0.9 m kyr�1) (Betzler et al. 2011), without major rivers
delivering sediment in the adjacent coastal zone. Nevertheless, the large amount
of scars and slab-like features surprisingly indicate a dominance of mass-wasting
processes (Fig. 29.1b). Most of these landslides, however; appear to be associated
to canyon heads and flanks. The bathymetric data, particularly the southern half,
shows that there is a clear distinction in slope smoothness between the upper and
lower continental slope and that most of the incisions do not indent the shelf edge
(Fig. 29.1). Also the prominent knickpoints observed within some of the canyons
and gullies (Fig. 29.3) highlight backward erosion processes along those canyons.
The ultimate process responsible for such backward erosion is not clear from the
data set presented in this study, but it is tentatively ascribed to nowadays inactive
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tectonic features such as the Emile Baudot Escarpment (Acosta et al. 2001). Along
the SW Mallorca slope, slope failure appears to be associated with drift deposits
(Lüdmann et al. 2012). Contrary to that area, we hypothesize that mass-wasting
in the SE Balearic margin is mainly driven by local slope steepening, canyon
undercutting and axial incision, with slope gradients of around 5ı along the open
slope affected by mass wasting processes, 3ı along the canyon axis and 30ı across
the headwall scarps. The gullies, channels and tributaries that drain into the Menorca
Canyon (north of the spur with a mass transport deposit sitting on it, MTD in
Fig. 29.2c) appear to have a profile that is more in equilibrium, which would explain
significantly lower mass-wasting activity compared to those that drain the southern
Mallorca slope. It is worth noting, that some of the canyons and gullies also display
cyclic steps (Fig. 29.2d): these are believed to be formed by hydraulic jumps in
which a flow makes a rapid change from thin, rapid supercritical flow to thick,
tranquil sub-critical flow (Fildani et al. 2006). However, repeated lake surveys and
analog experiments have shown that cyclic steps and knickpoint migration can also
be controlled by submarine landslides (Tourmel et al. 2010).

Translational landslides are common features in the upper slope, with downslope
dipping strata inducing the sliding of large slabs, conferring a local stratigraphic
control in their generation (Figs. 29.1a and 29.2a, d) and implying that weak layers
may be a factor in controlling sediment stability. Nonetheless available data do
not allow to highlight the occurrence of weak layers as preferential sliding planes.
Evidences of rocky landslides and small avalanches can be found in the cutting
of strata heads along the southern Menorca slope and Mallorca shelf, creating
sub-vertical to overhanging walls along the shelf edge and canyon heads and
flanks (Figs. 29.2 and 29.4). Collected rocks are most probably part of Quaternary
sedimentary bodies formed in shallow coastal environments during low sea level
conditions. Mechanisms that would explain those landslides involve depositional
steepening and loading of the upper slope by cemented planar deposits.

29.5.2 Relevance and Timing of Mass/Wasting Processes
in Shaping the South Balearic Insular Margin

Data suggest that mass wasting is a pervasive and widespread sedimentary processes
along the southern margin of the Menorca Channel (Fig. 29.1a, b). More than
700 km2 of the 1,000 km2 covering the entire study area are carved by landslide
scarps, gullies and submarine canyons, corresponding to 82 % of the mapped slope
region. This shows the relevance of sediment instability processes in slope shaping
sediment-undersupplied insular margins. Absence of fluvial inputs and reduced
clastic sedimentation can contribute to the formation of a thin Plio-Quaternary
succession over a steep structurally controlled margin, favoring the dominance of
erosive processes over depositional regimes (see also Micallef et al. 2013). Given
their extension, retrograding mass transport processes have been likely carving the
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slope region for a relatively long time. We infer that most landslides probably
occurred during the glacial phases, when the outer shelf-upper slope system and
the canyon heads suffered stronger hydrodynamic conditions related to storms and
sediment transport processes (Hernandez-Molina et al. 2002; Lo Iacono et al. 2011).
On top of that, occurrence of biogenic encrustations by benthic communities such
as sponges, bryozoans and cold water corals on most of the landslide scars, in some
case extensively covering large surfaces (Fig. 29.4b), demonstrate a reduced activity
in the present-day, although univocal and reliable data on accretion rates of observed
benthic organisms are still not available in scientific literature.

29.6 Conclusions

Multi beam bathymetry and high resolution seismic data reveal widespread presence
of mass wasting features in the southern margin of the Menorca Channel, Balearic
Islands (Western Mediterranean). Open slope translational landslides, gullies and
submarine canyons and channels are the most prominent sediment instability
features mapped in the area. Data suggest that dynamics of gravity processes in
the area results from the interaction between backward erosion on structurally
controlled slopes, stratigraphy and Quaternary sea level oscillations. Mass wasting
features cover up to the 80 % of the mapped slope region and suggest a preponderant
role in shaping sediment-undersupplied insular margins. Nonetheless, video runs
from the study area did not show fresh scars and/or landslide deposits, advocating
for a present-day inactivity of mass movement processes, as also confirmed by the
extension of encrusting organisms over the observed features.
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Chapter 30
The Detection of Volcanic Debris Avalanches
(VDAs) Along the Hellenic Volcanic Arc,
Through Marine Geophysical Techniques

P. Nomikou, D. Papanikolaou, A. Tibaldi, S. Carey, I. Livanos, K.L.C. Bell,
F.A. Pasquarè, and G. Rousakis

Abstract Recent marine oceanographic surveys using geophysical techniques have
revealed a number of volcanic debris avalanche deposits (VDAs) on the external
flanks of Antimilos, Santorini and Nisyros volcanoes in the South Aegean Sea.
Swath bathymetry and side-scan sonar surveys led to the recognition of character-
istic hummocky topography on all of these deposits. On seismic profiles the VDAs
are identified by chaotic facies, with incoherent areas bordered by continuous
undisturbed seismic reflectors. High-resolution examination of the morphological
characteristics of the VDAs was accomplished by using Remotely Operated
Vehicles (ROVs), in order to distinguish them from other clastic deposits. In some
cases the VDAs can be traced upslope to horseshoe-shaped collapse depressions
and represent the expression of the complex evolution of these volcanic edifices.
Recognition of VDAs at these volcanic centers has important implications for
geohazard assessments as flank collapses have the potential for triggering of
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large-scale tsunamis. The relationship between the distribution/emplacement
mechanisms of the VDA deposits and the source flank collapses remains an area of
ongoing research.

Keywords Aegean volcanoes • Submarine landslide • Swath and seismic data •
ROV exploration

30.1 Introduction

Repetitive eruptions at a single location frequently construct a volcanic edifice in the
form of a subaerial stratovolcano or an ocean island volcano with highly unstable
slopes (Manville et al. 2009). A variety of different mechanisms, such as magma
intrusion, phreatic eruption, earthquakes, sea-level changes or erosion, can trigger
huge sector collapses generating submarine volcanic landslides (McGuire 1996).
Debris avalanches are blocky landslides originating directly from collapse of the
subaerial and/or submarine island flanks that can travel for tens of kilometers across
the sea floor (Siebert 1984). Globally, debris avalanches have been reported around
volcanic islands in subduction zones (Tibaldi 2001; Romagnoli et al. 2009; Watt
et al. 2012) or large oceanic shield volcanoes such as the Canary islands (Urgeles
et al. 1997; Gee et al. 2001; Krastel et al. 2001; Masson et al. 2002) and Hawaiian
islands (Clague and Moore 2002; Mitchell et al. 2002).

The largest landslides from volcanic islands may generate disastrous tsunamis at
an ocean-basin scale (Waythomas et al. 2009). Understanding how volcanic island
landslides can destabilize adjacent seafloor sediment is important for understanding
landslide evolution and tsunami generating potential (Crutchley et al. 2013).
Tsunamis may cause damage and destruction at coastal infrastructure and loss
of lives. Thus identification of the products of such landslides, Volcanic Debris
Avalanche deposits (VDAs), on the seafloor is critical to evaluating the potential
tsunami hazard in coastal environments near island volcanoes.

Here we present the results of our study identifying VDAs along the Hellenic
volcanic arc in the South Aegean Sea, where five separate deposits have been
defined using marine geophysical techniques. This work is an extension of previous
geophysical investigations on the submarine flanks of Antimilos (Alexandri et al.
2001), Santorini (Bell et al. 2013) and Nisyros (Tibaldi et al. 2008; Nomikou et al.
2009; Livanos et al. 2012) volcanoes.

30.1.1 Geological Setting

The Hellenic Volcanic arc was formed along the convergent plate boundary of the
northward-subducting African Plate underneath the active margin of the European
Plate (McKenzie 1972; Le Pichon and Angelier 1979). This structure is an important
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supplier of volcaniclastic sediments to the Aegean Sea floor. The study of the
Tertiary volcanic rocks on several islands of the Aegean, has shown a southward
migration of the Volcanic Arc since Late Eocene which started from the North
Aegean area and has progressed to its present day configuration along the southern
margin of the Cycladic platform and the northern margin of the Cretan Basin
(Papanikolaou 1993). The migration rate has been estimated to be 10 km/Myr,
since the total displacement has been approximately 400 Myr over the past 40 Myr
(Royden and Papanikolaou 2011). According to geochronological data the actual
Hellenic Volcanic Arc has been active since the early Pliocene with significant
activity during the Quaternary (Pe-Piper and Piper 2002).

Four groups of volcanic complexes occur in the volcanic arc, including both
subaerial and submarine outcrops (Nomikou et al. 2013). The Methana group,
including Paphsanias submarine volcano, is located at the western edge of the
volcanic arc in western Saronikos Gulf. Both the Milos and Santorini groups
together with Kolumbo volcanic chain northeast of Santorini, occur in the central
arc. At the easternmost end of the arc, the Nisyros group includes several submarine
volcanic features.

Nomikou et al. (2013) suggest that the volcanic centers are usually located within
neotectonic grabens formed by normal faulting that are sometimes overprinted by
subvertical dextral strike-slip structures, especially in the Santorini and Nisyrosvol-
canic groups. This strike-slip component has been proposed to have a NE-SW
direction in the Santorini – Kolumbo volcanic line. Thus, the overall tectonic regime
in the central and eastern part of the arc is better described as transtensional with
a prevailing NE-SW structural direction. In contrast, the prevailing tectonic trend
in the Milos and Methana groups is in the NW-SE direction, following the general
Miocene orientation of the Hellenic arc. This NW-SE tectonic trend was overprinted
by younger E-W normal faults creating neotectonic horst and graben structures.

30.1.2 Methods

Bathymetric and seismic data were obtained during several cruises along the
submarine volcanoes of the Hellenic Volcanic Arc with R/V Aegaeo and E/V
Nautilus. Additional ROV dives have been performed in 2010 and 2011 during
different oceanographic cruises.

The multibeam bathymetric surveys were carried out by the R/V Aegaeo of
the Hellenic Centre for Marine Research, using a SEABEAM 2120 swath system.
GPS navigation (Trimble 4000) provided the average position of the ship to within
C/�10 m. High resolution seismic profiling of the Nisyros Volcanic Field, utilized
a 10 in3 air gun system coupled to a single channel streamer towed at 50 m and
analog recorder. Around the Santorini Volcanic Field, a 40 in3 air gun was used
with the same streamer but with digital data acquisition. For the seismic survey SE
of Nisyros, a 2 kJ sparker comprised by S.I.G.hydrophones, a receiver and a digital
recording system, was used. For the ROV surveys, we used the E/V Nautilus’s
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Hercules and Argus ROVs. The Argus was outfitted with EdgeTech 4200 MP
sidescan system with sonar frequency 300/600 kHz, for the acoustic survey of the
hummocky area.

30.2 Results

30.2.1 Antimilos

The Milos-Antimilos volcanic group occurs at the southwestern margin of the
Cycladic platform, near the Myrtoon Basin, an asymmetric tectonic graben of
WNW–ESE direction with very steep morphological slopes (Fig. 30.1a) (Nomikou
et al. 2013). Antimilos Island is a geometric volcanic dome formed exclusively of
andesitic and dacitic lavas, tuffs and various types of flows ending at abrupt sea
cliffs (Marinos 1961).

Fig. 30.1 (a) Shaded relief bathymetric map of Antimilos volcanic field based on multibeam
bathymetric data (Nomikou et al. 2013). The inset map shows the location of Antimilos volcano in
the Aegean Sea. (b) Detailed swath bathymetric map of the northern part of the Antimilos volcanic
field. Red lines indicate two surface profiles across VDA deposits and shown as insets in the upper
right hand side of the figure
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The shaded relief bathymetric map reveals an area of rather irregular small-scale
rough relief NW of Antimilos Island and a series assembly of three volcanic domes
of decreasing size eastwards. Lobate volcanic deposits are emplaced at depths
between 200 and 500 m with diameter of about 100–300 m and maximum height
of the order of 50 m (Fig. 30.1b). Several channels (200 m wide and 4 km long)
are cut into the seafloor from the shallow platform down to the slope, suggesting
high transportation rates of volcaniclastic sediment from the island to the proximal
part of the VDA deposits, where the hummocks appear subdued and partially buried
(Fig. 30.1b).

The large volcanic field covers about 260 km2 and appears to be very similar
in character to the on-land outcropping volcanic features. The large scale of the
hummocks, covering an area approximately 56 km2, may reflect a larger-volume
volcanic collapse of a pre-existing complex that may have been connected with the
volcanic structure of Antimilos, further work is necessary to confirm this potential
relationship.

30.2.2 Santorini

Santorini is an active caldera system in the central part of the Aegean Volcanic Arc
(Druitt et al. 1999). Historic volcanic centres in the region include the submarine
Kolumbo volcano, which lies 7 km north-east of Santorini (Sigurdsson et al. 2006;
Nomikou et al. 2012), and the intra-caldera Kameni Islands which have been the
site of the most recent eruptions in the region.

Numerous offshore geophysical surveys reveal the spectacular seafloor morphol-
ogy around Santorini, such as prominent hummocky morphology on the eastern
submarine flank of the island (Bell et al. 2013). The VDA deposit covers an area
6 km wide by 20 km long and up to 75 m thick in the central region (Fig. 30.2a).
The northern extent of the VDA appears to be bounded by a large ridge from the
eastern slope of Santorini, and similarly the southern extent coincides with a channel
running down the Santorini’s eastern slope. The extent of the layer to the south also
appears to be bound by bathymetric features including the submarine slope of the
nearby island of Anafi. Hummocks within the VDA are composed of individual
blocks from a few meters to hundreds of meters in diameter that protrude up to tens
of meters above the surrounding seafloor. The run-out distance of most blocks was
less than 9 km, but some traveled up to 15 km into water depths of 600 m.

A seismic profile from the southern margin of the VDA (Fig. 30.2b) reveals two
important features: (i) an upper layer characterized by chaotic undulating reflectors,
and (ii) hyperbolic reflectors corresponding to large hummocks. The total volume
of the deposit is estimated to be approximately 4.4 � 109 m3 (Bell et al. 2013).
This kind of landslide facies occurs near the island flanks and is associated with an
irregular deposit surface. The hummocky seafloor is likely the result of a multi-stage
landslide event that was caused by one of several earthquakes or volcanic eruptions
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Fig. 30.2 (a) Three-dimensional swath bathymetric map of the eastern submarine flanks of San-
torini, showing the extent of the hummocky seafloor. (b) The southernmost SW-NE longitudinal
seismic profile showing a transect through the VDA deposit

that have occurred in and near Santorini after the Minoan eruption (1627–1600 BC)
in the Late Bronze Age (Friedrich et al. 2006).

Side scan sonar data reveal a more complex morphology in the central part of the
VDA. ROV observations reveal that some blocks have several areas of pumiceous
scree and other areas of subvertical to vertical walls that are composed of pyroclastic
flow deposits, sometimes covered by brown crust (Fig. 30.3a, d). Some others have
communities of benthic megafauna, including corals (Callogorgia spp.) and sponges
(Fig. 30.3b) and have flat tops (Fig. 30.3c).

30.2.3 Nisyros

The general trend of the recent volcanic centers between Kos and Tilos islands is
ENE-WSW, demonstrating the intense geodynamic processes of the eastern edge of
the active Hellenic volcanic arc (Nomikou and Papanikolaou 2011). The island of
Nisyros is composed mostly of Quaternary volcanic rocks represented by alternating
lava flows, pyroclastic layers and viscous lava domes, ranging in age from 160 to
25 ka (Papanikolaou et al. 1991).
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Fig. 30.3 Mosaic of 300 kHz sidescan sonar data; high backscatter is black, low backscatter
(shadow) is white. Bathymetric map at the upper left corner shows the locations of the airgun
profiles (black lines), ROV dive tracklines (red lines), sidescan survey tracklines (white lines) and
collected samples (red circles). Bottom photographs recorded on high definition video of selected
block are shown as a, b, c, d in the mosaic map

In the area south of Nisyros, VDAs composed of three fields of large blocks and
longitudinal ridges (Fig. 30.4). VDA 1 extends 10 km offshore with a concentration
of large blocks at its terminus while VDA 2 extends further, out to 16 km from the
island and has a higher concentration of large blocks. VDAs 1 & 2 cover a total area
of 58 km2, extending down to 740 m depth. The largest elongated blocks are 520 m
across in VDA 1 (with volume �0.7 km3), standing 60 m above the surrounding
seafloor. A few smaller blocks (up to 400 m across) protrude 45 m above the seafloor
at the central part of VDA 2 (with volume �0.37 km3). These deposits are bordered
by NE-SW marginal fault zones of the South Nisyros Basin and may represent
a multi-staged landslide event. In the seismic profiles A-B and C-D (Fig. 30.4),
the upper seismic unit that defines the VDA deposits, is characterized by convex-
upwards rounded reflectors, diffraction hyperbolae, and wavy or broken reflectors,
often with high amplitudes.

The hummocky topography at the SE flanks of Nisyros (VDA 3) forms a lobate-
shaped deposit with southeast flow direction and covers an area of approximately
4.8 km wide by 4.6 km long (about 22 km2) (Fig. 30.4). Most of the hummocks
are located at the center of the VDA (250–370 m depth) having either elongated or
irregular shape. Using an average thickness of 30 m, Livanos et al. 2012 estimated
the total VDA volume to be 6.6 � 108 m3. ROV and side scan surveys over the blocks
show that most are covered by biological encrustation (Fig. 30.5a, A) while others
are rounded with black surface color (Fig. 30.5a, B). In some cases the northern
slope of the hummock is smoother than the southern one, forming a ridge with NE-
SW direction (Fig. 30.5a, C).
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Fig. 30.4 Gradient-shaded swath bathymetry map showing multiple VDA deposits, south of
Nisyros Volcano. Red lines indicate fault zones. The inset map shows the regional location of
Nisyros, in the eastern edge of Hellenic volcanic arc. Lower panel: Seismic profiles across VDA
deposits 1 (A–B) and 2 (C–D). Red lines indicate fault zones

Hyperbolic reflectors in the seismic profile (Fig. 30.5b) correspond to the location
of large blocks within the VDA 3 and illustrate the relationship of the avalanche
deposits to the recent stratigraphy of the sediments within Tilos Basin. The Tilos
marginal fault zone borders the VDA to the south whereas the volcanic basement
of Nisyros Volcano, which is the source of the VDA, is observed to the North.
Due to the shape characteristics and the uniform appearance along the lobate-
shaped deposit, we believe that the flank collapse was a singular failure, involving
a rapid, virtually instantaneous movement of the entire slide mass into the sea.
Unfortunately, there are no cores from the debris avalanche area that can be used
to date the event.

30.3 Discussion and Conclusion

A combination of marine geophysical techniques has allowed us to identify and
characterize five volcanic debris avalanche (VDA) deposits from three volcanic
centers along the Hellenic Volcanic Arc in the southern Aegean Sea. All of the
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Fig. 30.5 (a) Mosaic of 300 kHz sidescan sonar data; The locations of side scan survey (black
line) and the seismic profile (red line) are indicated in the inset bathymetric map in the lower
right side of the figure. A, B, C: Bottom photographs recorded by high definition video of selected
blocks. (b) Seismic profile across the eastern part of VDA deposit

landslide deposits appear to have been associated with volcanic edifice collapse,
because they contain large structureless blocks dispersed from a source around the
island flanks of Antimilos, Santorini and Nisyros (Lebas et al. 2011). While the ages
of the VDAs cannot be precisely determined, those at Santorini appeared to be the
youngest (post Late Bronze Age) and the rest of the deposits may have occurred
in the last 100 ka based on the absence of significant sediment cover and their
penetration into recent sediments.

Two substantially different morphologies are observed in the submarine VDA
deposits. The first variety, “Type I” VDA deposit, includes large volume VDA, with
elongate shape and less abundant and smaller blocks near the source zone, like the
eastern flank of Santorini volcano. The second variety, “Type II” VDA deposit tend
to be smaller in volume, exhibit lobate shapes, and are not as extensively dispersed
from their source areas. This type contains many large scattered blocks over the
entire surface of the deposit, like Antimilos VDAs and Nisyros VDAs.

Tsunamis around volcanic islands may be triggered less frequently by catas-
trophic flank collapse than by earthquakes, but nevertheless they have the potential
to produce highly destructive events. Additional marine geophysical surveys around
these volcanic islands, coupled with sediment coring and dating, are necessary to
better resolve the mechanisms of VDA formation and timing of these important
processes in the Hellenic Volcanic Arc of the Southern Aegean Sea.
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Chapter 31
Submarine Mass Movements and Trigger
Mechanisms in Byfjorden, Western Norway

Berit Oline Hjelstuen and Jo Brendryen

Abstract High-resolution TOPAS seismic profiles, bathymetric records and gravity
cores from Byfjorden, surrounding the city of Bergen on the west coast of Norway,
have been analysed in order to identify mass failures and their trigger mechanisms
during the last 15,000 years. The seismic profiles show that Byfjorden comprises
four 20–50 m deep sediment basins. These basins are characterised by glacimarine
and hemipelagic acoustically laminated successions and acoustically transparent
lens-shaped features, interpreted to be slide debrites. The gravity cores, taken from
the sediment basin close to Bergen Harbour, penetrate the upper 2.4 m of the
sediment infill in Byfjorden and reveal a 1.5 m thick turbidite above a larger-scale
slide debrite. The turbidite is radiocarbon dated to c. 1,180 cal years BP, noting
that such an age also has been assigned as a minimum age for a turbidite identified
in the neighbouring Fensfjorden system. These turbidites are considerably younger
than turbidites found in other western Norwegian fjord systems, which commonly
cluster around 8,200, 2,800 and 2,100 cal years BP. We suggest an earthquake as
trigger mechanism for the 1,180 cal years BP event, whereas the larger-sized slide
debrites identified may be related to changes in depositional environments due to
the last withdrawal of the Fennoscandian Ice Sheet in the Weichselian.

Keywords Fjords • Submarine slides • Turbidity currents • Trigger mechanisms

31.1 Introduction

The NW European coastline is intersected by numerous fjord systems. These
onshore-offshore border zones are commonly heavily populated and fjord seabeds
have lately become areas for seabed installations. Thus, it is of importance to
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have knowledge on mass failures within fjords, their frequencies and their trigger
mechanisms as mass failures might represent a geohazard both to people and
infrastructure.

During the last few years an increasing number of high resolution data sets from
Norwegian fjord systems have been acquired, allowing for a detailed investigation
of sedimentary processes within such depositional environments. Here, we analyze
and discuss a data set from Byfjorden (Fig. 31.1), comprising EM300 bathymetric
records, TOPAS high-resolution seismic profiles and gravity cores, in order to
identify submarine mass movement episodes within this fjord system the last
15,000 years. We compare our findings with reported failure events from other
western Norwegian fjord systems in order to address potential trigger mechanisms
for the Byfjorden mass failures.
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31.2 Geological Setting

The NNW oriented Byfjorden system is about 10 km long, has a width of 1.8–
3.0 km and is located on the west coast of Norway, surrounding the city of
Bergen (Figs. 31.1a, b). The northern boundary of the fjord system is defined as
a triple-junction between Byfjorden, Herdlefjorden and Salhusfjorden. The fjord is,
furthermore, situated within the Bergen Arches (Wennberg and Milnes 1994) and is
surrounded by up to 400–600 m high mountains.

Byfjorden has, most likely, been emptied for most of its sediments during major
glacial stages and refilled during deglaciation and interglacial periods (e.g. Aarseth
1997). We note that Byfjorden has a perpendicular orientation to the proposed
regional ice-flow direction, suggesting that sediments in the deepest part of the
fjord may have survived glacial erosion. However, we infer that most of the present
day sediments within Byfjorden have been deposited during, and after, the last
withdrawal of the Fennoscandian Ice Sheet (FIS) for about 15,000 years ago. We
note that the FIS had a last readvance during the Younger Dryas time period,
at c. 11,500 years BP (e.g. Mangerud et al. 2011). Dates on shells found in till
units in Bergen (Bondevik and Mangerud 2002) suggest that the study area was
ice free during the warm Allerød interstadial before the FIS readvanced during the
Younger Dryas time period. Byfjorden was, most likely, covered with ice during the
Younger Dryas. However, as the main ice movement followed Salhusfjorden and
Herdlefjorden (Fig. 31.1b), glacial erosion might have been limited in Byfjorden.

CTD profiles taken in the southern part of Byfjorden in February and September
2009 (Hjelstuen et al. 2009b, c) showed that the surface water held a temperature of
2.5 ıC during the winter months and 14.5 ıC in the early autumn, whereas at 300 m
water depth the water mass had a temperature around 8 ıC both in the winter and in
the early autumn. The salinity values showed only minor variation over the actual
time period, measured to 27–28 in the surface layer and 34.8–34.9 at 330 m water
depth.

31.3 Data and Methods

The data base used in this study comprises high resolution TOPAS seismic profiles,
EM300 bathymetric records and gravity cores.

31.3.1 TOPAS Seismic Profiles and EM300 Bathymetric Data

The TOPAS seismic profiles were collected during an R/V G.O. Sars cruise in
January 2010 to Byfjorden (Hjelstuen et al. 2010). During this field campaign a
length profile and several cross profiles were collected, covering all identified fjord
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basins in Byfjorden. The TOPAS profiles have been manually interpreted, and the
sediment package has been divided into several sub-units based on differences in
seismic facies character. A sediment velocity of 1,500 m/s has been utilised in order
to estimate sediment thicknesses in metres.

Contemporaneous with the seismic profiling, EM300 bathymetric data were
acquired from the fjord system (Fig. 31.1b). The bathymetric data has been gridded
with a cell size of 10 m � 10 m, allowing for a detailed analyse of the fjord bottom.

31.3.2 Gravity Cores

Two gravity cores, HB11-170-05GC (60ı24.6490N, 5ı16.5800E, 346 m water depth)
and HB11-170-01GC (60ı24.6360N, 5ı16.6670E, 346 m water depth) were taken
from the deep fjord basin outside Bergen Harbour (Figs. 31.1b and 31.2). The
cores were split longitudinally into a working half and an archive half, before they
were visually described and X-radiographic imaged (top 195 cm of core HB11-170-
05GC and top 130 cm of core HB11-170-01GC). Sediment colour was determined
following the Munshell soil colour charts. Non-destructive logging of the cores were
performed at 0.5 cm steps by a Geotektm Multi Sensor Core logging (MSCL) unit,
where the bulk density was determined by Gamma-ray attenuation measurements
and magnetic susceptibility was measured by a Barlington MS2E point sensor.

Core HB11-170-05GC was subsampled for radiocarbon dating at 36–37 cm
core depth (Fig. 31.2b). Within this depth interval an almost perfectly preserved
pine cone scale (Pinus sylvestris) was found and submitted to Beta Analytical Inc
laboratory in Florida, USA, for AMS 14C measurement. The result was calibrated
using the Calib 6.0 software (Stuiver and Reimer 1993) and the Intcal09 calibration
curve (Reimer et al. 2009) (Table 31.1).

31.4 Results

31.4.1 Fjord Bathymetry

Flat sea floor regions within fjord systems are commonly associated with sedimen-
tary basins of variable thicknesses. Thus, the EM300 bathymetric records from
Byfjorden indicate that this fjord system comprises four sediment basins (B1–B4
in Figs. 31.1b and 31.2a). These basins are all localised in water depths of 320–
350 m, and are separated from each other by fjord transverse ridges. Across the
ridges the water depth is as shallow as c. 270 m. The water depth in Byfjorden
increases significantly at its northern part, reaching a maximum of 486 m where the
fjord merges with Herdlefjorden and Salhusfjorden (Fig. 31.1b). The water depth
shallow rapidly towards land, creating steep fjord flanks.
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Table 31.1 Radiocarbon date from core HB11-170-05GC

Lab no

Core
depth
(cm)

Dated
material

14C age, BP
(conventional)

Calibrated age
(median
probability, BP)

Range of
multiple
calibrated 1¢

age intervals
(BP)

Calibrated
age, 2¢

interval (BP)

BETA-
315215

36–37 Pinus sylvestris
(cone scale)

1,240 ˙ 40 1,180 1,091–1,260 1,068–1,270
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31.4.2 Seismic Stratigraphy and Seismic Facies

The TOPAS high resolution seismic records reveal that the sedimentary basins
identified in the bathymetric data reach a maximum thickness of 70 ms(twt) [52 m]
(Figs. 31.1c and 31.2a). The basin successions are characterised by stacks of
low to high amplitude parallel to sub-parallel reflectors or lens-shaped features
which are dominated by an acoustic transparent seismic facies. Based on this
seismic facies character the sedimentary succession has been divided into several
units. The lowermost unit identified, Byfjorden Unit I (BUI), is characterised by
high amplitude parallel to sub-parallel reflectors (Fig. 31.1c). This unit reaches
a maximum thickness of c. 20 ms(twt) [c. 15 m]. We note that smaller-scaled
acoustically transparent lenses, locally, are observed in the upper part of the BUI
(Fig. 31.1c). BUII comprises a stack of acoustic transparent lenses, separated from
each other by high amplitude reflectors (Figs. 31.1c and 31.2a). We note that some
of these lenses have eroded into the underlying unit. The lenses show variable
thicknesses, reaching a maximum of c. 8 ms(twt) [c. 6 m]. BUIII is in the study
area reaching a maximum thickness of c. 7 ms(twt) [c. 5 m], and is characterised by
low amplitude parallel to sub-parallel reflectors. Locally, this unit appears to have
been eroded and acoustic transparent lenses interfinger the unit at the basin edges
(Figs. 31.1c and 31.2a). BUIII is only identified in the two southernmost sediment
basins in Byfjorden. The youngest unit mapped in Byfjorden, BUIV, is dominated by
parallel to sub-parallel low to medium amplitude reflectors, and is locally separated
from the underlying unit by two high-amplitude reflectors. BUIV is identified in
all four sediment basin in Byfjorden and does not exceed a thickness of 3 ms(twt)
[2 m]. Similarly to the underlying unit, acoustic transparent lenses interfinger the
BUIV sediments.

31.4.3 Core Stratigraphy and Chronology

Based on interpretation of visual structure, texture and colour, X-radiographic
imagery and the MSCL data, the gravity cores have been correlated and divided
into 5 informal lithological units (U1–U5 [oldest]) (Fig. 31.2b). The most prominent
feature in both cores is an erosive base, olive gray to dark gray, generally laminated
sandy fining upward unit, U3, that is capped by a dark gray homogeneous clay unit,
U2, having occasional lamina and well-defined long bioturbation burrows. While
U2 is similar in both thickness and appearance in both cores, U3 is coarser at the
base in core HB11-170-05GC than in core HB11-170-01GC and contains rounded
mud-clasts with different colours (olive gray and dark greenish gray) as well as plant
fragments. We also note that U3 is about 14 cm thicker in core HB11-170-05GC.

Units U1 and U5 are characterized by olive gray, heavily bioturbated mud,
with abundant shell fragments. Unit U4 is only found in core HB11-170-05GC,
immediately below unit U3. U4 is characterized by an erosive lower boundary and
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consists of a melange between two sediment types, olive gray mud (resembling the
material in units U1 and U5) that is chaotically mixed with a denser dark-greenish
to grey mud.

Dating of a cone scale, found immediately above the U1–U2 boundary
(Fig. 31.2b), gave a calibrated age of 1,180 cal years BP (Table 31.1).

31.5 Discussion

The seismic facies character of the Byfjorden sedimentary succession is comparable
to those observed within other western Norwegian fjords where similar seismic data
have been analysed (e.g. Hjelstuen et al. 2009a). From these previous studies we
conclude that BUI, BUIII and BUIV (Figs. 31.1c and 31.2a) are dominated by
glacimarine and hemipelagic sediments, where BUI most likely were deposited
during the Bølling-Allerød time period. We infer that the acoustically transparent
lens-shape features are larger-scale slide debrites. Even also identified within units
BUI and BUIV, these slide debrites are dominating the BUII unit. Furthermore,
it seems that recurrent mass failure episodes have been most frequent in the two
southernmost sediment basins in Byfjorden (B1 and B2 in Fig. 31.2a).

Similarly to previous findings within western Norwegian fjord systems (e.g.
Bøe et al. 2004; Lyså et al. 2010) we infer that the mass failures which occurred
during the BUII time period are related to rapid glaci-isostatic adjustments of
the fjord area within a time period of about 1,000–1,200 years after the Younger
Dryas time period. Glaci-isostatic adjustments can cause earthquakes and changes
in depositional environments that may initiate submarine slides.

It has been inferred that a pulse of high seismicity, in the response to the
removal of the last FIS, has occurred. The evidence for such a pulse is, however,
still sparse and has only been documented by the large postglacial faults in
northern Fennoscandia, along which Magnitude (M) >7 earthquakes could have
been initiated (Bungum et al. 2005). Rapid glaci-isostatic rebound during and
immediately after the last withdrawal of the FIS also caused a relative lowering
in the sea level. As the sea level fell previously drowned fjord flanks may have been
exposed to erosion e.g. by rivers, allowing for initiation of slides within rapidly
deposited sediments (Lyså et al. 2008).

The gravity cores analysed in this study penetrate the seismostratigraphic units
BUIII and BUIV in the southernmost identified fjord basin (Fig. 31.1c). Litho-
logical unit U5 correlates to seismic unit BUIII, confirming that BUIII comprises
hemipelagic sediments in its upper parts. Seismostratigraphic unit BUIV comprises
lithological units U1–U4.

Due to the lower erosive boundary, the fining upward sequence and the capping
clay unit, units U2 and U3 (Fig. 31.2b) are interpreted as a turbidite deposit. Unit
U1 is, as unit U5, interpreted to consist of hemipelagic sediments, whereas U4 is
interpreted to be a slide deposit due to its chaotic melange structure and a lower
erosive boundary. We interpret the turbidite (U2 and U3) to have been emplaced by
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a turbidity current triggered by the sliding event recorded in unit U4 (Fig. 31.2b).
This interpretation is also supported by the TOPAS seismic profiles showing, at the
core site, an acoustic transparent lens-shaped unit, inferred to be a slide debrite,
which pinches out immediately below a complex of high amplitude reflectors which
we interpreted to correlate with the turbidite deposit (Figs. 31.1c and 31.2a).

The dating immediately above the UI–U2 boundary (Fig. 31.2b) gave a calibrated
age of c. 1,180 cal years BP (Table 31.1), indicating that the identified turbidite-slide
debrite complex was deposited shortly before this. Such young ages on turbidite
events in western Norwegian fjord systems have, so far, only been reported from
the Fensfjorden system (Hjelstuen et al. 2013). Fensfjorden is located only about
30–35 km north of our study area (Fig. 31.1a), and the turbidite layer identified has
been assigned the same minimum age as the turbidite in Byfjorden.

We note that previous studies in western Norwegian fjord systems have shown
that turbidity currents, commonly, cluster around three time periods, 8,200, 2,800
and 2,100 cal years BP (Bøe et al. 2004). The 8,200 cal years BP event has been
related to the tsunami following the Storegga Slide (Fig. 31.1a) on the Norwegian
continental slope, whereas the 2,800 and 2,100 cal years BP events have been related
to climatic variations and an earthquake, respectively.

The apparently contemporaneous age of the Byfjorden and Fensfjorden turbidity
currents make us suggest that they were trigged by an earthquake. We note that
Byfjorden and the neighbouring onshore and offshore areas between Stavanger and
Stad (Fig. 31.1a) represent that region in Fennoscandia that have had the highest
densities of M > 3.0 earthquakes the last three decades (Bungum et al. 2005);
showing that earthquakes can be a likely trigger mechanism in this region. Bungum
et al. (2005) also inferred that this region typically reveals one M5 earthquake every
10 years and one M7 earthquake every 1,100 year, indicating that large enough
earthquakes could have occurred in the past in order to initiate the turbidity current
observed in Byfjorden.

31.6 Conclusions

Investigation of a data set, comprising TOPAS seismic profiles, gravity cores and
bathymetric data, show that Byfjorden the last 15,000 years has been heavily
influenced by mass failures. Recurrent, larger-scale sliding events are suggested to
have occurred as a response to isostatic rebound in the time period immediately after
the last withdrawal of the FIS from the study area. The slide debrites deposited reach
a maximum thickness of 6 m. An up to 1.5 m thick turbidite layer is observed in the
studied gravity cores. The contemporaneous ages, c. 1,180 cal years BP, between
this turbidity current and a turbidity current in the neighbouring Fensfjorden system
may indicate that an earthquake was the trigger mechanism.

Acknowledgments We acknowledge the captains, ship crews and scientific crews onboard
R/V G.O. Sars and R/V Hans Brattstrøm for all help during the acquisition of data utilised in
this paper. Special thanks to Asgeir Steinsland, Institute for Marine Research, for processing of



31 Submarine Mass Movements and Trigger Mechanisms in Byfjorden. . . 359

EM300 data, and Stig Monsen, University of Bergen, for all technical assistance before, during
and after the cruises. We are grateful to the reviewers, Dr Liv Plassen and Dr Michele Rebesco, for
helpful comments.

References

Aarseth I (1997) Western Norwegian fjord sediments: age, volume, stratigraphy, and role
as temporary depository during glacial cycles. Mar Geol 143:39–53. doi:10.1016/S0025-
3227(97)00089-3

Bøe R, Longva O, Lepland A, Blikra H, Sønstegaard E, Hafliason H, Bryn P, Lien R (2004)
Postglacial mass movements and their causes in fjords and lakes in western Norway. Nor J
Geol 84:35–55

Bondevik S, Mangerud J (2002) A calander age estimate of a very late Younger Dryas
ice sheet maximum in western Norway. Quat Sci Rev 21:1661–1676. doi:10.1016/S0277-
3791(01)00123-8

Bungum H, Lindholm C, Faleide JI (2005) Postglacial seismicity offshore mid-Norway
with emphasis on spatio-temporal-magnitudal variations. Mar Pet Geol 22:137–148.
doi:10.1016/j.marpetgeo.2004.10.007
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Chapter 32
New Imaging of Submarine Landslides
from the 1964 Earthquake Near Whittier,
Alaska, and a Comparison to Failures
in Other Alaskan Fjords

Peter J. Haeussler, Tom Parsons, David P. Finlayson, Pat Hart,
Jason D. Chaytor, Holly Ryan, Homa Lee, Keith Labay, Andrew Peterson,
and Lee Liberty

Abstract The 1964 Alaska Mw9.2 earthquake triggered numerous submarine slope
failures in fjords of southern Alaska. These failures generated local tsunamis, such
as at Whittier, where they inundated the town within 4 min of the beginning of
shaking. Run-up was up to 32 m, with 13 casualties. We collected new multibeam
bathymetry and high-resolution sparker seismic data in Passage Canal, and we
examined bathymetry changes before and after the earthquake. The data reveal
the debris flow deposit from the 1964 landslides, which covers the western 5 km
of the fjord bottom. Individual blocks in the flow are up to 145-m wide and 25-
m tall. Bathymetry changes show the mass transfer deposits originated from the
fjord head and Whittier Creek deltas and had a volume of about 42 million m3.
The 1964 deposit has an average thickness of �5.4 m. Beyond the debris flow, the
failures likely deposited a �4.6-m thick megaturbidite in a distal basin. We have
studied the 1964 submarine landslides in three fjords. All involved failure of the
fjord-head delta. All failures eroded basin-floor sediments and incorporated them as
they travelled. All the failures deposited blocks, but their size and travel distances
varied greatly. We find a correlation between maximum block size and maximum
tsunami run-up regardless of the volume of the slides. Lastly, the fjord’s margins
were influenced by increased supply of glacial sediments during the little ice age,
which along with a long interseismic interval (�900 years) may have caused the
1964 earthquake to produce particularly numerous and large submarine landslides.
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Keywords Submarine landslide • 1964 Alaska earthquake • Fjord • Tsunami •
Little ice age

32.1 Introduction

The 1964 Alaska Mw9.2 earthquake remains the second largest event ever recorded.
In Alaska, 106 of 122 deaths from the earthquake were related to tsunamis, and 85
of these 106 deaths were associated with submarine landslide generated tsunamis
(Fig. 32.1; NGDC tsunami database). Local submarine landslide-triggered tsunamis

Fig. 32.1 Overview bathymetric and topographic map of the southern Alaska margin. Black
circles show the locations we infer submarine landslides from data of Plafker et al. (1969) and
our observations. Town names are listed with adjacent water body names in parentheses
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were the biggest single cause of deaths in this earthquake. This is in contrast to
other great megathrust earthquakes, where most casualties come from the tectonic
tsunami.

Here we provide the first geologic examination of submarine landsliding in
Passage Canal, since pioneering work completed soon after the 1964 earthquake
(Fig. 32.1; Kachadoorian 1965; Wilson and Tørum 1972). Tsunami inundation
maps were recently produced for this area, based on hypothetical source scenarios
(Nicolsky et al. 2011a). Our new data could be used to benchmark tsunami models
and validate scenarios. Whittier, Alaska, is a small (population 223) port town on
the southern edge of Passage Canal, which is a fjord in western Prince William
Sound (Fig. 32.1). The town is built on the Whittier Creek alluvial fan at the edge of
the fjord. Whittier was, and remains, an unusual community in that the majority of
the residents live(d) in a 14-story building, which lies about 450-m inland. Between
this apartment building and the shoreline lies the industrial part of town with the
port and harbor facilities, ferry dock, and railroad yard. The fjord ends about 2 km
west of town, where two streams empty into Passage Canal and construct the fjord
head delta.

There was about 4 min of strong, sustained, ground shaking in Whittier during
the 1964 earthquake. Plafker (1969) determined that Whittier and all of Passage
Canal subsided about 1.6 m during the event.

At least three waves inundated Whittier soon after the earthquake (Kachadoorian
1965). About a minute after shaking began, a large glassy wave formed in the middle
of Passage Canal. This wave had a height of �8 m above the sea level, but did
not cause any damage. About a minute later, a muddy 12-m-high breaking wave
inundated the port and railroad facilities. About 45 s later, a smaller third wave hit
the town. The waves caused extensive destruction and 13 fatalities.

After the earthquake, Kachadoorian (1965) documented the tsunami run-up,
changes in bathymetry along three profiles, and showed that failure of the fjord-
head delta and the Whittier Creek fan generated the local tsunami.

32.2 Data and Methods

In the summer of 2011, we collected multibeam bathymetry and sparker seismic data
in Passage Canal. We also examined bathymetry changes between a 1948 survey
and our survey. Our goals were to better map the location and characteristics of the
landslides, and to compare them to submarine landslides near Seward and Valdez
(Fig. 32.1; Lee et al. 2006, 2007; Haeussler et al. 2007; Ryan et al. 2010).

We collected high-resolution bathymetric data for the westernmost 14 km of
Passage Canal (Fig. 32.2). In total, we obtained 25 km2 of multibeam data with a
Reson 7111 system. Sound velocity casts were collected at six locations to improve
depth calculations. In the survey area, we covered all areas deeper than about 20 m.
Data processing removed noise and artifacts, and we produced a final DEM at a 5-m
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Fig. 32.2 Combined topography and bathymetry of the Passage Canal and Whittier area. Black
lines are high-resolution seismic tracklines. Tracklines in red, labeled A, B, C, are shown in
Fig. 32.3. Location X is where Nicolsky et al. (2011b) found evidence for cracking in bedrock
indicating rockfall potential. GP Gradual Point, GPM Gradual Point moraine, TP Trinity Point, TF
Trinity flats, BCF Billings Creek fan, fhd fjord-head delta

grid spacing. A 1995 NOAA conventional survey (H-10655) was combined with
our final multibeam DEM to produce a combined DEM (Fig. 32.2).

For high-resolution seismic imaging, we used a single-channel streamer and a
SIG 2Mille 50-tip mini-sparker as the source. The sparker was operated at a power
of 500 J with a frequency range of 160 Hz to 1.5 kHz and a shot spacing of about
2.4 m. We collected about 168 km of data (Fig. 32.2) and found coherent reflections
up to about 90 m below the sea bottom (Fig. 32.3). After data collection, a spectral
shaping filter was applied to sharpen the seismic wavelet, then a coherency filter and
automatic gain control were applied to produce the final image.

For examining bathymetric changes, we compared the depths from our survey
to those of a 1948 NOAA survey (H-7161 with depths recorded in fathoms). We
digitized more than 6,000 soundings from the smooth sheet, which averaged 93-m
apart. As the entire area subsided about 1.6 m in 1964, the 1948 data were lowered
this amount. The 2011 survey was then subtracted from the 1948 survey to show
areas of depth changes.

The subsequent bathymetry difference map (Fig. 32.4) has some errors. As
navigational accuracy was low in 1948, we discount most difference values on the
fjord walls. The flat areas both east and west of the Gradual Point moraine are good
locations to compare values as the effects of navigational errors are minimized.
We refer to the basin west of the moraine as Trinity flats. It is possible a �4-m-
thick turbidite was deposited here in 1964, which we discuss later. Thus, we either
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expect no depth change or a shallowing by about 4 m. Instead, we find depths are
approximately 2.5–4.0 m deeper, and east of the moraine, depths are about 9 m
deeper. A uniform water velocity of 800 fathoms/s (that is 1,463 m/s) was used for
soundings in the 1948 survey, which would result in only a 1 m discrepancy from
our values, so the source of the error remains unknown. The smaller error west of the
moraine is consistent with the �4 m thick turbidite hypothesis. Thus, the difference
map is probably not accurate to <10 m in the deep fjord.

32.3 Results and Interpretations

The bathymetry data reveal the Holocene geologic processes at work (Fig. 32.2).
Glacial scouring emphasizes the NW-SE strike of bedding. At the west end of
the fjord, the lumpy character of the bottom shows blocks from the 1964 failures.
This region extends about 5 km down the fjord center (Figs. 32.2 and 32.4). The
Billings Creek fan is the next major feature, which shows small rills and gullies
typical of fans. There are no indications of failures on the fan on the bathymetry
or seismic data. We identify a submerged moraine south of Gradual Point with a
shallowest depth of 141 m. West of the Gradual Point moraine is the Trinity flats
basin. Nicolsky et al. (2011b) showed evidence of an incipient subaerial rock fall
on the north shore of Passage Canal (point X on Fig. 32.2), and the authors model
potential tsunami impact at Whittier. No evidence of rock fall is observed on the
fjord bottom at this location.

High-resolution seismic reflection data show the base of the 1964 submarine
landslide deposit (Fig. 32.3). We consider the seismic data in two parts divided by
the Billings Creek fan. These areas have different characteristics at all stratigraphic
levels, and the relationship between the two is obscured by channelization along the
southern margin of the fan.

At the west end of the fjord, the uppermost seismic-stratigraphic unit consists of
a hummocky, acoustically transparent facies with low-amplitude internal reflections
(Fig. 32.3A, B). This unit correlates with the geomorphic expression of a blocky
debris flow, and we conclude this is the mass transfer deposit (MTD) triggered by
the 1964 earthquake. This deposit is typically 2- to 8-m thick, assuming a velocity
of 1,500 m/s. Truncations of reflectors at the base of this unit indicate it was eroding
as it flowed. Blocks within the deposit are up to 25-m tall and 145-m long. They
have a velocity pull up beneath, indicating they consist of relatively high velocity
material, possibly till. We infer a volume of about 20 million m3 based on mapping
the deposit with the seismic reflection data.

Below the 1964 deposit, we observe reflectors that we interpret as mostly
background fjord sedimentation (Fig. 32.3). Blocks in the 1964 deposit make it
difficult to better image the lower strata. Nonetheless, the reflectors usually parallel
the bottom and pinch and swell slightly. There are acoustically transparent regions,
but these do not have lateral continuity beyond a few hundred meters (Fig. 32.3A).
These likely represent sediments deposited in small debris flows off the fjord-head
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delta or Whittier Creek. We have not been able to confidently trace seismic-
stratigraphic packages from line to line. We see no evidence for large-scale MTDs
beneath the 1964 deposit.

East of the Billings Creek fan, beneath the Trinity flats, the uppermost deposit is
possibly a turbidite from the 1964 earthquake (Fig. 32.3C). The uppermost 0.005 s
TWT (�4 m) is a coherent seismic stratigraphic unit with low amplitude and 1
or 2 weak internal reflectors. It locally shows onlap, and has a volume of about
14 million m3. Given the large 1964 debris flow at the west end of the fjord, it is
reasonable to expect that a turbidite developed and travelled farther eastward. The
stratigraphic position, onlap, acoustic properties, and setting are consistent with a
turbidite generated in 1964.

The bathymetry difference map shows redistribution of sediment during the 1964
earthquake (Fig. 32.4). The primary features of the map are an increase in depth up
to 80 m at the west end of the fjord and off Whittier, and the deposition of the block
field and debris flow in the area north of Whittier. This conclusion is the same as that
of Kachadoorian (1965), who did 2D bathymetry differencing in this area and found
broadly similar results. Based on differencing just the source regions, we calculate
the volume of failed sediment was approximately 42 million m3. This volume is
greater than the calculated volume of the deposit from the seismic data (32 million
m3 (32 D 20 C 14 million m3)), and moreover, we found evidence of erosion at the
base of the debris flow, which indicates the deposit volume should be greater than
the source region volume. This leads us to infer that there are errors in one of these
two numbers, possibly related to incorrect mapping of flow margins or bathymetry
on the older survey.

32.4 Discussion and Comparison

The new data provide a clear picture of the submarine landslide deposit generated in
the 1964 earthquake. Simply, the fjord head delta and the Whittier Creek delta failed,
and the landslide material slid eastward up to 5 km. A large turbidite was likely
generated and deposited farther eastward across the Trinity flats. We can compare
the characteristics of this slide and fjord to Port Valdez and Resurrection Bay where
there were also submarine landslides in 1964.

J
Fig. 32.3 Seismic reflection profiles showing features of the 1964 mass transfer deposit. Location
of profiles shown on Fig. 32.3. Horizontal scale is shot points, vertical scale is two-way travel time
in seconds. 0.01 s TWT is approximately 8 m. (A) Line (WHS-33) across the largest blocks in the
area north of Whittier. (B) Line (WHS-30) shows the main debris flow deposit from near the source
region on the left to the distal end of the debris flow to the right. (C) Profile (WHS-09) across the
Trinity flats and the Broad Point moraine that shows the nature of sedimentation beneath this basin.
The uppermost �4 m may be a turbidite generated in 1964. It onlaps older sediments at the west
end of the profile. Older deposits may also contain turbidites
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Fig. 32.4 Bathymetry difference, in meters, draped onto shaded relief image of Passage Canal.
Note zero depth change color is orange. Older bathymetric survey is from 1948, our multibeam
survey was in 2011. Cool colors indicate deeper values in 2012, warm colors indicate shallower
depths in 2011. (A) Overview map of entire area of multibeam survey. BCF billings creek fan, TF
trinity flats, GPM Gradual Point moraine. Dashed red lines show the limits of the 1964 debris
flow, and the 1964 megaturbidite deposit. (B) Detail map of west end of Passage Canal near
Whittier, which also shows the coastline and inundation line, tsunami runup directions (arrows)
and heights, in meters (Data from Kachadoorian 1965)

At Port Valdez, the Shoup Bay moraine failed (Ryan et al. 2010). Blocks are up to
40-m tall and 400-m wide, extend 25 m below the sea floor, and the nearby tsunami
run-up reached 67 m. In Passage Canal, the blocks are up to 25-m tall and 145-
m wide, and extend �5 m below the sea floor. Nearby tsunami run-up (Fig. 32.4)
reached 32 m. The blocks may be composed of till, because a little ice age moraine
is located on the modern shoreline adjacent to material that failed in 1964. The lack
of seismic penetration and the velocity pull up beneath the blocks is consistent with
blocks composed of till. In Resurrection Bay, the maximum block size off Seward
was 12-m tall and 75-m across. Maximum tsunami runup was 12 m. The blocks
were likely composed of sand and gravel. Although the nature of the failed material
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varies, and likely influences block size and the ability of the blocks to remain intact,
we find a correlation between the size of landslide blocks and maximum runup.
Blocks may be more important than slide volume for generating tsunamis in some
circumstances.

There are similarities and differences in the failures we have studied. All the
landslides have evidence of erosion at their bases. Thus the landslide volume
increased as the landslide progressed, leaving a larger deposit than the initial
failure. Fan deltas almost always fail. In Resurrection Bay, every fan failed in
the 1964 earthquake (Haeussler et al. 2007), and the Whittier Creek fan failed in
Passage Canal. It is remarkable there is no evidence of failure of the Billings Creek
fan. There is cryptic evidence of pre-1964 slides in Passage Canal, as described
previously. Both Resurrection Bay and Port Valdez have clear evidence for pre-1964
slides, with Port Valdez showing five older failures (Ryan et al. 2010).

The little ice age (LIA) probably had a significant influence on the size of the
submarine landslides in the 1964 earthquake. The little ice age consisted of multiple
advances of glaciers, with three main pulses of expansion: 1180–1320 AD, 1540–
1720 AD, closely followed by 1810–1880 AD (Barclay et al. 2009), all of which
post-dated the last major megathrust earthquake around 900 years ago (Carver
and Plafker 2008). These glacial advances transported additional sediment to the
margins of these fjords, which then failed in 1964. Port Valdez has the clearest link
to LIA advances, in that the Shoup Bay moraine was likely built during the LIA
(Post and Viens 1994). At Resurrection Bay the relationship is less clear as there are
no moraines near the waters edge. Nonetheless, it seems likely the fjord-head delta
and the fan deltas built out during the LIA with increased sediment supply. The
same arguments can be made for Passage Canal. Moreover, the Learnard Glacier
(Fig. 32.2) extended to the shoreline at LIA time, and possibly generated diamicts
that favored the generation of large cohesive blocks during failures.
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Chapter 33
A Geomorphological Analysis of the Veatch
Slide Complex Off Massachusetts, U.S.A.

Jacques Locat, Uri S. ten Brink, and Jason D. Chaytor

Abstract A geomorphological analysis of the Veatch slide complex is presented
here indicting the presence of at least two major slides presenting different
morphological characteristics and involving different type of sediments (in terms
of strength and grain size). These slides took place after the erosion of the Veatch
Canyon which had been the locus of many bank failures. It is shown that a more
refined morphological analysis of similar landslide areas may lead to the definition
of a greater number of slides and a greater role of channels both leading to a more
complex interpretation on their mobility.

Keywords Submarine landslide • Mass-failure • Mass-transport • Slope
failure • Passive continental margin • Yield strength • Mobility

33.1 Introduction

The U.S. Atlantic continental margin exhibits many deposits of submarine mass
movements of various magnitudes (Booth et al. 1993; Twichell et al. 2009; Chaytor
et al. 2009). Until about year 2000, most of the inventory had only been mapped by
a large aperture side-scan sonar (GLORIA). With improving technology, multibeam
bathymetry surveys have led to a re-examination of many previously identified
landslides areas. As part of an effort carried out jointly between the USGS and
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Fig. 33.1 (a) View of the Veatch slide complex (slide 1 and 2) with its location shown in (b, image
from Google Earth), (illuminated from the northeast); 3B, 3C, 3D, and 3 F are core locations; Ch1
to Ch4 are channels; (c) this table presents geometric characteristics of features discussed in the
text. L, W, H, and V stands for length, width, height and volume. Meaning of subscripts for slope
angles are: us upper surface, fs failure surface, s scarp, rs right scarp, ls left scarp, su surface of the
channel, Visible failure surfaces are noted S1 to S8

the U.S.-Nuclear Regulatory Commission to assess tsunami hazard from landslides
along the U.S. Atlantic margin, a revised inventory of submarine mass movements
along the eastern seaboard was obtained and published in a series of papers (e.g.
Ten Brink et al. 2009; Locat et al. 2009; Twichell et al. 2009; Chaytor et al. 2009).
Extending this series, this paper presents a detailed analysis of the morphology of
the Veatch slide complex area, off Nantucket Island (Massachusetts, Fig. 33.1), in
order to illustrate how better bathymetry displays more details of the seafloor and a
more refined interpretation of the sliding processes. The Veatch canyon was named
after A.C. Veatch, an American surveyor of the United States Coast and Geodetic
Survey who pioneered marine surveys in this area (e.g. Veatch 1937).

Forde (1981) was the first to investigate the Veatch canyon and mostly focussed
on sedimentary processes. The Veatch canyon slide as such was first identified as
part of an inventory presented by Booth et al. (1993) based on GLORIA sidescan
sonar imagery and concurrent seismic surveys. More recent multibeam surveys
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have provided an opportunity to revisit the various landslides in the area (Twichell
et al. 2009; Chaytor et al. 2009). An interpretation of the Veatch slide extent was
presented by Blondel (2009) who suggests that the aerial coverage of the slide is
about 11,000 km2 (about 275 km � 40 km). Twichell et al. (2009) proposed a similar
estimate using recent multibeam surveys.

This paper provides a more detailed analysis of the area referred to as the Veatch
slide complex, which has been divided into three regions: upper, middle and lower
(Fig. 33.1). It is shown hereafter that the Veatch slide can be seen as a complex slide
with a morphology revealing various scars at different water depths. This analysis
leads to some discussion of the uncertainty related to the definition of the size of a
submarine mass movement when limited seismic data is available. Such a definition
has an impact on the evaluation of slide initiation and mobility.

33.2 Methods

Bathymetric dataset used here has been acquired during 2004 by the U.S. Navy
Ship Henson (Gardner et al. 2006) and by the NOAA ship Ronald H. Brown in
2009 (soundwaves.usgs.gov/2009/08/fieldwork.html). For the purpose of this study,
the multibeam data was gridded with a cell size having a horizontal resolution of
25 m. Analog 3.5 kHz and airgun geophysical surveys were acquired as part of the
GLORIA sidescan imagery (EEZ-SCAN 887 1991). A sound velocity of 1,500 m/s
is used is the depth estimates. Core data is taken from the National Geophysical
Data Center core repository (http://www.ngdc.noaa.gov). For more details on the
methodology the reader is refer to Twichell et al. (2009).

33.3 The Veatch Slide Complex

In the Veatch slide complex region, the maximum extent of the Quaternary ice sheet
more or less remained along the present coastline (Twichell et al. 2009). During
that time of low sea levels, rivers carried sediments as far as the shelf edge to form a
series of shelf-edge deltas. The delta foreset beds prograded as clinoforms (Sheridan
et al. 2000) with angles of deposition of about 5ı. According to Poag and Sevon
(1989) the Quaternary sequence can reach a thickness varying from 400 to 800 m
on the outer shelf and upper part of the slope.

Sediment texture in the vicinity of the Veatch slide complex decreases in size
from the shelf to the abyssal plain (Bennet et al. 1980; Lambert et al. 1981): the
shelf is mostly sandy, the upper slope consists of silty sand; the lower slope consists
of sand silt and clay while silty clay dominates on the upper rise. Physical properties
of surficial samples (less than 2 m deep, see Fig. 33.1a) obtained from the lower
slope and upper rise regions indicate that sediments are mostly inorganic and of low
activity, which is very similar to those reported for the Hudson Apron area to the
south by Locat et al. (2003).

soundwaves.usgs.gov/2009/08/fieldwork.html
http://www.ngdc.noaa.gov
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Fig. 33.2 (a) Upper part of the Veach slide complex showing the various failure surfaces (see
Fig. 33.1c for specific geometric data); (b) slope map of the same area as in ‘a’ with the
identification of few blocks generated by slide 2. (‘a’ and ‘b’ are illuminated from azimuth 315ı,
but illumination angle is 44ı and 61ı for ‘a’ and ‘b’ respectively; vertical exaggeration is 2.0)

A general view of the Veatch slide complex is shown in Fig. 33.1. The mass
movements within the Veatch slide complex can be seen from the slope area down
onto the upper rise, i.e. over a distance of more than 200 km. As it will be described
below, the Veatch slide complex includes at least three distinct slide events: a first
large slide originating from the upper rise area (slide 1), another slide originating
from the continental slope (slide 2) and a small bank failure on the banks of the
Veatch canyon (Fig. 33.1a).

From a geomorphological viewpoint the Veatch slide complex area has been
divided into three regions: (1) Upper region (�400 to 1,750 mbsl) (2) Middle region
(1,750 to 2,270 mbsl) and (3) Lower (>2,270 mbsl). The limit between the Upper
and Middle regions is set at the location considered to be the toe of slide 2 near the
base of the slope (see Figs. 33.1 and 33.2a).
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33.3.1 Geomorphological Overview

The Upper region covers the slope and a limited part of the upper rise down to
a depth of about 1,750 m. The lower boundary coincides with the location of the
upper scarp of slide 1. A more detailed morphological view of the Upper region
is provided in Fig. 33.2. A �17-km-wide slope region of detachment surfaces
lies east of Veatch Canyon (VC), and likely corresponds to failure surfaces (1–8)
with their associated head scarps, and changes eastward fairly abruptly to a gully
system.

The Veatch Canyon is nearly a straight feature that has entrenched the slope with
a relief of about 700 m and a thalweg dip of 2–4ı. The slopes bordering the canyon
are inclined at angles locally reaching nearly 30ı. The average slopes of the canyon
walls are greater in the upper part of the canyon (see Fig. 33.2b). The continental
rise morphology in the vicinity of the canyon suggests that at least two periods of
erosion took place: an older period represented by a higher floor level (Ca1) and a
more recent erosion represented by Ca2 (slide ?). The Ca1 (see surface 1a and 1b
in Fig. 33.2a) would have been about 150 m higher than the present canyon floor
(Ca2). The height difference between the Ca1 level and the surrounding hills suggest
an erosion of about 200 m of sediments. The slope of surface Ca1 toward the axis of
the canyon is about 2ı while the slopes of the canyon walls surrounding level Ca2
canyon are about 17ı. The width of the present canyon valley (Ca2) is about 0.6 km.
This may suggest that the Ca2 phase of canyon incision took place in sediments with
a higher strength than for phase Ca1.

The main part of the Upper region is occupied by a series of surfaces (marked
S1–S8 in Fig. 33.2a) that may correspond to various failures planes. Surfaces S1
to S4 are more distinct compared with surfaces S5 to S8. Surfaces S1 to S4 are
smooth and dip more or less at the same angles (except for S4, see Fig. 33.3 for
details). Except for S3, the head scarps can be quite steep with values between 10ı
and 25ı (see table in Fig. 33.1). Surfaces S5 to S7 show rounded gullies and are
generally steeper (between 8ı and 12ı) than the surfaces above. The surfaces have
been eroded by gullies and may represent the original slope or at least an erosional
surface formed by sediments having a greater strength.

The Middle region is seen both in Figs. 33.2 and 33.3 and is occupied by the
upper scarp of slide 1 with its upper slope partly truncated (‘O’ in Fig. 33.2b) by the
slide 2 event. This area is also limited to the west by the right bank of the Veatch
Canyon and to the East by the lateral scarp of slide 1, and by the left bank of an
abandoned canyon. It ends at the point where the debris field becomes channelized
(Ch1 to Ch4 in Figs. 33.1b and 33.3c). The overall slope in that area is about 1ı.

The Lower region is detailed in Fig. 33.3c and consists mostly of a channelized
system developed between the banks of the Veatch Canyon to the West and an
unnamed canyon to the East. The characteristics of the channels are summarized
in Fig. 33.1c. This region also includes a bank failure (Fig. 33.3d) developed within
the Veatch canyon.
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Fig. 33.3 (a) View of the Middle and Upper regions of the Veatch slide complex with the location
of the available seismic lines; (b) air gun seismic line 25 showing the potential position of the
failure plane or the flow surface (see insert) with a the debris about 50 m thick; (c) the lower
region; (d) details of the bank failure with location shown by the dashed box. (Sun azimuth is same
for ‘a’, ‘c’ and ‘d’ at 315ı , but sun angle is 44ı; the vertical exaggeration is 2.0)

Using these morphological observations we propose the following sequence of
failures with time from oldest to youngest: bank failures, slide 1 and slide 2. The
geometric characteristics of these slides are provided in Fig. 33.1c. Banks failures
will not be detailed here. They are comparatively small and are found along the
abandoned walls of the Veatch Canyon with the largest one indicated on Figs. 33.1
and 33.3. The following analysis will concentrate on slide 1 and 2.

33.3.2 Slide 1

Slide 1 extends from the Middle region to the Lower region (Figs. 33.1 and 33.3).
It can be divided into two zones: (1) the area covering the evacuation of slide 1,
and (2) the run out zone where the debris was deposited. The head scarp is well
defined (Figs. 33.2b and 33.3a). The extent of the right lateral scarp of slide 1 stops
at a point, noted ‘X’ in Fig. 33.1a, where the debris of the slides were more or less
restrained by the walls of the Veatch Canyon. The left lateral scarp extends much
farther to a point also where the walls of an older canyon start to confine the debris
into a channel (point Y in Fig. 33.3a). The failure surface of slide 1 cannot be seen
directly. A seismic line (air gun) shown in Fig. 33.3b presents an approximately
50 m layer of debris showing some deformations (see black arrows showing the base
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in the insert in Fig. 33.3b) that are interpreted to be the debris from slide 2 which
flowed over the slide 1 failure surface (red line in Fig. 33.3b) that may include some
debris of slide 1.

The transition into the run out zone of the slide is shown as the dashed line in
Figs. 33.1 and 33.3. The transition between the two parts is also used as a boundary
between the Middle and Lower regions. More or less at that location there is an
abrupt change in the morphology of slide 1 where at least four channels are present:
Ch1: constrained to the west by the Veatch Canyon right wall over a distance of at
least 74 km; Ch2: which is short (�18 km) and comes back into the Veatch Canyon;
Ch3: which widens downstream, and Ch4 which is constrained by the left wall of
an abandoned canyon.

The morphological characteristic of slide 1 and the channels are summarized
in the table in Fig. 33.1c. Using the above description, the volume of slide 1 is
estimated to be at about 35 km3. The head scarp has a slope ranging between 15ı and
21ı and the slope of the floor in the channel varies between 0.5ı and 1ı. According
to Twichell et al. (2009) and Blondel (2009), the run out distance extends seaward
for another 50 km for a total distance of about 160 km.

33.3.3 Slide 2

Slide 2, shown in Figs. 33.1, 33.2 and 33.3, originated in the continental slope.
Although there are many failure surfaces seen in Fig. 33.2a, only surfaces 2, 3,
4, and 7 are considered to be part of slide 2. It is believed that these surfaces
represent most of the failure plane which has been later partly eroded as seen by
the presence of 3 knickpoints (‘k’ in Fig. 33.2b). The width and length of the
overall failure surface is about 8 km by 8 km with an estimated thickness of the
failed mass of about 100 m yielding an estimated volume of 6.4 km3. Scarp slopes
reach values as high as 30ı with heights of about 100 m. The slope of the failure
surface varies from about 5ı in the upper part to close to 12ı in the lower part of
the slope.

The failed mass flows away onto the continental rise encroaching upon the head
scarp of slide 1 (‘O’ in Fig. 33.2b) and spreading over the small depositional basin
generated by slide 1. It appears to have stopped more or less before the head
of channels seen in Figs. 33.1a and 33.3c. The apparently higher strength of the
sediments involved in slide 2, compared to those of slide 1, may be deduced from
the large amounts of rafted (?) blocks seen on the surface of the debris flow deposit
of slide 2 (see ‘rafted blocks’ in Fig. 33.2b) which are not seen in the channels
below. These blocks have a maximum length of 500 m, with a height of less than
20 m flanks slopes reaching up to 6ı. In the lower part of the run out zone of slide
2, the debris is resting on a slope of about 1ı. Using topographic cross sections, the
overall mound created by the accumulation of the debris of slide 2 varies in height
between 15 and 40 m. The surface of the deposition area of slide 2 is estimated at
133 km2 which, for a displaced volume of 6.4 km3 would yield an estimated average
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Fig. 33.4 Simulation of the
run out distance of slide 2 as
a function of slide volume
and yield strength (1–8 kPa).
The Herchel-Buckley model
was used here with coefficient
‘n’ equal to 1, a reference
strain rate of 1.0, and a unit
weight of 16 kN/m3

thickness of about 50 m which is similar to what has been estimated from the seismic
line in Fig. 33.3b. This is assuming that all the debris covering the failure surface
are from slide 2.

Based on these observations the parameters governing the mobility of this slide
can be ascertained to some degree. First the strength of the material during the flow
event can be estimated from the geometry of the deposit including both the slope and
the thickness. Using the critical height and slope approach for an undrained infinite
slope failure (Locat and Lee 2002) and using an average buoyant unit weight of
4–8 kN/m3 (Locat et al. 2003), the yield strength for a debris thickness of 15 and
50 m would vary from 1 to 7 kPa respectively. The geotechnical profile available
for the Hudson canyon (35 m deep, Locat et al. 2003) indicates a remoulded shear
strength varying between 5 and 10 kPa. Using this information, the run out of slide 2
was estimated using BING (Imran et al. 2001) with an average buoyant unit weight
of 6 kN/m3, and a range of yield strength between 4 and 8 kPa. Results of the
simulations are shown in Fig. 33.4. These results indicate that the estimated volume
of the sliding mass may explain why the debris flow associated with slide 2 did not
reach farther. Even assuming an initial thickness of 150 m, the flow would not enter
the channels. An observed shorter run out distance compare to the computed one
using BING could also be explained by a remoulding of the sliding mass that was
not complete, as seen by the presence of rafted blocks.
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33.4 Discussion and Concluding Remarks

Because of space limitations, we only briefly discuss two elements, The first one
relates to the relative timing of these events and the second about the use of
morphological information to deduce the volume and mobility of a slide.

The timing and triggering of these slides in this region have been discussed
by many authors (e.g. Lee 2009; Twichell et al. 2009; Chaytor et al. 2009). They
would, for most of them, be pre-conditioned by an increase in pore pressure due
to the high sedimentation rate, gas hydrates dissociation and they would likely be
triggered by erosion or earthquakes. When we compare slide 1 and slide 2, slide 1
appears to show a much greater disintegration of the failed mass although it was
initiated on a much gentler slope than slide 2. This may indicate that it took place
in younger sediments having a lower strength or involving less cohesive sediments
which would disintegrate more easily. Considering the higher angles of the scarps
of slide 2 relative to slide 1 this would indicate that slide 2 likely took place in
normally consolidated sediments thus reducing the possibility that it could have
been triggered by sedimentation rates at the time of low sea levels. Coring for dating
the failure surfaces would greatly help answer this question.

Regarding the relationship between volume and mobility (e.g. Locat and Lee
2002; Issler et al. 2005), the most difficult element is to define which volume is
involved in the slide and how much of the flow was channelized. For our region
of interest most of the run out zone was defined by the GLORIA imagery. The
use of higher resolution bathymetry, as shown here, leads to the identification of
various slides in addition to channels used as conduits in the run out zone. These
may have been involved in slide 1, resulting in potentially higher run out distances
than expected for a given volume flowing on an open space. Slide 2 event, however,
appears more or less confined to the space left by slide 1 and did not reach the lower
region. The run out characteristics of slide 2 appear consistent with the estimated
geotechnical and rheological parameters.

As a concluding remark, this geomorphological analysis of the Veatch slide
complex has shown the presence of at least two major slides presenting different
morphological characteristics and involving different type of sediments (in terms
of strength and grain size). Finally, it is shown that a more refined morphological
analysis of similar landslide areas may lead to the definition of a greater number of
slides and a greater role of channels all leading to a more complex interpretation
on their mobility. Recent acquisition of multibeam data may bring about a revised
interpretation of the Veatch slide complex.
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Chapter 34
Characterization of Submarine Landslide
Complexes Offshore Costa Rica: An
Evolutionary Model Related to Seamount
Subduction

Rieka Harders, César R. Ranero, and Wilhelm Weinrebe

Abstract Offshore Costa Rica large seamounts under-thrust the continental
convergent margin causing slides of complex morphology. The large dimension
of the structures has attracted previous investigations and their basic characteristics
are known. However, no detailed mapping of their complex morphology has been
reported. Here we present a detailed mapping of the failure-related structures and
deposits. We use deep-towed sidescan sonar data, aided by multibeam bathymetry
to analyze their geometry, geomorphologic character, backscatter intensity, and
spatial distribution. Those observations are used to analyze the relationship between
landslide characteristics and abundance, to the changes in the style of deformation
caused by the subduction of seamounts to progressively greater depth under the
margin.

Keywords Seamount subduction • Landslides • Deformation • Convergent
margin • Model

34.1 Introduction

Underwater mass wasting processes occur at slopes of continental margins, flanks
of volcanoes and large lakes. In this work we concentrate on submarine landsliding
at the active subduction zone of the Middle America Trench (MAT) where the
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Fig. 34.1 Multibeam bathymetric map of the Middle America Trench offshore Costa Rica
showing large-scale deformation and mass wasting structures in the margin related to seamount
subduction

oceanic Cocos plate under-thrusts the Caribbean plate. Subduction zones can be
differentiated between those with large accretionary prisms and those dominated by
tectonic erosion, as the MAT, where tectonic processes gradually thin the overriding
plate.

The convergent margin of the MAT has been extensively surveyed during the
past two decades. Previous studies along >1,000 km of the MAT have shown that
there exist more than 100 landslides with variable characteristics and origin. Work
along the continental slope from Guatemala to Costa Rica identified submarine
slides ranging in width and length from a few hundred meters to tens of km
(Harders et al. 2011). The MAT slope displays evidence of mass-wasting structures
with a distribution in segments, which appears similar to the segmentation of the
morphology of the Cocos plate (Harders et al. 2011, 2012). Most large slides along
the MAT occur where large seamounts subduct (Fig. 34.1). The seamounts are
�2–4 km high, �20–30 km wide at their base, and cover �40 % of the ocean plate
offshore Costa Rica (Werner et al. 1999; von Huene et al. 2004).

Previous studies of slope failure at the MAT have been largely based on
bathymetry data gridded at 100 m, with sufficient spatial resolution to detect large
failure-related structures but not enough to map their internal structures and related
deposits (Fig. 34.1). Sidescan sonar data have been locally used to complement
those studies to classify large-scale failure structures (Hühnerbach et al. 2005;
Ranero et al. 2008; Harders et al. 2011). However, the available sidescan sonar
data permit detection of structures with a spatial resolution similar to a 25 m
grid of high-quality multibeam bathymetry data (Kluesner et al. 2013). Thus, the
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Fig. 34.2 Sidescan sonar imagery of Parrita structure. It shows a reentrant caused by seamount
collision of Stage 1, a failed slope and associated structures, and the dome and deformation above
an under-thrusting seamount of Stage 2. Dark blue lines are faults of the frontal prism. Red lines
are fractures in slope sediment and possibly underlying margin wedge. Pale blue delineate debris
flows. Green polygons delineate boulders from rock avalanches. Orange lines mark the crest of
ridges. The black-white bar is 2 km long

sidescan sonar data allow for an improved analysis over previous work. Here we
use sidescan sonar imagery draped on bathymetry for detailed mapping of Parrita
and Jaco structures, and Cabo Blanco slide complex (Fig. 34.1). We differentiate
deformational and mass-wasting related features based on morphology, geometry,
and backscatter character (Figs. 34.2, 34.3, and 34.4). We use the three characteristic
structures to propose a model of slope failure related to different stages of seamount
under-thrusting that develop during the evolution in the subduction process.

34.2 Geological Framework

The bulk of the MAT overriding plate is made of competent crystalline rock, the
so-called margin wedge, formed dominantly by igneous rock of the Caribbean
flood basalt province and indurated sediment. The margin wedge is covered by
�0.5–2 km of slope sediment that is typically involved in landsliding. The front
of the convergent margin is made of a 1–10 km wide sediment prism (Ranero and
von Huene 2000; von Huene et al. 2000; Ranero et al. 2008). The frontal prism is
formed by thrust sheets striking parallel to the trench, and is usually characterized by
high backscatter caused by the rough relief produced by active faulting (Fig. 34.2).
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Fig. 34.3 Sidescan sonar imagery of Jaco structure. The dome, associated deformation, and the
linear groove trailing the subducting seamount and mass-wasting structures define Stage 3. Lilac
polygons delineate the top of blocks sliding on headwall and sidewall. Red lines mark fractures
in slope sediment and possibly underlying margin wedge. Pale blue delineate debris flows. Green
polygons delineate boulders from rock avalanches. The black-white bar is 4 km long

34.3 Mass Wasting Evolutionary Model

We discuss sequentially four evolutionary Stages of seamount subduction that
produce distinct landsliding styles and abundance (Fig. 34.5). For each Stage we
first describe the characteristic structures and then interpret the processes potentially
controlling landsliding.

34.3.1 Stage 1: Seamount Collision with the Continental
Margin Front

The initial collision of large seamounts is not currently occurring offshore Costa
Rica, but the resulting structures can be studied from the morphology of deforma-
tional features at the base of the slope (Fig. 34.2).
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Fig. 34.4 Sidescan sonar imagery of Cabo Blanco translational slide complex. Sliding blocks and
push ridges define Stage 4 processes. Red lines delineate main fractures of the swarm cutting
slope sediment. Pale blue lines mark deformation structures in debris flows and push ridges. Green
polygons delineate blocks. The black-white bar is 1 km long

The locus of recent collision are �30–20 km wide by �10 km deep landward
indentations of the margin front clearly visible in multibeam bathymetry data
(Fig. 34.1) that have been previously indentified (Ranero and von Huene 2000;
von Huene et al. 2000, 2004). The smooth reentrant seafloor narrows inboard from
�20 km width where the entire frontal sediment prism has been removed, to �5 km
width. The transfer of upper plate material removed to form the indentations is
unclear.

The fracture pattern of the lower slope changes from roughly trench parallel
to strongly oblique near the reentrant (red fractures in Fig. 34.2) indicating that
the seamount fractured and pushed sideways the margin basement and overlying
sediment.

We interpret that during collision, before seamounts fully under-thrust the
overriding plate, slope material is not uplifted above a seamount crest to fail
in its wake, but is pushed in front and aside (Fig. 34.5a). Material pushed in
front probably accumulates abutting the seamount flank and is under-thrust, which
may involve at least part of the large mass of missing material in the reentrant
(Fig. 34.2).
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Fig. 34.5 Conceptual model
of deformation and associated
mass wasting processes
related to seamount
subduction. (a) Stage 1:
Seamount collision with
continental margin front.
(b) Stage 2: Initial seamount
thrusting under the upper
plate and associated rock
avalanches. (c) Stage 3:
Seamount tunneling of
overriding plate and
associated rotational slumps.
(d) Stage 4: Upper plate
flexing and associated
translational slides
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34.3.2 Stage 2: Initial Seamount Thrusting Under
the Continental Slope: Formation of Rock Avalanches

As a whole seamount under-thrusts the competent margin-wedge rock, upper-plate
deformation and mass wasting processes change. The seamount uplifts the slope
forming a fractured dome, and mass wasting occurs localized in the wake trailing
the seamount (Fig. 34.1). Parrita shows an uplifted slope with a dome intensely
cut, principally by trench-parallel fractures, �1–5 km long, and a few hundreds of
meters apart (Fig. 34.2). Radial fractures, described in analog models (Dominguez
et al. 1998) are rare at Stage 2.

The terrain produced by failure forms trench-perpendicular depressions and in-
tervening ridges that indicate the maximum width of failed rock masses (Fig. 34.2).
The relief of the failed slope is characterized by sidewalls and headwalls up to 1 km
high and 20–30ı steep, that reach up to 35ı in the uppermost sector.

We interpret that trench parallel fractures of the dome precondition the upper
plate to fail in a complex mode. The steepest uppermost sector conforms a headwall
that strikes parallel to fractures at the dome, which may indicate that it was formed
by failure along a pre-existing fracture.

Types of mass-wasting deposits change from the foot to the top of the scar,
possibly indicating an evolution in mass wasting processes. The smooth seafloor
of the re-entrant from Stage 1 is covered close to the slope by a large (�4 � 6 km)
debris flow containing coherent blocks generated during the first failures of Stage 2
(Fig. 34.2). Failed blocks littering the trench axis range from a few tens to several
hundreds of meters. Blocks contained in the debris flow may be contemporary
with that event. Others are away of the debris flow and possibly come from a
different rock avalanche. Upslope along the scar, most of the seafloor is covered
by overlapping debris flows, ranging from a few hundreds of meters to �2 km in
width and �2–4 km long, that often appear to derive from the sidewalls and flanks
of ridges (Fig. 34.2).

In the upper third of the scar, debris flows are rare. Here, sidescan sonar imagery
is characterized by high backscatter, possibly indicating more recent mass wasting
processes related to the disintegration of detached blocks that travel downhill,
creating rock avalanches, that may turn into turbidities traversing down slope
before reaching the trench axis. Turbidites fill the re-entrant produced in Stage 1
smoothing the seafloor between Parrita scarp and bending-related faults in the
oceanic plate.

The deformation inferred from surface structures may involve fracturing of the
entire overriding plate (Fig. 34.5b). Stage 2 occurs when a 2–4 km tall seamount is
a �1–4 km thick upper plate, as under Parrita (Ranero and von Huene 2000). We
interpret that first the upper plate is uplifted and fractured possibly to a shallow depth
where stresses are tensile. Fractures initially have small vertical offsets, but when
the seamount subducts further, the fractures grow in its wake to 1 km offsets as the
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entire upper plate collapses. Gravitational processes include sediment mass-wasting
described above, and perhaps creep of fracture-bounded blocks involving the entire
upper plate (Fig. 34.5b).

34.3.3 Stage 3: Seamount Tunneling of Overriding Plate:
Formation of Rotational Slumps

As a large seamount travels deeper in the subduction zone, overriding plate
deformation creates a trailing groove (Figs. 34.3 and 34.5c). The 3–4 km wide
groove has sidewalls 25–30ı steep that define fairly continuous faults. The sidewalls
extend for >10 km from the edges of the headwall scarp, where they are �1 km
high, to diminish in height and disappear where sediment fills the groove (Fig. 34.3).

The uplift above the seamount forms a dome, with fracture spacing larger than in
Stage 2. Fractures are �1–5 km long, typically trench-parallel, but some are radial
with morphology similar to analog models (Dominguez et al. 1998). The groove
located trenchward of the dome, formed in the trailing wake of the subducting
seamount, is narrower than fractures at the dome.

We interpret that groove formation involves upper-plate thinning and result-
ing subsidence through material removal by tectonic erosion by the subducting
seamount (Ranero and von Huene 2000). The seamount dimensions and the elastic
thickness of the upper plate probably control the constant width of the groove.

The length of the dome trench-parallel fractures does not control mass wasting
during Stage 3. The dimensions of failing blocks appear preconditioned by the same
characteristics that control the constant groove width. At Jaco, a �4 � 1 km block,
abutting the headwall, has slid hundreds of meters (Fig. 34.3) indicating that, at least
during a first phase, some blocks creep rather than catastrophically fail. The block
seems cut by one oblique fracture into two sub-blocks that have slid slightly different
amounts. The vertical dimension of the block is unclear and might be as thick as
the entire headwall, so that the block is a coherent rotational slump that initially
maintains its integrity. However, several debris flows located down-slope indicate
that blocks may eventually disintegrate near the base of the headwall. In a similar
process, a 1 � 0.5 km block has slid along the groove sidewall. The sidewalls foot is
covered by comparatively smaller debris flows with tens-to-hundreds-of-meter-large
blocks (Fig. 34.3).

We interpret that the surface deformation associated to Stage 3 occurring when
a seamount is �4–8 km deep under the seafloor involves deep faulting across the
entire upper plate (Fig. 34.5c). The 1-km-high headwall and sidewalls dimensions
mean deep penetrating faults. In addition to the slumps abutting the headwall, the
entire upper plate is collapsing at depth along the flanks of the seamount as several-
km-thick rotational blocks.
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34.3.4 Stage 4: Upper Plate Flexing: Formation
of Translational Slides

Above a large seamount that has subducted to a depth of 8–12 km the overriding
plate flexes but fractures little, the deep grooves of Stage 3 no longer form and
mass wasting processes become more sporadic and produce comparatively smaller
scale structures (Fig. 34.4). The relief of the continental slope above the seamount
displays comparatively little uplift and minor fracturing. The Cabo Blanco landslide
complex shows a slope cut by a swarm of small, hundreds-of-meter-long fractures
with an anastomosing pattern that form irregular slide headwalls, a few hundreds of
meters high (Fig. 34.4).

At Stage 4, mass wasting appears dominated by translational sliding affecting the
upper few hundreds meters of slope sediment. Sliding produces groups of detached
blocks that have moved down-slope a few-hundreds-of-meters distance (Fig. 34.4).
The characteristic push ridges at the front of the slid mass also support relatively
short displacements, compared to slide events occurring during the other Stages.

We interpret that the processes active at Stage 4 are fundamentally different from
those of previous Stages. The competent �8–12 km thick overriding plate above
the seamount does not break as in previous Stages (Fig. 34.5d). In addition to the
attenuation through increased thickness of the upper plate, the material progres-
sively eroded by seamount tunneling flows around the seamount and reduces the
relief of the ocean plate. As a consequence, associated seafloor relief comparatively
diminishes and minor uplift, related tilting and minor fracturing trigger shallow
translational sliding probably using pre-existing weak layers, like ash layers that
have been shown to precondition the slope sediment structure in the region (Harders
et al. 2010). Thus, deformation and stresses related to seamount subduction, which
precondition sediment landsliding for Stages 1–3, are not the only preconditioning
factor at Stage 4.

34.4 Conclusions

Upper plate deformation resulting from subduction of tens-of-km wide and 2–3-km
tall seamounts varies as seamounts traverse under an overriding plate. During Stage
1, seamounts breach the margin front, creating re-entrants by removing material,
possibly by pushing some aside and also transporting some material abutting their
frontal flank into the subduction zone. During Stage 2, seamounts first under-thrust
the overriding plate, causing intense trench-parallel fracturing that preconditions
complex mass-wasting processes. During Stage 3, seamounts move deeper, under
a 4–8 km thick plate. Here, uplift creates trench-parallel and radial fractures.
Material removal by seamount tunneling forms linear grooves with steep �1 km
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high headwalls and sidewalls that promote rotational slumps. These slumps creep
some distance along the scarps to disintegrate down-slope into debris flows. During
Stage 4 a seamount is under an 8–12-km-thick plate that is competent and deforms
by minor fracturing and tilting. Here dominates translational sliding of shallow
sediment, possibly using pre-existing weak planes. In summary, Stages 1–3 failures
are preconditioned by deformation by seamount subduction, whereas Stage 4 failure
appears preconditioned by a combination of deformation and pre-existing factors.
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Chapter 35
Morphological Expression of Submarine
Landslides in the Accretionary Prism
of the Caribbean Continental Margin
of Colombia

Javier Idárraga-Garcı́a and Carlos A. Vargas

Abstract Morphological analyses of �14,500 km2 of high-resolution-bathymetric
data in the Caribbean continental margin of Colombia has allowed us to identify
submarine landslides in the Sinú Accretionary Prism (SAP) and Magdalena subma-
rine fan (MSF) areas.

In the MSF area most of submarine failures are disintegrative, i.e. with no
obvious deposit near or at the base of the scar, and are related to a system of canyons
belonging to the Magdalena turbidite system and to an abrupt slope break at the
border of the continental shelf. Landslides in the SAP area are mainly associated to
the steeper flanks (12–18ı) of anticline-related ridges. In many cases, the associated
landslide deposits are buried by subsequent sediments related to broad fans formed
in the mouth of channels and canyons. The cohesive landslides identified exhibit
blocky deposits with rubble masses up to 50 m high and runout distances between
3.6 and 11 km.

Morphometric analyses of scarps allowed us to calculate landslides ages in
function of the constant � of diffusivity. Estimations using a � value of 0.015 m2y�1

suggest ages ranging between 13.8 and 9,761.9 ky for the MSF and ages between
12.2 and 1,031.8 ky for the SAP.
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35.1 Introduction

The mapping and characterization of submarine failures have attracted much
attention in the past two decades, including with regard to their role as potential
geohazards for marine and coastal infrastructure. The active Colombian Caribbean
continental margin is characterized by a rough morphology and the presence of
four active deltas fed by large Andean rivers. These features provide a priori high
susceptibility to the occurrence of landslides with a wide range of sizes and types.
Submarine landslides are triggered either by an increase in the driving stresses, a
decrease in strength, or a combination of the two (Lee et al. 2007). The following
possible triggers show the interplay of these factors: sediment accumulation,
erosion, earthquakes, volcanism, waves, gas and gas hydrates, diapirism and human
activity (Moore et al. 1989; Hampton et al. 1996; Mulder and Cochonat 1996;
McAdoo et al. 2000).

The main objective of this paper is to present the morphological characteristics
of the submarine landslides in the MSF and the SAP areas (Fig. 35.1) and discuss
their possible origins and ages.

Fig. 35.1 Location of the studied areas (SAP and MSF) and the instrumental seismicity with
magnitudes greater than 4.5. Dashed line boxes indicate Figs. 35.2 and 35.3. Black bold lines
indicate major structures
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35.2 Geologic Setting of the Study Area

35.2.1 Seismotectonic Setting

The Colombian Caribbean is located in a complex zone formed by the interaction
between South American and Caribbean plates (Vargas and Mann 2013). The
Caribbean oceanic plate is being subducted beneath the northwestern edge of the
South American plate. The South Caribbean Deformed Belt represents the boundary
between these two plates and corresponds to a NW-verging highly deformed
sequence of sediments (Vinnels et al. 2010). The SAP is the offshore part of the
belt and is made up of deformed sedimentary rocks that range in age from Middle
Eocene to Late Oligocene (INGEOMINAS 2003).

Seismicity in the region is mainly located onshore. According to the Colombian
National Seismological Network, there have been 8,821 earthquakes with Mw
ranging from 2.5 to 7.3 and focal depths from 10 to 280 km in the period 1973–
2013. Four of these events occurred close to the study zone with Mw >6 and focal
depths <70 km (Fig. 35.1).

35.2.2 Morphology of the Colombian Caribbean
Continental Margin

The Colombian Caribbean continental margin has a pronounced relief, in which two
main elements are recognized (Fig. 35.1). The continental slope extends from 200
to 3,500 m depth and has a width less than 100 km (López 2005). The continental
shelf has a maximum depth of 200 m and is 1,100 km-long from the Gulf of Urabá
to the peninsula of La Guajira; its width varies from 5 km around the city of Santa
Marta to over 50 km offshore the Gulf of Morrosquillo (López 2005).

In the study area, the margin can be divided into two contrasting sectors: the SAP,
from the Gulf of Urabá to immediately north of the Gulf of Morrosquillo and the
MSF, between the cities of Cartagena and Barranquilla (Fig. 35.1).

The SAP area exhibits typical flow geoforms as channels and canyons, and
structural geoforms such as ridges and escarpments. Strong tectonic activity is
manifested by the presence of NE-SW-oriented scarps and ridges related to axial
zones of anticlines (Flinch 2003).

The MSF is a turbiditic system originated by the accumulation of the sediments
delivered by the Magdalena River since Middle Pliocene (Ercilla et al. 2002). The
continental shelf does not exceed 5 km in width so much of the sediment delivered
by the river is directly deposited on the continental slope through a system of
submarine canyons.
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35.3 Data and Methods

Multibeam bathymetric data was acquired in 2002 aboard the R/V Baruna Jaya III
using both ResonSeaBat 8160 (50 kHz) and Simrad EM12D (13 kHz) systems,
and in 2006 aboard the M/V Ocean Endeavour using both Simrad EM1002
(93/98 kHz) and Simrad EM120 (11.25/12.75 kHz). Digital Terrain Models were
subsequently created from the raw data with spatial resolutions between 50 and
25 m. These models were used to identify and describe submarine landslides. We
used the nomenclature of McAdoo et al. (2000) to determine the type of mass
movement.

We performed a quantitative scarp analysis in order to constrain a range of ages
for the occurrence of the failures. In this sense, dating was carried out following the
methodology of Hanks (2000) by applying a diffusion equation under transport-
limited conditions. This equation relates the change in elevation to time using
a proportionality constant � of diffusivity [L2T�1] and measurements associated
to the fan-slope angle (� f ), the scarp-slope angle (� s) and the effective vertical
displacement of the scarp (2a).

35.4 Results

35.4.1 MSF Area

The area offshore of the current mouth of the Magdalena River is cut by a submarine
canyon system through which sediments are conducted to abyssal depths. Based
on bathymetric data, we differentiated three parallel canyons bounded by a series
of structural highs; these canyons are incised by 260–400 m into the continental
slope (Fig. 35.2). Most of the failures identified are disintegrative, i.e. the deposits
originated from the landslide were probably transported downstream through the
canyons or are buried by subsequent mass flow deposits (Fig. 35.2). Otherwise, we
distinguished two cohesive landslides in this area: one associated with the eastern
canyon and the other with the central one (Fig. 35.2).

The eastern canyon landslide has an area of 72.6 km2; the headscarp is located
at a depth of �950 m and has an average height of 235 m and a slope of 13ı. The
scar is 341 m high and there is a deposit at its base which is evidenced by a rough
surface composed of angular blocks with maximum height of 40 m (Fig. 35.2); the
morphology of the scar is complex, with several arcuate indentations especially in
the SW part, suggesting that the whole area of the scar does not correspond to a
single event for the blocky deposit, but rather, to multiple events. The maximum
runout distance is 11 km until the debris abuts a structural high (Fig. 35.2).
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Fig. 35.2 (A) Bathymetry offshore of the Magdalena River current mouth. Two cohesive land-
slides are marked by the solid red line. Black box indicates zoom shown in (B). (B) Zoom
view of the cohesive landslides present in the MSF. Solid black lines indicate the headscarps
and the dashed yellow lines outline the blocky deposits. Red arrows point to some disintegrative
landslides. (C) Bathymetry west of the current mouth of the Magdalena River. �t values are shown
in parentheses next to the respective profile. MFD mass flow deposits, R ridge, EC eastern canyon,
CC central canyon, WC western canyon, BD blocky deposit, CH channels, LChC leveed channel
complex (For location see Fig. 35.1)
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The slope failure associated with the central canyon has an area of 5.8 km2; its
headscarp is 1,200 m deep and reaches an average height of 74 m and a slope of
22ı; the scar is 266 m high and exhibits a regular morphology; there is a deposit
at the base of the scar which surface shows an intermediate roughness given by the
presence of rubbles (Fig. 35.2); the runout distance reaches 3.6 km (Fig. 35.2).

The zone located westward of the current mouth of the Magdalena River is
characterized by the presence of leveed channel complexes and large-scale mass
flow deposits on the continental slope. All the landslides are associated with gullies,
channels and canyons present on the border of the continental shelf that are the
feeder of the mass flow deposits downslope (Fig. 35.2). The slope gradient at the
shelf edge ranges between <1ı and 5.6ı.

Regarding the analysis of the 50 scarps (two cohesive and 48 disintegrative
landslides), the measurement of � s, � f and 2a allowed estimating ›t. Calculated
values range between �207.1 and �14,6427.8 m2 (Fig. 35.2), which is equivalent
to an age range of 13.8–9,761.9 ky (see Sect. 35.5 below).

35.4.2 SAP Area

Most of the submarine landslides in the SAP are related to flanks of anticlines that
control formation of ridges extending to a depth of 3,000 m (Fig. 35.3). These ridges
exhibit an asymmetric cross section with the steeper seaward flanks sloping between
12ı and 18ı. There are failures on the walls of some submarine canyons located to
the north of the area. These canyons have their headwaters in the middle of the
continental slope and extend cutting a series of ridges until ending at 2,500 m water
depth, where they form submarine fans in several ridge-bounded intraslope basins
(Fig. 35.3). The distal sector of the canyons shows a large number of disintegrative
landslides in their walls that give them an asymmetrical U-shaped cross section.

The landslides associated with the ridges are both cohesive and disintegrative.
These two types of failures are more distributed towards the middle continental
slope where the appearance of the margin is very rough (average slope angle of
15ı). In contrast, the margin tends to be smoother on the upper slope, as there are
almost no landslides (Fig. 35.3).

We focused on the detailed description of the three cohesive landslides best
imaged in the bathymetry (Landslide 1, Landslide 2 and Landslide 3) (Fig. 35.4).

35.4.2.1 Landslide 1

This failure is associated with the outermost ridge of the SAP and has an area of
90.8 km2. The headscarp has a NNW-SSE-oriented arcuate shape with a slope of
�20.6ı; this feature has a height of �316 m and is located in 2,100 m water depth
(Fig. 35.4). The scar has a maximum height of 750 m and exhibits a very complex
geometry which suggests the occurrence of multiple failure events. A blocky deposit
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Fig. 35.3 Bathymetry of the SAP where a set of anticline-related ridges is present in the
continental slope. Red lines indicate cohesive landslides highlighted in Fig. 35.4 (black box). ›t
values are shown in parentheses next to the respective profile

is present at the base of the scar where the rubble masses are evidenced as irregular
angular-shaped bathymetric highs reaching maximum heights of 50 m; this deposit
extends to a depth of 2,915 m and has a maximum runout distance of 6.5 km
(Fig. 35.4).
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Fig. 35.4 (A) Detail of the landslides L1, L2 and L3 (red lines) in the SAP. L2 and L3 are frontally
confined by ridges. The respective profiles are shown to the right. The white line AB indicates the
location of seismic profile shown in (B). Red arrows point to some disintegrative landslides. (B) 2D
seismic profile modified from Vinnels et al. (2010) where the main features of L2 are highlighted.
R ridge, ISB intraslope basin, MFD mass flow deposit, BD blocky deposit, C canyon

35.4.2.2 Landslide 2

This landslide has an area of 48.1 km2. Its headscarp exhibits a rectilinear trend
oriented NS and has a height of �248.2 m with a slope of 20.4ı; it is located at
1,400 m water depth (Fig. 35.4). The scar is less complex than of the Landslide 1,
indicating that it could be product of a single mass wasting event; its height is 496 m.
The deposit caused by this event is frontally confined by the presence of a ridge at
its downslope end and extends to a maximum depth of 2,730 m with a maximum
runout distance of 11 km. Its appearance is rougher than Landslide 1 due to the
presence of many angular-shaped rubble deposits rising up to 40 m (Fig. 35.4).

35.4.2.3 Landslide 3

This landslide has an area of 30.8 km2. The headscarp has a slightly arcuate
appearance oriented NNE to NNW with a slope of 17.1ı; it is located at 875 m
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water depth and has an average height of 132.6 m (Fig. 35.4). The scar has a height
of 566 m and its appearance is similar to the Landslide 2, suggesting that it may also
be the result of a single event of mass wasting. The associated deposit has a runout
distance of 8 km and is frontally confined by the presence of a ridge. The presence
of some angular up to 30 m high blocks results in an intermediate surface roughness
(Fig. 35.4).

The ›t values obtained from the morphometric analysis of 41 scarps (three
cohesive and 38 disintegrative failures) range between �182.9 and �15,476.3 m2

(Fig. 35.3). According to our approach (see Sect. 35.5 below) these values are
equivalent to an age range of 12.2–1,031.8 ky.

35.5 Discussion and Conclusion

35.5.1 Origin of the Landslides

The origin of the landslides described in the MSF is related to the sedimentary
dynamics that characterize the evolution of the Magdalena River delta. This
hypothesis is supported by the fact that the MSF is an active turbidite system
since the Middle Pliocene (Ercilla et al. 2002). Modern offshore instability of this
system is well documented by the numerous submarine cable breaks that have
occurred since the 1950s (Heezen 1956). The system is fed by the Magdalena River
which is considered the most important river of Colombia with a sediment load of
144 � 106 t yr�1 (Restrepo and Kjerfve 2004) and whose evolution has been marked
by several migrations of its mouth over time (Ercilla et al. 2002). The vast majority
of sediments brought by the river are deposited on the continental slope through a
canyon system, this being a preconditioning factor for generating mass movements.
This adds to the fact that the MFS is located in a tectonically active area where there
have been several earthquakes with magnitudes greater than 5 (Fig. 35.1).

The failures present in the SAP are associated with anticlines-related ridges.
Here the preconditioning factor for the generation of landslides is the steep slopes
(between 12ı and 18ı) on the seaward-flanks of the ridges, in contrast to the
more gentle slopes on the opposite flanks (4–10ı). The orientations of the scars
slopes have a preferential NW direction product of the landslide occurrence on the
westward-oriented steeper flanks of the ridges.

35.5.2 Approach to the Age of Landslides

We presented ›t values obtained from the morphometric analyses of 91 profiles
throughout the study zone. Nowadays there is no consensus on the constant › values
for underwater environments, which can range up to several orders of magnitude.
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Mitchell (1996) reported a value of �0.007 m2y�1 for the Galapagos spreading
center. McAdoo and Simpson (2005) suggest values ranging between 10�3 and
10�4 m2ky�1 for slides on continental slopes. On the other hand, Vargas et al. (2012)
attempted to date the Mira submarine canyon (Colombia) and obtained that the most
probable › values range between 0.001 and 1.33 m2y�1 for an event occurred in
3,200 y BP. However, Ratzov et al. (2012) using other methods suggested that the
Mira canyon age may range between 53 and 67 ky. According to this, the › values in
the canyon area oscillate between 0.015 and 0.057 m2y�1, which are consistent with
the range suggested by Vargas et al. (2012). We tested these new limits of › value
to calculate ages. Estimations using a › value of 0.015 m2y�1 suggest landslides
ages ranging between 13.8 and 9,761.9 ky for the MSF and ages between 12.2 and
1,031.8 ky for the SAP. The large contrast of the results suggests a complex slope
dynamics in the two study areas. However, this work is one of the first attempts to
date the submarine landslides in the Colombian Caribbean.
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de Colombia 51–52:135–143

INGEOMINAS (2003) Geologı́a de los Cinturones Sinú-San Jacinto. Planchas 50 Puerto Escon-
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Chapter 36
Contrasting Development of the Latest
Quaternary Slope Failures and Mass-Transport
Deposits in the Ulleung Basin, East Sea
(Japan Sea)

Sang Hoon Lee, Jang-Jun Bahk, Han Joon Kim, Gil-Young Kim,
Seong-Pil Kim, Sueng-Won Jeong, and Sung-Sik Park

Abstract In order to understand how the variations in shelf morphology and
sediment supply to the shelf within a basin can change the occurrence styles of
slope failures and mass-transport deposits (MTDs), this chapter details dimensions
and morphology of the latest Quaternary slope failures and MTDs on the western
and southern margins of the Ulleung Basin. On the western margin, the slides and
slumps have relatively small dimensions with a few small, scoop-shaped scars and
gullies deeper than 700 m water depth. The downslope mass-flow deposits occur
as small, solitary lobes restricted at the base-of-slope. On the western margin, the
small sediment input to the shelf and the prominent Hupo Bank and Hupo Trough
blocking sediment delivery to the slope probably caused relatively low accumulation
of muddy sediments in the slope, most likely resulting in the small dimensions of
slope failures, and the restricted occurrence of small MTDs at the base-of-slope. In
contrast, the southern margin is characterized by large dimensions of gullied scars
with huge slides and slumps deeper than 250 m water depth. These catastrophic
failures evolved into extensive mass flows, which travelled downslope for several
tens of kilometers. On the southern margin, the flat, broad shelf and the high
sediment supply to the shelf during the last glacial period probably caused relatively
high accumulation of mixed muddy and sandy sediments in the upper slope. These
conditions could have promoted large-scale slope failures along the entire upper
slope, forming the extensive occurrence of MTDs in the middle to lower slopes.
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This study provides an example that the variations in shelf morphology and sediment
supply to the shelf within a basin can affect the styles of slope failures and MTDs
by controlling sediment input and sediment types to the slope.

Keywords Submarine slope failure • Submarine mass-transport deposits •
Mass-flow deposits • Ulleung Basin • East Sea (Japan Sea)

36.1 Introduction

Submarine slope failures are common in various sedimentary environments
worldwide, particularly along open continental slopes, submarine canyons, flanks
of volcanic ridges and islands, prodelta slopes, and fjord slopes (Piper et al. 1985;
Hampton et al. 1996; Locat and Lee 2002). These slope failures are generally
controlled by various factors, such as sedimentation rate, sediment types, sea-level
changes, earthquakes, gas-hydrate dissociation, etc., giving rise to a variety of
the slope-failure styles (Mulder and Cochonat 1996; Locat and Lee 2002; Canals
et al. 2004). The styles of submarine slope failures affect sedimentary features
(dimension, run-out distance, geometry, etc.) of the downslope associated mass-
transport deposits (Mulder and Cochonat 1996; Piper et al. 1999; Lastras et al.
2004; Lee et al. 2004; Tripsanas et al. 2008).

In the Ulleung Basin, East Sea (Japan Sea), a variety of slope failures and mass-
transport deposits (MTDs) formed during the last glacial period occur along the
entire basin margins (Fig. 36.1; Chough et al. 1997; Lee et al. 1999, 2004). Even
though the MTDs and slope failures show a contour-parallel distribution along
the basin margins in general (Fig. 36.1), the styles of slope failures and MTDs
are contrasting between the western and the southern margins, reflecting different
types of shelf morphology and sediment supply to the shelf along the margins.
In this chapter, we detail the dimensions, occurrence and morphology of slope
failures and MTDs and the linked shelf morphology on the western and southern
margins. Based on these characteristics, this chapter illustrates how the variations
in shelf morphology and sediment supply to the shelf within a basin can affect the
occurrence styles of slope failures and MTDs by controlling sediment input and
sediment types to the slope.

36.2 Geological Setting

The Ulleung Basin is a semi-enclosed back-arc basin formed behind the Japanese
Arc (Fig. 36.1; Yoon and Chough 1995). The basin is bordered by the continental
margin of the Korean Peninsula, the Korea Plateau, the Oki Bank and the Japanese
Arc. The continental shelf of the Korean Peninsula is narrow (<25 km wide) and
is flanked by a steep (4–10ı) slope (Fig. 36.1). The shelf includes the N–S-trending
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Fig. 36.1 Physiography of the Ulleung Basin and adjacent areas in the East Sea. Nearly contour-
parallel distribution of slides/slumps, debrites and turbidities identified from chirp (2–7 kHz)
profiles (Lee et al. 1999, 2004). Water depth in meters. HB Hupo Bank, HT Hupo Trough, Smt.
seamount, UIG Ulleung Interplain Gap

topographic low (Hupo Trough; >150 m deep) and high (Hupo Bank). The Hupo
Bank is about 84 km long, and rises more than 100 m above the surrounding seafloor
(Fig. 36.1). Along the east coast of the Korean Peninsula, there are a few small
streams without major rivers, resulting in small amount of sediment input into the
continental shelf of the Korea Peninsula (Chough et al. 2000). In the south and east,
the Ulleung Basin is bordered by broad (30–150 km wide) shelf and rather gentle
(less than 2ı) slope (Fig. 36.1). The northeastern part of the basin is punctuated
by volcanic islands (Ulleung and Dok islands) and seamounts. The basin floor
gradually deepens toward the northeast, and is connected to the Japan Basin through
the Ulleung Interplain Gap.

On the entire margins and plain of the basin, the uppermost sedimentary sequence
(less than ca. 30 m thick) of the Ulleung Basin consists mostly of various MTDs
formed during the last glacial period (Chough et al. 1997; Lee et al. 2004). The
MTDs in the basin show a contour-parallel distribution: slides and slumps on
the upper to middle slope, debris-flow deposits on the lower slope (or base-of-
slope), and turbidities on the basin plain (Fig. 36.1; Chough et al. 1997). The
zonal distribution of MTDs suggests that mass transports were mostly derived from
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regional slope failures with large-scale transformation from slide/slump through
debris flows to turbidity currents (Chough et al. 1997). The sediment failures were
plausibly triggered by earthquakes, in combination with the last sea-level lowering
and the associated gas-hydrate dissociation (Lee et al. 2004, 2010).

36.3 Materials and Methods

In order to describe sedimentary features of the slope failures and associated MTDs,
we used bathymetric/back-scattering data, high-resolution subbottom profiles, and
single-channel air-gun seismic profiles. The bathymetric and back-scattering data
were acquired using a 13 kHz deep-water multi-beam echo sounder (EM12S). The
high-resolution subbottom profiles were obtained using a chirp (2–7 kHz) sub-
bottom profiling system (Datasonics CAP-6000W and Benthos Chirp II). Seismic
profiles were acquired using a single channel streamer (MESH200P Hydrophone
Array) and air-gun sources (299 cubic inches).

36.4 Sedimentary Features of Latest Quaternary Slope
Failures and Mass-Transport Deposits

36.4.1 Western Basin Margin

On the western basin margin, slope sediments failed deeper than 700 m water
depth where the slope gradient begins to increases. A few distinct scoop-shaped (or
horseshoe-shaped) slope-failure scars are present at water depths of 700–1,200 m
(Figs. 36.2a and 36.3a). These scars rarely coalesce with neighboring ones. The
horseshoe-shaped scars are less than 15–20 km2 in area, and less than 50 m in scarp
height (Fig. 36.2b). Some scars are associated downslope with gullies which extend
to the base-of-slope (Figs. 36.2a and 36.3a). Besides the scoop-shaped scars, the
slope failures also occur as very small-scale, subdued gullies deeper than 1,200 m
water depth (Fig. 36.3a). On the upper to lower slopes of the western margin, core
sediments (3–11 m long) from the undisturbed areas are dominated by hemipelagic
mud consisting of more than 60–70 % of clay fractions with less than 1 % of sand
fractions (Chough and Lee 1987; Lee et al. 2004).

At the base-of-slope, the downslope mass-flow deposits generally occur as small-
scale, solitary lobes (Figs. 36.2a and 36.3). Near 37ı000N, a distinct fan-shaped lobe
(Uljin deep-sea fan) occurs at the downslope of gully mouth (Fig. 36.3). This fan
consists of acoustically transparent masses with slightly convex-up, smooth surfaces
(Fig. 36.3b). It is about 5 km long in longitudinal direction. Its thickness is up to ca.
10 m off the gully mouth, and thins laterally (Fig. 36.3b). Except Uljin deep-sea
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Fig. 36.2 (a) Scoop-shaped slope-failure scars on the western slope of the Ulleung Basin. Water
depth in meters. For location of Fig. 36.2a, see Fig. 36.1. (b) A chirp (2–7 kHz) subbottom profile
showing sedimentary features of the scoop-shaped scars in cross section

fan, most mass-flow deposits at the base-of-slope are very small (<2 km long in
longitudinal direction) and subdued (Fig. 36.3a). These subdued mass-flow lobes
cannot be easily recognized in chirp (2–7 kHz) subbottom profiles, indicating that
the deposits are most likely thin in thickness.
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Fig. 36.3 (a) Line drawings of scoop-shaped scars, gullies, and downslope associated mass-
transport deposits (MTDs) from sonar images on the western slope of the Ulleung Basin. For
location of Fig. 36.3a, see Fig. 36.1. (b) A chirp (2–7 kHz) subbottom profile showing a distinct
fan-shaped mass-flow deposits (Uljin deep-sea fan) at the base-of-slope

36.4.2 Southern Basin Margin

Along the entire southern margin, slope failures occur extensively at water depths
of ca. 250–1,000 m, and there are no prominent submarine canyons and channels
on the upper to lower slope (Fig. 36.1). The uppermost slope in water depths of
250–500 m is dominated by gullied slope-failure scars (Fig. 36.4), showing steep
(4.0–10.3ı) slope gradient. These gullied slope-failure scars are more than ca. 70–
80 m deep and several kilometers wide, and coalesce downslope with adjacent ones,
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Fig. 36.4 Shaded relief image (a) and a single-channel air-gun seismic profile (b) showing gullied
slope-failure scars on the upper slope of the southern Ulleung Basin. For location of images and
seismic profile, see Fig. 36.1

forming larger-scale gullied morphology. Within the gullied slope-failure scars,
highly rugged or irregularly blocky failed masses occasionally present along the
axis of scars (Fig. 36.4). On the upper slope of the southern margin, core sediments
(4–10 m long) from the undisturbed areas, deeper than 350–400 m water depth,
consist mostly of hemipelagic muds (>70 % clay contents) with interbedded fine-
sand layers (Lee et al. 2004). In contrast, sediment cores (several meters long)
retrieved from the uppermost slope, shallower than 350–400 m water depth, consist
mostly of fine to medium sands with abundant shell fragments (Chough and Lee
1987; Lee et al. 1993).

Along the entire southern margin, large-scale, composite failed masses show-
ing irregularly rugged, blocky, or lumpy morphology are dominantly present at
downslope of the gullied scars (Chough et al. 1997). These slide and slump masses
change downslope to mass-flow deposits showing hyperbolic surface echoes with
convex-up upper surface geometry in transverse section (Fig. 36.5a). These deposits
cover extensively on the middle slope (Chough et al. 1997; Lee et al. 1999). The
lower slope area is mostly dominated by mass-flow lobes consisting of lens- or
wedge-shaped, acoustically transparent masses (Fig. 36.5b; Lee et al. 1999). Each
mass-flow lobe is elongated downslope (i.e., N–S direction), and commonly fills
topographic depressions, forming shingled internal architecture (Fig. 36.5b). These
lobes are 10–40 km thick and >20 km long, and range from several meters to ca.
30 km in width. The mass-flow lobes were transported downslope for more than at
least several tens of kilometers from the slope failing areas (i.e., upper to middle
slope).
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Fig. 36.5 Chirp (2–7 kHz) subbottom profiles showing hyperbolic surfaced mass-flow deposits on
the southern middle slope (a) and sedimentary features of mass-flow lobes on the southern lower
slope (b). For location of profiles, see Fig. 36.1

36.5 Discussion and Conclusions

The Ulleung Basin shows contrasting styles of the MTDs between the western and
southern margins. The contrasting styles of MTDs can be ascribed to difference
in dimensions of slope failures between the two basin margins. On the western
basin margin, a few small-scale, scoop-shaped slope-failure scars with small gullies
suggest that small amount of slope sediments failed. The small volume of failed
sediment masses in the western basin margin would have formed small-sized slides
and slumps on the middle slope and small, subdued solitary mass-flow deposits
restricted at the base-of-slope. In contrast, the southern basin margin exhibits
extensive occurrence of large-scale, gullied slope-failure scars along the entire upper
slope, implying that huge amount of slope sediments failed. The large volume of
failed sediment masses would have caused the extensive occurrence of large-scale,
composite slides and slumps on the entire upper to middle slopes. Furthermore, the
large momentum induced by the huge volume of failed sediments along the southern
margin could have formed the extensive mass-flow deposits in the middle to lower
slope areas, which travelled for more than several tens of kilometers from the failing
areas (Lee et al. 1999, 2010).
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The difference in dimensions of slope failures between the western and southern
basin margins could be closely linked to the variation in shelf morphology and
supply of riverine sediments to the shelf which can control sediment input and
sediment types to slope. The western basin margin is characterized by a narrow
(<25 km wide) shelf including the N–S-trending, prominent Hupo Trough and
Hupo Bank (Fig. 36.1). Along the shelf of the western margin, there are only a few
small streams without major rivers, implying a relatively small amount of sediment
input into the western shelf during the last glacial period (Chough et al. 2000). The
prominent Hupo Trough and Hupo Bank in the narrow western shelf (Fig. 36.1)
could most likely block the sediment delivery from the shelf to the slope. These
features suggest that relatively low accumulation of hemipelagic muds with rare
sands prevailed in the western slope. These conditions probably caused the small-
dimension of a few scoop-shaped slope-failure scars and gullies in the western
slope. In contrast, the southern basin margin has a broad (30–150 km wide) shelf
consisting of sandy sediments with paleo-channels, probably fed from the Nakdong
River, during the last glacial period (Chough et al. 1997; Bahk et al. 2004). The
high input of the riverine sediments to the southern shelf could form the prograding
sedimentary sequences to the shelf break (Chough et al. 1997, 2000). These features
indicate that relatively large amount of muddy and sandy sediments transported
from the southern shelf most likely accumulated in the upper slope. The relatively
high accumulation of sediments could probably promote large-scale, gullied slope
failures along the entire southern slope.
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Chapter 37
Seismic Characteristics and Distribution
of Large Scale Mass Transport Deposits
in the Qiongdongnan Basin, South China Sea

Dawei Wang, Shiguo Wu, Fuliang Lü, and George Spence

Abstract Large-scale mass-transport deposits (MTDs), here called the Huaguang
MTDs, occur in the South China Sea region within the Qiongdongnan Basin, north
of Guangle Uplift and west of Xisha Uplift. As a large-scale buried MTD system,
the Guaguang MTDs cover an area of more than 18,000 km2 and can be divided
into four distinct sub-MTDs. Sediment sources for MTD1, MTD2 and MTD3 are
from southern Guangle Uplift and eastern Xisha Uplift, and their transport directions
are generally from south to north. However, the flow direction for MTD4, located
in the northwest portion of the study area, is from west to east with a source
in the Yinggehai Basin region. MTD1 and MTD4 merge to form two connected
depocenters. Along their length, the MTDs are seen as continuous packages that
extend to the northwest, with a maximum distance of �180 km from Guangle Uplift.
The maximum thickness of the deposits reaches �950 ms two-way travel time.
The Huaguang MTDs show prominent features characteristic of large landslides.
The overall seismic facies includes highly disrupted reflectors, truncated reflectors,
and steep side walls. The lateral margins are easily recognized on seismic profiles
perpendicular to the flow direction as abrupt boundaries between the inner highly
chaotic or weakly reflective seismic facies and the outer continuous undisturbed
facies. The MTDs are widely distributed in the Late Miocene upper Huangliu
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Formation (8.3–5.5 Ma). The analysis of the Huaguang MTDs provides constraints
for Late Miocene tectonic activity on the passive continental margin of the South
China Sea.

Keywords Mass transport deposits • Seismic characteristics • Qiongdongnan
Basin • South China Sea

37.1 Introduction

In this chapter, we use new 2D/3D seismic data to study mass transport deposits
(MTDs) in the Qiongdongnan Basin (QDNB) and its surrounding slopes. The study
area, on the northwestern slope of the South China Sea (SCS, Fig. 37.1), includes the

Fig. 37.1 Location of major Cenozoic basins in the western and northern part of the SCS. BBWB
Beibuwan Basin, YGHB Yinggehai Basin, QDNB Qiongdongnan Basin, PRMB Pearl River Mouth
Basin, ZJNB Zhongjiannan Basin, LP Leizhou Peninsula, XU Xisha Uplift, GU Guangle Uplift,
RRSZ Red River Shear Zone
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southern part of QDNB and the western part of the Xisha Uplift. The MTDs affect
the upper Huangliu Formation of Late Miocene age. The top interface (5.5 Ma)
of the upper Huangliu Formation is the marker of a reversal from left- to right-
lateral motion of the Red River Shear Zone (RRSZ). We aim to understand the large-
scale nature of the Late Neogene MTDs, including their seismic characteristics,
architecture, distribution, transport direction and formation mechanism.

37.1.1 Geological Setting

The QDNB on the northwest slope of the SCS is bounded by the Yinggehai Basin
(YGHB) to the west (Fig. 37.1). The basins along the northern SCS margin were
formed by lithospheric stretching during the Paleocene and Oligocene, followed by
thermal subsidence (Li et al. 1998). In the QDNB the rift phase was associated with
the initial opening of the SCS in the Eocene and Oligocene (Ru and Pigott 1986),
and post-rift subsidence followed after Early Miocene (�21 Ma). The terrigeneous
sediments were transported from two main sources during the Cenozoic: the South
China Block and Indochina Peninsula (Yao et al. 2008). Sediment sources for the
basins on the SCS western shelf and slope are rivers that are draining into the SCS
along the Vietnam coast. These small narrow mountainous rivers are prominent in
the central part of the coast.

The Xisha Uplift, lying south of the Xisha Trough and west of the NW Subbasin
of the SCS (Fig. 37.1), is considered as a separate mini-block associated with
Cenozoic rifting. Based on wide-angle seismic profiles and heat flow measurements
along the northern margin of the South China Sea, Qiu et al. (2001) and Shi et al.
(2002) suggested that the Xisha Uplift originated from the South China Block. Thus,
the formation and evolution of the Xisha Uplift and the NW Subbasin were likely
closely related (Taylor and Hayes 1983).

37.1.2 Data and Methods

The data used in this chapter include high resolution 2D seismic data acquired by the
China National Petroleum Corporation in 2005 and drilling data from well YC35-
1-2 (Fig. 37.2). The seismic data, with dominant frequencies of 40–60 Hz, cover an
area of 26,000 km2. The seismic stratigraphy was mapped and geological ages of the
MTDs were determined using the well stratigraphy and previous research results.

MTDs are characterized by low amplitude, chaotic and translucent seismic
reflections, surrounded by undisturbed sedimentary strata. Headwalls, lateral walls,
top surfaces and basal surfaces can be identified in seismic profiles. The headwalls
and lateral walls are continuous normal faults or escarpments (Gee et al. 2006; Bull
et al. 2009; Moscardelli and Wood 2008; Perov and Bhattacharya 2011), and they
form continuous boundaries between undisturbed and disturbed sedimentary strata.
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Fig. 37.2 Location of high resolution 2D seismic data and well YC35-1-2 used for this study. The
thick red lines show the 2D seismic profiles discussed in this chapter. The polygon outlined by thick
red lines marks the location of the research area. The thick black dashed lines mark the boundaries
of the basins in the northwestern region of the SCS

The bottom surface of the MTDs is a shear erosional surface, while the top surface
is the continuous surface between the lower chaotic strata and upper continuous
strata. By recognizing diagnostic slide characteristics and calculating thicknesses
of an MTD, we can determine the transport direction of the MTD, the sedimentary
depocenter and the source region. The high resolution 2D seismic data enable us to
map the distribution of MTDs, and to evaluate possible trigger mechanisms.

37.2 Results

37.2.1 The Margin of MTDs

Although the lateral and headwall boundaries of the MTDs are characterized by
escarpments, the Huaguang MTDs show differences compared to typical submarine
landslides in that there is a gradual transition between the MTDs and the undisturbed
facies that surround them. Moreover, the Huaguang MTDs form a complex of many
sub-MTDs, with characteristic transitions between the different sub-MTDs.

On seismic profiles, the character of the MTD boundaries varies from west to
east, which corresponds to a direction normal to the main MTD transport direction.
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Fig. 37.3 Seismic characteristics of Huaguang MTDs. (a) The western lateral wall, (b) the eastern
part of MTD1, (c) the transition region between MTD1 and MTD2, (d) the toe of the MTDs

At the western boundary of MTD1 (Fig. 37.3a), the deeper portion is a steep fault,
while the shallow portion dips at a more gentle angle. Near the eastern boundary
of MTD1 (Fig. 37.3b), a series of parallel normal faults can be interpreted. Seismic
profiles across the headwall region of MTD1 are not shown in this chapter, since the
headwall is not imaged as a typical normal fault. We consider that the buried MTDs
were severely deformed by deformation after the mass wasting event, and therefore
the typical characteristics of the headwall are difficult to identify.

On a north-to-south seismic profile crossing the transition between MTD1 and
MTD2 (Fig. 37.3c), the MTD strata are thinner and deeper within the transition
region than in the main body of the MTDs. On a profile that crosses the toe of the
MTDs (Fig. 37.3d), it is clear that folds and faults have formed in the strata immedi-
ately overlying the MTDs, although details of these structures, such as the expected
thrust faults or pressure ridges, cannot be resolved due to limitations in the 2D
seismic data. However, a prominent channel is easily identified at the toe of the
MTDs (Fig. 37.3d). This channel, the Central Canyon, has been mapped previously
(Su et al. 2009; Yuan 2009) and has been shown to extend for a length of about
425 km, with a width of 3–12 km and an approximate area of 5,000 km2. It shows
that an MTD can be eroded by an overlying channel system after the MTD is formed.

On other seismic profiles, not shown, two additional sub-MTDs have been
identified. MTD3 was deposited in a local bathymetric low in the south-eastern
portion of the study area. MTD4 is located in the north-western area. Its sidewalls
are easily identified on north-south seismic profiles, similar to how the sidewalls
of MTD1 and MTD2 are identified on profiles in the cross-transport-direction.
However, the boundary between MTD4 and MTD1 is difficult to recognize due
to the sparse 2D seismic grid and low resolution. Nevertheless, as discussed in
Sect. 37.2.3, we infer two separate depocenters and sources for these MTDs.
The inferred boundary between the MTDs, indicated by a dashed line in the
thickness isomap of Fig. 37.4, corresponds to the minimum deposit thickness
between the two depocenters.
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Fig. 37.4 The TWT time thickness isomap of MTDs. Two connected depocenters, D1 and D2, are
identified in the northwestern part of the study area. They show that there are two separate sources
and transport directions, from west to east and from south to northwest. The depocenters, which are
located in the downstream region of the MTDs, usually occur in the translational and toe domains

37.2.2 Seismic Characteristics of MTDs

Bull et al. (2009) subdivided the typical MTD into a headwall domain, a transla-
tional domain, and a toe domain. Each domain exhibits distinct kinematic indicators,
which are identified by key geometrical criteria. In the tensional headwall domain,
rock fails by normal faulting, with the initial movement perpendicular to the steep
headwall scarp. Downdip, there may be extensional ridges or blocks, separated by
normal or listric faults. In the mainly strike-slip translational domain, debris flow
speed gradually slows down with the gradually decreasing slope gradient. In the
compressive toe domain, the translated material may be confined downslope against
undisturbed strata, or it may continue freely across the seafloor and gradually lose
kinetic energy due to frictional forces. Pressure ridges or thrust and fold systems
form with an orientation parallel or sub-parallel to the flow direction or direction of
maximum compression.

The Huaguang MTDs have some specific seismic characteristics similar to
typical MTDs. It is a complex MTD system comprising four sub-MTDs. We will
focus on the seismic characteristics of MTD1 and MTD2, which form the main
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body of the Huaguang MTDs and are covered by a dense grid of 2D seismic
lines. The strata in the transition region between MTD1 and MTD2 are deformed
in a series of small anticlines (Fig. 37.3c). On the whole, discontinuous events
are mixed with chaotic half-translucent facies. The discontinuous layers show a
macroscopic sub-parallel convex-upward shape. These characteristics may be the
result of compression produced by loading by the MTDs on either side of the
transition region.

The western and eastern parts of MTD1 exhibit different seismic characteristics.
In general, the internal strata of MTD1 show non-continuous seismic reflective
events (Fig. 37.3a, b). In contrast, the strata above the top surface are more
continuous parallel or sub-parallel layers. Within the western part of MTD1,
some polygonal faults extend upward from the underlying strata (Fig. 37.3a). The
polygonal faults are continuous, not cut or disrupted by the MTDs. Thus, the faulting
must have occurred after the MTDs were formed. The internal strata in the eastern
part of MTD1 are deformed in a series of fault blocks between normal faults that
indicate an extensional strain environment (Fig. 37.3b). Within the fault blocks, the
strata are sub-parallel and show macroscopic fold morphology. The upper parts of
the strata are less disrupted than the more chaotic lower parts. This part of MTD1
belongs to the translational domain of the Huaguang MTDs. However, normal faults
were found, not usual in the translational domain. The existence of the normal faults
may indicate that the stress field of this area changes from an early compressional
environment into a late extensional environment. The orientation of the normal
faults indicates that the mass transport direction is from southeast to northwest in
this local area. As well, the overlying strata have almost the same attitude as the top
surface. However, underlying strata have a completely different attitude from the
top surface and the internal strata of MTD1.

The strata at the toe, which were deposited after long-distance transport, show
a chaotic, half-translucent, and locally continuous seismic reflectivity (Fig. 37.3d).
That is, most strata have been completely deformed, but a small number of short
continuous seismic events forming boudin-like structures may represent a portion
of the strata that still retain their original form.

37.2.3 Distribution and Transport Direction of MTDs

Although the sparseness of the 2D seismic grid makes it difficult to determine the
internal structure of the MTDs or their precise boundaries, we still can recognize
the MTDs as chaotic zones that show discontinuous seismic reflections bounded
above, below and laterally by regions of continuous reflections in the strata of upper
Huangliu Formation (Fig. 37.4). As a large-scale buried MTD system, the Huaguang
MTDs cover an area of more than 18,000 km2. In the down-slope direction, the
MTDs are seen as continuous packages that extend northwards to a maximum
distance of ca.180 km from Guangle Uplift. In general, the thickness distribution
of the MTDs shows that most deposits represent the translational and toe domains.
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The thickness of MTD1 and MTD4 in the western portion of the study area is greater
than that of MTD2 and MTD3 in the eastern portion (Fig. 37.4). We interpret two
connected depocenters, D1 and D2, located in the northwestern part of study area.
Here, the maximum MTD thickness reaches ca. 950 ms two-way travel time. As
discussed below, D2 has a source located in the Guangle Uplift or Xisha Uplift. D1
has a separate source located in the western region outside the study area.

We reconstruct the transport direction from the topographic trends, seismic
characteristics and deposit thicknesses (Fig. 37.4). The Huaguang MTDs include
four sub-MTDs. The transport direction is different for each sub-MTD. For MTD1,
located in the central part of the study area, the flow direction is from south to
north-west in general. The initial transport direction for MTD2 is from north-east
to south-west. The direction changes to north-west after MTD2 converges with the
main body of MTD1. For MTD3, located in the southern portion of the study area,
sediment is transported from local surrounding highs to a central low. The source
regions for MTD1, MTD2 and MTD3 are the Guangle Uplift and the Xisha Uplift
(Fig. 37.2). However, as the maximum deposit thickness is located in the north-
westernmost portion of the study area and it is unlikely that the flow direction
for MTD1 would turn by 90ı towards higher topography, we infer that these thick
deposits are a separate sub-MTD, identified here as MTD4. That is, there must be an
additional source region to the west outside the study area, which we assume is the
shallower shelf region occupied by the Yinggehai Basin. The transport direction for
this source is from west to east. Hence the Huaguang MTD system originates from
three source areas, including the Guangle Uplift, the Xisha Uplift and the Yinggehai
Basin.

37.3 Discussion

In response to the collision of India and Eurasia, the Indochina Block and the region
south of it were moved to the southeast through a series of major left-lateral fault
zones. Three successive deformation phases for the offshore RRSZ include left-
lateral movement from �30 to 16 Ma, a transitional phase between 16 and 5.5 Ma
when slip velocity decreased and eventually ceased, and a reversal to right-lateral
movement with low rates after 5.5 Ma (Clift 2006; Zhu et al. 2009; Tapponnier
et al. 2001). The top surface of the Huaguang MTDs corresponds to a stratigraphic
horizon with an age of 5.5 Ma, based on correlations with well YC35-1-2. We thus
infer that the MTDs formed at 5.5 Ma. This time is consistent with the time of RRSZ
reversal from left- to right-lateral motion (Clift 2006).

Rapid sediment accumulation is a key factor for the formation of MTDs. In
central Vietnam, a significant change in regional cooling rate during the Upper
Miocene is linked to enhanced erosion and deposition of prograding sediments in
adjacent offshore basins (Carter et al. 2000). Denudation rates also shifted at this
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time from �34 m/Myr to 390–500 m/Myr. Fyhn et al. (2009) suggested that these
changes were the result of seaward tilting of the region onshore and offshore of
central Vietnam during the Late Neogene. We suggest that the tilting affected most
of east Indochina, including north Vietnam where mountain rivers can transport
clastics into the Qiongdongnan Basin. From late Neogene to recent, detrital material
of terrigenous origin has also gradually overlain the carbonate platform deposits of
the Guangle Uplift (Fyhn et al. 2009), although the Xisha Uplift has remained a
carbonate platform since the early Neogene.

Neogene volcanism is relatively widespread in extensive areas of the western
SCS and southeastern Indochina. The magmatism was vigorous during the Pliocene-
Recent in the Leizhou Peninsula and during the Quaternary in northern Hainan
Island (Wang et al. 2001; Ho et al. 2000), but quiet or very weak before the Pliocene
(5.5 Ma). Our seismic data image many basement highs in the study area. We
interpret these as Late Miocene volcanoes, nearly coeval with the formation of the
Huaguang MTDs.

We believe that the rapid sedimentation rate has a direct relationship with the
increase in erosion rates caused by tectonic events during 10.5–5.5 Ma. The rapid
offshore sediment accumulation associated with the upper Huangliu formation (8.3–
5.5 Ma) led to the regional development of steep slopes, high pore pressures and
weak cementation. These properties provide the basic conditions for the formation
of mass transport deposits. The Late Miocene tectonic activities, including volcan-
ism and fault activation or reactivation, supply the necessary trigger mechanisms for
the initiation of the MTDs.

37.4 Conclusions

The Huaguang MTDs form a large-scale buried MTD system which covers an
area of about 18,000 km2 in the southern portion of QDNB. Most of the MTDs
show a seismic facies characterized by a chaotic zone with discontinuous seismic
reflections bounded by continuous strata. The MTDs come from the Guangle Uplift,
the Xisha Uplift and the Yinggehai Basin region on the shelf. After Early Miocene,
the offshore basins of Vietnam received abundant sediments. Fault activation or
reactivation and volcanism were the immediate trigger mechanisms for the MTDs.

Acknowledgements We acknowledge editor David Völker, and the two reviewers Brandon Dugan
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Chapter 38
Modification of the Shape of Pacific Islands
by Submarine Landslides: Banaba, Nauru,
and Niue

Jens C. Krüger and Susanne M.L. Pohler

Abstract The three uplifted atoll islands Banaba, Nauru and Niue are shaped by
submarine mass wasting. For each island, the most distinct submarine landslide
is described using multibeam bathymetry. All three islands are fractured through
tectonic uplift. Subaerial exposure caused further structural weakness through
karstification and dolomitisation, which increased porosity and permeability of the
limestone cap. Initial fractures became enlarged into chasms, caves and caverns
which ultimately resulted in flank failure. The ages of these submarine landslides
are poorly constrained, but were probably youngest for Home Bay, Banaba,
(>10,000 BP); between 1.6 Ma and 10,000 BP for Anabar Bay, Nauru; and
700,000 BP or less for Tepa Point, Niue.

Keywords Central Pacific Ocean • Banaba • Nauru • Niue • Raised atolls •
Slope failure • Submarine landslides

38.1 Introduction

Fairbridge (1950) first commented on the stellate shape of atolls and suggested mass
wasting as the dominant process for this. Detailed bathymetry of Banaba, Nauru,
and Niue showed large submarine slope failures along the flanks of the three raised
carbonate islands. The three islands are located in the SW and central Pacific Ocean
(Fig. 38.1) and are subject to tectonic forces associated with plate convergence
(Kroenke et al. 2004).
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Fig. 38.1 Location diagram of the southwest Pacific Ocean with country and territory codes
(except Nauru and Niue), showing raised limestone islands referred to in this study (black boxes).
Shallow to deep bathymetry is shown using white to dark blue colours

38.2 Methodology

Bathymetry was obtained using a mid-ocean depth multibeam echosounder (Reson
SeaBat 8160) operated from a 25 m survey vessel. A gyro compass provided
heading information, and a motion sensor was used to correct for the heave, roll
and pitch of the vessel. Positioning was provided by a stand-alone dual-frequency
Global Positioning System. Sound velocity profiles were derived from conductivity,
temperature and depth data collected to a maximum depth of 400 m on a daily
basis. These data were supplemented with external sources of sound velocity data
from ARGO floats (www.argo.ucsd.edu)and the Generalized Digital Environmental
Model (128.160.23.42/gdemv/gdemv.html) for depths beyond 400 m.

Surveys were conducted at an average speed of six knots by circumnavigating
the islands four or more times at increasing distances from the shoreline to the
depth limit of the echosounder. The water depths in mapped areas ranged from 50
to 2,000 m. For acquisition and post-processing Hypack software was used (www.
hypack.com). Digital elevation models (DEMs) were calculated and visualised
using Surfer software (www.goldensoftware.com). DEMs were supplemented with
publically available bathymetry from previous surveys, as well as satellite derived
bathymetry. Further details of the surveys techniques, equipment, and data sources
can be found in Kruger (2008), Kruger and Sharma (2008), and Sharma and Kruger
(2008), for Niue, Nauru and Banaba, respectively.

www.argo.ucsd.edu
128.160.23.42/gdemv/gdemv.html
www.hypack.com
www.hypack.com
www.goldensoftware.com
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38.3 Results

Between 2004 and 2008 high-resolution bathymetric surveys of three raised central
and SW Pacific atoll islands (Banaba, Nauru and Niue) were completed.

38.3.1 Banaba Island

Banaba is located approximately 450 km southwest of Tarawa, Kiribati, at 0ı510S
and 169ı320W (Fig. 38.1). Land area is about 2.5 km long (N-S) by 3.0 km wide
(E-W), with a maximum elevation of 81 m, and an area of approximately 6 km2. The
coastline is formed by nine and a half kilometers of predominantly steep limestone
cliffs which represent the former reef rim of the raised atoll. The island is surrounded
by a fringing rock platform and reef complex up to 200 m wide.

38.3.1.1 Geological Setting

The uplift of Banaba maybe due to collision-related structural deformation of
the Pacific plate at the Ontong Java Plateau, presumed to have intensified about
2.6 million years ago, and probably continuing today (Kroenke et al. 2004). The
dolomite surface in the center of the island is dissected into pinnacles forming
a karrenfeld, formed by radial and concentric cracking of the uplifted island
(Hutchinson 1950).

38.3.1.2 Slope Geomorphology

The water depths within the survey area attain 2,100 m. Below the reef crest, 50 m-
wide submarine terraces are found at 10 and 20 m (Fig. 38.2). Between water depths
of 30–200 m, the seabed exhibits slopes of 40–60ı. A distinct terrace scarp follows
the 400 m isobath. There are several large submarine reef front landslides on the
SW and NW flanks of the island, with headscarp slopes of 30–60ı, originating at the
300 m isobath. Below a depth of 500 m, the north and east flanks of Banaba exhibit
a variable relief on a slope of 30–60ı, comprising numerous channels separated by
minor mounds and lobes approximately 200 m in height.

Banaba’s most distinct feature is Home Bay to the south of the island. The bay
is the surface expression of the crown and headscarp of a large submarine landslide
that breaches the terrace scarp and the reef front slope (Fig. 38.2). The seaward
convex headscarp is two kilometers wide and up to 500 m high. The Home Bay
slide is trending NE-SW and is about 1.5 km wide with flanks rising over 300 m
above the canyon floor.
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Fig. 38.2 (a) Three-dimensional perspective bathymetry of Banaba, Kiribati, looking north. The
dominant feature is a large submarine scarp forming Home Bay, and breaching the Holocene reef
platform. (b) Interpretation of principal geomorphology showing numerous mass wasting features
(See Fig. 38.3b for legend). Profile across (c), and along canyon (d), with location shown in (a).
Home Bay canyon is about 1.5 km wide and over 300 m deep, trending NE-SW

38.3.2 Nauru

Nauru Island, located at 0ı310S and 166ı560E (Fig. 38.1) is a raised atoll comprising
a single island with a maximum elevation of 71 m, standing some 4–5 km above
the surrounding ocean floor of the southern Nauru Basin. Total land area is about
21 km2.

38.3.2.1 Geological Setting

The Nauru volcanic base was presumably constructed by hotspot volcanism during
the mid-Eocene to Oligocene time, or 29–47 million years ago (Jacobsen et al.
1997). It is estimated that the seamount is capped by about 500 m of limestone,
with uplift and subaerial exposure of the carbonate platform during the Pleistocene,
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Fig. 38.3 (a) Three-dimensional perspective bathymetry of Nauru, looking west. The dominant
feature is a large submarine scarp forming Anabar Bay. (b) Interpretation of principal geomor-
phology showing numerous mass wasting features. Profile across (c), and along canyon (d), with
location shown in (a). Anabar Bay canyon is about 2.5 km wide and over 350 m deep, trending
NW-SE

1.6 Ma ago (Jacobsen et al. 1997). Analogous to Banaba, the uplift of Nauru is
presumed to be related to collision-related structural deformation of the Pacific plate
at the Ontong Java Plateau (Kroenke et al. 2004).

38.3.2.2 Slope Geomorphology

The surveyed water depth around Nauru ranges from 3 to 1,735 m (Fig. 38.3).
Within the 500 m isobath, or to a distance of approximately 800 m offshore, the
submarine slope descends at about 45ı. Beyond this, the seabed deepens an average
gradient of 31ı near the seaward limits of the survey area. A near continuous
submarine scarp encircles the island in close proximity (350 m) to the coastline.
The top of the scarp is at a water depth of approximately 120 m and descents to
about 180 m. Further downslope, a second set of scarps, also sub-parallel to the
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coastline, occur in water depths of approximately 300 m. These are concentrated to
the south and northeast of the island with a scarp height of approximately 80 m, and
are associated with numerous channels orientated radially downslope (Fig. 38.3).

The most distinctive seabed feature is the Anabar Bay submarine landslide
located on the eastern flank of the Nauru edifice. The upslope arcuate scarp of
this mass failure occurs in a water depth of 250 m and extends over a distance
of approximately 4 km, with a maximum headscarp height of 400 m (Fig. 38.3).
The side walls of the Anabar Bay submarine landslide are near vertical, exhibiting
maximum slope angles at 80ı.

38.3.3 Niue

Niue is located approximately 430 km east of Vava’u, Tonga at 19ı030S and
169ı520W (Fig. 38.1). Land area is about 21.5 km long (N-S) by 14.5 km wide
(E-W), with a maximum elevation of 68 m, and an area of approximately 263 km2.
The coastline is formed by 78 km of predominantly steep limestone cliffs which
represent the reef rim of a former atoll. The island is enclosed by a fringing rock
platform and reef complex up to 150 m wide.

38.3.3.1 Geological Setting

The island of Niue is a carbonate platform capping a submarine volcanic cone that
rises more than 4,000 m from the surrounding seafloor. Niue’s westward movement
toward the Tongan subduction zone has carried it onto a lithospheric bulge,
subaerially exposing the previously subsiding atoll. The carbonate sedimentary
rocks occur to a depth of 300–400 m (Hill 1996). The uppermost 300 m of the
carbonate facies have been reported to be middle to late Miocene (Wheeler and
Aharon 1997).

38.3.3.2 Seabed Morphology

The nearshore bathymetry at Alofi shows two terraces below the fringing reef
platform (Fig. 38.4). The first is a 150 m-wide terrace at an average water depth
of 13 m. The lower terrace is 80 m wide with an average depth of 34 m. Below
these terraces, the seabed slopes at angles of 30–40ı to depths of approximately
250 m. Depths to 800 m are characterised by gentler slopes of 0–20ı. Depths of
800–1,400 m are characterized by maximum slopes of 30–60ı, exceeding 60ı to
the north and northeast of the island. Depths exceeding 1,400 m are characterized
by seabed that shows numerous escarpments, sidewalls and minor canyons. The
morphological interpretation of publicly available data (Kruger 2008) in the vicinity
of Niue shows a fault-bound graben structure to the NW, which has developed due to
Niue’s position on the peripheral bulge of the Tonga Trench. The southernmost fault
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Fig. 38.4 (a) Three-dimensional perspective bathymetry of Niue NE. The dominant feature is a
large linear submarine scarp off Tepa Point. (b) Interpretation of principal geomorphology showing
numerous mass wasting features (See Fig. 38.3b for legend). Profile across (c), and along scarp
(d), with location shown in (a). The scarp is approximately 18 km long originating at the 1,000 m
isobaths, and trending NW-SE

mapped by Kruger (2008, Figure 5) continues along the 1,000 m isobath at Tepa
Point, forming an approximately 18 km-long linear scarp along Niue’s SW flank.
The linearity of this scarp is in definite contrast to other collapse features observed
on the bathymetric data, which are convex seaward and separated by terminal points
that radially protrude from the coastline (Fig. 38.4).

38.4 Discussion

38.4.1 Causes of Submarine Landslides on Banaba,
Nauru and Niue

The three surveyed islands have in common that they were subjected to structural
stresses associated with uplift which resulted in radial and concentric cracking and
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jointing (Banaba: Hutchinson 1950; Nauru: Jacobsen et al. 1997), and block-faulting
(Niue: Schofield 1959). Keating and McGuire (2004) listed numerous factors for
ocean island instability and suggested lithospheric flexure as one major cause for
instability of Niue. Features associated with fracturing of Niue are water-filled
chasms oriented sub-parallel to the coastline, and Schofield (1959) interpreted them
as solution channels, which enlarged faults associated with slumping. He noted that
“steep-dipping reverse-like faults do occur on the surface of landslides”.

The morphology to the SW of Niue is interpreted as a mass flow deposit
generated by downslope movement of debris from a fault-induced submarine
landslide (Kruger 2008). The submarine landslide was presumably triggered by the
growth of a normal fault, induced by the bending of the lithospheric plate, cutting
across the southwest flank of the Niue edifice. Similar trench-parallel faulting was
observed on the outer slopes of the Tonga Trench by Wright et al. (2000), where
fault scarp heights of nearly 1 km have been reported (Mofjeld et al. 2004).

On Nauru the submarine landslide has significantly altered the subaerial shape of
the island. The upslope region of the submarine mass failure is the arcuate eastern
coastline of Nauru, forming Anabar Bay. Jacobson et al. (1997) speculated that the
failure of the island flank was caused by the highly fractured nature of the island.

Keating and MacGuire (2004) listed karst mega-porosity resulting in low me-
chanical strength as main factor for instability of Johnston Atoll and Mururoa Atoll.
On Niue deep cave systems (i.e. mega-porosity) were documented by Schofield
(1959) and Banaba and Nauru have karstic surfaces which were exposed by mining
activity on both islands. Karstification was caused initially by subaerial exposure of
the atolls during eustatic sea level low-stands in glacial periods and now tectonic
uplift has retained the atolls above sea level. Freshwater intrusion and mixing zone
processes are associated with wide-spread dolomitization which occurred on all
three islands and which exacerbated porosity through the recrystallisation process
(Choquette and Pray 1970). It seems plausible that karst mega-porosity in addition
to fracturing is responsible for the flank failures on all three islands.

38.4.2 Age of the Landslides

The modern reef terrace at Home Bay, Banaba, is much reduced in width, suggesting
that the landslide involved the outer edge of the fringing reef complex. This indicates
a Holocene age for the event, possibly even younger than the sea level maximum
about 3,000 years BP.

The Nauru topography indicates that the Pleistocene atoll reef rim was removed
by the Anabar Bay landslide, suggesting a maximum age of 1.6 Ma (post subaerial
exposure). A Holocene minimum age is suggested as the modern reef platform is
well developed.

The fault-induced landslide of Niue is associated with the ascend of the atoll onto
the peripheral bulge in front of the Tonga Trench. Fieldes et al. (1960) calculated that
uplift of the atoll commenced as early as 700, 000 years ago (Middle Pleistocene)
and puts a maximum age on the landslide formation.
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38.5 Conclusions

The multibeam bathymetry data of all three islands show that large submarine
landslides have significantly altered the raised atoll perimeters, thus modifying the
circular shape that would be expected from a carbonate cap that developed over a
strato- or shield volcano. Large scale mass-wasting is known from many (if not
most) atolls, seamounts and guyots world-wide and the reasons are many fold.
In the case of the three raised atolls it appears that cracking and faulting of the
islands associated with uplift and possibly in conjunction with karstification and
dolomitisation has caused the massive flank failures. The ages of these submarine
landslides are poorly constrained, but were probably youngest for Home Bay,
Banaba, (>10,000 BP); between 1.6 Ma and 10,000 BP for Anabar Bay, Nauru;
and 700,000 BP or less for Tepa Point, Niue. On all three islands uplift, fracturing
and karstification are continuing and the hazards of landside-induced tsunamis and
associated risks remain, as on other oceanic island e.g. Mangaia island, Cook Islands
(Goff 2011).
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Chapter 39
Submarine Landslides and Contourite Drifts
Along the Pianosa Ridge (Corsica Trough,
Mediterranean Sea)

A. Cattaneo, G. Jouet, S. Charrier, E. Théreau, and V. Riboulot

Abstract The Corsica Trough between the island of Corsica and the mainland
of Italy is dominated on its western side by turbidite channel-lobe systems fed
by high-gradient rivers during glacial epochs, while the eastern side is markedly
different. It is flanked by the Pianosa Ridge, a prominent tectonic structure confining
the distal reaches of turbidite lobes and it is characterized by the development of
contourite drifts with evident seafloor expression. The southern part of the Pianosa
Ridge hosts a submarine landslide called ‘Pianosa Slump’ (PS, 6 km long, 14 km
wide). Multichannel Sparker and Chirp profiles reveal the internal geometry of
the PS, formed by two sediment bodies of up to 0.85 and 0.34 km3. A buried
submarine landslide below the PS shows that mass wasting is a recurrent process
in this area. Preliminary results suggest that submarine landslides have volumes
and ages comparable with those of turbidite lobes from the Golo turbidite system
and contribute actively to their confinement and to basin filling. Relatively steep
gradients, rapid contourite drift accumulation during times of sea level lowstands,
and fluid escape from distal turbidite sandy lobes are the main factors conducive to
seafloor instability.
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Istituto di Scienze Marine (ISMAR-CNR), Bologna, Via Gobetti 101, Bologna 40129, Italy
e-mail: antonio.cattaneo@ifremer.fr

G. Jouet • S. Charrier • E. Théreau • V. Riboulot
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39.1 Introduction

The Corsica Trough is a narrow (40 km) and shallow, north–south trending basin
separating the Corsica shelf (to the west) from the Pianosa Ridge (to the east) and
connecting the Tyrrhenian and Ligurian basins in the Western Mediterranean Sea
(Viaris de Lesegno L 1978; Bacini Sedimentari 1979; Fig. 39.1). The Golo Basin
within the Corsica Trough is characterized by a slope asymmetry with a gentle slope
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on the western side (east of the shelf break of Corsica with an average gradient
of 2–3ı) and a steep slope on the eastern side (Pianosa Ridge, with an average
gradient from 3.5ı to 7.5ı; Stanley et al. 1980; Gervais et al. 2004; Fig. 39.2).
The limited extension of the Golo sedimentary system from the Corsica catchment
to the turbidite systems favoured recent exploration of the East-Corsica margin
from source-to-sink (Bellaiche et al. 1994; Gervais et al. 2006; Deptuck et al.
2008; Sømme et al. 2011; Calvès et al. 2012). Several studies draw attention to
the presence of contourite drifts along the Pianosa Ridge (Marani et al. 1993;
Verdicchio and Trincardi 2008) and their dynamics (Roveri 2002; Toucanne et al.
2012). However, the detailed analysis of mass transport deposits, their role in filling
and confining the basin and their relationships with turbidite lobes and contourite
drifts have been neglected. The aim of this paper is to investigate the occurrence
and distribution of submarine landslides along the Pianosa Ridge and to delineate a
preliminary explanation of their genetic relationship with the encasing sediment.

39.2 Geological Setting

The Corsica Trough between East Corsica and West Tuscany is about 200 km long,
40 km wide (10–30 km at the 200 m isobath) with a maximum depth of 900 m
(Fig. 39.1). In the Corsica Trough, the Pliocene-Quaternary sedimentation pattern
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is dominated by deposits resulting from gravity-driven flows and bottom currents.
Along the western side, high sediment input from the Golo River contributed
during lowstands to the development of lobe complexes in the basin (Stanley et al.
1980; Gervais 2002; Deptuck et al. 2008; Figs. 39.1 and 39.2). Along the starved
eastern side, the sedimentary record is dominated by the presence of submarine
landslides (Gervais et al. 2006) and of elongated, mounded contourite drifts (Marani
et al. 1993). According to the authors, contourite drifts have grown since middle
Pliocene (Roveri 2002) or middle Late Pleistocene, with the opening and deepening
of the Tyrrhenian Sea (Verdicchio and Trincardi 2008), favoured by topographic
constriction (section narrowing and shoaling) and the Coriolis effect (Roveri 2002).
The hydrographic dynamics of the Corsica Trough are dominated by a northward
component of superficial Modified Atlantic Waters (0–200 m w.d.) and Levantine
Intermediate Waters (LIW, up to 600–1,000 m w.d.; Artale and Gasparini 1990;
Toucanne et al. 2012). Contourite drifts are located along the Pianosa Ridge and
could record LIW intensification and enhanced ventilation throughout the last
glacial interval, while weak intermediate ventilation characterised Holocene and
Interglacial periods (Toucanne et al. 2012).

39.3 Methods

This study results from an integration of morpho-bathymetric data with seismic re-
flection profiles. EM1000 and EM300 multibeam echosounder data acquired during
CORFAN 2 cruise (2001) were compiled in a DTM with a grid cell size of 25 m
processed with the “Caraibes” software (©IFREMER). Chirp and multichannel
Sparker data (72 traces) were simultaneously collected with the multibeam data.
The frequency content ranges from 2 to 5 kHz and 130 to 750 Hz, respectively for
the Chirp and Sparker seismic data. For the Sparker data, the seismic migration
velocities vary spatially based on normal move-out velocity analysis every 250
common depth points. Within the study interval (0–500 ms TWT below seafloor) the
interval velocity ranges between 1,500 and 1,750 m s�1. Chirp data were processed
in envelope attribute.

39.4 Submarine Landslides

The study area is comprised between 42ı180 and 42ı350 latitude N along the Pianosa
Ridge (Fig. 39.3), and shows two morphologically distinct sectors. The sector south
of 42ı260 latitude N and West of Scoglio d’Africa has a narrow continental slope
(7 km) with a mean slope angle of 7ı. A remarkable submarine landslide named
‘Pianosa Slump’ (PS) was identified by Gervais et al. (2004) at the toe of the Pianosa
Ridge (Figs. 39.3 and 39.4). This submarine landslide appears to be composed of
two adjacent landslides with a marked expression at the seafloor. The North Pianosa
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Fig. 39.3 Slope-angle map with observations based also on the interpretation of seismic profiles.
Contourite drifts have a more pronounced relief towards the North

Slump (NPS, red pattern in Fig. 39.3) has a marked 30-m high headwall oriented
NW-SE (Fig. 39.4). The evacuation zone of NPS extends from the head scar at 505–
790 m w.d., over a distance of 2.5–8 km.

Pockmarks are present close to the landslide head scarp (Fig. 39.3). The NPS
deposit has a positive relief, reaches down to 860 m w.d., and shows 10-m high
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Fig. 39.4 Seafloor morphology of the Pianosa Slump in 3D. The NPS has well defined headwall
scarp, deposit and pressure ridges. The SPS has a more complex (multi-source) headwall scarp
area and a less developed deposit

arcuate pressure ridges with crests oriented NW-SE, suggesting a flow direction
towards the SW (Fig. 39.4). NPS has a total area of 40 km2. Seismic facies in the
deposit are transparent to chaotic in the distal reach under the pressure ridges, as if
this lower reach were characterised by a lesser degree of sediment disruption than
the upper part of the deposit (Figs. 39.2 and 39.5). The deposit is covered by a 22-m
thick layered seismic facies interpreted as a regional hemipelagite unit draping the
whole basin. By seismic correlation with sediment core MD01-2434, the estimated
age of the hemipelagite bottom is between 15.8 and 17.1 ka BP (Calvès et al. 2012).
The seismic reflector J (Gervais et al. 2006; dashed line in Figs. 39.2 and 39.5) dated
at 50 cal. kyr BP in core MD01-2434 (Calvès et al. 2012) is affected by the PS.

The basal slip plane of NPS is not easily identified, but it is estimated (assuming
a velocity of 1,550 m s�1 for the sediment) with at a maximum depth of 66–42 m
corresponding to a thickness of 36–23 m of the slump deposit. This gives a total
volume of sediment affected comprised between 0.85 and 0.55 km3.

The South Pianosa Slump (SPS, green pattern in Fig. 39.3) shows a series of
small headwall scarps. The SPS deposit shows irregular relief without pressure
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ridges but with some blocky areas (Fig. 39.4). Seismic reflection profiles show
a partially transparent seismic facies overlaying a chaotic facies with disturbed
reflections. The SPS deposit is covered by the same layered seismic facies of NPS,
interpreted as hemipelagic deposits. The SPS affects a total area of 45 km2 (20 km2

of deposit). The SPS deposit has a mean thickness of 16 m (assuming a velocity
of 1,550 m s�1 for the sediment) and a maximum of 39 m. The total volume of
sediment affected is estimated at 0.34 km3.

A buried submarine landslide deposit is recognized from Sparker seismic
sections as a seismically chaotic and transparent facies along the Pianosa Ridge
(Figs. 39.2 and 39.5). The extent of this submarine landslide deposit is tentatively
outlined in Fig. 39.3. Pockmarks are observed close to some of the submarine
landslide scars, but there are also pockmark fields in the northern sector that are
possibly linked to fluid escape from the distal reaches of turbidite lobes.

39.5 Contourite Drifts

In the sector north of 42ı260 latitude N (Fig. 39.3), the slope becomes gentler (2–4ı).
The base of slope is as shallow as 600–750 m and it is associated with elongated
mound morphologies and deep moats roughly parallel to the Pianosa Ridge
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(Fig. 39.3). The main sedimentary structures observed are multi-crest contourite
drifts. A major elongated contourite drift oriented N-S extends over more than 10 km
and ends on a pockmark field (Figs. 39.3 and 39.6). Small contourite drifts can be
also observed along the slope above the Pianosa Slump (Fig. 39.5). In general, a
trend of enhanced contourite drift morphologies with more developed contourite
drift crests and moats is visible from south to north. This trend continues out of the
study area as north as the Capraia Sill, at 42ı560 latitude N (Roveri 2002).

The internal structure of contourite drifts is characterized by sets of stacked units
composed of parallel seismic reflections bounded by high amplitude reflections
(Fig. 39.6). Seimic units aggrade on a basal truncation marked by the toplap ter-
minations within the underlying unit. The asymmetric mound with steep basinward
and gentle landward sides, combined with the narrow moat parallel to the drift on its
landward side, is a result of the general upslope migration of separate drifts (sensu
Faugères et al. 1999). The seismic correlation of the high amplitude reflections
suggests that the high amplitude reflections reach the base of turbidite lobes in the
basin floor.

39.6 Discussion and Conclusion

In the Corsica Trough, submarine landslides are aligned along the western side of
the Pianosa Ridge, but only in the southern sector (south of 42ı260 lat North). The
Pianosa Slump, with evident seafloor expression, is composed by two landslide
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bodies for a maximum of 1.19 km3 in volume. Several buried landslides of
apparently similar or even larger size prove that mass wasting has been relevant
and recurrent in the filling of the Golo Basin.

Submarine landslides represent a significant volume of sediment infilling the
Golo Basin and contribute to the confinement of turbidite lobes of the Golo turbidite
system, at least in the uppermost stratigraphic units, with volumes comparable to
those of turbidite sand lobes (see Calvès et al. 2012).

North of the Pianosa Slump, the morphology of the eastern Corsica Trough is
dominated by the presence of elongated separate contourite drifts developed at the
foot of the Pianosa Ridge along the pathway of LIW (Artale and Gasparini 1990).

The internal geometry of contourite drifts, with seismic units bracketed by
high amplitude reflections, supports the interpretation of an uneven growth of the
drifts. Variations in the climate-driven intensity and sea-level driven pathway of
bottom currents may result in the possible demise or even cannibalization of older
contourite drifts (Marani et al. 1993; Roveri 2002). Waxing and waning cycles of
bottom-current strength in the Corsica Trough, reconstructed by means of mean
sortable silt variations in sediment cores, appear cyclical and guided by climate
change (Toucanne et al. 2012).

A possible relationship in terms of ‘efficiency’ of sediment transport and accu-
mulation was proposed by Roveri (2002) linking low sea level stands to maximum
growth of turbidite lobes and enhanced efficiency (and growth) of contourite drifts
on the eastern side of the Corsica Trough. Here we propose an attempt to correlate
times of enhanced sediment transport efficiency to the highest probability to develop
seafloor instability in the same area. This is based on preliminary correlations of
regional reflectors of the Pleistocene sediment filling (Gervais et al. 2004, 2006)
with the revised chronology of the reflectors and age of lobes (Calvès et al. 2012;
Toucanne et al. 2012). Mass wasting along the southern part of the Pianosa Ridge
would thus be linked to the same external forcing (sea level fluctuations) alternating
times of enhanced production of turbidite lobes (on the western side and central
basin) and contourite drifts (eastern side). This preliminary result contributes to
understand the timing of submarine landslides as a consequence of both local and
global factors (see for example, for the effect of sea level, Trincardi et al. 2003; Lee
2009; Lafuerza et al. 2012).

Predisposing factors for the occurrence and recurrence of landslides in the
southern sector of the Pianosa Ridge include: the presence of a steep seafloor;
the presence of potentially unstable contourite drift deposits; and the expulsion
of fluids. None of these predisposing factors appears at this stage sufficient to
explain satisfactorily the location of submarine landslides. On-going work aims to
understand the triggering factors of the landslides and to strengthen their chronology
relative to contourite drifts and turbidite lobes. Further data to disentangle the
mutual influence of bottom current, seafloor instability, fluid escape will be available
after two research cruises planned for the end of 2013.
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iiième cycle, Université Paris 6, 170 pp



Chapter 40
Mass Transport Complexes from Contourite
and Shelf-Edge Deposits Along
the South-Western Adriatic Margin (Italy)

Giacomo Dalla Valle, Elisabetta Campiani, Federica Foglini,
Fabiano Gamberi, and Fabio Trincardi

Abstract Seismic data and multi-beam bathymetry reveal the occurrence of
several exposed or shallowly buried Mass Transport Complexes (MTCs) in the
South-Western Adriatic margin (SWAM), which represents the outer sector of the
Albanides-Dinarides foreland basin. MTCs are spatially diffused along the SWAM
and characterized by high variability in size, morphology and internal geometry.
MTCs are derived from the mobilisation of both contourite drift deposits and shelf-
margin progradational deposits. The most prominent MTC of the SWAM is the
Gondola Slide (GS), a large, deep-seated (�250 m) MTC located near the Gondola-
Dauno fault zone (GDFZ), involving around 30 km3 of shelf and slope sediments.
In the northern sector of the margin, the Vieste Slide (VS) affects a low gradient
upper slope sector, which is extensively dominated by contourite drifts and sediment
waves. Seismic correlation shows that the first and main failure events of GS and
VS were contemporaneous and impacted the entire margin (more than 2,000 km2),
and probably were trigger by large earthquake, while later events in both GS and VS
appear more localised and asynchronous indicating, probably, slope readjustments
governed by local stratigraphic factors.
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40.1 Introduction

Advancements in multibeam instruments allow detection of an increasing numbers
of submarine mass transport complexes (MTCs) along passive and active continental
margins (Canals et al. 2004; Masson et al. 2006). These new imaging capabilities
show that the entire South-western Adriatic Margin (SWAM) has been impacted
by repeated submarine slope failures of variable extent emanating from the shelf
edge and upper slope areas generating MTCs with run outs up to tens of km. We
study two adjacent MTCs on the open slope of the SWAM: the Gondola Slide MTC
and the Vieste Slide MTC. We examine the differences in the materials affected by
failure and the resulting morphology, internal geometry and stacking architecture.
We discuss the factors that control these differences including the possible trigger
mechanisms, the stratigraphy of the involved sedimentary succession and the
oceanographic regime that impact the SWAM.

40.1.1 Geological Setting

The SWAM represents the outer foredeep of the west-verging Albanide-Hellenide
thrust belt (Fig. 40.1b). Northward of Bari Canyon and seaward of a relatively
steep upper slope (4ı between 200 and 350 m of water depth) the SWAM
continental slope is quite gentle (less than 2ı) and is carved by multiple slide
scarps affecting consolidated Pleistocene regressive deposits and late Quaternary
contouritic drift deposits (Minisini et al. 2006; Verdicchio and Trincardi 2008;
Fig. 40.1c). The SWAM is pervasively dominated by erosional and depositional
features created by bottom-currents interacting with a complex morphology re-
flecting longer-term tectonic deformation and MTCs (Ridente and Trincardi 2006;
Verdicchio and Trincardi 2006). A large variety of erosional and depositional
features including sediment drifts and sediment waves have been interpreted to
be a result of constructive interaction between two distinct southerly bottom
water masses: the contour-parallel Levantine Intermediate Water and the North
Adriatic Dense Water cascading seasonally across the slope (Verdicchio and
Trincardi 2006).

The Gondola-Dauno Fault Zone (GDFZ) represents the main regional defor-
mation zone (Ridente et al. 2008). It affects and shapes the central sector of the
SWAM, with a marked seafloor expression in the slope and in the basin plain
(Duano Seamount), developing also a marked middle-slope antiform that runs with
a SW-NE trend (Fig. 40.1c). Two antiforms, linked to deeply buried structures of
tectonic origin, cross the SWAM in a NS direction, one located in the middle slope
sector, whereas the other one is located more distally in the basin plain (Fig. 40.1c).
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The studied MTCs are localized northward from the GFDZ: the largest one, the
Gondola Slide MTC lies close to the GDFZ, and reach the outer continental shelf,
whereas the Vieste Slide MTC, involves mainly slope contouritic deposits.

40.1.2 Material and Methods

Multibeam data used in the study were collected by ISMAR-Bologna using a
Reson 8160 and EM300. Digital Elevation Models (DEMs) were created at grid
resolution of 20 and 50 m. High-resolution seismic profiles were collected using
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a 16 transducers hull-mounted Chirp-sonar profiler with a vertical resolution less
than 0.5 m. Basic stratigraphic information used to infer the age of the main failure
events is from published papers by Minisini et al. (2006), Verdicchio et al. (2007),
Piva et al. (2008).

40.2 Results

Repeated mass-failure events along the SWAM have generated MTCs covering an
area of 3.350 km2. The two major MTCs are the Gondola Slide (GS-MTC) and the
Vieste Slide (VS-MTC) (Fig. 40.1).

40.2.1 Gondola Slide (GS-MTC)

The Gondola Slide (GS-MTC) is the largest MTC of the Adriatic Sea and is located
nearby the Gondola-Dauno fault zone (GDFZ) (Fig. 40.2a). The GS-MTC failed
a 250-m-thick slope section composed of progradational Mid-Pleistocene deposits
(Ridente and Trincardi 2006). The GS-MTC extends from the shelf-break, located
in 180 m of water depth, to the abyssal plain (1,050 m of depth) with a run out
of about 50 km, involving around 30 km3 of material (Figs. 40.1 and 40.2a). The
geomorphological analysis of multibeam data reveals that the GS-MTC is the result
of at least three distinct failures resulting in discernible mass-transport deposits
(MTDs): GS1-MTD, which represents the first and main mass failure; GS2-MTD, a
second and more localized deposit; and GS3-MTD the least extensive and youngest
deposit (Fig. 40.2a).

The headwall of the GS-MTC is 10 km wide and has an amphitheatre-like
morphology with a relief of up to 250 m (Fig. 40.2b). The northern sidewall is
a subdued, 6 km long scarp carved into the upper slope deposits. The southern
sidewall is more pronounced and coincides with the E-W trending structural
lineament of GDFZ (Fig. 40.2b). The southern sidewall is around 10 km long and
forms a large, curvilinear scarp up to 150 m high and partially constitutes the GS2-
MTD headwall (Fig. 40.2b). The proximal sector of GS1-MTD is characterized
by the elongated ridges, upslope, and large blocks (Figs. 40.2a and 40.3a, b). The
ridges are linear to slightly sinuous, have lengths between 600 m and 3 km, are
up to 40 m high (Figs. 40.2b and 40.3a, b), and mainly consist of shelf-margin
strata (as documented by ROV images Freiwald et al. 2009). On chirp-sonar profiles
the ridges and the blocks correspond to a very irregular area with reduced acoustic
penetration and diffraction hyperbolae (Fig. 40.3a, b). In some cases they appear to
have maintained their original stratigraphy (Fig. 40.3a).

Beyond 500 m water depth, the ridges are replaced by rounded blocks with
diameter less than 500 m (Fig. 40.2c). Ponded acoustically transparent deposits are
interspersed within the ridge and blocky areas (Fig. 40.3a). We interpreted these



40 Mass Transport Complexes from Contourite and Shelf-Edge Deposits. . . 451

GDFZ

GS1-MTD
headwall

ShelfGS2-MTD
headwall

Sediment
waves

GS 1
MTD

GS-3
MTDGS 2

MTD

GS-MTC

Topographic
high

0m

500m

1000m

Gs1 MTD
headwall
scarps

Ridges

Blocks

5 km

Gs2 MTD
Headwall

Cat claws
scours

Shear
zones

Blocks

High

5 km
Gs2
MTD

Shelf

N-sidewall

S-sidewall

a

b

c

Pressure
ridges

Gs2 MTD
sidewalls

b

c

3a

3b

3c

Fig. 40.2 (a) Multibeam bathymetry maps showing location of Gondola MTCs with the areal
extension of its building MTDs (GS1, GS2, GS3). (b) Detail of exposed sector, with the upper
slope character by elongated km-scale ridges, followed downlsope by a blocky area (c) The distal
sector is buried but the morphology of the MTC is still discernible with the occurrence of pressure
ridges, longitudinal shear zones and blocks. GDFZ Gondola-Dauno Fault zone



452 G. Dalla Valle et al.

Pleistocene
prograding
sequences Headwall

scar

250 m

Elongated
ridges

SE

SW NE

Locally
ponded debrites

Disrupted
block

Stratified
slide

blocks

Preserved
statigraphy

25m 200 m

SW NE

Blocks

Exposed sector

Gs1Buried
sector

Gs2
Blocks

Gs1
base

Gs1
Debrite

NW

1k m 25 m

1k m

a

b

c

Fig. 40.3 Chirp sonar profiles illustrating the stratigraphic framework of Gondola MTCs.
(a) Elongated ridges showing preserved stratigraphy. (b) On the upper slope ridges and blocks
are exposed because of the continuous sweeping of the sea floor by powerful bottom currents
capable to exceed 50 cm s�1 (Trincardi et al. 2007). (c) Buried, distal sector of GS1-MTD with
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deposits as debrites resulting from blocks and strata disintegration during the failure
(Fig. 40.3a). In the basin plain, between 700 and 1,000 m of water depth, GS1-MTD
is characterized by weakly reflective to chaotic facies (debrites; Fig. 40.2c) covered
by a 25 m thick hemipelagic drape (Fig. 40.3c).

The GS2-MTD resulted from a successive collapse that has involved the part
of the southern sidewall of GS1-MTD (Fig. 40.2a, b). The GS2-MTD headwall is
5 km wide and 150 m high (Fig. 40.2b). The GS2-MTD has two marked sidewalls
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MTDs (VS1, VS2-MTD) and their spatial relationship with the GS-MTC

running along a SW-NE trend (Fig. 40.2b). Its upper transitional zone is filled by
post-slide contour-current deposits, whereas its distal sector is characterized by a
series of curvilinear scours interpreted as cat-claw scours (sensu Moscardelli et al.
2006) (Fig. 40.2c). The accumulation zone of GS2-MTD is emplaced above the
GS1-MTD, and is characterized by pressure ridge aligned in EW direction, laterally
bounded by longitudinal shear zones (Fig. 40.2c). Blocks up to 3 m high are present
at the distal toe of the accumulation zone (Figs. 40.2c and 40.3c).

The GS3-MTD is the youngest MTD of the GS-MTC representing a minor
failure episode affecting well developed, along slope sediment waves deposited in
on the slope sector northward from the GS-MTC (Fig. 40.2). The GS3-MTD is
confined in the mid-slope sector and characterized by an arcuate headwall with a
maximum relief of 75 m.

40.2.2 Vieste Slide (VS-MTC)

North of the GS-MTC, a network of headwall scars which affects the upper and
middle continental slope of the SWAM with a linear extent of 42 km (Fig. 40.4).

This network of headwall scars run parallel to the axis of a buried tectonic
antiform trending in a N-S direction at around 750 m of depth (Fig. 40.1). At the base
of the slope, an old deeply buried MTC (Old-Vieste MTC) was deposited across the
basin over an area of 290 km2.

The VS MTC consists of two vertically stacked MTDs (VS1 and VS2)
(Fig. 40.4). The evacuation area of VS1-MTD correspond to an arcuate headwall,
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30 km long, set at depth of 530 m, which gives rise to a marked U-shaped headwall
with relief less than 50 m further north (Fig. 40.4). The evacuation area is set just
downslope of a field of sediment waves with up to 40 m of relief (Fig. 40.5c). The
VS-1 MTD has an E-W extent of 24 km reaching the basin plain at 1,040 m of
depth, while in an N-S direction it has a length of 25 km (Fig. 40.4). VS-1 MTD
is made up of 30–40 m of weakly reflective, chaotic seismic facies that remains
attached to the headwall scarp and is draped by a 10–20 m thick sedimentary
succession (Fig. 40.5c). The VS-2 MTD consists of several, smaller scale deposits
downslope of a U-shaped scar with an upper scarp at a depth of 360 m, and a lower
scarp at 410 m (Fig. 40.4). Both of the two headwall scarps have a relief of 40 m
(Fig. 40.4). In the accumulation zone the VS-2 MTDs consists of an around 3.5 km
long acoustically transparent deposit exposed at the seafloor and deposited on top
of the VS-1 MTD (Fig. 40.5b).
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Fig. 40.6 Schematic sketch of the timing of emplacement of the MTDs that compose GS and
VS MTCs

40.3 Discussion and Conclusions

Based on the analysis of multibeam bathymetric data, the re-examination of the
multiple coalescing submarine MTCs on the SWAM allows reconstruction of the
phase relationships among successive submarine failures.

Relative timing of the failures is based on “cross-cutting” relationships of the
elementary MTD composing the MTCs of the SWAM. Seismic correlation based on
newly acquired Chirp sonar profiles shows that the first mass failure event of both
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GS1 MTD and VS1 MTD was contemporaneous and impacted the SWAM over
more than 2,000 km2 (Figs. 40.5a and 40.6). Following age data from Minisini et al.
(2006) we can establish that GS1-MTD and VS-1 MTD occurred simultaneously
within the MIS 2-glacial unit (in the order of 20–24 ky cal. BP). Considering the
broad extent of the failure event responsible for the GS1 and VS1 MTD, and their
impact in their stratigraphically dissimilar contexts (shelf vs. upperslope) across a
wide region, we suggest that the most likely trigger be an earthquake. SWAM is a
seismically active area and during the last 500 ky has experienced active tectonic
deformation mainly along the GDFZ (Ridente and Trincardi 2006). The source
sedimentary environment and the depth of rooting of the slide plane represent the
main factors controlling the different morphologies and failure style of the SWAM
MTCs.

The deep-seated GS1-MTD involved more than 200 m of Middle to Upper
Pleistocene, lithified outer-shelf deposits (Ridente et al. 2008). A deep weak layer
led to the formation of a MTC with great run out, characterized by sectors with
different morphologies and different architectural elements. The GS-1 MTD shows
a proximal sector with elongated ridges and blocks which have a rigid behaviour that
in some cases preserve the original stratigraphy, and a distal sector characterized by
debrites resulting from strata disruption.

On the contrary the VS-MTDs are shallow seated (<50 m), involving upper-
slope, fine grained sediment drift which are Late Quaternary in age (Verdic-
chio and Trincardi 2006) and generate homogeneous chaotic, weakly reflective
“thin-skinned” mudflows, where the original stratigraphy is completely disrupted
(Fig. 40.5b). Later failures in both GS and VS MTCs appear more localised
(Fig. 40.6) and asynchronous, possibly resulting from slope readjustments governed
by local factors.
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Chapter 41
Mass Wasting Along Atlantic Continental
Margins: A Comparison Between NW-Africa
and the de la Plata River Region (Northern
Argentina and Uruguay)

S. Krastel, J. Lehr, D. Winkelmann, T. Schwenk, B. Preu, M. Strasser,
R.B. Wynn, A. Georgiopoulou, and T.J.J. Hanebuth

Abstract The passive continental margins of the Atlantic Ocean are characterized
by thick sedimentary successions, which might become unstable resulting in land-
slides of various sizes. The type of mass-wasting differs between individual margin
sections but the reasons for these differences are not well understood. The NW-
African continental margin is characterized by several large-scale but infrequent
landslides, while the continental margin in the de la Plata River region (northern
Argentina and Uruguay) shows widespread small-scale mass transport deposits.
These different styles of mass wasting can be explained by different oceanographic
and sedimentary settings. The margin off Northwest Africa is characterized by high
primary productivity caused by oceanic upwelling as well as locally focused aeolian
input resulting in relatively high sedimentation rates. This setting leads to sediment
instabilities arising primarily from underconsolidation of deposited sediments and
widespread weak layers. In contrast, the modern ocean margin off Uruguay and
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northern Argentina is characterized by strong contour currents and a high amount of
fluvial sediment resulting in widespread contouritic deposits. These contourites are
potentially unstable leading to smaller but more frequent landslides.

Keywords Submarine landslides • Passive margins • Atlantic Ocean • Acoustic
imaging

41.1 Introduction

Submarine landslides and sediment gravity flows are the dominant process for
sediment transport from the continental shelf to the deep ocean. Sand-rich gravity
flow deposits form many of the World’s largest oil and gas reservoirs, while
mud-rich deposits may sequester globally significant volumes of organic carbon
(Galy et al. 2007). Landslides and sediment gravity flows are also a significant
geohazard to seafloor infrastructure, e.g. pipelines and telecommunications cables
(Camerlenghi et al. 2007). In some cases, submarine landslides have generated
tsunamis that have caused widespread damage to coastal communities (Tappin et al.
2001; Bondevik et al. 2005).

The largest submarine landslides tend to occur on open areas of the continental
slope, in tectonically quiet regions where large volumes of fine-grained sediment
can accumulate over long periods of time (Masson et al. 2010). Significant changes
concerning size and morphology, however, do exist for different sections of passive
margins. E.g., a compilation of landslides in the North Atlantic shows a systematic
difference between the eastern and western margin (Hühnerbach et al. 2004). The
eastern North Atlantic is characterized by a few large slope failures, whereas the
western North Atlantic shows abundant smaller failures. Hühnerbach et al. (2004)
suggest that the larger numbers of small slope failures for the western North
Atlantic can be explained by their association with submarine canyons (Booth et al.
1993; McAdoo et al. 2000) while similar canyoned slopes are relatively rare in the
eastern North Atlantic. A first analysis of seismic and sediment core data from the
continental margin in the de la Plata region (western South Atlantic) also show a
pattern of abundant small landslides but only a few canyons and gullies (Krastel
et al. 2011). Hence other processes control the size and pattern of landslides in
this area.

The main objective of this manuscript is to compare the type and pattern of mass
wasting off NW-Africa and in the de la Plata region. We briefly summarize the
current knowledge of mass wasting off NW-Africa based on published literature,
present new data for the de la Plata region, and analyze possible reasons for the
different style of mass wasting. Finally we estimate the geohazard potential related
to mass wasting in both settings.



41 Mass Wasting Along Atlantic Continental Margins. . . 461

41.2 Submarine Landslides Off NW-Africa

In this chapter we briefly summarize the sedimentary setting of the NW-African
continental margin (south of 26ıN) with a focus on submarine mass wasting based
on published literature. The passive margin off NW-Africa is characterized by
relatively high accumulation rates (locally exceeding 10 cm/ka, Martinez et al.
1999) as a result of high primary productivity caused by oceanic upwelling.
Significant amounts of dust are imported from the Sahara desert (Sarnthein and
Koopmann 1980) while fluvial input is very low. Mass wasting off NW-Africa has
intensely been studied in the past (e.g., Weaver et al. 2000; Wynn et al. 2000; Krastel
et al. 2006, 2012; Georgiopoulou et al. 2010). The NW-African continental margin is
characterized by very large but infrequent mass wasting events (Weaver et al. 2000).
The most recent compilation of Krastel et al. (2012) shows four mega-slides each
affecting over 20,000 km2 of seafloor in the area between 12ı and 26ıN, namely the
Sahara Slide, the Cap Blanc Slide, the Mauritania Slide and the Dakar Slide from
north to south (Fig. 41.1). All slides are complex in morphology and show clear
indications for multiple failures and upslope retrogression. The failures occurred
during periods of low or rising sea level (Georgiopoulou et al. 2010; Krastel et al.
2012). Seismic data show numerous buried landslides indicating a long history of
mass wasting for these areas (Krastel et al. 2012). The areas between the slides are
characterized by a large number of canyons and gullies. No landslides occur in these
areas except for very small local failures of canyon walls.

41.3 Submarine Landslides in the de la Plata Region

The passive continental margin off Uruguay and Northern Argentina is charac-
terized by a complex oceanographic regime (Preu et al. 2012) and significant
fluvial input from large river systems such as the Rio de la Plata (Gilberto et al.
2004, Fig. 41.1). This setting leads to a complex interplay between gravitational
downslope and contour-current driven alongslope sediment transport (Klaus and
Ledbetter 1988). The most prominent sedimentary features are widespread con-
touritic deposits extending from the southern Argentine margin (Hernández-Molina
et al. 2009) to the northern Argentine and Uruguayan slope (Preu et al. 2012).
Preu et al. (2012) suggest that the modern slope morphology was generated under
the influence of the full force of the Northern Source Deep Water after closure
of the Central American Seaway leading to formation of mounded plastered drift
sequences on the so called Ewing Terrace (Fig. 41.1).

Acoustic data collected off Uruguay and Northern Argentina allow a de-
tailed investigation of mass wasting features in this area (Figs. 41.2 and 41.3).
First analyses of this dataset document the continental slope offshore Uruguay
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Fig. 41.1 (a) Location of study areas in the Atlantic Ocean. (b) Distribution of submarine
landslides off NW-Africa (Modified after Krastel et al. 2012). (c) Close-up of the de la Plata region
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Fig. 41.2 Bathymetric map of a landslide area off Uruguay (see Fig. 41.1c for location of map)

to be the locus of submarine mass wasting in the survey area (Krastel et al.
2011). The combined analysis of hydro-acoustic (sediment echo sounder, multibeam
bathymetry) (Fig. 41.2) and high resolution seismic data (Fig. 41.3) allows a detailed
reconstruction of mass wasting in this area.

The bathymetric data (Fig. 41.2) image a complex pattern of morphological
steps. Morphological step A (Fig. 41.2) is a linear structure of at least 20 km
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Fig. 41.3 Seismic profile crossing the scarps shown in Fig. 41.2

length (the northern edge is not covered by the data) and a height of 60–90 m.
It runs subparallel to the contour lines. Morphological step A terminates against
the 2 km-wide amphitheater-shaped incision B. This feature represents a classical
landslide headwall, and young slide deposits are found beneath the headwall
(Henkel et al. 2011). Incision B also cuts morphological structure C (Fig. 41.2),
a more than 40 km-long and partly meandering feature. This feature is not a simple
morphological step but a �1 km-wide channel-like feature with an up to 150 m-
high and steep (up to 30ı) landward western wall and a shallower and more gentle
sloping seaward eastern wall (Figs. 41.2 and 41.3).

A seismic cross section (Fig. 41.3) clearly images the temporal evolution of
the morphological features. Young landslide deposits without a detectable drape
are found beneath morphological step A. The landslide deposits show a chaotic
to transparent seismic facies and a hummocky surface. Landslide deposits are also
found beneath the morphological step C, but these deposits are clearly covered by a
lense-shaped sedimentary body characterized by wavy reflectors of high amplitude.
Such deposits are typical for an infill drift. Hence we suggest the following temporal
evolution for this area (Fig. 41.4). Morphological step C was formed by one or
a series of slope failures. The N-S orientated section of step C may connect two
individual headwalls at slightly different water depths. Northward-flowing bottom
currents were focused along this step as Coriolis-forces deflect the currents to the
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Fig. 41.4 Conceptual model showing the interaction of downslope and alongslope sediment
transport reconstructed from seismic data: (a) pre-slide morphology. (b) Sediment accumulation
and failure generating scarp C. (c) Focusing of contour currents leads to the formation of an infill
drift and channel downslope of scarp C. Scarp A is formed by a second failure affecting more
recent sediments
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left against the morphological step. This process leads to the preservation of the
morphological step and the deposition of an infill drift on the right-hand side of the
current. The morphological step A was formed by a more recent failure as landslide
deposits beneath this step are not covered by a major drape. No deposits of these
failures are found in the channel beneath step C as these deposits were removed by
the northward flowing bottom currents.

Incision B is the youngest morphological feature as it cuts all other features. A
multidisciplinary study of a core taken in close proximity to incision B suggests
an age of less than 30 years before present for the most recent landslide deposits
(Henkel et al. 2011).

Seismic data (Fig. 41.3) also show deeply buried old landslides and widespread
contouritic deposits. The margin in the de la Plata region is characterized by a
long history of small-scale slope failures including failures in the recent past in a
contouritic environment.

41.4 Discussion

41.4.1 Type of Landsliding: A Comparison Between
NW-Africa and the de la Plata Region

The NW-African continental margin is characterized by very large but infrequent
landslides (Fig. 41.1), while the de la Plata region shows smaller but more abundant
landslides (Figs. 41.2, 41.3, and 41.4). These different styles of mass wasting may
be explained by the different sedimentary and oceanographic setting of both regions.

Krastel et al. (2012) suggest that open slope areas off NW-Africa without major
incisions allow rapid and undisturbed sediment accumulation beneath zones of high
primary productivity, which in turn leads to sediment instabilities arising primarily
from underconsolidation of deposited sediments and widespread lithological weak
layers. The combination of infrequent triggers and high accumulation rates leads to
the large size of individual landslides. The areas between the major landslides off
NW-Africa are characterized by abundant canyons and gullies. These canyons act as
effective pathways for regular downslope sediment transport by turbidity currents,
preventing extensive slope failure.

A totally different setting is found in the de la Plata region. Canyons and gullies
are rare, except for the major Mar del Plata Canyon (Fig. 41.1). The margin is
characterized by significant fluvial input from large river systems and a complex
oceanographic regime leading to widespread contouritic deposits. Contourites
are well known to be potentially unstable especially as good grain-size sorting
makes them weaker than poorly sorted sediments and excess pore pressure may
develop within contourite units that are sandwiched between impermeable horizons
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(Laberg and Camerlenghi 2008). Even small triggers would initiate mass failures
in such environments. Despite the fact that the margin in the de la Plata region
belongs to the passive Atlantic margin, it shows higher seismicity than the NW-
African continental margin. E.g., a magnitude 5.2 mb earthquake with an epicentre
about 70 km southwest of the area shown on Fig. 41.2 occurred on June 26, 1988
(Benavı́dez Sosa 1998). Henkel et al. (2011) consider this earthquake as the most
likely trigger for very young mass transport deposits in our study area. Once a
landslide generated a headwall, the interaction between gravitational downslope and
contouritic alongslope sediment transport is most evident. Currents are focussed at
scarps generated by landslides, which leads to a preservation of them. Toe erosion
may lead to further small failures of old landslide scarps.

41.4.2 Geohazard Potential

The geohazard potential for both margin settings is considered to be low but for
different reasons. The landslides off NW-Africa are definitely large enough for
triggering major tsunamis but these events are infrequent. Statistical analyses show
that landslides in the northern Atlantic preferably occur at times of sea level rise
and possibly lowstands (Lee 2009) suggesting relatively stable slopes during the
present sea level highstand. However, Lee (2009) also pointed out that landslides
during the present sea level highstands cannot be excluded; he listed three major
dated landslides during the past 5,000 years including the Grand Banks landslide in
1929. Georgiopoulou et al. (2010) and Krastel et al. (2012) found some evidence
for young landsliding in the source region of the Sahara Slide (see Fig. 41.1 for
location) but exact age and size of this landslide is still under debate. Despite these
findings, the likelihood for a major mass wasting event off NW-Africa in the near
future is low and hence the geohazard potential is low.

Landslide frequency in the de la Plata region is much higher, though exact
recurrence rates are unknown due to missing age control of individual slides. The
only available data of one of the near-surface landslides is less than 30 years before
present (Henkel et al. 2011). This date in combination with several additional near
surface mass transport deposits proves that landslides in the de la Plata region
occurred frequently in the recent past and will most likely be frequent in the near
future. The volumes of these landslides, however, are small (usually <2 km3) and
they occur at relatively large water depths of more than 2,000 m. The deposits
suggest quick disintegration of the landslide material. The tsunami potential of
submarine landslides with these characteristics is estimated to be very low, despite
the fact that the initial acceleration is known as an additional important parameter
(Harbitz et al. 2006). Hence landslides in the de la Plata region may happen in the
near future but they do not present a major hazard for coastal communities.
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41.5 Conclusions

The NW-African continental margin is characterized by very large but infrequent
slope failures, while the continental slope in the de la Plata region (Northern
Argentina and Uruguay) shows abundant small landslides, which also occurred
in the recent past. Long undisturbed sediment accumulation in combination with
very rare triggers lead to very large landslides off NW-Africa, while smaller but
more frequent failures of instable contouritic deposits result in the observed mass
wasting patterns in the de la Plata region. Hence the sedimentary and oceanographic
setting is one of the key factors controlling slope stability along passive continental
margins. Despite the different settings, the geohazard potential is small for both
settings, as the NW-African continental margin is currently stable, while the
landslides in the de la Plata region are too small and too deep for triggering tsunamis
which may endanger coastal communities.
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Chapter 42
Comparison of Mass Wasting Processes
on the Slopes of the Rockall Trough, Northeast
Atlantic

Aggeliki Georgiopoulou, Sara Benetti, Patrick M. Shannon, Fabio Sacchetti,
Peter D.W. Haughton, Laia Comas-Bru, and Sebastian Krastel

Abstract The deep-water, sediment-starved Rockall Trough separates the western
Irish shelf from the Rockall Bank. Both margins have narrow, steep slopes that
connect the continental shelf with the deeper basin but differ in their underlying
geological controls and sediment transport processes. We compare and contrast the
opposing margins of the Rockall Trough and review the size, depth distribution and
degree of mass wasting processes and associated geohazard risk on each margin.

Rapid contourite buildup, shallow underlying abrupt basement topography and
slope oversteepening due to erosion at the base of the western margin have led to
large slope failures such as the Rockall Bank Slide Complex.

In contrast, the eastern margin of the Rockall Trough marked the westernmost
extent of the British Irish Ice Sheet, reflected on the shelf by the presence of end
moraines. Sediment was delivered by meltwater discharged from the ice sheet which
locally reached the shelf edge. In conjunction with the effect of erosion from bottom
currents and localised slope failures, the waning of the ice sheet led to the formation
of numerous canyons incising this slope.

Slope failures on the eastern margin were relatively small and sediment was
progressively evacuated towards the deeper basin through canyons. In contrast,
mass wasting on the western margin involved larger sediment volumes. Processes
resulting in mass wasting on the western margin are likely to be still active.
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In contrast, the eastern margin that was glacially nourished is likely to be less active
with only minor mass wasting resulting from contour current scour and local canyon
margin collapse.

Keywords Submarine landslide • Slope failure • Scarp • Glacial environment •
Statistical comparison

42.1 Introduction

The Rockall Trough is an elongate, steep-sided, NNE-SSW trending intracontinen-
tal basin west of Ireland and the UK (Fig. 42.1). It is 200–250 km wide, with water
depths increasing from almost 3,000 m in the northern part to more than 4,000 m in
the south where it opens to the Porcupine Abyssal Plain (Fig. 42.1).

It is bounded to the west by the Rockall Bank, a structural high with slopes of 5ı–
10ı (Fig. 42.1). Its topography shows an almost flat plateau (0ı–2ı) at 300–400 m
water depth (Fig. 42.1). The Rockall Bank Slide Complex (RBSC) excavates part
of the Rockall Bank and deposits sediment onto the floor of the trough (Flood et al.
1979; Unnithan et al. 2001; Elliott et al. 2010; Georgiopoulou et al. 2013). Bottom
current activity and contourite deposition have been invoked as partially responsible
for the slope collapses (Elliott et al. 2010). Buried basement scarps of the Rockall
Bank and contouritic deposition across them seems to play an important role on
slope instability as well (Georgiopoulou et al. 2013).

Fig. 42.1 Shaded relief bathymetric map of the study area. Marked with red lines are the mapped
scarps. The yellow dashed line represents the maximum extent of the BIIS (After Benetti et al.
2010). The white lines show 2D seismic profiles of the DGER survey. Bathymetric contours are
shown at 500 m intervals
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The eastern margin crosses the boundary between the glaciated and glacially-
influenced margins of the Northeast Atlantic (Weaver et al. 2000). It is characterised
by the Donegal–Barra Fan (DBF) and a dense network of canyons dissecting the
slope (Fig. 42.1). The DBF is a 450 m thick trough mouth fan that represents
the southernmost glacial prograding wedge of Northern Europe and is built by
sediments delivered from an expanded British Irish Ice Sheet (BIIS) during the Plio-
Pleistocene (Armishaw et al. 1998; Dahlgren et al. 2005; Sejrup et al. 2005). Slope
gradients are gentler (�3ı) than the opposite side of the trough as well as adjacent
areas (3ı–7ı). The canyons were primarily active during sea level lowstands and
glacial maxima, when sediment delivery to the slope was increased (Cronin et al.
2005; Elliott et al. 2006; Sacchetti et al. 2012). There is a remarkable correlation
of the size and position of the canyons with the changing glacial features on the
continental shelf (Sacchetti et al. 2012). Well-developed canyon systems formed
where there was localised delivery of high volumes of meltwater and sediment from
the ice front onto the slope (Sacchetti et al. 2012).

This study compares sediment mass movements from the margins of the Rockall
Trough. It includes most of the previously published datasets and literature, together
with some new data, to create a unique database of a statistically significant number
of slope failure parameters (Fig. 42.1). The aim of the analysis is to describe and
determine the parameters, such as number and density of scarps, scarp length, slope
angle and water depth, that may have controlled the amount of sediment delivered to
the basin floor through mass wasting. We also compare and contrast the causes and
triggers of slope failure on the Rockall Trough margins and examine the potential
present day geohazard.

42.2 Data and Methods

The study is based on high-resolution multibeam swath bathymetry and backscatter
data acquired as part of the Irish National Seabed Survey between 1999 and
2002. The data were acquired in several phases with a Simrad EM120 multibeam
echo sounder (MBES) and a Simrad EM1002 MBES. The processing and feature
mapping methodologies are described in (Sacchetti et al. 2011).

The length, water depth and the slope gradient at the central point of scarps
manually digitised were extracted and statistically analysed. Errors associated with
manual digitisation may be present but every care was taken for correct mapping in
order to digitise the slope just behind the break of slope.

A 2D seismic dataset of 1996 vintage was also integrated in the study. It extends
across part of the depositional area of the Donegal-Barra Fan (Fig. 42.1). Dominant
frequencies in the top second of the data, which is the interval of interest in this
study, are in the range of 40–45 Hz which, with sediment velocities of 1,800–
2,000 m s�1, generate vertical resolutions of 10–12 m.
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42.3 Results and Interpretations

42.3.1 Morphological Characteristics of the Rockall
Trough Margins

42.3.1.1 Western Margin

Sedimentation on the western slope of the Rockall Trough is dominated by con-
touritic style deposition (Stoker et al. 2005) generating a slightly mounded topogra-
phy built over buried deep fault scarps of the Mesozoic basement (Georgiopoulou
et al. 2013). The slope is dissected by numerous scarps, the vast majority of which
are found in the northern part of this slope (Figs. 42.1 and 42.2). Those scarps
are responsible for the RBSC and have been described in detail by Elliott et al.
(2010) and Georgiopoulou et al. (2013). They are linear to curvilinear, 15–60 m
high, but some as high as 150 m, on average 20ı–30ı steep and occur on average
on slope gradients of �2ı. Linear to curvilinear scarps are also found on the basin
floor associated with the evacuation zone of the RBSC (Georgiopoulou et al. 2013).
The distribution of the scarps and their different shapes have been attributed by
Georgiopoulou et al. (2013) to different episodes of slope collapse.

The scarps on the southern part of this slope have not been described in detail
before. In contrast to the northern slope here there are fewer scarps that appear to be
distributed in eight clusters (A–H; Fig. 42.2). Most are linear and occur at different
water depths (Fig. 42.2). The highest scarps are in cluster F (up to 170 m high) with
gradients up to 30ı on slopes that in places reach 10ı–13ı. Scarps in cluster A are
similar to the RBSC scarps both in dimensions and water depth and also appear to
relate to basement structures (Georgiopoulou et al. 2013, their Fig. 11b). Scarps in

Fig. 42.2 Shaded relief of the western slope margin. Red and orange lines indicate the locations
of mapped scarps. Orange lines represent scarps associated with the RBSC. The white dashed
line outlines exposed bedrock (EB). Letters A–H refer to clusters of scarps (refer to text for more
detail). For location see Fig. 42.1
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clusters C, D and G seem to relate to channel-like features (Fig. 42.2); the ones in
areas C and D incise the slope less than 10 km downslope of exposed basement
bedrock, while those in cluster G mark the upslope margins of a channel that flows
obliquely to the strike of the slope direction (Fig. 42.2). Finally clusters B and H
involve scarps near the base of slope (Fig. 42.2). In B scarps are linear and aligned
quasi-parallel to one another and the highest of them is 135 m high, while in H they
are scoop-shaped and the highest of them is 60 m high.

42.3.1.2 Eastern Margin

The eastern slope is dissected by numerous canyons of various dimensions with
associated channel wall and channel head collapses (Cronin et al. 2005; Elliott et al.
2006; Sacchetti et al. 2012). The formation of these canyons has been attributed
to strong bottom current processes on the floor of the trough which destabilised the
lower slope locally and created the initial erosional features in the form of scarps and
slides (Elliott et al. 2006). These scars were subsequently developed and enlarged by
headwall collapses propagating them upslope in a retrogressive manner (Elliott et al.
2006). These were subsequently cannibalised by flows deriving from the melting ice
grounded at the shelf edge. Depending on the distance from the edge of the ice sheet
and the duration of occupancy of the ice sheet at that location some canyons grew
larger than others (Sacchetti et al. 2012).

Only three “open-slope” slide complexes, i.e. not related to canyon formation, are
found on this margin (Sacchetti et al. 2012). Two are located on the upper slope in
water depths of 500–1,000 m (S2 and S3 in Fig. 42.3) and are 10ı–30ı steep, 2–6 km
long and 100–200 m high (Fig. 42.3). Both exhibit step-like morphology downslope.
S2 is made up of four terraces distributed side-by-side, whereas S3 comprises two
terraces, one narrower upslope that opens up to a double the width second terrace
downslope. The two slides occupy inter-channel parts of the slope that have convex
up morphology (Sacchetti et al. 2012).

The third slide is located within the area occupied by the DBF in the northeast
and therefore lies on the trough floor (Fig. 42.3). Sacchetti et al. (2012) interpreted
the westernmost scarp as the edge of a slide slab (their Fig. 42.3b). However, seismic
profiles indicate that both the eastern and the western scarps represent sidewalls of a
scar created by a slide that moved in a NE-SW direction following the general slope
direction of the trough floor. This is in contrast to the interpretation of Sacchetti et al.
(2012) who suggested two separate margins with a slide slab that had moved in a SE-
NW direction following the margin slope direction. The previously interpreted slide
slab in fact appears to be remnant seafloor with an undeformed internal character of
layered reflectors that are sharply truncated (Fig. 42.3b, c). There is also evidence
of stacked slide deposits (Fig. 42.3b, c). Syndepositional thrusts observed within
buried slide deposits (Fig. 42.3d) also suggest a direction of flow (Bull et al. 2009)
from the NE to the SW rather than SE to NW. Slides offshore Trinidad and Israel
show similar syndepositional thrusts in the body of slide deposits instead of the
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Fig. 42.3 (a) Shaded relief map of the NE margin showing the depositional lobes of the DBF
(dashed black lines), with scarps in yellow (slides associated with canyons) and in red (“open”
slope slides). Yellow dashed lines indicate the maximum extent of the BIIS on the shelf (After
(Benetti et al. 2010). White arrows suggest sediment flow pathways. Thin black solid lines represent
seismic data and with thicker black figures (b), (c) and (d). (b) and (c) Seismic profiles across
scarps truncating seafloor reflectors. Note the stacked buried slides (bases marked with different
colour for each event). (d) Seismic profile slowing syndepositional thrusts indicative of direction
of movement to the SE. Slides were forced through the Hebrides Terrace Seamount (HTS) to the
west and the rising Irish slope to the east constricting flows laterally. The vertical scale is two-way
time in seconds. For location see Fig. 42.1

terminal toe, and they were attributed to lateral confinement during flow (Frey
Martinez et al. 2005; Moscardelli et al. 2006), which may also be the case at the
DBF that was forced through the Hebrides Terrace Seamount and the Irish slope.

42.3.2 Statistical Analysis and Distribution
of Parameter Values

780 slope scarps were identified and analysed. 530 are located on the eastern Rockall
slope in an area of about 23,000 km2, and 250 are on the western slope in an
area 20,000 km2 in extent. The density of scarps on the eastern margin is 23 per
1,000 km2, almost double that on the western margin (12.5 per 1,000 km2).

The most abundant scarps are 2–6 km long (Fig. 42.4). However, the western
slope has a higher frequency of scarps longer than 10 km (Fig. 42.4). A marked
difference between the two margins is seen in the mean values of slope gradient
at scarp locations. A mean of 8.7ı occurs on the eastern slope, in contrast to 6ı
on the western slope. Kurtosis is a measure of how outlier-prone a distribution is,
the higher the kurtosis the more outlier prone, which means that there is a wider
distribution of values of slope gradient at the source area on the east (11.21) than on
the west (5.98) (Fig. 42.4).
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Fig. 42.4 Histograms of slope failure parameters for events on the Western and Eastern margins.
The vertical axis in the graphs shows the percentage out of total number of events (n)

Scarps appear to initiate at different water depths on the two margins. On the
west they are almost evenly distributed across water depths, with a slight preference
for 600, 1,100, 1,500 and 1,900 m. In contrast there are two clear centres around
500 and 1,800 m on the eastern slope.

Spearman Rank coefficient (rho, 	), which is used here as in (Hühnerbach et al.
2004) indicate that the parameters examined in this study correlate poorly apart from
the water depth of scarps and slope gradient on the eastern margin, that show a weak
negative correlation (Fig. 42.5).

42.4 Discussion and Conclusions

The western margin of the Rockall Trough can be regarded as reflecting “open
slope” conditions as opposed to the eastern margin that may be regarded as reflecting
“confined conditions” due to the dense distribution of canyons. Therefore their
differences in mass wasting processes manifest the differences that arise from the
conditions on such slope environments.
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Fig. 42.5 (a) Table of correlation coefficients (Spearman Rank coefficient, rho) for the examined
parameters and (b) scatter plots of scarp parameters expressed in log-log

The variation in mean slope gradient where slope instability has occurred may
reflect different controlling mechanisms. Georgiopoulou et al. (2013) demonstrated
that slide scarp location on the western margin was controlled by underlying
structures as well as bottom current activity (Elliott et al. 2010), whereas on the
eastern margin the main control was sediment supply and, by extension, canyon
incision (Sacchetti et al. 2012). Most scarps on the eastern margin are located within
canyons which have steeper slope gradients than the adjacent slope. This may also
be the reason for the weak negative correlation seen between the water depth and
slope gradient on this margin, with canyons having steeper margins at shallow than
in deep water.

The canyon control may also explain the water depth distribution on the eastern
slope as the two preferred water depths that are seen on the histogram (Fig. 42.4)
seem to correspond to canyons that reached different stages of development (Elliott
et al. 2006; Sacchetti et al. 2012). The peak at 500 m thus corresponds to the mature
canyons that have reached the shelf edge whereas the deeper peak of 1,400 m
corresponds to the mid-shelf canyons. The three “open slope” slide scarps found on
the eastern margin cannot be distinguished within the population of scarps for this
margin as they are limited in number and occur in various depths. In addition, scarps
are also found aligned with an alongslope moat (Sacchetti et al. 2012), suggestive
of the genesis mechanism for this moat. By contrast, on the west, scarps are more
distributed across different water depths perhaps indicative of the basement control
described by Georgiopoulou et al. (2013). The high percentage of events in deeper
water depths there, potentially marks the effect of bottom currents near the break of
slope, undercutting and removing support (Elliott et al. 2010).

The larger percentage of small slides on the eastern compared to the western
margin may be explained by the fact that many of them are associated with
submarine canyons and their interslope areas which have confined dimensions and
therefore limit the extent to which scarps can extend. A similar distribution is also
observed on the western Atlantic margin where it is also dominated by canyon-
related mass movements (McAdoo et al. 2000). The mass wasting characteristics
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on the eastern and western North Atlantic show many similarities with the present
study, with the one margin being characterised by large infrequent slides and the
other abundant smaller failures (Hühnerbach et al. 2004).

Considering that mass movement on the eastern slope was controlled by a
sediment supply that no longer exists (the BIIS), slope failures will be scarce and
only due to local slope instabilities within the canyons or where erosion due to
bottom currents removes support. In contrast on the west where bottom currents
are still active, there is sediment build up on top of the basement scarps, and hence
a risk of further slope instability. How frequent the events are though remains to
be determined. This change of focus of slope instability from the one margin to
the other has also been observed in shallow sediment cores from the deep Rockall
Trough (Georgiopoulou et al. 2012).

In conclusion, the scarp dimensions and distribution on the margins of the
Rockall Trough differ in response to the underlying controls of sediment mass
movement in each of these locations. They are controlled by canyon processes on the
eastern margin and by contourite build up on top of buried Rockall Bank basement
structures on the western margin.
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Benetti S, Dunlop P, Ó Cofaigh C (2010) Glacial and glacially-related features on the continental
margin of northwest Ireland mapped from marine geophysical data. J Maps 6(1):14–29

Bull S, Cartwright J, Huuse M (2009) A review of kinematic indicators from mass-transport
complexes using 3D seismic data. Mar Petrol Geol 26(7):1132–1151

Cronin BT, Akhmetzhanov AM, Mazzini A, Akhmanov G, Ivanov M, Kenyon NH, Shipboard Sci-
entists TTR (2005) Morphology, evolution and fill: implications for sand and mud distribution
in filling deep-water canyons and slope channel complexes. Sediment Geol 179(1–2):71–97

Dahlgren KIT, Vorren TO, Stoker MS, Nielsen T, Nygard A, Petter Sejrup H (2005) Late Cenozoic
prograding wedges on the NW European continental margin: their formation and relationship
to tectonics and climate. Mar Petrol Geol 22(9–10):1089–1110

Elliott GM, Shannon PM, Haughton PDW, Praeg D, O’Reilly B (2006) Mid- to Late Cenozoic
canyon development on the eastern margin of the Rockall Trough, offshore Ireland. Mar Geol
229(3–4):113–132

Elliott GM, Shannon PM, Haughton PDW, Øvrebø LK (2010) The Rockall Bank Mass Flow:
collapse of a moated contourite drift onlapping the eastern flank of Rockall Bank, west of
Ireland. Mar Petrol Geol 27(1):92–107



480 A. Georgiopoulou et al.

Flood RD, Hollister CD, Lonsdale P (1979) Disruption of the Feni sediment drift by debris flows
from Rockall Bank. Mar Geol 32(3–4):311–334

Frey Martinez J, Cartwright J, Hall B (2005) 3D seismic interpretation of slump complexes:
examples from the continental margin of Israel. Basin Res 17(1):83–108

Georgiopoulou A, Benetti S, Shannon PM, Haughton PDW, McCarron S (2012) Gravity flow
deposits in the deep Rockall Trough, Northeast Atlantic. In: Yamada Y et al (eds) Submarine
mass movements and their consequences, Advances in natural and technological hazards
research. Springer, Dordrecht/Heidelberg/London/New York, pp 695–707

Georgiopoulou A, Shannon PM, Sacchetti F, Haughton PDW, Benetti S (2013) Basement-
controlled multiple slope collapses, Rockall Bank Slide Complex. NE Atlantic Mar Geol.
doi:10.1016/j.margeo.2012.12.003

Hühnerbach V, Masson DG, Participants of the COSTA-Project (2004) Landslides in the North
Atlantic and its adjacent seas: an analysis of their morphology, setting and behaviour. Mar
Geol 213:343–362

McAdoo BG, Pratson LF, Orange D (2000) Submarine landslide geomorphology, US continental
margin. Mar Geol 169:103–136

Moscardelli L, Wood L, Mann P (2006) Mass-transport complexes and associated processes in the
offshore area of Trinidad and Venezuela. AAPG Bull 90(7):1059–1088

Sacchetti F, Benetti S, Georgiopoulou A, Dunlop P, Quinn R (2011) Geomorphology of the Irish
Rockall Trough, North Atlantic Ocean, mapped from multibeam bathymetric and backscatter
data. J Maps 2011:60–81

Sacchetti F, Benetti S, Georgiopoulou A, Shannon PM, O’Reilly BM, Dunlop P, Quinn R,
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Landslide Generated Tsunamis



Chapter 43
The State-of-the-Art Numerical Tools for
Modeling Landslide Tsunamis: A Short Review

Mohammad Heidarzadeh, Sebastian Krastel, and Ahmet C. Yalciner

Abstract We present a short review of the state-of-the-art numerical tools that
have been used for modeling landslide-generated waves. A comparative study is
conducted on the physical properties of earthquake- and landslide-generated waves
suggesting that both dispersion and nonlinearity effects may be neglected for the
former waves whereas they may be considered for the latter ones. We introduce
landslide tsunami models and group them into three classes: (1) models treating
the moving mass as a fluid, (2) models estimating the initial water surface, and (3)
models fed by the transient seafloor deformation. Selection of a particular model
from the list of models introduced here depends on: (1) the dimensions of the
source, (2) the available computing capacities, (3) availability of fine bathymetric
grid, and (4) the purposes of the modeling.

Keywords Submarine landslide • Landslide-generated waves • Tsunami •
Numerical modeling

43.1 Introduction

Fifteen years after the 1998 Papua New Guinea (PNG) tsunami, a landslide
tsunami triggered by a moderate earthquake (Mw 7) claiming 2,200 lives (Synolakis
et al. 2002), the potential hazard posed by submarine mass failures remains
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poorly understood at least in comparison to tectonic-generated tsunamis. Although
scientists were surprised by the significant death toll following a moderate offshore
earthquake on that tragic day, now they are well aware that landslide-generated
waves pose a major risk to coastal communities since they may be triggered by
moderate or small earthquakes and sometimes even aseismically.

The 1998 PNG event was a milestone in tsunami research, as it brought the
attention of scientific community to the potential large tsunami hazards associated
with submarine mass movements (Synolakis et al. 2002) though the phenomenon
has been known long before the PNG event (e.g., Gutenberg 1939). In the aftermath
of this catastrophe, the tsunami hazard of several locations in USA, Japan and other
parts of the World were revisited by taking into account possible submarine mass
failures. However, these efforts require new tools and techniques as the tsunami-
genesis and hydrodynamics of landslide tsunamis differs from those of tectonic
tsunamis, in several ways.

To address the increasing need for conducting tsunami hazard assessments from
submarine landslides, here we review available numerical tools which have proven
their capabilities in accurate modeling of landslide-generated waves.

43.2 Physical Differences of Landslide
and Tectonic Tsunamis

Table 43.1 compares the physical properties of landslides tsunamis with those of
tectonic ones. The main differences are:

43.2.1 Difference in Source Dimensions

The seafloor deformation due to submarine tectonic displacements is normally of
the order of hundreds of kilometers, whereas the dimensions of landslide sources
are of the order of kilometers or less (Table 43.1). Therefore, tectonic tsunamis
travel long distances with relatively little dispersion. Landslide-generated waves do
not usually travel long distances due to their radial distribution of energy and their
shorter wavelengths implying wave dispersion.

43.2.2 Difference in Initial Seafloor Deformation

Table 43.1 shows that the initial uplift or subsidence caused by submarine earth-
quakes is normally of the order of meters, but seafloor deformation due to landslides
may be up to hundreds of meters. As a result of this relatively large seafloor



43 The State-of-the-Art Numerical Tools for Modeling Landslide Tsunamis. . . 485

T
ab

le
43

.1
C

om
pa

ri
ng

th
e

ph
ys

ic
al

pr
op

er
ti

es
of

so
m

e
la

nd
sl

id
e

ts
un

am
is

w
it

h
th

os
e

of
te

ct
on

ic
on

es

Ty
pe

E
ve

nt
na

m
e

Ty
pe

of
ts

un
am

is
ou

rc
e

L
15

(k
m

)
W

16
(k

m
)

SD
17

(m
)

R
18

(m
)

T
19

(m
in

)
FF

E
20

SS
21

(m
/s

)
�

22
"23

Te
ct

on
ic

ts
un

am
is

D
ec

.2
6,

20
04

(I
nd

on
es

ia
)1

E
ar

th
qu

ak
e

(M
w

9.
1)

90
0

20
0

14
>

40
40

–1
20

11
Y

es
4,

00
0

0.
00

2
8

�1
0�

6

M
ar

.1
1,

20
11

(J
ap

an
)2

E
ar

th
qu

ak
e

(M
w

9.
0)

40
0

20
0

12
�4

0
40

–1
00

12
Y

es
4,

00
0

0.
00

5
2

�1
0�

5

Fe
b.

27
,2

01
0

(C
hi

le
)3,

4
E

ar
th

qu
ak

e
(M

w
8.

8)
55

0
12

0
5

29
15

–1
00

13
Y

es
4,

00
0

0.
00

4
5

�1
0�

6

Ju
ly

12
,1

99
3

(H
-N

-O
)5

E
ar

th
qu

ak
e

(M
w

7.
8)

15
0

35
4.

2
31

.7
20

–9
014

–
4,

00
0

0.
00

7
2

�1
0�

5

L
an

ds
li

de
ts

un
am

is
Ju

ly
17

,1
99

86

(P
N

G
)

L
an

ds
li

de
af

te
r

an
ea

rt
hq

ua
ke

(M
w

7.
0)

4.
5

5
76

0
15

2–
5

N
o

10
–1

5
0.

22
2

�1
0�

3

N
ov

.3
,1

99
4

(S
ka

gw
ay

)7
C

on
st

ru
ct

io
n

w
or

ks
0.

33
0.

16
15

9–
11

1–
3

N
o

35
0.

1
8

�1
0�

3

N
ov

.1
8,

19
29

(G
ra

nd
B

an
ks

)8
L

an
ds

li
de

af
te

r
an

ea
rt

hq
ua

ke
(M

w
7.

2)
20

0
10

0
15

13
10

–3
0

Y
es

20
0.

00
8

3
�1

0�
4

D
ec

.3
0,

20
02

(S
tr

om
bo

li
)9

L
an

ds
li

de
2.

2
0.

7
30

11
0.

5–
1

N
o

30
–6

0
0.

5
4

�1
0�

3

M
ix

ed so
ur

ce
A

pr
il

1,
19

46
(U

ni
m

ak
)10

B
ot

h
la

nd
sl

id
e

an
d

ea
rt

hq
ua

ke
(M

w
8.

2)
–

–
–

42
–

Y
es

–
–

–

1
Fu

ji
ia

nd
Sa

ta
ke

(2
00

7)
,2

Fu
ji

ie
ta

l.
(2

01
1)

,3
R

ab
in

ov
ic

h
et

al
.(

20
12

),
4
Fr

it
z

et
al

.(
20

11
),

5
Sa

ta
ke

an
d

Ta
ni

ok
a

(1
99

5)
,6

Sy
no

la
ki

s
et

al
.(

20
02

),
7
R

ab
in

ov
ic

h
et

al
.(

19
99

),
8
Fi

ne
et

al
.(

20
05

),
9
T

in
ti

et
al

.(
20

06
),

10
O

ka
le

ta
l.

(2
00

3)
,11

R
ab

in
ov

ic
h

an
d

T
ho

m
so

n
(2

00
7)

,12
H

ei
da

rz
ad

eh
an

d
Sa

ta
ke

(2
01

3)
,13

R
ab

in
ov

ic
h

et
al

.
(2

01
2)

,
14

M
yr

es
an

d
B

ap
ts

ta
(2

00
1)

,
15

L
en

gt
h,

16
W

id
th

,
17

Se
afl

oo
r

de
fo

rm
at

io
n,

18
M

ax
im

um
ru

nu
p,

19
Pe

ri
od

,
20

Fa
r-

Fi
el

d
ef

fe
ct

s,
21

So
ur

ce
sp

ee
d,

22
D

is
pe

rs
io

n
pa

ra
m

et
er

,23
St

ee
pn

es
s

pa
ra

m
et

er



486 M. Heidarzadeh et al.

deformation, landslides are capable of producing large runups in the near-field
although their dimensions are usually small.

43.2.3 Difference in Modeling Techniques

Shallow water theory has been usually applied in the past decades for modeling
of tsunamis which is based on the fact that tsunami wavelength (�) is much larger
than the water depth (d), or � D d=� 
 1 (Table 43.1) where � is dispersion
parameter. In fact, the effect of wave dispersion can be neglected for these long
waves .�=d > 20/ because the phase velocity of waves .c D p

gd/ is a function
of only water depth. However, landslide-generated waves are mostly classified as
intermediate waves .2 < �=d < 20/ or deep-water waves .�=d < 2/. Due to the
relatively small wavelengths of landslide-generated waves, dispersion plays a role in
their propagation because the phase velocity of waves (e.g., for deep-water waves:

c D
q

g�

2�
) is a function of wavelength for this type of waves indicating that longer

waves propagate faster than the shorter ones. Therefore, long-wave equations may
be applied cautiously for modeling of landslide tsunamis or an alternative set of
equations needs to be employed.

43.2.4 Difference in Generation Mechanism

As the speed of seismic waves responsible for seafloor deformation (�4 km/s) is
much larger than the propagation speed of long water waves (�0.1–0.2 km/s), it
is often assumed that seafloor deformation due to a submarine earthquake occurs
instantaneously. For landslides tsunamis, this is not a valid assumption because of
the relatively lower speed of landslide movement on the seafloor (�0.01–0.1 km/s,
Table 43.1). This means that the relatively slow motion of landslides during the
generation process of a tsunami needs to be taken into consideration.

43.2.5 Linearity and Nonlinearity of the Waves

In deep water, landslide tsunamis are most often linear and thus the steepness
coefficient " D a=� is small (Table 43.1), where a is the wave amplitude. In shallow
water, the waves become shorter and higher (steeper) until possible breaking. Here
nonlinear models should be applied.
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43.2.6 Differences in Warning Systems and Tsunami
Countermeasures

The physical differences discussed between landslide and tectonic tsunamis necessi-
tate different warning systems and tsunami countermeasures. While ground shaking
and seismic records on seismometers provide useful warnings in many cases before
the arrival of tectonic tsunamis, landslide tsunamis usually attack the coastal areas
without warnings. As landslide tsunamis are normally characterized by extreme
wave heights and are fairly unpredictable with regard to volume, location and release
mechanism, construction of seawalls and other tsunami countermeasures may be
less effective. Due to the unpredictability of landslide tsunamis, pre-computed
landslide tsunami scenarios are not easily obtained for warning purposes whereas
such pre-computed scenarios form the basis for tectonic tsunami warnings.

43.3 Modelling of Landslide Tsunamis

Landslide-generated waves are usually dispersive, nonlinear, and their source speed
is relatively slow. In fact, different methods for modeling landslide tsunamis are
based on the way that we incorporate the aforesaid criteria into the modeling
method. Among the main characteristics of the landslide-generated waves, possibly
the slow movement of the source at the tsunami generation phase is the most
important. Different numerical models used for landslide tsunami modeling can be
identified by the way that they treat the tsunami generation phase. This is the basis
for our classification of landslide tsunami models in the next section.

43.4 Available Numerical Models for Modelling
Landslide Tsunamis

In general, based on the way that a particular model treats the tsunami generation
phase, we classify the landslide numerical models into three groups: (1) models that
treat the submarine mass motion like the flow of a fluid with a particular density,
(2) models that estimate the initial water surface using semi-empirical equations,
and (3) models that are fed by the transient seafloor deformation at different times.
Another classification was presented by Satake (2012). Table 43.2 presents a list
of some numerical models that have been used for modeling of landslide-generated
waves. Among the models presented in Table 43.2, some of them were originally
developed for modeling of tectonic tsunamis which have been modified during
the past decade to incorporate landslide sources (e.g., TUNAMI, and MOST). We
briefly discuss below the classes of models.
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Table 43.2 Numerical models used for modeling of landslide-generated waves

Type Name Developer L/NL1 D/ND2 C/UC13 Case studies

Treating
submarine
mass as a
fluid

– Heinrich (1992) NL ND C Caribbean Sea4

– Jiang and LeBlond
(1992)

NL ND C –

TWO LAYER Imamura and
Imteaz (1995)

NL ND C Marmara Sea3

– Tinti et al. (1999) NL ND C Stromboli, Italy
– Thomson et al.

(2001)
NL ND C 1994 Skagway

– Assier-Rzadkieaicz
et al. (2000)

NL ND C 1979 Nice
event

– Kawamata et al.
(2005)

NL ND C 1741 Oshima-
Oshima

Estimating
the initial
water
surface

– Harbitz (1992) L ND UC Grand Banks
(1929)

MOST Titov and Synolakis
(1998)

NL ND UC 1998 PNG6

South
California7

TUNAMI Goto et al. (1997) NL ND UC Off. Indonesia8

GEOWAVE Watts et al. (2003) NL D UC 1998 PNG
1994 Skagway

NAMI
DANCE

Insel (2010) NL D UC Marmara Sea9

COULWAVE Lynett and Liu
(2002)

NL D UC North
Carolina15

– Weiss et al. (2006) NL D UC Valdes slide,
Chile14

Transient
Seafloor
models

COMCOT Liu et al. (1998) NL WD10 C Mediterranean
Sea11

– Satake (2001) NL ND C 1741 Oshima-
Oshima12

Hawaii Island12

– Lynett and Liu
(2002)

NL WD10 C 1998 PNG5

1Linear model/non-linear, 2Dispersive/non-dispersive, 3Yalciner et al. (2002), 4Heinrich et al.
(1999), 5Lynett et al. (2003), 6Synolakis et al. (2002), 7Borrero et al. (2004), 8Brune et al. (2010),
9Insel (2010), 10Weak dispersion effect is included in which numerical dispersion is applied to
mimic physical dispersion, 11Iglesias et al. (2012), 12Satake (2001, 2012), 13Coupled/un-coupled,
14Weiss et al. (2013), 15Geist et al. (2009)

43.4.1 Models Treating the Submarine Mass Like a Fluid Flow

In this class of models, the movement of the submarine mass is treated like the flow
of a fluid with the density of ¡2. Therefore, two fluid layers with densities of ¡1

and ¡2 are modeled (Fig. 43.1). Long wave approximations are usually applied for
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Fig. 43.1 Sketch showing the principles of the landslide models that treat the moving mass like
the flow of a fluid with density �2. In this sketch, 	1 and �1 represent the density and wave height
of the ocean water and �2 is the thickness of the sliding mass

both the sliding mass and the resulting water waves. In this class of models, in some
cases, only one flow with variable density in time and space is considered, e.g.,
the model by Heinrich (1992). For the simplest case in which the bottom friction
and interfacial resistance are neglected, the 2D vertical (2DV) nonlinear long-wave
equations (Imamura and Imteaz 1995) describing the system (Fig. 43.1) are:

For the water layer:

@.˜1 � ˜2/

@t
C @M1

@x
D 0 (43.1)
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And for the sliding mass:
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D 0 (43.3)
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�
D 0 (43.4)

in which g is the gravitational acceleration, M1 and M2 are flow discharges, ’ is

density ratio
�

¡1

¡2

�
, and other parameters are shown in Fig. 43.1.

The TWO LAYER model was successfully applied to the landslide sources in
the Marmara Sea (Yalçıner et al. 2002). Other models of this class have been used
for the modeling of the 1994 Skagway (Thomson et al. 2001) and the 1741 Oshima-
Oshima (Kawamata et al. 2005) tsunamis (Table 43.2).
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43.4.2 Models That Estimate the Initial Water Surface

Due to the complex nature of the generation phase of landslide tsunamis, some of
the available numerical models simplify the generation phase by applying empirical
equations. In fact, these models neglect the dynamic nature of the generation of
waves by landslides. In this context, one set of empirical equations for modeling
the generation phase of landslide tsunamis were proposed by Watts (1998) and
described by Synolakis (2003). These authors estimated the 3D distribution of
the initial sea level disturbance using 2DV numerical and experimental results.
These empirical equations are based on a 2DV characteristic wave amplitude .˜2d/.
According to Watts et al. (2005):

˜2d D 0:0286 T .1 � 0:75 Sin™/

�
b sin ™

d

�1:25

(43.5)

in which, T and b are the thickness and length of the sliding mass, respectively, d is
the submergence depth, and ™ is the angle of the slope. Using Gaussian curve fits,
Eq. (43.5) yields the 3D initial wave height of tsunami as follows (Synolakis 2003):

˜3D .x; y/ D w
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�
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(43.6)

Here, Zmin is the maximum depression of the water surface calculated using
Zmin D 2:1˜2d; Zmax is the maximum elevation obtained from Zmax D
0:64 ˜2d

�
0:8 C 0:2d

b sin ™

�
, w is the width of the slide, � is the characteristic wavelength

given by � D ut

a0

p
gd; g is gravitational acceleration, ut is the terminal velocity

of slide, and a0 is the initial acceleration of slide. �x is the distance between
the crest of elevation wave and the trough of the depression wave, and given by
�x D 0:5 �, and Xmin is the distance between the trough of the depression wave
and the shoreline.

Figure 43.2 shows how a 3D initial wave of a landslide tsunami (�3D) is
calculated from its characteristic wave height (�2D). To produce Fig. 43.2 (right
panel), the characteristics of the 1998 PNG event were used for which the maximum
elevation and depression in the initial profile of the water surface are 14 and 16 m,
respectively. This class of landslide models is mostly composed of tectonic-tsunami
models which have been modified to assign initial conditions using empirical
equations.
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Fig. 43.2 Sketch showing the principles of the landslide model that estimate the initial wave
height generated by landslide sources. Left panel shows the parameters used for calculation of
the characteristic wave height .�2D/. Right panel shows the corresponding 3D initial wave height
of tsunami .�3D/ calculated using Eq. (43.6)

Fig. 43.3 Sketch showing the principles of the landslide models that are inputted by the transient
seafloor deformation at different times. This figure shows the seafloor states at two different times
during the evolution of a submarine landslide

43.4.3 Models Fed by the Transient Seafloor Deformation

These models are based on the assimilation of the numerical scheme of the shape
of the seafloor deformation at different times. As an example, Fig. 43.3 shows
the seafloor states at two different times of t1 and t2 which can be used as inputs
for the numerical simulations. In this case, the landslide source will be treated
by implementing the forcing term of @h

@t
in the continuity equation. By neglecting

bottom friction and the Coriolis force, the nonlinear long-wave equations in a 2DV
Cartesian domain take the following form (Wang 2009):

@˜

@t
C @M

@x
D �@h

@t
(43.7)

@M

@t
C @

@x

�
M2

h

�
C gh

@˜

@x
D 0 (43.8)

in which the parameters are either as shown in Fig. 43.3 or were introduced above.
The forcing term of @h

@t at the right side of the Eq. (43.7) represents the forcing from
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the landslide source which can be calculated by differentiating the seafloor states
that are inputted to the program at different times.

According to Table 43.2, the COMCOT model (Liu et al. 1998) has been recently
used for landslide tsunami modeling in the Mediterranean Sea (Iglesias et al. 2012).
Another such model was proposed by Liu et al. (2005).

43.5 Discussions and Conclusions

A range of landslide tsunami models have been discussed (Table 43.2). These
models are either linear or nonlinear, dispersive or non-dispersive, and coupled or
uncoupled. The most accurate models for landslide tsunami modeling are likely
those which are nonlinear, dispersive and coupled. However, application of such
sophisticated and computationally-costly models is reasonable only if enough
information about seafloor bathymetry and sliding mass is available, and only if
it is needed for a proper description of the physical processes involved. Among
the models studied here, GEOWAVE (Watts et al. 2003) is fully nonlinear and
dispersive. NAMI DANCE is also nonlinear and dispersion effect is included
in one of its versions. Two other models, e.g., COMCOT and the model by
Lynett and Liu (2002), are weakly dispersive by applying numerical dispersion.
Most of the models in Table 43.2 are nonlinear and non-dispersive. Our short
review suggests that the numerical tools used for landslide-generated waves are
not, in general, as standardized as those used for tectonic tsunamis indicating
that the recommendations by Synolakis et al. (2008) need to be applied for their
standardization.

All of the models presented in Table 43.2 have proven their capabilities in varying
degrees in modeling of landslide tsunamis, by reproducing observations from past
events. Therefore, we cannot propose a particular model from our Table 43.2 for
landslide tsunami hazard assessment as superior or more capable. Application of a
particular model from Table 43.2 depends on several factors:

1. The dimensions of the source whether the dispersion can be neglected for the
landslide source or not.

2. The available computing capacities: for example, dispersive models like the
model by Liu et al. (2005) usually need relatively long CPU times.

3. Availability of fine bathymetric grid: most of the landslide tsunami models need
relatively small grid size compared to tectonic models.

4. The purpose of the modeling and the level of desired accuracy. In most cases,
the final tsunami runup height and arrival time to coastlines are the purposes of
modeling. In many cases dispersion is important for the propagation phase. The
wave length is important for amplification and run-up.
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Chapter 44
Modeling Submarine Landslide-Generated
Waves in Lake Ohrid, Macedonia/Albania

Katja Lindhorst, Sebastian Krastel, Cord Papenberg,
and Mohammed Heidarzadeh

Abstract We study potential tsunami hazards associated with submarine landslides
in Lake Ohrid, Macedonia/Albania. The transboundary Lake Ohrid located on the
Balkan Peninsula shared by Macedonia and Albania is considered to be the oldest-
continuously existing lake in Europe (2–5 Ma), though the age and the origin are not
completely unraveled to date. Previous studies by means of hydroacoustic methods
have shown that the western margin of Lake Ohrid has a long history of mass
wasting. Based on seismic data, slide deposits are found in different stratigraphic
levels as well as on the lake floor where they have affected a large area. This study
is focused on the well-studied Udenisht Slide Complex covering an area of 27 km2

within the southwestern part of Lake Ohrid. The Udenisht slide is by far the largest
mass movement with an average thickness of 30–40 m and an estimated volume
of about 0.11 km3. It is therefore well within the limits of submarine landslides
that are known to be capable of triggering tsunamis. Using numerical modeling, the
propagation of a landslide-generated tsunami with an initial wave height of more
than 5 m has been calculated. Run-up heights estimated for coastal communities
around the lake are moderate in the north (2–3 m) can reach up to 10 m directly at
the site where the slide initiated. This study is a first generation of landslide tsunami
hazard assessment for Lake Ohrid and further detailed modeling is recommended
for the region.
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44.1 Introduction and Study Area

Lake Ohrid situated on the Balkan Peninsula (Fig. 44.1) in a tectonically-formed
basin is most likely the oldest lake in Europe (2–5 Ma, Albrecht and Wilke 2008).
Surrounded by high mountains, the surface of Lake Ohrid is located at an altitude of
693 m above sea level. It extends 30 km north-south and 15 km east-west covering
an area of about 360 km2.

The total water volume of Lake Ohrid is 55 km3; maximum water depth reaches
293 m (Popovska and Bonacci 2007). Previous geophysical investigations showed
the importance of Lake Ohrid as a valuable archive to study the sedimentary
evolution of a graben system over several million years (Lindhorst 2012).

Lake Ohrid has been formed as a pull-apart basin in Late Miocene with subse-
quent E-W extension within the South Balkan Extensional Regime (Burchfiel et al.
2008; Lindhorst 2012). The sedimentary infill within the central part of the basin
indicates that Lake Ohrid existed continuously since its initial formation (Lindhorst
et al. 2010). A first chronological model suggests that the oldest sediments within
the deepest part of the basin are at least 2 Ma old (Lindhorst 2012). Acoustic data
show widespread mass wasting deposits.

In this study we investigate the tsunamigenic potential of landslides within Lake
Ohrid using numerical modeling. First, we briefly summarize mass wasting features
within the basin. Afterwards we present results of our modeling approach with

Fig. 44.1 General location map of Lake Ohrid on the Balkan Peninsula
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a focus on wave amplitudes at several stations along the shore of Lake Ohrid.
Our results increase the general understanding of landslide-generated hazard within
active basins and can be seen as a case study for other deep lakes with steep flanks
especially in regions with high seismic activities such as the alpine lakes.

44.1.1 Mass Wasting in Lake Ohrid

Slide deposits are widespread within the basin and can be found at different
stratigraphic levels indicating that Lake Ohrid has a long history of mass wasting.
Possible trigger mechanisms for submarine sliding events within Lake Ohrid were
discussed in Lindhorst et al. (2012). The fact that Lake Ohrid is located within a
seismically active region and the location of the Udenisht slide is along the active
margin point to an earthquake as the most likely trigger for the Udenisht slide event.
For example, Wagner et al. (2012) showed that an earthquake in the sixth century
most likely triggered a slide in the northwestern part of Lake Ohrid.

Seismic cross sections of the southwestern part of Lake Ohrid show several
chaotic units interpreted as mass wasting deposits within the youngest sedimentary
succession (Lindhorst et al. 2012). In total, six slide deposits stacked on top of
each other have been mapped. Up to 75 m-thick sediments overlay the oldest slide
deposits (Lindhorst et al. 2012). The Udenisht slide complex is the most prominent
subaquatic failure event in Lake Ohrid. Sediment echosounder profiles across the
sliding area only show a thin sedimentary cover. Taking the sedimentation rate into
account it was suggested that the event is younger than 1,500 years (Lindhorst
et al. 2012). The sliding area can be identified by means of morphological data
as shown in Fig. 44.2. The Udenisht slide covers almost 10 % of the entire lake
surface. The Udenisht slide has a long run-out distance. Slide deposits are up to 50 m
thick (Fig. 44.2). The volume of the slide is estimated to be �0.11 km3 (Lindhorst
et al. 2012). Interpretation of the slide morphology suggest that the slide can be
classified as a retrogressive submarine mass movement with at least two sub-events
and sudden failures of major blocks in the upper part of the slide area (Lindhorst
et al. 2012). Although a distinct head wall of the slide has not been detected, we
found evidence that the major event was initiated in shallow water depth. In 2009 a
bathymetric survey was carried out by means of an ELAC Seabeam 1180 multibeam
device resulting in a high resolution topography map (Fig. 44.2). The Udenisht slide
area is characterized by an upper slope area bounded by distinct sidewalls and a run-
out area where slide deposits up to a thickness of 60 m can be found (Lindhorst et al.
2010, 2012). Furthermore, the present topography excludes that the Udenisht slide
was triggered onshore. Seismicity along an active fault trending in NW-SE direction
and crossing the upper part of the sliding area, has been interpreted as a trigger for
a sub-event in a water depth of about 120 m (Lindhorst 2012).
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Fig. 44.2 Bathymetric map of the southwestern part of Lake Ohrid showing the morphology of
the Udenisht slide complex. Two seismic cross sections showing the slide deposits of the Udenisht
slide (yellow dashed line in S-N direction) and the slump (E-W profile) further to the north that
we used for evaluating input parameters of the modeled tsunami. Two additional slumps along the
western margin are marked

44.1.2 Numerical Approach

We use the numerical model TUNAMI-N2 (Imamura et al. 2006; Yalçiner et al.
2004) to simulate the propagation of long waves generated by possible submarine
landslides within Lake Ohrid. Developed at the Tohoku University in Japan by
Fumihiku Imamura and Nobou Shuto, TUNAMI is one the famous international nu-
merical codes validated with both laboratory and field tsunami data (Yeh et al. 1996).

Tsunami modeling is usually composed of three steps of (1) generation, (2)
propagation and (3) inundation. Here, we prevent the waves from inundation on
dryland by imposing a vertical wall near the shoreline. To estimate the run-up
heights at the main coastal communities around Lake Ohrid, we calculate tsunami
wave height at offshore water depth and then apply an empirical equation to
estimate the run-up heights. In our numerical simulations, wave evolution beyond
water depth of 20 m is prohibited, and then empirical equations are used to
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estimate run-up heights. Therefore, near-shore wave phenomena such as wave
breaking are not considered here. This may imply an over-estimation of the run-
up heights.

44.1.3 Initial Tsunami Wave

The initial tsunami wave amplitude will be build up during the acceleration time
of the underwater slump. Combined information from high resolution bathymetric
and seismic data within the area of the Udenisht slide provide input parameters
to constrain the exact location, water depth, slide direction, and the geometry of
the slide. However, the initial failure mechanism is difficult to reconstruct because
we do not find a distinct headwall today. In order to overcome this problem, we
assume that the Udenisht slide initially started as a slump similar to those observed
further to the North (Fig. 44.2). Based on this assumption we apply the semi-
empirical formulas proposed by Watts et al. (2003) and Grilli and Watts (2005)
for our numerical modeling of landslide tsunamis.

The modeled submarine slide is located on the upper slope in a water depth of
120 m of the Udenisht slide complex and moves about 200 m downslope (Fig. 44.2).
We further assume that a slide block rotates around a very small angle so that
the movement can be described as a translation parallel to the slope. We do not
account for deformation of the sliding block during the short acceleration time (t0)
until the maximum depression at the water surface is reach and the initial tsunami
wave has been build-up. We assume a specific density of 1,900 g/cm3 and slide
geometry with width of 2,500 m, a length of 500 m, and a thickness of about 50 m
resulting in a volume of 0.0625 km3 for the simulated sliding block. This volume
is half the volume of the Udenisht slide deposits (Lindhorst et al. 2012), which
we consider as realistic initial slide volume because seismic data show significant
entrainment of underlying sediments during slide propagation. The time t0 until the
maximum surface depression was generated is 14.7 s. The resulting wave has a
wavelength �0 D 510 m and the characteristic wave height is 5.20 m. We calculated
an initial acceleration of a0 D 0.8 m/s2, a maximum velocity of umax D 11.4 m/s, a
characteristic distance of motion of S0 D 170 m, and a small angular displacement
of �· D 0.54 rad.

44.2 Results

44.2.1 Wave Propagation and Estimated Run-Up Heights

The propagation of the modeled tsunami wave is shown in Fig. 44.3. Our modeled
mass wasting event induces a tsunami wave reaching Progradec, Sveti Naum,
Gradiste, Ohrid, and Struga after 0.5, 4, 4.5, 8, 10 min, respectively (Fig. 44.4).
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Fig. 44.3 Tsunami wave distribution (red and blue colored) in Lake Ohrid after 4 mins. Isolines
show wave propagation after initiation at the slide location (dashed square) over a time period of 10
mins. After that time the tsunami has reached all the coastlines. Grey bars indicate run-up height
normalized to the maximum run-up at Udenisht. Green dots are the virtual tidal gauge stations
(Fig. 44.4)

Waves hit the coast at Udenisht immediately after failure occurs (Fig. 44.4). The
maximum wave heights at the virtual gauge stations off Udenisht, Progradec, Sveti
Naum, Gradiste, Ohrid, and Struga are 75, 60, 120, 60, 23, and 13 cm, respectively.
The time histories of tsunami waves at selected locations are shown in Fig. 44.4. As
shown, the artificial gauges are located at different water depths of 22, 18, 20, 18,
and 20 m.
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Fig. 44.4 Time histories of tsunami waves at some artificial gauges. Gauge locations are shown
in Fig. 44.3

In general the maximum wave heights at Struga and Ohrid are relatively small
(<25 cm). The highest waves are measured at Sveti Naum at a water depth of
18 m (Fig. 44.4). Table 44.1 presents our estimation of run-up values using two
empirical equations. Whereas the first equation only considers the wave amplitude
at a certain water depth and must be considered as a very simple approach to get a
first impression of run-up heights at the coast. The second formula is an empirical
approach including more parameters such as the slope angle and gives a more
realistic estimation of run-up heights. In our cases we assume that the slope angles
offshore Udenisht and Gradiste are greatest (�4ı) because they are located along the
steep sides of Lake Ohrid. The slope angles in the north are small (�2ı) and for the
southern region we assume medium slope values (�3ı). According to Table 44.1,
in Udenisht, which is closest to the slide, the estimated run-up heights are greatest
(2 and 10 m, Fig. 44.3). Run-up heights in Ohrid (0.5 and 2.5 m) and Struga (0.35
and 2 m) are moderate (Fig. 44.3). In the south the estimated run-up is about 5 m
for the second formula (Fig. 44.4).
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Table 44.1 Estimation of run-up values using empirical equation

Location
Offshore surface
elevation (m) Water depth (m) Slope angle (ı) R1 (m)a R2 (m)b

Udenisht 0.76 54 4 1.8 10
Progradec 0.6 22 3 0.8 4
Sveti Naum 1.2 18 3 2 6
Gradiste 0.6 20 4 1.2 5
Ohrid 0.23 18 2 0.5 2.5
Struga 0.13 20 2 0.35 2

aThe empirical equation by Ward and Asphaug (2003) was used: R1 D 5

q
A.d/4 � 5

p
d, where

A(d) is the tsunami amplitude at water depth d
bThe equation proposed by Ward and Day (2007): R2 D 3:26 � H0 � .tan ˇ/0:42 �

�
A0

H0

�0:41

,

in which H0 is the offshore water depth in meters, A0 is the wave amplitude at the water depth
of H0 in meters, ˇ is the slope of the beach, and R is runup height in meters

44.3 Discussion and Conclusion

In order to discuss results of our modeled tsunami wave distribution across Lake
Ohrid we compare our estimated run-up value to an empirical formula of Lynett and
Liu (2005). In their approach they calculated run-up heights by taking the geometry,
submergence depth and slope angle of the failure area into account to estimate a
run-up at the coast closest to the submarine landslide event. The equation by Lynett
and Liu (2005) gives a run-up value of about 6 m which is close to the values
presented here.

According to a morphological analysis, the tsunamigenic potential for the
Udenisht slide has been characterized as low (Lindhorst et al. 2012). A long
run-out distance of slide material and the fact that the Udenisht slide has been
characterized as a retrogressive event with at least two sub-events further reduce
the absolute volume of individual failure events. However, this study illustrates
that, in general, sub-lacustrine mass failure events as observed within the modern
lake floor morphology inhibit a tsunamigenic potential. Results from our numerical
modeling presented here show that an underwater slump with a shape similar to
that in the northwestern part located at the site of the Udenisht slide is capable
to trigger a tsunami wave. Our preliminary modeling shows that this wave would
propagate across the entire lake in about 10 min but would have small to moderate
estimated run-ups at the cities of Ohrid and Struga (see Table 44.1). At the village
of Udenisht and in the southern area of Lake Ohrid we find that the estimated
run-ups are large enough to cause significant damages along the coast and are
hence a potential hazard for the coastal communities. The time between landslide
and tsunami arrival at Udenisht, Progradec, Sveti Naum, and Gradiste is less than
5 min.
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For our numerical solution we assume a simplistic scenario with the following
assumptions: (1), a simple geometry of the sliding block (2) non retrogressive
behavior of the slide, (3) the present of an intact block comparable to a slump,
(4) a short horizontal displacement of �200 m, and (5) a submergence depth
of about 120 m. A slump-type failure was considered in our modeling because,
according to Watts et al. (2005), it has a higher potential to trigger a tsunami than
submarine slides. The effect of retrogressive behavior of a landslide would reduce
the maximum surface elevation and lead to smaller amplitudes (Bondevik et al.
2005; Harbitz et al. 2006). On the other hand, intense slide deformation in shallow
water may increase coastal run-up by more than a factor of 2 and 3 (Grilli and Watts
2005). Hence tsunamis of significant height would be triggered, if further failures
occur at the uppermost part of the Udenisht slide area.

In order to evaluate the influence of slide volume and initial submergence
depth to the initial wave height we ran the tsunami model with higher and lower
slide volumes as well as with higher submergence depth as input parameters than
presented here which would then effect the coastal amplification. We found that
the initial wave height increases dramatically if the tsunami initiates in shallower
water depth. We considered these heights as unrealistic for Lake Ohrid because
such an event during the last 2,000 years would have been mentioned in primary
sources. Because our model does not allow wave breaking effect we could only
simulate a tsunami in water depth greater than 50 m. The highest variability in input
parameters is slide volume. Although we have a good estimation of the volume that
got deposited after the failure along the western margin but it is uncertain whether
these deposits are evidences for one single event. In addition our morphological data
indicates that the Udenisht slide is a complex system of more than one event that is
different in size and submergence depth. In general, an increase in volume would
also increase the initial wave height and subsequently higher damages around the
coast of Lake Ohrid.

In conclusion, this study gives a first impression of the tsunamigenic potential
of sub-lacustrine mass movement events which are common within Lake Ohrid and
have been found in different stratigraphic levels. Our study suggests that a potential
tsunami hazard within Lake Ohrid cannot be neglected although our preliminary
modeling showed that the run-up values would be small. This approach, however,
points to the urgent need for more sophisticated modeling approaches for landslide
generated tsunamis in Lake Ohrid and comparable lakes.
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Chapter 45
Modeling Potential Tsunami Generation
by the BIG’95 Landslide
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Geir Pedersen, and Sylfest Glimsdal

Abstract The BIG’95 landslide was emplaced 11,500 years ago and is one of
the largest known submarine landslides in the Mediterranean Sea. The simulated
landslide dynamics matches the observed run-out and deposited thickness. Water
elevation simulated by using a dispersive tsunami model exceed 10 m close to the
landslide area and at the nearest shorelines. Modeling further indicates that the
tsunami probably had widespread consequences in the Mediterranean. Compared
to previous studies, this new simulation provides larger waves. There is, however,
still a need to better constrain the landslide dynamics in order to illuminate the
uncertainties related to the tsunamigenic power of this, and other, submarine
landslides.
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Keywords Submarine landslide • Slope failure • Tsunami • Frequency
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45.1 Introduction

The BIG’95 landslide is one of the largest known submarine landslides in the
Mediterranean Sea, with a volume of 26 km3 (Canals et al. 2000) and an age of
11,500 years (Lastras et al. 2002). The landslide occurred at the Ebro margin at
a water depth of about 1–1.5 km, and is thought to result from high pore-water
pressures and differential compaction processes (Lastras et al. 2004; Urgeles et al.
2006). It evolved into a debris flow with intact rafted blocks, resulting in a run-
out of 110 km for the debris flow and 15–20 km for the blocks (Fig. 45.1). The
debris flow climbed some 20 m on the flanks of the Balearic Islands. At 11,500 year
BP the contemporary sea level was some 80–120 m below today’s level, and for
this reason it is unlikely that onshore evidence of a possible tsunami can be found.
Despite the lack of paleotsunami records, the large volume involved suggests that
the landslide could have generated a significant tsunami. For a thorough assessment
of the tsunamigenic potential, the dynamics of the landslide is crucial. Whereas a
fast flowing landslide may be an efficient tsunami source, a large but slowly moving
one may not generate a large tsunami (e.g. Løvholt et al. 2005).

Lastras et al. (2005) used a Bingham type rheology including both debris and
transportation of rafted blocks to model the evolution of the BIG’95 landslide.
Roughly mimicking both the total and the intact block run-out distances, maximum
landslide velocities approaching 50 m/s were obtained. Using a shallow water model
and basing their landslide model on Lastras et al. (2005), Iglesias et al. (2012) also
simulated the possible tsunami, obtaining maximum water elevations up to 9.5 m at
9 m water depth offshore Mallorca. Tsunamis induced by landslides are, however,
most often dispersive (e.g. Lynett et al. 2003; Harbitz et al. 2006; Glimsdal et al. in
press), implying wavelength dependent wave speed. Hence, a more sophisticated
model, for instance of Boussinesq type that incorporates dispersion, would give
more reliable tsunami characteristics. Here, a reconstruction of the landslide as
well as new landslide simulations building on the study of Lastras et al. (2005)
is presented in Sect. 45.2. Compared to the study of Lastras et al. (2005) a series of
transect simulations are employed for a representation of the tsunamigenic landslide
in two horizontal dimension (Sect. 45.3). The tsunami modeling is presented in
Sect. 45.3.

45.2 Simulated Landslide Evolution

The circumference of the BIG’95 landslide thickness is shown in Fig. 45.1. Further
processing of the data is performed to shed light on the net erosion and deposition
in the area, and thus constrain landslide dynamics and define the sliding planes.
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Fig. 45.1 Location of landslide deposits based on shallow sub-bottom profiling. The dashed lines
show transects used for modeling the landslide dynamics

Post-failure evolution of the BIG’95 landslide is simulated along five “parallel” 2D
transects (Fig. 45.1) using the Bing model (Imran et al. 2001). This simulation is
based on the previous work by Lastras et al. (2005). However, the objective here is to
provide a model of the landslide evolution in two horizontal dimensions for tsunami
generation. Observed sediment distribution along the five selected transects is used
to constrain the landslide run-out distance, debris thickness, pre-slide topography,
etc. The landslide thickness along the transects is depicted in Fig. 45.2.

The BING model considers the landslide as a dense debris flow described by a
Bingham rheology with a plug flow overlying a shear layer where no deformation
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Fig. 45.2 Left panel: Comparison of the BIG’95 landslide thickness reconstructed from combin-
ing present day and pre-slide bathymetry (red), and thicknesses (blue) from landslide simulations
after 33 min. The results are shown in descending order from north to south (the northernmost
transect in Fig. 45.1 is the uppermost). Right panel: Frontal speed of the modeled BIG’95 landslide
along the mid transect in Fig. 45.1

takes place until a certain yield strength is exceeded, after which the debris flows as a
Newtonian fluid. The yield strength and the viscosity are tuned to 1 kPa and 1 kPa � s,
respectively, to reproduce the observed landslide thickness (Fig. 45.1). A viscous
drag with a skin friction of 0.002 (Norem et al. 1990) and a pressure drag coefficient
of 0.8 are employed. Simplifying assumptions include constant parameter values no
effects of possible hydroplaning. Hence, remolding effects implying reduction of
the yield strength with time is not taken into account. Moreover, the Bing model
does not take into account possible formation of low density turbidity currents (see
e.g. Assier Rzadkiewicz et al. 1997).

Lastras et al. (2005) obtained best fit for slightly smaller yield strengths (0.5–
0.8 kPa), while a yield strength of 0.8 kPa was utilized for the purpose of tsunami
generation by Iglesias et al. (2012). Previous studies have employed different values
for the Bingham rheologies: Marr et al. (2002) used viscosities of 30 and 300 Pa � s,
as well as yield strengths ranging from 2 to 15 kPa to model the run-out of clay rich
debris flows on the Bear Island fan, Norwegian Sea. Based on measurements from
different sites, Locat and Lee (2002) exemplify yield strengths ranging from 0.01
to 1 kPa. Our employed yield strengths are in the upper range of those observed
by Locat and Lee (2002). A high viscosity is used compared to Marr et al. (2002).
Yet, as demonstrated below, the simulated landslide speed and acceleration are still
relatively large.

At the start of the simulation, the landslide material is positioned upslope at
locations corresponding roughly to the pre-landslide bathymetry. At the beginning,
the frontal acceleration is too large. This is due to a large initial landslide thickness
pushing the frontal part to a large acceleration. In addition, the constant value of the
yield strength needed to mobilize the material is initially too low. Hence, the tsunami
generation during the acceleration phase may be overestimated. The resulting run-
out and landslide thicknesses after 33 min are compared with the slide thicknesses
interpreted from the deposits as shown in Fig. 45.2. At this time, the landslide is
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decelerating and is close to rest. The thicknesses are slightly overestimated, which
may indicate that the employed yield strength needed to mobilize the landslide is
somewhat too low. An example of the frontal slide speed is shown in Fig. 45.2, with
a maximum of about 50 m/s. The slide speed corresponds well with the findings of
Lastras et al. (2005). The maximum Froude number (defined as the ratio of the slide
speed to the wave celerity) is approximately 0.5. Hence, the landslide speed is sub-
critical, which implies that the tsunami will run away from the landslide, limiting
the build-up of the wave.

For each transect, the landslide consists of a combination of debris (Bingham
fluid) and rafted blocks. The anomalous large thicknesses from the observed
deposits are interpreted as intact blocks. It is noted that the blocks are present
in the simulations (for details of the block motions see Lastras et al. 2005), but
not displayed in Fig. 45.2. In Lastras et al. (2005), the block fraction reaches a
maximum velocity of 20 m/s. The rafted blocks in the simulations move slower
and are less effective in tsunami generation. Due to their limited wavelength, the
tsunami amplitude induced by the rafted blocks would also attenuate faster with
distance. Therefore, only the debris flow is retained to represent the tsunami source.
For each output time step (1.5 s), the thickness of the Bingham fluid is interpolated
between the transects, providing a time dependent landslide source in two horizontal
dimensions as input to the tsunami model. In addition, time averaging is performed
to provide a smoother velocity profile, providing landslide induced source terms
every 20 s as input to the tsunami model. This is also the reason for the stepwise ve-
locity profile depicted in Fig. 45.2. This procedure gives a volume of approximately
19 km3 for the loose material phase, whereas the remaining 7 km3 constituting the
rest of the observed volume of 26 km3 is interpreted as the rafted blocks.

45.3 Tsunami Propagation

Numerical simulations are performed using both a linear hydrostatic model (LSW)
and a dispersive wave model GloBouss (Løvholt et al. 2008) with present day public
domain ETOPO 1 bathymetry. The simulated time-dependent landslide thickness is
interpreted as a time dependent distribution of source terms that are invoked in the
continuity equation as the rate of change of the depth, whereas secondary source
terms in the momentum equation are omitted. For further details on the landslide
source terms in the tsunami model, see Løvholt et al. (2010).

First, the simulations are run on a grid resolution of 0.250 (refined from ETOPO 1
using bi-linear interpolation) covering the Balearic Sea and the Balearic Islands for
1 h and 40 min of wave propagation. To ensure convergence, grid refinement tests
were conducted for grid resolutions of 10, 0.50, and 0.250 respectively, indicating an
accuracy of about 1 % for the leading wave at 0.250 resolution. Snapshots of the
simulated surface elevations and maximum water levels for the whole duration are
shown in Figs. 45.3 and 45.4, respectively. The wave displays an eastward sickle
shaped positive wave, and a westward depression wave caused by the net mass
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Fig. 45.3 Snapshots of the simulated sea surface elevation from the BIG’95 landslide tsunami
near the source area and the Balearic Islands. Upper left: t D 5 min; upper right: t D 10 min; lower
left: t D 15 min; lower right: t D 20 min

Fig. 45.4 Simulated
maximum surface elevation
over the whole simulation

withdrawal near the headwall. An elevation of more than 10 m is produced in the
near field, indicating severe impact on the Balearic Islands and parts of eastern
Spain. However, the tsunami has a pronounced directivity towards southeast and
northwest, giving a narrower distribution of maximum surface elevation near the
shoreline than typical for earthquake generated tsunamis (see Okal and Synolakis
2004, for a discussion). Far field simulations indicate water elevations exceeding
3 m offshore Catalonia and Africa (results not shown).
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Fig. 45.5 Upper left: Location of synthetic gauges off the Ebro Margin and the Balearic Islands.
Upper right: Surface elevation at gauge number 7. Lower left: Surface elevation at gauge number
3. Lower right: Surface elevation at gauge number 9

Figure 45.3 displays shorter trailing waves as compared to the leading one,
most pronounced in the direction of landslide motion. This effect is interpreted
as frequency dispersion. We clearly see some effects of dispersion for two of the
gauges by comparing the LSW and dispersive models. The effect is most notable
for gauge 9, located in the direction of the landslide motion, where LSW model
gives a relative error of almost 50 % in the maximum surface elevation. This effect is
typical for the points east of the source area shown in Fig. 45.5. We also note that for
location 7 close to mainland Spain, the effects of dispersion are barely noticeable as
a consequence of longer waves spreading azimuthally. Moreover, it is noted that the
relative influence of dispersion increases with time. For a discussion of frequency
dispersion of tsunamis, see Glimsdal et al. (in press).

Short crested spurious waves with a length within the grid size are also evident
in the wave generation area in Fig. 45.5. These are artifacts due to sharp fronts in
the progressing landslide, which are conveyed to the water surface. Although not at-
tempted here, the short crested waves may be removed by applying dispersive filters
that take into account the hydrodynamic response due to the seabed displacement
(Kajiura 1963; Løvholt et al. 2012; Glimsdal et al. 2013). These waves move slowly
and do not propagate far beyond the source generation area.
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45.4 Discussion and Conclusion

Our simulations suggest that the 11,500 BP BIG’95 landslide along the Ebro margin
may have been capable of generating a significant tsunami. A similar conclusion was
found by Iglesias et al. (2012). However, an inspection of their map displaying the
maximum water level indicates smaller waves. The discrepancy is due to differences
in representation of the landslide dynamics and source terms in the numerical
tsunami models. However, is noted that the shallow water assumption by Iglesias
et al. (2012) is conservative with respect to the wave evolution. By performing
this comparison, a challenge in hindcasting events of this kind is revealed: in
both cases, the landslide run-out used for computing the tsunami is retrofitted
roughly by the landslide simulation. Nonetheless, there is an inherent ambiguity
as several parameter combinations including viscosity and yield strength that enter
the landslide computation may produce more or less the same run-out distance.
Hence, the simulated landslide dynamics may differ, affecting the tsunamigenic
power. Parameter sensitivity analysis should be performed to demonstrate the
possible parameter span in the landslide dynamics and its effect on tsunamigenesis.
Unfortunately, such studies are rare for landslide induced tsunamis, and more
research is needed within this field. We do not have paleotsunami evidence from the
BIG’95 landslide. Maybe it remains concealed, unidentified, or maybe the landslide
was actually not tsunamigenic because the mass release and flow evolved slower
than modeled.
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Chapter 46
Modeling of Potential Landslide Tsunami
Hazards Off Western Thailand (Andaman Sea)

Julia Schwab, Sebastian Krastel, Mohammad Heidarzadeh,
and Sascha Brune

Abstract We model several scenarios of potential submarine landslide tsunamis in
the Andaman Sea off the Thai west coast. Our results suggest that landslides may be
capable of producing significant tsunamis. Two categories of submarine landslide
scenarios were evaluated. Geometry parameters of the first category are taken
from identified mass transport deposits (MTDs); the second category considers
a potentially unstable block identified in seismic data. Our preliminary modeling
approach shows that run-up values may reach significant tsunami heights for some
scenarios. We point out that our results have to be regarded as only preliminary
due to several limitations in our modeling approach. Our results, however, show the
need for more sophisticated modeling of landslide tsunamis, especially regarding
the failure process and inundation on dry land

46.1 Introduction

Due to its vicinity to the highly seismic Sunda Trench, the Thai west coast is
vulnerable to tectonic tsunamis (e.g. Jankaew et al. 2008). Earthquakes, however, are
not the only source of tsunami waves. Seismically triggered submarine slope failures
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are also known for producing large wave heights in the near field (Synolakis et al.
2002). However, tsunami warning is problematic, as landslides may initiate within
minutes or hours of an earthquake (e.g. Fritz et al. 2012), and a seismic signal may
not even be detectable prior to a landslide.

Schwab et al. (2012) identified several MTDs and indicators for potential future
failures at the western edge of Mergui Ridge, which forms a part of the outer
Thai shelf. By minimum volume estimations and submergence depth of identified
deposits, they concluded that only a few slope failures may have been tsunamigenic,
resulting in a low estimate for landslide tsunami hazards. In order to obtain a
more detailed picture of the tsunamigenic potential that may arise from these slope
failures, this study aims to quantitatively understand the landslide tsunami hazards
off western Thailand by numerical modeling.

46.2 Geological Background

Schwab et al. (2012) examined 2D reflection seismic profiles across the Mergui
Ridge-East Andaman Basin transition (Fig. 46.1a), and high resolution bathymetric
data from the top of Mergui Ridge. They identified several stacked MTDs west of
Mergui Ridge (Fig. 46.2a) indicating recurrent slope failures. Based on the thickness
of undisturbed sediment packages between individual MTDs, long time intervals
(hundreds of kyrs) were estimated between succeeding events. Possible causes for
slope failures include ongoing tectonic activity, occurrence of potentially unstable
drift deposits and the presence of fluids and resulting overpressure. Additionally,
indicators for potential future failures were identified (Fig. 46.2b) at the faulted
western edge of Mergui Ridge (Schwab et al. 2012).

46.3 Modeling and Data Set

Based on geometrical parameters derived from seismic and bathymetric dataset
(Figs 46.1b and 46.2), different hypothetical scenarios of landslide tsunami gen-
eration were modeled. The dimensions of the modeled slides are comparable to
those described by Brune et al. (2010b) from neighboring areas. We follow the
modeling approach of these authors, which takes into account that small landslides
do not fulfill the applicability conditions for more realistic source models (see Brune
et al. 2010b for a discussion of the approach). Therefore initial wave heights are
calculated by a set of semi-empirical formulas (Watts et al. 2005; Grilli and Watts
2005). These formulas describe the sea surface response to a simplified coherent
rotational slump failure. Compared to other more realistic landslide formulas (e.g.
Mohammed and Fritz 2012) they do not account for the deformation of the slide
during the failure process. For calculating tsunami propagation, the TUNAMI-N2
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Fig. 46.1 (a) Bathymetric map of modeling domain and main structural features. G1–G8 indicate
“artificial gauge stations” near the coast (20–50 m water depth) where maximum wave heights
of tsunami are derived from. (b) Source location for chosen scenarios. Green areas indicate the
locations where stacked slides have been identified in the basin on seismic profiles (thin black
lines). Black arrows indicate the uncertainty in slide width

numerical code (e.g. Goto et al. 1997) was applied, and an extension of this code
(Brune et al. 2010a) was used to test stability conditions of input parameters and to
calculate initial wave heights as described above. The simulations were performed
for a total time of 25,200 s for all scenarios with a time step of 0.5 s using the
GEBCO bathymetric grid (IOC et al. 2003) resolved to 32 arc sec.

Calculated maximum wave heights are regarded at eight artificial gauge stations
G1–G8 (Fig. 46.1a, Table 46.1) placed offshore at water depths of about 20 m (G1)
and about 50 m (G2–G8). Empirical formulas were applied to obtain a first estimate
of potential run-up heights R1 (Ward and Asphaug 2003) and R2 (Ward and Day
2008) from the maximum offshore wave heights at G1–G8. R1 depends only on
water depth and tsunami wave height at an offshore location, whereas for R2 also
the slope angle between offshore location and shore line is included.
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ab

Fig. 46.2 (a) 2D reflection seismic profiles across the two source areas, “stacked slides location”
and “potentially unstable block”. S1: start point for slides of scenarios A1–A12, S2: start point for
slides of scenarios A13–A24. E1: Endpoint for slides of scenarios A13–A24. (b) Bathymetry of
the “potentially unstable block” (scenarios B1–B9). CMP Common Midpoint (See Fig. 46.1b for
locations)

Table 46.1 Artificial gauge stations

Gauge G1 G2 G3 G4 G5 G6 G7 G8

Lat [ı] 8.6636 8.8639 8.6405 8.2704 8.011 7.8888 7.8404 7.7609
Long [ı] 97.6254 98.2577 98.2286 98.27 98.2853 98.2524 98.284 98.3228
Water depth

[m]
24 49 50 49 51 48 46 48

Coastal
location

Similan
Islands

Bang
Muang

Khue-kakk Khok
Kloe

Chueng
Tao

Patong Karon Rawai

46.3.1 Modeled Scenarios

We chose two source locations based on information derived from seismic and
bathymetric data (Fig. 46.1). Scenarios A1–A24 correspond to a location of
previously-identified, stacked MTDs. Scenarios B1–B9 consider a potentially un-
stable block (Fig. 46.2, Schwab et al. 2012).



46 Modeling of Potential Landslide Tsunami Hazards Off Western Thailand. . . 521

46.3.1.1 Scenarios A1–A24, “Stacked Slides Location”

The “stacked slides location” is situated west of the Mergui Ridge (Fig. 46.1b).
Four parallel seismic reflection profiles show a similar pattern of five stacked MTDs
(Fig. 46.2a). Geometrical properties of the modeled slides were varied according
to the dimensions of identified slides lengths between 5 and 13.5 km. Widths of
5, 7 and 30 km were chosen, the latter width value assuming that the two areas
of stacked MTDs are connected, while the smaller values imply separate failure
events. The slide thickness applied for these scenarios was 150 m, which is the
maximum thickness measured for all detected MTDs. We use slope angles of 3ı and
6ı, corresponding to the range of slope angles in the source area. The origin of the
MTDs is unknown, therefore we assume two different locations for slide initiation
at the edge of the ridge in about 880 m water depth (run-out distance 15.5 km) and
at the upper boundary of the basin in about 1,270 m water depth (run-out distance
7.5 km, Fig. 46.2a).

46.3.1.2 Scenarios B1–B9: “Potentially Unstable Block”

In scenarios B1–B9, we model the failure of a potentially unstable sedimentary
block located at the edge of Mergui Ridge in about 1,100 m water depth (Fig. 46.2a)
(Schwab et al. 2012). Its dimensions (Table 46.3) are derived from bathymetric data
(Fig. 46.2b). Different run-out distances (1.5, 5 and 10 km) and slope angles (3ı, 6ı
and 14.5) were used (Table 46.3).

46.4 Results

Initial positive wave heights (˜plus) for scenarios A1–A24 range between 1.5 and
118.1 m (Tables 46.2 and 46.3). ˜plus values larger than 40 m are reached for
scenarios with long run-out distances and short slide lengths of 5 km (A13, A15,
A17, A19, A21, A23). Arrival times of the first tsunami waves at the coast (23–35
min) are similar for all scenarios. A20max, the maximum offshore wave height at G1,
ranges between 1.3 and 22.8 m for the A-scenarios. Run-up estimations from A20max

range between 2.3 and 23.1 m (R1) and 8.0 and 25.8 m (R2), respectively.
For scenarios B1–B9, ˜plus ranges between 1.7 and 28.2 m. Arrival times are

in the same range as for the A-scenarios (32–35 min). Compared to A1–A24, the
A20max values of B1–B9 are smaller (0.02 and 0.32 m). Run-up estimations are in
the range of 0.04–0.61 m (R1) and 1.0–4.0 m (R1) respectively.

The maximum wave height distributions strongly depend on slide input parame-
ters (Tables 46.2 and 46.3, Figs. 46.3 and 46.4). Despite its larger length, scenario
A2 produces smaller wave heights compared to scenario A1 (Fig. 46.3a, b). Scenario
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a b

c d

Fig. 46.3 Examples for wave height distributions from hypothetical failures at the “stacked slides
location”, as well as maximum wave heights (blue bars) and R1 run-up estimations (red bars) for
artificial gauge stations G1–G8. Note the different scales for the wave height/run-up charts

A3 has a larger width compared to A1 and produces larger wave heights. Scenario
A19 has the same slide dimensions as A1 but a larger run-out distance and larger
slope angle (Fig. 46.3d, Table 46.2). This scenario also results in larger wave heights
compared to A1.

Generally, largest maximum wave heights arise near the source area and in a
triangular zone towards the coast. Regarding maximum wave heights at individual
gauge locations, G1 records the largest run-up estimations (Fig. 46.3).

Figure 46.4 demonstrates the difference in wave heights for different run-out
distances and slope angles of the B-scenarios (Table 46.3). Compared to the A-
scenarios, the tsunami wave heights are smaller and not focused towards the coast,
indicating reduced tsunami potential of the B-scenarios.
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a b

Fig. 46.4 Examples for wave height distributions from hypothetical failures at “potentially
unstable block” location, as well as maximum wave heights (blue bars) and R1 run-up estimations
(red bars) for artificial gauge stations G1–G8. Note the different scales for the wave height/run-up
charts

46.5 Discussion and Conclusions

Our results give first insights into the tsunamigenic potential of slope failures off
western Thailand. These results are only a preliminary assessment of landslide
tsunami potential due to the limitations of the chosen approach:

1. The failure process that produced the MTDs in the working area is unknown.
Therefore initial wave heights were calculated from failures, modeled as sim-
plified coherent rotational slumps. More realistic failure scenarios such as
translational and/or disintegrating slides or in the form of multiple events would
produce smaller wave heights (Masson et al. 2006), but were not modelled in
our preliminarily approach. Hence our modeled initial wave height is most likely
overestimated.

2. In our numerical simulations, wave evolution beyond water depth of 20 m is
prohibited, therefore run-up values were estimated by empirical equations using
offshore wave heights at only a few isolated points (G1–G8), and inundation
modeling was not performed at all. Empirical equations have limitations, the
results vary for different equations (Tables 46.2 and 46.3), and near-shore wave
phenomena reducing run-ups such as wave breaking are not considered by these
empirical formulas.

3. Tsunami propagation was calculated from a coarse bathymetric grid and by
shallow-water equations, which do not take into account effects such as disper-
sion. This may lead to inaccuracy of wave calculations.
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4. The dimensions of the landslides in the A-scenarios are inferred from MTDs, as
the pre-failure dimensions of the slides are not known. Thereby a thickness of
150 m was chosen for all scenarios, as thickness is the least determined value
based on our seismic field data. This means that, as thickness is an important
factor for wave generation, the calculation of initial wave height may contain
inaccuracies.

5. The seismic images of the MTDs show clear signs of disintegration. This means
that deformation occurred during the failure. According to Mohammed and Fritz
(2012) deformation during the failure process leads to energy conversion and
hence wave reduction. This again suggests that wave heights calculated in this
study may be overestimated.

Landslide tsunamis are often described as a local phenomenon with large run-up
heights limited to the near-field (Synolakis et al. 2002). Our results for the A-
scenarios show such patterns (Fig. 46.3d), with a triangular zone of large maximum
wave heights, presumably indicating a delimited area where tsunami hazard may
occur at the coast. Some of the scenarios studied here show potential tsunami
hazards comparable to the Papua New Guinea landslide tsunami of July 1998, where
large run-up heights of more than 10 m were observed on a very limited coastline
of about 20 km (Synolakis et al. 2002). A location especially exposed to a tsunami
would then be around the gauge station G1, where the largest run-up heights were
estimated.

Contrasting to the modeling results of A1–A24, the B-scenarios produce lower
run-up height estimations, which are reasonable due to their smaller landslide
volume and more realistic slide dimensions, and which are comparable to values
described by Jintasaeranee et al. (2012).

Our results suggest that a landslide tsunami hazard for the coastal areas may
exist, and wave heights and run-up estimations may increase with slope angle, run-
out distance and slide volume. The width/length ratio of the slides is also affecting
our preliminary results, as in most cases an increase in length leads to unexpected
decrease in wave heights. This finding has to be examined in greater detail in the
future.

Unlike tectonic tsunamis, landslide tsunami sources cannot not be located based
on global networks and they may be located close to the shoreline (e.g. Fritz
et al. 2012). Therefore landslide tsunamis are almost unpredictable making tsunami
warning impossible. Short arrival times of around 30 min or less are typical for
near-field tsunamis. The calculated arrival times of our model scenarios fall in this
range, indicating that warning time for coastal areas would be short, adding to the
unpredictability of landslide tsunamis.

Because of the previously mentioned limitations of our model approach, our re-
sults only represent worst case scenarios. This is especially true for the A-scenarios
with largest volumes. Furthermore, recurrence rates for major tsunamigenic earth-
quakes in the area are estimated by 400 years (Monecke et al. 2008), whereas
landslide recurrence is estimated to be in the range of 100 kyrs (Schwab et al. 2012).
Hence, landslide tsunamis do not represent a major additional risk for the Thai coast.



46 Modeling of Potential Landslide Tsunami Hazards Off Western Thailand. . . 527

However, they cannot be neglected and we recommend further geological surveys
in the region to better locate sizes and distribution of submarine landslides, and
sophisticated numerical modeling in order to reliably assess their hazard potential.
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Chapter 47
Morphology of Australia’s Eastern Continental
Slope and Related Tsunami Hazard
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Abstract Morphologic characterisation of five distinct, eastern Australian upper
continental slope submarine landslides enabled modelling of their tsunami hazard.
Flow depth, run-up and inundation distance has been calculated for each of the
five landslides. Future submarine landslides with similar characteristics to these
could generate tsunami with maximum flow depths ranging 5–10 m at the coastline,
maximum run-up of 5 m and maximum inundation distances of 1 km.
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47.1 Introduction and Aims

Submarine landslides can damage seabed infrastructure, cause subsidence of coastal
land, and generate tsunamis (Masson et al. 2006). Examples of large submarine
landslide generated tsunamis include the 1929 Grand Banks’ event (Fine et al.
2005), the 1946 Scotch Cap Alaska event (Fryer et al. 2004), and the 1998 Aitape
Papua New Guinea event (Tappin et al. 2001). Submarine landslide generated
tsunami are not as well understood as those associated with large earthquakes and
consequently present a significant but poorly-quantified hazard (Sue et al. 2011).

The eastern Australia (EA) coast is potentially vulnerable to tsunamis due to the
population concentration (�85 %) and critical infrastructure within 50 km of the
coast (Short and Woodroffe 2009). However, there has been little reason to suspect
a local source for the generation of tsunami on the EA coastline. The identification
of relatively recent, abundant submarine landslide scars has changed this perception
(Boyd et al. 2010; Clarke et al. 2012; Keene et al. 2008) and established that
submarine landsliding should be considered a common and ongoing characteristic
of this passive continental margin (Clarke et al. 2012; Hubble et al. 2012).

This study uses data collected during the RV Southern Surveyor (SS12/2008)
survey of the EA continental margin (Boyd et al. 2010) to (a) characterise slope
morphology of the margin between Noosa Heads and Yamba, (b) determine the
geometry of selected landslide features, and (c) quantify the size of tsunami
potentially generated by these lands.

The study area (Fig. 47.1) is located along the EA continental slope between
Noosa Heads to Yamba. We focus on five distinct landslide scars from the upper
continental slope identified by Boyd et al. (2010) and one adjacent potential
submarine landslide site. They are the: (1) Bribie Bowl Slide; (2) Coolangatta2
Slide; (3) Coolangatta1 Slide; (4) Cudgen Slide; (5) Byron Slide; and (6) Potential

Fig. 47.1 Digital elevation model (DEM) of the slope geometry of the EA continental margin.
Insets show details of actual (black lines) and potential landslides (red outline)
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Table 47.1 Summary of the submarine landslide parameters

Landslide
name

Parameter
(m) 

Canyon region
Average slope angle >3°

Plateau region
Average slope angle <3°

Bribie Bowl
Slide 

Bryon
Slide

Potential Slide (adjacent to
Bryon Slide)

Cudgen
Slide

Coolangatta1
Slide

Coolangatta2
Slide

Thickness (t)

Length (L)

Width (W)

Water depth
(h0)

125 220 200 50 20 45

3,000 3,700 3,800 7,500 8,300 1,400

2,465 3,558 3,268 5,338 2,286 1,558

600 1,000 800 600 600 900

See Fig. 47.1 for landslide locations

Slide mass (c.f. Table 47.1). The five scars are representative of the failures that
occur in the two contrasting slope morphologies in the study area: (1) the relatively
steep (3–7ı) and canyon incised slope (Bribie Bowl Slide, Bryon Slide and Potential
Slide) and (2) the relatively gentle sloping (1–3ı) Nerang plateau (Coolangatta1&2
Slides and Cudgen Slides). At least one gravity core was recovered from each of
these landslides.

47.2 Data and Methods

47.2.1 Bathymetry and Landslide Geometry

Approximately 13,000 km2 of bathymetric data was acquired using a 30-kHz
Kongsberg EM300 multibeam echosounder. The multibeam data was processed to
produce a 50 m gridded digital elevation model (DEM) (Boyd et al. 2010).

The DEM was used to examine the six individual sites using Fledermaus V7.3.3b
software (http://www.qps.nl/). Landslide thickness (t), length (L), width (W), and
water depth at landslide centre of mass (h0), as well as distance from the adjacent
coastline to head of the landslide source (r) were determined for each feature
(Table 47.1). Landslide thickness is the maximum thickness within the landslide scar
assuming the surface is continuous without the apparent landslide feature (McAdoo
et al. 2000). Landslide length is the distance from landslide head to landslide toe.
Landslide width is the average of measurements taken every 500 m down the
landslide scar, perpendicular to the landslide axis. Water depth is taken from the
landslide centre of mass.

47.2.2 Tsunami Calculations

The size of tsunami generated by potential of slope failures identified here has
been assessed using empirical equations developed by Ward et al. (Chesley and

http://www.qps.nl/
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Ward 2006; Ward 2001; Ward 2011). Equations 47.1 and 47.2 use a landslide’s
geometric characteristics and an estimate of landslide mass velocity to generate
maximum flow depth at the coastline (Fd(0)) (i.e. tsunami height). Function 3
allows run-up (R(Xmax)) and inundation distance (Xmax) to be estimated where
left and right sides are equal only at a particular Xmax values, determined from
site-specific coastline profiles perpendicular to the coastline and adjacent to each
landslide site.

Flow depth at coastline:

F d .0/ D ŒA0P .r/�4=5
h0

1=5 (47.1)

Propagation and beaching factor:

A0P .r/ D 0:7345t
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Lref
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�0:69

(47.2)

Run-up and Inundation depth:

ŒR.Xmax/ � T .X 0/� C 16:7n2

F d .0/
.Xmax � X 0/ D F d .0/ (47.3)

Where A0 is the initially generated surface elevation, P(r) is propagation factor P
at distance r from the source of the wave vs is landslide speed, vt is tsunami speed
at the landslide D p

(gh0), Lref is a reference length, taken here as 1 m, X is distance
inland from the coastline (X0 D 0 at coastline), T(X) is topographic elevation at
location X. Land surface roughness is represented by Manning’s coefficient n which
is taken as 0.015 for very smooth topography, 0.03 urbanized/built land, and 0.07
densely forested landscape (Gerardi et al. 2008).

47.3 Results

47.3.1 Morphometric Characteristics of Individual Landslides

The five landslides (Fig. 47.2) are U-shaped in cross-section (3–6 km wide and 20–
220 m deep) backed by an amphitheatre shaped crestal zone. In each case, landslide
morphology is similar to the classical circular failure profile described by Varnes
(1978), but elongated in the downslope, longitudinal profile.

The Bribie Bowl, Byron and Potential Slides are located within the steeper
canyon regions (average slope 3–7ı) and are thicker (>100 m) compared with
landslides developed on the adjacent Nerang plateau. Both canyon landslides
present an average slope of approximately 12ı along the majority of the failure
plane, increasing to 33ı at the head scarp. In plan view the crown scarps present
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Fig. 47.2 Detailed DEM for each landslide showing slope geometry and cross-section profiles
across slide (black line S-N) and down slide (black line W-E). Landslide outlines (black a-e and
red f) and cross-sections for the Potential Slide (dark blue) are shown, along with tension cracks at
the landslide head and slope break at the toe (dashed red). Reference profiles marked in light blue

distinctive semicircular shape, but the detached landslide slabs are essentially planar
blocks, as the exposed failure surface is planar with a declination roughly parallel
to the adjacent unfailed slope.

The Coolangatta1&2 and Cudgen Slides are located on the shallower Nerang
plateau region (average slope 2–3ı). These landslides are thinner (<50 m) and
representative of the numerous upper slope failures that occur on this very gently
dipping plateau (Boyd et al. 2010). All three landslides present a “hummocky”
texture within the failure region, a gently concave landslide shape, and average
slopes of approximately 3.5ı within the failure plane, up to 7.5ı at the head scarp.

The potential landslide mass identified adjacent to the Byron Slide protrudes
anomalously out from the shelf in the heavily incised southern canyon section
(Fig. 47.1). The extensive mass wasting surrounding this block and apparent tension
crack features at the head of the identified mass (Fig. 47.2f) suggests it’s possible
future failure. The tension crack represents the landslide head, while a break in slope
that presents as extant circular failures cresting at the 1,500 m contour defines the
expected toe.
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Table 47.2 Summary of the maximum flow depths

Maximum flow depth at coastline Fd(0) (m)

Average slope angle >3ı Average slope angle <3ı

Maximum landslide
velocity (vs) (ms�1)

Bribie
Bowl Slide

Byron
Slide

Potential
Slide

Cudgen
Slide

Coolangatta1
Slide

Coolangatta2
Slide

10 2:7 6:2 6:2 3:0 0.6 0.7
20 5:0 10:3 10:9 5:6 1.2 1.2
30 8:5 16:3 17:8 9:5 2.0 1.8
40 13:0 24:0 26:7 14:5 3.0 2.8

Failures are assumed to occur as one complete landslide block, rather than
as a number of multiple landslides from the same site. This may generate an
overestimated volume of the landslide block.

47.3.2 Calculated Characteristics of Landslide-Generated
Tsunami

Table 47.2 summarises maximum flow depth at the coastline for the five landslides
and the potential landslide using a range of maximum landslide velocities (vs).
The dimensions of the landslide mass, initial acceleration and maximum velocity
of the sliding mass are important when assessing expected tsunami size (Ward
2001). The range of velocities tested has been constrained by minimum and
maximum velocity values reported in the literature (Masson et al. 2006). The
velocity at which submarine landslides travel after failure is not well defined due
to a lack of direct measurements. The 1929 Grand Banks Slide was measured
travelling at 25 ms�1 (Fine et al. 2005), while the 2006 SW Taiwan event measured
turbidity current velocities between 17 and 20 ms�1 (Hsu 2008). Velocities are
based on cable breakages during failure and are measured from the gentle upper
slope, approximately 2ı and <0.5ı respectively. At the higher end, speeds of
up to 80 ms�1 have been inferred for some large landslides based on landslide
debris travel distances (Masson et al. 2006). We have tested a range of possible
landslide velocities; however we consider 20 ms�1 a reasonable and conservative
(i.e. minimum) value (Driscoll et al. 2000).

The calculations demonstrate that submarine failures along the EA continental
margin have the potential to generate tsunami with flow depths at the coast ranging
from 1.2 to 10.9 m for landslide velocities of 20 ms�1. In particular, the Bribie Bowl,
Byron, Cudgen and the Potential Slides all generate flow depths greater than 5 m at
the coastline for landslide velocities of 20 ms�1 (Table 47.2).

Flow depth at the coastline directly relates to landslide thickness at a particular
location. The thinner landslides considered, Coolangatta1&2 Slides (thickness 20 m
and 45 m respectfully), produce smaller tsunami with inundation depths of 1 m. The
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Table 47.3 Summary of the maximum inundation distance (Xmax) and run-up (R(Xmax))

Average slope angle >3ı Average slope angle <3ı

Maximum
landslide
velocity (vs)
(ms�1)

Inundation
distance (Xmax)
(m) & Run-up
(R(Xmax)) (m)

Bribie
Bowl Slide

Byron
Slide

Potential
Slide

Cudgen
Slide

Coolangatta1
Slide

Coolangatta2
Slide

10 Xmax 26 500 500 24 27 31

R(Xmax) 2.4 2.08 2.08 2:75 0:15 0:15

20 Xmax 398 898 901 50 54 53

R(Xmax) 1.5 4.1 4.8 5:2 0:4 0:4

30 Xmax 880 1,720 1,978 100 130 120

R(Xmax) 1.95 5.95 6.3 8:8 0:42 0:37

40 Xmax 1,715 3,252 3,805 732 220 220

R(Xmax) 1.9 6.9 7.36 10 0:73 0:39

Cudgen Slide (50 m thick) and Bribie Bowl Slide (125 m thick) generated 5–6 m
inundations, while the Byron Slide (220 m thick) and Potential Slide (estimated
200 m thick) generated inundation depths of 10 m.

Maximum flow depth at the coastline is larger for the thicker canyon landslides
(e.g. Byron Slide and Potential Slide �10 m; Bribie Bowl Slide �5 m) which
occur on steeper slopes in comparison to shallow plateau landslides which generally
produce waves less than 1 m in height, except where landslide surface area was
particularly large (e.g. Cudgen Slide: surface area �50 km2, flow depth �5 m).

Table 47.3 summarizes maximum expected inundation distance and run-up for
the identified landslides over a range of landslide velocities (vs). Local topography
greatly affect the ability of a wave to inundate past the immediate coastline (Gerardi
et al. 2008) and these values are estimates which are less reliable than coastal
inundation depth.

The results show that submarine landslides along the EA continental margin
have the potential to generate inundation and run-up distances up to 1 km and 5 m
respectively for landslide velocities of 20 ms�1. Using 20 ms�1 landslide velocity
as a benchmark, the two shallow Coolangatta1&2 Slides generate maximum
inundation distances around 50 m and run-up about <0.5 m. The Cudgen Slide
generates inundation distances around 50 m, however with much greater run-up at
around 5 m. The Bribie Bowl Slide produced inundation distances around 400 m and
run-up about 1.5 m, while the Byron and Potential Slides from the canyon regions
generates maximum inundation distances around 1 km and run-up about 4 m.

47.4 Discussion

This study demonstrates that blocks shed from submarine scars have the potential
to generate significant tsunami on the EA coast with flow depths of at least 10 m in
height, run-up of �5 m and maximum inundation distances of 1 km. These estimates
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are based on relatively conservative estimates of landslide velocity given (a) the
relatively steeply inclined slopes down which sliding material has moved and (b)
the lack of evidence for a depositional site where the landslide mass ceased moving
in mapped areas downslope of the landslide, indicating that the landslide material
has travelled at least 15–20 km from its site of origin.

Evidence for historical tsunamis that have inundated the EA coastline is limited.
A recently published tsunami catalogue (Dominey-Howes 2007) identifies historical
events on the EA coast, of which 16 (�30 %) have no identified cause (run-
ups between <0.1 to 6 m asl). Nevertheless, our results show that upper slope
landslides similar to those investigated in this study are a plausible source for
the tsunami documented in catalogue (Dominey-Howes 2007). A growing body of
evidence (Hubble 2013) is strengthening the contention that shedding landslides
of the size investigated in this study should be considered to be a common,
ongoing characteristic such that future failures are very likely to occur. Constraining
estimates of landslide velocity is critical as coastal flow depth, inundation distance
and run-up all increase with landslide velocity. We have used conservative estimates
of landslide velocity and it is quite possible that these landslides can generate
significantly more destructive events than we have suggested.

Evaluating possible triggering conditions for submarine sliding is also critical,
as these conditions are not well understood (Masson et al. 2006). However, the
majority of documented twentieth century submarine landslide tsunami events are
related to moderate earthquakes (generally >M7). Such events are rare on the stable
Australian continent and suggested recurrence intervals for such events are at multi-
millennial timescales (Clark 2010).

47.5 Conclusions

The morphometric characterization of five distinct, geologically young, submarine
landslides on the eastern Australian upper continental slope has enabled an esti-
mation of tsunami size their related landslide masses probably generated and an
insight into tsunami hazard that might be expected on the eastern Australian coast.
Flow depth (1.2–10.9 m), run-up (0.4–4.8 m) and inundation distance (50–901 m)
were calculated for five landslide sites assuming landslide velocities of 20 ms�1. The
reoccurrence of submarine landslides with similar characteristics to those shed from
the margin in the geologically recent past would therefore be expected to generate
tsunami with maximum flow depths between 5 and 10 m at the coastline, run-up of
up to 5 m and inundation distances of up to 1 km. In particular, a potential landslide
mass adjacent to the Byron Slide has been identified. If it was to fail it could generate
maximum flow depths of ca. 10 m at the coastline, with inundation distances of ca.
1 km, for a conservative landslide velocity of 20 ms�1. If these assumptions are
correct, a tsunami this size would cause significant damage and possibly loss of life.
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Chapter 48
The Tsunami Generation Potential of Shovel
and Bulli Slides in the Continental Margin SE
Australia

Asrarur Rahman Talukder and David Völker

Abstract High-resolution bathymetric maps from offshore SE Australia have
shown that the continental margin is characterised by numerous landslides of all
sizes and shapes. We have studied two of the larger slides, Shovel Slide and Bulli
Slide, located in the upper to mid continental margin offshore New South Wales
(NSW), in detail. Morphometric analyses suggest that the slides had the potential
to create tsunamis. We have calculated the initial wavelength and maximum
amplitudes of those hypothetical tsunamis using the equations of Watts et al. (Nat
Hazards Earth Syst Sci 3:391–402, 2003). The calculated initial wave heights above
the mass centroid are in the same range of magnitude on the order of 10–25 m
for both slides. The initial wavelengths vary between 75 and 104 km. If, on the
other hand, the slides represent multiple (e.g. retrogressive) events, the tsunamigenic
potentials were lower. Sizes, shapes, frequencies and the tsunami potentials of the
submarine landslides from offshore NSW suggest that submarine landslides may
well provide sources for local tsunamis. Precise dating of the landslide events and
modelling of the calculated tsunami run up along the coast are yet to be performed.
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48.1 Introduction

In 2006 Geoscience Australia (GA) carried out a mapping survey of the continental
slope onboard the RV Southern Surveyor in the southern half of the SE Australian
margins (Glenn et al. 2008). Subsequently in 2008, Boyd and the scientific party
carried out a follow up mapping survey onboard the RV Southern Surveyor covering
the northern half (Boyd et al. 2009). During these two surveys, high resolution
bathymetry data for upper half of the continental slope were obtained together with
some 2D seismic profiles and sediment samples. While submarine landslides in the
margin were first reported by Jenkins and Keene (1992), a recompilation of the up
to date bathymetry data revealed that the continental slopes off SE Australia are
characterised by numerous slides ranging in size from 0.5–20 km3 and associated
with a variety of submarine canyons and debris flows (Boyd et al. 2010).

In this work we analyse the tsunami potential of two selected slides, the Shovel
and Bulli Slides, both located offshore New South Wales (NSW) (Fig. 48.1). We
have calculated the initial wavelengths and maximum amplitudes of the hypothetical
tsunamis, which could be created by these slides using the equations of Watts et al.
(2003). We used open source bathymetry and 2D seismic data from GA.

48.2 Neogene-Recent Deformation, Seismicity and Tsunami
Record of the SE Australian Margins

The SE Australian margin (from 37ı300 S to 24ı150 S) offshore NSW and Queens-
land, is a narrow, sediment deficient rifted passive margin (Boyd et al. 2004; Colwell
et al. 1993). The general geomorphic shape and orientation of the continental slope
features have been inherited from the initial rifting of the continental crust related
to the Tasman Sea opening during the Cretaceous (Colwell et al. 1993; Gaina et al.
1998). Recent sedimentation has dominantly occurred on the upper and middle slope
since rifting (Glenn et al. 2008), while the lower slope has been subject to sediment
removal due to vigorous bottom-water flow (Clarke et al. 2012). The morphology
of the mid and lower slopes, particularly below 1,000 m water depth, is modified by
canyons and mass wasting processes (Boyd et al. 2010).

This continental margin around Australia is passive, but the margin has been
actively deformed from the Neogene in response to stress transmission from the
plate boundaries (Hillis et al. 2008). Amongst the passive continental margins,
Australia presents one of the highest rates of seismic activity in the World (Johnson
1994). The important characteristic of Neogene deformation in Australia, and
associate seismic activities, is that they seem to be concentrated in four distinct
regions, of which the SE Australian margin is the most active (Hillis et al. 2008).

The catalogue of Australian tsunamis, recently updated by Dominey-Howes
(2007) recorded 44 individual tsunami events on the NSW coast; seven palaeo-
tsunamis and 37 historic tsunamis that have occurred since AD1885. In the
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Fig. 48.1 Bathymetric maps offshore NSW with inset of the Shovel and Bulli Slides. Black lines
refer the location of the 2D seismic lines (Data courtesy: GA)

catalogue, all the paleo-tsunamis on the NSW coasts are recorded from the work
by Bryant, Young and others during 1990s and 2000s. According to these authors,
the paleo-tsunamis were mega-tsunamis impacting repeatedly all along the coast
of SE Australia (Dominey-Howes 2007 and references therein). The first paleo-
tsunami event is apparently dated at around 105 ka (Young and Bryant 1992) with
the rest being Holocene in age (Bryant and Nott 2001; Young et al. 1997). However,
since 2000, the geological and chronological evidence of these paleo-tsunamis has
become the subject of intense criticisms because many of the interpreted tsunami-
genic deposits can be explained by non-tsunamigenic origins, or do not match with
other regional palaeo-tsunami datasets (Courtney et al. 2012 and references therein,
Dominey-Howes et al. 2006; Goff and Dominey-Howes 2009, 2010). In a recent
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review paper, Courtney et al. (2012) re-examined all the published geological and
chronological evidences and interpretations for the paleo-tsunamis and suggested
only three localised tsunami events with much smaller run-up during Holocene.
Goff and Dominey-Howes (2010) suggest the possibility of a mega-tsunami event
at around 2.5 Ma ago depositing boulders on cliff-tops up to 33 m above sea level
(Bryant and Nott 2001).

48.3 Shovel and Bulli Slides Offshore NSW

We have chosen these two slides because of their proximity to purported tsunami
deposits in southern NSW and available 2D seismic coverage (Fig. 48.1). The initial
interpretation of the bathymetry data is published in a GA post-cruise report (Glenn
et al. 2008). Their brief description is also published in Boyd et al. (2010). Here we
will only describe some of the geometry that is relevant for our calculations.

During the survey SS2006/10, six multichannel seismic lines were completed in
the area of Shovel and Bulli Slides (Fig. 48.1). Glenn et al. (2008) described in detail
the seismo-stratigraphy of these lines. Here we present our reinterpretation for the
relative timing and possible recurrence of the mass wasting events in question. In
order to describe the events, we will use the horizon marking the base of Cenozoic
sequences which is labelled here as H1 (Fig. 48.2). This is a thin carbonate layer

Fig. 48.2 2D seismic line 01 passing through the long axis of the Shovel Slide. Numbers 1st SM,
2nd SM and 3rd SM refer the interpreted failed mass (sedimentary wedges) indicating three mass
wasting events, from 1st, the oldest to 3rd the youngest. H1: horizon marking the base of Cenozoic
sequences. See the location of the line in Fig. 48.1 (Data courtesy: GA)
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of Paleocene-Eocene age, seismically imaged as a thin packet of high amplitude
and high continuity reflectors overlying an acoustic basement as well as Cretaceous
syn-rift and post-rift sediments (Glenn et al. 2008).

Seismic line 01 passes through the long axis of the Shovel Slide (Fig. 48.2).
The first head scarp is about 37 m high and lies at CDP 205 (at depth of 0.517 s
TWTT). Between CDP 440 and CDP 580, the seismic line passes through the edge
of the sidewall, creating a second 60 m high scarp at CDP 585 (at depth of 1.025 s
TWTT). Between CDP 775 and CDP1100, almost the entire sedimentary packet
above horizon H1 is missing. Down slope from CDP1100 however, a sedimentary
wedge rests on top of H1. In seismic section, the wedge is thinner upslope and
gradually thickens downslope (Fig. 48.2). This sedimentary body terminates down
slope at CDP 1900 forming a high angle scarp (Fig. 48.2). Internally, the wedge is
characterised by a chaotic reflection in its lower section but has a more coherent
reflector in the upper part. This sedimentary body bears the characteristics of
submarine slide deposits as established by Jenkins and Keene (1992). The geometry
and the internal coherence of the wedge suggest that it could be the result of
a single event in the Shovel Slide group with the slide plane going through H1
(Fig. 48.2: 3rd SM). By analogy, two other sedimentary wedges can be identified
beneath H1 (Fig. 48.2: 1st and 2nd SM). The upper sedimentary wedge slumps
further downslope at its toe at CDP 1900, while the lower one is folded (Fig. 48.2).
Altogether these three sedimentary wedges are inferred to represent three separate
Shovel Slide events.

Seismic line 03 lies along the long axis of the Bulli Slide (Fig. 48.1). The
slide is located immediately down slope from the large Bulli Basement blocks but
no depositional sediment from this event can be traced on the seismic lines. The
upper part of another possible coherent slumped mass is also imaged along line 05
(Fig. 48.3).

48.4 Estimate of Tsunami Potential

The Watts et al. (2003) model was used for the purpose of estimating the height
of the initial tsunami wave. This assumes an underwater slide as a rigid body of
simplified geometry moving along a straight incline with the centre of mass motion
parallel to the incline and subject to external forces from added mass, gravity,
and dissipation. Assumptions include a specific density ” D 1.85, a negligible
Coulomb friction coefficient (Cn D 0), an added mass coefficient (Cm D 1) and
a drag coefficient (Cd D 1). The model produces a set of simple equations for
the description of the underwater slide motion, the initial tsunami amplitude and
wavelength above the middle of the initial slide position, using the geometrical
parameters d (water depth of mass centroid prior to sliding), b (length of slide body),
T (thickness of slide body) and ™ (inclination of ramp) as input parameters. The
relationships are largely empirical. We present values for the tsunami wavelength
œ0 and 2-D tsunami amplitude ˜2d using equations 3a and 3b of Watts et al. (2003)
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Fig. 48.3 2D seismic line 05 showing part of another coherent failed sediment mass. H1: horizon
marking the base of Cenozoic sequences. See the location of the line in Fig. 48.1 (Data courtesy:
GA)

The results of the tsunami wave calculation for maximum, minimum and
mean value input parameters are shown in Tables 48.1 and 48.2. We consider
the calculated values as upper limits, as (1) the condition of a Coulomb friction
coefficient close to 0 is met only when the slide is completely decoupled and as
(2) the model is calibrated to a rock density of 1.85 g/cm3, whereas saturated
bulk densities of slope sediments measured by Clarke et al. (2012) and Hubble
et al. (2012) rather point towards 1.5 g/cm3. The effect of Coulomb friction can
be simulated if instead of the true ramp inclination a lower value (or effective
inclination) ™0 is assumed.

All calculations assume that the slides have developed as singular events and not
as successive multiple failures. This assumption cannot be unequivocally confirmed
from the morphology of the evacuation area alone.

48.4.1 Shovel Slide

Shovel Slide is present in the swath bathymetry data as a depression in the
continental slope between 400 and 1,400 m water depth with 15–25ı steep lateral
walls (Figs. 48.1 and 48.2). The headwall has an elevation of �50 m and sidewall
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Table 48.1 Input and calculated parameters for an estimate of a hypothetical tsunami generated
by the latest Shovel Slide event

Shovel Slide

Unit Description Max Min Mean

Input parameters
b m Length of slide body 14,000 13,000 13,500
d m Water depth of mass centroid prior to failure 1,050 1,050 1,050
F degree Inclination of ramp 4 2 3
F0 degree Effective inclination to simulate Coulomb friction 4 2 3
T m Thickness of slide body 90 60 75
Calculated parameters
œ0 km Wavelength of tsunami wave 56.2 76.5 63.7
˜2d m Amplitude above mass centre 16.7 4.4 9.4

Table 48.2 Input and calculated parameter for an estimate of a hypothetical tsunami generated by
the latest Bulli Slide event

Bulli Slide

Unit Description Max Min Mean

Input parameters
b m Length of slide body 17,000 15,000 16,000
d m Water depth of mass centroid prior to failure 1,700 1,700 1,700
F degree Inclination of ramp 4 2 3
F0 degree Effective inclination to simulate Coulomb friction 4 2 3
T m Thickness of slide body 200 200 200
Calculated parameters
œ0 km Wavelength of tsunami wave 78.8 104.6 88.2
˜2d m Amplitude above mass centre 25.9 9.6 17

height is up to 180 m at a water depth of around 1,000–1,300 m. A reconstruction
of the missing rock body by restoration of the hypothetical initial slope surface
produces a roughly wedge shaped body with a maximum thickness of 200 m and a
mean thickness of 75 m (7.6 km3 volume/96 km2 area; method described in Völker
2010). The shape is unlike the shape that Watts et al. (2003) use for an idealised slide
(mound with elliptical cross-section), but we can take the down-slope length of slide
b as the distance from the headwall to the downdip position, where the thickness of
the hypothetically missing rock body is <10 m, which gives a down slope length of
14 km. The slope gradient both within the slide depression as well as to the sides of
it ranges between 2ı and 6ı, with a mean of 3ı. The position of the mass centroid of
the slide should be slightly upslope of the place where the maximum thickness of the
missing rock volume is assumed, between the actual water depth of the depression
and the reconstructed water depth at that location, which would be a water depth of
1,000–1,100 m.



546 A.R. Talukder and D. Völker

48.4.2 Bulli Slide

Bulli Slide is only partly covered by the bathymetric dataset, which is missing the
lower portion (Fig. 48.1). The slide is discernible as a bowl-shaped depression at the
continental slope. The headscarp lies downslope of a mid-slope bathymetric high at
a water depth of 1,000–1,100 m and the central depression has a maximum depth of
450 m in relation to the unfailed slope to the sides of the slide. A full reconstruction
of the geometry of the missing volume of rock is impossible with the present dataset,
but for the visible upper part, we assume a mean thickness of 200 m and a down-
slope length of 17 km. A maximum thickness of 450 m is reached at a water depth
of 1,900 m, which results in a depth of the mass centroid prior to sliding of 1,700 m.

The calculated initial wave heights above the mass centroid are in the same range
of magnitude (10–25 m) for both slides. Due to the larger thickness of Bulli Slide,
its impact for tsunami generation must have been greater, an effect that is partly
counteracted by the larger water depth of the Bulli Slide Site.

48.5 Discussion and Conclusion

The seismic images, where available, suggest that many of the failed masses were
coherent sedimentary bodies, which is an important criterion to be tsunamigenic
(Masson et al. 2006). The repeated failure of the Shovel Slide could also have
generated repeated localised tsunamis along the coast. However, we don’t have any
precise dating of the latest events of Bulli or Shovel Slides. In the bathymetry data,
the scarps of the Shovel Slide appear fresh. On the seismic line, no sedimentary
cover on the slide plane is observed. Because of the lower frequency of the seismic
source used, up to several meters of sediments would not be seen on the seismic
profiles (Glenn et al. 2008). Coring attempts suggest that the latest events of these
two slides could be at least 40 ka old (personal communication with Tom Hubble,
2012). In that case, a relation between Bulli and Shovel Slides and Holocene
tsunamis can be ruled out.

The SE Australian margins are the most active earthquake zone in Australia
(Hillis et al. 2008). Clarke et al. (2012) and Hubble et al. (2012) show that the
upper continental slope deposits are inherently stable, but present a paradoxical
high number of slide scars. They suggest that submarine landslides, which are very
common in the margins, require some external triggers and earthquakes could be
one of them. An earthquake/landslide coupled process could be more effective in
creating tsunamis with run-ups greater than 4–5 m (Gusiakov 2003).

In conclusion, our work points towards the likelihood that submarine landslides
off the NSW coast may well provide sources for local tsunamis although their run up
and wave heights are yet to be determined. Precise dating of slide events and tsunami
run up modelling along the coast are required to evaluate further the tsunami risk of
the margin.
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Chapter 49
Along-Strike Migration of Intermittent
Submarine Slope Failures at Subduction
Margins: Geological Evidence
from the Chikura Group, Central Japan

Yuzuru Yamamoto and Shunsuke Kawakami

Abstract Ancient submarine slope failures are exposed in the Plio–Pleistocene
trench–slope basin sediments of the Chikura Group. Based on the lateral tracing
of a key tephra bed (“HF”) and the sedimentology and geological structure at
seven exposures of the failure deposit over a total distance of 5 km, we identified
at least five discrete failure events and evidence of lateral variation in the age of
the failures, younging to the west. The slope failure deposits therefore represent
the lateral migration of intermittent submarine slope failures. The initial slope
failure was triggered by earthquake-induced liquefaction at about 2 Ma, and
subsequently failures propagated northwards perpendicular to the ancient trench
axis. The geological evidence for the systematic lateral migration of intermittent
submarine slope failures accords with the migration style identified by physical
models of failure propagation.

49.1 Introduction

Submarine slope failures are a significant cause of submarine erosion at subduction
margins (e.g., Underwood and Moore 1995; Lucente and Pini 2007; Yamamoto et al.
2007, 2009). Such slope failures originate from gravitational instability associated
mainly with uplift of the hanging wall of subduction-related thrusts. Submarine
slope failures have the potential to destroy infrastructure, including telecom-
munication cables (e.g., Heezen and Ewing 1952) and oil–gas platforms (e.g.,
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Bea et al. 1983), and they may generate large tsunamis (e.g., Bondevik et al. 2005;
Talling et al. 2007); consequently, such failure events pose a risk to human life.

Recent studies have examined various possible mechanisms for submarine slope
failures, including the influence of fluid pressure (e.g., Flemings et al. 2008;
Sawyer et al. 2009; Dugan and Germaine 2008), gas expansion (Morita et al.
2012), and earthquake-induced liquefaction (e.g., Yamamoto et al. 2007). Some
previous investigations have analyzed the style and pattern of submarine slope
failure formation (e.g., Yamada et al. 2010, 2012). Information about the generation
of submarine slope failures should assist in the prediction of the occurrence of such
events and in the prevention of disasters. However, the lack of research in this
area may reflect the difficulty of making high-resolution, time-lapse observations
of submarine slope failures on the deep ocean floor.

To address this shortcoming, in the present study we focus on ancient examples
of submarine slope failures exposed in a Pliocene–Pleistocene trench–slope basin,
Chikura Group, central Japan. Yamamoto et al. (2007) identified a paleo-slope
failure deposit in these rocks in a newly excavated road section. The failure was
caused by earthquake-induced liquefaction at around 2 Ma and the deposits related
to it can be traced from east to west over a distance of 5 km (Fig. 49.1). Therefore,
the deposits present a good opportunity to examine the along-strike variation of a
submarine slope failure. The present study investigates the lateral variation in the
geology and structure of the failure deposits by examining a west-to-east series
of seven outcrops exposed along the strike of the paleo-slope. By analysing the
geological sections, and tracing the key marker tephra bed “HF” (Kawakami and
Shishikura 2006), spatial and temporal variations in the submarine slope failures
are identified.

49.2 Geologic Setting

The unique tectonic setting of central Japan comprises two plate subduction
systems: the Philippine Sea Plate is being subducted beneath the North Amer-
ica/Eurasia Plate, and the Pacific Plate is being subducted beneath both of these
aforementioned plates (Fig. 49.1a). The Izu–Bonin island arc, on the Philippine
Sea Plate, began colliding with the Honshu arc in the middle Miocene, resulting
in the northward bending and rapid uplift of the geological architecture on Hon-
shu (e.g., Koyama and Kitazato 1989; Yamamoto and Kawakami 2005). Young,
non-metamorphosed sedimentary sequences of these subduction systems (e.g.,
accretionary prism, forearc basin, and trench–slope basin) have been rapidly uplifted
and exposed on the Miura and Boso peninsulas of central Japan (Fig. 49.1b).

Two accretionary complexes (the upper Miocene to lower Pliocene Miura–Boso
accretionary prism and the lower to middle Miocene Hota accretionary complex)
are exposed in the southern parts of the Miura and Boso peninsulas. The Miura–
Boso prism developed in the southernmost part of the peninsulas and comprises
alternating beds of hemipelagic siltstone and volcaniclastic sandstone/conglomerate
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Fig. 49.1 Index (a) and geological (b) maps of the southern Boso Peninsula, Central Japan. (c)
Topographic map showing the lateral distribution of slope failure deposits in blue. HS, HF, and GP
are key beds described in Kawakami and Shishikura (2006). R-1 to R-7 are the exposures where
the failure deposit was examined

derived from the Izu–Bonin island arc, representing an off-scraped accretionary
prism that was buried to a depth of <1 km (Yamamoto et al. 2005; Yamamoto
2006). The accretionary prism is overlain by younger post-Pliocene trench–slope
basin deposits of the Chikura and Toyofusa groups.
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The Chikura Group is characterized by syn-sedimentary folding (Saito 1992),
indicative of deposition in the tectonically controlled trench–slope basin. Detailed
stratigraphy and chronology, including the tracing of key marker beds such as
tephra layers, indicate that the sedimentary environment of the Chikura Group was
reduced in dimension by shortening and uplifting of the underlying accretionary
prism, and that the depo-center migrated to the north over time (Kawakami and
Shishikura 2006).

49.3 Fossil Submarine Slope Deposits

The submarine slope failure deposits exposed in the Chikura Group are composed
of large blocks (up to 15 m across) of siltstone and alternating beds of sand stone
and siltstone, all within a sandy matrix (Figs. 49.2 and 49.3a). The thickness of
the failure deposits ranges from 12 to 20 m. The large blocks have key beds
that can be correlated with the coherent layers underlying the failure deposit
(Awa Research Group 2008). The scoriaceous sandstone layer, which contains
sedimentary structures associated with turbidity currents, caps the slope failure
deposits and fills the irregular depressions between blocks (Fig. 49.3d). This
observation indicates that the slope failures occurred on the seafloor.

The sandy matrix of the slope failure deposit is composed mainly of medium-
size volcaniclastic sand containing coarser scoriaceous and pumiceous grains, and
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Fig. 49.2 (a) Sketch of the outcrop exposed at R-5 (after Yamamoto et al. 2007). Blue-colored
parts denote matrices of the slope failure deposit composed of liquefied sand. Red arrows indicate
the direction of younging, and letters represent individual layers that can be traced among different
blocks. HF and OA are key beds. (b) Stereoplot diagrams (lower hemisphere projection) showing
the poles of the bedding planes corresponding to the shortest axis of each block, presenting a
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cross-lamination (lower) in the coherent part of the geological section at R-5, indicating that the
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Fig. 49.3 Photographs of fossil submarine slope failures. The location of the photograph a-d is
marked by the red rectangle in (Fig. 49.2). (a) Photograph of the slope failure deposit at R-5.
(b) Minor neptunian-style intrusions by the matrix material. (c) close-up photograph of matrix.
(d) Photograph of the upper boundary of the submarine slope failure deposit at R-5, showing the
scoriaceous sandstone layer that overlies the failure deposit. Black arrow indicates position of the
base of the key bed HF. (e) Onlap-style sedimentary interface between key bed HF and older units
at R-4. A few tens of meters of geological section, including bed OA, is missing and no slope failure
deposit is identified below bed HF. (f) Sand injection indicative of minor liquefaction at R-3.

presents no preferred orientation or foliation. The matrix commonly intrudes into the
large blocks: some of these intrusions terminate in the blocks, while others penetrate
completely through. Some examples of these clastic intrusions are composed of
different components in the lower and upper parts: well-sorted medium grain sized
sands are found in the lower parts of the intrusion, while poorly sorted matrices
containing coarser grains are found in the upper parts (Fig. 49.3b). This indicates
that two stages of matrix intrusion occurred, with the first intrusion subsequently
driven in by the second. The sand layer which consists of the similar materials
overlies the intruded silt layer. The first intrusion therefore apparently came from the
sand layer originally deposited just above. On the other hand, the latter corresponds
to the main phase of intrusion because it continues to the main body of sandy matrix.

Many blocks are rotated and some of them are overturned (Fig. 49.2). Smaller
blocks (<1 m across) tend to be deformed in a ductile manner, whereas the larger
blocks exhibit brittle deformation. The broadest surface on each block parallels to
the bedding plane indicating the shape of blocks controlled by bedding planes. The
attitudes of the shortest axes of these blocks inferred from bedding planes show a
N–S-trending girdle distribution (Fig. 49.2b). The cross-laminations in the turbidite
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sequence overlying the slope failure body indicate that the turbidity current moved
in a northwards direction, indicative of a paleoslope inclined to the north. Based
on the correspondence between the paleoslope indicators and attitude of blocks, we
infer that the slope failure masses moved northwards and that blocks rotated on the
paleo-slope during the movements.

To examine the lateral variation of the slope failure deposits, seven exposures
of the key bed HF were chosen (Fig. 49.1c). Exposure R-5 corresponds to the
outcrop reported by Yamamoto et al. (2007). At site R-5, the slope failure deposit
is developed approximately 3.2 m below the key bed (HF) and contains another key
bed, “OA”, in the blocks (Figs. 49.2 and 49.4). The occurrence of two sets of slope
failure deposits and overlying sandstone layer filling the irregular surfaces of the
failure deposits indicate that two discrete slope failures are represented at R-5. The
total thickness of the slope failures at site R-5 is about 30 m.

At site R-6, about 500 m east of R-5, a failure deposit is developed 4 m below
HF. Although the interval represented is almost the same as that of R-5, only a
single slope failure is identified. At site R-7, the easternmost exposure, the slope
failure deposit is developed about 50 m below bed HF. Another key bed, “OA,” is
not included in the failure deposit but is exposed in the overlying part of the section.

At outcrops R-3 and R-4, although some sand injections (representing minor
liquefaction) are identified, no slope failure deposit is identified below bed HF. At
R-4 in particular, a few tens of meters of geological section including bed OA is
missing, and the older stratigraphy is overlain by bed HF in an onlap style.
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Although the outcrop at R-1, the westernmost exposure, has now been destroyed
by topographic alterations, Kawakami and Shishikura (2006) reported a slope failure
deposit containing bed HF.

49.4 Discussion

A fossil slope failure deposit is contained in the Plio–Pleistocene trench–slope basin,
Chikura Group, occurred on the north-facing submarine slope and was probably
generated by earthquake-induced liquefaction.

The inferred evolution of the slope failure is as follows. First, the sediments in
the Chikura Group were deposited in the trench–slope basin (Fig. 49.5a). Although
the basin has both north- and south-facing slopes (e.g., Kawakami and Shishikura
2006), the processes of slope failure occurred on the north-facing paleoslope.
The probable initiating earthquake occurred soon after sedimentation (at around
2 Ma), and sand liquefaction formed small-scale sandstone dykes (Figs. 49.3b and
49.5b). Many of the liquefied sand layers connected with each other, leading to the
formation of large blocks (Fig. 49.5c). Some previously formed small-scale sand
dykes became further intruded, driven by the major liquefaction, to make intrusions
composed of different materials in the lower and upper parts (Fig. 49.3b). The
liquefied sand layers lost shear strength, leading to the formation of a submarine
slope failure (Fig. 49.5d). The surface of the failure deposit had an irregular
geometry and was filled in by the failure-induced turbidity current (Fig. 49.5e). At
site R-5, a second failure occurred and covered the first one (Fig. 49.5f).

Basedon the lateral tracing of key tephra bed HF and the geological expression of
slope failure deposits over a distance of 5 km, at least five different submarine slope
failures can be identified. Since the slope failures are overlain by a failure-induced
turbidite deposit, the ages of the failures are very close to the age of the sediments
immediately overlying the failure deposits (Yamamoto et al. 2007). Therefore, the
failures that developed in the western part of the study area are younger than those in
the eastern part. No failure deposit was identified in exposures R-3 and R-4, with the
geological section at R-4 revealing an unconformity just below key bed HF. Given
that the unconformity corresponds to the interval represented by the failure exposed
at R-5, this gap presumably corresponds to the slide scar where the liquefaction
occurred and from which the failed mass evacuated.

Yamada et al. (2010) identified systematic patterns of the lateral migration
of intermittent slope failures based on the results of sandbox experiments that
simulated thrust-related uplifting and slope failures along the plate subduction zone.
A major difference in conditions between that study and the slope failures examined
in the present paper is that the modeled failures were generated only by altering
slope inclinations; no triggers were applied such as earthquakes or liquefaction.
However, given the geometry of the paleo-slope in the Chikura Group, and its
tectonic history including the successive inclination and uplifting of the paleo-
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Fig. 49.5 Schematic figure illustrating the progressive formation of submarine slope failure in the
Pliocene Chikura Group (using the example at site R-5). Blue-colored parts represent the matrices
of the slope failure described in Fig. 49.2.a. (a) Initial state. (b) Earthquake-induced liquefaction
occurs and associated small-scaled sandstone neptunian dykes are formed. (c) Soon after (b),
liquefied sand layers interconnect, leading to the formation of large blocks. (d) The submarine
slope failure occurred due to the loss of shear strength. The surface of the slump deposit has an
irregular geometry. (e) The irregular surface was overlain by the failure-induced turbidite. (f) The
second failure deposit covered the first one

slope, the geological conditions correspond quite closely to those represented in
the physical models of Yamada et al. (2010).

In the experiments of Yamada et al. (2010), a slope failure produces a scar in
the submarine topography, including a relatively steeply dipping scarp, triggering
events in adjacent areas and leading to a lateral migration of discrete slope
failures (Yamada et al. 2010). A large slide event should produce a large-scale
unstable configuration of submarine topography, thereby initiating an extensive
lateral migration of slides.

In conclusion, a detailed study of slope failure deposits in the Chikura Group,
central Japan, reveals a systematic migrating pattern of submarine paleo-slope
failures, consistent with the results of analog modeling reported by Yamada
et al. (2010). The recognition of this failure pattern adds to our understanding of
the mechanisms of submarine slope failures and will assist in the prediction of
hazardous failures, particularly regarding the occurrence of series of intermittent
failures on submarine slopes.
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Chapter 50
Quaternary Mass-Transport Deposits
on the North-Eastern Alboran Seamounts
(SW Mediterranean Sea)

B. Alonso, G. Ercilla, M. Garcia, J.T. Vázquez, C. Juan, D. Casas, F. Estrada,
E. D´Acremont, Ch. Gorini, B. El Moumni, and M. Farran

Abstract The Quaternary stratigraphic architecture of seamounts and surrounding
deposits in the eastern Alboran Sea reveals at least 53 stacked MTDs in the Pollux
Bank, Sabinar Bank (Sabinar Platform and Western Sabinar), Maimonides Ridge,
and Adra Ridge. These MTDs are grouped into two types based on their size: small-
scale MTDs (length <5 km and thickness <18 ms) and large-scale MTDs (length
>5 km and thickness >18 ms). The study of these deposits has allowed us to define
a close relationship between size (thickness-length) and source area gradients. The
frequency of MTD events has varied between 40 and 373 kyr throughout the
Quaternary (1.8 Ma to present). Correlation between individual MTDs is difficult
but could be done for at least one local MTD event between Sabinar Platform and
Western Sabinar (Sabinar Bank); in addition, one regional MTD event has been
recognized around all of the studied seamounts. These failure events could have
been triggered by tectonically controlled seismicity at both regional and local scale.
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50.1 Introduction

Over the past decade, MTDs have been described in the Alboran Sea (Fig. 50.1)
based on new geophysical data (TOPAS and Parasound seismic profiles) and
multibeam bathymetric techniques (Muñoz et al. 2007; Martı́nez-Garcı́a et al. 2011;
Vázquez et al. 2010; Casas et al. 2011; Alonso et al. 2012a). The eastern Alboran
Sea is special from the morphotectonic point of view as mass-transport features
locally affect the seafloor of a seamount domain (Vázquez et al. 2010; Alonso
et al. 2012a). The temporal and spatial relationships of MTDs in the seamount
domain are still unknown. The purpose of this paper is to characterise the MTDs
of four seamounts (Pollux Bank, Sabinar Bank two sectors: W Sabinar and Sabinar
Platform , Maimonides Ridge and Adra Ridge) and the surrounding deposits of
the eastern Alboran Basin (SW Mediterranean Sea, Fig. 50.1), and to understand
their spatial and temporal distributions in terms of size (thickness-length) and event
frequency, throughout the Quaternary stratigraphic divisions.

Fig. 50.1 General bathymetric map (a) and gradient map (b) of the north-eastern Alboran Sea.
The main tectonic structures and the area affected by MTDs on seamounts (shaded purple) are
shown on the bathymetric map. CF Carboneras Fault. Black lines show the location of Fig. 50.2a,
c, d
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50.1.1 Geological Setting

Numerous seamounts in the margins and basins of the Alboran Sea represent
first order morphotectonic features (Auzende et al. 1975). The NE-SW trending
structural and volcanic Alboran Ridge is the most striking feature reaching nearly
200 km in length (Fig. 50.1a; Woodside and Maldonado 1992). Other volcanic
seamounts also characterise the physiography in the eastern Alboran Sea; they are,
from east to west, Pollux Bank (270 m water depth), Sabinar Bank (Sabinar Platform
at 780 m water depth and W Sabinar at 1,117 m water depth), Maimonides Ridge
(1,438 m water depth) and Adra Ridge (716 m water depth) (Fig. 50.1a).

The Alboran Sea is a tectonically active region which has been affected by
oblique compression that generated strike-slip and compressional tectonics during
the Pliocene and Quaternary (Martı́nez-Garcı́a et al. 2013). At present, it is subject
to the continuous oblique NW-SE convergence of the African and Eurasian plates
(Nocquet 2012). The main tectonic structures affecting the Pliocene and Quaternary
sediments have two predominant directions NE-SW and NW-SE (Fig. 50.1a)
(Woodside and Maldonado 1992; Estrada et al. 1997; Martı́nez-Garcı́a et al.
2011). There are also minor faults and folds oriented ENE-WSW and NNW-SSE
(Fig. 50.1a), which have controlled the uplift of the seamounts. The seismicity
of the northeastern region is characterised by continuous, shallow earthquakes of
low to moderate magnitude (Mw < 5.5) (Stich et al. 2003). The highest magnitude
earthquake recorded instrumentally took place in the Carboneras Fault Zone and
Adra area (Mw 6.1 in 1910). The regional stratigraphy, established recently by
Juan et al. (2012), divides the Quaternary deposits into two seismic units, which
are, from base to top: C (Lower Quaternary), and D (Upper Quaternary). These
are respectively bounded at the bottom by two seismic boundaries: the base of the
Quaternary Discontinuity-BQD- (2.6 Ma) and the Middle Pleistocene Revolution-
MPR- (0.920 kyr).

50.1.2 Data and Methods

The data set is the result of a combination of several cruises, including, the GC-90
cruise (R/V Garcia del Cid), MARSIBAL-2006 cruise (BIO Hespérides), SAGAS-
2011 (R/V Sarmiento de Gamboa) and MONTERA-2012 cruise (R/V Sarmiento
de Gamboa) (Fig. 50.1b). This study uses integrated information from different
types of seismic data, high and ultra-high resolution seismic profiles (airgun system,
TOPAS and Parasound parametric sounders) and swath bathymetry data. The swath
bathymetry was acquired from the Spanish Secretary General for Fisheries, Ministry
of Agriculture, Food and Environment.

The establishment of the chronostratigraphic framework is based on previous
high-resolution seismic stratigraphic studies in the Alboran Sea (Estrada et al.
1997; Alonso and Ercilla 2003; Juan et al. 2012; Ercilla et al. 2012; Alonso et al.
2012b). The method for estimating the potential age of each MTD is based on the
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sedimentation rate per stratigraphic division and the depth of the MTD within its
stratigraphic division. Each seismic subunit was decompacted using the method
of Estrada et al. (1997) who applied Van Hinte’s (1978) compaction law. The
theoretical value of initial sediment porosity is given by Sclater and Christie (1980)
and the present sediment porosity is given by the measurements conducted on
similar deposits in the Alboran Sea (Comas et al. 1996). For the thickness of each
seismic subunit (metres) and the depth of the MTDs, the seismic wave velocity
defined for ODP-Site 976, located in the western Alboran Basin, is used (Comas
et al. 1996).

50.2 Results

50.2.1 Characterisation of MTDs

The MTDs analyzed in this paper are aged from 1.8 Ma (upper section of seismic
unit C) to the present day (seismic unit D), based on the stratigraphic context
(Fig. 50.2). In this work, seismic units C and D have each been divided into two

Fig. 50.2 Quaternary MTDs on the eastern Alboran Seamounts: (a) obliquely-oriented air-gun
seismic profile showing the Quaternary stratigraphy of the Maimonides Ridge; (b) detail of
the seven stacked MTDs (m1–m7) in the northern sector of Maimonides Ridge; (c) obliquely-
oriented TOPAS seismic profile showing six MTDs (a5–a10) within seismic subunit D2 in the
eastern sector of Adra Ridge; and (d) obliquely-oriented air-gun seismic profile showing the
Quaternary stratigraphy of the Pollux Bank and the area affected by MTDs. Legend: C2, C3, D1,
D2 Quaternary seismic subunits; P2, D-40, MPR, D-12 seismic reflectors; letter/number refer to
MTD; twtt two-way travel time; and s seconds (See Fig. 50.1 for locations of profiles)
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subunits which are, from base to top, C2, C3, D1 and D2 (Alonso et al. 2012b).
These four subunits are bounded by regional discontinuities related to the following
isotopic stages: P2 dated at MIS 60 (1.8 kyr), D-40 dated at MIS 40 (1.32 kyr), MPR
dated at MIS 22 (0.920 kyr), and D-12 dated at MIS-12 (0.450 kyr) (Alonso et al.
2012b) (Fig. 50.2).

At least 53 stacked MTDs have been recognized for the first time within the Qua-
ternary deposits of Pollux Bank, Sabinar Platform, Western Sabinar, Maimonides
Ridge, Adra Ridge and surroundings (Fig. 50.3). These MTDs are acoustically
defined by semitransparent, transparent, and chaotic facies with lenticular shape
(Fig. 50.2b, c). Their upper and lower boundaries consist of high-amplitude
seismic reflections. These deposits interrupt the lateral continuity of the surrounding
stratified deposits and appear as stacked lobate bodies within the Quaternary unit
(Fig. 50.2). Based on their dimensions, small-scale MTDs (length <5 km and
thickness <18 ms) and large-scale MTDs (length >5 km and thickness >18 ms)
have been identified (Fig. 50.3). The MTDs have been identified between 770 m
and 1,920 m water depth. They occur at the foot of the studied seamounts and also
on the platform adjacent to Sabinar Bank (770–920 m water depth) (Fig. 50.1a). The
seamount walls display high but variable slope gradients (up to 20ı) (Fig. 50.1b).
The eastern sector of Pollux Bank shows a relatively moderate slope gradient (2.3ı–
5ı) (Fig. 50.3).

50.2.2 Quantitative Analysis of MTDs

Each MTD was numbered starting with 1 for the oldest with a letter added in
front of the number to represent the region (Figs. 50.2 and 50.3). The number was
assigned according to the MTD’s position within the stratigraphic subunit and the
letter refers to the name of each seamount. MTDs located on seamounts exhibit
significant spatial and temporal differences, in terms of thickness-length, within the
Quaternary deposits (Fig. 50.3). They are generally thin (5–18 ms, two way travel
time) and short (<7 km long) on most of the seamounts. One exception was found
in the eastern sector of Pollux Bank where MTDs are relatively thicker (18–50 ms,
two way travel time) and longer (7–18 km) (Fig. 50.3). Thicknesses show a cyclic
pattern with alternating thinner and thicker MTDs (Fig. 50.3).

The potential age of each MTD, its recurrence and frequency are also defined
(Fig. 50.3). The ages of most MTDs are different, with the exception of p3, s4,
sp4, m4 and a3 which are estimated to have been deposited at 1.193, 1.195, 1.187,
1.195, and 1.190 kyr respectively (Fig. 50.3). The range of estimated recurrence
within each seismic subunit allows two return frequencies to be established based
on the frequency values obtained in other areas (Piper et al. 2003; Strozyk et al.
2010; Ratzov et al. 2010): (i) low (recurrence interval of >210 kyr) and, (ii) medium
(recurrence interval of 40–210 kyr) (Fig. 50.3). A medium frequency of MTDs
predominates throughout the Quaternary (1.8 Ma to present).
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Fig. 50.3 Temporal and spatial distribution of the MTDs on the eastern Alboran seamounts
showing the potential age estimate age (kyr), the size (thickness-length), the recurrence values
(Re) and the frequency (Fr) of MTD events within the Quaternary seismic subunits (S.S) (C2,
C3, D1, and D2). Legend: ms milliseconds; black dots refer to the possible regionally synchronic
tectonic pulse and white dots refer to possible locally synchronic tectonic pulse
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50.3 Discussion and Conclusions

Between 52 and 90 % of the Quaternary sedimentary record in the five sectors of
studied seamounts of the north-eastern Alboran Sea and surroundings is made up
of stacked MTDs (Fig. 50.2). This means that recurrent MTDs are common on the
seamounts and surrounding areas. The following paragraphs focus on understanding
the geological significance of the spatial and temporal distributions of the MTDs
through the relationship of their thickness-lengths with seafloor gradients, and the
footprints of potential causal processes.

Bathymetry and high resolution seismic records reveal that the thinner (<18 ms,
twtt) and shorter (<5 km) MTDs are sourced from the Sabinar, Maimonides,
and Adra (Figs. 50.1 and 50.3). Their walls are characterised by slope gradients
of >5ı–20ı (Fig. 50.1b), outcropping basement and thin Quaternary sedimentary
cover (<100 ms thick, twtt) (Woodside and Maldonado 1992). Contrastingly, the
thicker (18–50 ms, twtt) and longer (5–18 km) MTDs (Fig. 50.3) come from the
eastern Pollux Bank walls, characterised by relatively low slope gradients (2.5ı–5ı)
(Fig. 50.1b) and thicker sedimentary cover (100–230 ms thick, twtt) (Fig. 50.2c).
The temporal and spatial distributions of the 53 MTDs studied suggest an inverse
correlation between MTD size (thickness-length) and the slope angle of the source
area. Similar observations made elsewhere (McAdoo et al. 2000) suggested that
high-slope angles prevent the development of thick slope sediment and large-scale
failures.

MTD triggering usually includes several factors such as high amplitude sea-
level changes, sediment overburden, storms, presence of bubble gas within the
sediment and dissociation of gas hydrate, overstepping and tectonic-related earth-
quakes (Locat and Lee 2002). The seamounts of this study are isolated from
continental sediment sources, meaning sea level changes could not directly influence
sedimentary instability. Likewise, the high resolution seismic profiles do not show
acoustic anomalies related to the presence of free gas within the sediments or gas
hydrate in either the seamounts or in the surrounding areas. The scar zones of
the mapped MTDs are located at sufficiently deep water depths (Pollux at 963 m,
Sabinar Platform at 570 m, W Sabinar at 1,117 m, Maimonides at 1,477 m, and
Adra at 1,584 m) not to be affected by the action of storm-wave loadings, even
during the large amplitude and high frequency sea-level changes that characterise
the Late Quaternary.

The steep slopes of the seamount walls, with gradients of between 2.5ı and
20ı, may also contribute to sedimentary instability as a preconditioning and/or
triggering factor. The seamounts are morphologically tectonic in origin and/or their
bounding faults are considered to be tectonically active in the upper Quaternary
such as the Carboneras Fault which is seismically active (Gràcia et al. 2006; Estrada
et al. 1997; Martı́nez-Garcı́a et al. 2011). As consequence, the seismic activity
is considered a likely triggering mechanism. In fact, locating the MTDs on the
structural map reveals that they are sited along major and minor scale faults although
no relationship of MTD size to major and minor scale faults has been observed
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(Fig. 50.1a). Similar observations have been made along the recent structures
on the Alboran Ridge and Yusuf Fault (Martı́nez-Garcı́a et al. 2011). Likewise
the interplay between seismicity and steep slopes can be considered a potential
triggering mechanism as it could play a more significant control on critical slope
condition over a longer time scale explaining the high variability of MTD recurrence
(40–373 kyr) (Fig. 50.3).

The chronostratigraphic correlation of MTDs between seamounts is used to
test their potential synchronicity and to discriminate between local and regional
triggering. The ages obtained for the MTDs indicate that only one regional MTD
event seems to have occurred, at about 1.191 kyr, the age obtained for MTDs p3, s4,
sp4, r4 and a3 close to the lower boundary of seismic subunit C3 in the five study
sites (Fig. 50.2). If tectonic-related seismicity is accepted as an important factor
for MTD triggering mechanisms in the Alboran seamounts, it may be tentatively
inferred that the mentioned MTDs could be related to a contemporaneous tectonic
pulse at regional scale. The interpretation of a synchronous event at regional scale
is also supported by the thickness of these MTDs (48–51 ms, twtt), which suggests
a seismic event of significant magnitude. In addition, two more recent MTDs, at
0.160 kyr in the W Sabinar (s14 MTD) and 0.164 kyr on Sabinar Platform (sp13
MTD), are time correlated across the Sabinar Bank (Fig. 50.3). This correlation
indicates at least one local tectonic pulse at the Sabinar Bank of minor magnitude
if one considers the fact that the MTDs are thinner (<13 ms, Fig. 50.3). This
hypothesis is further supported by the presence of similar sediments from the same
source area (Sabinar Bank), but with different slope gradients, up to 20ı in the
Sabinar Platform and 4ı–8ı in the W Sabinar (Fig. 50.1b).

The non-coincident ages of the other MTDs and their irregular frequency (a
recurrence interval of about 40–373 kyr) could be related to irregular activity of
the tectonic structures affecting the geotectonic history of each seamount, different
tectonic controls on critical slope condition, or the different geotechnical properties
of the sediments affected. The generally cyclic thickness pattern, increase-decrease-
increase, observed in the all seamounts studied seems to point to a greater tectonic
influence. The decreases could be related to a lack of sediment for potential
remobilisation after several strong seismic events that would have depleted the
source area. Once the source area is re-charged in terms of sediment, MTDs with
a larger thickness may develop. Geotechnical studies are necessary to establish the
mechanical behaviour of the slope sediments during instability scenarios in order to
investigate slope instability and factors controlling the frequency of MTDs.
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Bull Soc Géol de Fr 37:486–495

Casas D, Ercilla G, Yenes M, Estrada F et al (2011) The Baraza slide. Model and dynamics. Mar
Geophys Res 32(1):245–256

Comas MC, Zahn R, Klaus A (1996) Proceedings of the ocean drilling program, initial reports,
College Station, Texas, vol 161, pp 179–296

Ercilla G, Juan C, Estrada F, Casas D et al. (2012) Contourite sedimentation in the Alboran Sea:
Morphosedimentary characterization. Geo-Temas 13:1809–1812

Estrada F, Ercilla G, Alonso B (1997) The tectosedimentary evolution of the northeastern Alboran
Sea during the Plio-Quaternary. In: Cloetingh S et al. (eds) Structural controls on sedimentary
casin formation. Tectonophysics 282 (1–4), pp 423–442
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Chapter 51
Searching for the Record of Historical
Earthquakes, Floods and Anthropogenic
Activities in the Var Sedimentary Ridge
(NW Mediterranean)

V. Hassoun, J. Martı́n, S. Migeon, C. Larroque, A. Cattaneo, M. Eriksson,
J.A. Sanchez-Cabeza, B. Mercier de Lepinay, L. Liong Wee Kwong, I. Levy,
L.-E. Heimbürger, and J.-C. Miquel

Abstract Submarine landslides on continental slopes are triggered by diverse
mechanisms such as sea-level variations, climate-driven sediment supply fluctu-
ations, slope steepening related to long term tectonics, earthquakes and human
activities. In the present work, we try to discriminate the origin of major gravity
events recorded in three sediment cores collected on the Var Sedimentary Ridge
(NW Mediterranean) by means of X-ray imaging, grain-size distributions and
210Pb-based chronologies supported by 137Cs and AMS 14C dating. An alternation
of hemipelagic mud and sandy turbidite layers is apparent in all cores. In two of
them, the topmost turbidite can be correlated to the well-known 1979 Nice-Airport
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landslide. A sub-surficial sandy layer is identified in all three cores with an approx-
imate age of 120 years, suggesting for the first time a relationship with the largest
earthquake in the region (1887; Mw D 6.9). Below the depth of that major event,
sand beds are tentatively related to older local earthquakes and centennial floods.

Keywords Ligurian margin • Turbidites • Hyperpycnites • Earthquakes •
Floods • 1979 Nice event

51.1 Introduction

The triggering of submarine landslides on continental slopes is controlled by various
factors acting differently in time and space (e.g. Lee et al. 2007). Earthquakes are
classically evoked on both passive and active margins but it is difficult to correlate
a specific failure-related scar to such a short-term event. Anyway, mass-transport
deposits and turbidites found on the lower continental slope or in deep basins may
preserve the record of past earthquakes and thus constitute a proxy for paleoseismic
activity (Goldfinger et al. 2003; Gràcia et al. 2010; Ratzov et al. 2010). Although
sedimentological criterions for the identification of landslide- and flood-triggered
turbidites have been validated in some cases, earthquake-triggered turbidites are
often identified by precise dating and correlation with earthquakes and tsunami
deposits (Nakajima and Kanai 2000).

Along the Ligurian margin (NW Mediterranean; Fig. 51.1), sediment supply
delivered by small mountain-supplied rivers is high and the hemipelagic background
is disrupted by slumping, hyperpycnal flows and turbidity-currents (Migeon et al.
2006). In addition to a moderate seismic activity, large historical earthquakes with
intensities I0 � IX MSK also affected the Ligurian margin, notably in years1564,
1644, 1818 and 1887 (Larroque et al. 2001). In a context of steep continental
slope, these earthquakes should have triggered slope failures. The 1887 Ligurian
earthquake is the most catastrophic historical event that affected the area (Mw � 6.9;
Larroque et al. 2012). The epicenter is estimated to be located offshore the Italian
city of Imperia (Fig. 51.1). This earthquake generated a tsunami along the Ligurian
coast and triggered at least one slope failure close to the epicentral area (Hassoun
et al. 2009).

In 1979, a sediment failure (8 � 106 m3) occurred at shallow-water depth during
infilling operations seaward of the Nice International Airport (Dan et al. 2007). This
anthropogenic event generated a turbidity current (Mulder et al. 1997; Fig. 51.1)
and a tsunami that affected the coastline between the cities of Nice and Antibes
(Ioualalen et al. 2010). In addition, flood-generated turbidity currents are also
common offshore the Var River and are responsible for deposition of inversely-
graded hyperpycnites throughout the continental slope (Mulder et al. 2001).

To test the traceability of major historical events in the sedimentary record, sandy
turbidites were studied from cores collected close to the crest of the eastern Var
Sedimentary Ridge (VSR; Fig. 51.1). In this area, Holocene sedimentation rates are
high (30 cm ky�1; Migeon et al. 2001), offering a high-resolution record of the
sedimentary processes occurred during the last centuries.
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51.2 Methods

Three short cores were collected in the eastern VSR during the Malisar, Dycomed4
and ENVAR cruises in 2007, using respectively a Küllenberg, a B&C multicorer
and a Reineck box sampler. Coring sites DYC and DYF were located along the
crest of the VSR, on a topographic low and on a high, respectively. Site KNI27 was
located 8 km southward from the VSR crest (Fig. 51.1). Analyses included visual
core description, numerical X-ray (SCOPIX; Migeon et al. 1999) and grain-size
distribution (Coulter

®
laser granulometer). In cores DYC and DYF, 210Pb and 137Cs

concentrations were determined by gamma-spectroscopy and 226Ra (assumed equal
to supported 210Pb) by Liquid Scintillation Counting (Martı́n et al. 2009; Sanchez-
Cabeza et al. 2010). AMS 14C analyses were conducted in foraminifera (planktonic
shells and bulk) samples and wood fragments. Radiocarbon ages calibration was
performed using the MARINE09 database of the software CALIB 6.0 (Stuiver
et al. 2005). Raw bathymetric data were collected during the Malisar cruise using a
Simrad EM300 and provided a 25-m resolution DTM.

Fig. 51.1 Shaded bathymetric map of the Ligurian Margin (Géoazur-Ifremer) illustrating the
location of cores DYF, DYC, KNI27 and KV10. The red star corresponds to the location of the
cable broken by the 1979 flow (red dashed arrows from Mulder et al. 1997). The dashed black
circle locates the 1887 epicentral area (Larroque et al. 2012) and the black arrows the potential
pathways of landslides and turbulent flows triggered by the earthquake
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51.3 Results

51.3.1 Age Models

In cores DYC (Fig. 51.2) and DYF (Fig. 51.3), measurements of 210Pb excess
activity allowed deducing a CRS (Constant Rate of Supply) age model, which
was confirmed by 137Cs. Sandy beds, identified below as turbidites (instantaneous
deposition) were not taken into account in the calculation of the sedimentation rate
and age estimation. 14C dates are given in Table 51.1.

Within the three cores, several sandy layers (T1–T10) were identified. We will
mostly focus on the most recent layers T1 and T2. In core DYC, sedimentation
rate was estimated at 0.30–0.35 mm year�1 and the 14C dating at the base of the
core gave an age of AD 1398–1475. T1 and T2 would have been deposited in
AD 1980 ˙ 4 and 1888 ˙ 9, respectively. In core DYF, the rate of hemipelagic
sedimentation is about 0.27–0.33 mm year�1. The 210Pb age model supported by

Fig. 51.2 From left to right: concentration of 210Pb, 137Cs and 226Ra, core photograph, X-ray
image, mean grain-size of core DYC. The white arrows indicate the two sub-intervals in turbidite
T2. T1–T10 are turbidite layers described in the text. H corresponds to the hemipelagic intervals.
The black star locates the sample for 14C dating
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Fig. 51.3 Core DYF. From left to right: grain-size distribution; vertical profiles of 210Pb and 226Ra
activity; CRS age model; assumption on the origin of the sandy intervals. T1–T10 are turbidite
layers described in the text. The black stars indicate the depth of 14C dating

the 14C dating gave an age of AD 1887 ˙ 10 for T2 (4–6 cm deep). The activity of
the excess 210Pb does not follow a normal decaying curve but presents an anomalous
peak at 1.2 cm depth corresponding to the 1968–1987 time interval. In core KNI27,
only one 14C dating was available and gave an age of 1559–1668 AD at depth
23.5 cm. Although the top of this core looks disturbed and is probably missing, a
hemipelagic-sedimentation rate was estimated around 0.22–0.28 mm year�1. Ages
for T1 and T2 seem coherent with those found in DYC.

51.3.2 Cores and Facies Description

Sedimentological analysis of the cores revealed an alternation of hemipelagic
intervals and coarse-grained beds corresponding to turbidites (Figs. 51.2, 51.3 and
51.4). Based on sedimentological analysis and age models, we proposed to correlate
the turbidites from the three cores. This method is robust for the two uppermost
turbidites T1 and T2 but only allows emitting hypotheses for older turbidites (T3–
T10) which are not detailed in this study.

In the core DYC, the uppermost 17 cm consist of turbidites T1 and T2 (Fig. 51.2),
topped by thin (1- and 3-cm thick, respectively) hemipelagic intervals. From 17 cm
to the base of the core, sediments consist of hemipelagic layers alternating with
seven silty to silty-clay turbidites (T3 to T10). Turbidite T1 exhibits a sharp to
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Fig. 51.4 Core KNI27. From left to right: core photograph, X-ray image and mean grain-size of
turbidite T2. The black arrows indicate the two sub-intervals in turbidite T2. T1–T10 are turbidite
intervals described in the text. H corresponds to the hemipelagic intervals. The black star indicates
the location of the wood sample used for 14C dating

erosive basal contact. It is normally graded and consists of a lower 5-cm thick
structureless interval changing upward into a laminated interval. These intervals
may correspond to the terms Ta and Tb of the Bouma Sequence (Bouma 1962). The
1-cm thick silty clays overlying T1 could correspond to the term Te of Bouma. The
absence of the terms Tc and Td and the sharp contact between Tb and Te suggest a
deposit resulting from a turbidity surge (Mulder and Alexander 2001).

Turbidite T2 also exhibits a sharp to erosive basal contact and two superimposed
normally-graded intervals. The basal interval is structureless, while the upper
interval exhibits laminae overlaid by a homogenous layer. This internal organization
of T2 can be interpreted as the fast succession of two successive pulses of turbulent
flows.



578 V. Hassoun et al.

Core KNI27 presents the same organization with six turbidites alternating with
clayey-silt deposits. T1 and T2 are structureless and exhibit an erosive basal contact.
T2 consists of two superimposed normally-graded sub-intervals (Fig. 51.4).

The core DYF was cut in layers of 0.5–1-cm thick for geochemical analyses.
The succession of lithofacies was inferred from grain-size analyses only, which
suggest an alternation of fine-grained (hemipelagic) and coarser (turbidite) layers
(Fig. 51.3). However, the sampling interval being high with respect to some bed
thickness observed in the two previous cores, a single sandy layer could correspond
to several successive events.

51.4 Discussion

Based on the sedimentological facies and age models described above, the topmost
turbidites were correlated with well-known recent events. Turbidite T1 found in
cores DYC and KNI27 is coherent with the 1979 Nice-Airport landslide (Figs. 51.2
and 51.4). Two submarine cables were broken by the turbidite surge of 1979
(Gennesseaux et al. 1980) just few kilometres south of the position of these cores;
it is then not surprising to find a deposit related to this flow. In contrast, in core
DYF a synchronous turbidite is lacking. In the uppermost 2 cm, the presence of
the anomalous peak of 210Pb activity (Fig. 51.3) suggests either punctual seafloor
erosion or reworking by benthic fauna. Based on the age model, this peak may
correspond to the 1979 flow, which could explain local seafloor erosion. Thus, the
differences between cores DYC and KNI27 with core DYF could be explained
by their specific location. All three cores recorded the very first phase of seafloor
erosion probably related to the head of the 1979 flow, then turbidite deposition did
not occur at DYF site as it is located on a topographic high (Fig. 51.1).

Turbidite T2 was identified in all three cores (Figs. 51.2, 51.3 and 51.4). The
age models suggest a relationship with the 1887 Ligurian earthquake. This would
be the first time that a sedimentary record related to this major earthquake is
identified in the VSR. In cores DYC and KNI27, the presence in T2 of two sub-
intervals interpreted as recording two successive turbulent flows is coherent with an
earthquake event which may trigger multiple synchronous failures on the continental
slope, resulting in stacked coarse-grained turbidites (e.g. Goldfinger et al. 2003).
Only one failure-scar was correlated with the 1887 earthquake on its epicentral area
(Hassoun et al. 2009): these results suggest that at least an additional failure event,
large enough to generate a turbidity current, was also triggered.

In core (KV10; Fig. 51.1) collected on a terrace 30 m above the lower Var Canyon
floor, Mulder et al. (2001) identified the 1979 turbidite and numerous hyperpycnites,
but no sedimentary record corresponding to the 1887 earthquake. So the earthquake
did not trigger a failure on the continental slope offshore the Var River but closer
to the epicenter, possibly offshore the Roya and Taggia rivers. Additional cores
collected at the mouth of the Roya and Taggia canyons are necessary to confirm
this hypothesis.
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Downcore, the correlation of turbidites with known events is more speculative.
Based on the approximate ages of the coarse beds located below T2, we proposed
that turbidites T3 and T9 (Figs. 51.2, 51.3 and 51.4) may have recorded the 1818 and
1564 historical earthquakes (I0 MSK D VIII for the two earthquakes), respectively.
Although epicentral area of the 1564 earthquake is thought to be located on land
along the Vésubie Valley (40 km north of Nice), it could have triggered, offshore the
Var River, slope failures large enough to produce gravity flows that followed the Var
Canyon and Valley to the eastern VSR. The 1818 earthquake epicentral area was on
the Ligurian coast, close to the 1887 epicenter (Larroque et al. 2001). Nevertheless
the macroseismic intensity of the 1818 earthquake is at least 2 points lower on the
MSK scale (Larroque et al. 2001). Therefore, potential failures triggered by the
1818 earthquake should be smaller but located close to the 1887 landslides, and
their gravity flows might have followed similar pathways to the eastern VSR.

Some coarse layers do not coincide with historical earthquakes and could then
record strong decennial and centennial floods (DDTM des Alpes-Maritimes 2011)
and related hyperpycnal flows. In some cases, historical earthquakes and flood
events being nearly synchronous, the precision of the age models does not allow
discriminating between earthquake- and flood-triggered turbidites (Fig. 51.3).

51.5 Conclusions

Three short cores collected in the eastern VSR provide the sedimentary record of the
main gravity-flow events occurred during the last centuries. Based on radionuclide
chronologies, the origin of turbidite deposits has been associated with three different
triggering mechanisms.

The sediment record of the 1979 Nice-Airport landslide was identified in
the uppermost part of the cores, either by a 5–10 cm thick turbidite or by an
erosive surface. Then, a turbidite less than 5-cm thick was correlated for the first
time with the 1887 Ligurian earthquake, the strongest one known in the region.
The sedimentological characteristics of this turbidite suggest that at least two
synchronous failures large enough to generate turbidity currents were triggered on
the continental slope. It is proposed that older turbidite layers in the three cores
either recorded hyperpycnal currents derived from major floods or mass-movements
triggered by local historical earthquakes.
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Chapter 52
Integrated Stratigraphic and Morphological
Investigation of the Twin Slide Complex
Offshore Southern Sicily

J. Kuhlmann, A. Asioli, M. Strasser, F. Trincardi, and K. Huhn

Abstract The Holocene Twin Slides form the most recent of recurrent mass
wasting events along the NE portion of Gela Basin within the Sicily Channel,
central Mediterranean Sea. Here, we present new evidence on the morphological
evolution and stratigraphic context of this coeval slide complex based on deep-
drilled sediment sequences providing a >100 ka paleo-oceanographic record. Both
Northern (NTS) and Southern Twin Slide (STS) involve two failure stages, a
debris avalanche and a translational slide, but are strongly affected by distinct
preconditioning factors linked to the older and buried Father Slide. Core-acoustic
correlations suggest that sliding occurred along sub-horizontal weak layers reflect-
ing abrupt physical changes in lithology or mechanical properties. Our results show
further that headwall failure predominantly took place along sub-vertical normal
faults, partly through reactivation of buried Father Slide headscarps.
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52.1 Introduction

Submarine landslides occur at all margins worldwide (Masson et al. 2006). To
enhance knowledge on slope failure processes and trigger mechanisms, small-scaled
slide complexes are uniquely positioned, as full data coverage often allows for a
detailed definition of the internal structure (Canals et al. 2004; Lee 2005). One
prominent example is the Twin Slide complex at the NE portion of Gela Basin within
Sicily Channel, Central Mediterranean Sea. These coeval multistage failures occur
only 6 km apart from each other and feature similar runout lengths and fall heights –
yet their failure areas and mass-transport deposits (MTDs) show markedly different
morphologies (Minisini et al. 2007; Minisini and Trincardi 2009).

To unravel the architecture of the Twin Slide complex and elaborate on available
stratigraphic models, this study presents two deep-drilled sediment sequences
recovered with gravity cores and Bremen seafloor drill rig MeBo (Freudenthal and
Wefer 2007). We introduce a detailed age model relying on foraminifera-based eco-
biostratigraphy as well as •13C and •18O records, and propose revised stratigraphic
models based on the correlation of core data to acoustic sub-bottom profiles.

52.1.1 Geological Setting

The Twin Slide complex is located along the NE part of Gela Basin within the
Strait of Sicily, Central Mediterranean Sea (Fig. 52.1). The basin represents a
Pliocene-Quaternary foredeep of the Maghrebian fold-and-thrust belt and is filled
with 2.5 km of shallowing-upward marine sediments (Colantoni 1975; Argnani
1990). In the north, Gela Basin is overthrusted by the Gela nappe, the southwest
migrating outermost thrust wedge of the Maghrebian chain (Butler et al. 1992). Its
tip parallels the present-day shelf break and plunges in direction of the basin, thus
favouring a steeply sloped morphology (Trincardi and Argnani 1990).

52.1.2 Material and Methods

The data set for this study was acquired aboard RV Maria S. Merian during
cruise MSM15/3 in 2010. Main devices used include a parametric sediment
echosounder with dm-scale vertical resolution operating at 4 kHz (Atlas Parasound),
two bathymetric multibeam echosounder operating at 12 kHz (Kongsberg Simrad
EM120) and 95 kHz (EM1002), and coring devices (gravity corer up to 6 mbsf,
MeBo up to 51.9 mbsf).

A GEOTEK Ltd. multi-sensor core logger (MSCL) was used for non-destructive
measurements of core-physical properties including bulk density, compressional
wave velocity, and magnetic susceptibility.
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Fig. 52.1 3D multibeam shaded relief of the Twin Slides in the Gela Basin (lighting from NE, sun
angle 35ı, vertical exaggeration 5, grid spacing 10 m); yellow circles indicate core locations, yellow
lines sub-bottom echosounder profiles P1 and P2/P3 shown in Figs. 52.3 and 52.4, respectively;
dashed black line marks the outline of the Father Slide headscar (Minisini et al. 2007); variability
in data resolution derives from the two distinct multibeam systems used. Inset: location of the Gela
Basin in the Strait of Sicily, central Mediterranean (From GEBCO database)

Geochemical logging for light elements (Al to Fe) was performed on an Avaatech
II core scanner using a generator setting of 10 kV, 0.2 mA and a sampling time of
20 s. Ca/Fe ratios served as an indicator for major lithological changes within the
cored sequences.

For micropaleontology, sediment subsamples (20–50 g each) were taken with
a vertical resolution of at least 20 cm. The sediment was freeze-dried, soaked in
distilled water and washed through a 63 �m mesh sieve. A foraminifera-based
eco-biostratigraphy relying on the identification of (temporary) disappearance and
(re)occurrence of planktic species was developed to identify paleo-environmental
changes already defined in Central Mediterranean (Minisini et al. 2007; Incarbona
et al. 2010). Similarly, an isotope stratigraphy was established based on •13C and
•18O records of benthic Bulimina marginata and planktonic Globigerinoides ex gr.
ruber. Measurements were performed at MARUM using a Finnigan MAT 252 mass
spectrometer coupled with a carbonate preparation device type “Bremen” (standard
deviation <0.05‰ for •13C and <0.07 ‰ for •18O).
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52.2 Morphology and Stratigraphy

High resolution bathymetric data shows the Twin Slide complex as a prominent
feature on the NE continental slope of the Gela Basin (Fig. 52.1). The upper slope
exhibits the crescent-shaped, irregular morphological expression of an extensive
buried slide termed Father Slide (Minisini et al. 2007). Southern Twin Slide (STS)
affected the downslope area of this structure, while Northern Twin Slide (NTS)
emanated from undisturbed sediment units along the edge of the Father Slide
scar. Both failure areas expose two distinct MTDs of varying extend indicating
individual failure stages: a debris avalanche deposit with blocks appearing elongated
dominantly in the direction of motion (stage 1), and an overriding translational slide
deposit likely affecting less consolidated units of the upper slope (stage 2).

Pre-failure depositional variation induced by the Father Slide manifests in the
morphological appearance of upper failure areas as presented in Fig. 52.2. NTS
shows a terrace-like structure (I on Fig. 52.2) with several individual slide scarps
dipping by as much as 32ı, reflecting multiple failure phases that affected planar,
well-layered source units (see Sect. 52.2.1). Pronounced morphological steps of
1–2.5 m upslope of the headwall indicate incipient scarping through retrogressive
failure (II on Fig. 52.2). In contrast, the upper failure area of STS exhibits a constant
slope gradient of 8ı–10ı (III on Fig. 52.2) reflecting the underlying post Father
Slide morphology (see Sect. 52.2.2) and is confined by steep lateral headwalls
dipping 15ı–20ı. Upslope, contour-parallel crests with asymmetric slopes indicate
erosional moat and related drift deposits (IV on Fig. 52.2), likely adding to the
slopes instability through rapid sedimentation and successive generation of excess
pore pressure (Verdicchio and Trincardi 2008).

Fig. 52.2 Gradient maps of the upper failure zones of NTS and STS (grid spacing 10 m); I:
individual slide terraces reflecting source sediments of NTS; II: scarps indicating retrogressive
failure; III: constant slope gradient reflecting post Father Slide morphology; IV: moat structures
indicating sediment drift
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Fig. 52.3 Parasound profile P1 illustrating the stratigraphic framework of NTS. Solid/dashed
yellow line: erosive unconformity/conformity ES1; solid green line: sequence boundary SB1;
dashed blue lines: glide planes of stage 2 failure; solid black lines: faults indicating locations
of potential retrogressive failure; solid red lines: slide scarps. Inset A: magnification of drill site
area indicating sequence stratigraphic units. Inset B: magnification of stage 2 slide scarps showing
glide planes beneath acoustically transparent units

52.2.1 Site GeoB14403 (NTS)

Parasound profile P1 (Fig. 52.3) across the upper failure zone of NTS reveals the
stratigraphic context of site GeoB14403. The drilled sequence penetrates three
sequence stratigraphic units (after Minisini et al. 2007, Fig. 52.3): (I) deposits
resting on top of erosive unconformity ES1, (II) a progradational wedge pinching
out towards NE and (III) deposits beneath sequence boundary SB1. Truncated
acoustic reflections within units II and III mark two individual slide scarps,
presumably deriving from failure stage 2 (solid red lines on Fig. 52.3). Upslope,
prominent faults with clear reflection offsets show normal sense of shear and thus
a downslope mass movement component, indicating locations of incipient scarping
and retrogressive failure (solid black lines on Fig. 52.3). Two horizons acting as
glide planes can be identified beneath the base of acoustically transparent units
within this upper failure zone (dashed blue lines), one of which being intersected by
the drilled cores. Downslope, older and potentially more consolidated sedimentary
units were dissected and transported basinward in the debris avalanche of failure
stage 1. Associated scars are filled with a thick, acoustically transparent layer. As
suggested by the bathymetric data (Fig. 52.1) and estimations on the amount of
involved material (Fig. 52.3), this layer represents the slide deposit of failure stage
2, possibly covering stage 1 avalanche deposits.
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Fig. 52.4 Parasound profile P2 illustrating the stratigraphic framework of STS. Annotations
analogue to Fig. 52.3. Dashed blue lines: glide planes of stage 2 failure (STS) and buried Father
Slide (FS); solid black lines: faults; dashed red lines: Father Slide scarps. Inset A: lower slope
showing headscarp of failure stage 1 and resulting MTDs (profile P3 in Fig. 52.1). Inset B:
magnification of drill site area (For location see Fig. 52.1)

52.2.2 Site GeoB14414 (STS)

Parasound profiles P2 and P3 correlate drilled sediment units with the downslope
failure area of STS and reveal a complex pre-failure setting dominated by buried
Father Slide (Fig. 52.4). MTDs of this event can be traced as acoustically transparent
facies into two prominent scarps (dashed red lines), which sharply truncate reflector
packages of upslope sediment units. Post-failure deposits infilling the Father
Slide scar appear to have failed by reactivation of the downslope scarp, which
correlates with the position of sub-vertical normal faults, as indicated by offsets
of neighbouring reflections. Similarly, the more recent and seafloor-exposed slide
deposit of failure stage 2 dissected sedimentary sequences of units I, II and III along
with interstratified, highly sensitive drift deposits (Verdicchio and Trincardi 2008).
Downslope, a marked morphological step of 50 m indicates headwall failure of post
Father Slide units associated with stage 1 debris avalanche (Fig. 52.4).

The location of the drill site upslope of Father Slide scar does not allow
for an investigation of sediment units affected by STS. However, the bases of
MTDs originating from the Father Slide event rest on top of three strong, bedding
parallel acoustic reflectors (FS1–FS3). The upper two of these sub-horizontal layers
can be traced back into the sediment sequence recovered at station GeoB14414
(Fig. 52.4). Besides the shallow ES1, a second discontinuity truncates underlying
seismic reflectors in greater depth (ES2, solid green line), interpreted as a shelf-
wide erosional unconformity of the penultimate sea level lowstand during Marine
Isotope Stage 6 (MIS6; Sprovieri et al. 2006, and references therein).
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52.3 Core Data and Age Model

At average recovery rates of 91 % (site GeoB14403) and 88 % (site GeoB14414)
gravity and MeBo cores provide a sediment sequence reaching down to 51.9 mbsf
and 27.0 mbsf, respectively. The dominant lithology is a silty nannofossil clay with
quartzose silt, volcanic glass, and minor amounts of foraminifers and authigenic
pyrite. A thin ash layer of dm-scale exhibiting normal grading and a relatively sharp
base is intercalated at a depth of 25.7 mbsf (GeoB14403). A more detailed analysis
of geotechnical properties of the sequence recovered at site GeoB14403 is presented
by Ai et al. (2013).

52.3.1 Site GeoB14403 (NTS)

The composite plot depicted in Fig. 52.5 integrates physical/chemical log data
with stable isotope measurements and related Marine Isotope Stages (MIS) and
Dansgaard-Oeschger Interstadials (DOIS; Sprovieri et al. 2006, and references
therein). A vertical acoustic profile of the drill site is added for reference, converted
into depth scheme using core velocity logs. Magnetic susceptibility values are cut at
40 SI � 10�5 to reveal their general pattern. The combined data suggests a division
of the drilled sediment sequence into the following intervals:

1. 0–4.5 mbsf. Holocene interval without systematic changes in lithology. Heavier
values in the •13C B. marginata record indicate sapropel 1 equivalent (S1 eq), ac-
companied by high Ca/Fe ratios. Foraminifera assemblages suggest the presence
of Pre-Boreal at the base of this interval as do correlations to the •18O records of
core A236P09 from Gela Basin (Asioli and Trincardi, unpublished data).

2. 4.5–10.4 mbsf. Interval with scarce and cold planktic assemblage along with
middle shelf benthic assemblage dominated by Cassidulina laevigata carinata,
similar to an interval in core P08 (Minisini et al. 2007) referred to as MIS2. The
erosive base correlates to the strong acoustic reflection of ES1.

3. 10.4–29.1 mbsf. Interval with scarce and cold planktic and middle shelf benthic
assemblages interpreted as MIS3. In accordance with borehole PRAD1-2 (Piva
et al. 2008) the bioevent Last Common Occurrence of Globorotalia inflata (LCO
G.i.) is positioned in DOIS12. Accordingly, DOIS17 at the base of this interval
marks MIS4/3 boundary, which correlates with the upper glide plane NTS2.

4. 29.1–36.8 mbsf. •18O records of G. ruber (up to 2.72 ‰) are comparable with
MIS4 values of core KC01B (Lourens 2004) from the Ionian Basin. Sequence
boundary SB1, accompanied by an offset in Ca/Fe ratio, marks the end of
DOIS19 and defines MIS5/4 boundary according to Sprovieri et al. (2006).

5. 36.8–51.9 mbsf. Two relatively warm subintervals (42.0–46.5 and 49.6 down-
core) alternate with colder ones marked by scarce planktic and middle shelf
benthic assemblages. The presence of G. ruber, Neogloboquadrina dutertrei and
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Fig. 52.5 Composite plot integrating acoustic, physical and chemical logs with stable isotope
measurements of site GeoB14403. Chronological interpretations according to Marine Isotope
Stages (MIS) and Dansgaard-Oeschger Interstadials (DOIS). Green squares: MAD density
parameters determined according to IODP shipboard practices (Blum 1997); light red area:
sapropel equivalents; PB Pre-Boreal, HS high-stand system tract, LCO G.i. bioevent Last Common
Occurrence of G. inflata, PA vertical acoustic profile at drill site, PDB Pee Dee Belemnite standard

vegetal remains along with a benthic assemblage dominated by intermediate and
deep infaunal taxa may indicate a sapropel equivalent deposition (S3 eq) at the
lower warm interval.

52.3.2 Site GeoB14414 (STS)

Analogue to station GeoB14403, the combined data of the composite plot presented
in Fig. 52.6 suggests a division of the sediment sequence into three intervals as
follows:
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Fig. 52.6 Composite plot integrating acoustic, physical and chemical logs with stable isotope
measurements of site GeoB14414. Annotations analogue to Fig. 52.5

1. 0–4.3 mbsf. Holocene interval coherent to that of site GeoB14403, but with
a sharp erosive base that correlates to a pronounced acoustic reflection and is
represented in all core logs (e.g., sudden decrease of Ca/Fe values from 2.8 to
2.0).

2. 4.3–6.2 mbsf. Short interval with augmented content of organic matter reflected
by greater variability in magnetic susceptibility. Down-core, the interval is
limited by an erosive base correlating to the strong acoustic reflection of ES1.
At the interval top, lighter values in the •18O record of B. marginata suggest the
presence of Bolling-Allerod. Though this interpretation cannot be validated by
foraminifera assemblages (planktic taxa too scarce) the interval is ascribed to
MIS2.

3. 6.2–27.0 mbsf. An extended interval that has been ascribed to MIS5 and may be
further divided into three subintervals (from bottom to top):

(III) 12.0–27.0 mbsf. A Sapropel equivalent deposit records very warm con-
ditions (light red area). •18O records of G. ruber (up to �1.5 ‰) are
compatible to MIS5a, c and e records from the Ionian Basin (core KC01B,
Lourens 2004; ODP site 963, Sprovieri et al. 2006). However, the presence
of Globigerinoides sacculifer and the absence of Globorotalia inflata
suggest a quite expanded MIS5e interval (Incarbona et al. 2010).

(II) 10.5–12.0 mbsf. Short interval with elevated values of p-wave velocity,
magnetic susceptibility and Ca/Fe ratio. Both •18O records show values
heavier than the underlying interval, which are too light to infer the
presence of MIS4 (in comparison with core KC01B, Lourens 2004).
Hence, this interval has been tentatively ascribed to MIS5d.

(I) 6.2–10.5 mbsf. This interval shows values lighter than those of the
underlying interval for both •18O records, indicating the relatively warmer
phase related to MIS5c.
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52.4 Discussion and Conclusions

Based on deep drilled cores and acoustic datasets, this study introduces an integrated
chronological framework to the architecture of the Twin Slide complex, both
revising and extending stratigraphic records presented earlier (Minisini et al. 2007;
Minisini and Trincardi 2009). A conceptual model of the Twin Slides combining
acoustic evidence (Sect. 52.2) with the developed age model (Sect. 52.3) is shown
in Fig. 52.7. Both events appear to involve two failure stages, but are strongly
controlled by their distinctive pre-failure architecture. NTS affected undisturbed
units at the edge of buried Father Slide and cut down MIS5 deposits during failure
stage 1, resulting in a debris avalanche preserved along the sides of the slide
(Fig. 52.1). Most of this blocky outrun, however, is covered by a translational
slide deposit of failure stage 2 deriving from retrogressive failure of younger units
(predominantly MIS4/3) in the upslope region.

In contrast, STS rests on the infillings of buried Father Slide, which affected
early MIS5(e-c) sedimentary units overlying the erosional unconformity of the
penultimate sea level lowstand during MIS6. The stage 1 failure (debris avalanche)
reworked Father Slide MTD as well as stratified post-failure deposits, while the
stage 2 failure dissected progradational units of MIS4/3 – interstratified by drift
deposits – along the reactivated shear zone of Father Slide. Unlike NTS, the
resulting slide deposit only partly covers stage 1 debris avalanche (Fig. 52.1).

Summarizing these findings, failure stages of both Twin Slides appear to involve
sedimentary units of similar stratigraphic age. This contrasts previous assumptions
by Minisini et al. (2007), who related observed dissimilarities in geomorphology
to distinct stratigraphic units affected by failure. Instead, these dissimilarities may
simply reflect differences in the amount of material involved in the two failure
stages. Similarly, core-acoustic correlations suggest that headwall failure of the
Twin Slides predominantly occurs along sub-vertical normal faults (Figs. 52.3

Fig. 52.7 Schematic sketch of NTS (left) and STS (right) illustrating implications of the presented
stratigraphic record. MIS Marine Isotope Stage, ES unconformities associated with 100 ka glacial
cycles, SB sequence boundary
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and 52.4) and translational sliding along sub-horizontal weak layers reflecting
abrupt physical changes in lithology or mechanical properties (Figs. 52.5 and 52.6).
The shallowest part of NTS failed along the MIS4/3 boundary and correlates to a
section identified by Ai et al. (2013) as a preferential slip plane due to its reduced
internal friction angle. They further propose a moderate earthquake (M D 4.0–
4.8) to be sufficient to trigger failure of this layer. Acoustic data suggests that
similar mechanisms may have been responsible for the stage 2 failure of STS
(Fig. 52.7). Stage 1 failure of STS, instead, partly reactivated the shear plane
previously followed by Father Slide (Figs. 52.4 and 52.7). To further assess the role
of these layers in sediment failure, however, additional data on their geotechnical
properties is required.
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Chapter 53
Mass Transport Deposits Periodicity Related
to Glacial Cycles and Marine-Lacustrine
Transitions on a Ponded Basin of the Sea
of Marmara (Turkey) Over the Last 500 ka

C. Grall, P. Henry, G.K. Westbrook, M.N. Çağatay, Y. Thomas, B. Marsset,
D. Borschneck, H. Saritas, G. Cifçi, and L. Géli

Abstract The Sea of Marmara (SoM) is affected by large earthquakes occurring
on the North Anatolian Fault. Numerous submarine mass movements have occurred
and the most recent turbidites in the basins of the SoM have been related to historical
earthquakes. Within the SoM, the occurrence of submarine mass movements and
their size appears modulated by eustatic changes that can be accompanied by
transitions between a salty marine environment and a brackish lake environment.
Detailed analysis, using a 3D high-resolution seismic dataset, of stratigraphy over
the last 500 ka, within a ponded basin of the Western High, shows that intervals
of draped sedimentary reflectors alternate with onlap sequences that followed
episodes of rapid sea-level rise, with a periodicity of approximately 100,000 years
(corresponding to glacial cycles). Mass Transport Deposits (MTDs) occur within the
onlapping sequences. Detail analysis of the youngest large slide, which probably
followed the lacustrine transition to during Marine Isotopic Stage 4 is presented;
and the possible triggering processes are discussed. The potential triggers of MTDs
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during this transition, in the context of the SoM are: (i) gas hydrate dissociation
by pressure drop; (ii) changes in sediments supply and transport dynamics; (iii)
variations in pressure and/or ionic strength in pores. The latter case appears the
most suitable hypothesis, as salt diffuses out of the pores of the marine clay-rich
sediment dominated by smectite at the beginning of low stand/lacustrine stages. The
pore water freshening induces clay swelling, which can potentially drive sediment
slope failure.

Keywords High Resolution 3D seismic data • Mass Transport Deposits • Lacus-
trine/marine transitions • Sea of Marmara

53.1 Introduction

A great variety of factors can cause and/or promote submarine mass movements,
including earthquakes (Masson et al. 2006), environmental changes such as sea-
level changes and associated variations in sediment supply (Rothwell et al. 1998),
and gas hydrate dissociation (e.g. Maslin et al. 2004). The Sea of Marmara (SoM)
is an active seismotectonic setting, located along the western part of the North
Anatolian major continental transform fault (Wong et al. 1995; Le Pichon et al.
2001). Submarine gas hydrates occur in the sediment at fluid emission sites (Bourry
et al. 2009). It is likely that hydrates were more widely distributed in the past and
were dissociated massively during the deglaciation (Menot and Bard 2010). The
SoM has also been subjected to a history of connections and disconnections with
Black and Aegean Seas via the Bosphorous and the Çannakale Straits respectively
(Fig. 53.1a, e.g. Çağatay et al. 2009). These oscillations are related to global eustatic
changes, and induce transitions between lacustrine and marine conditions. In such
an environment, submarine mass-movements are very common, and 75 % of the
sedimentation in basins is composed of gravity-induced deposits (e.g. Beck et al.
2007) and many of which were triggered by earthquakes (McHugh et al. 2006).
Mass-wasting occurrence and size increased during the end of the glaciation period
which may be attributed to thermal destabilization of gas hydrate or variations in
sediment supply (Zitter et al. 2012).

During the last glacial period, the SoM was a mildly brackish lake (e.g. Londeix
et al. 2009), as the global sea-level dropped below the level of the Çannakale sill
(e.g. Çağatay et al. 2009) at the beginning of Marine Isotopic Stage 4 at �70 ka
(thereafter MIS-4). Sedimentation rates were at least two times higher during these
glacial times than during modern marine environment (Çağatay et al. 2000; Vidal
et al. 2010). Pore fluid composition profiles indicate diffusion of salts, between the
lacustrine sediments and the seawater above, affecting a layer of 12–40 m thickness
below the seafloor, that does not strongly depending on the sedimentation rates in
the area considered (Zitter et al. 2008; Çağatay et al. 2004).

Little is known about older paleo-environmental changes induced by sea-level
variations. Considering global sea-level variations (e.g. Lisiecki and Raymo 2005),
marine to lacustrine transitions may not have occurred during all the glacial
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Fig. 53.1 (a) Tectonic map of the Sea of Marmara region with the Main Marmara Fault (MMF,
Le Pichon et al. 2001) and secondary fault system (Grall et al. 2012). The red box locates the
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100,000-year cycles, as the timing of connection and disconnection depends not
only on global sea-level but also on the depth of the Çannakale sill, which probably
varied with time (e.g. Çağatay et al. 2009; Badertscher et al. 2011).

In this paper, the relationship between mass wasting and sea-level changes
over the last 400–500 ka is evaluated using high resolution seismic records.
The Mass-Transport Deposits (MTDs) related to sea-level oscillations and ma-
rine/lacustrine transitions are here characterized, and the possible MTDs trigger
processes discussed.

53.2 Main Observations and Interpretations

53.2.1 Overview of Stratigraphic Sequences
and Mass-Transport Deposits Position

The 3D seismic survey covers an area of 33 km2 on the western part of the Western
High, along the main strike-slip fault branch of the Main Marmara Fault (MMF,
Le Pichon et al. 2001, Fig. 53.1b). We focus here on the Eastern Fault-Zone
Basin, an asymmetric basin bounded on its southern side by the MMF (Fig. 53.1b).
The seismic imaging (migration, bin size 6 m, Thomas et al. 2012) has a maximum
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depocentre (represented in Fig. 53.3a) when the slides occurred. See Fig. 53.1c for the location of
the seismic lines

sub-seabed seismic penetration of about 600 m in this basin. H0, the shallowest
seismic horizon (Fig. 53.2) encountered over most of the 3D HR survey, is at
around 15 m depth on core MD01-2430 location, at the same depth as an ash
layer (Çağatay, pers. comm). Mean sedimentation rates over this time-scale have
been derived from the H0 mapping. The sedimentation rates range between 0.3 and
1.1 mm/a, in the Eastern Fault-Zone Basin. Considering the seismic penetration and
the sedimentation rates, the dataset gives access to the history of sedimentation over
a time scale of about 500,000 years.

Sedimentary sections consist of the repetition of four sequences, each sequence
has between 0 and around 80 m of thickness and contains two seismic units
(Fig. 53.2a, b): (1) Draped units with moderate lateral variations of thickness,
either acoustically transparent or bearing laterally continuous internal sub-parallel
reflectors (2) Basin filling units displaying strong lateral variations of thicknesses
and laterally correlative with either condensed sections (Fig. 53.2b) or hiatuses on
the slopes and topographic highs. Sedimentary bodies that contain irregular lenses
and chaotic reflections are observed at the base and/or within the filling sequences
(Fig. 53.2a, b), and are interpreted MTDs (e.g. Alves 2010).
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Three remarkable MTDs thus occur within the basin filling units (Fig. 53.2a).
Prominent reflective horizons (H1, H4 and H6; Fig. 53.2b) which present significant
disruption, mark the base of the MTDs. The top horizons of the MTDs (H10, H3 and
H5, Fig. 53.2b), pinch out against a continuous basal horizons and display small-
scale topography. Horizon H5 displays erosive channel geometry that may have
developed concurrently with the deposition of the basin filling unit (Fig. 53.2a, b).
Erosion affects the underlying MTDs and therefore must at least in part post-date
the MTDs events. Horizon H3 is relatively smooth but small erosive channels affect
H4 where H3 is absent, suggesting the MTD strata between H3 and H4 is correlative
with an erosion surface (Fig. 53.2a, b).

The high-resolution age model from 14C calibrated ages obtained from core
MD01-2430 (Fig. 53.1b) indicates a sharp reduction of sedimentation rate from
0.6 to 0.2 mm/a following the reconnection at 14.7 ka (Vidal et al. 2010). In the
Holocene, sedimentation rates subsequently increased back to 0.4 mm/a, although
still not reaching the glacial sedimentation rate again (Vidal et al. 2010). We surmise
this has been the case during previous glacial cycles, at least in cases when the SoM
had been disconnected during a global sea-level low-stand, and possibly during all
episodes of rapid seal-level rise. In this case, the repetition of filling unit/draped
section corresponds to the sea level low and high stands oscillation at 100 ka time-
scale. In particular, the onlap sequence on H10 (Fig. 53.2c, d), first low-stand/filling
units below the seafloor, probably results from a decrease of sedimentation rate
during the marine high stand at MIS-5 (�130 ka). The MTDs lying on H1 thus
occurred during the sea level fall at MIS-4 (�70 ka).

Variations of clay composition could explain differences of slope instabilities
frequency between marine and lacustrine rich-clay sediments. Powder of clay
fraction of 38 samples (of both marine and lacustrine muds) has been characterized
by X-ray diffraction. The relative amount of smectite, illite, kaolinite and chlorite
were determined by comparing the major XRD reflection peaks surfaces obtained
on untreated, ethylene-glycolated, hydrazine monohydrate and heated smear slides.
Lacustrine and marine clay compositions do not display significant differences. The
clays fraction is dominated by swelling clay as the clay fraction is composed of, on
average, 75 % smectite, 13 % illite, and around 5–7 % kaolinite and chlorite.

53.2.2 Characterization of MTDs on H1

The MTDs above H1 form a thick unstratified lens with a rough upper surface.
Within this lens, we observed locally some highly reflective patches interpreted as
stratigraphic reflectors within coherent blocks floating in a matrix of flowed mud
that has lost coherence, at least at the scale of the HR data (Fig. 53.3d). The top of
the MTDs is a highly reflective and rough reflector of reverse polarity to that of the
seafloor, suggesting that the deposit has probably a higher content of fluid than the
upper sediments. The top of the MTD is undulated, and we observed small-scale
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ridges of higher reflectivity (in absolute value) with a NE-SW strike (Fig. 53.3b, c).
The geometry of the structures suggests the mud flow occurred perpendicular to the
western ridges (Fig. 53.3a) along a NW-SE sliding direction. The MTD covers an
area of about 0.47 km2 and has a total volume of 5.5 hm3. Along the NW edge of
the basin, the MTD thickness is around 7–8 m. It increases toward the southeast,
reaching a maximum thickness of 23 m in the central part of the basin (Fig. 53.3c).
H1 displays variable reflectivity below the MTDs. On the whole western edge of the
MTDs but also its northeastern edge, H1 has negative polarity and high reflectivity
(Fig. 53.3a). Below the central part of the MTDs, H1 appears composite with several
sub-reflectors resulting in a concentric reflectivity pattern (Fig. 53.3a). On the slope
west of the MTD, H1 is absent, or displays low reflectivity, over a 0.28 km2 area
(labeled eroded area in Fig. 53.3a). This area corresponds to a place where H1 but
also others horizons above have been eroded and thus appears as the probable main
source of the material forming the slide masses. The thickness of sediment removed
during the event is estimated to 11 ˙ 5 m comparing the thickness of sediment on
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either side of the slide with the thickness of sediment in the scar (Fig. 53.3d, section
1–10). It also seems that most of the sediment deposited between H1 and H0 has
been removed. The volume of sediment removed is thus 3 ˙ 1.4 � 106 m3, which
represents only about 1/2 to 1/3 of the MTD volume. This paradox may be resolved
if sediments deposited above H1 in the basin have been displaced and in part
incorporated into the MTD. The eastern edge of the MTD is not sharp (Fig. 53.3d,
section 2–20) but appears as a gradational transition between disturbed sediments
and an undisturbed layer of about 7–8 m thickness. Also, the base of the MTD
is not erosive in the deepest parts of the basin but appears to follow closely H1,
which may represent the basal sliding surface or layer immediately beneath it. In
fact the volume and geometry of the MTD may be accounted for, if a 7.4 m average
thickness layer of sediment covering both the area of sediment removal and the area
now covered by the MTD was redistributed by the sliding event to the deeper part of
the basin. This can suggest liquefaction occurred as the slide progressed, a common
feature in slides and slumps, which can evolve into debris flow deposits (Mulder and
Cochonat 1996).

53.3 Discussions About Possible Triggering Processes
and Conclusions

During the last glacial cycle, the draped sequence in the basin corresponds to low-
stand lacustrine deposits with a relatively high sedimentation rate. Parts of the
underlying deposits, presumably marine sediments from the last interglacial (MIS-
5), have been redistributed by gravitationally driven mass transport, resulting in
lateral variations in sediment thickness. Sediment remobilization likely occurred
after sea-level dropped at MIS-4. This pattern of alternating draping sedimentation
and sediment redistribution is found to repeat cyclically in the stratigraphic record.
This suggests that comparable sequences of events occurred during earlier glacial
cycles. This is also supported by the thickness of these sequences, which would
correspond to about 100,000 years of sedimentation extrapolating the mean sedi-
mentation rates measured over the last �29 ka.

Sediment fluxes into the deep basins of the Sea of Marmara from continental
shelves and slopes are higher during low stand than during high stand, and slope
instabilities clustered at the end of the glaciation (Zitter et al. 2012). However,
the Western High is relatively isolated from this influence, as canyons originating
from the shelf edges bypass the Western High and supply sediments to the deep
Central and Tekirdag basins (Fig. 53.1a). Nevertheless, we still observe cyclic local
redistribution of sediments between slopes and ponded basins but probably with a
different timing as the MTD in this study is inferred to correlate with the beginning
of a low stand.

At the beginning of MIS-4 (�70 ka), sea-level fell from �25 to �85 m below the
modern sea level resulting in the disconnection of the Sea of Marmara (Çağatay et al.
2009). This also induced a pressure drop of 0.6 MPa and thus possible dissociation
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of gas hydrate (Liu and Flemings 2009). Nonetheless, a temperature decrease of
1 ıC at the seafloor of the Western High associated to this pressure drop should
be sufficient to keep hydrates in their stability field (e.g., Henry et al. 1999). It is
thus unlikely that widespread gas hydrate dissociation occurred at this time. On
the other hand, pore fluid freshening by salt diffusion must have occurred. Since
the post-glacial reconnection, water column salinization (that has been progressive
over 2,000 years, Vidal et al. 2010) lead to the diffusion of salts downward into the
pore fluids of the lacustrine sediments (Zitter et al. 2008) and the reverse process
had occurred during the last glaciation after the disconnection. The diffusion length
being proportional to the square root of time, the salt diffusion gradient below
the seafloor affects a sediment layer of thickness 10–100 m for times ranging
from 1,000 to 100,000 years. A layer of 11 ˙ 5 m of marine sediments has been
remobilized, which appears consistent with the thickness of leached sediments after
only a few thousand years. As the clay-fraction is dominated by smectite, clay
swelling induced by osmotic stress during the desalinization of the pore water is
expected (Charpentier and Bourrié 1997), reducing the cohesion of sediment and
promoting submarine slope failures (Masson et al. 2006). Consequently, systematic
destabilization of marine sediments on slopes at the beginning of lacustrine periods
should occur.

We remarked that the cyclic occurrence of MTDs observed in a ponded basin
of the Western High in the SoM could correlate with glacial-interglacial sequences.
Despite that slope instabilities are presumably triggered by earthquakes, their size
and/or frequency appears to be modulated by glacio-eustatic oscillations and the
lacustrine/marine transitions associated to them. The swelling of clays in marine
sediments under low salinity brackish water can promote slope instability after
marine to lacustrine transitions, and may be one factor contributing to long-term
cyclicity of slope instability occurrence in the Sea of Marmara.
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Chapter 54
Instability of Oceanic Volcanic Edifices:
Examples of Sector Collapse, Debris Avalanches,
and Debris Flows from Gran Canaria
(Canary Islands)

Hans-Ulrich Schmincke and Mari Sumita

Abstract We review different types of mass transfer (landslides, debris avalanches,
debris flows, turbidites) generated throughout the evolution of a long-lived volcanic
island (Gran Canaria) from its emergence at ca. 16 Ma to the present. The choice
of Gran Canaria is based on its unique characteristics in that the various types
of downslope mass transfer are not only documented by acoustic methods and
bathymetry, but also by lithology (ODP Leg 157 drilling and land deposits). The
intermittent mass transfer caused by edifice instability and direct volcanic processes
(pyroclastic flows) represents by far the greatest contribution of mass to the depot
centers peripheral to the island, as contrasted with steady erosion. We speculate
on the impact of long-term trade wind directions as major factors in deeply eroding
and thus weakening the northern slopes and therefore preferentially localizing sector
collapses on the windward sides of the islands.

Keywords Gran Canaria • Debris avalanche • Debris flow • Syn-ignimbrite
turbidite

54.1 Introduction

The idea of major landslides having generated the magnificent Orotava valley in
northern Tenerife (Figs. 54.1 and 54.2) was suggested early on by Alexander von
Humboldt (1814). Undisputable collapse-generated debris avalanche deposits in the
Canaries were first recognized on Gran Canaria (review in Mehl and Schmincke
1999) and subsequently on the sea floor off El Hierro by Holcomb and Searle (1991).
The seismic and bathymetric evidence for offshore debris avalanches common
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Gran CanariaGran CanariaGran Canaria
TenerifeTenerifeTenerife

La GomeraLa GomeraLa Gomera

La PalmaLa PalmaLa Palma

El HierroEl HierroEl Hierro

FuerteventuraFuerteventuraFuerteventura

LanzaroteLanzaroteLanzarote

Africa

100 km

Fig. 54.1 Clouds pile up on the steep northern flanks of the Canary Islands due to the prevailing
north-northeast trade wind directions constant since at least the middle Miocene. The higher
erosional rates on the northern flanks resulted in steeper slope gradients and higher susceptibility
for flank collapse (Image SeaWIFS project, NASA/Goddard Space Center, and ORBIMAGE)

around all of the seven major Canary Islands has been reviewed by Krastel et al.
(2001). Older deposits around the eastern Canaries are largely or completely hidden
in the volcanic aprons owing to high sedimentation rates. Masson et al. (2002) focus
their review on Tenerife and the western islands La Palma and El Hierro where
most of the 14 dominantly debris avalanche deposits – all younger than 1 Ma –
are morphologically recognizable on the sea floor, most also being associated with
landslide scars onshore. Volumes range from 50–500 km3 and run out distances are
up to 130 km from source.

Gran Canaria and its volcanic apron are arguably the oceanic island system with
the highest number and greatest variety of volcanic mass flow deposits known as
based on (a) its longevity, (b) development of a 20 km caldera, the source for
>20 felsic ignimbrites emplaced over ca 5 Ma, whose submarine syn-ignimbrite
turbidites have traveled tens to hundreds of km on the sea floor, (c) concentric as
contrasted with focused transport of mass flows during at least three major periods
and (d) a large post-erosional stratocone. Gran Canaria is typical of other volcanic
centers throughout the Canary islands in that all have grown over millions of years,
the eastern ones over 20 millions of years, while the youngest in the west are
younger than 3 Ma (Schmincke and Sumita 2010).
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54.2 Stages of Mass Transfer from Gran Canaria into the Sea

The uniqueness of the system is due to: (1) Numerous headwall scars not only
along the coast but also in the interior of the island; (2) mass flow deposits exposed
on land; (3) ODP Leg 157 drilling at 4 sites around the island, penetrating many
stages of mass flow emplacement throughout ca. 15 Ma; (4) Seismic reflection and
bathymetric analysis of the volcanic apron; (5) Dredged samples. Nine case histories
are here briefly summarized (Fig. 54.2). These are only a minimum since several
events such a major landslide scar above Valsequillo and Pleistocene basaltic debris
flow deposits drilled at Site 954 are omitted.
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Fig. 54.2 (a) Gran Canaria and submarine contours. The volcanic apron (beige) is largely covered
by the eastern apron of Tenerife (light brown). Volcanic cones are shown in red. The outline of
the Miocene Tejeda caldera is shown inside Gran Canaria. The prominent southern onland and
submarine fan of Roque Nublo debris avalanches is shown in green, other RN debris avalanches
that entered the sea are not shown (Modified from Funck and Schmincke 1998; Krastel et al.
2001). (b) Stratigraphic correlation between four holes drilled in the volcanic apron of Gran
Canaria and distal hole DSDP Site 397, based on the overall stratigraphy determined on land,
drilled deposits being correlated precisely with the time-equivalent deposits onshore (Schmincke
and Sumita 1998). Numbers indicate specific mass flow stages (See text)
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54.2.1 Stages 1 and 2. Pre-shield Non-explosive
and Moderately Explosive Submarine Activity

In a magnificent cross-section of an uplifted seamount in Barranco de las Angustias
(La Palma) densely packed pillow lavas are overlain by a ca. 350 m of up to 5 m thick
flow deposits consisting of variably rounded blocks of pillow basalt in the cm-dcm
range (Staudigel and Schmincke 1984; see also figs. 4.20–4.23 in Schmincke and
Sumita 2010). We interpret these as analogous to basaltic debris flows formed by
partial collapse of up to four cones between 363 and 90 m bsl during the 2011–2012
shallow submarine eruptions off El Hierro (Rivera et al. 2013). Massive hyaloclastite
debris flow deposits make up the upper part of the La Palma seamount section.

The basal 190 m of Site 953 (ODP Leg 157) consist of about sixteen 1–50 m
thick well-sorted massive lapillistone to coarse hyaloclastite debris flows consisting
dominantly of variably vesicular shards becoming finer grained and bedded upwards
and more vesicular in the uppermost flows suggesting decreasing water depth
(stage 2). Abundant largely non-vesicular basalt clasts up to 25 cm in diameter are
concentrated near the base of each flow (stage 1). We interpret this association as
representing a mixture of hyaloclastite mass flows recording episodic down slope
transport from near the top of a shallowing seamount to a depth of ca. 3,000 m, en
route picking up basalt blocks from fragmented lava flows recording an earlier stage
of seamount growth (Schmincke and Segschneider 1998).

54.2.2 Stage 3. Shield Stage Noneruptive Flank Collapse

A major unconformity in the emergent amalgamated shield stage of Gran
Canaria between lower shield-stage basalts (Güigüi Formation) and younger more
evolved basalts (Hogarzales Formation) (Figs. 54.2 and 54.3) is interpreted as
caused by sector collapse of the Güigüi Formation. A >70 m thick, strongly
graded debris flow deposit drilled at Site 956 (ODP Leg 157) some 40 km
southwest of Gran Canaria was interpreted as representing this collapsed flank
(Fig. 54.4; Schmincke and Segschneider 1998). The poorly sorted deposit is
made up dominantly of angular lapilli-sized blocks of tachylitic and poorly
vesiculated basalt, shallow water biogenic debris being concentrated near the
top. The angularity of the blocks indicates an origin by sudden collapse of
subaerial shield basalts. An overlying sand deposit is tentatively interpreted
as a tsunamis deposit generated by the emplacement of the huge debris
flow. The scalloped steep subaerial-submarine morphology along western and
northern Gran Canaria indicates several similar large slumps but the displaced
masses are hidden in the volcanic aprons (Funck and Schmincke 1998).
The fact that Miocene basalt lavas only crop out very sparsely in northeast
Gran Canaria could be due to both high erosional rates and flank collapse.
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Fig. 54.3 Unconformity between lower (Güigüi Fm), strongly diked basalt shield lavas overlain
with pronounced unconformity by upper (Hogarzales Fm) shield lavas. We interpret the unconfor-
mity by collapse of the older shield volcano edifice

54.2.3 Stage 4. Shield Stage Eruption-Associated Delta
Collapse

The major debrite of stage 3 is overlain by two moderately graded debris flow
deposits 25 and 15 m thick. Their lithology differs significantly in that they contain
fresh sideromelane “droplets” and vesicular shards, evidence that the debris flows
were formed during eruptive events but accumulated adjacent to the coast as
reflected by the presence of shallow water biogenic debris. Most likely, these flows –
as well as similar delta deposits overlying stage 1 and 2 deposits in Site 953 – were
derived from delta deposits that form during advance of lava flows into the sea as
described from Kilauea volcano (Moore et al. 1973). The more evolved basaltic
composition suggests that these events are associated with the younger Hogarzales
basalts that fill the huge morphological scar described.

54.2.4 Stage 5. Early Caldera Stage Syn-Ignimbrite Turbidites

Large-volume rhyolitic ignimbrites were erupted from a 20 km diameter caldera
developed on the basaltic shield volcano complex between 14 and 13.3 Ma. Syn-
ignimbrite turbidites spread concentrically away from the island up to hundreds
of km (Sumita and Schmincke 1998). Some syn-ignimbrite turbidites drilled up to
60 km away from the island (Site 953) were correlated precisely with their onland
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Fig. 54.4 Lithology of Güigüi and Hogarzales debris flow deposits drilled at Site 956. Simplified
modal percentages of three clast types in the Güigüi Debrite, contrasting especially with Hoga-
rzales Debrite-2 in which juvenile components dominate (all at Site 956). Maximum clast sizes
and median of smaller clasts (not Md of total deposit) estimated in the core and thin section show
pronounced decrease in all three flow deposits upwards while sorting increases with shallow water
fossils becoming abundant near the top, evidence for shallow water derivation. (Modified from
E. Hanenkamp, unpubl. Diplomarbeit, 2002, Univ. Hamburg)
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Fig. 54.5 Distal facies of Miocene Fataga debris avalanche deposit ca. 1 km from south coast near
Arguineguı́n. Angular blocks are dominantly green Fataga phonolite lava, ignimbrite and obsidian
fragments while white soft pumiceous material is strongly deformed plastically. Person at base
for scale

counterparts allowing for the calculation of total mass output, the estimated volume
of basal ignimbrite P1 e.g. amounting to >100 km3 (DRE) (Freundt and Schmincke
1998).

54.2.5 Stage 6. Late Caldera Stage Phonolitic Debris
Avalanches and Debris Flows

Inland volcano collapse stages (Fataga Group) are documented in subaerial debris-
avalanche deposits made of fragmented lava, non-welded ignimbrites and obsidian
breccias (Fig. 54.5). Many are exposed close to shore e.g. near Arguineguı́n, mixed
with, or grading into, debris flow deposits emplaced between ca. 11.5 and ca. 10 Ma.
Poorly recovered breccias (Sites 953 and 956 (Leg 157)) do not allow reliable
volume estimates of individual flows.

54.2.6 Stage 7. Post-caldera Collapse

At the western head of Tirajana basin in eastern Gran Canaria, Pliocene Roque
Nublo deposits abut against Fataga Group phonolite lavas along a nearly vertical
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Fig. 54.6 Distal and marginal facies of Pliocene Roque Nublo debris avalanche deposit ca. 2 km
from south coast near Pasito Blanco filling a shallow channel in widespread conglomerate sheet.
Partly rounded clasts including green Fataga lava and ignimbrite fragments picked up en route are
suspended in fine-grained brown matrix

contact, probably a major post-Fataga sector collapse scar. Local debris avalanche
deposits (DAD) of Fataga composition in northeastern Gran Canaria are interpreted
as reflecting northward collapse of the thick pile of Fataga volcanics. The resulting
debris avalanches must have entered the sea to the east and northeast. The deposits
resemble the Holocene Fataga debris-avalanche deposits (Fig. 54.7).

54.2.7 Stage 8. Post-erosional Stratocone Collapse Deposits
(Roque Nublo)

The morphologically and structurally most impressive subaerial debris avalanche
deposits of any oceanic island were generated on Gran Canaria around 3.5 Ma
during multistage collapse of the Roque Nublo (RN) stratocone. They traveled
overland for some 20 km radially and overtopped canyons up to 500 m deep as
between Barrancos de Fataga in the east, Mogán in the west and in the north and
northeast of the island (Fig. 54.6). The debris avalanche deposits in the sea form a
major seismic reflector (R3) at least as far as 50 km away from the island at a depth
of ca. 200 m below the sea floor where they form a huge morphological debris fan
(Funck and Schmincke 1998; Mehl and Schmincke 1999) (Fig. 54.2). Recovery of
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Fig. 54.7 Quaternary to Holocene (?) amalgamated debris avalanche deposits consisting entirely
of Miocene Fataga Group phonolitic lava, ignimbrite, and volcaniclastic sediments. The town of
San Bartolome de Tirajana and the plateau above are built on these debris flow deposits totaling
>50 m in thickness (Aerial image adapted from Google Earth (2013))

the deposits in all ODP drill sites was poor but RN debris avalanche deposits were
dredged in the channel between Gran Canaria and Fuerteventura (Schmincke and
Graf 2000) documenting that RN debris avalanches were emplaced concentrically
around the island. Altogether a minimum volume of >ca. 50 km3 is estimated that,
however, maybe much larger owing to intense erosion on land and poor control on
the submarine deposits.

54.2.8 Stage 9. Late Quaternary to Holocene Mass Wasting

In Barrancos de Tirajana and Fataga, one or more Quaternary to Holocene (?)
collapse events are interpreted to have plugged an older drainage system connecting
the large Tirajana basin and Fataga canyon. As a result, the Fataga canyon was
captured, drainage being diverted to the southern Tirajana basin. The >50 m
thick huge debris slide(s) underlying the town of San Bartolomé de Tirajana are
characterized by a distinctive hummocky surface topography and extend to the base
of the switchback road leading from the Tirajana basin into Barrano de Fataga
(Fig. 54.7). Fataga canyon, cutoff from its headwater water supply, is gradually
being drowned along its course by numerous rock falls and debris avalanches some
more than 150 m thick descending from the steep slopes.
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54.3 Discussion

Many causes of sector collapse have been proposed ever since the north flank
of Mt St Helens failed on May 18, 1980 (e.g. Siebert 1984). Two endmember
processes can be defined with respect to the Gran Canaria mass flows: eruption-
induced and instability-induced and a combination of both. The unusually thick
lithics-dominated drilled debris flow deposit (stage 3) represents a relatively clear
instability-induced endmember. Factors in the Canaries that contribute to such
sector collapses are steep flank slopes (10ı–15ı vs. 3ı–6ı for subaerial Hawaiian
volcanoes) (review in Masson et al. 2002) and growth of the volcanic edifices on top
of thick submarine sediments, which, on the southern flanks, include methane-rich
low-strength sediments. Sector collapse (stage 3) occurred at a time of decreasing
magma supply and establishment of a high-level magma reservoir that quickly
developed into a huge reservoir underlying the 20 km caldera exerting increased
lateral stress to the shield volcano flank. Juvenile vesiculating lava lumps of the high
temperature Mogán Group peralkaline ignimbrites (stage 5) were quenched when
entering the sea, forming thick unstable piles of highly fragmented strongly welded
ignimbrite, periodically collapsing to form voluminuous syn-ignimbrite turbidites
drilled at all Leg 157 sites – an endmember for volcanic triggering. The debris
avalanches generated during stage 6 must have been associated with the growth
of obsidian domes as reflected in their lithology. Generation of the large volume
Roque Nublo debris avalanches (stage 8) was greatly facilitated by the abundance of
epiclastic sediments interbedded with lava flows, contributing to high pore pressure
that reduced the strength of the stratocone, especially in the central crater area where
the debris avalanches were spawned. The wet Pliocene climate provided ample
water and probably a high water table (Schmincke and Sumita 2010).

The present dominant NE trade wind direction in the Canary islands (Fig. 54.1)
was roughly constant for at least 15 Ma (Schmincke and Sumita 1998). The
northeastern flanks of the islands were thus much more strongly eroded than
the southwestern flanks. Asymmetric mass wasting was invoked by Schmincke
(1968) and contrasted with the then prevailing idea of major faults separating a
“Canarian land mass” into separate islands. The asymmetric deep erosion may
have caused major sector collapses to occur preferentially on the north flanks of
several of the Canary Islands (Schmincke and Sumita 2010). Interestingly, the
main dike directions on the island changed from roughly radial (Miocene shield)
to approximately N-S during growth of the Pliocene Roque Nublo stratocone,
excepting the dominantly concentric Miocene felsic cone sheet swarm reflecting the
central caldera structure. In post-Roqublo times (younger than ca. 3 Ma), mafic dike
directions changed abruptly to strongly NW-SE orientation that remained dominant
until the Holocene. We speculate that the extremely voluminuous Roque Nublo mass
wasting removing much of the northeastern flanks of the island aided by intense
erosion during the Pliocene may have altered the stress field of the island to such
a degree that ascending magmas used the gravitationally-reoriented stress field to
intrude along directions that were fundamentally controlled by the orientation of
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the weak flank of the island – and thus ultimately by climate. The causal and
temporal relationship between internal and external causes of mass wasting is
being explored in the Canaries along several lines of evidence. For example, sector
collapse triggered by dike intrusion has been invoked for neighboring Tenerife
(Walter et al. 2005). Longpré et al. (2011) redated the famous El Golfo flank collapse
on El Hierro as having occurred during low sea level between ca. 87 and 39 ka,
contrasting with earlier views postulating the El Golfo slide to have been facilitated
by high sea level.

In summary, the cause of most sector collapses and resulting mass flows is a
combination of external and internal forcing and complex feedback mechanisms.
Massive and instantaneous downslope mass transfer to the deeper ocean depot
centers greatly outweighed that by steady erosion throughout the history of Gran
Canaria.
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Chapter 55
Slope Failures and Timing of Turbidity
Flows North of Puerto Rico

Jason D. Chaytor and Uri S. ten Brink

Abstract The submerged carbonate platform north of Puerto Rico terminates in a
high (3,000–4,000 m) and in places steep (>45ı) slope characterized by numerous
landslide scarps including two 30–50 km-wide amphitheater-shaped features. The
origin of the steep platform edge and the amphitheaters has been attributed to: (1)
catastrophic failure, or (2) localized failures and progressive erosion. Determining
which of the two mechanisms has shaped the platform edge is critically important
in understanding landslide-generated tsunami hazards in the region. Multibeam
bathymetry, seismic reflection profiles, and a suite sediment cores from the Puerto
Rico Trench and the slope between the trench and the platform edge were used to
test these two hypotheses. Deposits within trench axis and at the base of the slope
are predominantly composed of sandy carbonate turbidites and pelagic sediment
with inter-fingering of chaotic debris units. Regionally-correlated turbidites within
the upper 10 m of the trench sediments were dated between �25 and 22 kyrs and
�18–19 kyrs for the penultimate and most recent events, respectively. Deposits
on the slope are laterally discontinuous and vary from thin layers of fragmented
carbonate platform material to thick pelagic layers. Large debris blocks or lobes
are absent within the near-surface deposits at the trench axis and the base of slope
basins. Progressive small-scale scalloping and self-erosion of the carbonate platform
and underlying stratigraphy appears to be the most likely mechanism for recent
development of the amphitheaters. These smaller scale failures may lead to the
generation of tsunamis with local, rather than regional, impact.
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55.1 Introduction

The style, size, and hazard potential of slope failures along margins of the Puerto
Rico Trench (PRT; Fig. 55.1) have been investigated and debated since the first
geophysical surveys of the region more than 60 years ago. Thick deposits, primarily
composed of turbidite layers in the PRT basins, thought to be the result of turbid
flows originating from the Puerto Rico-Virgin Islands (PR-VI) carbonate platform,
have received considerable attention through geophysical and sedimentological
investigation (e.g., Ewing and Ewing 1962; Conolly and Ewing 1967; Doull 1983).
Large-scale indentations (Fig. 55.1), crescentic fracturing, and block detachment
along the northern edge of the carbonate platform have all been interpreted to be
related to catastrophic failure (Schwab et al. 1991; Hearne 2004) or as a result of
localized failures and progressive erosion (Scanlon and Masson 1996; ten Brink
et al. 2006).

Determining the ages and mechanisms of major failure events is critically impor-
tant in the evaluation of regional and Atlantic Ocean-wide geohazards. Catastrophic
slope failure would have evacuated more than 1,500 km3 of material (Schwab et
al. 1991), capable of generating a locally destructive, and regionally damaging,
tsunami. A smaller slope failure along part of the trench marginal slope (ten Brink
et al. 2006), although potentially destructive in the near-field (e.g., the 1918 Mona
Canyon tsunami, López-Venegas et al. 2008), would be far less damaging regionally.

Here we report on the analysis of new gravity cores and existing piston cores
coupled to a new suite of geophysical data providing insight into mass transport
processes (MTPs) in the PRT region. Radiocarbon ages for cores tied to previously
identified and correlated turbidites elucidate the recent history of MTPs and
landslide-tsunami hazards in the region.

Fig. 55.1 Bathymetry of Puerto Rico Trench and adjacent regions, with primary physiographic
features labeled. Core locations, multichannel and single channel seismic line tracks, major faults
and the location of core correlation plots (Figs. 55.3, 55.4, and 55.5) are shown
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55.1.1 Physiography and Geology

The physiographic subdivisions of the PRT based on the new bathymetry com-
pilation are shown in Fig. 55.1. The Tertiary-age PR-VI carbonate platform, the
primary source of material being transported into the PRT, extends from the coastal
hills of northern Puerto Rico offshore to a depth of between �2,500 m (within
amphitheaters) and �4,000 m, with a post-3.3 Ma northward dip of 4ı. Deposits
of skeletal calcareous sand and river-derived terrestrial material are found on the
shelf and upper slope (Schneidermann et al. 1976). Small translational landslides,
fractures and dissolution features, and predominantly N-S oriented canyon systems
with relief between 100 and 400 m and U- and V-shaped floors (Scanlon and
Masson 1996) ornament the carbonate platform. Although the canyon walls are
steep (often >20ı), covered by varying thicknesses of sediment, and cut by vertical
fissures, Gardner et al. (1980) found them to be devoid of evidence of active
depositional processes (e.g., turbidity currents, wall failure) and to now be acting
as catchments for river-supplied terrestrial material. Based on GLORIA side-scan
imagery, Scanlon and Masson (1996) noted that several of these canyons appeared
to continue below the marginal escarpment down into the marginal slope, but their
full downslope extent and relationship to deposition in the trench could not be
determined. ten Brink et al. (2006) mapped 160 landslide evacuation zones along
the marginal escarpment and slope, although none exceeded 20 km3.

55.1.2 Data

Multibeam data, gridded at a resolution of 150 m, covering the bulk of the PRT, were
collected by the U.S. Geological Survey (USGS) between 2002 and 2006 using the
SeaBeam 2112 system on the National Oceanic and Atmospheric Administration
(NOAA) ship Ronald H. Brown (Fig. 55.1). Additional bathymetry coverage of the
upper carbonate platform (<1,700 m depth) was derived from the NOAA Puerto
Rico DEM Discovery Portal (http://www.ngdc.noaa.gov/mgg/dem/demportal.html).
Previously collected single-channel (SCS) and new multi-channel (MCS) seismic
reflection data were analyzed to identify evidence of slope failure and mass transport
processes. Approximately 670 km of MCS reflection profiles crossing the carbonate
platform and trench were collected by the USGS in 2006 using a 35 in3 generated
injection gun, and a 24-channel streamer (see Chaytor and ten Brink 2010). SCS
profiles used were collected in 1996 aboard the R/V Ewing (cruise EW9605; see
van Gestel et al. 1998 for details).

Sedimentology data were derived from eight new gravity cores (SJ8 cores)
collected by the USGS in 2008, from cores archived at the Lamont Doherty Earth
Observatory (LDEO) core repository (core identifiers RC08/09-xx and VMxx-xx),
and from unpublished sources (PRT and 372xx cores, Doull 1983). The USGS
cores were collected at sites immediately below the carbonate platform marginal

http://www.ngdc.noaa.gov/mgg/dem/demportal.html
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Table 55.1 AMS 14C radiocarbon ages and 2-¢ calibrated age ranges of mixed planktonic
foraminifera samples. Radiocarbon ages were converted to calibrated ages using Calib 6.0 (Stuiver
and Reimer 1993), utilizing the Marine09 calibration curves (Reimer et al. 2009) and include open
ocean 400 year marine reservoir correction

Core
Water depth
(m) Depth in core (cm) Lab code Radiocarbon age

2-¢ Calibrated
age range (BP)

RC08-118 6,190 17–21 OS-76016 6,960 ˙ 55 7,458 ˙ 105
RC09-38 8,292 400–403 OS-77358 19,300 ˙ 85 22,731 ˙ 504
RC09-39 8,316 694–697 OS-77360 19,350 ˙ 80 22,713 ˙ 531
RC09-40 7,817 368–370 OS-77359 16,650 ˙ 75 19,257 ˙ 323

370–372 OS-77361 15,400 ˙ 60 18,268 ˙ 272
RC09-42 8,292 230–233 OS-77362 21,700 ˙ 90 25,449 ˙ 398
RC09-43 7,815 265–268 OS-76017 16,050 ˙ 65 18,787 ˙ 161

334–338 OS-77363 14,250 ˙ 55a 16,943 ˙ 182
VM20-02 2,989 16–20 OS-76018 13,050 ˙ 80 14,848 ˙ 605
VM22-18 7,948 26–29 OS-76019 11,250 ˙ 50 12,742 ˙ 142
SJ8-33GGC 4,912 49–50.5 OS-86482 29,000 ˙ 120 32,948 ˙ 503

90–92 OS-86483 29,300 ˙ 140 33,706 ˙ 737
SJ8-38GGC 4564 144–146 OS-86484 44,400 ˙ 550 47,262 ˙ 1,442
aAge from very small sample, not used in analysis

escarpment. These new cores were visually logged and underwent grain-size, wet
bulk density, magnetic susceptibility, and X-ray fluorescence analyses.

Mixed planktonic foraminiferal assemblages (primarily Globigerinoides ruber
[white], Globigerinoides sacculifer, and Globigerinella aequilateralis) extracted
from the newly collected gravity cores and LDEO piston cores were radiocarbon
dated at the National Ocean Sciences Accelerator Mass Spectrometry facility
(Table 55.1). Although much of the PRT and adjacent area lies below the regional
carbonate compensation depth, carbonate preservation in the samples was high,
possibly due to rapid burial by turbidity currents and debris flows. Given the age
(greater than 50 years) and sampling history of the LDEO cores, the sampled
intervals often consisted of several centimeters of sediment below event layers and
therefore their ages likely have lower precision.

55.2 Results

55.2.1 Slope Failure Features and Mass Transport Deposit
Distribution

Mass Transport Deposits (MTD) associated with failures of the slope north of
Puerto Rico appear to be confined to surficial slope deposits, base of slope debris
wedges and turbidites, and thin debris flow layers in the marginal and distal
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Fig. 55.2 (a) Stacked single-channel seismic line EW9605-Line 20 showing the general physio-
graphic components of the trench and its margins (outlined by yellow line). Turbidite and debris
flow deposition are seen on the marginal slope and in the marginal basin, while generally only
turbidites are seen in the distal basin and PRT axis. Dashed lines mark the location of faults. (b)
USGS MCS Line 43 showing the presence of a near-surface debris flow deposit at the western end
of the distal basin (location in yellow on Fig. 55.1)

basins and the trench axis (Fig. 55.2a). While debris flow deposits appear to be
generally confined to the marginal slope and basin, at least one debris flow, from an
unknown source, is present in the near surface at the western end of the distal basin
(Fig. 55.2b). Most notably, there is no evidence of blocky debris flows or rock falls
that would be characteristic of catastrophic failure of amphitheater-scale sections of
the competent carbonate platform material and older underlying units. Large-scale
blocky submarine slope failures of coherent lithologies have been found to leave a
prominent surficial and subsurface record for 10’s of thousands to millions of years
(e.g., Clague and Moore 2002; Le Friant et al. 2004). Using the new MCS data we
have not been able to confirm the presence of detached and down-thrown blocks of
carbonate platform material along the marginal slope as reported by Hearne (2004).

As noted by Scanlon and Masson (1996) and revealed in great detail by the new
bathymetry data, many of the canyon systems developed in the carbonate platform
continue across the marginal escarpment and down the marginal slope (Fig. 55.1).
Below the marginal escarpment, the widths of the canyons increase substantially
and develop flat to U-shaped floors. The canyon systems do not extend beyond the
base of the slope and there is no surficial expression of depositional fans within the
marginal or distal basins. The morphology of these canyon systems suggests that
they are currently zones of accumulation and have been for some time.
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55.2.2 Correlation and Timing of Turbidite and Debris
Flow Deposition

Correlations of individual turbidite and pelagic units within the PRT basins based
on detailed sedimentological analysis have been carried out by Conolly and Ewing
(1967) and Doull (1983) and those correlations will generally be applied here.
Sediments recovered in the LDEO, Duke and USGS cores along the marginal
slope and within the trench basins are classified as (1) pelagic sediments including
foraminifera oozes, (2) turbidites and debris flows consisting of calcareous sands
often containing carbonate rock fragments, terrigenous material, foraminifera tests
and pteropod shells, and often, shallow water organisms, or (3) sediment character-
ized by silty-clay size fraction composed of a mix of pelagic sediments and silt-sized
carbonate and terrigenous rock fragments, usually present above turbidite sands.
Sediments on the deeper parts of the carbonate platform are predominantly pelagic
in origin, interrupted by only very thin sands containing shallow water material, the
youngest of which in core VM20-01 was deposited after approximately 13,000 year
BP. Core SJ8-31GGC from within a landslide scar at the edge of the marginal
escarpment (Fig. 55.1) contains at least 12 cm of Holocene pelagic sediments (based
on the presence of Globorotalia menardii).

55.2.2.1 Marginal Slope and Basin

A plot of cores from the marginal slope (Fig. 55.3) reveals strong along-slope
variations in near surface sediments. Thick gravel layers in core VM20-01 and
clay-breccia interval in core RC08-118 stand as evidence of deposition of small
scale MTDs on the slope. Sand layers are almost always ungraded and some
contain gravel-size clasts of carbonate rock at their base. All but one of the cores
is capped by a layer of pelagic sediment, which in core RC08-118 has a basal
age of 7,458 ˙ 105 year BP. Core RC08-114 is composed entirely of pelagic
sediment layers, suggesting that if the record is complete, there has either been
no significant downslope sediment transport or the marginal slope acts more as a
“by-pass” slope (Schlager and Camber 1986). Dates of pelagic and silty-clay layers
directly above thin sand layers in cores SJ8-33GGC and -38GGC collected on ridges
between canyons within the Arecibo Amphitheatre, returned late-Pleistocene ages
of 32,948 ˙ 503 and 47,262 ˙ 1,442 years BP, respectively.

55.2.2.2 Distal Basin

Doull (1983) identified four correlatable turbidites in the sediments of the distal
basin (EP-1-EP-4), the thickest of which was EP-3 (Fig. 55.4). That said, many of
the turbidite sands in the distal basin cores have particularly thick silty-clay tails
and multiple sand pulses which complicate correlation along the full length of the
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basin. A prominent turbidite between the EP-3 and EP-4 turbidites in core RC09-40
interpreted by Doull (1983) to be a surge or pulse of the EP-3 event has an age
of between 18,000 and 19,500 year BP (bioturbation may have caused mixing in
the sediment prior to turbidity current arrival). A similar age of 18,787 years BP
was determined for pelagic sediment at the base of the penultimate turbidite in
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RC09-38, which was not included in the Doull (1983) correlation. As with cores of
the marginal slope, all cores analyzed in the distal basin are capped with a pelagic
layer of variable, but not more than � 25 cm thickness. The age at the base of
the capping pelagic layer in core VM22-8 at the western end of the distal basin
(Fig. 55.4) is 12,742 ˙ 142 year BP (accumulation rate of � 2 cm/1,000 year).

55.2.2.3 PRT Axis

Sediments in the upper 9–10 m of the PRT axis are comprised primarily of pelagic
sediments interrupted at various depths by sandy turbidites (Fig. 55.5). Doull (1983)
identified three potentially correlative turbidites, although only turbidite MP-2
could be correlated well across the length of the PRT axis and based on turbidite
thickness variations, entry point locations, and sand composition, attributed the
Puerto Rico slope as the primary source of the material. The estimated volume of
the combined MP-2 and EP-3 turbidites is approximately 1.9 km3 (Doull 1983). As
with sediments elsewhere throughout the trench, all cores have pelagic sediments of
varying thickness at their top. Radiocarbon ages of pelagic sediment immediately
below the MP-2 turbidites in cores RC09-38, RC09-39, and RC09-42 were found
to be 22,731, 22,713, and 25,449 year BP, respectively. The 3,000 year older age
in core RC09-42 may reflect additional erosion of pelagic material by the turbidity
current, especially if this core was more proximal to the turbidity current entry point
(eastern abyssal gap, Fig. 55.1) into the PRT axis.

55.3 Discussion and Conclusions

Geologic and geophysical data from the PRT show that mass transport processes,
while prevalent across the entire region, may be spatially and temporally restricted.
While attempts have been made to assign specific source areas along the edge of
the carbonate platform to imaged deposits (Hearne 2004), such determinations are
difficult and prone to error given the complex mixing of slope failure and channel
flushing material from multiple sources and the ongoing tectonic deformation within
the PRT.

Our analysis of available bathymetry, seismic reflection, and core data indicates
that there has not been any large-scale collapse of the carbonate platform and/or
marginal slope during the Late Pleistocene-Holocene. A lack of wide-spread
deposition of blocky carbonate platform fragments in debris flow material strongly
supports a process of progressive erosion and dissolution (scalloping, Mullins
and Hine (1989); self-erosion, Schlager and Camber (1986)) and infrequent slope
channel flushing as the primary sources of mass transport material entering the PRT
basins. In fact the turbidites/debris flows penetrated by the cores are likely the result
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of minor destabilization/channel flushing events given that Doull (1983) calculated
the combined volume of the MP-2 and EP-3 turbidites to be only 1.9 km3, ten times
smaller than the maximum evacuation scar mapped by ten Brink et al. (2006) along
the marginal slope. Interestingly, although the trench is a seismically active plate
boundary, we find that there has not been significant turbidity current or debris flow
activity within the trench for the last 18,000 years.
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From a landslide-tsunami hazards perspective, long-term progressive margin
erosion resulting in many small-scale failures suggests that there is currently a low
probability of occurrence of a regionally destructive landslide-generated tsunami
from the slope north of Puerto Rico. Non-catastrophic failure during the late
Pleistocene-Holocene period may also indicate that the PRT has not experienced
a high magnitude (>M8) earthquake capable of destabilizing large sections of the
carbonate platform or marginal slope. That said, a landslide and local tsunami
hazard does exist due to continued earthquake-triggered scalloping and/or self-
erosion of the carbonate platform north of Puerto Rico as shown by the 1918 M7.2
Mona Passage earthquake/landslide and the resulting tsunami (López-Venegas
et al. 2008).
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Chapter 56
Age Estimation of Submarine Landslides
in the La Aguja Submarine Canyon,
Northwestern Colombia

Carlos A. Vargas and Javier Idarraga-Garcı́a

Abstract La Aguja Submarine Canyon (LASC) is a remarkable bathymetric
feature that cuts the continental margin of the Colombian Caribbean Coast offshore
of the Santa Marta massif. This section of the margin is strongly influenced by
two active strike-slip fault systems: the NNW-trending Santa Marta – Bucaramanga
Fault (SMBF) and the EW-trending Oca- Fault (OF). Based on 6,500 km2 of high
resolution multibeam bathymetry and one 2D seismic reflection profile (�60 km),
we identified submarine landslides associated with the LASC. Along the canyon
we observe channel morphologies high sinuosity, variable widths (between 2 and
8 km), and both U- and V-shaped asymmetric cross sections. The occurrence of
mud volcanoes in the surrounding area, some of which stand above the flanks of
the canyon, is also common. The available data allowed us to identify 31 submarine
landslides on the LASC flanks, between water depths of 1,200 and 3,285 m, with
slopes ranging between 6.1ı and 36.8ı. Using numerical solutions of the diffusion
equation of these scarps we estimate ages of between <1.0 to �631.6 ka. According
to observations, the triggering mechanisms of landslides could be closely related to
earthquakes originated in the convergence zone of SMBF and OF, and/or to the
flanks instabilities driven by mud diapirism.
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margin
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56.1 Introduction

Active continental margins are zones of high susceptibility to the occurrence of
tsunamis in response to seismogenic events. These zones are also favorable for
the development of submarine landslides due to tectonic and/or depositional over
steepening of the continental slope. Many of these regions also support a wide
array of infrastructure (ports, undersea cables, oil fields, etc.) with associated highly
populated cities. The SW Caribbean region is a good example of one of these regions
and is an area where rivers with high sediment flux as a result of erosion of the
Andean Orogen, promote slope instability on the continental slope with or without
participation of earthquakes.

While several studies have documented evidence of slope instabilities which
move large amounts of sediments toward the Colombian and Venezuelan basins
(e.g. Shepard 1973; Vernette et al. 1992), the geomorphologic characterization of
the phenomenon has only been possible in the past decade due to the availability
of high-resolution bathymetric data. One of the most prominent features detected in
the bathymetry along the continental slope offshore the Colombian Caribbean Coast
is the La Aguja submarine canyon. From early bathymetric surveys, it was thought
that the LASC was seaward projection of a structure that crosses the NW segment
of the Santa Marta Massif (Krause 1971).

In this work we present images on the geometry of the canyon, and describe
some of its major geomorphologic features, such as associated submarine landslides.
Using these geomorphic features and diffusion equations we estimate the age range
over which the canyon was built. Also, we discuss the restrictions of the dating
method used and the interpretations that may support its origin.

56.1.1 Geological Setting

The direction of relative motion of the Caribbean Plate with respect to South
America Plate is generally agreed upon as being eastward, leading to a geo-
dynamic configuration that results from a complex and evolving transpressive
history throughout the Cenozoic (Mann and Burke 1984). The current active
convergence of these plates is responsible for the current configuration of the South
Caribbean Deformed Belt (SCDB), where �2 cm/year Caribbean–South American
convergence is accommodated along the Colombian Caribbean Coast in the form of
low-angle thrust faults and fault-ramp folds (Audemard and Audemard 2002; Vargas
and Mann 2013).

At least four geomorphological features dominating the study area: (a) the
Magdalena Fan, a turbiditic system created by the accumulation of the sediments
transported by the Magdalena river; (b) the Santa Marta massif (SMM), a pyramidal
structure composed of Mesozoic and Cenozoic rocks which rises to 5,600 m and
likely isostatically control a large segment NW of Colombia and Venezuela; (c) the
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Fig. 56.1 Seismotectonic features of NW Colombia and location of the study area (gray box).
Points correspond to hypocenters calculated by the National Seismological Network of Colombia
(1993–2013). Dots represents events discriminated by depth, ranging from shallow (0–32 km in
red) to intermediate depths (�170 km in dark blue). Green lines correspond to segments of regional
faults. Surface expression of the boundary between the Caribbean and Nazca plates were drawn
with red lines. Projected focal mechanisms were estimated by NEIC (1976–2013). The coast line
has been drawn in brown. BN Bucaramanga earthquake nest, MN Murindo earthquake nest

Santa Marta – Bucaramanga fault (SMBF), which skirts the edge SW of the SMM;
and (d) the Oca fault (OF), which runs along the northern edge of the SMM and
possibly intersects the SMBF near the LASC (Fig. 56.1). Although seismotectonic
activity associated with these geomorphic features is currently limited as shown
by the sparse instrumental record of seismicity along their traces (Fig. 56.1),
historical data suggests that they have been active in the recent past. In general, the
seismic record is consistent with a convergence zone of low-angle accretion, that
involves Mesozoic and Cenozoic lithologies, and where regional transpressional
fault systems as SMBF and OF, partially dissipates movements along wide areas
onshore and offshore.

Acoustic data and seismic surveys near the coast have indicated that some fluvial
channels are connected to the LASC (Shepard 1973). Restrepo-Correa and Ojeda
(2010) described the canyon as a feature that extends 115 km down the shelf
and continental slope, from �10 to �3,200 m water depth. Restrepo-Correa and
Ojeda (2010) also describe the presence of mud volcanoes which protrude from the
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Fig. 56.2 Inset on top left: Location of bathymetric program in NW Colombia (black polygon) and
screening of seismic line (red line) that crosses the headscarp of the LASC. Center Image presents
the DTM showing the LASC and location of the seismic line. Dashed yellow ellipses indicate
the three zones associated with changes in direction and suggested by Restrepo-Correa and Ojeda
(2010) as: Inner, Middle and Outer reaches. A profile of the canyon thalweg, along points A and
B have been drawn in yellow lines. Smaller yellow lines (1–31) have correspondence with scarp
profiles where measurements were done. Histograms of the left side of the figure represent the
statistical distributions of the measurements associated to the fan-slope angle (� f ), scarp-slope
angle (� s) and the effective vertical displacement of the scarp (2a)

seafloor adjacent to the canyon. These mud volcanoes make up to NW-SE trending
belt over a 20-km wide zone. A steep scarp separates the continental slope from the
abyssal plain of the Colombian Basin. The outflow end of the canyon coincides with
a relatively flat area, which corresponds to a basin floor fan. Restrepo-Correa and
Ojeda (2010) divided the canyon in three areas associated to breaks in direction:
Inner, Middle and Outer reaches (Fig. 56.2).

56.1.2 Data and Methods

Bathymetric information used in the current study were acquired in 2002 aboard
the R/V Baruna Jaya III using Reson SeaBat 8160 and Simrad EM12D multibeam
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systems, and in 2006 aboard the M/V Ocean Endeavour using Simrad EM1002 and
Simrad EM120 (11.25/12.75 kHz) multibeam systems by the National Hydrocarbon
Agency of Colombia (ANH) and supplied to the Institute of Marine and Coastal
Research of Colombia (INVEMAR). For the resulting Digital Terrain Models
(DTM) these bathymetry data were gridded at spatial resolutions of 25 and 50 m.
Although we utilized same data that used by Restrepo-Correa and Ojeda (2010)
for describing geomorphology features of the canyon, our analyses were focused in
proposing an age range of landslides which forming the LASC.

The LASC is the main feature detected by the bathymetric survey and is bounded
by recent submarine mass failures. We performed quantitative geomorphologic
scarp analyses to constrain the ages of its evolution. This study followed the
methods of Hanks (2000) by applying the diffusion equation under transport-
limited conditions. Equation (56.1) is a linear, second-order differential equation
that relates the change in elevation H to time t using the proportionality constant ›

and landscape curvature x (distance along the profile):

@H

@t
D �

@2H

@x2
(56.1)

where diffusivity [L2T�1] varies with climate, scarp material, and scarp height. The
slope aspect is considered constant over the timescales investigated. Scarp height
reduction is expressed by Hanks (2000) as:
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represents the maximum slope-scarp angle,

�f D tan�1b is the fan slope angle, and a is the effective half-vertical displacement.
Thirty-one bathymetric profiles of submarine landslides (see location and sta-

tistical distribution of associated parameters on Fig. 56.2) were compared with
theoretical profiles estimated by numerical solutions of Eq. (56.1). A least-square
fit was performed by iterative adjustment of measurements of the effective displace-
ment (2a) and the angles � s and � f . Constant › and variable t were merged for
estimating values that best fitted the data. The resulting profiles are not exclusively
dependent on › or t, but rather their product. For example, the same profile
will result for › D 1 m2/year and t D10 year or › D 10 m2/year and t D 1 year.
This methodology has been used in submarine scenarios (see e.g. Mitchell 1996;
McAdoo and Simpson 2005; Vargas et al. 2012). Nevertheless, the applicability of
method in underwater environments has not been widely used due to the limited
knowledge of climate and erosion conditions on the evolution of submerged scarps.

One time-migrated seismic line of the “Bahia” Block (G-75-21; Fig. 56.3),
acquired for oil exploration, was used for supporting interpretations regarding the
substrate geometry of the canyon.
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Fig. 56.3 Inset top left: Bathymetric profile #6 in the headscarp of the LASC suggesting at least
three landslide events (� s1, � s2 and � s3). Inset top right: Location of the profile (yellow line) and
seismic line G-75-21 on the DTM. Middle panel correspond to the time-migrated seismic line
without interpretation. Lower panel shows interpretation of the seismic record, where is possible
to identify structural perturbations related to the OF, and intense diapirism in the western area.
Large sedimentary sequence of the Magdalena fan is being intruded by diapirs

56.2 Results

The development of the canyon is complex and varies downslope which may be
the result of changes in sedimentary processes, diapirism, and tectonic activity.
Figure 56.3 illustrates bathymetric profile 6, located in the vicinity of the headscarp,
which shows at least three scarp-slope changes with respect to the surrounding fan.
These breaks in slope suggest three episodes of recent landsliding and highlight the
present day geometry of the Inner Reach of the LASC. Seismic profiles suggests
that the erosion-resistance contrast between the SMM and the zone of weakness
related to the OF, could be responsible for enabling an area where the canyon
was developed. Chowa et al. (2001) proposed a model that links the Kaoping
submarine canyon in Taiwan with the development of diapiric activity surrounding
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it, suggesting that the erosion process that favoured the canyon generated a reduction
of confining pressures in sediments deposited and consequently promoted high
diapirism activity in the area. This model may partially explain the diapiric activity
that borders the LASC.

Bathymetric and seismic records did not reveal the trace of the SMBF within
the study area suggesting that it has been recently inactive and easily disguised by
recent sediments from the Magdalena Fan. However, following the model of Chowa
et al. (2001), the trace of the fault may be associated with mud diapirism detected
in the west of the canyon.

From the analysis of the 31 scarps, the measurements of � s, � f and 2a, allowed
estimation of ›t values that indicate a broad range of relative diffusion ages of
between �407 and �103.461 m2 (Table 56.1). While measurements of slope remain
low gradients (� f D 2.9ı ˙ 3.7ı; � s D 17.8ı ˙ 6.6ı) and are consistent with other
observations in the region (e.g. Vargas et al. 2012); values of the vertical effective
displacement are promoting high values of ›t. Figure 56.4a illustrates the behaviour
of these angles with respect to ›t. Regardless of age, a relationship seems to exist
between � s and � f when � f is greater than 2ı.

56.3 Discussion and Conclusion

The Rio Magdalena has built throughout its recent history the largest delta influ-
enced by waves in South America (Restrepo and Lopez 2008). Its sediment flux to
the Caribbean Sea over the 27 years between 1972 and 1998 year-period yielded an
annual sediment load of 144 � 106 t year�1 (Syvitski et al. 2005), placing it as the
main contributor of material in SW Caribbean. Its discharge is projected to several
tens of kilometers offshore, contributing to a rapid accumulation of sediments on
the continental slope, camouflaging the active tectonics and facilitating conditions
for diapirism.

Although there is no global consensus on the mechanisms that explain the
development of submarine landslides on continental shelves (active or passive) with
slopes greater than 2ı, the presence of these slopes in the study area (Fig. 56.4a)
are indicative of instability and sensitivity to submarine landslides (e.g. Urlaub et al.
2012). The larger scarp-slope angles are located on the headscarp mainly, suggesting
greater potential for the development of new submarine slides (Fig. 56.4b).

Although the ›t map (Fig. 56.4b) does not show a clear pattern of ›t values
along the canyon, the highest values located in the middle portions of the directional
segments identified in the canyon (Inner, Middle and Outer reaches), indicating
greater stability in those areas.

The › constant values for marine zones might vary by several orders of
magnitude. Mitchell (1996) suggested values around 0.007 m2 year�1 for the Gala-
pagos spreading centre. McAdoo and Simpson (2005) estimated values oscillating
between 10�3 and 10�4 m2 ka�1 for sedimentary landslides on continental slopes
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Table 56.1 Results of the geomorphologic scarp-dating analyses in 31 bathymetric profiles
located along of the LASC (Fig. 56.2)

Profile
Latitude
(ı)

Longitude
(ı) Depth (m)

Fan slope
(ı) � f

Slope-scarp
(ı) � s

Effective vertical
displacement (m) 2a

Relative
age (m2) ›t

1 11.984 �74.335 �2,440.6 0:0 10:2 73:5 13,204.6
2 11.877 �74.238 �2,115.1 0:0 16:3 158:3 23,290.8
3 11.852 �74.149 �2,021.3 0:0 18:7 149:3 15,537.4
4 11.830 �74.301 �1,724.2 0:0 10:4 43:5 4,453.6
5 11.821 �74.394 �2,070.1 3:0 23:7 57:0 1,732.8
6 11.464 �74.139 �1,136.5 11:9 36:8 43:4 519.1
7 11.760 �74.169 �1,714.2 6:4 21:3 40:7 1,695.1
8 11.761 �74.151 �1,814.0 0:0 19:6 25:5 407.2
9 11.788 �74.157 �1,753.6 0:0 27:5 153:1 6,878.4
10 11.844 �74.133 �1,744.4 0:0 17:0 36:9 1,157.8
11 11.804 �74.146 �1,925.4 0:0 24:2 71:6 2,025.5
12 11.871 �74.184 �1,708.6 0:0 10:7 44:6 4,429.3
13 11.814 �74.296 �1,756.2 5:6 19:1 46:3 2,760.4
14 11.840 �74.312 �1,924.4 0:0 13:8 259:7 88,403.9
15 11.862 �74.331 �2,391.7 0:0 15:7 151:7 23,103.5
16 11.909 �74.355 �2,404.6 0:0 14:8 102:7 12,057.7
17 11.826 �74.282 �1,913.8 8:2 26:5 38:8 956.4
18 11.817 �74.289 �1,819.4 6:8 18:4 96:8 16,494.4
19 11.829 �74.237 �1,877.7 4:7 15:1 62:2 8,724.3
20 11.821 �74.422 �1,865.9 0:0 25:0 113:8 4,754.8
21 11.865 �74.453 �2,292.0 3:9 14:6 134:0 38,758.5
22 11.918 �74.442 �3,002.3 0:0 21:5 171:9 15,127.4
23 11.875 �74.384 �2,418.6 11:2 20:9 163:0 62,753.1
24 11.830 �74.376 �2,138.1 0:0 20:5 83:5 3,952.3
25 11.545 �74.147 �871.2 0:0 7:9 158:4 103,237.5
26 11.492 �74.166 �952.7 8:2 13:2 96:0 90,261.1
27 11.584 �74.150 �931.1 2:8 6:1 55:7 71,465.0
28 11.629 �74.182 �1,297.6 5:8 10:8 44:9 19,710.4
29 11.681 �74.184 �1,352.3 6:4 16:6 213:0 103,461.2
30 11.697 �74.163 �1,551.1 6:2 11:2 57:6 32,007.4
31 11.898 �74.507 �2,612.9 0:0 24:8 73:5 2,011.8

of several regions in the world (North Sea; Gulf of Cadiz; western Mediterranean
near to Ibiza Island; and Offshore Oregon). Nevertheless, Vargas et al. (2012) in
their attempt to date the Mira submarine canyon (Colombia) found that the main
uncertainty is the definition of a plausible diffusion constant › and that a linear
solution to the scarp-fault diffusion hypothesis may be far from an accurate solution.
Testing of different scenarios by using a finite element diffusion model in order to
identify the triggering event that initiated the Mira Canyon suggested a › constant
value ranging between 0.001 and 1.33 m2 year�1 for an associated event occurred
in 3,200 year BP. Ratzov et al. (2012) using other methods suggested that the Mira
Canyon age may range between 53 and 67 ka. Accepting this new age interval, the ›
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Fig. 56.4 (a) Slope of the fan (� f ) vs slope of the escarpment for various ranges of ›t. The red
dashed ellipse indicates an apparent direct relationship between � s and � f for � f values greater
than 2ı, in similar form suggested by other authors (e.g. Urlaub et al. 2012). (b) Projection of
the ›t values and angles of the scarps in the DTM. Apparently the largest angles of the scarps are
located near to the headscarp

values around the Mira canyon are oscillating between 0.015 and 0.057 m2 year�1,
which are consistent with the previous range suggested by Vargas et al. (2012).

We tested the limits of the › value inferred from data reported by Ratzov et
al. (2012) for calculating ages. Estimations of the age of the landslide located
in the headscarp (profile #6) suggest an origin time ranging between �13.4 and
�16.9 ka. However, using › D 0.015 m2 year�1, almost twice the value reported
by Mitchell (1996), we got large contrasts of age along the canyon (between <1.0
and �631.6 ka) that suggest a complex history of this structure. In any case, the
estimations of this work constitute one of the first attempts to constrain the time of
development of submarine landslides in SW Caribbean.
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Chapter 57
Deep-Sea Turbidite Evidence on the Recurrence
of Large Earthquakes Off Shakotan Peninsula,
Northeastern Japan Sea

Ken Ikehara, Takuya Itaki, Taqumi TuZino, and Koichi Hoyanagi

Abstract Twelve deep-sea turbidites were identified in the Holocene sequence of a
core collected from the western foot of the Kaiyo Seamount, located near the fault
area of the 1940 Shakotan-oki earthquake, northern Okushiri Ridge, eastern margin
of the northern Japan Sea. On the basis of the geological, tectonic, and topographical
settings of the site, the turbidites are interpreted as of earthquake origin (seismotur-
bidite). Age determinations on radiolarian remains in the sediments suggested that
the uppermost sediments, younger than 3 ky BP, were lost during the coring. Four
clear faunal boundaries, at 4, 6, 8.5, and 10.5 ka, were recognized. The turbidite
recurrence interval in the deep-sea basin indicated an average recurrence interval
for large earthquakes of 500–1,000 years around the Kaiyo Seamount during the
early- to middle Holocene.

Keywords Turbidite • Japan Sea • Recurrence interval • Shakotan-oki
earthquake • Radiolaria

57.1 Introduction

The eastern margin of the Japan Sea is thought to be the boundary between
the Eurasian and North American plates (e.g. Nakamura 1983). The initiation of
subduction along the boundary has been inferred to be 1.8 Ma (Tamaki et al. 1992),
and no clear subduction structure has been observed (Tamaki and Honza 1985).
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Fig. 57.1 Index (a) and bathymetric map (b) of the studied area showing the core site and the
sub-bottom profile transects in Fig. 57.4. Epicenters of historic earthquakes are shown in a

Therefore, the eastern margin is thought to be a young, immature plate boundary.
During the twentieth century, four large thrust-type earthquakes with magnitudes
larger than 7.5 occurred along the margin: the 1940 Shakotan-oki, the 1964
Niigata, the 1983 Nihonkai-chubu, and the 1993 Hokkaido-nansei-oki earthquakes
(Fig. 57.1). All of them generated tsunamis, and caused serious damages. To predict
forth-coming large earthquakes along the margin and to reduce the damage they
cause, it is very important to understand the recurrence interval and nature of
each earthquake. Unfortunately, the epicenters of the four large earthquakes were
located beneath the sea bottom. Furthermore, historical documents recording past
large earthquakes are very limited for the northern part of the margin because
of the low population in Hokkaido, the nearest land to the 1940 Shakotan-
oki and 1993 Hokkaido-nansei-oki earthquakes. Therefore, it is very difficult to
estimate the time interval between large earthquakes. Natural records such as of
liquefaction, sudden changes in the sedimentary environment, event deposits by
tsunamis, and slope failures are important for determining the occurrence of past
large earthquakes. Heezen and Ewing (1952) in a classical paper showed that
submarine slope failures and turbidity currents were initiated by the 1929 Grand
Banks earthquake off Newfoundland, NW Atlantic. Furthermore, Adams (1990)
estimated paleoseismicity by studying deep-sea turbidites, which were products of
submarine slope failures, in the Cascadia subduction zone. Therefore, the seismo-
turbidite has been used as a deep-sea paleoseimological tool (e.g. Goldfinger et al.
2007; Gutierrez-Pastor et al. 2013). The deep-sea basins of the northern Japan Sea
are areas of modern mud deposition, where no strong currents move the sand on
their floor. The deep-sea basins near Okushiri Ridge are far from land and coastal
shelves, so large storm waves are unlikely to generate slope failures. Therefore,
these deep-sea basins are suitable sites for a paleoseismicity analysis based on deep-
sea turbidite.
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Here, we report the occurrence of turbidites in a core collected from the western
foot of the Kaiyo Seamount, which is just west of the fault area of the 1940
Shakotan-oki earthquake. Then the recurrence interval of large earthquakes is
discussed on the basis of the radiolarian-based Holocene chronology in the core.

57.1.1 Geological and Seismological Settings

The Okushiri Ridge is a north-south trending topographic high about 400 km
long. The ridge consists of asymmetric anticlines and thrusts (Tamaki and Honza
1985) reflecting E-W compression during the Quaternary. In the study area, two
seamounts, the Kaiyo and Oshoro seamounts, compose the ridge. The Kaiyo
Seamount rises 2,500 m above the flat seafloor of the Japan Basin, and its summit
is at a water depth of 938 m. The Oshoro Seamount (summit water depth: 219 m)
lies NNE of the Kaiyo Seamount. The ridge displays a clear asymmetric profile in
E-W section. The western flank is a steep escarpment with slope >30ı. In contrast,
the eastern flank is more gently dipping with 5ı. The Okushiri Ridge is composed
of basaltic rocks overlain by oceanic sediments (Miyashita et al. 1989; Tokuyama
et al. 1989, 1992). Many active faults (thrusts) are reported at the western foot of
the Kaiyo Seamount and along the eastern and western feet of the Oshoro Seamount
(Tokuyama et al. 1992; Okamura et al. 1998, 2002).

Large earthquakes have occurred along the Okushiri Ridge. The Shakotan-oki
earthquake with surface wave magnitude Ms D 7.5 (Abe 1981) occurred at mid-
night, August 2, 1940. The tsunami generated by this earthquake caused the deaths
of ten peoples. Satake (1986) re-examined the earthquake and estimated its fault area
as 100 km � 35 km near the Oshoro Seamount. Therefore, large earthquakes can be
generated in the study area. The recurrence interval of large earthquakes in this area
is unknown, however, although a tsunami generating earthquake also occurred in
1792 (the Shiribeshi-oki earthquake, M D 7 1/4).

57.1.2 Materials and Methods

A sediment core, BO89-08 TB-4, was collected from the eastern margin of the
Japan Basin, western foot of Kaiyo Seamount, northern Okushiri Ridge (latitude
44ı04.10 N, longitude 139ı00.40 E, water depth 3,500 m; Fig. 57.1). The core was
described by Ishii et al. (1999). We re-examined the core and soft-X-ray radiographs
and identified 13 thin sand or silt layers in the last deglacial-Holocene hemipelagic
clay sequence of the core (Fig. 57.2). The thickest sand layer is 9.5 cm thick. All of
the sand or silt beds had sharp and erosional basal contact, and some layers show a
clear upward-fining graded structure and parallel and ripple lamination (Fig. 57.3).
Thin layers less than 1 cm thick have no structure, but we interpreted all of the sand
or silt layers as turbidites, because of their sharp and erosional basal contacts. To
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Fig. 57.2 Columnar section of the obtained core and occurrence of selected radiolarian species
and radiolarian horizons

Fig. 57.3 Soft-X-ray
radiographs of the uppermost
75 cm of the obtained core.
Arrow indicates the horizon
of sharp discontinuous
boundary



57 Deep-Sea Turbidite Evidence on the Recurrence of Large Earthquakes. . . 643

determine the depositional age, we examined radiolarian faunal assemblages in the
hemipelagic mud at intervals of a few to 20 cm, because of the shallow (around
2,000 m) calcium carbonate compensation depth in the modern Japan Sea. Itaki and
Ikehara (2003), however, used radiolarian faunal assemblages to determine the late
Quaternary sequence in the northern Japan Sea.

Ten sub-bottom profiles along the transects crossing the Kaiyo Seamount were
obtained during the GH99 cruise by the Geological Survey of Japan. The acoustic
facies of the records were analyzed, and the sedimentological processes of each
facies were inferred from their acoustic characters.

57.2 Results and Discussions

57.2.1 Origin of Turbidites

Twelve turbidite layers were found above the 10.5 ky BP horizon. Several possible
trigger mechanisms for turbidite deposition, such as the direct discharge of sediment
suspended in water from rivers, storm waves, a sudden large sediment supply,
tsunamis, and earthquakes, have been proposed. Because the studied site is far
from land and coastal shelves, and because the Ishikari and Musashi Basins and
the Kamui and Okushiri Ridges intervene between coastal shelves and the site
(Fig. 57.1), we considered the influence of rivers and storms to be negligible. The
top of the Kaiyo Seamount is at a water depth of 938 m, which is too deep for
storm waves at the sea surface to trigger turbidite deposition. On the other hand,
large earthquakes such as the 1940 Shakotan-oki and the 1993 Hokkaido-nansei-oki
earthquakes occurred along the Okushiri Ridge. The studied core was collected at
the western foot of the steep slope of the Kaiyo Seamount, which is west of the
fault area of the 1940 Shakotan-oki earthquake. Occurrence of a major active fault
at the foot slope by seismic reflection surveys (Tokuyama et al. 1992; Okamura et
al. 1998, 2002) suggests the potential for earthquake generation in this area.

Three types of acoustic and topographic features were recognized on the foot
slope: step type, talus type, and flat type. The step type occurred mainly in the
southern part of the seamount (Fig. 57.4). Some of the observed mounds might
have been formed by sediment sliding down the slope. Coarse-grained gravity flow
deposits were found in short cores collected by the submersible Shinkai 6500 from
the base of the slope of the southern Kaiyo Seamount (Okamura et al. 2002).
The talus type typically dips gently basinward and is found in the central part of
the seamount (Fig. 57.4). No internal reflector was observed. The talus-type sea
bottom is smooth or has a small hyperbolic pattern. The smooth sea floor of the
talus footslope has a reflector that was a little stronger than that of the basin floor,
which is characterized by flat topography and finely stratified acoustic facies. The
morphology of the sedimentary body of the talus footslope and its acoustic character
indicates that the talus footslope is composed by the coarse materials derived
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Fig. 57.4 Sub-bottom profile records from the western slope of the Kaiyo Seamont. Locations of
the survey lines are shown in Fig. 57.1
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from the slope. A flat but stronger reflection, sometimes with a small hyperbolic
pattern, was found in the northern part (Fig. 57.4). The strong seafloor reflection
and lower acoustic penetration suggest the presence of coarse-grained materials.
These facts indicate that gravity flow deposits from the western slope of the Kaiyo
Seamount are widely distributed on the foot slope. Therefore, the most probable
trigger mechanism for the turbidite deposition is submarine slope failure along the
western slope of the Kaiyo Seamount generated by shaking during large earthquake
near the site.

57.2.2 Recurrence Intervals of Turbidites

Late Quaternary sediments of the Japan Sea are characterized by alternating of dark-
and light-colored sediment layers (Tada et al. 1992). The youngest dark layer (TL1),
which contains many foraminifer tests and high amount of organic carbon, was
dated to 10.5 ky BP (Oba et al. 1995; Itaki and Ikehara 2003). In core BO89-08 TB-
4, a clear dark-colored sediment layer with many foraminifer tests was observed
at the depth of 138.5–143.5 cm from the core top. Radiolarian assemblages at and
below the dark layer indicated that this dark layer corresponds to TL1. The rapid
decrease in Cycladophora davisiana such as occurs at TL1 and the rapid increase
of Larcopyle butschlii above TL1 (Itaki and Ikehara 2003) were clearly recognized.
Furthermore, three additional chronological horizons (8.5, 6, and 4 ky BP; Itaki
and Ikehara 2003) above 10.5 ky BP were identified in the core: a rapid increase
in Hexacontium spp. and Actinomma boreale at 8.5 ky BP, a rapid decrease in
Hexacontium spp. at 6 ky BP, and a decrease in Spirocyrtis subscalaris at 4 ky BP.

On the basis of the radiolarian chronology in the northern Japan Sea (Itaki and
Ikehara 2003), two turbidite layers occur between the chronological horizons of
10.5 and 8.5 ky BP, four between 8.5 and 6 ky BP, four between 6 and 4 ky BP,
and one between the 4 ky BP horizon and the uppermost sharp boundary below
the uppermost turbidite. Therefore, the recurrence interval for turbidite deposition
was estimated as 500–1,000 years. As mentioned above, the most probable trigger
for the turbidite deposition was a large earthquake near the sampling site. Thus, we
estimated the average recurrence interval of large earthquakes in the study area as
500–1,000 years.

Shimokawa and Ikehara (2002) suggested on the basis of deep-sea turbidite
records from the Shiribeshi Trough that the recurrence interval of large earthquakes
in the fault area of the 1993 Hokkaido-nansei-oki earthquake was 1,000–1,500.
Nakajima and Kanai (1995) reported a recurrence interval in the 1983 Nihonkai-
chubu earthquake fault area of 200–300 years. The present result is between those
two estimates. Awata (2002) compiled the recurrence intervals of active faults
on land in central to northern Japan, and found the shortest intervals (1,000–
1,500 years) along the Shinano-gawa belt. The present result suggests a higher level
of seismic activity along the Okushiri Ridge than along active land faults.
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There are two possible source areas for the large earthquakes that triggered the
turbidites west of the Kaiyo Seamount. One is a rupture of the active thrust at the
western foot of the seamount (Tokuyama et al. 1992; Okamura et al. 1998), which
would presumably cause a large collapse of the slope. Another possible origin
is a rupture near the Oshoro Seamount. The source area of the 1940 Shakotan-
oki earthquake, which is the largest earthquake known to have occurred near the
Kaiyo Seamount, has been inferred to have been near the Oshoro Seamount (Satake
1986). Therefore, there is a possibility that the turbidites were triggered by different
earthquakes near the Kaiyo Seamount, which may account for the relatively short
recurrence interval of large earthquakes in this area. Even if each rupture occurred
independently, the estimated recurrence interval is almost the same as that in the
Shinano-gawa belt. Therefore, the study area has a high potential to generate large
earthquakes.

57.3 Conclusion

Deep-sea turbidites in a core collected from the western foot of the Kaiyo Seamount,
which is west of the fault area of the 1940 Shakotan-oki earthquake, were examined.
The geological, tectonic, and topographic settings of the site suggest that the
turbidites are of earthquake origin. On the basis of the radiolarian chronology for
the Holocene sequence in the northern Japan Sea, the recurrence interval of large
earthquakes is estimated as 500–1,000 years. This is shorter than that reported for
active land faults in central to northern Japan, and indicates more tectonic activity
along the Okushiri Ridge. However, there are two possible source areas for the large
earthquakes that triggered the turbidite deposition: an active thrust at the western
foot of the Kaiyo Seamount and active faults near the Oshoro Seamount, which is
the fault area of the 1940 Shakotan-oki earthquake.
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Chapter 58
Characteristics of Magnetic Fabrics in Mass
Transport Deposits in the Nankai Trough Trench
Slope, Japan

Yujin Kitamura, Michael Strasser, Beth Novak, Toshiya Kanamatsu,
Kiichiro Kawamura, and Xixi Zhao

Abstract Submarine landslides are a potential risk to coastal areas all over the
world. Studies of mass transport deposit (MTD) contribute to our understanding of
the nature and process of submarine landslides. Scientific drilling provides material
containing geological records of past landslide events. However, MTDs may not
always be uniquely discernible by visual inspection. We applied magnetic fabric
analysis to the drilled cores to examine the potential of magnetic fabrics for use in
identifying MTDs. Among the sites drilled in the framework of the Nankai Trough
Seismogenic Zone Experiment (NanTroSEIZE), in Japan, of the Integrated Ocean
Drilling Program (IODP), multiple occurrences of MTDs were observed in the
recovered cores. We focused on the slope sediments in the footwall of the megasplay
fault at Sites C0008 and C0018. The shape parameter (T) and the orientation of
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the axes of magnetic ellipsoids are distinctively scattered in MTDs at Site C0018.
Downward increments in the lineation parameter (L) near the bottom of the MTDs
may result from shear localization near the basal sliding plane. This, in combination
with visual observation, suggests cohesive mass flow. By contrast, the results from
sediments previously described as mass transport complexes at Site C0008 showed
the opposite trend, suggesting a different process during transportation; i.e. the mass
transport body evolved to become a complete debris flow. Our results show that
magnetic fabric analysis is potent for describing MTDs and their internal structures.
This finding may extend the methodology for describing MTDs and add to the
discussion of the dynamic formation process.

Keywords Submarine landslide • D/V Chikyu • NanTroSEIZE • Accretionary
prism • Megasplay fault • IODP Expeditions 316 and 333

58.1 Introduction

The trench slope along subduction zones is a common location of submarine
landslides. Submarine slope failures can be promoted by the intrinsic environment
of subduction zones and their depositional conditions such as shaking due to earth-
quakes or tectonic steepening. The anisotropy of magnetic susceptibility (AMS) is a
rapid and nondestructive mean of investigating rock fabrics. The AMS method has
been used as a reliable strain indicator in geological settings where conventional
strain markers are scarce and it is currently best to investigate subtle tectonic related
fabrics in clay sedimentary rocks at the early stages of deformation. This method
has successfully provided strain information for various types of accretionary prism
material: e.g., present marine sediments (e.g. Owens 1993), ancient accretionary
prisms (e.g. Kanamatsu et al. 1996; Yamamoto 2006) and even highly deformed
plate boundary rocks (e.g. Kitamura et al. 2005; Kitamura and Kimura 2012).

Here we present magnetic fabric data for the trench slope sediments from Sites
C0008 and C0018, from which mass transport deposits (MTDs) were recovered
during IODP Expeditions 316 and 333, respectively. Our aim is to examine the
potential of magnetic fabrics in identifying MTDs.

58.2 Geological Overview of IODP Sites C0008 and C0018

The Nankai Trough of southwest Japan is among the most extensively studied
subduction zones in the world, and has a well documented 1,300-year history of
great earthquakes and associated tsunamis (Ando 1975). Here, the Philippine Sea
plate is being subducted beneath the Eurasian continental plate at a convergence
rate of 4 cm/year (Seno et al. 1993). The expeditions were conducted as a part of the
Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE), a multi-expedition
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Fig. 58.1 Location map of Sites C0008 and C0018 in the Nankai Trough, off Japan

project for characterizing and monitoring the subducting plate boundary process
in the Nankai Trough. Multiple drillings have recovered mass transport deposits in
various places along a transect across the trough (e.g., Expedition 316 Scientists
2009; Kitamura and Yamamoto 2012; Strasser et al. 2012).

58.2.1 Site C0008

Site C0008 is located at a water depth of �2,775 m, �26 km landward of the trench
axis and a few hundred meters seaward of the megasplay fault (Fig. 58.1) (Kinoshita
et al. 2009). It recovered the slope sediments (Unit I) and underlying accretionary
prism (Unit II) in the footwall of the megasplay fault. Two lithologic units were
identified at Site C0008 (Expedition 316 Scientists 2009). The uppermost slope
sediment (lithologic Unit I) consists of a 272 m (in Hole C0008A) thick succession
of hemipelagic silty clay with thin sand beds and volcanic ash layers. In the shallow
sediments in Subunit IA from 6.93 to 15.50 meter below the seafloor (mbsf) at
Hole C0008A, a slump deposit was observed (Strasser et al. 2011). At the base
of Unit I, a 40 m section of clayey gravel containing rounded clasts of clay and
pumice constitutes Subunit IB. This subunit was interpreted as a series of mass-
wasting deposits (described as a mass-transport complex (MTC) by Expedition 316
Scientists 2009) accumulated in the lower slope basin, possibly during an early
stage of the Late Pliocene to the Early Pleistocene basin formation. Structural
observations of the two holes drilled at Site C0008 indicate that the main structural
features consist of subhorizontal bedding and normal faults (Expedition 316 Sci-
entists 2009). Normal faults do not show any preferred orientation, suggesting that
they reflect vertical compaction. In Hole C0008A, the porosity of discrete samples
decreases with depth from �65 % at the surface to 50 % at 270 mbsf (Expedition
316 Scientists 2009).



652 Y. Kitamura et al.

58.2.2 Site C0018

Site C0018 is located �7.5 km southwest of Site C0008 and �3 km seaward
from the megasplay fault tip in a slope basin at 3,112 m water depth (Fig. 58.1).
The site was selected to recover MTDs downslope from the megasplay fault zone
(Expedition 333 Scientists 2012 and Strasser et al. 2012).

Sediments cored at Site C0018 were subdivided into two lithologic subunits,
Units IA and IB (Expedition 333 Scientists 2012). Subunit IA is mainly composed
of bioturbated hemipelagic mud intercalated with layers of varying coarse and fine
volcanic ash and MTDs. Subunit IB consists of sandy turbidites interbedded with
silty clay. The depositional ages of the sediments at Site C0018 are <1.67 Ma
at the bottom of the borehole and about �1 Ma at the boundary of Subunits IA
and IB.

Six intervals of MTDs occur within Subunit IA. They range in thickness from 0.5
to 61 m and have a cumulative thickness of 98 m. For the recognition of MTDs in
a single drill site, onboard imaging by X-ray computed tomography (CT) scans of
recovered cores provided efficient and clear criteria in addition to the conventional
visual core description (Expedition 333 Scientists 2012). Physical properties data
show that MTD intervals display an increased compaction gradient compared with
the average porosity-depth trend, and slight reversals (porosity increasing with
depth) are observed near the base of MTDs 2, 3, 5 and 6 (Expedition 333 Scientists
2012; Strasser et al. 2012).

58.3 Method

In this study, AMS measurements were made on a total of 813 samples (7 or 10 cm3

volume) from Sites C0008 (n D 330) and C0018 (n D 483). Clayey or silty samples
were collected from every core section, avoiding specific features such as veins,
nodules and shear bands, and were measured with a KLY-4S Kappabridge magnetic
susceptibility meter at the Japan Agency for Marine-Earth Science and Technology.
As much as possible, we selected fine-grained clayey samples. Onboard data suggest
that the magnetic minerals may be a mixture of titano-magnetite and clay minerals
as reported in this area (e.g. Kitamura et al. 2010).

Magnetic susceptibility is a proportion of the intensity of the induced magnetic
field to that of the applied magnetic field. AMS represents the geometrical alignment
and intensity of mineral fabrics as a magnetic ellipsoid, which is commonly linked
with the strain ellipsoid. The ellipsoids expressed with the principal susceptibility
axes (K1 > K2 > K3) and the minimum axis K3, in particular, are widely regarded
as the orientation of maximum shortening.

We present the following parameters derived from the principal susceptibility
axes for discussion: The lineation parameter L (D K1/K2) and the flattening
parameter F (D K2/K3) commonly used for structural geology, the anisotropy
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degree (P0) and the shape parameter (T), an amended expression of the L-F diagram
(Flinn diagram) in the polar coordinate system proposed by Jelinek (1981), Km, the
bulk magnetic susceptibility.

Km reflects the amount of magnetically susceptible components in the specimen
and thus displays the lithologic difference. L-F and P0-T are each a pair of factors
expressing the shape of magnetic ellipsoids but are different in their main focus.
L and F indicate the intensity of the shape components, lineation and flattening,
respectively. Given both L and F, we know the shape of the ellipsoid. T itself
provides the shape information (oblate if 0 < T < 1 and prolate if �1 < T < 0),
where the intensity of distortion compared to the true sphere is presented by P0.
Therefore, P0-T are useful for discussing the shape in general while L-F are strong
when focusing on the lineation or flattening components.

For normally deposited and compacted marine sediments, it is expected that P0
shows a gradual increase with depth in association with the reduction of porosity and
T displays random plots in the shallow part shifting to the oblate field (Kitamura
et al. 2010). This compaction trend is seen as a stable L and increasing F with
depth. A vertical K3 axis is expected for gravitational compaction (e.g. Kanamatsu
et al. 2012).

58.4 Results

At Site C0008, AMS shape parameter T generally shows positive values, indicating
that the sediments are under compactive conditions (Fig. 58.2). Porosity clearly
decreases with depth for about 50 m from the top of the core, whereas it shows
no significant change below 50 mbsf. A stable P0 down to about 150 and 100 mbsf
at Holes C0008A and C0008C, respectively, presumably supports impeded com-
paction in the shallow sediments. An increase in Km at the same depths is associated
with an abundance of ash layers (Expedition 316 Scientists 2009). Steeply inclined
K3 axes indicate vertical loading in general. The abrupt change in the inclination
of the K3 axes in the cores in the top 25 m that are associated with similar shifts
in other parameters such as porosity, T and the inclination of K1 suggests an early
stage of compaction. However, gentle K3 values of less than 60ı occasionally appear
throughout Subunit IA below the sediments with early compaction. These samples
do not show any particular tendency in other parameters. We speculate that these
apparently rotated samples contain dispersed ash that is not visible, as the lower
portion of Subunit IA that is abundant in ash shows similar outliers in the K1 and
K3 inclinations. Sediments from Subunit IB of the MTD show signs of compaction:
porosity reduction with depth; high F; high P0 and positive T; vertical K3. The higher
value of Km in Subunit IB may enhance such distinct shape information. Regardless
of the atypical samples of gentle K3 axes, the sediments at Site C0008 represent
down-hole compaction with an interval of impeded compaction in the lower portion
of Subunit IA.
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Fig. 58.2 Down-hole profile of porosity, AMS parameters and bedding dip at IODP Sites C0008
and C0018. Intervals of the mass transport deposits are highlighted (Expedition 316 Scientists
2009; Expedition 333 Scientists 2012)

At Site C0018, the T value shows a scattered distribution and low P0 in the upper
50 mbsf, indicating unconsolidated deposits. Converging T to the positive value in
the deeper succession, except within the MTDs, agrees with the trend of compaction
against depth inferred from the porosity data. The parameters of T and the axes
of magnetic ellipsoids (the inclination of K1 and K3) as well as the bedding dip
show remarkable scatter in the MTD intervals. Km at Site C0018 reflects a slight
difference in lithology between Subunits IA and IB. The sediments at Site C0018
are characterized by sediment compaction with positive T and vertical K3, although
the down-hole progress of compaction is not clear, as well as MTDs with scattered
T and K1/K3.

58.5 Discussion and Summary

The results from Site C0018 present AMS analyses as powerful tools for recogniz-
ing MTDs, in addition to visual descriptions and X-CT image analyses. In the MTD
intervals at Site C0018, the scattered shape parameter T suggests the remobilization
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C0018A-5H6, 76-84cm

10 cm

C0008A-32X2, 48-68cm

Cohesive flow (Site C0018)

Debris flow (Site C0008)

a b c

d

Fig. 58.3 Typical examples of MTDs from Sites (a) C0018 and (b) C0008. Arrows indicate
the orientation of plausible maximum strain around the fold hinge. Schematic illustration of
(c) cohesive flow in Site C0018 and (d) debris flow in Site C0008

and redeposition (or rearrangement) of the magnetic carrier particles. The low
anisotropy degree P0 and variable T correspond to spherical magnetic ellipsoids,
which show up accordingly in the disordered orientation of the ellipsoid axes. This
change is more clearly recognizable in the P0 and T diagrams (for example, in MTD
6 and Subunit IB) than in the L and F diagrams (Fig. 58.2). The remaining bedding
planes indicate that the overall sedimentary structure is not completely destroyed
within the MTDs. Thus the possible mechanism for magnetic fabric disorder in the
MTD may be heterogeneous development of stretching and shortening fabrics in
the sediments by slumping within the transporting mass, i.e. shortening in the inner
hinges of local folds and stretching in the outer hinges (Fig. 58.3). Two intervals of
coherent sediments between MTD 1 and 2 and MTD 5 and 6 also show scattered
values of T. In the upper interval this is because of unconsolidated sediment, but
no clear cause for the lower interval was identified. Table 58.1 shows the average
of T in MTDs and coherent intercalated intervals presenting distinct T variations
in MTDs. Here we learn that the MTDs can be identified by systematic change
in the scattering of T and the orientation of the magnetic ellipsoid axes. Thus,
AMS analysis can enforce the traditional method of MTD recognition by visual
core description.

Some parameters bear information on the internal structure and processes of
MTD formation. The lineation parameter slightly increases with depth near the base
of MTDs 2, 3, 5 and 6 (Fig. 58.2). This increase is associated with a porosity kick
back at the base of the MTDs; i.e., the sediments in the lowermost MTD appear
to be overconsolidated. We speculate that the loading and shearing near the basal
boundary of the transporting mass promoted mechanical dewatering and lineation
fabrics. These observations may reflect localized shear flow near the basal sliding
plane of transporting debris.
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Table 58.1 Average T
parameters in the MTDs and
coherent intervals in between

Depth interval Average T

(mbsf) MTD Coherent

Site C0018
0.00–1.43 0.54

MTD1 1.43–4.28 �0:02

4.28–39.45 0.29
MTD2 39.45–46.73 0:18

46.73–58.01 0.68
MTD3 58.01–65.75 0:46

56.75–66.44 0.30
MTD4 66.44–66.93 0:19

66.93–75.91 0.63
MTD5 75.91–94.37 0:12

94.37–127.55 0.32
MTD6 127.55–188.57 0:11

188.57–313.66 0.59
Average C0018 0:15 0.48
Site C0008A
Unit IA 0.00–234.55 0.34
Unit IB (MTC) 234.55–272.46 0:46

Unit II 272.46–329.36 (0.54) nD3
Site C0008C
Unit IA 0.00–170.90 0.42
Unit IB (MTC) 170.90–176.20 .0:57/ nD2

The AMS results from MTD in Subunit IB at Site C0008 contradict the results
from MTDs at Site C0018. A high P0 and positive T as well as high F indicate well-
compacted sediment (Fig. 58.2). The average T value in MTD is higher than that
in coherent interval by contrast (Table 58.1) and vertical K3 axes and horizontal
bedding do not demonstrate disturbance, suggesting the promotion of compaction.
The MTD was reported as unconsolidated “gravels” in Subunit IB (Expedition 316
Scientists 2009). Preliminary results from coring at Site C0022 located between
Sites C0004 and C0008 confirmed similar occurrences of mudclast gravels (Moore
et al. 2013). The visual inspection of the cores suggests submarine landslide
deposits, although this was accompanied by no particular AMS anomaly. Similarly,
the slump deposits in the shallow Subunit IA at Site C0008 (see Sect. 58.2.1)
do not show scattering in the AMS parameters. The AMS data from chaotic
sediments in Subunits IA and IB imply a different type of MTD, which can be
ascribed to a different dynamic process during transportation. The mass transport
process to create this AMS pattern would be a debris flow that enforced particles
to redeposit, resulting in an isotropic magnetic fabric near the surface and oblate
fabrics at greater depths, and such fabrics are commonly observed in sediments
under diagenetic compaction. This means that the debris flow here is associated
with the re-sedimentation process. This interpretation is consistent with what was
previously inferred from sedimentological data (Strasser et al. 2011). Interestingly,
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evidence for overconsolidation was found in the porosity data in the shallow slump
and in the AMS data in the deeper MTD. This apparent overconsolidation is possibly
due to uplift associated with the removal of mass at this site suggested by the scars
(Expedition 316 Scientists 2009).

In summary, the MTDs that occurred at Site C0018 are formed by ductile flow
during transportation, causing a scattered shape parameter and magnetic ellipsoid
orientation, while in contrast, the MTDs at Site C0008 are formed by debris flows
under conditions where both erosion and deposition take place (Fig. 58.3). These
features correspond to the proposed classifications of submarine landslides, i.e. the
MTDs in Site C0018 correspond to the “debris avalanche” (Masson et al. 2006) or
“discrete cohesive slide” or “blocky flow” (Ogata et al. 2012), whereas the MTDs
in Site C0008 match the definition of “debris flow” in both studies cited. Our
results showed that the AMS analysis is (1) apt to detect a specific kind of MTD
formed with cohesive flow, and (2) in combination with visual description and X-
CT analysis, the AMS method can be used to discriminate another kind of MTD
that had evolved to a debris flow in which all the transporting particles broke up and
lost cohesion, leading to complete re-sedimentation.
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Chapter 59
New Concepts on Mass Wasting Phenomena
at Passive and Active Margins of the Alpine
Tethys: Famous Classical Outcrops in the
Berchtesgaden – Salzburg Alps Revisited. Part
A: Jurassic Slide/Debrite Complexes Triggered
by Syn-Sedimentary Block Faulting

Rüdiger Henrich, Karl-Heinz Baumann, and Torsten Bickert

Abstract Jurassic strata exposed in outcrops along road cuts and trails as well as
saw cut wall sections of “technical marmor” quarries at Adnet close to Salzburg and
Waidring were studied for their depositional features, their geometries of sediment
bodies, syn-depositional deformation and re-deposition structures as well as tectonic
features. A spectacular mass wasting complex at Rote Wand/ Mount Steinplatte
near Waidring (Austria, Tirol) was studied. Development of this complex indicates
that in a first phase downward gliding almost intact slide blocks plugged into
the underlying bedded nodular strata. In turn, this slide was immediately overrun
by semi-consolidated slumped deposits, which partly disintegrated into pebbly
mudstones. On top of the mass sealing by three debris flows is observed. We assume
that the emplacement of the slide/slump complex occurred as one single event
triggered by syn-sedimentary block faulting at the passive Early Jurassic Alpine
margin. Eventually deposition of the first debrite covering the slide/slump complex
was also related to this phase. In addition, a broad spectrum of mass wasting deposits
is described from Liassic strata on the paleoslope of the drowned Rhaetian reef
complex at Adnet and the surrounding basins.
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59.1 Introduction

59.1.1 Study Areas and Previous Studies

The Berchtesgaden–Salzburg Alps bear spectacular outcrops of Triassic to
Cretaceous strata of the Alpine Tethys that are embedded in a fascinating alpine
scenario. In addition, here in the Tyrolean nappe, wide areas are less affected by later
tectonic overprinting providing the unique chance to study original paleogeogaphic
settings as well as the geometries and evolutionary patterns of facies distribution.

At the end of the Triassic drowning of the huge Triassic reef – platform
complexes of the East Alpine Shelf was induced by transgression associated with
sea level rise concurrent with rifting and subsequent onset sea floor spreading in
the Penninic ocean (Fig. 59.1). This induced an overall change of depositional
regimes towards progressively deepening pelagic environments. These hemipelagic
to pelagic Jurassic strata contain increasing amounts of various types of mass
wasting deposits. Bernoulli and Jenkyns (1970) analysed the well exposed basinal
pelagic Jurassic succession in the Glasenbach gorge south of Salzburg where a

Fig. 59.1 Early Jurassic plate tectonic model of the Alpine Tethys (Modified from Rocky Austria
2000)
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broad spectrum of mass wasting deposits including red nodular pebbly mudstones,
slide/debrite complexes, and turbidite beds are exposed. Böhm (1992) and Böhm et
al. (1995, 1999) studied the microfacies and analysed sedimentary regimes of Lower
to Middle Jurassic strata including breccia occurrences deposited over submerged
Rhätian reef mounds and on submarine swells in the Osterhorn mountains south of
Salzburg.

59.1.2 Aims of This Study

Primary targets of this study are (1) to analyse the occurrences of different
types of mass wasting deposits intercalated into Jurassic strata of the Berchtes-
gaden – Salzburg Alps, (2) to characterise and map their depositional features
in detail, and (3) to develop new models displaying the changes in sediment
dynamics and evolutionary trends during their formation. To achieve this, we
will critically review the main findings of previous studies and evaluate their
depositional models and evolutionary concepts. In, addition we characterise shifts
in depositional settings of the background sediments and highlight which were the
implications for their sustainability to mass wasting processes. Finally we discuss
potential triggers and compare the evolutionary stages of the studied mass wasting
complexes.

59.2 Methods

Jurassic strata in outcrops along road cuts, mountain trails and in gorges as well
as the saw-cut wall sections of the famous technical “marmor” quarries around
the small village Adnet were studied for their depositional features, their facies
distribution patterns, geometries of sediment bodies, syndepositional deformation
and re-deposition structures as well as tectonic features. Detailed mapping and
geometrical analysis of a spectacular outcrop (Mount Steinplatte – Rote Wand)
provide new insight into the succession and dynamic of mass wasting events
occurring on passive (Early Jurassic) Alpine margins. During several field trips
and teaching courses of the University of Bremen the structural and sedimentary
inventory of these two classical outcrops have been mapped and measured up in
detail by student groups. Line drawings of the major geometrical relationships
between different sedimentary units were compiled and their internal sedimentary
structures were documented. Based on this data new insights considering the
succession and interaction of various types of mass wasting and the evolution of
events on the studied slopes were gained.
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59.3 Results and Interpretation

59.3.1 Mass Wasting Phenomena on the Paleoslope
of the Drowned Rhaetian Reef Complex at Adnet
and Within the Surrounding Basins

59.3.1.1 Stratigraphy and Palaeographic Setting

The Osterhorn Mountains southeast of Salzburg are part of the Tirolic nappe. The
area is characterised by remarkably slight tectonic deformation. The paleogeo-
graphic configuration during Liassic time shows a pronounced differentiation. A
southern plateau transits northward into two basins (Glasenbach basin and Trattberg
basin), which are separated by deep swells (Fig. 59.2). Excellent outcrops of Triassic
and Jurassic strata exist here, in particular, in the famous quarries around the little
village of Adnet.

In the foundation of the Liassic strata Rhaetian alternating marl-limestone beds
were deposited in a shelf basin setting (Fig. 59.2 – Kössen Formation), which
interfinger locally with massive limestone of reef mounds (e.g. Adnet Reef, Guggen
Reef – Fig. 59.3). The end-Rhaetian paleorelief at the Adnet reef mound has been
reconstructed by Böhm et al. (1999) by measuring inclination of slope beds and

Fig. 59.2 Liassic paleogeography and stratigraphy around Adnet (Modified from Böhm et al.
1995, 1999)
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Fig. 59.3 Distribution pattern of Liasssic background facies and mass wasting deposits on the
paleoslopes of drowned Rhätian reefs and within the surrounding basins around Adnet (Modified
from Böhm et al.1995). Large arrows indicating presumed transport directions. Numbers refer to
the position of quarries (12 D Lienbach quarry, 22 D Scheck quarry, 23 D Wimbach respectively
Plattenbruch quarry, 28 D Schnöll quarry)

geopetal sediment infillings in cavities. The mound displays a horizontal sea floor
forming a flat top plateau and a north to northeast dipping slope inclined by about
10ı–15ı. Total elevation of the mound was 50–80 m above the gently inclined sea
floor. During end-Triassic reef drowning the deeply submerged, inherited relief gave
rise to pronounced Liassic facies differentiation.

Grey spiculitic cherty limestone and marl beds were deposited in the former shelf
basin areas (Scheibelberg, Formation Fig. 59.2), whereas red nodular limestones,
and red condensed limestones rich in ammonites and often intercalated with Fe-
Mn crusts as well as crinoidal limestones covered the slope and top areas of the
former reef mound (Adnet Formation, Fig. 59.2). Various sub-members of the Adnet
Formation are distinguished displaying distinct shifts in facies.

59.3.1.2 Facies Patterns of the Liassic Background Sediments

Different subfacies types of Liassic sediments cover the Rhaetian reef at Adnet de-
pending on their paleoslope position on the drowned reef mound. Details are already
presented and discussed (Böhm 1992; Böhm et al. 1995, 1999) and are beyond the
scope of this study. Following we will present a general overview of facies occur-
rences, and discuss aspects relevant for their potential for sediment mobilisation
and mass wasting. Over the top and the uppermost slope decimetre-sized bedded,
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Fig. 59.4 A firm ground consisting of strongly bioturbated sandy mud with a broad spectrum of
well-developed distinct burrow tubes is covered by a hard ground bearing abundant ammonites that
are covered and embedded into a ferromanganese crust (polished section of a block from Schnöll
quarry D No.28 in Fig. 59.3)

marl-poor blotchy red micritic limestones with layers bearing abundant centimetre-
to millimetre-sized intraclasts with ferromanganese coatings directly cover the
Rhaetian stata (Adnet Formation: Lienbach Member, Fig. 59.2). In the basal
parts condensed sections with Fe-Mn crusts occur. Some horizons are particularly
rich in ammonites (Fig. 59.4), which are often covered by, or respectively are
embedded into Fe-Mn custs. The textural and sedimentary inventory of these layers
clearly depicts temporal changes in sea floor properties documenting a clear trend
towards increased sediment consolidation and sea floor cementation. Starting firm
with grounds represented by semi-consolidated fine to medium grained strongly
bioturbated sandy mud bearing a broad spectrum of well-developed distinct burrow
tubes sea floor properties changed towards hard grounds in the condensed layers
that are characterised by thick ferromanganese crusts (Fig. 59.4). The succession of
environments documents a significant increase in bottom currents promoting erosion
and resuspension and sea floor cementation. In middle to lower slope positions the
typical Adnet Limestone “sensu strictu” represented by reddish medium to thin
nodular-bedded intraclastic wacke/packstones with ostracods, foraminifers, sponge
spicules and crinoidal debris (Adnet Formation: Schmiedwirt Member Fig. 59.2)
was deposited.

Higher up in the section, in younger parts of the Adnet Formation, this subfacies
type is much more widespread covering almost all parts of the original paleoslope
and its transition into the adjacent basins. This occurrence pattern documents a
general deepening of the entire area in the Upper Liassic period. A peculiar feature
of the nodular Adnet Limestone is its layer-wise differential stage of consolidation
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Fig. 59.5 (a) Schematic diagram illustrating the formation of red nodular Adnet limestone “sensu
strictu”- see text for explanation (from Böhm). (b) Synsedimentary tectonic fissure (Neptunian
dyke) dissecting bedded nodular Adnet limestone. Note ferromanganese coatings of micro-
nodules, good fitting of both sides of the fissure and infilling of younger crinoidal rich muddy
sediment (Photo from Lienbach quarry D No.12 in Fig. 59.3)

and cementation. Supply of the Ca2C and CO3
2 ions to maintain the growth of the

cement concretions may be from seawater or by dissolution of carbonate minerals,
in particular aragonite, within the sediment induced by microbial activity. Fine-
grained muddy arenite layers enriched with micro-nodules, i.e. early diagenetic
cement concretions, alternate with soft muddy sediment layers (Fig. 59.5a). Modern
analog pelagic carbonate muds with cement concretions were formed on the slope
of the Bahama Bank (Mullins et al. 1980). The alternate nodule rich and nodule poor
layers document rhythmic variations in bottom current speed displaying coincident
shifts of phases characterised by sediment deposition and phases characterised by
erosion inducing excavation and ferromanganese encrustation of early-cemented
micro nodules (Fig. 59.5a).

59.3.1.3 Mass Wasting Deposits and Indications for Synsedimentary
Tectonics in the Liassic Strata Deposited Over the Submerged
Adnet Reef and Within the Surrounding Basins

Debrites and breccias are intercalated at various stratigraphic levels into the Liassic
red nodular limestone of the Adnet Formation as well as into the grey spiculitic
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Fig. 59.6 Slide/slump/debrite complex intercalated into the Upper Scheiblberg (Allgäu) Forma-
tion (Glasenbach gorge south of Salzburg)

limestones of the Scheiblberg Formation; thicknesses varying from a few centime-
tres to a maximum of 40 m at Kehlbach (quarry No. 41 in Fig. 59.3). Typically
the debrites consist of a mixture of variable sized clasts of the Liassic background
sediments predominately red reworked deposits of the Adnet Formation embedded
in a red muddy matrix. Occasionally grey clasts of the Scheiblberg Formation may
be admixed. Depending on matrix content and stage of consolidation/cementation
three basic types of breccias can be distinguished. Breccias with high proportions
of slightly rounded clasts and intermediate matrix contents have been classified
as nodular breccias. Debrites with high mud contents and a predominance of
millimetre- to centimetre-sized, rounded to sub-rounded clasts are termed pebbly
mudstones (Bernoulli and Jenkyns 1970).

Later on only locally slide – olistholithic debrite complexes occurred, which may
be included into the upper part of the Scheiblberg Formation (Fig. 59.6). The textural
and structural features of such complex mass wasting packages indicate release of
a thicker pile of sediments with different stages of consolidation and cementation
in various parts. The lower slide portion obviously was almost completely lithified,
whereas the upper slumped part was semi-consolidated. Finally the package was
sealed by a debrite.

For the Scheck breccia excellent outcrops in different quarries around Adnet
exist. In proximal parts, like in the Scheck quarry which is situated on the upper
slope of the former Adnet reef mound, the Scheck breccia consists of a chaotic
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Fig. 59.7 (a) Cemented type of the Scheck breccia with huge blocks of nodular limestone (Scheck
quarry D No.22 in Fig. 59.3), (b) Scheck breccia bearing huge blocks of nodular limestone and a
chaotic clast fabric displaying a very nice channel structure that erosively undercuts deeply into
nodular limestone beds of the Adnet formation (Lienbach quarry D No. 12 in Fig. 59.3), (c) Scheck
breccia on the middle to lower slope erosively overlie nodular limestones of the Adnet formation
(Plattenbruch quarry D No.23 in Fig. 59.3), (d) detail showing the erosive contact to the underlying
nodular Adnet limestone

fabric of angular as well as rounded to sub-rounded clasts with extremely low mud
contents (Fig. 59.7a). Metre-sized blocks of nodular limestone are included into the
chaotic clast fabric. Pore spaces between the clasts are filled with two generations
of white submarine cements. Also in an upper slope position, in the upper middle
wall of Lienbach quarry, a more matrix rich variety of the Scheck breccia with huge
blocks of nodular limestone and a chaotic clast fabric display a very nice channel
structure erosively undercutting deeply into the underlying nodular limestone beds
of the Adnet formation (Fig. 59.7b). The main occurrences of the Scheck breccia
on the middle to lower slope erosively overlie nodular limestones of the Adnet
formation (Plattenbruch quarry – Fig. 59.7c, d). Mud content is low and clasts
are densely packed. Composition of the breccia clearly evidences, that the clasts
were mainly derived by disintegration of the underlying eroded nodular limestone
beds. Metre sized olistholithic blocks of nodular limestone may be included into the
breccia. During downslope movement chaotic fabrics as well as packages showing
alignment of clast along the flow pathway were developed (Fig. 59.7d).
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59.3.2 The Liassic Slide/Slump/ Debrite Complex at the Foot
of the Paleoslope of the Drowned Rhaetian Carbonate
Ramp at Mount Steinplatte Near Waidring (Tirol)

At the mount Steinplatte near Lofer excellent outcrops, studied by numerous
investigators during the past three decades (see latest review in Stanton and Flügel
1989) display sedimentary regimes on the paleo-slope of a Rhaetian reef complex
to the adjacent Kössen shelf basin. Surprisingly less studied in this area is a
spectacular masswasting complex exposed at Rote Wand at the northern slope
of Plattenkogel. This unit developed after drowning of the Rhaetian platform
during transgression in Early Jurassic time and displays a huge slide/slump/debrite
complex. Ebli (1997) recognized that this 18–25 m thick mass wasting unit consisted
of debrites and slide/slump blocks of Toarcian red nodular limestones. As a result
of detailed measurements and mapping of this fantastic outcrop we clearly are able
to distinguish at least three different structural units. The first unit starts with a
huge slide block at the base transiting above into a slump/pebbly mudstone complex
(Fig. 59.8b). Well-developed almost intact thick bedding is recognized in the basal
slide block (Fig. 59.9a). The slide block erosively plugs into the underlying well-
bedded nodular limestones of the Adnet Formation (Fig. 59.9b). In the overriding
slump complex well-developed isoclinal slump folds (Fig. 59.9c) and nice examples
for disintegration of slumps into pebbly mudstone flows are seen (Fig. 59.9d). This
slide/slump complex above is sealed by three debrites at the top, each of them
cutting with irregular erosion surfaces into the underlying flows (Figs. 59.8a and
59.9e). No background sediments are found between the debrites indicating that
these flows were released within a short time.

The succession of structural units in the studied slide/slump/debrite complex at
Mount Steinplatte provides clear evidence for destabilisation of a thick sediment
package comprising lithified deposits at the base, overlain by semi-consolidated
sediments in the middle portion, and soft to initially consolidated/cemented deposits
at the top. During downslope displacement and movement of the entire pile, the
basal lithified sediments disintegrated into almost intact slide blocks that plugged
into the underlying bedded nodular strata.

In turn the slide was immediately overrun by semi-consolidated slumped de-
posits, which were derived from the middle portion of the dislocated sediment
package. Slumps partly disintegrated into pebbly mudstones during the downslope
movement of the mass.

59.3.2.1 Interpretation and Discussion

We assume that the emplacement of the slide/slump complex occurred as one single
event. Eventually deposition of the first debrite can also be related to this phase.
The following two debrites were released within a short time interval afterwards as
evidenced by lack of background sediments between the debrite units. The observed
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Fig. 59.8 Line drawing of detailed mapping of structural details of the Rote Wand
Slide/Slump/Debrite complex plugging erosive into the underlying flat-bedded Adnet Formation
(See text for further explanation)

features clearly call for an external trigger to release downslope movements of
such a huge voluminous mass. In our view block faulting and tilting associated
with rifting at the passive Early Jurassic Alpine margin, which was located between
the opening Penninic Ocean to the northwest and the closing Meliata Ocean to the
southeast, would be the best trigger. This assumption is in line with previous studies
from various parts of the Northern Calcareous Alps (Eberli 1988; Lackschewitz
et al. 1991; Böhm et al 1995; Ebli 1997). However, mega-slides and breccias
also occur in Middle to Upper Jurassic post rift sediments (Rofan breccias –
Wächter 1987, Schwarzenbergklamm breccia/Unken Syncline – Ortner et al. 2008,
Strubberg Formation/Berchtesgaden – Gawlick et al. 1999; Missoni and Gawlick
2011). During this period tectonic settings changed in the Northern Calcareous Alps.
The southern parts were affected by compression tectonics induced by progressive
closure of the Meliata Ocean, whereas extensional tectonics including strike-slip
faulting may have prevailed in the northern part. However, when and where these
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Fig. 59.9 Structural features of the Steinplatte slide/slump/ debrite complex – (a) Well-developed
almost intact thick bedding is recognized in the basal slide block, (b) Basal slide block erosive
plugs into the underlying well-bedded nodular limestones, (c) Well developed isoclinal slump
folds, (d) Nice examples for disintegration of slumps into pebbly mudstone flows, (e) Debrites
D1 and D2 with irregular erosion surfaces at the base, (f) Detail showing debrite D1 channel deeply
eroding the underlying bedded nodular limestones of the Adnet Formation

shifts in plate tectonic regimes exactly occurred still is controversially debated.
Hence also controversial models for the formation and trigger of these Upper to
Late Jurassic breccias and slides are presented, including: (1) Activity at strike-slip
faults and formation of pull-apart extensional basins (Frank and Schlager 2006;
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Ortner et al. 2008), and (2) Nappe stacking and related compression with gravitative
emplacement of Hallstatt melange in response to closure of the Meliata Ocean
(Gawlick et al. 1999; Missoni and Gawlick 2011).

59.4 Conclusions

• Liassic strata of the Alpine Tethys include a broad spectrum of mass wasting
deposits. Their spatial and temporal associations as well as their structural and
textural features clearly proof that the state of consolidation and cementation
of the dislocated sediments is essential for release, flow patterns and spreading
mode of the different mass wasting deposits. Listed up according to increased
cementation and consolidation the spectrum includes (1) matrix rich, far travelled
reddish pebbly mudstones transiting upslope into (2) red nodular debrites,
which may include increasing amounts of variable-sized blocks of initially
consolidated red nodular limestones that were incorporated into the debris flows
as rip-up clasts, and in further upslope position (3) reddish, matrix-poor, semi-
consolidated intraformational clast breccias with pore spaces between clasts
being later filled by different generations of submarine cements, i.e. the so-
called Adnet Scheck. In outcrops the development and the lateral transition of
types (2) and (3) into syn-sedimentary slumps and slides can often be observed.

• A spectacular Upper Liassic slide/slump/debrite complex at Rote Wand/Mount
Steinplatte provides clear evidence for destabilisation of a thick sediment
package. Development of this complex indicates that in a first phase downward
gliding almost intact slide blocks plugged into the underlying bedded nodular
strata. In turn the slide was immediately overrun by semi-consolidated slumped
deposits, which partly disintegrated into pebbly mudstones. On top sealing by
three debris flows is observed. Emplacement of the slide/slump complex occurred
as one single event triggered by block faulting at the passive Early Jurassic Alpine
margin. Eventually deposition of the first debrite was also related to this phase.
The following two debrites were released within a short time interval afterwards
as evidenced by lack of background sediments between the debrite units.
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Chapter 60
New Concepts on Mass Wasting Phenomena
at Passive and Active Margins of the Alpine
Tethys: Famous Classical Outcrops in the
Berchtesgaden – Salzburg Alps Revisited. Part
B: Stacking Patterns of Slide/Debrite Complexes
in an Active Lower Cretaceous Foreland
Wedge-Top Basin

Rüdiger Henrich, Karl-Heinz Baumann, and Torsten Bickert

Abstract Along the Rossfeld mountain road near Berchtesgaden a classical
outcrop of Lower Cretaceous mass wasting is located. The debrites contain
completely lithified boulders and blocks of highly variable dimensions of the
stratigraphic pile of rock units included in the two overthrusted nappes as well as
multiple reworked slide blocks and clasts of semiconsolidated siliciclastic turbidite
beds. Alternations of these siliclastic turbidite beds and autochthonous marls form
the background sediment, in which the debrites are intercalated. Our new results
show that most of turbidite/marl successions are not autochthonous, but forms slide
units, which were sheared and overthrusted at their base during gliding from the
flanks into the central parts of the trench.

Keywords Passive and active Alpine margins • Slides • Slumps • Debrites •
Synsedimentary tectonics

60.1 Introduction

60.1.1 Study Area and Previous Studies

The Berchtesgaden–Salzburg Alps bear spectacular outcrops of Triassic to
Cretaceous strata of the Alpine Tethys that are embedded in a fascinating alpine
scenario. In addition, here in the Tirolic nappe, wide areas are less affected by later
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Fig. 60.1 Plate tectonic configuration of the Alpine Tethys during uppermost Jurassic and Lower
Cretaceous time (Modified from Rocky Austria 2000)

tectonic overprinting providing the unique chance to study original paleogeographic
settings as well as the geometries and evolutionary patterns of facies distribution.
During uppermost Jurassic to lower Cretaceous time tectonic regimes in the Alpine
Tethys changed towards compressional settings. At the southern margin of the
Tethys compression and nappe tectonics occurred at so-called the Tethys suture
(Fig. 60.1).

Along the Roßfeld mountain road near Berchtesgaden a classical mass-wasting
outcrop is located. Previous investigators (Faupl and Tollmann 1979; Decker et
al. 1987) have already highlighted the basic phenomenology, which is a complex
interaction of debrites and syndepositional turbidite beds in a trench induced by the
Lower Cretaceous Alpine tectonics. The lithostratigraphy of the Roßfeld Formation
(see Fig. 60.2) comprises a basal marl unit, in which thin sandstone beds (sandy
turbidites) are intercalated. Higher up in the section a few metre thick unit of
thin bedded sandstones and an approximately 60 m thick package of thick-bedded
sandstones (siliciclastic turbidites) occur. The top unit is formed by an around 30 m
thick alternations of mass flow deposits (debrites) and siliciclastic turbidites.

The heavy mineral spectra of the siliciclastic turbidites are characterized by the
occurrence of chromium spinell, green amphiboles and interestingly reddishbrown
amphiboles, which may indicate alkaline rocks in the source area (Faupl and Toll-
mann 1979). Subsequent analysis by Faupl and Pober 1991 and Faupl and Wagreich
2000 confirmed the evidence that siliclastic, volcanic, and ophiolithic components
were derived from eroding rocks of the ob-ducted Alpine Tethys suture (compare
Fig. 60.1 for position of the Tethys suture). These authors introduced a conceptional
model assuming interactions of debris flows derived from the submarine nappe pile
with syndepositional turbidite beds in a trench-like structure in the middle region
of the Northern Calcareous Alps induced by the Lower Cretaceous Alpine tectonics
at the Tethys suture. A more modern frame of the thrust sheets of the NCA was
presented by Ortner (2003) and Ortner and Gaupp (2007) interpreting the deposits
of the Roßfeld Formation as wedge–top basins in the foreland of the Tethys suture.
Preliminary component analysis of the debrites in the Roßfeld Formation presented
in recent study by Missoni and Gawlick (2011) provides evidence that all material
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Fig. 60.2 Lithostratigraphy of the Roßfeld Formation at the type locality near Brechtesgaden
(Modified from Decker et al. 1987)

was derived from erosion of a nearby upper Jurassic shallow water carbonate
platform and basin strata in the foundation (Tauglboden-, Plassen- and Oberalm
Formation), whereas older Triassic to Middle Jurassic lithologies were not found.
Hence, Missoni and Gawlick (2011) propose an alternative model interpreting the
sequence as “Roßfeld molasse” deposited in an under-filled foreland basin. So far
the previous studies have not put sufficient emphasis on analysis of the entity of
all structural details and the geometrical relationship of sediment bodies displayed
in the outcrops. This aspect is in the central focus of the present study. It increases
our knowledge considering the sediment dynamics and temporal evolution of these
interesting mass wasting deposits.

60.1.2 Aims of This Study

Primary targets of this study are (1) to analyse the occurrences of different types
of mass wasting deposits intercalated into Cretaceous strata exposed at the Roßfeld
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road near Berchtesgaden, (2) to characterise and map their depositional features in
detail, and (3) to critically evaluate the existing contrasting models and to develop
new models on base of the observed changes in sediment dynamics and the temporal
evolution of mass wasting phenomenon in the Roßfeld Formation.

60.2 Methods

Cretaceous strata exposed along the Roßfeld mountain road were studied for
depositional features, facies distribution patterns, geometries of sediment-bodies,
syndepositional deformation and re-deposition structures as well as tectonic fea-
tures. During several field trips and teaching courses of the University of Bremen
the structural and sedimentary inventory of this classical outcrop has been mapped
and measured up in detail by student groups. Line drawings of the major geometrical
relationships between different sedimentary units were compiled and their internal
sedimentary structures were documented.

60.3 Results

Based on our detailed mapping and compilation of line drawings we were able
to develop new ideas about the succession and evolution of mass wasting events
contained in this impressive outcrop. The debrites contain completely lithified
boulders and blocks of highly variable dimensions (cm3-sized to several m3-sized)
of the stratigraphic pile of rock units included in the two overthrusted nappes (i.e.
predominantly Triassic and Jurassic limestones, marls and dolomites) as well as
multiple reworked slide blocks and clasts of semi-consolidated syndepositional
siliciclastic turbidite beds. The debrites alternate with sediment packages consisting
of thin to well-bedded siliclastic and partly silicified turbidite beds and marls.
The earlier models assume autochthonous deposition of the siliclastic turbidite
beds and marls. However, our new results clearly proof that most of the tur-
bidite/marl successions exposed along the Roßfeld road are not autochthonous,
but form slide units, which were sheared and overthrusted at their base during
downward gravitational sliding from the flanks into more central parts of a trench
(Fig. 60.3).

At the base of each slide unit a chaotic debrite occurs, which comprises variable
sized clasts of limestone’s and dolomites as well as clasts of semi-consolidated
syndepositional siliciclastic turbidite beds in a marly matrix. Altogether six of
these debrite/slide units are observed. In general slide units are strongly sheared
at their base (Figs. 60.3 and 60.4), whereas the upper part of the slide appears
to be unaffected and almost intact. The sheared slices at the base have often
been syndepositionally folded (Fig. 60.5) or overthrusted during emplacement and
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Fig. 60.3 Line drawing of detailed mapping of structural details of the Roßfeld road slide/debrite
complex intercalated into the Lower Cretaceous Roßfeld Formation (See text for further
explanation)

stacked on top of each other (Figs. 60.3 and 60.4). Due subsequent tectonics the
slide/debrite complex was affected slightly by younger faults dissecting the slide
debrite packages (Fig. 60.3).

60.3.1 Interpretation

Taken all observations into consideration we propose the following depositional
model for the studied complex. Debris flows induced by syndepositional tectonic
pulses at the northward propagading lower Cretaceous nappe pile moved downslope
into the foreland trench. In turn collapse of the side-wall of the trench occurred.
This triggered sliding of stacks of previously deposited semi-consolidated sili-
ciclastic turbidite beds. The slides overrun, respectively travelled downslope on
top of the debris flows. Basal parts of the slides were affected by slumping and
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Fig. 60.4 Stack of sheared slices of packages of siliciclastic turbidite beds at the base of Slide 5
displaying syndepositional folding and stretching

Fig. 60.5 Syndepositional folding of siliciclastic turbidite beds at the base of Slide 1
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shearing during downslope movement. Since six of these combined debrite/slide
packages are stacked on top of each other without intercalation of any recogniz-
able autochthonous sediments (i.e. grey pelagic marls respectively autochthonous
deposited turbidites) in between. Hence, we assume that the entire mass wasting
complex was deposited within short time, possibly triggered by a succession of
retrogressive collapse events released from progressively higher parts of the trench
flanks.

60.4 Critical Evaluation of Depositional Models, Triggers
and Tectonic Settings Proposed for the Mass Wasting
Complexes in the Roßfeld Formation

The original cartoon illustrating the depositional model for the Roßfeld Formation
(Fig. 60.6) clearly depicts the transition from pelagic sedimentation (Schrambach
Formation) to deposition of siliclastic turbidites, which intercalate with thick
debrites of variable composition in the uppermost section (Roßfeld Formation,
– Faupl and Tollmann 1979). Beside debris flows no other mass wasting deposits
were recognized.

A critical evaluation of this model and the different new depositional models as
well as their assumed plate tectonic settings implies first to summarize the main
aspects and observations derived from outcrop analysis: (1) The Roßfeld Formation
is characterized by increasing amount of terrigenous siliciclastic material displaying
a clear coarsening upward trend of grain size spectra. In addition, with respect
to provenance the siliciclastic turbidites in the Roßfeld Formation are derived
from a source located at southeastern margin including different lithologies of the
northwestward propagating initial Alpine pile and material from the overthrusted
and abducted suture of the Vardar-/Meliata ocean. (2) The debrites intercalated
into the Roßfeld Formation consist of a mixture of limestone/marl clasts and rip-
up clasts of the siliciclastic turbidite beds. (3) A stack of slides consisting of
siliclastic turbidite/ marl alternations bearing characteristic shear structures and
slumps of semiconsolidated turbidite beds at the base is typical for the Upper
Roßfeld Formation.

All these aspects would be fit with the model proposed by Ortner and Gaupp
(2007) claiming wedge–top basins in the foreland of the Tethys suture. The “Roßfeld
molasse” model proposed by Missoni an Gawlick (2011) explains the Roßfeld
Formation by erosion of an uplifted local Plassen Carbonate Platform separating the
Roßfeld basin to the north from a southern molasse basin situated close to the Vardar
suture. This model is supported by preliminary component analysis of clasts of the
debrites, but lacks to explain the observed large-scale tectonic structures, and how
and were the siliciclastic turbidites bypassed the Plassen Carbonate platform swell.
Further detailed studies of the mega-clasts incorporated into the debrites will shed
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Fig. 60.6 Depositional model of the Roßfeld Formation (Modified from Faupl and Tollmann
1979)

new light on this problem. The crucial question is, was it really only local material
or is also material from the Juvavic units included. Our new depositional model
would perfectly fit into the tectonic frame of a wedge–top basin in the foreland of
the northward prograding nappe pile at Tethys suture as suggested by Ortner and
Gaupp (2007). However, at the present state of knowledge we cannot exclude the
contrasting interpretation by Missoni and Gawlick (2011).

60.5 Conclusions

Based on detailed mapping of the road outcrops at the type locality of Lower Creta-
ceous Roßfeld Formation we provide a new conceptual model for the development
of this classical mass-wasting complex. Olistholithic debris flows induced by syn-
depositional tectonic pulses in the accretion prism of the lower Cretaceous nappe
pile moving down slope on the flanks of the trench initiated the collapse of the side
walls of the trench and triggered sliding of stacks of previously deposited semi-
consolidated siliciclastic turbidite beds. Since six of these combined debrite/slide
events are stacked on top of each other without intercalation of any recognizable
autochthonous sediments in between, this indicates that the entire mass wasting
complex was deposited within short time, possibly triggered by a succession of
retrogressive collapse events released from progressively higher parts of the trench
flanks.
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Chapter 46
Modeling of Potential Landslide Tsunami
Hazards Off Western Thailand (Andaman Sea)

Julia Schwab, Sebastian Krastel, Mohammad Heidarzadeh,
and Sascha Brune

Abstract We model several scenarios of potential submarine landslide tsunamis in
the Andaman Sea off the Thai west coast. Our results suggest that landslides may be
capable of producing significant tsunamis. Two categories of submarine landslide
scenarios were evaluated. Geometry parameters of the first category are taken
from identified mass transport deposits (MTDs); the second category considers
a potentially unstable block identified in seismic data. Our preliminary modeling
approach shows, that run-up values may reach significant tsunami heights for some
scenarios. We point out that our results have to be regarded as only preliminary
due to several limitations in our modeling approach. Our results, however, show the
need for more sophisticated modeling of landslide tsunamis, especially regarding
the failure process and inundation on dry land.
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46.1 Introduction

Due to its vicinity to the highly seismic Sunda Trench, the Thai west coast is
vulnerable to tectonic tsunamis (e.g. Jankaew et al. 2008). Earthquakes, however, are
not the only source of tsunami waves. Seismically triggered submarine slope failures
are also known for producing large wave heights in the near field (Synolakis et al.
2002). However, tsunami warning is problematic, as landslides may initiate within
minutes or hours of an earthquake (e.g. Fritz et al. 2012), and a seismic signal may
not even be detectable prior to a landslide.

Schwab et al. (2012) identified several MTDs and indicators for potential future
failures at the western edge of Mergui Ridge, which forms a part of the outer
Thai shelf. By minimum volume estimations and submergence depth of identified
deposits, they concluded that only a few slope failures may have been tsunamigenic,
resulting in a low estimate for landslide tsunami hazards. In order to obtain a
more detailed picture of the tsunamigenic potential that may arise from these slope
failures, this study aims to quantitatively understand the landslide tsunami hazards
off western Thailand by numerical modeling.

46.2 Geological Background

Schwab et al. (2012) examined 2D reflection seismic profiles across the Mergui
Ridge-East Andaman Basin transition (Fig. 46.1a), and high resolution bathymetric
data from the top of Mergui Ridge. They identified several stacked MTDs west
of Mergui Ridge (Figs. 46.1b and 46.2a) indicating recurrent slope failures. Based
on the thickness of undisturbed sediment packages between individual MTDs,
long time intervals (hundreds of kyrs) were estimated between succeeding events.
Possible causes for slope failures include ongoing tectonic activity, occurrence
of potentially unstable drift deposits and the presence of fluids and resulting
overpressure. Additionally, indicators for potential future failures were identified
(Fig. 46.2b) at the faulted western edge of Mergui Ridge (Schwab et al. 2012).

46.3 Modeling and Dataset

Based on geometrical parameters derived from seismic and bathymetric dataset
(Figs. 46.1b and 46.2), different hypothetical scenarios of landslide tsunami gen-
eration were modeled. The dimensions of the modeled slides are comparable to
those described by Brune et al. (2010a, b) from neighboring areas. We follow the
modeling approach of these authors, which takes into account that small landslides
do not fulfill the applicability conditions for more realistic source models (see Brune
et al. 2010b for a discussion of the approach). Therefore initial wave heights are
calculated by a set of semi-empirical formulas (Watts et al. 2005; Grilli and Watts
2005). These formulas describe the sea surface response to a simplified coherent
rotational slump failure. Compared to other more realistic landslide formulas
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Fig. 46.1 (a) Bathymetric map of modeling domain and main structural features. G1–G8 indicate
“artificial gauge stations” near the coast (20–50 m water depth) where maximum wave heights
of tsunami are derived from. (b) Source location for chosen scenarios. Green areas indicate the
locations where stacked slides have been identified in the basin on seismic profiles (thin black
lines). Black arrows indicate the uncertainty in slide width

(e.g. Mohammed and Fritz 2012) they do not account for the deformation of the slide
during the failure process. For calculating tsunami propagation, the TUNAMI-N2
numerical code (e.g. Goto et al. 1997) was applied, and an extension of this code
(Brune et al. 2010b) was used to test stability conditions of input parameters and to
calculate initial wave heights as described above. The simulations were performed
for a total time of 25,200 s for all scenarios with a time step of 0.5 s using the
GEBCO bathymetric grid (IOC et al. 2003) resolved to 32 arc sec.

Calculated maximum wave heights are regarded at eight artificial gauge stations
G1–G8 (Fig. 46.1a, Table 46.1) placed offshore at water depths of about 20 m (G1)
and about 50 m (G2–G8). Empirical formulas were applied to obtain a first estimate
of potential run-up heights R1 (Ward and Asphaug 2003) and R2 (Ward and Day
2008) from the maximum offshore wave heights at G1–G8. R1 depends only on
water depth and tsunami wave height at an offshore location, whereas for R2 also
the slope angle between offshore location and shore line is included.
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ab

Fig. 46.2 (a) 2D reflection seismic profiles across the two source areas, “stacked slides location”
and “potentially unstable block”. S1: start point for slides of scenarios A1–A12, S2: start point for
slides of scenarios A13–A24. E1: Endpoint for slides of scenarios A13–A24. (b) Bathymetry of
the “potentially unstable block” (scenarios B1–B9). CMP Common Midpoint (See Fig. 46.1b for
locations)

Table 46.1 Artificial gauge stations

Gauge G1 G2 G3 G4 G5 G6 G7 G8

Lat [ı] 8.6636 8.8639 8.6405 8.2704 8.011 7.8888 7.8404 7.7609
Long [ı] 97.6254 98.2577 98.2286 98.27 98.2853 98.2524 98.284 98.3228
Water depth

[m]
24 49 50 49 51 48 46 48

Coastal
location

Similan
Islands

Bang
Muang

Khue-kakk Khok
Kloe

Chueng
Tao

Patong Karon Rawai

46.3.1 Modeled Scenarios

We chose two source locations based on information derived from seismic and
bathymetric data (Fig. 46.1). Scenarios A1–A24 correspond to a location of
previously-identified, stacked MTDs. Scenarios B1–B9 consider a potentially un-
stable block (Fig. 46.2, Schwab et al. 2012).
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46.3.1.1 Scenarios A1–A24, “Stacked Slides Location”

The “stacked slides location” is situated west of the Mergui Ridge (Fig. 46.1b).
Four parallel seismic reflection profiles show a similar pattern of five stacked MTDs
(Fig. 46.2a). Geometrical properties of the modeled slides were varied according
to the dimensions of identified slides with lengths between 5 and 13.5 km. Widths
of 5, 7 and 30 km were chosen, the latter width value assuming that the two areas
of stacked MTDs are connected, while the smaller values imply separate failure
events. The slide thickness applied for these scenarios was 150 m, which is the
maximum thickness measured for all detected MTDs. We use slope angles of 3ı and
6ı, corresponding to the range of slope angles in the source area. The origin of the
MTDs is unknown, therefore we assume two different locations for slide initiation
at the edge of the ridge in about 880 m water depth (run-out distance 15.5 km) and
at the upper boundary of the basin in about 1,270 m water depth (run-out distance
7.5 km, Fig. 46.2a).

46.3.1.2 Scenarios B1–B9: “Potentially Unstable Block”

In scenarios B1–B9, we model the failure of a potentially unstable sedimentary
block located at the edge of Mergui Ridge in about 1,100 m water depth (Fig. 46.2a)
(Schwab et al. 2012). Its dimensions (Table 46.3) are derived from bathymetric data
(Fig. 46.2b). Different run-out distances (1.5, 5 and 10 km) and slope angles (3ı, 6ı
and 14.5) were used (Table 46.3).

46.4 Results

Initial positive wave heights (˜plus) for scenarios A1–A24 range between 1.5 and
118.1 m (Table 46.2). ˜plus values larger than 40 m are reached for scenarios with
long run-out distances and short slide lengths of 5 km (A13, A15, A17, A19, A21,
A23). Arrival times of the first tsunami waves at the coast (32–37 min) are similar
for all scenarios. A20max, the maximum offshore wave height at G1, ranges between
1.3 and 22.8 m for the A-scenarios. Run-up estimations from A20max range between
2.3 and 23.1 m (R1) and 8.0 and 25.8 m (R2), respectively.

For scenarios B1–B9, ˜plus ranges between 1.7 and 28.2 m (Table 46.3). Arrival
times are in the same range as for the A-scenarios (37–40 min). Compared
to A1–A24, the A20max values of B1–B9 are smaller (0.01–0.24 m). Run-up
estimations are in the range of 0.04–0.61 m (R1) and 1.0–4.0 m (R1) respectively.

The maximum wave height distributions strongly depend on slide input parame-
ters (Tables 46.2 and 46.3, Figs. 46.3 and 46.4). Despite its larger length, scenario
A2 produces smaller wave heights compared to scenario A1 (Fig. 46.3a, b). Scenario
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Fig. 46.3 Examples for wave height distributions from hypothetical failures at the “stacked slides
location”, as well as maximum wave heights (blue bars) and R1 run-up estimations (red bars) for
artificial gauge stations G1–G8. Note the different scales for the wave height/run-up charts

A3 has a larger width compared to A1 and produces larger wave heights. Scenario
A19 has the same slide dimensions as A1 but a larger run-out distance and larger
slope angle (Fig. 46.3d, Table 46.2). This scenario also results in larger wave heights
compared to A1.

Generally, largest maximum wave heights arise near the source area and in a
triangular zone towards the coast. Regarding maximum wave heights at individual
gauge locations, G1 records the largest run-up estimations (Fig. 46.3).

Figure 46.4 demonstrates the difference in wave heights for different run-out
distances and slope angles of the B-scenarios (Table 46.3). Compared to the A-
scenarios, the tsunami wave heights are smaller and not focused towards the coast,
indicating reduced tsunami potential of the B-scenarios.
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Fig. 46.4 Examples for wave height distributions from hypothetical failures at “potentially
unstable block” location, as well as maximum wave heights (blue bars) and R1 run-up estimations
(red bars) for artificial gauge stations G1–G8. Note the different scales for the wave height/run-up
charts

46.5 Discussion and Conclusions

Our results give first insights into the tsunamigenic potential of slope failures off
western Thailand. These results are only a preliminary assessment of landslide
tsunami potential due to the limitations of the chosen approach:

1. The failure process that produced the MTDs in the working area is unknown.
Therefore initial wave heights were calculated from failures, modeled as sim-
plified coherent rotational slumps. More realistic failure scenarios such as
translational and/or disintegrating slides or in the form of multiple events would
produce smaller wave heights (Masson et al. 2006), but were not modeled in
our preliminarily approach. Hence our modeled initial wave height is most likely
overestimated.

2. In our numerical simulations, wave evolution beyond water depth of 20 m is
prohibited, therefore run-up values were estimated by empirical equations using
offshore wave heights at only a few isolated points (G1–G8), and inundation
modeling was not performed at all. Empirical equations have limitations, the
results vary for different equations (Tables 46.2 and 46.3), and near-shore wave
phenomena reducing run-ups such as wave breaking are not considered by these
empirical formulas.

3. Tsunami propagation was calculated from a coarse bathymetric grid and by
shallow-water equations, which do not take into account effects such as disper-
sion. This may lead to inaccuracy of wave calculations.
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4. The dimensions of the landslides in the A-scenarios are inferred from MTDs, as
the pre-failure dimensions of the slides are not known. Thereby a thickness of
150 m was chosen for all scenarios, as thickness is the least determined value
based on our seismic field data. This means that, as thickness is an important
factor for wave generation, the calculation of initial wave height may contain
inaccuracies.

5. The seismic images of the MTDs show clear signs of disintegration. This means
that deformation occurred during the failure. According to Mohammed and Fritz
(2012) deformation during the failure process leads to energy conversion and
hence wave reduction. This again suggests that wave heights calculated in this
study may be overestimated.

Landslide tsunamis are often described as a local phenomenon with large run-up
heights limited to the near-field (Synolakis et al. 2002). Our results for the A-
scenarios show such patterns (Fig. 46.3d), with a triangular zone of large maximum
wave heights, presumably indicating a delimited area where tsunami hazard may
occur at the coast. Some of the scenarios studied here show potential tsunami
hazards comparable to the Papua New Guinea landslide tsunami of July 1998, where
large run-up heights of more than 10 m were observed on a very limited coastline
of about 20 km (Synolakis et al. 2002). A location especially exposed to a tsunami
would then be around the gauge station G1, where the largest run-up heights were
estimated.

Contrasting to the modeling results of A1–A24, the B-scenarios produce lower
run-up height estimations, which are reasonable due to their smaller landslide
volume and more realistic slide dimensions, and which are comparable to values
described by Jintasaeranee et al. (2012).

Our results suggest that a landslide tsunami hazard for the coastal areas may
exist, and wave heights and run-up estimations may increase with slope angle, run-
out distance and slide volume. The width/length ratio of the slides is also affecting
our preliminary results, as in most cases an increase in length leads to unexpected
decrease in wave heights. This finding has to be examined in greater detail in the
future.

Unlike tectonic tsunamis, landslide tsunami sources cannot not be located based
on global networks and they may be located close to the shoreline (e.g. Fritz
et al. 2012). Therefore landslide tsunamis are almost unpredictable making tsunami
warning impossible. Short arrival times of around 30 min or less are typical for near-
field tsunamis. The calculated arrival times of our model scenarios are close to this
range, indicating that warning time for coastal areas would be short, adding to the
unpredictability of landslide tsunamis.

Because of the previously mentioned limitations of our model approach, our re-
sults only represent worst case scenarios. This is especially true for the A-scenarios
with largest volumes. Furthermore, recurrence rates for major tsunamigenic earth-
quakes in the area are estimated by 400 years (Monecke et al. 2008), whereas
landslide recurrence is estimated to be in the range of 100 kyrs (Schwab et al. 2012).
Hence, landslide tsunamis do not represent a major additional risk for the Thai coast.
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However, they cannot be neglected and we recommend further geological surveys
in the region to better locate sizes and distribution of submarine landslides, and
sophisticated numerical modeling in order to reliably assess their hazard potential.
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