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Summary

Summary

This PhD thesis presents a geological and geophysical study that characterizes the Quaternary
stratigraphy, geomorphology, recent tectonics, and discusses their implications to understand the
geodynamic evolution of North Tunisia, including the emerged land and continental margin. The
study area spans much of the region containing the boundary between the African and Eurasian
tectonic plates in this sector. The onshore main structural pattern strikes in a NE-SW trend that
extends offshore, into the North Tunisian continental margin plateau that is part of the same recent
deformation system. I have carried out specific analyses of these two onshore and offshore regions
where present-day tectonics has been previously poorly studied. Although some limited active-
tectonic studies had been carried out onshore, the offshore area was scarcely studied to date, and
never explored in the detail presented in this work, let alone studied in an onshore-offshore
integrative study. To carry out the joint study of the two regions we have had to take different

methodological approaches.

Onshore Northern Tunisia we applied a morphometric relief analysis of digital elevation
models based in drainage network metrics to characterize active tectonics and its influence into the
drainage evolution of the area. This analysis was ground-truthed with a field campaign in March
2015 to examine the several morphometric anomalies obtained with the relief analysis carried out
before. Our analysis indicates that recent river captures have been the main factor driving the fluvial
network reorganization in Northern Tunisia. Morphometric indices evidence fluvial network
reorganization that indicates that the catchment area of the Medjerda River has increased through
time by capturing adjacent axial valleys to the east of its previous drainage divide. These captures
are probably driven by the gradual uplift of adjacent axial valleys by reverse/oblique slip faults like
El Alia-Teboursouk and Dkhila faults or associated folding. Our fieldwork discovered that these
faults cut Pleistocene sediments and possible associated coseismic structures were identified,
further supporting recent fault activity with estimated maximum magnitudes (My) of 6.7 and 6.5

respectively for each fault.

To study the offshore North Tunisian continental margin we have integrated a comprehensive
dataset of about 12,000 km of 2D parametric echosounder profiles (acquired with the Innomar SES-
2000 Compact and the TOPAS PS 18 sub-bottom profilers) and about 15,600 km? of high-resolution
bathymetry and back-scatter mosaics (acquired using the ELAC Seabeam 1050D and the
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Kongsberg EM710 multibeam echosounders) on cruises with RV “Garcia del Cid” and RV
“Angeles Alvarifio” respectively. This dataset has been acquired in two cruises of our group during
2013 (Geomargen-2 and Geomargen-2AA) within the frame of the Geomargen-2 project funded by
REPSOL. Additionally to the geophysical dataset, we integrated available age data from a giant
piston core collected by the R/V Marion Dufresne in 1995 during the MAST II PALAEOFLUX
Program (Dinarés-Turell et al., 2002), which provides the calibration of horizons mapped with
TOPAS profiles. This large dataset acquired in offshore Northern Tunisia permitted a detailed

analysis of the offshore Tunisian plateau for the first time.

The geomorphologic and morpho-structural study of the offshore North Tunisian margin has
revealed a complex seafloor topography. The coexistence of a wide range of geomorphic features,
such as contourites, moats, Cold-Water Coral Mounds (CWCMs), fold ridges, fault scarps,
pockmarks and collapse pockmarks, basement highs, slide scars and mass transport deposits
(MTD), the Bizerte Canyon and a rough shelf coupled with active gas release represent a complex
scenario, where sedimentary, erosive and tectonic processes interplay to shape the seafloor and
shallow strata structure. This first high-resolution study of the offshore area has been key to
understand the complex shallow structure of the area and subsequently identify and characterize

active faulting and related structures.

The seismo-stratigraphic analysis of deposits supports that individual Quaternary basins
develop syn-tectonic to faulting, i.e. active tectonics clearly influence recent sedimentation patterns.
This analysis found a change in Sediment Accumulation Rates (SAR) coeval to a change in the
strata geometry of the units next to faults at 402 + 5 ky (mid Middle Pleistocene) supporting a
change in active faulting intensity caused by enhanced contractional tectonics. This change may
relate to the NW-SE convergence between Nubia and Eurasia, and probably marks the end of the
Tyrrhenian back-arc extension and of subduction trench migration in the Ionian Sea. Such a
geodynamic change also supports a change in driving mechanism, so that kinematics are possibly
driven by lithospheric collision between Nubia and Eurasia, as the main force governing tectonics

in the central Mediterranean.

The structural analysis of the offshore North Tunisian continental margin has revealed a series
of active faults mapped for the first time in the region with a general transpressional to
compressional regime. Most active faults occur within the north-eastern sector of the mapped area
and possibly represent the current reactivation of previous structures with different kinematics and

inverted in compression by the present-day NW-SE trending convergence between the Nubia and
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Eurasian plates. Most of them are possibly pre-existing faults formed during the opening of the
Tyrrhenian Sea that started at ~10-8 Ma. Some fewer faults possibly related to the fold-and-thrust
belt system associated to the opening of the Algero-Balearic basin (formed at around 17-14 Ma
(Late Burdigalian — Langhian)) have also been identified, and some are reactivated displaying
different fault components. These results support that part of the current NW-SE convergence is
being accommodated by shortening in our study region. Here, the newly identified Hayat fault is a
major structure possibly accommodating a significant component of the convergence. In the

offshore study area, estimated maximum earthquake magnitudes range from My, 6.25 to 7.54.

In summary, active faults with a main transpressive to compressive component have been
identified and mapped in the whole area onshore-offshore. Active faults re-activate two groups of
faults originally created during the early-middle Miocene opening of the Algero-balearic basin that
formed the North African fold-and-thrust belt, and the opening during end Tortonian to Messinian
age of the Tyrrhenian basin, that tectonically extended the northern sector of the offshore study
area. The distribution of active faults corresponds to a sparse seismicity band that expands further
south than in neighbouring regions. The broad area of deformation is probably related to the
geometry and dynamics of the slab underlying Tunisia, and to the collision of the North African
lithosphere with relatively thick continental lithosphere of the Sardinia-Corsica. Regions of
continental lithosphere in collision with young thinner oceanic lithosphere, as the nearby oceanic
plates north of Algeria and north of Sicily, display narrower deformation zones. The results of this
thesis show that the sparse and diffuse seismicity of Northern Tunisia is associated to tectonics in
both onshore and offshore regions that differ in kinematics and distribution from the neighbouring
regions and provide information to improve the regional seismic hazard assessment model for

Northern Tunisia and nearby regions.
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Chapter 1: Objectives and scientific approach

Objectives and scientific approach

In this first chapter we present the motivation of this work, the main goal of this thesis together
with other specific objectives, and a general scientific approach to the basic concepts involved in

this work.

1.1. Motivation

The main motivation of this study is to advance our understanding of active tectonics in
Northern Tunisia and to integrate it in the current geodynamic context of this sector, particularly
complex and currently poorly defined due to the scarcity of studies of the plate boundary between

the Nubia and Eurasian plates in the region.

The North Tunisian geological structure including areas onshore and offshore, was formed
during a yet not fully understood geodynamic evolution. Since the Palaeogene, the evolution of the
North Tunisian margin is associated to the northward subduction of the Nubian plate under the
Eurasian plate, accommodating an imprecise amount of shortening between the plates (Wortel and
Spakman, 2000; Faccenna et al., 2005; Booth-Rea et al., 2007; van Hinsbergen et al., 2014). The
geodynamic evolution of North Tunisia shares common geological features with the mountain belts
that surround other western Mediterranean Basins (Rosenbaum et al., 2002; Gelabert et al., 2002;
Platt et al., 2003; Facenna et al., 2004; Spakman and Wortel, 2004). Moreover, mantle tomography
of teleseismic earthquakes shows that the subducted Tethyan mantle lithosphere is distributed in
different slabs lying under the Betics and Rif, and Calabria (Wortel and Spakmann, 2000) and
possibly Algerian Tell and Tunisia (Fichtner and Villasefior, 2015). These recent findings suggested
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a complex and segmented geodynamic evolution along the plate boundary, with specific and unique

tectonic characteristics for each mountain belt.

This area is characterized by a wide, but poorly defined, deformation zone accommodating a
slow NW-SE trending convergence rate of ~5 mm/yr (e.g. DeMets et al., 1994; Sella et al., 2002;
Calais et al., 2003; McClusky et al., 2003; D’agostino and Selvaggi, 2004; Serpelloni et al, 2007;
Noquet, 2012). In addition to its complex evolution, the present-day north Tunisian Margin is also
characterized by a sparse and scarce instrumental seismicity in contrast to neighbouring areas along
the margin of north Morocco, north Algeria and north Sicily. While these other areas display a
comparatively narrower and denser seismicity (e.g. Serpelloni et al., 2007; Beghoul et al., 2009;
Meghraoui and Pondrelli, 2012; Nocquet, 2012), the North Tunisian margin is characterized by a
diffuse distribution pattern with low to moderate magnitude seismic events (Gueddiche et al., 1998;
Bahrouni et al., 2014; Ksentini and Romhdane, 2014). However, historical records that describe the
destruction of Roman and Arabic settlements in Tunisia support that large magnitude seismic events
have occurred during the past millennia (e.g. Ambraseys, 1962; Bahrouni et al., 2014; Ksentini and
Romhdane, 2014). While magnitudes of instrumental earthquakes range from My, 2 to My 5.5 (e.g.
Ksentini and Romhdane, 2014), previous historical major events have epicentral intensities of VIII
to X on the MSK scale (Ksentini and Romhdane, 2011; 2014) demonstrating that this area has a
moderate to high seismic hazard. Regarding the recurrence interval (R.1.) of past earthquakes, the
slow plate convergence and R.I. values of other areas along the plate boundary suggests an average
value of <1000 years for the North Tunisian region (Gracia et al., 2010; Serpelloni et al., 2007;
Babonneau et al., 2017). Thus, active tectonic processes are occurring in this region, despite recent
deformation are poorly constrained, so that further study is key to understand its current geodynamic

setting and the potential seismic hazard.

The link between the onshore and offshore structures in Northern Tunisia has been long
suggested, as the onshore structural pattern (e.g. Castany, 1954; Rouvier, 1977; El Euchi et al.,
2004; Melki et al., 2012) follows a NE-SW trend that continues into the offshore North Tunisian
plateau. This is the reason why to investigate active tectonic structures of the Nubia-Eurasia
boundary in Northern Tunisia we use multi-disciplinary approaches and multi-scale datasets from
a large region that includes onshore Northern Tunisia and the offshore Tunisian plateau comprised
between Sicily and Sardinia. Onshore, we carried out a field campaign in March 2015, with the
main goal of ground-truthing the results obtained from a previous quantitative morphometric relief

analysis. This analysis is based on the application of different geomorphic indexes to characterize
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recent/ongoing tectonic activity and its influence into the drainage evolution of the onshore

Northern Tunisia.

Offshore, two marine surveys were carried out during year 2013. The first survey referred to
as Geomargen-2, took place between April and May 2013. The main goal of this survey was to map
the seafloor morphology of the Tunisian margin offshore and to explore the shallow subsurface
geological structures within the first 50-80 meters below the seafloor. To accomplish this goal, an
extensive high-resolution bathymetric dataset was acquired together with high-resolution
parametric echosounder profiles and backscatter data. The second marine survey, Geomargen-2AA,
took place from November to December 2013. Additional high-resolution bathymetric data and
TOPAS profiles were acquired to further characterize the regional tectonic framework and to
enlarge the dataset to the north-east within the Italian EEZ waters. The acoustic dataset together
with the sedimentological data (i.e. our >100 ~4-m-long gravity cores, and a ~25-m-long piston
core from Dinarés-Turell et al., 2002) and seismological data (i.e. earthquake and focal mechanism
solutions from different repositories, such as ISC-GEM, ISC, Global CMT and the European-
Mediterranean RCMT catalogue) were used to characterize the current tectonics of the Nubia-

Eurasia boundary in Northern Tunisia.

The results obtained from the analysis of these extensive datasets provide new information into
the active tectonics and the current geodynamic setting of the Nubia-Eurasia boundary in Northern

Tunisia.

1.2. Objectives

The main goal of this Thesis is to characterize the current tectonic activity in northern Tunisia
(onshore and offshore) and to integrate the results obtained within the Nubia-Eurasia plate boundary
context. With this aim, we performed a multiscale and multidisciplinary approach with geological,
geomorphological and geophysical observations on both offshore and onshore areas. This approach
was designed to better analyse the active tectonic processes occurring in the region, and to
characterize the current geodynamic setting underwent in this sector of the boundary between Nubia

and Eurasia plates.

In order to achieve the main joint objective, onshore and offshore studies were carried out in

parallel. Specific onshore objectives consist in:
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1) To determine the active tectonic structures on land that form the Nubia-Eurasia
boundary in this complex region, where present-day tectonic researches have been

scarcely carried out.
Specific offshore objectives consist in:

1) To characterize the seafloor morphology and morphostructure of the explored area
focusing on the influence of sedimentary, erosive and tectonic processes occurring on
the seafloor.

i) To define the Quaternary seismic stratigraphy in order to characterize the recent tectono-
sedimentary evolution of the explored area.

iil) To identify and characterize the main and secondary active tectonic structures of the

North Tunisian continental margin.

The final objective of this work is to integrate onshore and offshore results to provide active
tectonic data across both areas. This integration will provide the first comprehensive “big picture”
of the present-day tectonic activity within this sector of the Nubia-Eurasia plate boundary in

Northern Tunisia.

1.3. Basic concepts

In this section we introduce a few basic concepts essential to understand the geological setting
of this work. We mainly focus on general concepts regarding plate tectonics, subduction zones,

active tectonics, seismicity, seismic hazard and marine geomorphology.

1.3.1. Fundamentals of plate tectonics

Plate tectonics describes the large-scale motion of seven large plates and the movements of a
larger number of smaller plates of the Earth's lithosphere. The model builds on the concept of
continental drift, an idea developed during the first decades of the 20th century (Wegener, 1915).
The geoscientific community accepted plate-tectonic theory after seafloor spreading was validated
in the late 1950s and early 1960 (e.g. Hess, 1962; Vine and Matthews, 1963; Morgan, 1968; Le
Pichon, 1968) and subduction was introduced (Isacks et al., 1968). Plate tectonics explains that the
lithosphere, the outermost rigid layer of the Earth composed by the crust and the uppermost solid
mantle (Figure 1.1), is divided into small number of nearly rigid plates that move relative to one

another over the asthenosphere, the weaker, viscous, hotter and deeper part of the upper mantle
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(Figure 1.1) due to the large-scale convection of the mantle including ridges and subduction zones
(e.g. Cox and Hart, 1986; Hamblin, 1992). Furthermore, affirms that most of the deformation that
results from the motion of tectonic plates is accommodated along the edges of the plates or plate
boundaries. In fact, global seismicity distribution depicts these plate boundaries with most of the

earthquakes and volcanism occurring along them (Fowler, 1990) (Figure 1.2).

Figure 1.1. Cutaway views of the internal structure of the Earth showing its three main layers
(crust, mantle and core). Extracted from USGS, 2018a.
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Figure 1.2. Worldwide seismicity map from years 1900 to 2013. Modified from USGS, 2018b.
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There are three types of plate boundaries (e.g. Hamblin, 1992; Kearey et al., 2009) (Figure 1.3):

1) Transform or conservative: Where lithospheric plates move laterally relative to each
other with the resulting generation of strike-slip motion fault systems. In this case, the
lithosphere is neither created nor destroyed.

i1) Divergent or constructive: Where plates move away from each other with the resulting
thinning of the lithosphere and the generation of new oceanic lithosphere. The
boundaries are represented by mid-ocean ridges and continental rifts.

i) Convergent or destructive: Where plates approach to each other. When two plates
have different density, the convergence results in the plunging of the denser plate
(typically oceanic) beneath the other, deepening into the mantle. On the other hand,

when plates have the same density, the collision results in the formation of a mountain

range.
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Figure 1.3. Worldwide map showing the major tectonic plates and the different types of plate
boundaries. Extracted from Fowler, 1990.
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1.3.2. Basic concepts of subduction zones

Subduction processes in convergent boundaries occur when two colliding plates have different
densities and the denser moves under the other one, sinking into the mantle (Figure 1.4). The denser
plate is usually an oceanic plate (i.e. oceanic lithosphere formed at mid-ocean ridges) that cools,
thickens and becomes denser as it moves away from the spreading ridge. This denser oceanic
lithosphere becomes gravitationally unstable with respect to the hotter asthenospheric mantle rocks
below and bends downward sinking into the mantle when both plates collide (known as slab; Figure
1.4). The less dense plate remains at the surface and could become a continental plate or a young

less dense oceanic plate (e.g. Fowler, 1990; Turcotte and Schubert, 2002; Kearey et al., 2009).

The downgoing lithosphere becomes negatively buoyant due to its greater density respect to
the asthenospheric mantle. This negative buoyancy exerts a downward body force that is transferred
to the surface section of the lithosphere since the lithosphere has an elastic nature. This force, known
as slab pull, is considered to be the major driving force of plate tectonics. At depths of about 500
to 600 km, the increased viscosity and density of the mantle hinders the penetration of all slabs
deeper in the mantle (e.g. Fowler, 1990; Turcotte and Schubert, 2002; Kearey et al., 2009).
However, some slabs penetrate the 660 km discontinuity and dive to reach the core-mantle boundary

(Fukao et al., 2001; Fukao and Obayashi, 2013).

Volcanic arc

Continental
lithosphere

Lithospheric mantle

Oceanic
lithosphere
——

Asthenosphere

Figure 1.4. Schematic cross-section of a subduction zone. Modified from USGS, 2018c.

As explained in Section 1.3.1, plate boundaries hold most of the seismicity and volcanism
around the globe. In particular, most great earthquakes (Mw > 8.0) tend to occur on or near
subduction plate boundaries (Figure 1.5) and the greatest occur in these type of convergent
boundaries (Lay, 2016). The five greatest earthquakes ever recorded are: the 1960 Chile earthquake
(Mw ~ 9.5), the great Alaska earthquake in 1964 (Mw ~ 9.2), the 2004 Sumatra earthquake (Mw ~
9.2), the recent 2011 Tohoku earthquake in Japan (Mw ~ 9.0) and the 1952 Kamchatka earthquake
in Russia (Mw ~ 9.0) (Lay, 2016) (Figure 1.5).
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Most great subduction earthquakes are shallow thrust-fault earthquakes (also referred as
mega-thrust earthquakes) caused by the interaction between the downgoing and overriding plates.
These shallow thrust-faulting earthquakes can only rupture within the brittle deformation zone, thus
from the surface down to the onset of ductile deformation, which is referred as the seismogenic
zone (e.g. Sibson, 1984; Scholz, 1988, 2002). The maximum seismogenic depth on most of
subduction zones ranges between 40-60 km depth. Although most of the great earthquakes are
classified as shallow (0-70 km deep), subduction zones are characterized by seismicity from the
surface to almost 700 km depth. This intermediate and deep seismicity is intra-slab, i.e. does not
occur at the contact between plates but inside the sinking plate. The intra-slab seismicity is caused
by different mechanisms and define the Wadati-Benioff zone that marks the location and geometry

of the descending slab (Roberts and Bally, 2012).
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Figure 1.5. Global distribution of 96 great earthquakes (M > 8.0) occurred from 1900 to 20135.
Green dots indicate shallow seismic events (depths < 70 km),; yellow dots indicate intermediate
depth seismic events (70 to 400 km), red dots indicate deep seismic events (depths > 400 km).
Events are obtained from USGS catalogues. Note that most of the shallow great events are on the
circum-Pacific margins where subduction zones are located, and how intermediate and deep
earthquake events occur within subducted oceanic slabs. Extracted from Lay, 2016.

As a result of the subduction process, hydrated minerals from the subducted lithosphere are
introduced in the mantle. Heating of these minerals induces dehydration of the slab by releasing of
water content that in turn, hydrates the adjacent mantle of the overlaying plate and overriding
asthenosphere (so-called mantle wedge). This mechanism decreases the potential melting
temperature of the adjacent asthenospheric mantle, generating magmatism that rises through the
mantle until forming a volcanic arc or contributes to a back-arc spreading centre (e.g. Turcotte and

Schubert, 2002; Kearey et al., 2009) (Figure 1.4).
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1.3.3. Essential concepts of active tectonics and faults

The term tectonics refers to the processes, structures and landforms associated with the
deformation of the Earth’s lithosphere (i.e. refers to the evolution of these structures and landforms
over time) (Keller and Pinter, 2002). This way, tectonics include from the origin of continents and
ocean basins (at a global scale) to the slip of a single small fault (at a local scale). When the term
active tectonics is used, it refers to those tectonic processes that produce deformation of the Earth’s
crust on a time scale of significance to human society (Wallace, 1986; Keller and Pinter, 2002).
Although active tectonics would include slow deformations of the Earth’s crust with weak damages
to human structures, it is also broadly used for processes capable of producing catastrophes. A
catastrophe or natural disaster is defined as any situation in which the damage to people, property,
or society in general is sufficiently severe that recovery, rehabilitation, or both, are a long, involved
process (Keller and Pinter, 2002). In particular, an earthquake is an active tectonic process likely to

produce a catastrophe or a seismic disaster.

A fault is defined as a fracture or fracture system along which rocks have been displaced and

are classified in three major types (Yeats et al., 1997):

1) Normal faults: The hanging wall moves down with respect to the footwall. The

maximum principal compressive stress (o1) is vertical.

i) Reverse faults: The hanging wall moves up with respect to the footwall. The minimum

principal compressive stress (o03) is vertical.

1ii) Strike-slip faults: The relative displacement between blocks is horizontal, in the

direction of the strike. The intermediate principal compressive stress (62) is vertical.

However, if none of the principal stresses is vertical, faults move by oblique slips. Moreover,
it is noteworthy that faults almost never occur as a single trace but they form fault zones (groups
of related faults that are subparallel in map view and often overlap in en-echelon or braided
patterns). Also, large faults are segmented, with each segment displaying individual style and
history. Fault rupture during earthquakes may stop at the segments boundaries, although great

earthquakes can involve several ones (Keller and Pinter, 2002).

The term active fault has different definitions depending on the seismic region where it is
located. Generally, there is an agreement to consider a fault to be active if it has moved during the
Holocene Epoch (past 11.7 ky according to ICS (2018)) (Keller and Pinter, 2002). Nevertheless, in

low to moderate seismic regions, such as the SW Iberian margin, a fault is considered to be active
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if it has moved during the Quaternary epoch. Due to Northern Tunisia is a low to moderate seismic
area, in this thesis we consider a fault as active if it has moved during the Quaternary Period, past

2.58 Ma according to ICS (2018)) (Keller and Pinter, 2002).

1.3.4. General concepts of seismicity

Processes involved in plate tectonics produce stress (force per unit area on a specified plane)
and build up strain (deformation or rupture resulting from stress) in the rocks. When this stress
exceeds the strength of the rocks, a rupture occurs (faulting) with the consequent releasing of energy

in the form of an earthquake in the brittle domain.

An earthquake is a sudden motion or trembling in the Earth caused by the abrupt release of
strain on a fault, with the consequent generation of seismic waves that cause the ground to vibrate
(Yeats et al., 1997; Keller and Pinter, 2002). Although earthquakes are usually resulting from

faulting, they can also be caused by explosions, volcanic activity or landslides.

Earthquakes can range in size from weak (that can not be felt by humans) to extremely violent
(capable of generate large destruction and casualties). The magnitude of an earthquake is the
number that characterizes this size (or strength) of an earthquake and it is determined from
measurements on seismograms (measuring the energy released at the source of the earthquake).
Different magnitude scales are defined and represent different ways of deriving magnitudes from
the different information recorded on seismograms. Some of these scales are the local or Richter
magnitude (ML), surface-wave magnitude (Ms), short and long period body-wave magnitude (mb
and mB respectively) and moment magnitude (Mw). Moment magnitude is the most recent and
commonly used scale and it is based on the earthquake’s seismic moment (My), a measure of how
much work an earthquake does to overcome the friction force (Kanamori, 1977; Hanks and
Kanamori, 1979). The seismic moment measures the size of an earthquake considering the amount
of slip, the fault rupture area and a factor for the strain encountered. Moment magnitude is
commonly used worldwide for moderate to large earthquakes because (i) it can be easily estimated
with modern instrumentation, (ii) it is directly linked to physical parameters, (iii) it can be
independently calculated by geologic, geodetic and seismographic methods, and (iiii) it is the only

magnitude scale that properly estimates the size of very large earthquakes (Yeats et al., 1997).

The seismicity (or seismic activity) of a given geographical location is the type, frequency and

size of earthquakes experienced over a period of time (Keller and Pinter, 2002).
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1.3.5. General concepts of seismic hazard

Faults are considered seismic sources, and the identification of seismic sources is the first step
in evaluating the seismic risk. Seismic risk is the probability of damages and loses of exposed
elements (people, property, or society) due to the occurrence of an earthquake or its effects and can

be summarized with the further equation (Reiter, 1991):
Seismic risk = Seismic hazard * Seismic vulnerability (Figure 1.6).

Seismic hazard is the physical phenomenon itself and refers to the potential of earthquake-
related natural phenomena and its expected periodicity. These phenomena can be the primary effects
of violent ground-shaking motion that can be accompanied by surface rupture and permanent
displacement but also liquefaction, landslading, tsunami generation or even fire (Yeats et al., 1997;

Keller and Pinter, 2002) (Figure 1.6).

Seismic vulnerability has been used in different ways over time but it is a commonplace
meaning: “being prone to or susceptible to damage or injury” (Wisner et al., 2003). Nevertheless,
Wisner et al. (2003) propose a refine meaning in relation to natural hazards: “the characteristics of
a person or group and their situation that influence their capacity to anticipate, cope with, resist and

recover from the impact of a natural hazard” (Figure 1.6).
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Figure 1.6. Diagram representing the risk equation of natural hazards. Extracted from
Wood, 2011.

1.3.6. Geomorphology of continental margins

In this section we describe the general physiography of continental margins and the different
marine geomorphological features that are found in the offshore North Tunisian continental margin.
These include the following elements: Submarine canyons, Contourites and moats, Cold-water coral

mounds, Pockmarks and Collapse pockmarks and Submarine landslides.
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a) General physiography

Continental margins form the transition between oceans and continents and constitute one of
the main domains of the oceanic floors together with deep-ocean basins and mid-ocean ridges. They
cover about 28% of the oceans and can be defined in three different physiographic domains: the
continental shelf, the continental slope and the continental rise which links with the abyssal plain
(Figure 1.7) (e.g. Kennett, 1982). Nevertheless, the explored area of the North Tunisian continental
margin differs from the typical scheme illustrated in Figure 1.7 and shows an extended continental
margin with two main domains: the continental shelf and an extended plateau-slope system covering

most of the whole explored region.

continental margin

- © 2018 Encyclopzedia Britannica, Inc.

Figure 1.7. Physiographic domains of continental margins (modified from Encyclopaedia
Britanica, 2018).

The three different physiographic domains of the continental margins are described below:

1) The continental shelf is the physiographic domain closer to the shoreline characterized
by being submerged under relatively shallow waters typically extending from the coast
to depths of about 100 to 200 m. It is also characterized by being inclined seawards with
gentle gradients on the order of 0.5°. It varies considerably in width from almost being

non-existent to about 1,500 km, corresponding to the Siberian shelf in the Arctic Ocean



Chapter 1: Objectives and scientific approach

(with a world average of about 80 km). Generally, it ends at its seaward border with an
abrupt drop known as the shelf-break or shelf-edge. The present shelf-edges were
formed about 18,000 years ago when sea-level stood at that level coinciding with the
maximum extent of the ice sheets during the last glacial period (Gross and Grant, 1972;
Kennett, 1982; Pinet, 2003).

i1) The continental slope is “the deepening seafloor out from the shelf-edge to the upper
limit of the continental rise, or the point where there is a general decrease in steepness”
(IHO, 2008). It dips into the ocean basins at average slopes of 2-4° although it can reach
much steeper gradients locally. In fact, continental slopes can drop from the shelf-edge
(at around 200 m) to depths typically of around 3000-4000 m over a distance of 100 km
(Kennett, 1982). Another particular feature is that they are commonly indented by
submarine canyons that act as transfer conduits of water and sediments.

i) The continental rise is found between the continental slope and the abyssal plain and
represents the final domain in the boundary between the continent and the deep ocean
basins. It is formed by thick sediment accumulations coming from the continents and
deposited at the base of the continental slope. It is marked by a gentle seaward slope
that gradually decreases to that of the abyssal plain (Kennett, 1982). Continental rises
are most commonly present in passive margins covering more than 27.1 million km? of
them (while less than 2.3 million km? are found adjacent to active margins) (Harris et

al., 2014).

b) Marine geomorphological features

Submarine canyons

Submarine canyons act as major transfer conduits of water and terrigenous sediments from
the continents to the deep ocean basins (Figure 1.7). Most of them commonly commence at the
mouth of large rivers, and branch out towards the shoreline. In other cases, submarine canyons are
strongly controlled by tectonics and can be deflected along structural boundaries, thus adopting
irregular pathways. They are one of the most studied and easily recognisable features of the
continental margins and are characterised by steep walls, V- and/or U-shaped cross sections, straight
to sinuous valleys and considerably irregular floors. Most canyons end to the base of the continental
slope and extend seaward as channels into fan systems (Kennett, 1982). They can vary considerably
in length with an estimated average length of 41.1 km. The largest submarine canyons are located

in polar areas and use to twice the size of those in non-polar regions. The four largest canyons of
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the Earth are located on polar slopes due to the influence of sediments derived from glaciated
catchments during the Quaternary. The largest one is the Bering-Bristol-Pribylov Canyon complex

that has an area of about 33,340 km? (Harris et al., 2014).
Contourites and moats

Contourites are “sediments deposited or substantially reworked by the persistent action of
bottom-currents” (Figure 1.8) (Stow et al., 2002). Their geomorphology is mainly influenced by
three factors: intensity of regional bottom-currents, sediment supply and seafloor topography
(Faugeres et al., 1993). Bottom currents are capable to construct large accumulations of sediments,
known as contourite drifts. These contourite drifts usually develop elongated geometries parallel to
the bottom-current flows and they can reach hundreds of kilometres long, be more than 100 km
wide, up to 2 km thick and acquire reliefs up to 1,500 m above the surrounding seafloor. Lithology
of contourite drifts does not differ much with respect to the pelagic and hemipelagic surrounding
sediments. Regarding to the grain size, it is commonly fine size (silt and sand) but may be also
gravel size. These deposits are also characterised by the occurrence of sedimentary structures related
to bottom-current reworked sediments as traction structures including cross laminae and ripples.
Contourite drifts are usually bounded on one or both sides by moats that are “channels parallel to
the slope and originated by non-deposition and localised erosion beneath the core of the bottom

current, accentuated by the Coriolis force” (Rebesco et al., 2014).
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Figure 1.8. Example of a large contourite drift (seismic profile of the Faro drift in the Gulf of
Cadiz margin). Extracted from Alonso et al. (2016).
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Cold-water coral mounds

Cold-water coral mounds (CWCM) are (bio)morphological features, from few to tens of meters
high and up to few kilometres in length, formed through complex interactions between biological
and geological processes under cyclic suitable hydrodynamic and oceanographic conditions (Figure
1.9). Their main composition typically consists of frameworks of reef forming cold-water corals
(Madrepora oculata and Lophelia pertusa) supported by a matrix of biodetrital carbonate sediments
(Wheeler et al., 2007; Roberts et al. 2009; Brooke et al., 2013; Nauman et al., 2014).
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Figure 1.9. Example of a cold-water coral mound field. A) Multiparametric seismic record of the
West Melilla mounds, B) line drawing interpretation of the profile. Extracted from Lo lacono et
al, (2014).

A CWCM is the geologic result of different periods and generations of reef development,
sedimentation and erosion (e.g. Squires, 1964; Wilson, 1979; Roberts et al., 2009; Douarin et al.,
2009). Mounds typically contain stratified sequences of reef deposits separated by fine to coarse
sediments, which generally correspond to unsuitable environmental condition for coral growth, in
some case corresponding to a contemporary increase of sedimentation rates (Lo lacono et al., 2018).
The cyclicity of reef growth stages operates on tens of thousands years, alternating to longer
geological mound growth phases, operating at scales of few thousands up to hundreds of thousands
(sometimes million) years (Monty et al., 1995 ; Hebbeln and Samankassou, 2015). After an
initiation phase of small scale incipient mounds, there is a following rapid vertical mound growth,

with cyclical reef development, providing the environments and processes to build larger mounds
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(Squires, 1964; Wilson, 1979; Kano et al., 2007; Roberts et al., 2009; Huvenne et al., 2009; Douarin
etal., 2014; Lo lacono et al., 2018). On their tops CWCM may actually support contemporary reefs,

coral graveyards or fine sediments draping and burying old coral frameworks (Guinan et al., 2000).

Pockmarks and Collapse pockmarks

Pockmarks are gas escape-related features corresponding to circular or sub-circular cone-
shaped depressions, typically associated with sub-surface gas in fine-grained substrates along gas
chimneys (Figure 1.10) (King and MacLean, 1970; Hovland and Judd, 1988; Judd and Hovland,
2007). They form when pockets of local over-pressured fluids erupt through the seafloor surface
sediments and can represent relict morphologies related to past gas expulsion processes or can be
active features, maintained by overpressured shallow fluids migration (Cathles et al., 2010; Moss
et al., 2012). Pockmarks display a wide range of dimension, varying from tens of meters to few

kilometers wide (giant pockmarks) and few meters to tens of meters deep. Their dimensions are

generally related to the sediment texture: the finer the sediment the larger the size of the pockmark

(Judd and Hovland, 2007).

Figure 1.10. Sketch showing geometrical characteristics of Pockmarks and Collapse
pockmarks. a) pockmarks describing circular depressions associated to gas chimney; b: collapse
pockmarks describing irregular and distorted depression and associated in this case to the
presence of gas hydrates. Extracted from Riboulot et al. (2016).

The control of tectonic activity on pockmark distribution has been suggested in several studies,
with pockmarks aligned and coalescing along tectonic features representing preferential pathways

for fluid expulsion (Pilcher and Argent., 2007). Linear pockmark trains have been observed in
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correspondence of faults, with small pockmarks joining and coalescing in giant pockmarks (Pilcher
and Argent, 2007), either can be randomly distributed, not showing any specific spatial pattern in
their distribution (Pilcher and Argent, 2007, Ribolout et al., 2013). Nonetheless, pockmarks
occurrence can also be related to different sub-seafloor features, such as buried channels, mud
volcanoes, mud diapirs, glaciogenic deposits and landslides (e.g. Eichhubl et al., 2000; Pilcher and
Argent, 2007; Andresen et al., 2011; Ribolout et al., 2013).

Other circular geological features have been identified in offshore Northern Tunisia and have
been grouped within the term “collapse pockmarks”. These collapse pockmarks are sub-circular
to irregular shape depressions with a flat and/or irregular seafloor morphology and rimmed by an
abrupt edge. Unlike the typical pockmarks, these pockmark-like features have been associated to
several different collapse phenomena, such as the decomposition of gas hydrates of underlying
sedimentary layers (e.g. Sultan et al., 2010; 2014), the dissolution of underlying rocks (e.g. Lofi et
al., 2012; Bertoni et Cartwright, 2005), the evolution of pockmarks to more mature stages (e.g.
Betzler et al., 2011), and the occurrence of pull-apart basins (e.g. Stewart, 1999) among others.
Moreover, a particular feature of these kind of pockmarks is that usually show slid sediments

coming from the rim.

Submarine landslides

Submarine landslides (or simply “submarine slides”) are major methods of sediment transport
down the continental slopes (Kennett, 1982). They deliver massive quantities of sediments to the
continental rises and abyssal plains and constitute important phenomena in the shaping of
continental margins (Bloom, 1978). A submarine landslide (as well as a subaerial landslide) occurs
when the downwards driving stress (mainly gravity) exceeds the shear strength of the slope-forming
material. Landslides have two main features, a failure surface and a displaced mass of sediments or
rocks (Figure 1.11). The upper part of the failure surface is named headwall scarp (or slide scar)
and it is an easily identifiable feature on the seafloor (Figure 1.11). A clear difference between
subaerial and submarine landslides is the enormous size that the lasts can get. In fact, submarine

landslides can have a significant hazard when generate a tsunami (Hampton et al., 1996).

Submarine landslides are triggered by different causes but rapid accumulations of thick
sedimentary deposits, the slope of the seafloor, and high environmental stresses are the most
common ones. These conditions tend to be located in certain environments, and therefore,
submarine slides are common there: fjords, active river deltas, submarine canyon-fan systems, the

open continental slope and volcanic islands and ridges. From all the different causes, earthquakes
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are the main triggering factor of most submarine landslides (Hampton et al., 1996). In fact, in the
Mediterranean Sea has been found that tectonically active margins present numerous but smaller
landslides, while passive margins tend to display larger but fewer slides (Urgeles and Camerlenghi,

2013).
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Figure 1.11. Example of a submarine landslide. a) shaded relief map; b) interpretation
highlighting different morphometric parameters. Modified from Rodriguez et al. (2017).
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Geodynamic and geological setting

The study area of this PhD Thesis corresponds to the region extending across areas of the
onshore and offshore Northern Tunisia including the continental margin (i.e. white polygons in
Figure 2.1). This region extends from 7°30°W to 11°E and from 35°30°N to 38°30’N, and it is located
at the eastern sector of the Western Mediterranean. In the frame of the Mediterranean Sea context,
the study area is located between the Algero-Balearic basin to the west, the Tyrrhenian Sea to the
north, and the Sicily channel to the south-east, which further east connects to the Ionian Basin.
Along the study area and surrounding regions runs the poorly defined boundary between the Nubia
and Eurasian plates. The current plate boundary in Tunisia accommodates the NW-SE convergence
between Nubia and Eurasia (~0.5 cm/yr) with deformation distributed in several tectonic structures
extending across a large zone (e.g. DeMets et al., 1994; Sella et al., 2002; Calais et al., 2003;
McClusky et al., 2003; D’agostino and Selvaggi, 2004; Serpelloni et al., 2007; Noquet, 2012).

2.1. Geodynamic setting

The geodynamic evolution of the North Tunisian Margin is associated to the complex
development of the Western Mediterranean region, which is characterized by the opening of back-
arc basins caused by slab rollback mechanisms with the consequent formation of mountain belts
along subduction fronts (e.g. Rosenbaum et al., 2002; Spakman and Wortel, 2004; Schettino and
Turco, 2011; Faccenna et al., 2014a). The evolution of the Western Mediterranean Sea as well as
the geodynamic evolution and seismicity of Northern Tunisia within the Mediterranean context are

explained below.
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Figure 2.1. Shaded bathymetric and topographic map of the central Mediterranean region. In
white are represented the polygons corresponding to the two study areas of this work, offshore
and onshore. Bathymetric data at 30 m grid-size has been acquired by our group during two
cruises in 2013 and has been complemented by the EMODnet-HRSM compilation(EMODnet,
2018). Topographic data is from SRTM 30m grid-size from the National Aeronautics and Space
Administration (NASA) and the National Geospatial-Intelligence Agency (NGA). Inset: Location
of the two study areas represented by red polygons.

2.1.1. Geodynamic evolution of the Western Mediterranean

The evolution of the Western Mediterranean has been debated since the 1980°s when the first
kinematic reconstructions were proposed (e.g. Rehault et al., 1984; Dewey et al., 1989). The models
proposed were based on land geological field data, magnetic anomaly mapping studies,
palaeomagnetism, volcanic geochemistry, seismic reflection and wide-angle data (Rehault et al.,
1984; Dewey et al., 1989; Lonergan and White, 1997; Gueguen et al., 1998; Gelabert et al., 2002;
Rosenbaum et al., 2002; Frizon de Lamotte et al., 2011; Faccenna et al., 2014a). The generally
accepted evolutionary model to explain the opening of the Western Mediterranean basins since the
Paleogene considers slab rollback as the main driving mechanism (e.g. Rehault et al., 1984;
Schettino and Turco, 2006; Jolivet et al., 2009; Carminati et al., 2012; Faccenna et al., 2014a).
Seismic tomography studies allowed to unveil the mantle structure of the imaged subducted slabs

that have been included into existing geodynamic models (Wortel and Spakman, 2000; Spakman
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and Wortel, 2004; Fichtner and Villasenor, 2015; Mancilla et al., 2015; Villasefor et al., 2015).
These studies introduced fundamental concepts within the Western Mediterranean evolution: (i)
slab detachment and lithosphere tearing, and (ii) fragmented slabs instead of a continuous one as
opposed to early models. Although the models differ in some aspects and timing, the most accepted
reconstruction of the Cenozoic evolution of the Western Mediterranean is summarized below (e.g.

Faccenna et al., 2014a and references therein).

A compressional regime caused by the northward subduction of the Nubian plate under Eurasia
led to the formation of mountain belts such as the Apennines, the Dinarides or the Betic-Rif orogens
(Figure 2.2.a), but during subduction, slab rollback initiated and caused a change in the regional
tectonic regime. This tectonic change occurred around 30-35 Ma (Figures 2.2.b and 2.2.c), and
extension took over after compression in all the back-arc areas. Trenches started to retreat at cm/yr
rates and previously thickened orogenic wedges collapsed . This new extensional regime led to the
exhumation of high-temperature metamorphic rocks in extensional shear zones. In subduction
zones, a high pressure-low temperature regime still prevailed. In the Western Mediterranean, this
first stage of migrating trench zones towards the east caused the rotation of Sardinia, Corsica, the
Balearic Islands and the Kabylies, which consequently opened the Valencia, Liguro-Provencal,
Algerian and Alboran basins. In northern Africa, the opening of these basins was followed by the
emplacement of the Kabylies block and thrust system onto the north African margin (Faccenna et

al., 2014a and references therein).

The subsequent stage occurred after the Miocene (Figures 2.2.d, 2.2.e and 2.2.f), where trench
retreat was associated to a progressive arching and bending of the arcs due to the reduced lateral
dimension of the remaining retreating slabs. Moreover, in regions such as the Tyrrhenian or the
Alboran basins, the lateral tearing of the slab led to the detachment of the subducting lithosphere
from the continental plate, which triggered an acceleration of the trench retreat and rise of
anorogenic volcanism. In the Western Mediterranean, this second stage was fundamental for the
formation of the Alboran and Tyrrhenian basins. The Alboran basin was formed by the westward
rollback of the subducting Alpine-Tethys oceanic lithosphere while the Tyrrhenian Sea opened by
the east-southeastward rollback migration of the Apennines-Calabrian subduction front (Faccenna

et al., 2014a and references therein).
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Figure 2.2. Evolution of the Mediterranean region. Red lines indicate active subduction fronts.
Red and blue triangles indicate calc-alkaline and anorogenic volcanoes, respectively. Pale yellow
areas indicate areas of extension and orange arrows show the stretching directions (Faccenna et

al., 2014a).

2.1.2. The Northern Tunisian margin in the frame of the Western Mediterranean

The tectonic evolution of northern Tunisia shares common features with the mountain belts
surrounding the Western Mediterranean, which since the Paleogene accommodated the shortening
related to the northward subduction of the Nubian plate under the Eurasian plate (Wortel and
Spakman, 2000; Faccenna et al., 2004; Booth-Rea et al., 2007; van Hinsbergen et al., 2014).
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However, mantle tomography shows that the subducted Tethys lithosphere is segmented in the
mantle in different slabs that lie under the Betics and Rif (Alboran slab), the Algerian Tell (west
segment of the African slab), Tunisia (east segment of the African slab), and Calabria (Fichtner and
Villasetior, 2015) (Figure 2.3). Thus, each one of these belts is associated to particular tectonic
features, having undergone an independent tectonic evolution at some stage, mainly caused by the
development of Subduction Transform Edge Propagator faults (STEP faults) (Govers and Wortel,
2005), such as the Nekor and Crevillente faults in the Gibraltar arc (Mancilla et al., 2015) and
structures to the south of the Tyrrehnian sea, such as the Malta escarpment in the Calabrian arc (e.g.

Argnani and Bonazzi, 2005; Soumaya et al., 2015).

Alboran slab African slab
W segment E segment

Alpine
™ <lab Alboran-African slab system

V

Adria-
— Dinaride
slab
Apennine-
[~ Calabria
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-0.32 0.0 0.27

Figure 2.3. Tomographic images of horizontal slices through the absolute variations of isotropic
S velocity from 200 to 300 km depth. Up to three slabs can be identified along the North African
margin, which are marked with dashed lines (Fichtner and Villasernior, 2015).

The tomographic images of the slabs under Algeria and Tunisia (Figure 2.4) indicate that they
are detached from the base of the overlying lithosphere at ~150 km depth (Fichtner and Villasefior,
2015). However, under SE Tunisia the slab may extend to shallower regions and be connected to
the Nubia plate as suggested by the presence of a high-velocity reflector imaged by wide-angle
refraction seismics in the mantle at 87 km depth, located under central Tunisia and slightly north of

the southern Atlas deformation front (Research Group for Lithospheric Structure in Tunisia, 1992).

In Algeria, the slab rupture occurred during the Middle Miocene producing a post-collisional
K-rich calc-alkaline magmatism dated at 17 Ma (Abbassene et al., 2016). Meanwhile, in Tunisia

the rupture of the Calabrian slab, and the possible concomitant delamination of the African
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continental mantle lithosphere (Roure et al., 2012) is constrained by calc-alkaline rhyolites dated
between 14-8 Ma in Nefza and Galite islands and post-orogenic alkali basalts extruded at 8-6 Ma
(Savelli, 2002; Decrée et al., 2014). After slab rupture, shortening continued in the region with the
NW-SE convergence between Nubia and Eurasia, producing a southward propagation of the
Tunisian Atlas belt, with an important component of left-lateral transpression (Melki et al., 2011)
that continues at the present day (Soumaya et al., 2015). Furthermore, this late shortening produced
the tectonic inversion of numerous extensional structures developed by slab rollback or slab rupture
dynamics, including the Algero-balearic and Tyrrhenian basins (e.g. Kherroubi et al., 2009; Billi et
al., 2011; Giaconia et al., 2015).

Av, [km/s]
I
-0.32 0.0 0.27

87 km reflector (EGT'85)

Tunisian slak

Rhine graben Tyrrhenian basin

Figure 2.4. Left: Tomographic model of the Atlantic-Mediterranean region. Right: N-S cross-
section (e-e’) across North Africa, Tunisia and Western Tyrrhenian basin showing the Tunisian
slab and the location of the 87 km depth intra-mantle reflector detected by the EGT’85 seismic
refraction experiment (Fichtner and Villasenior, 2015, Research group for lithospheric structure
in Tunisia, 1992).

2.1.3. Seismicity and kinematics of Northern Tunisia

The distribution of shallow (<30 km deep) tele-seismic seismicity in the western Mediterranean
defines different regions with variable recorded earthquake activity. This seismicity represents
crustal zones that apparently accommodate the Nubia-Eurasia convergence on faults with diverse
amount of deformation (Figure 2.5) (Ambraseys, 1962; Serpelloni et al., 2007; Nocquet, 2012;
Soumaya et al., 2015). In western Mediterranean, such in the Gibraltar Arc, there is a sparse
seismicity following the arc geometry between Africa and Iberia, with earthquakes of low to
moderate magnitude that do not define a clear pattern of lineaments (Figure 2.5). In fact, a diffuse
deformation zone is interpreted across a suite of faults characterized by dominant strike-slip focal

mechanisms.
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To the east, in the Algerian Margin, seismicity is grouped along a narrow belt that spans across
the continental slope within a ~150-km-wide band parallel to the coast (e.g. Serpelloni et al., 2007;
Beghoul et al., 2009; Meghraoui and Pondrelli, 2012; Nocquet, 2012) (Figure 2.5). In this region,
thrust-fault mechanisms prevail with nodal planes roughly parallel to the main topographic reliefs
(Figure 2.6). In northern Algeria, earthquake magnitudes are the highest along the north Africa
mountain belt, reaching > My 7 in the areas between El Asnam and Algiers, with a recent offshore
earthquake of My 6.8 in Boumerdeés in 2003 (Ambraseys, 1981; Ouyed, 1981; Meghraoui et al.,
1996; Bouhadad et al., 2004; Braunmiller and Bernardi, 2005; Dévercheére et al., 2005; Kherroubi
et al., 2009; Yelles-Chaouche et al., 2017). Eastwards, in eastern Algeria, seismicity covers a wider
region although it is mainly grouped along the southern Tunisian Atlas, mostly dominated by strike-

slip focal mechanisms (Figure 2.6).

The transition from north Africa to the north Sicily well-defined band of thrust focal
mechanisms occurs across Tunisia. However, in Tunisia, instrumental seismicity is scarce and with
mainly low-magnitude teleseismic earthquakes, so that few focal mechanisms have been
determined for our study region (Gueddiche et al., 1998; Pondrelli et al., 2006; Bahrouni et al.,
2014; Ksentini and Romhdane, 2014; Ousadou et al., 2014; Soumaya et al., 2015). Offshore, the
northern continental platform extending from Tunisia has little instrumental seismicity recorded,
and only towards eastern Tunisia (in the Gulf of Hammamet) and southern Sicily (in the Pelagian

block) some few focal mechanisms have been computed (with prevailing thrust and strike-slip

mechanisms respectively) (Soumaya et al., 2015) (Figure 2.6).

Figure 2.5. Instrumental seismicity distribution (vellow dots) of the Ibero-Maghrebian region
within the Nubia-Eurasia plate boundary. Magnitudes range from M,, 3 to M,, > 6 obtained from
the NEIC catalogue (The National Earthquake Information Center - USGS). The main faults and

mountain belts are depicted in red. Modified from Kherroubi et al. (2009).
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Figure 2.6. Topographic and bathymetric map of the Western Mediterranean area, at the
boundary between Eurasia and Africa with the focal mechanisms distribution on the Ibero-
Maghrebian region. Moment tensor solutions in red are from the Global CMT (Global CMT,
2015) and in blue are from the RCMT (RCMT, 2015). Modified from Meghraoui and Pondrelli
(2012).

According to different geological and geodetical works, the Nubia-Eurasia convergence has a
main NW-SE orientation with the displacement vectors adopting more E-W trends towards the
Atlantic Ocean (e.g. DeMets et al., 1994; Sella et al., 2002; Calais et al., 2003; McClusky et al.,
2013; D’agostino and Selvaggi, 2004; Serpelloni et al, 2007; Noquet, 2012) (Figure 2.7).
Furthermore, there is little variation in convergence rates along the boundary ranging from 4.7 + 1
mm/yr in the Gibraltar arc to 5.5 = 1 mm/yr in NW Sicily (Serpelloni et al., 2007). The slow NW-
SE convergence rate in Tunisia, of ~0.5 cm/yr, (e.g. Serpelloni et al, 2007) (Figure 2.7), results in
low to moderate magnitude seismicity (Gueddiche et al., 1998). Instrumental seismicity in the
period from 1920 to 2010 recorded magnitudes ranging from My 2 to My 5.5 (Ksentini and
Romhdane, 2014) (Figure 2.5) with mainly strike-slip and thrust moment tensor solutions for the
Northern Tunisian region (Soumaya et al., 2015). However, historical records describing the
destruction of Roman and Arabic settlements support higher magnitude seismic events from which
intensities of VIII to X on the MSK scale have been estimated (e.g. Ambraseys, 1962; Vogt, 1993;
Mejri et al., 2010; Bahrouni et al., 2014; Ksentini and Romhdane, 2014) (Figure 2.8). The most
relevant occurred 1) in Utica in 412 A.D. with coseismic ground fractures and aftershocks that lasted
for one week; ii) in Kairowan (North Tunisia) in 854 A.D. with thirteen villages destroyed; iii) in
Tunis in 856 A.D. with ~45.000 casualties and with an estimated moment magnitude (My) of 6.8;
and iv) in Tunis in 1758 A.D., with numerous houses destroyed and thousands of victims (Ksentini

and Romhdane, 2011; 2014).
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Figure 2.7. Africa-Eurasia kinematic boundary conditions predicted by geological and geodetical
data derived relative to Euler poles, along a simplified plate boundary (dashed line). Arrows and

numbers show the displacement vectors and rates (in mm yr~!) of the African plate with respect to
the Eurasian plate. Inset: Location and error ellipses (at 95% confidence level) of Africa (Nubia)-

Eurasia rotation poles from: (1) Nuvel-14 (DeMets et al. 1994); (2) Calais et al. (2003),
geological model; (3) McClusky et al. (2003), (4) Calais et al. (2003), geodetic model; (5)
D’Agostino and Selvaggi (2004); (6) REVEL (Sella et al. 2002), and (7) Serpelloni et al. (2007).
Modified from Serpelloni et al. (2007).

Figure 2.8. Examples of historical Roman and Arabic ruins deformations and diagram of stress
tensors in Tunisia. Affected Roman constructions (A: Bella Rugia, B: Enfidha, C: Monastir),
Roman—Arab constructions (D1, D2 Cherichira aqueduct). Modified from Bahrouni et al. (2014).
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2.2. Geological setting of Northern Tunisia

Northern Tunisia corresponds to the easternmost part of the Maghrebian chain that in turn
belongs to the southern belt of the Peri-Mediterranean Alpine System, which records a complex
Cenozoic evolution (i.e. the Maghrebides Chain extends from the Strait of Gibraltar to Tunisia).
Offshore, this fold-and-thrust belt extends and links towards the Sicilian-Apenninic chain (Tricart
et al., 1994; Catalano et al., 2000; Sulli, 2000; Euchi et al., 2004; Mauffret, 2007; Belayouni et al.,
2010, 2012; Melki et al., 2012; Roure et al., 2012). Next, the geological setting of both onshore and

offshore Northern Tunisia is described.

2.2.1. Geological setting onshore

Geologically, onshore Northern Tunisia can be broadly divided in two main areas: the Tellian
and the Atlas domains (Figure 2.9). The Tellian domain crops out to the northwest and is
characterized by the Flysch sediments of the Tethyan oceanic crust (the Numidian Flysch nappes)
overthrusting the allochtonous nappes of the north-Mahgrebian Mesozoic to Early Miocene passive
margin (the Tellian external nappes), following a NE-SW trend (Figure 2.9). The underlying Atlas
domain corresponds to the foreland thrust belt, which deforms the sedimentary cover of the north
Maghrebian Triassic to Neogene passive margin (Figure 2.9) (Rouvier, 1977; Khomsi et al., 2009;
Melki et al., 2010; 2011). Aside from these main domains, some authors also define a central
domain characterized by the location of Triassic salt domes (Triassic dome zone; Figure 2.9). This
domain corresponds to the northernmost sector of the Tunisian Atlas foreland following a NE-SW
trend narrow region, which parallels the front of the Tellian external nappes (Piqué et al., 2002;
Khomsi et al., 2009; Belayouni et al., 2012). Furthermore, the Tunisian Atlas domain is also
bounded by the stable Saharan Platform (Saharan Platform zone) to the south that represents the
undeformed African foreland (Bouaziz et al., 2002; Belayouni et al., 2012). The Internal Nappe
(Internal Zone in Figure 2.9.b) is absent in the onshore Northern Tunisia but occurs offshore (see
Section 2.2.2). The tectonostratigraphic units cropping out onshore Northern Tunisia are described

below, from west to east:
1) The Tellian domain: Numidian Flysch Nappes

The Numidian Flysch Nappes occur at the north-westernmost region and are made of eastward-
verging folded and thrusted units composed of Oligocene to Burdigalian rocks. This formation is
characterized by allochthonous siliciclastic turbidite deposits, derived from the Tethyan oceanic

crust, and composed of Numidian sandstones and related clayey successions (as also occurs along
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the Maghrebian Chain) (Belayouni et al., 2012, 2013; Riahi et al., 2015; Booth-Rea et al., 2018)
(Figure 2.9.b).
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Figure 2.9. a) Tectonic pattern of the western Mediterranean showing the main platforms, fold
belts, crystalline massifs, alpine chains, Neogene oceanic and continental crusts, and Cenozoic
volcanism. b) Structural sketch map of onshore and offshore Northern Tunisia and Sardinia areas
(location in Figure in 2.8a). Modified from Bouaziz et al. (2002) and Belayouni et al. (2010).

i) The Tellian domain: Tellian external Nappes

The Tellian external Nappes (para-autochtonous nappes) are tectonically sandwiched between
the allochthonous Numidian Flysch Nappes and the autochtonous Atlas sediments. These units
include a complex sedimentary sequence ranging Triassic to Langhian in age, characterized by
important omissions and variations in lateral thickness. The competent materials within these units
are Eocene and Cretaceous limestones occurring discontinuously and embedded between an
underlying Triassic gypsum-dolostone detachment and overlaid by Palacocene and late Eocene

clays (Belayouni et al., 2012, 2013; Booth-Rea et al., 2018) (Figure 2.9.b).
iii) The Atlas domain

These units correspond to the autochthonous Tunisian paleomargin sediments from the Atlassic
foreland, which spans from Triassic to Langhian ages. At the western sector of this domain,
elongated Triassic outcrops dominate NE-SW gentle folded structures. This western zone is
commonly known as “Triassic dome zone” or “Tunisian trough”, and its southern boundary is
marked by the Teboursouk-Fej el Hadoum alignment (ETF alignment in Figure 2.10). Towards the

east, the Atlas domain is mainly composed by gentle folds and few thrusts with a base often injected
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by Triassic evaporites (i.e. gypsum, slates, carbonates and multicolour sandstones) (Piqué et al.,

2002; Khomsi et al., 2009; Belayouni et al., 2012; Booth-Rea et al., 2018) (Figures 2.9.a and 2.9.b).

a) Stratigraphy

Sediment units spanning from Mesozoic until present occur in northern Tunisia (Figure 2.10)
(Melki et al., 2012). Gypsum, clays, carbonates and multicolor sandy facies with chaotical
structures characterise Triassic units. These units often act as a detachment level of the thrust faults
and present tectonic contacts with other formations in northern Tunisia. Jurassic sedimentary units
are characterized by calcareous facies with some marly intercalations typical of deep-sea
environments. Cretaceous sediments crop out mainly in northern Tunisia and consist of
fossiliferous marls and clays with micritic limestone intercalations and sandy and quartzitic

recurrences. These sediments were deposited in a subsiding marine environment.
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Figure 2.10. Geological map of northern Tunisia, including the allochthonous and autochthonous
formations, the basement and the main fault systems (modified from Melki et al., 2012).

Paleocene-Eocene sediments crop out in northern Tunisia and are represented by a
monotonous brown argillaceous package. These argillaceous deposits present a lithological
succession with marls and limestone intercalations. Eocene sediments are formed by carbonate

series of early Eocene age that produce positive reliefs above other softer units. Oligocene-
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Aquitanian rocks form the north-western succession of the Numidian Flysch. This formation is
characterized by allochthonous turbidites that include clays at the base and sandstones and shales
at the top. The south-eastern basins of northern Tunisia contain sandy, clayey and carbonated facies

indicating a shallow marine to fluvial environment.

During the Miocene, limestone bars were deposited above conglomerate facies in the Gulf of
Tunis, indicating the beginning of a transgression period. Following strata are composed of clays,
silts and occasionally of sandy limestones at the base and marls and salts at the top. Deep-marine
green clays rich in microfauna were deposited in eastern Tunisia during the late Miocene, capped
by regressive continental series at the top. Coastal and offshore areas are represented by thick series
composed of clays, sandstones and lignite alternations characterizing an internal shelf depositional

environment.

During the Pliocene, marine sediments were deposited along the eastern coast of Tunisia with
argillaceous and sandy-fossiliferous series. On the other hand, early Pliocene continental clays and

sandstones occur towards the west. The late Pliocene is essentially represented by sandy series.

Quaternary sediments mostly occur along current valleys of northern Tunisia and are fluvial
terraces, alluvial fans or colluvial covers together with lacustrine sediments in some particular
regions (Figure 2.10). Some of the Plio-Quaternary fluvial terraces are found abandoned and raised
from their original location and usually show rounded pebbles with poor cementation. Bannour and
Bonvallot (1988) proposed that Quaternary diapiric dynamics deformed and raised up some alluvial
terraces of the Medjerda River, nevertheless, the geometry and distribution of folds occurs strongly
controlled by pre-existing structures what suggest that Quaternary contractional deformations does
not promote diapirism (Masrouhi et al., 2014). These Quaternary deposits are represented by
continental facies composed of gravels, clays, sands and silts. Marine and aeolian deposits crop out

also along the northern and north-eastern littoral of Tunisia.

b) Structural setting

The main structures in northern Tunisia are large sinistral to reverse NE-SW faults and their
associated folds (Figure 2.11). These faults use the Triassic evaporites as detachment level and
produce positive reliefs following the general NE-SW regional topographic trend. Deformation in
both the Tellian and Atlas domains shows a transpressive component with the development of large
NE-SW sinistral-reverse strike-slip structures, like the Cap Serrat-Gardimaou, Ras El Korane-

Thibar, El Alia-Teboursouk, Tunis-Ellés and Zaghouan faults (Figure 2.11) (Melki et al., 2012).
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Moreover, there are also conjugate dextral and normal NW-SE to WNW-ESE trending faults
(Zargouni, 1978; Melki et al., 2010; Zouaghi et al., 2011).

The phase of present-day active deformation in northern Tunisia started around the Upper
Pliocene, related to the north-westward motion of Nubia relative to Eurasia. This process caused
the uplift of the Atlas and reactivated pre-existing faults (McClusky et al., 2003; Serpelloni et al.,
2007). WNW-ESE trending faults were reactivated by a reverse dextral motion, while the NE-SW
trending ones were reactivated with pure to oblique reverse motion. This reactivation generated new
folds with NE-SW trending axes (Mejri, 2010; Alyahyaoui and Zouari, 2014). Moreover, the south-
western boundary of the Tunisian Atlas is delineated by large NW-SE trending dextral structures,

like the Gafsa and Tozeur-Negrine faults (Zargouni and Ruhland, 1981; Ben Hassen et al., 2014).

Concerning the large-scale crustal structure of Tunisia, the Moho discontinuity deepens
towards the south, from depths of approximately 21 km near the north coastline to a maximum
depths of 37 km near the southern deformation front. However, in NE-SW direction the Moho

discontinuity depth is uniform (Research Group for Lithospheric Structure in Tunisia; 1992).
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Figure 2.11. Topography of northern Tunisia with the main tectonic structures (i.e. reverse,
normal and strike-slip faults) and the drainage system. The main trunk corresponds to the
Medjerda River. Tectonic structures include data from Melki et al. (2012), Bahrouni et al. (2014)
and Rabaute and Chamot-Rooke (2015) as well as our own data.
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¢) Geomorphological setting

The main geomorphological features of northern Tunisia are NE-SW oriented ranges with their
respective associated valleys (Figure 2.11). In some locations, the drainage network shows
rectangular patterns and river deflections that may reflect major lithological or tectonic boundaries.
The Medjerda River is the largest catchment of Tunisia and drains an area of ~23,340 km?. It runs
as an axial valley 400 km from eastern Algeria to the Gulf of Tunis in a SW-NE direction, parallel
to the main faults and folds of northern Tunisia. The source of the Medjerda River lies in Algeria
at 1300 m in a semi-arid region of the Atlas system (Delile et al., 2015). According to Faust et al.
(2004), the current climate corresponds to the Mediterranean subtropics (with a transition from
Mediterranean semiarid, corresponding to the southern Algerian region, to semihumid conditions,
corresponding to the northern Tunisian region). Furthermore, although morphodynamic changes
through the floodplain sediments of the Medjerda have been described (and have been related to
North Atlantic Bond events), the Quaternary sedimentation of the river seems to have taken place
under rather stable circumstances allowing to develop well-stratified layer sequences (Faust et al.,
2004; Zielhofer and Faust, 2008). The tributaries of the Medjerda River drain areas ranging from
54 to 2,564 km? and running from 8.5 to 163 km long, and show two preferential orthogonal flow
directions, NE-SW and NW-SE. Clearly and entirely transverse catchments to the main geological
grain are short and only developed across the present deformation front, draining to the Gulf of

Hammamet (Figure 2.11).

The topography of Tunisia is relatively smooth with heights below 1,385 m and gentle slopes
of about 6°. The highest elevations in the region occur at the Medjerda headwaters in eastern Algeria
with heights up to 1770 m. The landscapes are mainly fluvial, with rivers with meandering shapes
and locally incised reaches. Large lacustrine zones mostly occur towards the east and an east-west
line at the northern edge of the Saharan platform where the lowest point in Tunisia (-17 m) occurs

coinciding with the salt lake of Shatt al Gharsah.

2.2.2. Geological setting offshore

The explored region in the offshore Northern Tunisian continental margin is part of the north
Africa collisional fold-thrust belt system and represents the offshore link between the Maghrebian
and the Sicilian-Apenninic chains (e.g. Mascle et al. 2001; 2004; Belayouni et al., 2010). It shows
NE-SW trending structures made up of a stack of SE-verging thrust sheets, which are an extension

of the structures observed in onshore northern Algeria and Tunisia (e.g. Catalano et al., 2000; Tricart
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et al., 1994). In fact, the internal nappe derived from the collision between the microplate detached
from Pangea during Late Jurassic to Early Cretaceous (the “Mesomediterranean Microplate™ or
“Alkapeca”, an acronym from the initial letters of Alboran Domain and the main internal massifs
of the Kabylian in Algeria, Peloritain in Sicily and Calabria), and the Meso-Cenozoic north Africa
paleomargin is absent in Northern Tunisia and it is found submerged offshore. La Galite archipelago
(Figure 2.12.c) has been considered to be above crystalline basement belonging to the Alkapeca
internal zone (Tricart et al., 1994; Bouillin et al., 1998). This internal domain laterally crops out in
northern Algeria (Kabylides units) and in the Calabria-Peloritain Arc (Belayouni et al., 2010; 2012;
Decrée et al; 2014).
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Figure 2.12. Geodynamic evolution of the central-western Mediterranean (a and b), present-day
structural map with the location of the offshore study area outlined by a blue polygon (c), and an
interpretative cross section through the Sardinia-Tunisia Channel (d). Location of the cross
section is shown in (c) with a black thin line. Figure modified from Belayouni et al. (2010).

The Kabylian Equivalent Unit in El Euchi et al. (2004) represents the eastern equivalent of the
north Algeria Kabylian crystalline units, and it is composed by Hercynian basement intruded by
late Hercynian granitoids (Tricart et al., 1994). This Kabylian equivalent Unit occurs at the western
and northern sectors of our study zone (Internal zone in Figure 2.12.c and CPK zone (Calabria-

Peloritan-Kabilian zone) in Figure 2.13). In fact, Mascle et al. (2004) ground-truthed Kabylian



Chapter 2: Geodynamic and geological setting

equivalent rocks at the Tunisian slope east of the Bizerte canyon (Figure 2.14). Although there are
no previous works with a detailed geological mapping offshore Northern Tunisia, the link between
the onshore and offshore structures in Northern Tunisia is evident, as the NE-SW onshore structural
pattern continues into the offshore North Tunisian plateau (e.g. Castany, 1954; Rouvier, 1977; El
Euchi et al., 2004; Melki et al., 2012). Therefore, the geological main domains cropping out onshore
Northern Tunisia, and explained above (Section 2.2.1), continue offshore. The domains east of the
Kabylian Equivalent Unit are the allochthonous Tellian domain and the autochthonous Atlas
domain (Figure 2.12.c). In fact, as displayed in the MCS line-drawing profile by Tricart et al. (1994)
(Figure 2.13), the boundary between the Kabylian Equivalent Unit and the Tellian domain is located
somewhere close to Bizerte Canyon (also referred as La Galite Channel in Figures 2.13 and 2.14).
In the same MCS profile it is noted that at the western sector of our study zone the Kabylian
Equivalent Unit is overlain by up to 2 km thick Early Miocene arkose turbidites layer (Tricart et al.,
1994). According to the main NE-SW structural trend of onshore Northern Tunisia, the Tellian
domain would be placed in a central position running parallel to the Kabylian Equivalent Unit from
the SW to the NE of the explored region (Figure 2.12.c). The Triassic dome zone included in the
Atlas domain (Section 2.2.1) would be covering the south-easternmost sector of the explored region
(Figure 2.12.c). The Triassic dome zone is also displayed in the MCS interpreted profile of Tricart
et al. (1994) (Figure 2.13). In the easternmost sector of the profile and coinciding with the Skerki
bank (Figure 2.13), overthrusted units with Triassic evaporite bodies in between occur and

correspond to the Triassic dome zone.

Above these units, a thin Plio-Quaternary sedimentary succession overlay, filling up ancient
depressions and partly covering structural highs (e.g. Auzende et al., 1974; Gennesseaux and
Stanley, 1983; Tricart et al., 1994). Regarding to the crustal structure, Pierce and Barton (1992)
note that the crust beneath the Sardinian and Tunisian coasts is probably continental. However, at
the centre of the Sardinia Channel crustal thickness is neither typically oceanic nor continental,

suggesting a considerably thinned continental crust.
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Figure 2.13. Line-drawing interpretation of a MCS profile running from the southern Sardinian
margin to the Tunisian plateau (modified from Tricart et al. (1994)). DSC: Deep Sardinia
Channel; CPK: Calabro-Peloritani-Kabylian Zone. This profile is located in Figure 2.14 with a
blue dashed line.

a) Structural setting

Offshore North Tunisia shows the same main NE-SW structural trend as occurs in onshore
Tunisia. Several positive relief features occur within the offshore study area, and represent the
surface expression of well-cemented series, particularly sandstones and limestones, forming
anticline south-verging folds of the NE-SW trending fold-and-thrust belt system (Gennesseaux and
Stanley, 1983; Tricart et al., 1994; Belayouni et al., 2010) (Figure 2.12.d). Nevertheless,
Gennesseaux and Stanley (1983) already noted another NNE-SSW trend on the south-eastern
Sardinia margin controlling large structures (as the Carbonara Valley or the Ichnusa seamount;
Figure 2.14), coinciding with the NNE-SSW trend of the Bizerte Canyon in the Tunisian plateau
(Figure 2.14). Because of this similar orientation, Gennesseaux and Stanley, 1983 assume that the
NNE-SSW structures of both the Sardinia margin and the Tunisian plateau had the same extensional
origin related to vertical movements along the Tyrrhenian Sea margin. Moreover, Maldonado and
Stanley (1976) already noted a fault displacement below the Bizerte canyon suggesting a tectonic

origin for this valley.
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Figure 2.14. Simplified bathymetric map of the Tunisia-Sardinia offshore area. Major structural
features are named and drown. Legend: 1) Bathymetric contours, 2) Reverse faults; 3) Low
surface relief features; 4) Effect of extension as recorded by NW-SE grabens near the Strait of
Sicily, by normal faults (oriented NNE-SSW) on the Sardinian margin and forming the Bizerte
canyon (BC) on the Tunisian plateau, by normal faults on the Tunisian and Sardinian slopes and
by the Campidano Graben; 5) Axes of the Teulada and Sardinia Valleys, displaying the main
boundary between the Tunisian and Sardinian margins; 6) Acoustic basement, 7) Pliocene-
Quaternary sedimentary sequences shown as thin (<300 m, in white) and thick (>300 m, dot
pattern) accumulations. Dashed light blue line shows the location of the seismic profile in Figure
2.13. Modified from Gennesseaux and Stanley, 1983.
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CHAPTER 3

Methods and datasets

In this PhD Thesis has been used a multidisciplinary methodological approach that integrates
analyses of new data collected both onshore and offshore. Although our research approach shares
some methods on both domains, i.e. methodology, data type and analysis tools, the onshore and
offshore areas also require some specific methods due to the differences intrinsic to the data sets

available or collected in both areas.

Onshore, we aimed to study active tectonics in Northern Tunisia by applying a morphometric
relief analysis based on the study of digital elevation models widely used in works from other
regions (e.g. Keller and Pinter, 2002; Molin et al., 2004; Pedrera et al., 2009; Pérez-Pena et al.,
2010; Azafion et al., 2012). The results obtained by the morphometric analysis were later ground-
truthed during a field campaign. With this work we identified and mapped active tectonic structures
for the Northern Tunisian region that allowed us to better understand the current tectonics in this

sector in the frame of the Nubia-Eurasia boundary.

Offshore, with the same main research goal, we acquired and analysed high-resolution swath-
bathymetry and backscatter mosaics, and parametric echosounder profiles. These datasets were used
for detailed geomorphological and seismo-stratigraphic analyses to study the current tectonic
activity in the North Tunisian continental margin. In addition to the geophysical dataset, we
integrated age data from a giant piston core collected by the R/V Marion Dufresne in 1995 during
the MAST Il PALAEOFLUX Program (Dinares-Turell et al., 2002), which provided calibration of
horizons mapped with the sub-bottom (i.e. TOPAS) profiles. Similar high-resolution datasets have

been used for exploring active tectonics in submarine areas, such as the southern California margin
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(Marlow et al., 2000), the Marmara Sea (Polonia et al., 2002) or the Alboran Sea (Gracia et al.,
2006; Martinez-Garcia et al., 2011).

Finally, some methods and dataset type have been common for both onshore and offshore areas,
as earthquake magnitude estimation methods and seismicity datasets, among others. Although the
methods used for this thesis are described within this chapter, specific descriptions of some methods

and datasets are included within the results chapters.

3.1. Data Acquisition

3.1.1. Offshore Northern Tunisian Margin

a) Geomargen-2 cruise (RV “Garcia del Cid”)

From April to May 2013 the first high-resolution bathymetric map of the Northern Tunisian
seafloor was acquired during the Geomargen-2 cruise, carried out in the framework of the
Geomargen-2 project funded by Repsol Exploracion S.A. (Succursale en Tunisie S.A.).
Simultaneously to bathymetric data, acoustic backscatter and high-resolution parametric
echosounder profiles were also acquired with the R/V “Garcia del Cid” from the “Consejo Superior
de Investigaciones Cientificas” (CSIC). The area mapped represents about 13,000 km? and the

parametric echosounder profiles sums a total length of 8,445 km (Figure 3.1).
The main goals of the survey were:

1) To characterize the morphology of the offshore North Tunisian margin (i.e. the outer
shelf, plateau and slope system) to analyse geomorphic features and discover those
potentially related to active fluid escape processes.

i) To explore the subsurface within the shallowest tens of meters of the sub-seafloor

geological features, and relate them to corresponding seafloor relief.
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Figure 3.1. New high-resolution bathymetric map obtained during the Geomargen-2 cruise. Black
lines correspond to the location of the parametric echosounder profiles acquired and used in this
work.

b) Geomargen-2AA cruise (RV “Angeles Alvarifio”)

From November to December 2013 an extensive campaign of sediment core sampling was
carried out in the offshore Northern Tunisian margin during the Geomargen-2AA cruise in the frame
of the Geomargen-2 project. During the Geomargen-2AA survey, complementary data were also
acquired and used for this thesis, such as a high-resolution bathymetric mosaic and high-resolution
TOPAS profiles. This survey was carried out onboard the Spanish R/V “Angeles Alvarifio”
belonging to the “Instituto Espafiol de Oceanografia” (IEO).

The sediment core program was designed to evaluate recent/ongoing fluid-flow sites in the
North Tunisian continental margin. A total of 135 gravity cores were recovered, as well as several
dredges and seafloor camera observations, although this is not included in detail as part of this work.
Aside from the coring program, the marine geophysical data acquisition plan was divided into two

areas with different goals:
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1) An area matching with the Geomargen-2 surveyed map (i.e. within the Tunisian
territorial waters), where the data was acquired perpendicular to the main tectonic
structures in order to better study the regional tectonic framework.

i1) An area located north-east of the Geomargen-2 surveyed map (i.e. within the Italian
territorial waters), in order to connect the bathymetric dataset available for the
Tyrrhenian Sea (EMODnet mosaic) with our high-resolution bathymetric map obtained

during the Geomargen-2 cruise.

In Figure 3.2 are displayed the data acquired during the Geomargen-2AA cruise that is used in
this work. In particular, the dataset analyzed in this PhD Thesis work consists of a bathymetric map
covering an area of about 6,434 km? and 3,500 km of TOPAS profiles covering an extensive region

of the North Tunisian continental margin (Figure 3.2).

9°E 10°E 11°E

9°E 10°E 11°E

Figure 3.2. New bathymetric map acquired during the Geomargen 2-AA cruise. Black lines show
the location of the TOPAS profiles acquired and used in this work. The boundary between
Tunisian and Italian waters are depicted by a dashed red line. Color palette of this figure differs
from previous Figure 3.1.
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3.1.2. Onshore Northern Tunisian Margin

During March 2015 a field campaign was planned onshore Northern Tunisia in order to ground-
truth the results obtained from the quantitative analysis of digital elevation models previously
carried out in the frame of my MSc project presented at the University of Barcelona in 2015. The
fieldwork was carried out to investigate and determine the possible relationship between
morphometric anomalies obtained from the relief analyses and active tectonic structures or fluvial
captures detected on the field. With this aim, we analysed specific faults (e.g. measured striae and
dips, studied its kinematics, etc.), investigated Pleistocene river terraces close to the faults,
identified abandoned terraces in wind gaps (gap through which a waterway once flowed), and
looked for paleo-seismological evidences such as co-seismic rupture structures including open

cracks in the terrain.

3.2. Offshore geological and geophysical methods

In the offshore area we used a compilation of geological and geophysical data acquired in the
North Tunisian continental margin. The dataset comprises high-resolution swath-bathymetry,
acoustic backscatter mosaics and parametric echosounder profiles acquired during the Geomargen-
2 and Geomargen-2AA cruises (Section 3.1.1). The region surveyed during both surveys covers an
area between longitude 9°3.6’E and 11°16.6’E, and latitude 37°14.7°N and 38°41.2’N. The total
area covered extends for around 15,600 km? in a range of 18 to 2221 m depth (Figure 3.3). A final
bathymetric map has been produced merging the bathymetric datasets from the two oceanographic

cruises in a single mosaic (Figure 3.3).

In addition, we use the 23.66 m long LCO7 piston core (Figure 3.3) acquired in the frame of the
MAST II PALAEOFLUX Program. This long sediment core was collected by the giant piston
coring “CALYPSO” by the French R/V “Marion Dufresne” in 1995 within our study area
(Rothwell, 1995; Dinares-Turell et al., 2002). This sediment core allowed dating seismic horizons

mapped during the seismostratigraphic analysis.
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Figure 3.3. Location of our study area offshore (white polygon) in the shelf-slope system of the
northern Tunisian Margin (Central Mediterranean). The red cross shows the location of the LC07
sediment core (Dinares-Turell et al., 2002).

3.2.1. High-resolution swath-bathymetry and acoustic backscatter imagery

Multibeam echosounders provide essential information that helped us to understand the relief
and nature of the seafloor by sending a high-frequency acoustic signal that is reflected on the
seafloor and recovered back by transducers on the keel of the vessel (Figure 3.4). The recovered
signal provides both elevation (bathymetry in m) and acoustic backscatter strength of the acoustic
signal returned by the seafloor (acoustic backscatter imagery) (e.g. Diez and Gracia, 2005; Gracia

and Diez, 2005).
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Figure 3.4. Picture showing a research vessel surveying a seafloor area with a multibeam
echosounder (NIWA, 2018).

a) High-resolution swath-bathymetry

Bathymetric maps are Digital Elevation Models (DEM) of the seafloor and are acquired by
multibeam echosounders usually mounted on the hull of vessels (although they can also be mounted
in other vehicles, such as Autonomous Underwater Vehicles (AUV)) (Figures 3.4 and 3.5). The
principle of multibeam echosounders is based on measuring the time taken by an acoustic wave to
propagate through the water to the seafloor and back to the transducers (Diez and Gracia, 2005;
Gracia and Diez, 2005). In the offshore North Tunisian margin, swath-bathymetry allowed us to
map the study area in great detail with a high spatial resolution (cell size for the entire region of
30x30 m), which allows us to recognize different geomorphic features and to obtain information

about the sedimentary, erosive and tectonic processes shaping the area (Figure 3.5).
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Figure 3.5. Swath bathymetric mosaic acquired during the Geomargen-2 survey, and displayed
above the shaded relief map (with an illumination azimuth of 72° and an altitude of 45°).

The high-resolution swath-bathymetry data was acquired using the ELAC Seabeam 1050D

multibeam echosounder installed on board the RV “Garcia del Cid” (Geomargen-2 cruise) (Figure

3.5) and the Kongsberg EM710 multibeam echosounder installed onboard the RV “Angeles

Alvarifio” (Geomargen-2AA cruise):

)

The ELAC Seabeam 1050D echosounder is a multibeam system for shallow to medium
water depth range, covering the range of the surveyed area (from ~20 to ~2000 m). The
Elac Seabeam 1050D system corresponds to a dual multibeam sonar, characterized by
a main frequency of 50 kHz and emitting 126 individual beams for a swath width of
153° It provides 1.5° resolution, exceeding IHO (International Hidrographic
Organization) standards (ELAC Nautik, 2011). The multibeam swath coverage is
proportional to the water depth, which explains the restrained coverage above
topographic highs and near the shelf (Figure 3.5). Average survey speed during the
Geomargen-2 cruise acquisition was 6 knots and nominal overlap between adjacent

swaths was of 15%.
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i) The EM710 multibeam echosounder is a high to very high resolution seafloor mapping
system. The acquisition depth is from less than 3 m to 2000 m below the transducers.
Swath width is up to 5.5 times water depth, to a maximum of more than 2000 m
(Kongsberg, 2018a). The EM710 echosounder operates at frequencies in the range of

70 to 100 KHz with a maximum ping rate of more than 30 per second.

Previous to data processing, an exhaustive quality control was carried out onboard during both
cruises using the software CARIS HIPS and SIPS. The quality control focused on: i) positioning,
i.e. checking the navigation values to verify that data geo-reference was correct; ii) depth, i.e.
checking that depth values were within the expected ranges; it implies to check for the vessel
altitude, sound velocity profiles, and presence of data artefacts; and iii) coverage, i.e. checking that
the seafloor was fully covered through generation of Digital Elevation Models (DEMs) during the

acquisition.

Post-processing and data analysis

Post-processing of the large bathymetric dataset was performed by the Marine Technology Unit
(UTM-CSIC) using the HIPS system, a comprehensive submarine mapping software developed by
CARIS. After the calibration, filtering and cleaning of bathymetric data, final Digital Elevation
Models (DEM) were computed. During this work, the final DEMs were analysed with the ESRI
ArcGIS software to produce different maps, such as false colour shaded-relief maps, and the
extraction of different morphometric information. In this work, bathymetric shaded relief maps are
often displayed with predominant illumination azimuth of 72° and an altitude of 45° in order to

follow the main acquisition direction of the ship and thus, avoiding most of the related artefacts.

In addition to these map displays, we furthered the bathymetric data analysis out two modern
processing approaches: i) a high-pass filtering of the topography (after Howell et al., 2015) and i1)
the Red Relief Image Map (RRIM) after Chiba et al. (2008). Both methods are useful in identifying
seafloor fault-related features and are particularly good for highlighting subtle seafloor
morphologies, enhancing seafloor lineaments. Moreover, two morphometric analyses were
computed for the offshore area in order to carry out a quantitative analysis of the seafloor relief.
Although these analyses are typically applied onshore and based in drainage network metrics (see
Section 3.3.1 of this Chapter), the high quality of our bathymetry data permitted the use of similar
approaches to seafloor relief data. We used two methods applied spatially and independently of
drainage systems: 1) a spatial auto-correlation technique for the hypsometric integral, and ii) the

swath profiles.
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High-pass filtering of the topography

This high-pass filtering of the topography is a method where a high-pass filtering is applied in
order to take out the short-wavelengths of the bathymetric data (Howell et al. 2015). Thus, this
method highlights the high frequency information of the data and highlights subtle changes in the
topography often masked by high amplitude low frequency features. It has been particularly useful
to identify surface fault traces along the offshore margin. To obtain this short-wavelengths map
(filtered topography map, Figure 3.6.c) we first filter the original bathymetry (Figure 3.6.a) to obtain
a long-wavelength map (Figure 3.6.b), which we later subtract from the original one (Figure 3.6.a).
In our case, all calculations for obtaining the different maps were done using ArcGIS software.
After some testing, to calculate the long-wavelengths map (Figure 3.6.b) we filtered the original
bathymetry (Figure 3.6.a) with the focal statistics tool (e.g. from the Spatial Analyst toolbox of
ArcGIS) using a 600 m circle search radius and applying a mean filtering. Finally, to obtain the
filtered topography map (high-pass filtered map, Figure 3.6.c), we subtracted the long-wavelength
map from the original bathymetry by using the raster calculator tool (from the Spatial Analyst
toolbox of ArcGIS).
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Figure 3.6. Examples of shaded relief maps that explain the high pass filtering of the topography
method. a) Bathymetric map, b) Bathymetric map where the long-wavelengths have been filtered;
¢) High pass filtered map obtained by subtracting the long-wavelengths map from the original
bathymetric map; d) Depth profile; e) Long-wavelength depth profile; f) High pass-filtered
topography profile. Profiles are displayed by a black line in Figures 3.6.a, 3.6.b and 3.6.c.
Location of Figures 3.6.a, 3.6.b and 3.6.c is shown in Figure 3.7.
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As shown in Figure 3.6.c, subtle changes in the seafloor surface are more easily identified than
in the original bathymetry, and different morphologies stand out (e.g. note the clearer delineation

of pockmarks). The map of our entire study area with filtered topography is shown in Figure 3.7.
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Figure 3.7. Filtered topography map of our study area in the offshore North Tunisian margin.
The filtered topography is shown above the original bathymetry shaded relief map in order to
better display the different morphologies of the seafloor. The black box shows the location of

Figures 3.6.a, 3.6.b and 3.6.c.

Red Relief Image Map (RRIM)

The Red Relief Image Map (RRIM) is a visualization method of the topography that allows to
visualize the topographic slope, concavities and convexities at the same time Chiba et al. (2008).
We calculated the RRIM for our data using the ArcGIS software tools. As shown in Figure 3.8, the
RRIM visualization method (Figure 3.8.c) is based in the following method:
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1) An overlapping slope map in a white to red palette depicting gentle and abrupt slopes
respectively (Figure 3.8.a) and,
ii) A curvature map in a black and white palette depicting convex and concave shapes

respectively (Figure 3.8.b).

We calculated the slope and curvature maps with the Slope and Curvature tools of the Spatial
Analyst toolbox from the ArcGIS software. This analysis calculates the surface curvature cell by
cell, analysing each cell regarding to its eight neighbourhood cells (ArcGIS Help Library, 2017).
The curvature is the second derivative of the surface or “the slope of the slope”. With this kind of
analyses, the edges of the structures stand out helping the visualization and interpretation. Finally,
we display the maps applying a transparency to the uppermost slope map. In order to better display
our data, and following Chiba and Hasi (2016), we applied a white to red palette for the slope map
with a blue colour for the values between 0 and 1° (Figure 3.8.a), the ones displaying flat areas. The

RRIM for our entire study area is presented in Figure 3.9.
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Figure 3.8. Examples of maps explaining the different steps for the RRIM visualization method. a)
Slope map; b) curvature map; c) Red Relief Image Map (RRIM). Modified from Chiba et al.
(2008). Location of the Figures 3.8.a, 3.8.b and 3.8.c is located in Figure 3.9.
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Figure 3.9. Red Relief Image Map (RRIM) of our study area in the offshore North Tunisian
margin. The black box shows the location of Figures 3.8.a, 3.8.b and 3.8.c.

Spatial auto-correlation technique for the hypsometric integral

Hypsometry is one of the most useful morphometric parameters to describe and analyse the
distribution of elevations within an area (usually drainage basins). Hypsometry studies the mass
distribution depending on elevations (Strahler, 1952), and can be evaluated by the hypsometric
curve and the hypsometric integral (Hi) (see Section 3.3.1 for further information). The hypsometric
integral can be approximated by means of the following equation (Pike and Wilson, 1971; Keller

and Pinter, 2002):

Hi = mean elevation — minimum elevation Equation 3.1

maximum elevation — minimum elevation
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Hypsometry analyses used to be applied onshore in order to evaluate the stage of evolution of
the landscape. The relationship between hypsometry and the degree of dissection of the landscape
permits its use as an indicator of landscape’s erosional stage (Keller and Pinter, 2002). Nevertheless,
following the method proposed by Pérez-Pefia et al. (2009c), where Hi values are computed for
regular squares of an analysis grid instead of values for drainage basins, we are able to obtain Hi
values offshore. However, while onshore Hi values are related with the dissection of the landscape
and therefore with uplift phenomena, offshore the results show information about the elevation
uniformity (or variation) of the seafloor. High values of Hi indicate that most of the relief within a
square is high relative to the mean values, while low values indicate that most of the relief is low
relative to the mean. In particular, in offshore Tunisia, high Hi values are usually related to
pockmark fields while low values are usually related to concave-up slopes or prominent vertical
features as cold-water coral mounds. As displayed in Figure 3.10 Hi values can vary considerably
across neighbour squares due to cell allocation and that is why Pérez-Pefia et al. (2009¢) propose to
apply a hot spot analysis in order to spatially identify clusters of high or low values. In particular,
they propose the Getis-Ord Gi* statistic method (Ord and Getis, 1995) (Figure 3.11). All the
calculations were done using the ArcGIS software. To calculate the minimum, maximum and mean
values for regular squares we used the block statistics tool (from the Spatial Analyst toolbox) with
a block size of 25 cells (25 cells x 30 m = 750 m). The Gedis-Ord analysis was applied using a 1000
m search radius with the hot spot analysis (Getis-Ord Gi*) tool (from the Spatial Statistics toolbox).

Square with high Hi Square vgth low Hi
/

556

Figure 3.10. lllustration showing how Hi (hypsometric integral) values computed for regular
squares can present high variability depending on the square location (modified from Pérez-Peria
et al., 2009c).
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Figure 3.11. Example of the Hot Spot analysis applied in Pérez-Peria et al. (2009). a) Hi
(hypsometric integral) distributions, b) Gedis-Ord statistic estimation for the Hi values. The
results of the hot spot analysis clearly display clusters of low and high values, with the later

showing uplifting areas.

Swath profiles

Swath profiles analysis is a common technique applied in morphometric studies (e.g. Molin et
al., 2004; Azaion et al., 2015). They consist in stacking several parallel topographic profiles in a
same diagram. In our case, we plot the different profiles and also the maximum, minimum and mean
values (with the envelope of the standard deviation). The profiles extracted in order to study the
regional relief were acquired in a NE-SW orientation and following the vessel track in order to
avoid the noise between traces. For extracting swath profiles across the Bizerte Canyon we applied
the method described in Hergarten et al. (2014), where they extract swath profiles across curved
geomorphic features (Figure 3.12). In our case, all the computations have been done with the

ArcGIS software.
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Figure 3.12. Swath profile following the Andes Trench. a) Topographic and bathymetric map, b)
Swath profile. The mean elevation is shown by the black line. Extreme values and mean values £1
standard deviation are indicated by the light- and dark-blue areas, respectively. Extracted from
Hergarten et al. (2014).

b) Acoustic backscatter imagery

Acoustic imagery records the backscatter strength (reflectivity) of the acoustic signal returned
by the seafloor (Figure 3.13). The acoustic backscatter strength varies according to the nature of the
seafloor, roughness and the angle of incidence. This way, in flat areas, different values of reflectivity
must be related to different seafloor facies. High reflectivity is typically related to hard rock (rock
outcrop) or coarse grainsizes (e.g. gravel, sands, coral rubble), while low reflectivity is related to
fine grainsizes (silt and clay). Backscatter strength and its textural organization in the corresponding
acoustic images are primarily related to the geomorphology and sedimentary environments of the

insonified seafloor (e.g. Diez and Gracia, 2005; Gracia and Diez, 2005).

In this work, acoustic backscatter data were acquired simultaneously to bathymetry by using

the Seabeam 1050D and EM710 echosounders, respectively.
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Figure 3.13. Acoustic backscatter mosaic acquired during the Geomargen-2 survey.

Post-processing and data analysis

SIPS processing software from CARIS was used for acoustic backscatter processing. To
process the intensity of the reflected wave, a series of geometric and radiometric corrections were
made to the raw data. Finally, the acoustic backscatter mosaic was obtained by the UTM-CSIC
acoustic team at the most adequate resolution, taken into account the data quality and average water

depth. Later analyses through the ESRI ArcGIS software were carried out during this work.

3.2.2. High-resolution sub-bottom profiler

Parametric echosounder profiles were acquired using the portable Innomar SES-2000 Compact
sub-bottom profiler installed on a steel pole on the starboard side of the RV “Garcia del Cid”, thus
enabling quick retraction for transits at higher speed, and the Kongsberg TOPAS PS 18 sub-bottom
profiler installed onboard the RV “Angeles Alvarifio”.

The Innomar SES-2000 Compact sub-bottom profiler emits primary high frequencies
approximately of 100 kHz (band 85-115 kHz) and secondary low frequencies at 4, 5, 6, 8, 10, 12
and 15 kHz (band 2-22 kHz). The system works for a water depth range between 0.5 to 400 m, with

a sediment penetration up to 40 m (depending on sediment type and noise) and a layer resolution
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up to 5 cm (Innomar, 2018). Low-frequency records allowed to image the first meters of sub-

seafloor, specifically in the shallower portion of the margin (Figure 3.14.a).

The TOPAS PS 18 sub-bottom profiler has a large operational depth range from 20 m to full
ocean depth (>11,000 m). It is based on low frequency sound generation by the non-linear
interaction between two high frequency signals. Primary frequencies range from 15 to 21 kHz while
secondary frequencies range from 0.5 to 6 kHz. The system has a nominal penetration capability of

more than 200 m and a resolution of better than 0.15 m (Kongsberg, 2018b) (Figure 3.14.b).
Post-processing and data analysis

Seismic parametric data, stored through the software SES-WIN in raw file (specific of the
echosounder manufacturer) were converted in SEG-Y format through the SES-CONVERT software
by the UTM-CSIC. For this work SEG-Y files were imported to the Kingdom Suite software to be

analysed and interpreted.
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Figure 3.14. a) Example of a profile acquired with the parametric echosounder Innomar SES-
2000 in the frame of the the Geomargen-2 cruise; b) Example of a Kongsberg TOPAS parametric
echosounder profile acquired during the Geomargen-2AA cruise.

3.3. Geological and morphometric methods used onshore

Onshore we applied different morphometric analyses to characterize the recent tectonic activity
of northern Tunisia. First, we extracted the drainage network from a Digital Elevation Model (DEM)
of 30 m pixel resolution and selected the main basins with their trunk channels to analyse. For each

basin, we computed the normalized longitudinal profile, the hypsometric curve, the area-slope
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distribution and the normalized steepness index (ksn). We also studied the first-order vertical steep
knickpoints within the study area. This morphometric analysis was accompanied by fieldwork to
examine morphometric anomalies, wind gap locations and deformation features in Quaternary
sediments to determine the possible relation between morphometry anomalies and active tectonic

structures or fluvial captures.

3.3.1. Morphometric analysis

a) Drainage network extraction and selection of drainage basins

To perform the morphometric analysis, we used a DEM of the Shuttle Radar Topography
Mission (SRTM) from the National Aeronautics and Space Administration (NASA) and the
National Geospatial-Intelligence Agency (NGA). This DEM provides a grid of 1 arc-second of
resolution (approximately 30 m), a linear vertical relative height error of less than 10 m and a
circular relative geolocation error of less than 15 m (Farr et al., 2007). To extract the drainage
network for the morphometric analysis we used the “D8 flow” algorithm (O'Callaghan and Mark,
1984) and delineated channels with an area threshold of 3 km? (Figure 3.15). Once having the main
channels of Northern Tunisia rivers, we delineated its associated drainage basins by using the

ArcGIS software (Figure 3.15).

- ° 0° N
Water channels 3

I | Drainage basins

Figure 3.15. Main Medjerda River and tributary channels of northern Tunisia. Its associated
drainage basins have been used in the morphometric analysis. The numbers refer to the different
catchment areas.
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b) River normalized profiles

Rivers in equilibrium condition develop a typical concave-shaped profile, with higher gradients
in source areas and gentler near the mouth. This shape can be interpreted as the long-term resulting
balance between internal forces that produce surface uplift and external processes that tend to erode
it away. Any deviation of this equilibrium profile suggests active uplift or lithological changes of
the riverbed (Brookfield, 1998; Pérez-Pena et al., 2009a; Matos et al., 2016). Analysis of river
longitudinal profiles has been used to discern the role of lithology and tectonic uplift as controlling
factors (Brookfield, 1998; Pérez-Pefia et al., 2009a; Kirby and Whipple, 2012; Giaconia et al.,
2012a). However, the comparison of longitudinal profiles from rivers with different lengths and
gradients can be intricate. Demoulin (1998) proposed the representation of river longitudinal
profiles in a normalized form. These profiles show relative distances and elevations in a range from
0 to 1, by normalizing with the total length and relative elevation of each river. This representation
allows comparing rivers with different lengths and gradients (Demoulin, 1998; Ruszkiczay-Riidiger
et al., 2009; Castillo et al., 2013; Matos et al., 2016). This normalized form also allows extracting
geomorphic metrics to evaluate profile concavity. The concavity factor (Cf) is defined as the percent
area of the triangle between the river profile and the line connecting mouth and source (Figure 3.16).
The normalized distance from head to the point where the maximum concavity (MaxC) is reached

is defined as MaxL (Figure 3.16).
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Figure 3.16. Example of a normalized river profile from basin n° 1 (location of the profile is
shown in Figure 3.15). Cf: percent concavity (area in yellow), MaxC: maximum concavity, MaxL:
distance where the maximum concavity occurs.

In this work we computed the normalized profiles with their related indexes (Cf, MaxC and
MaxL) for the trunk channels of the selected drainage basins. These parameters allow analysing the

equilibrium stage of selected rivers, i.e. how these rivers move closer or away from their graded
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profiles. Ideally, normalized river profiles with high Cf and low MaxL (rivers with maximum
concavities close to the river source) are characteristic for concave profiles that are approaching
their equilibrium stages, while convex profiles with low Cf are characteristic for areas where
tectonic uplift is dominant (Demoulin, 1998; Ruszkiczay-Riidiger et al. 2009; Castillo et al., 2013;
Matos et al., 2014; 2016).

¢) Channel steepness index

Bedrock rivers depict a power relation between channel slope and its discharge (approximated

by up-stream area) (Equation 3.2):

1
dz (Uyn B :
Z—_(Z) A Equation 3.2
dx (K) )

Where dz/dx is the local channel slope, U is the rock uplift rate, K is an erodibility coefficient,
A is drainage area, and m and n are empirical constants (Seidl and Dietrich, 1992; Howard et al.,
1994; Perron and Royden, 2013). In this equation, (U/K)!" refers to channel steepness (ks) and n/m
to the concavity index (0). The concavity index typically varies in a narrow range (~0.4-0.6) and it
is thought to be relatively insensitive to differences in rock uplift rate and bedrock lithology (Kirby
and Whipple, 2012; Whipple et al., 2013). However, the steepness index is directly related to uplift-
rate (U) and soil erodibility (K), thus making this index a useful metric in landscape analysis
(Whipple and Tucker, 1999; Whipple, 2004; Kirby and Whipple, 2012; Ferrater et al., 2015; Matos
et al., 2016; Andreani and Gloaguen, 2016).

One of the most popular approaches to estimate the channel steepness is through the integration

of both sides of Equation 3.2, which leads to Equation 3.3 (Perron and Royden, 2013):

| =

U \n .
Zeon = zeoos + | —— | X Equation 3.3
0 = Z(x0) <KA31>
With
m
= JX ( Ay >n dx Equation 3.4
x0 \Ax)

Equation 3.3 has a linear form that relates a new horizontal coordinate (X) (Equation 3.4) with
the profile elevation (Perron and Royden, 2013; Royden and Perron, 2013), the slope of this line

will be the ksn index (Ao is normally taken as 1 m? to remove dimensionality).
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In this work, we use the analytical solution proposed by Perron and Royden (2013) to calculate
Chi values at pixel level by calculating the cumulative sum of (A¢/A(x))™" upstream for a fixed
concavity (Brf), and multiplying by the distance between two neighbouring pixels. The Chi index,
in spite of having units of meters, can present large-scale variations by using different Or.r values.
A general value of 0.45 is often used as a convenient value for large drainage basins (Willett et al.,
2014; Yang et al., 2015), however a finer analysis can be achieved by using a m/n value that

minimize dispersion in chi plots (Perron and Royden, 2013; Willet et al., 2014; Goren et al., 2015).

In order to select the best reference concavity for the study area, we performed a sensitivity
analysis based in previous works (Perron and Royden, 2013; Willet et al., 2014; Goren et al., 2015).
The slope of a chi-elevation plot is defined as (U/K Ao™)'"", thus profiles that present changes in
uplift (U) or lithology (K) along their lengths will present different slopes. This fact makes that look
for a m/n that maximize individual profile linearity is not the best strategy. A different approach
has been suggested in recent works, by selecting a m/n value that minimize dispersion of the data
in Chi-elevation space. To account for this dispersion, we plotted all possible values of chi-elevation
from Medjerda basin (i.e. all pixels belonging to the network) and computed R2 of their linear
regression for different m/n values from 0 to 1 (Figure 3.17). The reference m/n value of 0.3
produces the best fit (Figure 3.17), i.e. the minimum dispersion between the different channels of
the basin. To illustrate this, the Figure 3.18 depicts the chi profiles with their R2 for m/n values of
0.2, 0.3 and 0.4, showing that the chi plot with m/n = 0.3 minimizes dispersion.

Our approach estimates the ksn index along a channel by linear regressions in Chi-elevation
space in two different ways: 1) Local values of ksn index are calculated for all the pixels of the
whole drainage network by taking linear regressions with wide windows of 15 pixels down and
upstream (or more with especially noisy profiles, Figure 3.19). This approach to calculate gradients
(slope and ksn), spite of slightly lowering absolute values, minimizes profile noise and retain profile
knickpoints (Figure 3.19). The local ksn values have been used to derive ksn profiles for each
channel and a ksn map for the whole study area. Alongside with regression slope (gradients), we
also obtain R2 values, in order to remove those with low linearity (high noise). To generate the ksn
map, also points with very high values due to reservoirs or DEM errors have been removed. ii) By
the other hand, regional ksn trends have been derived by doing linear regressions on Chi profiles.
These regressions depict mean ksn trends, and also allow locate slope break knickpoints between

segment with very different regional ksn.
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Figure 3.17. Sensitivity analysis of m/n for the Medjerda basin. We have computed the R2 for the
chi and elevation of all the points of the basin computed with different m/n values (from 0 to 1
with a step of 0.01). The reference concavity that produces the higher correlation and thus
minimum dispersion is 0.3.
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Figure 3.18. Chi plots for all the tributaries of the Medjerda river computed with m/n values of
0.2, 0.3 and 0.4. R2 values of the sensitivity analysis are indicated.
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Figure 3.19. Effect of estimating profile gradients (slope and ksn) with regression using wide
windows centered in each pixel. Note that the 25 points window (up and downstream) slightly
lower absolute values, but minimize noise at the same time that define knickpoints better.

d) Knickpoint analysis

Abrupt slope changes or changes in slope trends along river longitudinal profiles are commonly
known as knickpoints. They are defined as the “fluvial portion of the transient boundary between
adjusting and relict topography” (Crosby and Whipple, 2006). Knickpoints in erosive systems form
in response to a perturbation (tectonic activity, lithological changes, capture processes, etc.) that
produces a migrating boundary that separates upstream regions that remain unaffected from

downstream regions that are adjusting to the new conditions.

As we calculated the local ksn values for each pixel of the main channels, we can derive ksn
plots for them (Figure 3.20). Knickpoints will be depicted in these profiles as “peaks”, making also
possible to record their absolute values of ksn. However, as these ksn profiles can show noise, we
would combine the logarithmic area-slope plot with these new derived ksn profiles. By general rule,
we won’t consider any knickpoint that is not clearly depicted in area-slope logarithmic plots. In
case of noisy data, we will increase the number of points to derive local ksn and slopes (Figure
3.19). In the case of segments with a high regional ksn value, the knickpoint only will be considered
whether its value is clearly higher than the regional ksn of the segment to discard possible artifacts
(Figure 3.20). We only will consider knickpoints with ksn values larger than 2.5 and classify them
into three different classes; 1) minor or local knickpoints (ksn between 2.5 and 4.5), ii) moderate

knickpoints (ksn between 4.5 and 6.5), and iii) major knickpoints (ksn over 6.5).
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Figure 3.20. Four different profiles used in this work; longitudinal profile, chi profile, area-slope
logarithmic plot and ksn profile. Derived knickpoints are shown in the four profiles. Regresed ksn
segments derived in the chi plots are also shown in the ksn profile. Only knickpoints clearly
identified in the area-slope plots are defined (note the first peak in the ksn profile that is located
in the colluvial part of the profile has been discarded).

¢) Hypsometric curves and integral

Hypsometry studies the mass distribution within a drainage basin in terms of area-elevation
(Strahler, 1952), and can be evaluated by the hypsometric curve and the hypsometric integral (Hi).
The hypsometric curve describes the distribution of cumulative relative areas (a/A) vs. relative
elevations (h/H), and the Hi is a measure of the relative area below the curve (Strahler, 1952;
Ohmori, 1993; Keller and Pinter, 2002) (Figure 3.21). The shape of this curve correlates with the
stage of geomorphologic evolution of a particular drainage basin and, therefore, provides useful
information about its erosional stage (Strahler, 1952; Ohmori, 1993; Pérez-Pena et al., 2009b).
Basins in a young stage of development will depict convex-shaped curves, mature basins will yield
S-shaped curves, and intensively eroded basins close to the peneplain stage will draw highly
concave curves (Strahler, 1952; Ohmori, 1993; Pérez-Pena et al., 2009b). In active mountain ranges,
hypsometric curves will evolve over time and will inform about the interplay between tectonic
forces that tend to maintain convex curves, and erosional processes that push hypsometric curves

to mature and concave shapes (Pérez-Pena et al., 2009b, Ferrater, et al., 2015; Matos et al., 2016).
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River capture processes will produce an increase of convexity from mouth to head, due to the
advance of the new incision wave by headward erosion (Pérez-Pefia et al., 2009b; Ferrater et al.,
2015). In this work, we extracted the hypsometric curves for the selected basins with the aid of

CalHypso ArcGlIS tool and the data from the 30 m DEM explained above (Pérez-Pena et al., 2009D).
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Figure 3.21. Example of a hypsometric curve (basin n° 30). The grey area under the curve is the

hypsometric integral (grey area, Hi). Total elevation (H) is the relief within the basin (maximum

elevation minus minimum elevation), total area (A) is total surface area of the basin, and area (a)
is the surface area within the basin above a given altitude (h).

3.3.2. Fieldwork

The morphometric analysis (Section 3.1.1) was completed and ground-truthed with a field
campaign focusing on the most interesting locations. First, we analysed some of the faults with
potential activity indicated by the morphometric analysis. We studied their kinematics, measured
striae and dips, and searched for recent sediments affected by these faults. Secondly, we studied
Pliocene to Pleistocene river terraces closer to the faults, in order to evaluate their location with
respect to the actual rivers. Thereby, we focused on the identification of terraces in abandoned
fluvial channels, likely related to river captures. We analysed striated pebbles in these abandoned
terraces by measuring dip, direction and sense of movement (when possible) of striae, and
performed a stress analysis with the 7-Tecto software (Figure 3.22). These structural markers
preserve information on the stresses that their host rocks have undergone (Ruano and Galindo-
Zaldivar, 2004). Finally, we looked for paleoseismological indicators, such as colluvial wedges,
recent fault scarps, co-seismic cracks, etc. (e.g. Papanikolau et al., 2015). Due to the large extent of
the field area analysed by the morphometric analysis, we restricted the fieldwork to a limited area

where we ground-truthed our geomorphic interpretation.
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Figure 3.22. Fieldwork photos. a) Me and J.V. Pérez Pena (from the Universidad de Granada,
Spain) measuring striae from pebbles in an abandoned terrace of the Tine River in Northern
Tunisia, b) An example of a striated pebble.

3.4. Methods for seismic hazard assessment

3.4.1. Seismicity and focal mechanism datasets

To analyse the earthquake distribution and type within the region we use seismicity datasets
taken from the ISC (ISC, 2018) and the ISC-GEM (ISC-GEM, 2018) catalogues. We also use focal
mechanism solutions from the Global CMT (Global CMT, 2015) and the European-Mediterranean
RCMT catalogues (RCMT, 2015).

a) ISC Bulletin

The ISC (International Seismological Centre) Bulletin is the primary output of the ISC and
contains data from year 1900 to present day. This bulletin is the longest, continuous and definitive
summary of the seismicity of the world. Data of the bulletin is collected from over 130
seismological agencies around the world including hypocentres, phase arrival-times, focal
mechanism solutions, etc. These data are automatically grouped into events and an automatic
threshold process decides whether each event should be checked manually by ISC analysts and then
relocated (ISC, 2018). The ISC Bulletin is available on http://www.isc.ac.uk/iscbulletin/.

b) ISC-GEM catalogue

The ISC-GEM (International Seismological Centre - Global Earthquake Model) Global
Instrumental Earthquake catalogue (1904-2014) results from the aim to improve the currently
existing global catalogs for large earthquakes (magnitude My > 5.5) and to serve to user groups

who asses and model seismic hazard and seismic risk. This ISC-GEM catalogue presents a major
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improvement compared to previously products because it contains homogeneous locations and
magnitudes with uncertainty estimations using uniform techniques (where possible) (Storchak et
al., 2013; ISC-GEM, 2018). The ISC-GEM catalogue is available on www.isc.ac.uk/iscgem and its
last version 5.0 was publicly released on the 27 of February 2018 (Figure 3.23).

Mw55606570758085909

[— : ] T S
0 20 50 100 200 400 700
Earthquake depth (km)

Figure 3.23. Map of the earthquakes listed in the version 5.0 of the ISC-GEM Catalogue from
year 1904 to 2014, which includes more than 28,000 events (ISC-GEM, 2018).

¢) Global CMT catalogue

The Global Centroid-Moment-Tensor (CMT) project is founded by the National Science
Foundation (USA) and its catalogue contains more than 25,000 moment tensors for earthquakes
since 1976 (Global CMT, 2015) (Figure 3.24). The Global CMT catalogue is available at
http://www.globalcmt.org/.
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Figure 3.24. Map of the focal mechanism or moment tensor solutions from the Global CMT
catalogue displaying shallow intermediate to high magnitude earthquakes for the years 1976-
2005 (Global CMT, 2015).

d) European-Mediterranean RCMT catalogue

The European-Mediterranean RCMT (Regional Centroid-Moment Tensors) catalogue hosts
information of seismic moment tensors in the European-Mediterranean area. This catalogue
collected data since 1997 for intermediate magnitude earthquakes (4.5 <My, <5.5) occurring in the

area. The European-Mediterranean RCMT catalogue is available at http://rcmt2.bo.ingv.it/.

3.4.2. Earthquake maximum magnitude estimation

To estimate the maximum earthquake magnitude (M) expected for the faults identified, we
use two empirical equations that relate rupture length (Rr) and maximum magnitude (My). These
empirical relationships can be applied in Northern Tunisia, since active faults identified are located
in continental crust and seismicity within the study area is relatively shallow as constrained to the
crust (Soumaya et al. 2015). On one hand, we use one of the first empirical relationships proposed
for continental crust faults, the one of Wells and Coppersmith (1994), and on the other hand, we
use one of the most recent equations and specifically for low rate (<10 mm/y) faults in continental
crust contexts, the one of Wesnousky (2008). This equation is included in Stirling et al. (2013), one

of the most updated compilations of empirical equations for earthquake magnitude estimation.
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The equation proposed by Wells and Coppersmith (1994), is based on empirical parameters
from 77 continental crust instrumental earthquakes, and estimates the moment magnitude (Mw)

expected according to the surface rupture length of the fault (LRS) (Equation 3.5).
My =a+b * log(LRS) Equation 3.5

where a and b vary according to the fault type, as shown in Table 3.1.

Fault type ‘ Coefficient (a) Standard error (b)
Strike-slip 5.16 (0.13) 1.12 (0.08)
Reverse 5.00 (0.22) 1.22 (0.16)

Table 3.1. Wells and Coppersmith (1994) coefficients for the calculation of M., depending on
rupture length.

To obtain the strike-slip parameters, Wells and Coppersmith (1994) used earthquakes with
magnitudes (My) ranging from 5.6 to 8.1 and surface ruptures lengths between 1.3 and 432 km,
while for reverse faults, they used earthquakes with magnitudes (My) between 5.4 and 7.4 and
longitudes ranging from 3.3 to 85 km.

The method proposed by Wesnousky (2008) presents different equations according to the fault
type to be analyzed. For the present work, we use the equations for strike-slip (Equation 3.6) and
reverse (Equation 3.7) faults. These equations were obtained by the empirical study on the basis of
22 strike-slip earthquakes and only 8 events of reverse faults (Wesnousky, 2008). Moreover, all of
the referred earthquakes had rupture lengths greater than 15 km and were located in plate boundary
settings worldwide (Wesnousky, 2008 in Stirling et al., 2013).

My, = 5.56 + 0.87*logL (strike-slip) Equation 3.6
My =4.11 + 1.88*logL (reverse) Equation 3.7

where L is the fault surface rupture length in kilometers (km).
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CHAPTER 4

Active tectonics and drainage anomalies in the onshore
Northern Tunisia

4.1. Introduction

Relief analysis based on drainage network metrics is an appropriate tool to detect and
characterize active tectonic structures in regions of low to moderate tectonic activity (e.g. Keller
and Pinter, 2002; Molin et al., 2004; Pedrera et al., 2009; Pérez-Pefia et al., 2010; Azafion et al.,
2012). Recent studies suggested that river network systems will need moderate to long periods (10*-
107 yr) to reach their final equilibrium profiles, i.e. steady-state conditions (Goren et al., 2015).
However, rates of response increase exponentially from equilibrium and therefore, gross deviation
from the equilibrium conditions will reflect relatively recent events (Brookfield, 1998; Pérez-Pefia
et al., 2009a). The combination of different morphotectonic indices allows us to differentiate uplift
from subsiding regions at different scales. This approach together with a geomorphological study
and field ground-truth helps to discriminate among different mechanisms that may influence
topography and associated development of drainage networks (e.g. Bull and McFadden, 1977; Azor
et al., 2002; Giaconia et al., 2012a; 2012b). These methodologies have been previously applied in
Tunisia with the same goal, although focusing in a local scale and do not taking into account the
whole northern Tunisian region (Slama et al., 2015; Mimouni et al., 2016; Rabii et al., 2016;
Sadrette et al., 2016).

The main goal of this chapter is to determine the active tectonic structures that compose the
Nubia-Eurasia plate boundary in the Northern Tunisia region, where present-day tectonics has been
poorly studied. Thus, we applied a quantitative morphometric method to analyse the topography of

northern Tunisia, accompanied by fieldwork in order to determine the evolution of the Medjerda
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River fluvial network and its relationship with tectonic structures. Following this approach, we
mapped some of the possibly main active faults located in the study area and surveyed potential
capture sites, abandoned fluvial channels, and fluvial terraces, searching for evidences of recent
deformation, such as striated pebbles in river terraces and seismogenic related structures. Finally,
we estimated the seismic potential of two active seismogenic faults that we identified in the frame

of this work.

4.2. Methodology

We applied morphometric analyses to characterize the recent tectonic activity and drainage
evolution of the onshore North Tunisia area. This analysis has been carried out within a wide area
that follows the main NE-SW tectonic trend displayed by the topographic highs and faults (see red
polygon in Figure 4.1). First, we identified the drainage network from a Digital Elevation Model
(DEM) of ~30 m pixel resolution. We extracted the drainage network using the D8 flow algorithm
(O'Callaghan and Mark, 1984), and delineated channels within a threshold area of 3 km? with their
respective basins. For each basin, we computed the normalized longitudinal profile with its related
indexes (Cf, MaxC and MaxL) for the trunk channels, the hypsometric curve, the area-slope
distribution and the normalized steepness index (ksn). We also determined the first-order vertical
steep knickpoints within the study area. These morphometric analyses were accompanied by
fieldwork to examine morphometric anomalies, wind gap locations, and deformation features in
Quaternary sediments to reveal the possible relationship between morphometry anomalies and
active tectonic structures or fluvial captures. Due to the wide extension of the study area in the
morphometric analysis, we restricted the fieldwork to a limited zone where we mapped and ground-
truthed our geomorphic interpretation (red box in Figure 4.1). Finally, by using empirical equations
and relationships (Wells and Coppersmith, 1994; Wesnousky, 2008) we estimated the seismic
potential of two large and active seismogenic faults identified during this work. For further

information regarding the different methods applied see Chapter 3.
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Figure 4.1. Topographic and tectonic sketch of Northern Tunisia with the main shortening
structures in the region and the drainage pattern. The thick red polygon marks the study area
onshore. The thin red box shows the area surveyed in the field (Figure 4.14). The upper-left inset
shows the location of this figure. Tectonic structures include data from Melki et al. (2012),
Bahrouni et al. (2014) and Rabaute and Chamot-Rooke (2015), as well as our own field data.

4.3. Results

4.3.1. River normalized profiles

We extracted the normalized longitudinal profiles for the 33 basins and the Medjerda River
main channel. Due to its length and greater area, we decided to analyse the Medjerda River
separately. Concavities (Cf) vary in a wide range from -2.82 % (linear-to-convex profiles) to
67.46% (very concave profiles), with an average value of 29.01% (Figure 4.2 and Table 4.1). From
the 33 analysed basins, 10 basins show concavities lower than 20%, thus indicating that they are far

from equilibrium conditions (Figure 4.3).

In order to analyse how convexity is distributed over the study area, we followed the approach
described by Ruszkiczay-Riidiger et al. (2009) and Matos et al. (2014, 2016), by plotting MaxC

(maximum concavity) and MaxL (the normalized distance from head to the point where MaxC is



Part III: RESULTS

reached) values in a scatter diagram (Figure 4.4). This diagram shows 4 different groups: Groups
G1 and G2 indicate unstable young basins, group G3 includes intermediate-stage basins, and group
G4 indicates basins that are in a mature stage of development. Young basins of groups G1 and G2
concentrate in tributaries of the Medjerda River south of Jendouba city (basins 18 to 27), whereas
in the northern area, basins of groups G3 and G4 predominate (Figure 4.5). The Medjerda River has
been classified as intermediate, however, due to its length and complexity it could not be analyzed

together with the rest of the basins.

Basin 1 Basin 24 Basin 28 Basin 0

1 1 1 1
5 Cf: 45.00% Cf: -2.82% Cf: 67.46% Cf: 39.51%
= MaxC: 0.36 MaxC: 0.08 MaxC: 0.54 MaxC: 0.33
g MaxL: 0.46 MaxL: 0.11 MaxL: 0.24 MaxL: 0.54
o
B
N )
b ®
£ o
S [ MaxL Q

[0} 0 0 0

Normalized distance

Figure 4.2. Examples of different types of normalized profiles analysed in the Northern Tunisia
study area; linear-to-convex profile (with MaxC < 0.25 and Cf < 25% or even negative in convex
profiles, e.g. B24), very concave (MaxC > 0.4 and Cf> 50%, e.g. B28), and intermediate profiles
(with intermediate values, e.g. BO (Medjerda River Basin)). The first profile (Basin 1) shows how

related parameters are calculate,. Cf: percent concavity (area in yellow), MaxC: maximum
concavity, MaxL: distance where the maximum concavity occurs. The location of the extracted
knickpoints is shown by green circles. The rest of the profiles are shown in Figure 4.3.
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ID Hi Cf(%) MaxC MaxL Basin Area Channel Lenght

(km?) (km)
0 036 39.51 033 054 23404.79 527.52
1 032 45.00 036 0.46 98.55 14.73
2 027 39.72 031 0.27 60.303 10.43
3 029 36.14 0.28  0.46 689.14 72.24
4 036 32.77 025 043 546.542 63.94
5 036 3548 031 0.21 156.324 28.03
6 030 3944 040 0.19 455.365 61.1
7 027 2488 023 033 100.618 17.19
8 031 36.74 029  0.50 124.527 24.43
9 034 13.01 0.12  0.60 319.23 30.2
10 032 40.48 031 0.29 339.532 34.97
11 032 3254 028 041 492.875 36.8
12 041 25.60 026  0.61 348.199 42.24
13 0.29 60.52 049 0.24 218.283 23.83
14 047 6.16 0.08  0.63 54.532 10.52
15 030 32.67 028 041 263.575 38.82
16 033 50.55 042 0.28 585.802 59.49
17 039 4097 031 0.60 2573.478 168.87
18 0.48 14.65 0.14 0.34 101.873 18.84
19 034 2424 020 0.21 342.719 35.54
20 035 13.80 0.13 042 302.171 30.12
21 032 27.36 021 031 55.499 13.61
22 026 14.99 0.11  0.70 205.079 22.08
23 041 8.03 0.10 0.20 231.605 33.5
24 045 -2.82 0.08 0.11 455.064 58.58
25 035 20.25 0.17 0.45 54912 10.78
26 032 1940 0.19  0.27 84.954 18.24
27 038 24.64 020  0.17 2390.379 146.31
28 0.12 67.46 0.54 0.24 167.573 29.09
29 0.27 33.87 025 045 100.416 24.37
30 0.40 -1.67 0.03 0.88 454.062 46.81
31 035 35.39 030 0.31 2219.993 167.76
32 021 -2.53 0.07  0.85 652.55 57.13
33 024 57.15 0.51 0.25 706.643 73.88

Table 4.1. Values of geomorphic indexes for selected basins within the study area (see text for
further explanation). ID = 0 corresponds to the Medjerda Basin.
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Figure 4.3. Normalized profiles for the 33 analysed basins and for the Medjerda main basin
(Basin n° (). Knickpoints are extracted from the ksn profiles and are depicted by green dots.
Values of concavity (Cf), maximum concavity (MaxC) and distance where the maximum concavity
occurs (MaxL) are indicated (see text for further information).
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Figure 4.4. Scatter plot of maximum concavity (MaxC) versus source point distance (MaxL). We
differentiate 4 groups on this diagram: G1 and G2 indicate unstable young basins, G3 includes
intermediate basins, and G4 corresponds to basins in a mature development stage.

MaxC/MaxL Groups

Figure 4.5. Drainage basins depicted according to the different groups obtained through the
scatter plot of MaxC vs MaxL values (Figure 4.4), as well as according to the river profile
morphology (convex, intermediate or concave, Figure 4.3).
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4.3.2. Normalized steepness index

According to the sensitivity analysis especially made for the study area, Chi-elevation profiles
have been obtained with an m/n coefficient of 0.3 for the whole drainage network. These channels
were defined by using an area threshold of 1 km? to avoid possible inclusion of colluvial channels
dominated by debris-flows (Stock and Dietrich, 2003; Kirby and Whipple, 2012). We used the
whole drainage area of the Medjerda basin for the analysis, although here we present only the results
within the study area (red polygon in Figure 4.1). In order to spatially analyse the ksn index, we
performed regressions for segments of 1 km length over chi-elevation plots and removed those with
low linearity (R? lower than 0.95). We also removed the segments that included dams or reservoirs.
With the remaining ksn segments, we interpolated a surface that shows the distribution ranging

from high values (red) to low values (blue) (Figure 4.6).
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Figure 4.6. Ksn values heat map for the whole study area and ksn regressed segments over the 33

selected basins. Ksn heat map has been obtained for 1 km length segments for the whole drainage

network (channels with a threshold area of 1 km?). Regressed segments were selected manually by

visual inspection of chi-elevation plots. The main tectonic structures are depicted. Knickpoints are
also displayed.
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High ksn values are predominant in the western part of the studied area, coinciding with the
main division between basins draining towards Argelia and tributaries of the Medjerda River.
Basins number 12, 13, 16 and 17 contain the highest values following a NE-SW trend. This cluster
of high ksn values placed in the western sector could be masking other relatively high values
throughout the study area; similar to the NE-SW trend located in the centre of the study area (lower
parts of basins 25, 27 and 30 and upper parts of basins 28 and 29).

Together with the spatial analysis of the ksn index, we also extracted chi-elevation plots for all
the trunk channels of the 33 basins analysed (Figure 4.7.a). In general, the northern basins show
lower slopes than the southern ones, except those within the Tellian domain (e.g. basins 12 and 13)
(Figures 4.6, 4.7.a and 4.8). The Medjerda chi profile shows an interesting slope-break on its
junction with tributary number 17, near Jendouba city (Figure 4.7.b). At this point, the Medjerda
trunk channel changes its orientation (from ENE to NNE) and increases its slope in the Chi profile,
i.e. increases its ksn general trend. The tributary n® 17 maintains the same chi-elevation slope and
orientation as the lower reach of the Medjerda River. This observation probably indicates that the
tributary n° 17 was the old course of the Medjerda River prior to subsequent river captures occurred

in the Medjerda River extending its main course towards the south (Figure 4.7.b).

Finally, the ksn regressed segments made on the chi profiles of the trunk channels (Figure 4.8)
show lower values in the northern basins, and present maximum values in transverse channels as
basins 18, 24, 25, 28 and 29 and lower part of basin 30, noting recent uplifts in this southern region
and thus coinciding with the ksn map (Figure 4.6). These regressed ksn segments also depict the
same feature observed in the Chi profiles; ksn values for the channel n® 17 is higher west of

Jendouba, but it presents similar values than the Medjerda trunk channel on its lower part.
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Figure 4.7. (a) Chi-elevation plots for all the selected basins. Basins are differentiated by color
and Medjerda main channel is depicted in black. Medjerda profile shows a steeper gradient than
its tributaries, which indicates an increase in drainage area. (b) Chi-elevation profiles for
Medjerda main channel and basin n° 17, which is interpreted as the old course of the Medjerda
River. Note how the lower part of the basin n° 17 maintains the same trend as mouth of the
Medjerda River (i.e. old equilibrium profile).



Chapter 4: Active tectonics and drainage anomalies in the onshore Northern Tunisia m

=

o

o

o
1

500 A

Elevation [m]

0
0 200 400 600
Chi [m]

300 A

200 A

100 A

\

100 200

o -

300 A

200 A

100 ~

K@

100 200

o -

300 A

200 A

100 -

\@

150 200 250

400 A

200 A

\,

100 150 200

o -
w
o

400 A

300 A

200 A

\G

100

200 250 300

1 2
100
100 A
75 -
75 -
50 -
50 -
25 -
T T T T 25 T T T T
50 75 100 125 60 80 100 120
4 5
300
500 200
100 A
0 1 T T T T T 0 T T T T
0 50 100 150 200 0 50 100 150
7 8
75 -
100 1
50 -
25 - 201
0 L T T T T T 0 1 T T T
0 25 50 75 100 0 50 100
10 11
300 A
300 -
200
2001 100 -
100 - T T T T T T T
150 200 250 0 50 100 150
13 14
300 1
400 -
200 4 200
O L T T T 100 T i T T T
0 50 100 40 160 180 200
16 17
600
750
400 -
500
200 1 250

200 300 400

300 400 500



Part II1I: RESULTS

18 19
700 -
E |
= 600 - 600
S
3 500 -
£ 4001 400 -
250 300 350 300 350 400
Chi [m]
21 22
800 -
200 500 -
600 -
400 -
375 400 425 450 300 350 400
24 25
500 -
600 -
400 -
400 - 300
300 400 500 240 260 280 300
27 28
400 -
750 -
300 -
500 -
200 -
250 -
200 300 400 500 200 250 300
30 31
400 A 1000 -
300 -
200 3001
100
150 200 250 100 200 300 400 500
33
200
100 1 //
0

100 200

300

20

700 A

600 -

500 ~

N

350 400 450

23

600 -

400 -

\

300 350 400

26

400

300 A

200 A

\

225 250 275 300

29

400 A

300 A

200 A

100

\

200 250

32

200

150 A

100 A

50 A

h

100 150 200 250

Figure 4.8. Chi-elevation profiles for the trunk channels of the 33 analysed basins and for the
Medjerda main channel (Channel number (). Derived knickpoints are depicted as red dots.
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4.3.3. Hypsometric curves and Hi

We extracted the hypsometric curves with their respective hypsometric integrals (Hi) for all the
33 studied basins (Table 4.1 and Figure 4.9). Hi shows low values, ranging from 0.12 to 0.48 with
an average value of 0.33 (Table 4.1), characteristic of mature landscapes. Most of the hypsometric
curves show concave or S-shaped profiles, as expected with landscapes in a mature stage of
development (Figure 4.9). However, a number of curves present clear convexities in their lower
parts (basins 18, 23, 24, 26, 27 and 30), which are related to an increased river incision driven by
headward erosion (Pérez-Pefia et al., 2010; Giaconia et al., 2012a). In addition, some complex
curves feature heterogeneous landscapes. We divided the hypsometric curves regarding to their
shapes (i.e. concave, s-shaped, complex and convex mouths) and Hi values (Figure 4.10). Relatively
high Hi values with convex mouths are identified in transverse basins south of Jendouba city, noting
rejuvenation processes, in agreement with previous results of normalized profiles and ksn index

analyses.
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Figure 4.9. Hypsometric curves and hypsometric integral values (HI) for the 33 analysed basins
and for the Medjerda main basin (Basin Med.).
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Figure 4.10. Studied basins represented according to the hypsometric integral values (Hi) and
hypsometric curve shapes (Figure 4.9).
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4.3.4. Knickpoint analysis

Through the analysis of ksn profiles and area-slope logarithmic plots we identified knickpoints
on several rivers throughout the study area (Figures 4.11 and 4.12). We discarded the knickpoints
with ksn values lower than 2.5, as they may be related to local processes. The knickpoints were

classified in three main classes as explained in the methodology section (see Chapter 3).

Some of the identified knickpoints correspond to erodibility variations (Figure 4.13). However,
sharp lithological contrasts in Northern Tunisia are restricted only to small outcrops of Eocene and
Jurassic carbonates, and Oligocene sandstones of the Tellian domain. The lithological contrasts
between these two domains could explain the presence of moderate knickpoints in the North (e.g.
basins 12 and 15) and Southwest (basin 17), while the moderate knickpoint of basin 4 may be
associated to an isolated outcrop of Eocene carbonates (Figure 4.13). The major knickpoints seem
to do not have lithological influence as they occur within Neogene sediments or Cretaceous marls
in the Medjerda River and basin n° 27, and over Triassic clays on basins 23 and 24 (Figures 4.13
and 4.6). The major and moderate knickpoints that concentrate in the South of the study area agree
with higher ksn segments (Figure 4.6), as well as with the MaxC/MaxL groups of the normalized

profiles and convex hypsometric curves (Figures 4.5 and 4.10).

Most of minor and local knickpoints fit well with tectonic structures, however, their low ksn
values may indicate that the activity of such structures is probably low. Other local knickpoints that
do not correlate either with lithology or tectonic structures may indicate other local processes such
as landslides, local changes in drainage or even the aforementioned small outcrops of Eocene and

Jurassic carbonates.
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Figure 4.11. Area-slope logarithmic plots for the trunk channels of the 33 analyzed basins and for
the Medjerda main channel (profile 0). Derived knickpoints are shown as red dots.
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Figure 4.12. Ksn-distance profiles for the trunk channels of the 33 analysed basins and for
Medjerda main channel (profile 0). The ksn profiles have been constructed by calculating the ksn
index within a mobile window of 15 pixels centred in each profile vertex. Selected knickpoints
along the channels are depicted as red dots.
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Figure 4.13. Geological map of Northern Tunisia with the knickpoint locations (modified from
Melki et al. (2012)). Knickpoints are displayed according to their ksn values.

4.3.5. Fieldwork

Together with the morphometric analysis we undertook a short field campaign to study the
region located NW of Testour (Figure 4.14). This area was selected on the light of previous
morphometric results, since includes the first main deflection of the Medjerda River. The following

section summarize the main findings of the field campaign.

In Zarga Village we identified an abandoned fluvial channel, confirmed by successive
numerous levels of river terraces located on the watershed between Tine and Medjerda River basins
(Figures 4.14 and 4.16.A), suggesting that a significant ancient river flowed across the watershed
through the Tine River Valley. We systematically measured dip, direction and sense of movement
of striae in pebbles (when possible), produced due to pebble displacement during faulting/folding
affecting the terraces. We analysed 5 field stations corresponding with abandoned terrace levels
(Figures 4.14, 4.16.E and 4.16.F). A total of 16 pebbles were measured for the stations 1.4 and 2.1,
21 for the station 2.7, and 17 for the stations 3.4 and 6.10 (Figure 4.14). Striae orientations on each
point of the surface pebble should be parallel to the orientation of maximum shear-stress (Ruano
and Galindo-Zaldivar, 2004). Following that assumption, a stress ellipsoid can be determined by

fault-slip data inversion. We used the Gauss Method implemented in the software T-Tecto (Zalohar,
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2009) to obtain P and T dihedral solutions. The results of the stress-inversion suggested a stress
pattern with a maximum compressive stress oriented N-S to NW-SE (Figure 4.14), thus agreeing

with the motion of the ETF, Zarga and Dkhila faults.

Abandoned fluvial channe
e Abandoned terrace

Knickpoints (ksn values)
©25-45

@ 45-6.5

Figure 4.14. Map with the structural data and observations surveyed in the field (location of the
area is displayed by a red box in Figure 4.1). Stereoplots with stress tensor results for striated
pebbles. Black box shows the location of Figure 4.15. Knickpoints are displayed (according to

their ksn values).

The Quaternary sediment filling of the Tine River valley located above the hanging-wall of the
ETF thrust is strongly asymmetric. We identified four terrace levels being the youngest ones in the
centre of the valley while the oldest ones occur above and in the southern side (Figure 4.15). The
higher the terraces, the older and more folded they are, reaching dips up to 50° towards the NW in
the oldest level (Figures 4.15 and 4.16.B). In these terraces, Pleistocene conglomerates show
conspicuous striated pebbles that indicate a horizontal NW-SE main stress axis agreeing with the
current Nubia-Eurasia convergence (Figure 4.14). These observations suggested that river terraces
step up the hanging-wall flat of the ETF thrust, attesting for both tectonic uplift and horizontal
displacement. These findings may evidence a capture of part of the Tine basin by the Medjerda
River and being the capture point close to the Zarga village, due to the continued uplift of a block
likely constrained by the joint activity of the ETF, Zarga and Dkhila faults (Figure 4.14). The
absence of a moderate or major knickpoint associated to this capture, indicates that it should have
occurred long time ago, giving the Medjerda trunk channel to attain an equilibrium condition

(Figure 4.14).
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Figure 4.15. Left: Detailed geological map located in Figure 4.14 (black rectangle). Right: NW-
SE cross section of the block formed by the Dkhila and ETF faults. In the cross section we can see
how ETF cuts the Plio-Quaternary terraces. The small inset under the cross section shows a zoom

and vertically exaggerated section, displaying an asymmetric disposition of the terraces within
the Tine River valley.

To the West of Tebourba we observed that the El Alia-Teboursouk fault zone (ETF) is defined
by several decametres of gypsum mylonites and breccias that affect Triassic red beds and gypsum,
which dip between 35° and 50° towards the NW (Figures 4.14, 4.15 and 4.16.C). Asymmetric tails
in porphyroclasts and gypsum slickenfibers indicate hanging-wall transport towards the SE. The
hanging-wall Triassic sediments show a flat geometry, sub-parallel to the fault zone. On the footwall
of the ETF fault, we found Plio-Quaternary fluvial sediments verticalized by the thrust activity
(Figures 4.14 and 4.16.D). All of these observations suggested a fault-propagation-fold associated
to a reverse fault that detaches on a Triassic gypsum unit. Furthermore, the apparent absence of a

hanging-wall ramp suggested a large displacement along the thrust.

Near the Dkhila village, we observed an unnamed 86°N fault dipping 74° towards the south that
we name Dkhila fault (DF). The Tine River shows a local knickpoint when crossing through that
fault, probably accounting for its activity (Figure 4.14). North of Dkhila fault, Plio-Quaternary
terraces are folded and verticalized (Figures 4.14 and 4.17.A). We found that the fault motion put
Triassic material above terrace sediments. The trace of this fault remains visible until the Joumine
River valley, where different segments conform a horsetail configuration. In these segments we
identified 122°N striae in competent lower Eocene limestone blocks, showing a dextral strike-slip
motion (Figures 4.14, 4.17.B and 4.17.C). These blocks break in 50°N reverse faults dipping 60°
(Figures 4.14 and 4.17.C). In one of these limestone blocks with anticlinal disposition, we observed
meter to decametre open cracks with associated striae, possibly indicating co-seismic deformation

that suggest recent tectonic activity (Figures 4.14, 4.17.E and 4.17.F). The orientation of cracks,
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parallel and perpendicular to the main fault (130°N and 45°N, respectively) with sinistral
movements for the parallel ones and normal for the perpendicular ones (i.e. with contrary kinematics
to the main faults), support this interpretation (Philip and Meghraoui, 1983; Branellec et al., 2015).
Although with a probable co-seismic origin, most of the opening cracks are possibly due to a
landslide affecting part of the anticline’s northern flank. A similar case of lateral landslide spreading

has also been described in the Pyrenees (e.g. Zarroca et al., 2013).

Fieldwork observations also support that the local knickpoint found in basin 32 could indicate
a river capture, causing the shifting of SE draining rivers to their present position. We identified a
sand point bar (Figures 4.14 and 4.17.D) in a terrace located above Oligocene materials to the east
of the knickpoint of basin 32, showing paleo-streams towards the SE, supporting the results obtained

by the morphometric analysis.

Figure 4.16. Fieldwork photographs. A: Fluvial terraces in the watershed of the Tine River. B:
Folded fluvial Plio-Quaternary sediments. C: El Alia-Teboursouk fault zone (ETF). D: Sub-
vertical Plio-Quaternary deposits on the footwall of the ETF fault. E and F: Striated pebbles on a
terrace of the Tine River valley.
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Figure 4.17. Fieldwork photographs. A: Dkhila fault folding and putting vertical Plio-Quaternary
terraces (i.e. strata are marked in black). B: Dextral striae in Eocene limestones. C: Dextral
strike-slip fault near a reverse fault. D: Sand point bar indicating paleocurrents towards the SE.
E: Probable co-seismic cracks. The red box highlights striae in NI130°E and N45°E fractures. F:
Two different families of probable co-seismic event, NI130°E and N45°E.

4.3.6. Seismic potential of active structures

Through the empirical equations for the earthquake magnitude estimations, we calculate the
maximum magnitudes expected for the slip of the two faults recognized by fieldwork: El Alia-
Teboursouk (ETF) and Dkhila (DF) faults. For this calculation, we selected different fault segments
susceptible to break in an eventual seismic event. Fault segmentation of the most active segments

has been done by: a) geometric criteria, b) field observations, c¢) morphometric and
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geomorphological criteria by DEM analysis, and d) information from bibliographic references (e.g.
Mejri et al., 2010; Bahrouni et al., 2014; Rabaute and Chamot-Rooke, 2015). Moreover, maximum

magnitude for each entire fault has also been calculated to provide an upper bound value.

The empirical values and equations used are the ones from Wells and Coppersmith (1994) and
Wesnousky (2008). Reverse fault values and equations are used for the ETF fault while strike-slip
values are selected for the DF fault. Although both faults display oblique movements, the ETF
shows a predominant reverse motion while the DF is characterized by a mainly strike-slip

displacement.

As shown in Table 4.2 and Figure 4.18, we identified five segments susceptible to break along
the ETF (ES1, ES2, ES3, ES4 (ES2+ES3) and ESS5), while for the DF we only obtained two main
segments (DS1 and DS2). Moreover, we calculated the entire fault longitudes (EST and DST). The

magnitudes obtained for each fault and methods are shown in Table 4.2.

Rupture Magnitude (Mw)
Faults Segments length Wells and Coppersmith
(km) (1994) Wesnousky (2008)
ES1 15.8 6.5 6.4
ES2 9.8 6.2 6
13.5 6.4 6.2
El Alia - LS
Teboursouk | ES4 (ES2+ 233 6.7 6.7
ES3)
ES5 9.7 6.2 6
EST 97 7.4 7.8
DS1 10.8 6.3 6.5
Dkhila DS2 8.8 6.2 6.4
DST 30 6.8 6.8

Table 4.2. Moment magnitudes (Mw) calculated for the different segments of ETF and DF faults
on the basis of empirical relationships. Maximum moment magnitudes (Mw) have been calculated
for the entire El Alia-Teboursouk (EST) and Dkhila (DST).
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Figure 4.18. Northern Tunisia active tectonics map derived from this work. In red are shown the
active faults. In purple are shown the active faults described in this work for the first time (Dkhila
and Zarga faults). In marine blue are shown the main rivers. Tectonic structures include data
from Melki et al. (2012), Bahrouni et al. (2014) and Rabaute and Chamot-Rooke (2015), as well
as our own field data. Focal mechanisms solutions extracted of the compilation of Soumaya et al.,
(2015). The Focal mechanisms solutions are plotted in the barycentre of the epicentral and
weighted by magnitudes. The colour of focal mechanisms type is based on the Frohlich triangle
diagram (above left); NF: normal faulting, TF: thrust faulting, SS: strike-slip faulting, TS: thrust
to strike-slip faulting, and NS: normal to strike-slip faulting.

4.4. Discussion

4.4.1. Drainage network anomalies associated to active faulting

Most of the ksn anomalies observed in Northern Tunisia are parallel and delineate the uplifted
faults blocks developed in the context of NW-SE convergence between Nubia and Eurasia plates
(e.g. McClusky et al., 2013; D’agostino and Selvaggi, 2004; Serpelloni et al, 2007; Noquet, 2012)
(Figure 4.6). Figure 4.18 shows the active faults derived from the morphometric analysis carried
out in this work. As depicted in Figure 4.18, active faults show a scattered distribution agreeing

with the sparse seismicity recorded in Northern Tunisia (Meghraoui et al., 1996b; Serpelloni et al.,
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2007; Nocquet et al., 2012; Bahrouni et al, 2014; Soumaya et al., 2015; 2018). These faults match
with the current transpressive to compressive regime of Northern Tunisia (e.g. Meghraoui and
Pondrelli, 2012; Nocquet et al., 2012; Soumaya et al., 2015), and are either reverse-sinistral faults
like the El Alia-Teboursouk fault and their associated folds, or dextral and normal faults, which we
will discuss next. Furthermore, in some cases these anomalies delineate faults that have not been
previously mapped, but that are mapped thanks to a morphotectonic analysis, and later ground-
truthed in the field (Figure 4.18). This is the case of the WNW-ESE Dkhila dextral-reverse fault.
This fault reaches a length of approximately 30 km and shows evidence of recent activity, cutting

Pleistocene terraces and the Tine River valley (Figure 4.18).

The main reverse/left-lateral fault that show a morphotectonic signal and has been ground-
truthed in Northern Tunisia is El Alia Teboursouk fault, one of the most important sinistral faults
in the region (Figure 4.18). The recent activity of the ETF fault was proved by Plio-Quaternary
fluvial sediments verticalized by the thrust activity recognized in fieldwork (Figures 4.14 and
4.16.D). Although not as evident as in the ETF fault, the CSGF, RKTF and TEF faults show
morphometric signal and field evidences in the case of TEF fault, supporting recent tectonic activity
(Figure 4.6). These faults are NW-dipping reverse-sinistral faults displaying a main NE-SW trend
and represent most of the active faults recognized in this work, in agreement to previous works
(Rouvier, 1977; Gueddiche et al., 1992; Ben Ayed, 1993; Bahrouni et al., 2014; Soumaya et al.,
2015, Essid et al., 2016; Soumaya et al., 2018). Furthermore, most of the thrust focal mechanisms
display NE-SW trending nodal planes that agrees with the trending of the delineated faults (Figure
4.18). The hypsometric curves also support uplift in some areas, interpreted as related to the

sinistral-reverse fault motion, as for the lower parts of basins 23 and 24 (Figures 4.9 and 4.10).

Dextral faults are interpreted as conjugate to sinistral faults, or as transfer faults of reverse faults
and have WNW-ESE trends that clearly match with the regional NW-SE tectonic compressional
vector (e.g. DeMets et al., 1994; Sella et al., 2002; Calais et al., 2003; McClusky et al., 2013;
D’agostino and Selvaggi, 2004; Serpelloni et al, 2007; Noquet, 2012). Although focal mechanisms
clearly show dextral strike slip events with ~W-E trending focal planes (Figure 4.18), few dextral
active faults are described in the literature for Northern Tunisia, except for the right-lateral
Ghardimaou-Thibar accident, that our analysis also proved as active (high ksn values on the
southern block, Figure 4.6) (Amiri et al., 2011; Bahrouni et al., 2014; Soumaya et al; 2015, 2018).
Nevertheless, we identified some new WNW-ESE active faults in the field, like the Dkhila’s and

Zarga faults (Figures 4.14 and 4.18). These faults cut Pleistocene sediments (Figure 4.15) and,
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together with the ETF, form an uplifted block that may have isolate the upper part of the Tine River
and favoured its capture by the Medjerda main channel (Figure 4.14).

The normal faults of Northern Tunisia show a NW-SE trending and develop small tilted basins
hosting alluvial fans (e.g. Belguith et al., 2011; 2013, Soumaya et al., 2015). Moderate ksn values
on the footwall areas of these faults suggested their activity. This is clear in the southeastern sector
of the studied region (upper parts of basins 31 and 27) or in the Mateur’s fault zone where normal
component focal mechanisms have been computed (Figures 4.6 and 4.18). The movements of most
of the above described faults may cause landscape readjustments that induce river captures as
described below. Some of these faults have associated minor or local knickpoints (Figures 4.6). The
low ksn values related to these knickpoints may indicate that the activity of these structures is low.
This observation fits well with the overall topography in Northern Tunisia, with gentles slopes and
no deeply incised canyons (Figure 4.1). However, a low slip-rate for these faults does not mean that
they cannot generate important earthquakes, but that their recurrence periods are probably longer.
Some field features related to these faults, as the open cracks probably are co-seismic effects of

major events, which support its potentially seismogenic nature (Figures 4.17.E and 4.17.F).

Moderate knickpoints are found associated to the competent rocks of the Tellian domain (e.g.
basins 12, 15 and 17) or with isolated outcrops of competent rocks (Eocene carbonates in basin n°
4, Figure 4.6). Moderate knickpoints associated to the competent rocks of the Tellian domain agree
with the positive anomaly in ksn values parallel to the thrust contact between the Tellian and the
Atlas domains (Figure 4.6). This contact places less erosional sandstones above mostly pelitic rocks
of the Atlas domain. The local knickpoint in the Medjerda south-west to Tebourba, despite not lying
directly over the Dkhila fault itself, it could be related to the uplift generated by the block formed
by the ETF, Zarga and Dkhila faults (Figure 4.14).

Moderate and major knickpoints are found in the upper reach of the Medjerda River some
kilometers upstream Jendouba, in transverse channels 18, 19, 20, 23, 24, 25 and 26 (Figure 4.6).
They agree with higher ksn segments (automatic and regressed segments, Figure 4.6), MaxC/MaxL
groups of the normalized profiles and convex hypsometric curves (Figures 4.5 and 4.10), and could
be related to a more general drainage reorganization taking place in Northern Tunisia, capturing

valleys to the east (see Section 8.2 in Chapter 8).

Furthermore, some knickpoints are also located over the contact with Triassic evaporites (basin
24, west of Kef village (Figure 4.13)). The high lithological contrast, together with the possibility

of halokinesis could also play a role by “accelerating” knickpoint formation and upstream
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migration. In these areas, additional field mapping and a fine structural analysis will shed light on

the matter.

River captures are the main fluvial mechanism in Northern Tunisia driving a general fluvial
network reorganization. We have identified several fluvial captures throughout the studied area.
These captures are evidenced by different features such as abandoned fluvial channels and terraces,
knickpoints and morphometric results. The overall capturing process is well depicted in the Chi
profiles for the main channels, those profiles show how the Medjerda main channel is gaining area
as its slope is higher in its upper parts compared to the lower parts (Figure 4.7.a). A nice example
of these captures can be viewed in the Tine River near Zarga village. The joint activity of the ETF,
Zarga and Dkhila faults produced and uplifted a block that isolated the upper reach of the Tine
River, boosting its capture by the Medjerda main channel towards the east (Figure 4.14).

Finally, fieldwork evidences of recent activity obtained by the DF and ETF faults confirmed
the observations made through the morphometric analysis and prove active tectonic activity with
potentially seismogenic character. Using two different empirical equations (Wells and
Coppersmith, 1994 and Wesnousky, 2008) significant maximum magnitudes (M) of 6.7 and 6.5
have been obtained for fault segments of the ETF and DF faults, respectively. These values are
similar to the maximum estimated magnitude of My, 6.8 for the destructive historical earthquake of
Tunis in A.D. 856 (Ksentini and Romhdane, 2011). Although we do not have slip-rate velocities
for the faults, we can assume return periods of hundred to thousand years, due to the slow
convergence rates defined in this zone (e.g. McClusky et al., 2003; Serpelloni et al., 2007; Noquet,
2012). Low slip-rates are also supported by the low ksn values associated to fault-related
knickpoints observed in Northern Tunisia (Figure 4.6). Because of that, the risk will not be as high
as we expected for the magnitudes obtained. Even so, the large magnitudes obtained together with
the evidence of important historic earthquakes in the region (e.g. Ambraseys, 1962; Ksentini and
Romhdane, 2011; Bahrouni et al., 2014; Ksentini and Romhdane, 2014) suggested a considerable

seismic hazard in the zone.

4.5. In summary

The morphometric analysis carried out in this chapter revealed several active faults matching
with the current NW-SE convergence setting between Nubia and Eurasia plates. The active faults
observed show an sparse distribution and low slip-rates throughout the studied area, in agreement

to the sparse and scarce seismicity in Northern Tunisia (see Section 2.1.3 of Chapter 2 for further

107




Part III: RESULTS

information). Three families of active faults have been identified: NE-SW reverse-sinistral faults,
WNW-ESE dextral faults and NW-SE normal faults. The main reverse-sinistral fault that show a
morphotectonic signal and has been ground-truthed is the NE-SW reverse El Alia Teboursouk fault.
These NE-SW reverse-sinistral faults represent the main family of active faults recognized in
Northern Tunisia. Evidence of recent activity as Plio-Quaternary fluvial sediments verticalized by
the slip of the ETF fault were recognized on the field and proved its recent activity. Regarding to
dextral faults, we could identify two new ones never earlier described, the Dkhila’s and Zarga faults.
These dextral faults are interpreted as conjugate to sinistral faults or as transfer faults of reverse
faults. Morphotectonic signal (as ksn anomalies or knickpoints) delineate these faults and evidence
recent activity later identified in the field (as folded Pleistocene terraces and probably seismogenic
cracks associated to the Dkhila fault). Finally, active normal faults developing small tilted basins
have also been recognized. Moderate ksn values on the footwall of these normal faults suggested

their recent activity.

Several river captures have been identified throughout the studied area. Different morphometric
indices in the upper reach of the Medjerda River evidence fluvial network reorganization also
supported by Chi profiles, which indicates that its catchment area has grown through time by
capturing other longitudinal valleys to the east of its initial drainage divide. These series of captures
formed transverse tributaries to the Medjerda River that show the highest convexity and
hypsometric integral values. In some cases, these captures could have been driven by an increase in

incision rate of the Medjerda tributaries, related to uplift associated with active tectonic structures.

Lithologic contrasts between the Tellian sandstone units and more erodible North Maghrebian
paleomargin-derived rocks also seem to influence the drainage in northern Tunisia. The contact
between these domains is marked by a clear ksn anomaly and coincides with the main division
between basins draining to the Algero-Balearic Basin and the northern tributaries of the Medjerda

River that drains into the Gulf of Tunis.

El Alia Teboursouk and Dkhila faults have also been proved to be active in the field and co-
seismic evidences have been identified. The estimated maximum earthquake magnitudes for the
susceptible segments to break of the ETF and DF faults are 6.7 and 6.5 (My) respectively. These
magnitudes together with the evidence of significant historical earthquakes in the region suggested

a considerable seismic hazard in Northern Tunisia.



Chapter 5: Geomorphology and morphostructure of the North Tunisian continental margin

CHAPTER 5

Geomorphology and morphostructure of the North Tunisian
continental margin

5.1. Introduction

The North Tunisian continental margin is a poorly explored area located just at the transition
between the Western and the Eastern Mediterranean Sea. Although there are few published works
in the literature (e.g. Auzende, 1971; Auzende et al., 1974; Maldonado and Stanley, 1976;
Gennesseaux and Stanley, 1983; Tricart et al., 1994, Catalano et al., 2000; Dinares et al., 2003), in
this work we present the first comprehensive modern marine geophysical dataset of the offshore
North Tunisian margin. This dataset consist of a high resolution multibeam bathymetric map and a
suite of parametric echosounder and TOPAS profiles acquired during the Geomargen-2 and
Geomargen-2AA cruises. In this Chapter we analyse this dataset and present the unprecedented
detail of the geomorphologic and morphostructural observations of the offshore North Tunisian

margin.

Following the aim of this PhD Thesis to characterize and investigate active tectonic processes
in this region, in this Chapter we focus on the geomorphological and morphostructural analyses as
the first step to identify recent and active tectonic structures in the North Tunisian continental
margin. We describe sedimentary, erosive and tectonic features shaping the seafloor surface and
sub-surface to understand the currently active processes occurring in the area as well as to identify

fault-related seafloor traces.
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5.2. Methodology

To characterize the geomorphology and morphostructure of the North Tunisian continental
margin we use high-resolution parametric echosounder profiles and high-resolution bathymetric
data (acquired with the high-resolution sub-bottom profilers TOPAS PS 18 and Innomar SES-2000
Compact and the high-resolution multibeam echosounders EM712 and ELAC Seabeam 1050D).
The bathymetric map covers an area of 15,600 km? between 9°3.6’E-11°16.6’E and 37°14.7°N-
38°41.2°’N, while Innomar parametric echosounder profiles totalized more than 8,445 km and
TOPAS profiles more than 3,500 km. This dataset was acquired during the Geomargen-2 and

Geomargen-2AA cruises on-board the RV “Garcia del Cid” and “Angeles Alvarifio”, respectively.

To identify seafloor fault-related features and highlight subtle seafloor morphologies and
particularly enhance continuity of the seafloor traces of faults and lineaments we filtered our
bathymetric mosaic using the high-pass filtering of the topography (Howell et al., 2015) and the
Red Relief Image Map (RRIM) (Chiba et al., 2008). We also use morphometric analyses to study
the seafloor relief, such as swath profiles and a spatial auto-correlation technique for the

hypsometric integral (see Chapter 3 for further information).

5.3. Geomorphological and morphostructural analysis of the North Tunisian
margin

The North Tunisian continental margin is characterized by a complex topography with different
geomorphological and morphostructural features, as well as specific physiographic domains. In this
section, we first introduce the geomorphology and morphostructure of the area describing the main
geomorphological features identified. We use morphometric analyses in order to characterize the
regional relief of the explored region (Section 5.3.1). Later, we analyse the geomorphology and
morphostructure of the different domains in which we classify the study area (Section 5.3.2).
Finally, we describe in detail the morphological and morphostructural evidences of sedimentary,
erosional and tectonic features that are shaping the seafloor of the North Tunisian continental

margin (Section 5.3.3).
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5.3.1. Regional geomorphology and morphotectonic structure

a) Brief description of the main geomorphological and morphostructural features of the

explored area

In this section we briefly present the main features identified on the bathymetric map. These
include the following elements: A) Contourites, moats and cold-water coral mounds; B) Folds and
faults, C) Pockmarks, D) Collapse pockmarks, E) Basement highs, F) Slide scars and Mass

Transport Deposits and G) Layered sedimentation.

Contourites, moats and cold-water coral mounds (A)

In the explored area of the North Tunisian margin, contourites usually show long and narrow
elongated mound shapes with an adjacent, concave moat, parallel or slightly oblique to edges, faults
or cold water coral mounds (CWCM) (Figures 5.1.A1, 5.1.A2, and 5.1.A3). Morphologically,
contourites are recognizable as elongated drift structures with adjacent moats parallel to the
structures along which deep-water bottom-currents flow (Figure 5.1.A3). In the echosounder
profiles (Figure 5.1.A1), contourites are recognizable by having offlap bedding when approaching
the moats. On the other hand, cold-water coral mounds (CWCM) are typically recognized on the
seafloor bathymetry as elongated snake-shaped geo-forms (Figure 5.1.A3). In the parametric
echosounder profiles CWCM are recognized as prominent vertical structures displaying transparent
facies, due to the accumulation and stacking of coral and reef rubble (Figure 5.1.A1). The nature of

CWCM was ground-truthed with 5 cores and 5 dredges recovering coral rubble in several locations.

Folds and faults (B)

Folds caused by faults in recent sediments and therefore by recent tectonic activity also occur
in the area (Figures 5.1.B1, 5.1.B2 and 5.1.B3). Due to the restricted penetration of the parametric
echosounders they image only the shallowest layers (maximum penetration reached below seafloor
is ~0.73 s TWTT or ~61 m) (Figures 5.1.B1 and 5.1.B2). In consequence, faults at depth are not
visible, but the superficial response of their motion through the observation of a deformed terrain.
For instance, Figures 5.1.B1 and 5.1.B2, show the fault causing surface folding for the western fold
but not for the eastern one. Moreover, most of the locally observed deformation at the surface might
be related to large fault at depth that branches to shallow depth. The expression of these folds in the
seafloor is usually weak (Figure 5.1.B3), but filtered topography maps permit their identification

much clearly (see section 5.2).
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Pockmarks (C)

Because of their usually characteristic morphological definition, an easy way to identify
pockmarks is through the study of bathymetric data (Figure 5.1.C3). We found a large variety of
pockmarks of those described by Judd and Hovland (2007), such as: i) standard circular and
elliptical pockmarks, as the eastern pockmarks in Figures 5.1.C1, 5.1.C2 and 5.1.C3; ii) composite
pockmarks, as the ones occurring when individual pockmarks merge; iii) elongated pockmarks and
troughs, which tend to be elongated following the axis of the troughs; iv) giant pockmarks that are
anomalously large when compared to other surrounding pockmarks; v) partially filled pockmarks
covered by sediments derived from different mechanisms; for example the western pockmark in

Figures 5.1.C1, 5.1.C2 and 5.1.C3.

Collapse pockmarks (D)

Collapse pockmarks are also found in the studied area, and we relate them to an evolutionary
stage of the pockmarks or perhaps related to the presence of strike-slip faults. These collapse
pockmarks may be formed either by the simple evolution of pockmarks to more mature stages or
by the presence of long strike-slip faults that generate pull-apart basins and subsequent depressions

(Figures 5.1.D1, 5.1.D2 and 5.1.D3).

Basement highs (E)

Several basement highs crop out within the North Tunisian continental margin (Figures 5.1.E1,
5.1.E2 and 5.1.E3). In TOPAS profiles the basement highs characteristically lack stratification and
commonly display a strong top reflection caused by the indurated nature of the seafloor that has a

comparatively higher acoustic impedance (Figure 5.1.E1).

Slide scars and Mass Transport Deposits (F)

Slide scars and associated Mass Transport Deposits (MTD) are common features identified
throughout the explored region (Figures 5.1.F1, 5.1.F2 and 5.1.F3). Slide scars cut the seafloor and
are consequently easily identifiable both on TOPAS profiles and on the bathymetric map (Figures
5.1.F1 and 5.1.F3). MTDs are clearly displayed on TOPAS profiles as transparent bodies due to
their lack of internal structure (Figures 5.1.F1 and 5.1.F2) but they are not so evident in the
bathymetric dataset. In fact, filtered topography (Figure 5.1.F3) turns out to be a good methodology

to display the rough seafloor topography of MTDs, in comparison to neighbouring areas.
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Figure 5.1. Description of the different geomorphological and morphostructural elements
identified and its main seismic and morphologic characteristics observed. Column 1: TOPAS
parametric echosounder profiles; Column 2: Interpretation of the TOPAS profiles;, Column 3:
Filtered topography overlapped on top of the original bathymetric shaded relief map. Colour
scale ranges from red to blue corresponding from concave to convex morphologies, respectively.
The TOPAS profiles are located by a black line. Geomorphological and morphostructural
elements are as follows: A: Contourites, moats and cold-water coral mounds (CWCM), B: Folds
and faults; C: Pockmarks; D: Collapsed pockmarks,; E: Basement high; F: Slide-scar and Mass
Transport Deposits (MTD); G: Layered stratification.

Layered sedimentation (G)

Several regions appear tectonically inactive areas as clearly shown in TOPAS images with a
continuous, homogeneous and layered stratification without any disturbance affecting those areas

(Figures 5.1.G1, 5.1.G2 and 5.1.G3).

b) Morphometric analyses of the seafloor bathymetry

In this section we describe the regional relief of the explored region by using morphometric

analyses like a spatial auto-correlation technique for the hypsometric integral and swath profiles.

Spatial autocorrelation technique for the hypsometric integral

The map of the spatial autocorrelation technique for the hypsometric integral (Hi) (Figure 5.2)
reveals a clear preferential distribution of clusters of high Hi values to the east of the Bizerte
Canyon. These clusters of high Hi values seem to correlate with pockmark fields (see zooms in
Figures 5.2.a and 5.2.b). In contrast, clusters of low Hi values seem to be more distributed
throughout the study area, and lower-end values are observed at the eastern side of the Bizerte
Canyon in correlation to Cold Water Coral Mounds (CWCM) (Figure 5.2.c). Both, high- and low-
value clusters show that the sector to the east of the Bizerte Canyon is characterized by a more

complex relief than the smoother sector located to the west of the Bizerte Canyon.
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Figure 5.2. Gedis-Ord statistic estimation for the Hypsometric Integral (HI) values using a 30 m
bathymetric map and analysing a grid with a pixel size of 750 m. a) and b) Zoom of clusters of
high HI values coinciding with high-density pockmark fields, c) Zoom of a cluster of low HI
values coinciding with Cold Water Coral Mounds (CWCM,).

Swath profiles

A total of 36 profiles extracted from the North Tunisian continental margin were stacked and
plotted in three different patterns (i.e. continuous, dashed and dotted lines), in order to differentiate
the profiles corresponding to northern, central and southern sectors, respectively (Figure 5.3). In
general, swath profiles in Figure 5.3.a display the same trend as the one observed with the

hypsometric analysis (Hi) explained above.

Although standard deviation values (dark grey area in Figure 5.3.a) for the western sector are
higher than the ones of the eastern part, the profiles of the eastern sector are more intertwined and

display a higher chaotic aspect than the western ones (i.e. where profiles are more parallel among
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themselves). Thus, despite being smoother in the long wavelengths, the eastern sector has a more
complex small-scale relief, with more variable seafloor roughness. On the other hand, the western
sector profiles are more parallel among them and the standard deviation values are directly related
to the depth variability. This variability is induced by the north-western slope, the large Sentinelle
and Estafette Banks and the western flank of the Bizerte Canyon.

Regarding the northern profiles (continuous lines), they are parallel in the westernmost sector
following the NW slope and the Sentinelle Bank (Figure 5.3.a). However, at the eastern sector and
beyond the slope of the eastern flank of the Bizerte Canyon, profiles become more intertwined
(Figure 5.3). A similar pattern is displayed by the profiles of the central area (dashed lines). The
western sector is characterized by a stripe of parallel profiles displaying the smooth area between
the Spiss Bank and the Shelf (Figure 5.3). To the east of the Bizerte Canyon area (dashed red line
in Figure 5.3.a) the pattern of the profiles becomes more chaotic. Finally, the southern profiles
(dotted lines) also display the same trend with the eastern sector profiles being more intertwined
than the western ones (Figure 5.3). Generally, swath profiles show a more variable seafloor

roughness in the eastern sector than in the western one.
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Figure 5.3. a) Overlapping plot of a total of 36 swath profiles extracted from the North Tunisian
continental margin. Three groups of swath profiles are differentiated as continuous, dashed and
dotted lines. The red lines below the Bizerte Canyon correspond to the area influenced by the
canyon among the three groups of profiles. The white line shows the mean value. The dark grey
area correspond to the standard deviation values and the light grey area to the extreme values, b)
Bathymetric map of the surveyed area offshore Northern Tunisia with the tracks of the 3
categories of swath profiles displayed, following the pattern shown in (a).
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5.3.2. Geomorphological domains

The offshore area (white polygon in Figure 5.4) is characterized by two main domains,
described below: 1) a small part of the continental shelf, and ii) the plateau-slope area, which covers
most of the mapped region. Besides these two main domains, we also identified other much smaller-

scale physiographic domains in the area, such as several structural blocks and the Bizerte Canyon

system.
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Figure 5.4. Bathymetric map of the offshore North Tunisian margin. The white polygon outlines
the study area. The bathymetric data of adjacent areas correspond to a compilation of different
datasets (EMODnet, 2018) with an illumination azimuth of 72° and an altitude of 45°. The dashed

black line across the Bizerte Canyon shows the location of seismic profile depicted in Figure 5.23.

a) The continental shelf domain

The continental shelf, characterized by a depth range between -80 m to -290 m, has a generally
smooth seafloor, with a slope gradient of 1° with few local rough areas (Figures 5.5 and 5.6). These
rough areas display high-backscatter values that suggest the presence of an indurated rock at the

seafloor (Figure 5.6.b). These rocky outcrops are also evidenced in the high-resolution parametric
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echosounder profiles (Figure 5.6.d). Rough outcrops along the shelf, span from 10 to 90 km? in
surface, with a tabular morphology that rises about 20 m from the surrounding seafloor (rough areas
in Figure 5.5). The rough morphology contains small ridges and mounds up to 10 m high (i.e. rough
areas with salient outcrops as defined in Figure 5.5). Despite the chaotic and rough relief of these
outcrops, there is an evident preferential direction of their bounding scarps, coinciding with ENE-
WSW and NW-SE trends (Figure 5.5). The shelf edge, delimited by the 200 m isobath, also displays
ENE-WSW and NW-SE trends and shows a gentle gradient towards the north (Figure 5.6.a and
5.6.b). These gentle gradients are related to the occurrence of prograding thin Quaternary sequences.
In fact, these prograding sediments are clearly displayed in high-resolution TOPAS profiles

showing clinoform morphologies and thinning of the sediment layers downslope (Figure 5.6.c).
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Figure 5.5. Rocky outcrops mapped within the study zone overlaid on the bathymetric shaded
relief map (with an illumination azimuth of 72° and an altitude of 45°). Outlined black boxes show
the location of the different domains, corresponding to Figures 5.6, 5.7, 5.8 and 5.9.
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Figure 5.6. Detail of the outer shelf region with the rocky outcrops mapped. a) Interpreted shaded
relief map (illumination azimuth of 72° and altitude of 45°); b) Shaded relief map with a zoom of
the acoustic backscatter map. Pink colour background correspond to areas with no backscatter

data; c) TOPAS parametric echosounder profile showing prograding sediments; d) Innomar
parametric echosounder profile showing the rough seafloor with rocky outcrop areas in the shelf.
Location of these profiles are located in (a) and (b). Vertical scales of the profiles are in seconds
(Two-way Travel Time). A time-depth conversion has been carried out taking into account sonic
velocities of 1500 m/s. Location of this figure is shown as a black rectangle in Figure 5.5.
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b) Large scale structural blocks

The study area is characterized by massive structural blocks (Figure 5.5). The largest structural
block is the Hecate Bank (as part of the Skerki Bank; Wiirtz and Rovere, 2015) located to the east
of the continental shelf. This block is 20 km wide, covers a surface of around 300 km? and in plan-
view displays a straight and angular shape (Figure 5.7). The block base is at around -300 m depth,
and rises up to 220 m above the surrounding seafloor. Its steepest flanks are in the south, with ~30°
maximum slope values, while to the north it shows a smooth topography with gentle gradients that
transition to the surrounding seafloor (Figure 5.7). The top of the block, located at -150 to -80 m
depth, shows a smooth seafloor alternating to rough areas from 20 to 40 m high (Figure 5.8.a).

These rough areas usually show salient outcrops from 5 to 10 m high on their tops (Figure 5.8.a).

In Figure 5.8.b we observe the occurrence of gas flares over the Hecate Bank indicating active
fluid flow and/or gas seepage. In fact, abundant gas flares have been recognized in the explored
region at depths ranging between -37 m and -257 m, i.e. along the continental shelf and at the
Hecate, Sentinelle, Estaffete Banks and the Gallite Plateau (Figure 5.9). Flares have been identified
on most seismic profiles across the areas described above and display either a spotty random
distribution or are grouped in fields up to ~5 km wide (Figure 5.9). Both bathymetric data and
parametric echosounder profiles show that the occurrence of largest gas flares coincide with the
rough and irregular seafloor areas of the shelf (Figure 5.9). In the parametric echosounder records,
flares appear as vertical traces, with a maximum height of up to 25 ms above the seafloor (i.e. about

~19 m assuming 1500 m/s sound velocity of the water column) (Figure 5.8.b).

In addition to the Hecate Bank, two other large-scale blocks are displayed in the area with
similar morphological aspect. These features occur at the head of the Bizerte Canyon (i.e. Estafette
Bank; Wiirtz and Rovere, 2015) and along its west flank (i.e. Sentinelle Bank, Wiirtz and Rovere,
2015). They cover a surface of up to 160 and 140 km? respectively, with their bases located at a
depth ranging between -350 to -500 m and rising above the seafloor up to 260 m (Figure 5.5). Their
tops, located between -190 and -120 m deep, also display a smooth and flat morphology. Their
central sector is characterized by rough and irregular outcrops less than 100 m high and gently
dipping towards the N-NW. Up to 200 m high and a maximum of 30° steep slopes bound these
structural highs along the eastern and southern flanks while the northern boundaries are rather
smoother. All these features display slightly tilted blocks towards the N-NW (Figure 5.10.a and
5.10.c). South of the Sentinelle Bank, a diamond-shaped smaller high with a top less than -200 m
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deep is observed and we name it Diamond Bank (Figure 5.5). Again, it displays steep eastern flanks

while the western ones show lower gradients.
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Figure 5.7. Detail of the Hecate bank. a) Interpreted shaded relief map with an illumination
azimuth of 72° and an altitude of 45°, b) Shaded relief map. Location of the profile from Figure
5.8 is depicted with a red line. Location of Figure 5.7 is shown by a black box in Figure 5.5.
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More to the west, the Spiss Bank (Wiirtz and Rovere, 2015) constitutes an elongated WNW-
ESE-trending promontory of about 45 km long and a complex morphology along its axis (Figure
5.9). This structural high connects to the SW with the Gallite Plateau. The height of the Spiss Bank
increases towards the southwest as it approaches to the Gallite Plateau, reaching a minimum depth
of -115 m. More to the east, a narrow elongated 8.5 km-long-feature rises up 80 m from the
surrounding seafloor, reaching a minimum depth of -250 m (Figure 5.5). In addition, a small block
with a flat and smooth top, the Resgui Bank (Wiirtz and Rovere, 2015), is located east of the Bizerte
Canyon. This block has its base at a depth of around -440 m and its top at -185 m depth, covering a
surface of 60 km?. It shows an elongated morphology following the NE-SW regional structural
trend. Resgui Bank displays steeper slopes along the eastern flank (Figure 5.5). Aside from all these
structural highs explained above, several smaller-scale rocky outcrops are observed throughout the

study region but mostly distributed to the east of the Bizerte Canyon (Figure 5.5).
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Figure 5.8. Images of salient outcrops and gas flares above the Hecate Bank. a) Innomar
parametric echosounder profile showing salient outcrops and gas flares above the Hecate Bank;
b) Zoom of the Innomar high-frequency parametric echosounder profile where gas flares are
clearly displayed. Depths are in seconds two-way travel time (TWTT) below sea level. Location of
the record is depicted in Figure 5.7.
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Figure 5.9. Gas flares identified and mapped based on the analysis of the high-frequency
Innomar parametric echosounder profiles. Black dots depicted on the coloured shaded relief map
(illumination azimuth of 72° and altitude of 45°). Location of this Figure is shown in Figure 5.5.

¢) The Bizerte Canyon

The Bizerte Canyon is a prominent geomorphological feature of the North Tunisian continental
margin. It extends for 80 km in the central sector of the study region, ranging from -500 to -1.400
m depth and following a NNE-SSW structural trend. To the northeast, the canyon extends beyond
our mapped area towards the Sentinelle Valley (Figure 5.4). The head of the canyon is characterized
by two elongated depressions: one following a NNW-SSE trend and the other one a NW-SE trend,
probably corresponding to old, inactive tributary channels nowadays disconnected from the main
channel (Figure 5.10.a). These branches were identified long ago (Genneseaux and Stanley, 1983),

and were related to paleo-drainage systems.

Bizerte Canyon corresponds to a linear feature, incised about 400 m and 4 to 10 km wide. It
shows abrupt irregular physiography, with a topographic high in a central-position along the canyon
axis (Figures 5.10.a and 5.10.d). Swath profiles along its axis show a U-shaped morphology with a
broad flat floor and steeper slopes at the eastern margin of the central sector of the canyon (Figures
5.10.b and 5.10.e). Furthermore, the canyon head is disconnected from the Tunisian shelf margin.
The bathymetry shows numerous slide scars mainly located at the head of the canyon and at the
north-eastern segment connecting to the Sentinelle valley (Figure 5.10.a). The mass-transport
phenomena from the canyon walls to the thalweg is recorded by the transparent facies in TOPAS

profiles (Figure 5.10.f).
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Figure 5.10. Detail of the Bizerte Canyon. a) Colour-shaded relief map of the Bizerte Canyon
(illumination azimuth of 72° and an altitude of 45°), with the location of the across Sentinelle
Bank profile (c), along-axis profile (d) and across-canyon profile (f); b) Same map with the
location of the swath profiles at the central part of the Bizerte Canyon; c) Bathymetric cross-
section along the Sentinelle Bank, d) Bathymetric cross-section along the Bizerte canyon, e)
Swath profiles extracted for the Bizerte canyon (The profiles in a middle position are displayed in
continuous lines while the northern and southern ones are displayed as dotted lines. The white
line shows the mean value, the dark grey area corresponds to the standard deviation values and
the light grey area the extreme values). Location of the records is imaged in b; f) TOPAS profile
across the Bizerte canyon (depths are in seconds two-way travel time (TWTT) below sea level.);
Location of the Figure is depicted as a black rectangle in Figure 5.5.

d) The plateau-slope domain
The Eastern plateau-slope sector

East of the Bizerte Canyon, the plateau-slope domain displays a complex morphology (as seen
through the morphometric analysis above). This complexity is mainly produced by a dense network
of small-scale structural highs (Figure 5.5, 5.11, 5.12, 5.13 and 5.14). These structural blocks rise
50 to 250 m high from their base at -400 and -500 m depth. The tops of most of them are gently
tilted toward the west. They display sharp scarps facing the east with NNE-SSW trending walls up
to 190 m high and 20° steep (Figures 5.11, 5.13 and 5.15.a). In contrast, some other features dip
gently towards the east, while its corresponding scarps are oriented towards the west and north-

northwest (Figure 5.11, 5.14 and 5.15.b).

In the north-eastern sector, a partially surveyed 45 km long and 15 km wide WSW-ENE
trending high rises 200 m in average above the surrounding seafloor that we name Bizerte Ridge
(Figures 5.11, 5.12 and 5.13). The height of this promontory increases north-eastwards to ~350 m
above the surrounding seafloor. In general, the seafloor is not as rocky as at the structural highs
described above (Figures 5.11, 5.12 and 5.15.c), with the exception of small outcrops along the
high.

These outcropping structural highs bound several small basins filled with sediment sequences.
Near these small basins, a large basin spans across the eastern sector. This basin, roughly delineated
by the -500 m isobaths, is bounded to the north by the Bizerte Ridge described above and by the
Hecate Bank to the south (Figure 5.11). Longitudinally, seafloor structural highs (including Resgui
Bank), bound its western sector, while the eastern end was not entirely mapped during Geomargen-
2 cruises (Figure 5.11). However, EMODnet-HRSM bathymetry (EMODnet, 2018) delineates the

extension to the east, with a large structural high in a central position (Figure 5.11).
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Figure 5.11. Geomorphological map of the Eastern plateau-slope sector. Diverse morphological
elements are mapped above our dark-grey shaded-relief map (bounded by a thick white line). In
light-grey is depicted the surrounding area corresponding to a compilation of different datasets
(EMODnet, 2018) (with an illumination azimuth of 72° and altitude of 45°). This figure is divided
into three rectangles, each one related to Figures 5.12, 5.13 and 5.14, respectively. Thick red
lines show the location of TOPAS records illustrated in Figures 5.15 and 5.16. The black box

locates Figure 5.17.
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Figure 5.12. Zoom of the northern sector of the eastern plateau-slope geomorphological map. a)
Interpreted shaded relief map; b) Shaded relief map. Both maps have an illumination azimuth of
72° and an altitude of 45°. Profiles of Figures 5.15.c and 5.16.a,b are depicted in red.
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Figure 5.13. Zoom of the central sector of the eastern plateau-slope geomorphological map. a)
Interpreted shaded relief map; b) Shaded relief map. Both maps have an illumination azimuth of
72° and an altitude of 45°. Resgui Bank is located. Profile of Figure 5.15.a is depicted in red.
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Figure 5.14. Zoom of the southern sector of the eastern plateau-slope geomorphological map. a)
Interpreted shaded relief map; b) Shaded relief map. Both maps have an illumination azimuth of
72°and an altitude of 45°. Hecate Bank is located. Profile of the Figure 5.15.b is depicted in red.
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Figure 5.15. TOPAS profiles of the Eastern plateau-slope structural highs. a) Example of a
structural high displaying a steep east-facing scarpment; b) Example of a structural high
displaying a steep west-facing scarpment; c) Bizerte Ridge in a stratified sedimentary sequence.
Locations of the records are outlined in Figures 5.11, 5.12, 5.13 and 5.14.

To the north of the Bizerte Ridge, there are two steep slopes in a NE-SW trend that are referred
as south and north Cornaglia Slopes. These slopes are eroded by numerous mass transport
phenomena evidenced by landslide scars and MTDs occurring along the slope, which have been
filling the Sentinelle Valley (Figures 5.11, 5.12, 5.16.a and 5.16.b). At the easternmost sector of the
mapped region depth increases to -1500 m and numerous slide scars and MTDs take place again,
with sediment deposited to the east. In addition to these north slides related to the steep Cornaglia
Slope, south of the area numerous scars, slides and slumps (and its corresponding MTDs) have been
identified within the Tunisian Plateau, although here the terrain is often fairly smooth (Figure 5.17,

5.18.a and 5.18.b).
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Figure 5.16. TOPAS profiles of the north-eastern slope slides. a) Example of the South Cornaglia
Slope slides; b) Example of the North Cornaglia Slope slides. Profiles are located in Figures 5.10
and 5.11. MTD: Mass-transport deposits.

Besides the prominent structural highs on the eastern plateau-slope sector, pockmarks and cold-
water coral mounds (CWCM) are conspicuous in the eastern area, and are far less frequent in other

mapped areas.

The eastern plateau-slope sector accumulates most pockmarks in the region, containing 1353
pockmarks of the total amount of 1469 (Figure 5.11). Collapse pockmarks display the same
distribution pattern, with 82 of 84 located in the eastern region. Pockmarks are distributed at a depth
range of -276 to -1188 m (Table 5.1), covering the entire region except the top of the structural
highs that contain indurated material. However, most pockmarks are located at depths of -400 to -
500 m. Mapped pockmarks display a sub-circular to elongated shape (Figures 5.17 and 5.19.a),
covering areas from 0.008 to 1.8 km? and displaying diameters ranging from 0.111 to 1.8 km (Table
5.1.a). On the other hand, collapse pockmarks display sub-circular to irregular shapes (Figures 5.17
and 5.19.b), covering larger areas from 0.1 to 5.9 km? and diameters between 0.4 and 3.3 km (Table
5.1.b). Pockmark depths (calculated from the pockmark’s rim to the deepest point of the bowl)
range between -2 and -105.4 m but show the higher density of features between -10 to -25 m (with
865 of 1469 features between this range), as suggested by the low standard deviation value (Table
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5.1.a). In addition, collapse pockmark depths range from -9 to -103 m (Table 5.1.b) with a higher

occurrence between -25 and -45 m, showing larger mean values than pockmarks.

Seafloor depth Pockmark depth Area .
Pockmarks (a) (m) (m) (km?) Diameter (m)
Min -275.640 -2.026 0.008 0.111
Max -1187.823 -105.360 1.798 1.850
Mean -632.097 -19.493 0.283 0.619
St. Deviation 172,805 -12.989 0.263 0.286
Collapse Pockmarks

Seafloor depth Pockmark depth Area Diameter (m)
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(b) (m) (m) (km?)
Min -470.546 -8.928 0.125 0.439
Max -1042.708 -103.454 5.942 3.338
Mean -651.486 -40.394 1.181 1.341
St. Deviation 118.459 -19.145 0.930 0.517

Table 5.1. Morphological characteristics of a) mapped pockmarks and b) collapse pockmarks.

Within the eastern sector, pockmarks occur sparsely, either in small groups or clustered in a
large system in the north-easternmost region (Figure 5.11). In contrast, scattered pockmarks do not
display any preferential direction in their distribution. Clustered pockmarks display a clear pattern
of distribution, forming alignments following a NE-SW preferential direction, similar to the
orientation of the main regional morphological scarps (Figures 5.11 and 5.12). Collapse pockmarks
display a sparse distribution with a higher concentration of features towards the north-easternmost

sector (Figures 5.11 and 5.12).

CWCMs are widely distributed with an exceptional total number of 286 mounds exposed at the
seafloor. CWCMs ridges are few hundred meters wide at their base, 20 m to 100 m high, and a few
tens of meters to a maximum of 6.5 km long. High-resolution acoustic records show that structural
highs, particularly their edges and scarps, are preference sites of CWCM development (Figures 5.17
and 5.20). Thus, the orientation of CWCMs shows to be roughly parallel to the main structural
trends. In most cases, CWCM are a prolongation of NE-SW oriented scarps (Figures 5.17 and
5.20.a) or align NW-SE parallel to structural escarpments (Figures 5.17 and 5.20.b). About 80% of
the CWCM are distributed over a ~3,000 km? wide sector of the plateau east of Bizerte Canyon,
where most rocky outcrops occur (Figure 5.11). In addition, a few CWCMs occur inside the
tributary channels to Bizerte Canyon, along paths of past and possibly on-going sediment transport

direction (Figures 5.11 and 5.14).
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Figure 5.17. Shaded relief map of the central area of the eastern plateau-slope sector (with an

illumination azimuth of 72° and an altitude of 45°). a) Shaded relief map, b) Interpreted shaded

relief map, Legend is shown in Figure 5.11. This figure is located by a black box in Figure 5.11.

Red lines show the location of the different TOPAS records corresponding to Figures 5.18, 5.19
and 5.20.
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Figure 5.19. TOPAS profiles showing examples of (a) pockmarks and (b) collapse pockmarks as
well as other related features. Both profiles are located in Figure 5.17.
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Figure 5.20. TOPAS profiles showing examples of cold-water coral mounds (CWCM). a) A
CWCM aligned following the main NE-SW direction of the observed linear escarpments; b) A
CWCM aligned in a NW-SE direction as the linear escarpments of the structural high located

southwards (Figure 5.17). Both profiles are located in Figure 5.17.

The Western plateau-slope sector

The western plateau-slope sector extends west of the Bizerte Canyon. As the eastern plateau, it
displays an irregular physiography but comparatively more uniform (Figures 5.21 and 5.22). A
gentle slope occurs from the outer shelf at around -230 to -380 m depth (Figures 5.21 and 5.22).
Downwards from the gentle slope area, a concave-up depressed sector is located at an average depth
of 440 m and delineated by the -400 m isobath (Figures 5.21 and 5.22). This depressed area is
bounded to the east by the Estafette, Sentinelle and Diamond Banks, to the north and west by the
Spiss Bank (described above), and to the south by a few small-scale rocky outcrops (Figures 5.21
and 5.22). The deepest points of this depressed area (deeper than -500 m) correspond to erosive

contourite moats, incising around 20 m following CWCMs (Figures 5.21 and 5.22).

To the north of the Spiss and Sentinelle Banks, occurs the slope area of the plateau-slope
system. Average gradient increases to 2.5° up to the north-west in the deepest sector of the explored
area, coinciding with the Teulada Valley at about -2220 m depth. Here, a NE-SW striking slope is
carved by slide scars draining sediment towards the Teulada Valley (Figures 5.21 and 5.22). The

largest scar in the NW area occurs between -1200 and -1400 m with a failure area of about 50 km?
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and 60-100 m depth, implying a total sediment volume of ~4 km?® moved in one or several episodes.
More to the east, a conical comparatively large feature with a volcano shape occurs, and we name

it Jan Seamount. It is ~500 m high rising from -1200 to -800 m (Figures 5.21 and 5.22a).

9208 Jan Seamount FIE

Sentinelle Bank

38°N

Diamond Bank

Spiss Bank
37°40'N

37°40'N

Estafette Bank

9°20'E 9°40'E

Figure 5.21. Geomorphological map of the western plateau-slope sector. Cartography over a

shaded map of our bathymetric data (bounded by a thick white line) and a mosaic of different

datasets for the adjacent areas (all of them with an illumination azimuth of 72° and altitude of
45°) (EMODnet, 2018).
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Figure 5.22. Shaded relief map of the western plateau-slope sector (bounded by a white line) and
a mosaic of different datasets for the adjacent areas (all of them with an illumination azimuth of
72° and altitude of 45°) (EMODnet, 2018). a) 3D Digital Elevation Model of the volcano-shaped

structural high (named Jan Seamount), location of (a) is outlined in a black box on the shaded
relief map.



Chapter 5: Geomorphology and morphostructure of the North Tunisian continental margin

5.3.3. Geomorphological and morphostructural evidence of sedimentary, erosive and

tectonic features

a) Sedimentary features

Smooth seafloor areas bounded by topographic highs correspond to sedimentary basins. These
basins cover most of the mapped region, with scattered comparatively mid-scale basins and one
large basin in both Western and Eastern plateau-slope sectors, at depth ranges of around -400 to -

500 m and -500 to -700 m respectively (Figures 5.11 and 5.21).

Contourite deposits are common sedimentary structures throughout the area, which appear
mainly parallel or slightly oblique to block-margins, faults or CWCM (Figures 5.11, 5.20 and 5.21).
The relative abundance of these relief features (including CWCM) at the eastern sector explains the

preferential location of contourites there.

Mass Transport Deposits (MTD) are associated to high-gradient slopes and occur mainly across
the northern slopes (Figures 5.11, 5.12 and 5.16.a) or Bizerte Canyon (Figures 5.10.a and 5.10.¢e).
Nevertheless, intra-continental margin MTDs are displayed associated to the largest contourite
deposits (Figures 5.17 and 5.18.a), and a few in rather smooth areas (Figures 5.17 and 5.18.b). In
some cases the transparent MTDs facies occur next to slide scars upslope (Figure 5.18.a), whereas
in other cases sediment transport is not such evident, because scars and MTDs occur in flat areas,

where enclosing scars makes difficult to determine any sediment flow (Figure 5.18.b).

b) Erosive features

As described above, most mapped structural highs display abrasion platforms as flat tops with
rough patches and an average depth of around -200 m (Figure 5.5). Bathymetric and parametric
data show gas/fluid flares from basically all flat-top structurally high areas including the shelf, the
Gallite Plateau and the Hecate, Estafette and Sentinelle Banks (Figures 5.8 and 5.9). Furthermore,
the highest concentration of flares commonly occurs related to rough areas with high-backscatter

values suggesting the presence of rocky seafloor.

Significant erosive contourite moats, up to 13 km long and tens of meters deep (Figures 5.17,
5.20.a and 5.20.b), are common erosive features. Moats generally cut strata at the base of the scarp
walls, reflecting the action of erosive flows flowing along the bases of rocky highs, cold-water coral

mounds, or along fault traces. In fact, CWCM are one of the most important features providing
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positive reliefs in the explored region (as shown by the low HI value clusters in Figure 5.2), and a

significant amount of moats occur associated to these mounds.

Slide scars mainly occur along the northern slopes (Figures 5.11, 5.16.a, 5.16.b and 5.21) and
the head of the Bizerte Canyon (Figure 5.10) although like MTDs, are also found scattered within
the eastern sector of the plateau (Figures 5.17, 5.18.a and 5.18.b).

¢) Tectonic features

Linear scarps delimiting the base of some structural highs likely correspond to fault planes.
Moreover, escarpments at the north-eastern sector are morphological expressions of faults
deforming strata and the seafloor with NE-SW trend (Figure 5.11). These NE-SW faults might have
an important role controlling the up-flow migration of gas-rich fluids and consequently in the
generation and preservation of the pockmarks. In addition to this main trend, minor faults with N-
S or NNW-SSE strike also possibly occur. Some small-scale seafloor ridges, sub-parallel to the
faults, denote the associated folding. This NE-SW trend, with minor N-S to NNW-SSE striking
faults, extends to the south, except in the southernmost region. In this southernmost region of the
Eastern plateau-slope sector, the escarpments of several small-scale rocky outcrops as well as the
northern escarpments of the Hecate Bank are the expression of faults trending WSW-ENE and are
delineated also by CWCM following the escarpments.

Further west, the Bizerte Canyon is the morphological expression of a major fault in a NNE-
SSW trend. Its straight morphology together with its abrupt and irregular longitudinal profile with
alternating topographic highs and lows reflects a tectonic control in the canyon development,
despite of a regular equilibrated concave-up profile, generally observed along submarine canyons
regulated by sedimentary flows (Figures 5.10.a and 5.10.d). Deep penetrating seismic profiles from
oil industry support that Bizerte Canyon runs along a major normal fault dipping to the east (M.
Ouadday, Tunis University, personal communication 2017). The canyon thalweg displays a broad
flat floor with an average width of 2 km, except for an 8 km long sector at a depth range of -920 to
-970 m, where a morphological obstruction dramatically reduces its extension to less than 200 m
(Figures 5.10.a and 5.10.c). This sector of the thalweg corresponds to a structural high rising up
~110 m (Figures 5.10.a and 5.10.d).

The western plateau-slope sector lacks TOPAS coverage and only bathymetry and parametric
echosounder profiles are available (Figures 5.21 and 5.22). Comparing to the Eastern plateau-slope

sector it is clear that the western one has a smoother topography lacking a surface expression of
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major faults. Some lineation with NE-SW trend at the northwest of the Sentinelle Bank may be the
surface expression of faults. The eastern edge of the Sentinelle and the Diamond Banks are also
possibly fault traces trending NE-SW and NW-SE, perhaps related to the major fault under Bizerte

Canyon.

5.4. Discussion

The analysis of high-resolution bathymetry and high-resolution echosounder data of the North
Tunisian continental margin show a complex structure with different geomorphologic and
morphostructural features. Below, we interpret the sedimentary, erosive and tectonic processes

shaping the current seafloor morphology.

5.4.1. Influence of sedimentary, erosive and tectonic processes on seafloor morphology

The recent sediment infill of basins of the Tunisian plateau is remobilized by bottom water
currents. The large amount of widespread contourite deposits, and their related adjacent erosive
moats (Figure 5.11) reflect the active hydrodynamics and sediment transport processes in the area.
The Tunisian plateau is part of the Sardinian-Sicilian sill between the eastern and western
Mediterranean waters. Here different surface and intermediate water flows occur (e.g. Sammari et
al., 1999; Astraldi et al., 1999, 2002; Onken and Sellschopp, 2001). Topographic obstacles as the
Gallite and Skerki Banks influence the circulation and water mass distribution funnelling the water
along slopes causing erosion and building contourite deposits (Sammari et al., 1999; Onken and

Sellschopp, 2001).

The explored area actually hosts 286 CWCMs that correspond to the highest density mapped
in the Mediterranean (e.g. Schembri et al., 2007, Orejas et al, 2009, Vertino et al., 2010, Taviani et
al. 2011, Lo Tacono et al., 2014; 2018) and probably the densest CWCM field ever mapped in
oceanic margins explored until the present-day (Figures 5.11 and 5.21). The local distribution of
mounds indicates that the tectonic setting is the main factor governing their orientation, since
mounds are in most of cases aligned along NE-SW and NW-SE oriented scarps (Figure 5.17),

coinciding with the main orientation of the structural trends.

Slide scars and associated MTDs are mainly located along the northern slopes or along the
Bizerte Canyon (also noted by Maldonado and Stanley, 1976) (Figures 5.11 and 5.21). Most slides
occurred at unstable seafloor escarpments associated to high-gradient slopes. Several fault traces

cutting the seafloor support a relation to some slides in the Cornaglia Slope as already discussed by
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Mascle et al. (2004). The intra-plateau slides are associated to contourite deposits or occur in flat
areas, and we interpret that the destabilization of the sediment is likely a coseismic effect of
earthquakes. Fault planes reaching close to the surface and affecting the shallow sediments supports
a relation between earthquake shaking and sliding phenomena (Figures 5.18.a and 5.18.b). Thick
transparent deposits located near flat areas, where MTDs would not be expected, supports this
hypothesis. Many MTDs throughout the area, including the northern slopes, are not draped by

visible hemipelagic sediment supporting their recent occurrence (e.g. Figure 5.18.b).

Abrasion platforms localized on several structural highs suggest a glacio-eustatic sea level
oscillations shaping the highs summits (Figure 5.7). These flat-topped blocks were possibly exposed
and eroded during the Plio-Quaternary lowstand sea level phases (e.g. Chiocci and Orlando, 1996;
Lobo et al., 2008).

The presence of salient outcrops in some sectors of the shelf together with the preferential
trends of their bounding scarps supports that these areas consist of eroded structural highs (Figures
5.6.a and 5.6.b). The same features are displayed by several other rocky highs scattered throughout
the margin, supporting a tectonic control in their formation (Figure 5.5). Seismic reflection profiles
indicate that this region of the Tunisian plateau is composed of a S- to SE-directed imbricated of
fold and thrust belt system (Tricart et al., 1994) (see Section 2.2.2 in Chapter 2). Thus, the structural
highs mapped throughout our studied region possibly represent the surface expression of anticline
folds (with fold axis ~ NNE-SSW oriented) or thrust sheets cropping out of the fold and thrust belt.
This ENE-WSW trend corresponds to a series of overthrust faults proposed by Gennesseaux and
Stanley (1983) along the area (see Section 2.2.2 in Chapter 2). Modern seismic images from oil
industry support that most structural highs are anticline folds (M. Ouadday, Tunis University,
personal communication 2017). The steeper slopes of the southern and eastern flanks of most of the
large scale structural blocks (Hecate, Estafette, Sentinelle and Resgui Banks) and the gently dipping
towards the NW of some of them correspond well to the S-SE verging fold-thrust configuration.
Gas flares are observed along tabular area coinciding with the continental shelf and with the Hecate,
Sentinelle and Estaffete Banks and the Gallite plateau (Figure 5.9). Flares do not seem to be related
to local tectonic structures, such as fault scarps or other tectonic lineaments. The fact that flares are
limited to these high regions (large scale structural blocks and the shelf) and that commonly occur
related to rough areas can suggest a structural control in the local active fluid circulation. In fact,
gas seems to be escaping through anticlines axis due to subaerial erosion of the anticlinal tops during

the last glacial maximum, where the sea level dropped about 100 m.
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Surface lineaments related to recent faults mark a main regional trend with NE-SW orientation
(particularly clear in the north-eastern sector) (Figures 5.11 and 5.12), i.e. perpendicular to the NW-
SE plate convergence between Nubia and Eurasia (e.g. Serpelloni et al., 2007). The occurrence of
the highest density of pockmarks along these NE-SW tectonic lineaments in the north-eastern sector
(Figures 5.11 and 5.12) supports a recent tectonic control in fluid circulation, probably related to
fault structures reaching some reservoir. The high pockmarks density may support more intense
recent tectonic activity in the north-eastern sector, which would favoured expulsion of gas-rich
fluids. Recent tectonic activity has been proposed along the north Corgnalia slope with recent
folding at the foot of the Corgnalia scarpment and recently broken micritic concretions inferred to

relate to reactivation of major faults (Mascle et al., 2004).

The irregular physiography of Bizerte Canyon together with its irregular longitudinal profile,
its U-shaped transverse morphology, and the disconnection of its canyon head with the shelf margin
suggest that the canyon has little current sediment transport activity. The canyon floor around
38°5°N shows a sucession of sediments, some of transparent facies (Figure 5.10.f), supporting lack
of sediment transport. Nevertheless, 3 sand turbidite flows in a sediment core of the Sentinelle
valley covering the last 80 ky have been assigned to the Bizerte Canyon, proposing some activity
by a canyon not fed by emerged area or a fluvio-deltaic system, but a wide submarine plateau
(Budillon et al., 2009). Our data supports that activity is possibly constrained to the end segment,
near the Sentinelle Valley. Early sparker and 3.5 kHz profiles across the canyon were interpreted
supporting a tectonic control on Bizerte Canyon (Figure 5.23) and Carbonara Canyon (offshore

south Sardinia, Figure 5.4), with similar trends (Maldonado and Stanley, 1976).

Overall, there are clear qualitative and quantitative morphologic differences between eastern
and western sectors. The morphometric analyses show a different morphologic pattern (Section
5.3.1) between the eastern and western sectors of the Bizerte Canyon, with the eastern region having
more irregular topography. All geomorphological features defined in this study predominate
through the Eastern plateau-slope sector, which shows more irregular seafloor morphology
contrasting to the western relief (Figures 5.2 and 5.3). This E-W morphologic difference may be
explained by the geological setting. The western sector corresponds to the “Kablylian Equivalent”
unit overlain by up to 2 km thick Early Miocene arkosic turbidites (CPK Zone from Tricart et al.
(1994) in Figure 2.12, see Section 2.2.2 in Chapter 2). The thick turbidite layer above the “Kabylian
Equivalent” unit produces a smooth relief in the western sector. In the eastern region, the thrust
sheets of the Tellian domain and the autochthonous Tunisian Atlas domain crop out causing a more

irregular topography.
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The thick Early Miocene turbidites cover does not provide hard substrata, which could explain
the dominant occurrence of CWCM in the eastern sector (where thrust anticlines form rocky
outcrops). The preference location of CWCM to the east contributes to a more complex relief

causing low Hi clusters (Figure 5.2).

Recent tectonics seems to be another factor influencing seafloor relief. The highest density of
pockmarks along NE-SW tectonic lineaments in the north-eastern sector support higher recent

tectonic activity in that area, causing a more irregular seafloor topography in that area.

Bizerte Canyon

Figure 5.23. A 3.5 kHz profile (a) and an old Sparker profile (b) taken from Maldonado and
Stanley (1976). The arrow of the 3.5 kHz profile (a) shows the irregular configuration of the
valley floor that they relate to slumped sediments. The red arrow of the Sparker profile (b) shows
fault displacement. Location of the profile is outlined in Figure 5.4.
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5.5. In summary

The analysis of the geophysical dataset acquired across a portion of the outer shelf and a large
sector of the continental plateau-slope system shows a complex geomorphology and morpho-
structure. The coexistence of a wide range of geomorphic features, such as contourites, moats,
CWCMs, folds and faults, pockmarks and collapse pockmarks, basement highs, slide scars and
mass transport deposits (MTD), the Bizerte Canyon and the rough shelf coupled with active gas
release represents a complex scenario, where sedimentary, erosive and tectonic processes interplay

to shape the seafloor and shallow strata.

Large contourite deposits throughout the area support intense hydrodynamic and sediment
transport processes. These processes relate to the location of the study region in the Sardinian-
Sicilian sill linking eastern and western Mediterranean water masses. Here, topographic obstacles
such as structural blocks or CWCM influence water currents, resulting in erosion and building up

of thick contourite deposits.

A total of 286 CWCMs have been identified and mapped, which correspond to the highest
density of CWCMs ever mapped in the Mediterranean and probably the densest CWCM field
mapped in the world. The location in the area of the mounds appears to be related to the tectonic
setting since CWCMs occur along NE-SW and NW-SE oriented scarps, following the main
structural trends. Thick turbidite layers covering the western sector may prevent the occurrence of

CWCMs in that region.

Most of slide scars and associated MTDs are localized and associated to high-gradient slopes.
However, several slide scars and MTDs occur in nearly flat regions of the margin and have been

interpreted as coseismic effects of earthquakes.

Pockmark fields and gas flares mapped in the explored area give evidence of gas-rich fluid
seepage occurring in the offshore Northern Tunisia. Morphometric analysis suggests a relevant role
of tectonic processes controlling fluid circulation both at a regional scale, with pockmark dense
fields more distributed throughout the eastern sector (i.e. the Tellian and Atlas domains sector), and
at a local scale, with pockmarks aligned along NE-SW trending recent fault scarps. The occurrence
of highest density of pockmarks along these NE-SW faults of the north-easternmost sector suggests
a major recent tectonic activity in this region. Furthermore, flare occurrence is likely to be

structurally controlled in their distribution probably escaping from eroded anticlines.

145




Part III: RESULTS

The base of the flanks of some structural blocks likely corresponds to fault traces. The
escarpments of the north-easternmost area are surface expressions of recent faults and display a NE-
SW main trend (although N-S and NNW-SSE trends have also been identified throughout the
explored area). The Bizerte Canyon runs over a major NNE-SSW fault with some normal

component dipping to the east.

The margin, composed of S- to SE-directed imbricated thrust sheets, displays an irregular
bathymetric physiography that reflects the deep complex structural control at the scale of the
margin, corresponding to the straight morphology of the shelf, large-scale tilted structural blocks
and by the Bizerte Canyon. The large structural blocks and parts of the continental shelf are surface
expression of anticline folds of the north African belt, with fold axis ENE-WSW oriented. The
abrasion platforms are recent features caused by subaerial erosion during a glacio-eustatic sea level

drop.

The region shows a clear morphologic difference between eastern and western sectors from the
Bizerte Canyon, likely resulting from the geologic configuration and recent tectonics along the
margin. The western sector is underlain by the “Kabylian Equivalent” domain coverered by up to 2
km of thick Early Miocene turbidites smoothing seafloor topography. In contrast, in the eastern
sector the fold and thrust sheets of the Tellian and Atlas domains crop out and display a more
complex relief. Recent tectonics are more intense in the north-eastern area where the seafloor
displays structures that indicate the presence of active faults and recently active abundant

pockmarks, that form the more complex relief of the region.
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CHAPTER 6

Quaternary seismo-stratigraphy and tectono-sedimentary
evolution of the North Tunisian continental margin

6.1. Introduction

Offshore Northern Tunisia has been poorly studied with only a handful of, mostly relatively
old, studies that provide basic knowledge about the current tectonic setting (e.g. Auzende, 1971;
Auzende et al., 1974; Maldonado and Stanley, 1976; Gennesseaux and Stanley, 1983; Tricart et al.,
1994, Dinares et al., 2003). We carried out the first comprehensive bathymetric and high-resolution
seismic work in the region that provides a large database to study recent and active tectonic and
sedimentary processes. Recent tectonic processes to the east (north of Sicily) and west (north of
Algeria) sectors of this plate boundary region are comparatively better understood from more
numerous recent studies (e.g. Auzende et al., 1975; D’Agostino and Selvaggi, 2004; Goes et al.,
2004; Déverchére et al., 2005; Billi et al., 2007; Kherroubi et al., 2009; Yelles et al., 2009;
Strzerzynski et al., 2010; Billi et al., 2011). Northern Tunisia occurs in the region where the
deformation of the north African margin reactivated in Algeria transitions to the reactivated margin
of north Sicily by poorly understood tectonic processes. Thus studying the continental margin of

Northern Tunisia provides information on a poorly known, large and complex zone of deformation.

Quaternary south-dipping faults located at the foot of the central and eastern Algerian margin
have been interpreted to represent an incipient stage of subduction of the Neogene oceanic
lithosphere (e.g. Auzende et al., 1975; Dévercheére et al., 2005; Kherroubi et al., 2009; Yelles et al.,
2009; Strzerzynski et al., 2010). The reactivation of the Algerian margin is causing uplift along the
costal domain (onshore and offshore) (Yelles et al., 2009; Strzerzynski et al., 2010), as predicted by
models of subduction initiation processes (e.g. Faccenna et al., 1999; Mart et al., 2005). A similar

tectonic pattern is also observed offshore northern Sicily, where plate convergence is mainly

147




Part III: RESULTS

accommodated along an E-W trending active thrust system that reactivates inherited faults of the
southern Tyrrhenian (D’Agostino and Selvaggi, 2004; Goes et al., 2004; Billi et al., 2007, 2011).
As for northern Algeria, northern Sicily is undergoing recent tectonic uplift (Holocene age), which
has also been proposed to result from an early stage of contraction previous to a foreseeable

subduction initiation (Billi et al. 2007).

In this chapter, we focus on the Quaternary seismic stratigraphy of the North Tunisian
continental margin, and characterize the active tectonic structures that affect the recent sediment
sequences. To age constrain recent tectonic deformation of the North Tunisian continental margin,
we calibrated the stratigraphy with the information from a giant piston core collected ~60 m from
one of our TOPAS profiles (Dinarés-Turell et al., 2003). We defined and calibrated six seismic
horizons and their corresponding units in our parametric echosounder TOPAS profiles. We used
these horizons and units to compute Isochore and Sediment Accumulation Rate (SAR) maps and
with the analysis of their geometry and distribution from TOPAS profiles we interpreted the recent
tectono-sedimentary evolution of the area. The horizons and units defined in the TOPAS profiles

provide data on the last 1,724 ky evolution (from early Calabrian).

6.2. Data and methodology

We use high-resolution parametric echosounder TOPAS profiles to define Plio-Quaternary
seismo-stratigraphic horizons and units. TOPAS profiles totalized more than 3,500 km in length,
covering an area between 9°43’E-11°18’E and 37°33’N-38°41’N corresponding to a total of 6,434
km? (see Chapter 3 for further information on TOPAS acquisition).

To define the seismo-stratigraphic units we used the giant piston core LC07, acquired in 1995
with the CALYPSO system of the French RV “Marion Dufresne” in the frame of the EU-MAST-II
“PALAEOFLUX” project (Rothwell, 1995; Dinares-Turell et al., 2003). The correlation between
the core LCO7 and our TOPAS data, and a chrono-stratigraphic framework for the Quaternary
sedimentary history were done using “IHS Kingdom Suite” software. We defined six regional
seismic horizons to study the sediment distribution within the area and characterize the Quaternary

tectonic evolution.

We mapped the seismic horizons to construct time-contour maps for each horizon. With these
time-contour maps we calculated thickness maps for each seismic unit (isochore maps). Finally, we

calculated sediment accumulation rate maps for all seismic units, using the ages of the horizons
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from the LCO7 piston core calibration. These maps are restricted to the area covered by our TOPAS
profiles, i.e. a NE-SW area covering part of the eastern sector and the north-easternmost sector of

the explored region (Figure 6.1).

6.2.1. The LCO07 giant piston core and horizon calibration

The LCO7 giant piston core was collected at 38°8.72’N and 10°4.73’E and it is located 63 m
north of one of our TOPAS profile (Figure 6.1.b). Due to the smooth topography of the area, with
~0.5 m depth difference between the core site and closest point on the TOPAS profile, we plotted
the core data into the “IHS Kingdom Suite” software without applying any depth correction. This
0.5 m is somewhat less than the accuracy of the multibeam-echosounder bathymetric resolution
(Kongsberg, 2018a). Since strata layering is fairly sub-horizontal, we placed de information of core
LCO07 directly on the TOPAS profile “20131206100824” (Figure 6.1.b), at coordinates 38°8.69°N
and 10°4.71’E.

Log data were not available for this core, and no physical properties (i.e. Vp sonic velociy,
density) exist to calculate the depth of the different seismic reflections (from now on referred as
horizons). Therefore, we used the mean sonic velocity in the seawater (1,500 m/s) because the sonic
velocity of unconsolidated sediments does not usually change significantly. We computed depth
also with 1550 m/s to evaluate depth uncertainty from small but realistic changes in seismic
velocity. Given the seismic data resolution, depth differences do not considerably change the age
of horizons (Figure 6.1.c). For instance, the difference ranges from 0.135 milliseconds (ms in
TWTT) in the uppermost age of 249 ky, to 0.375 ms (TWTT) in the deeper one of 695 ky (see Table
6.1). These depth uncertainties could change the ages in 7, 15 and 20 ky from the top to the deepest
horizon sampled by the core, so the age of the horizons does not change substantially using a range
of realistic sonic velocities considering the relatively extensive age period we study (~1.7 Ma to

present).

Finally, the age of the three horizons deeper than the core (HIV, HV, HVI in Figures 6.1.a and
6.1.c) is derived from the mean sediment accumulation rate (2.16 cm/ky) in the core sediment
(Dinares-Turell et al., 2003, Figure 6.2). In addition, Dinares-Turell et al. (2003) describes a sandy
interval of less than 1 m just above horizon HIII (695 ky) (Figure 6.2) that matches with a
seismically transparent layer -often interpreted as sand bodies- in the TOPAS image (Figures 6.1.a
and 6.1.c). This observation supports our correlation between the sedimentological data of LCO7

piston core and the TOPAS image (line 20131206100824).
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Figure 6.1. Correlation between the TOPAS seismic data and the piston core data of Dinares-
Turell et al. (2003). a: TOPAS profile number 20131206100824 with the location of the LC07
piston core. Depths are in seconds two-way travel time (TWTT) below sea level. The black dashed
rectangle shows the frame of Figure 6.1.c. The W sector of the profile is shown without the
interpretation. b: Bathymetric map with the location of TOPAS profile number 20131206100824
and the location of the LCO7 piston core. At the bottom left corner it is displayed the regional
location of the LCO7 piston core within the explored area (TUN. Tunisia, SAR: Sardinia). The
white shaded polygon shows the area covered by the TOPAS profiles. c: Zoom of the TOPAS
profile number 20131206100824 and location of the LCO7 piston core. The ages of the horizons
are calculated following two possible sound velocities: 1500 m/s (at the right side of the core, in
black colour) and 1550 m/s (at the left side of the core, in white colour).



Chapter 6: Quaternary seismo-stratigraphy and tectono-sedimentary evolution of the North Tunisian continental margin

Ages (ky) / Depth (mbsf) Depth (s TWTT)
Depth difference (s)
(Dinarés-Turell et al., 2003) 1500 m/s 1550 m/s
249 /6.18 0.64113 0.64086 0.000135
471/13.03 0.65027 0.64968 0.000295
695/16.48 0.65487 0.65412 0.000375

Table 6.1. Depth comparison for the three upper reflectors using 1500 m/s and 1550 m/s sonic

velocities.
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Figure 6.2. Age control points used to derive the age model of the long piston core LC0O7 in
Dinares-Turell et al. (2003). The mean sediment accumulation rates (SAR) are shown. The SAR of
the deep segment is the one used on this work to derive the ages of the three deepest horizons,
which are HIV, HV and HVI (Figure 6.1.c).

6.3. Seismo-stratigraphy

To interpret the recent seismo-stratigraphic history of the margin, we defined different seismic
horizons. We use “horizon” as “An interface that might be represented by a seismic reflection, such
as the contact between two bodies of rock having different seismic velocity, density, porosity, fluid
content or all of those” (Oilfield Glossary, 2017). Acoustic reflections defining the different
horizons were selected on the basis of their high amplitude and lateral continuity, which made them
easily detectable and continuous throughout the study area. In total, we defined six seismic horizons

that correspond to six distinct seismic units (Figure 6.1).
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6.3.1. Seismic Horizons and Units

Following we describe units HI to HVI from TOPAS parametric echosounder images. Most of
units display sediment drapes in the middle of the basins that locally evolve to contourites along the

boundaries.

Unit 1) The uppermost Unit 1 consists of a group of parallel draping reflections characterized
by an intermediate high-amplitude reflection that divides the unit in low reflections above and high
reflections below. The bottom boundary of the Unit 1 is defined by the horizon HI, located at 6
mbsf at the LCO7 core site (Figure 6.1.a), that is characterized by 3 superposed reflections of
moderate amplitude easily identifiable throughout the study area (Figure 6.3). The HI horizon has
been calibrated as 249 ky old (Dinares-Turell et al., 2003) corresponding to the late mid Pleistocene.

Unit 2) The Unit 2 consists of a group of parallel draping reflections characterized by high-
amplitude reflectors in between layers of transparent facies and locally display transparent bodies
related to Mass Transport Deposits (MTDs) (Figure 6.1.a). Its bottom boundary, the horizon HII, is
a high amplitude reflection identified at 13 mbsf in the sediment core (Figure 6.1.a) and it has been

dated at 471 ky in Dinares-Turell et al. (2003), corresponding to mid-middle Pleistocene age.

Unit 3) The Unit 3 is a narrow unit of about 3 m at the core site characterized by a group of
draping parallel high-amplitude reflections, easily detectable throughout the explored area (Figures
6.1 and 6.3). Its bottom boundary is the horizon HIII that is identified at 16 mbsf in the sediment
core, and has been dated at 695 ky in Dinarés-Turell et al. (2003), thus of early middle Pleistocene
age (Figure 6.1). Unit 3 contains the sand interval interpreted to represent a winnowed lag deposit
(deposit where the finer portion was removed by physical action) (Dinares-Turell et al. (2003). We
correlate it to Unit 3 lower transparent layers, best developed to the SE along the TOPAS profile
(Figure 6.1.a).

Unit 4) The Unit 4 is formed by parallel facies of moderate amplitude with a characteristic
high-amplitude middle reflection (Figure 6.1.a). The bottom boundary of the Unit 4 is the horizon
HIV and it is characterized by a prominent high-amplitude reflection identified at 25 mbsf in the
sediment core (Figure 6.1.a). Horizon HIV is not imaged at times due to lack on energy penetration
in the deeper occurrences. It has been dated at 1,116 ky extrapolating from the LCO7 core in

Dinares-Turell et al., (2003), corresponding to mid-late Calabrian age.
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Figure 6.3. a) Correlation of seismic profiles through the study area. b) Bathymetric map with the
location of each of the 6 TOPAS section marked as black dots. Profiles number 2, 3 and 4 are the
ones corresponding to profile 20131206100824, where the long piston core LCO7 was collected.

The red cross indicates the location of core LCO7.

Unit 5) The Unit 5 is a characteristic unit that has transparent facies in the central-lower layers
and locally display several transparent sub-vertical bodies that may be interpreted as cold-water
coral mounds growing from a lower transparent comparatively thick layer that may represent a
sandy interval (buried CWCM in Figure 6.1.a). The bottom boundary of the Unit 5 is the horizon
HYV characterized by a high-amplitude reflection identified at 32 mbsf in the sediment core (Figure
6.1.a), that often is not imaged because of its depth. The age of HV extrapolated from LCO7 core is
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1444 ky in the early-mid Calabrian age (Dinares-Turell et al., 2003). HV occurs as a relatively high-

amplitude reflection separating two transparent bodies (Figure 6.3).

Unit 6) The deepest Unit 6 is internally mainly transparent, occasionally displaying weak
amplitude reflections. The character may be due to the poor recovery of energy. Its bottom boundary
is the horizon HVI that corresponds to the deepest level described at the sediment core at 38 mbsf
(Figure 6.1.a). This reflection has been dated at 1725 ky extrapolating from the LCO7 core in
Dinares-Turell et al. (2003). Dating is from early Calabrian Age, almost reaching to the Calabrian-
Gelasian boundary (1,800 ky). HVI is discontinuous where visible and only mapped in part of the

study area.

We could map horizons HI-I'V throughout the whole area, HV across most the region and HVI
locally (Figure 6.3) using the “IHS Kingdom Suite” software.

6.4. Quaternary sedimentary evolution

The orography of the area played a role in the recent sediment distribution history of the
continental margin. The orography forced sediment to distribute in different basins located in
between basement highs, depicted in dashed blue lines in Figure 6.4. As an example, the isochore
map of Unit 1, between HI and the seafloor (Figure 6.4), shows several small depocenters (i.e.
locations with greater sediment thickness) distributed throughout the area, although they are more
abundant towards the southern sector (i.e. basins A, B, C, D, F and G; Figures 6.4, 6.5 and 6.6). The
thicker deposits mainly located on the southern sector occurs for all Units (Figure 6.7), although it
is undetermined for Units 5 and 6 due to the limited data coverage (Figures 6.7.b and 6.7.a

respectively).

The greatest thickness for all units occurs in basins A, F and G (note thickness of units in
Figures 6.5 and 6.6). Units 1, 2 and 3 have maximum thicknesses of 42.83, 44.63 and 61.35 m in
basin A, perhaps related to bottom currents along the canyon building large contourite deposits
(Figures 6.5 and 6.7). Unit 4 was not imaged in the basin A, and it shows a maximum thickness of
61.35 m in the basin G (Figures 6.6 and 6.7). Units 5 and 6, are not imaged in the basins A and G,
which may explain their maximum thicknesses of 23.1 and 18 m occurring in basin E (Figures 6.5
and 6.7). An area south-east of basin B has also a considerable thickness, but does not correspond
to a well-defined basin (Figure 6.4). This is related to sediment accumulation near the continental

shelf imaged as a sediment progradation from the shelf into the Tunisian plateau (see Chapter 5).
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Figure 6.4. Isochore map of the Unit 1 (located between the horizon HI and the seafloor,
corresponding to late middle Pleistocene to present). The different basins defined in this study (A
to 1) are outlined by dashed blue lines. The red and white X marks core LCO7 site location. White

lines locate the TOPAS profiles presented in Figures 6.5 and 6.6.
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Figure 6.5. Interpreted TOPAS profiles of basins A, B, C, D and E. TOPAS profiles are shown
with the same vertical and horizontal scale, which allows to compare horizons, depths and
thicknesses between the plots.
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Figure 6.7. Isochore maps for all the units (in meters), from Present to Lower Calabrian. Colour
scales of the maps, corresponding to thickness, vary according to the boundary values of each
unit. The different basins defined in this study (A4 to 1) are outlined by dashed white lines. Location
of the different basins are shown in capital letters (from A to I). The red and white X marks core
site location.

6.4.1. Sediment accumulation rate

The sediment accumulation rate (SAR) of each seismic unit is shown in the maps of Figure 6.8.
These maps permit to compare SAR over time, from present-day to Lower Calabrian (Early
Quaternary). To analyse the results, we plotted individual SAR values for all nine basins (Figure
6.9). SAR values represent well sediment Units 4 to 1, as Units 5 and 6 lack full coverage. In these
plots, the mean SAR value for all basins is displayed as a red line, the mean SAR value of each
basin is displayed as a blue line, the maximum SAR value of each basin (i.e. the maximum
depocenter) is displayed as a dark green line, and the upper-3th-quartile mean value is displayed by
a light green line (i.e. a proxy for the mean value of the greatest depocenters). Thus, we can compare
mean SAR values of each basin with mean values of the entire study region through different time-

periods. Moreover, we can easily compare the depocenters of the different basins.

These maps show how SAR values change over time, while main depositional locations have
not considerably changed. The depocenters in Figure 6.7 experienced different sedimentation rates
over time, without significant spatial changes within basins (Figure 6.8). The most significant
feature revealed by these maps is the clear decrease in SAR values during the deposition of Unit 3
(Figure 6.8.d), corresponding to the early Middle Pleistocene (471 — 695 ky). This pattern is also
displayed by the red line (i.e. representing the mean SAR value for all basins) in Figure 6.9, with
the lowest value of 28 mm/ky during the deposition of Unit 3.

The SAR map of the lower Calabrian Unit 6 (1725-1444 ky; Figure 6.8.a) has considerable
gaps -particularly in the south- because horizons HVI and HV are either too deep to image or are
not present in areas with buried highs of older indurated material. In general, SAR values are low,

with a maximum value of 64 mm/ky in basin E.

159




Part III: RESULTS

UNIT 110°E 10°30E 11°E f  UNIT 210 10°30E 1°E e
Acc. rates (mm/ky) Il Rocky Outcrops . ‘ Acc. rates (mm/ky) Il Rocky Outcrops 7
m 201 No Data m 201 No Data -
z g
o -
& %
2] (32}
™
z
[32]
From mid Middle Zh‘/llgd-l\jmjlky
Pleistocene to PII ist iace
present elistocene
0 15 30 0 15 30
[ —]] ——km
T T
UNIT 310° 10°30E 11°E d UNIT410E 10°30 G c
Acc. rates (mm/ky) Il Rocky Outcrops ) }i Acc. rates (mm/ky) Il Rocky Outcrops ’
g 201 No Data . % m 201 No Data -
2 LS
= 5 %
[2e] (32}
[32]
z
z Bz
2 3
e
Y Upper Calabrian
Pleistocene
0 15 30 0 15 30
 — 1] ——km
T T
UNIT 5 10.°E 10°:'30'E 11:E b UNIT 6 10'°E 10°:'30'E 11:E a
Acc. rates (mm/ky) ll Rocky Outcrops el r,, N }i Acc. rates (mm/ky) Il Rocky Outcrops. >
m 20 No Data r . % g 20 No Data -
2 L3
1% %
3 3
z
z &
3 3
1,116 - 1,444 ky 1,444 - 1,725 ky
Middle Calabrian Lower Calabrian
0 15 30 0 15 30
e — 1] kM

! T
10°30'E 11°E 10°30'E dM°E



Chapter 6: Quaternary seismo-stratigraphy and tectono-sedimentary evolution of the North Tunisian continental margin

Figure 6.8. Sediment accumulation rate (SAR) maps for all the units (in mm/ky). All the maps are

displayed with the same colour scale, taking the upper end SAR value as the maximum SAR value

for all Units (the one from the Unit 2, mid middle Pleistocene). The different basins defined in this

study (A4 to 1) are outlined by dashed white lines. The location of the different basins (from A to I)
are displayed in capital letters. The red and white X marks core site location.

The SAR map of the middle Calabrian Unit 5 (1444-1116 ky; Figure 6.8.b) covers basins E, H,
F and I. Generally, SAR values are similar to SAR of underlying Unit 6. Unit 5 displays mean SAR
values of 26 mm/ky while the Unit 6 shown 27 mm/ky. Basin E shows similar SAR and
sedimentation areas to those of Unit 6. However, Unit 5 occurs in two main depocenters. One occurs
in the south-eastern sector of the basin, with an elongated shape, east of an uplifted fold in a NNE-
SSW trend (Figure 6.5), and the other occurs on the north-eastern sector, likely related to a normal
slip of an oblique fault of similar trend. SAR of basin H is similar to Unit 6 map (Figure 6.8.c).
Better coverage of basins H and I indicate that changes in SAR values are related to fault slip and
associated sediment thickening. Basin F displays maximum SAR of 47 mm/ky, but the deep HV

here prevents good coverage of the basin.

Unit 4 of upper Calabrian and earliest Middle Pleistocene age (1116-695 ky; Figure 6.8.c) is
mapped nearly across the whole area, with the exception of the southernmost basins, where HIV is
too deep for imaging. Unit 4 map (Figure 6.8.c) displays comparatively higher SAR values, up to
156 mm/ky than for older units (Figure 6.9.G). The highest SAR occurs at basin G centre, where an
elongated depocenter follows a NNE-SSW orientation, similar to the main regional fault trend
(Figure 6.8.c). Basin G has two additional depocentres with SAR values up to 134 mm/ky for both
locations, east and west of the main depocentre. Neighbouring basin E shows in the south-east the
same depocenter of Unit 5, east of a NNE-SSW trending recent fold that limits the sedimentation
to the eastern sector of the basin. This elongated depocenter extends towards the south and connects
to basin C, where SAR values reach up to 101 mm/ky (Figures 6.9.C and 6.8.c). Unit 4 is the oldest
mapped across nearly the entire basin F, where it reaches SAR values up to 115 mm/ky (Figure
6.9.C). High SAR values occur along the eastern part of the basin possibly related to slip on a
normal fault with a NNE-SSW strike (Figure 6.8.c). Basin B is the best-mapped southern basin,
with SAR values up to 79 mm/ky (Figure 6.9.B). Two NE-SW trending depocenters are possibly
controlled by strike-slip faulting (Figure 6.5). Basins H and I have SAR values up to 79 and 92
mm/ky, respectively (Figures 6.9.H and 6.9.1).
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Figure 6.9. Sediment accumulation rate (SAR) plots for all the basins (from A to I). The X-axis
represents the Sedimentary Units (from 4 to 1) and the Y-axis corresponds to the sediment
accumulation rate values (SAR) in mm/ky. The red line displays de mean SAR value of all the
basins, the blue line corresponds to the mean SAR value of each basin, the dark green line the
maximum SAR value for the deepest depocenter of each basin and the light green line the upper-
3th-quartile mean value (i.e. a proxy for the mean value of the largest depocenters). The red and
white X of the map marks core site location.

Unit 3 implies a marked decreased in SAR mean values from 695-471 ky (early Middle
Pleistocene), diminished to about half (from 53 to 28 mm/ky) for the entire study area (Figures 6.8.d
and 6.9). Unit 3 SAR map across all basins shows for the first time values for basins A and D. Basin

A has a high maximum SAR value of 134 mm/ky (Figure 6.9.A), possibly related to bottom currents
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running through Bizerte canyon, and building thick contourite deposits. Basin D has SAR values
up to ~69 mm/ky (Figure 6.9.D) in an elongated NE-SW trending depocenter (Figure 6.8.d). Finally,
basin B has another - two first developed - thinner NE-SW striking depocenters (Figure 6.8.d).

Unit 2 represents a new increase in SAR from 471-249 ky (mid Middle Pleistocene; Figure
6.8.e) following the decrease of Unit 3: The mean SAR values increase from 28 to 55 mm/ky,
similar to the SAR values of Unit 4 (red line in Figure 6.9). Although with similar SAR values,
Units 4 and 2 have the main depocenters in different locations. A clear example is the depocenter
of basins G and F. During the Upper Calabrian (Unit 4), basin G had the depocenter with highest
SAR (156 mm/ky), but during Unit 2 (mid Middle Pleistocene), basin F had larger SAR values than
basin G (150 mm/ky vs 134 mm/ky respectively) (Figures 6.8.c, 6.8.e, 6.9.F and 6.9.G). Similarly
to basin G, the northernmost basins H and I have higher mean SAR values in Unit 4 than during
Unit 2 (Figures 6.9.H and 6.9.1). In contrast, basins A, B, C and D in the south have higher mean
SAR values in Unit 2 (Middle Pleistocene) than during Unit 4 (Upper Calabrian) (Figures 6.8.c and
6.8.¢). This pattern is clear for basins B and C, but it is less obvious for A and D where Unit 4 could
only be locally mapped (Figure 6.9). Yet, some small Unit 4 patches within basins A and D show
lower SAR values for Unit 4 than for Unit 2 (Figure 6.8.c). In contrast, basin E shows similar SAR
values for Units 4 and 2, but with low mean SAR values and the upper-3th-quartile mean values
similar to values of basin H (Figures 6.9.E and 6.9.H), which supports that it is related to

sedimentation patterns of the northern basins.

Unit 1 shows slightly lower mean SAR values from 249-0 ky (mid Middle Pleistocene to
present, Figure 6.8.f) than in the underlying Unit 2 (red line in Figure 6.9), but no changes in main
depositional locations are observed. Mean SAR values of ~55 mm/ky during deposit of Unit 2
decrease to ~48 mm/ky during Unit 1.

6.5. Quaternary regional deformation

From the analysis of sediment deposit type and distribution, sediment thickness and SAR, it is
clear that syn-sedimentary active tectonic features influence sedimentation. Recent faulting and
folding appear to play a key role for the Quaternary sediment distribution and sediment rate
throughout the study area. Next, we present some of the most relevant tectonic features that affect

recent sedimentation.
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Most of depocenters within the study region have geometries that support their association to
syn-sedimentary active faults (see section 6.4). A clear example is the depocenter of basin F (Figure
6.4), with the eastern boundary rotated by a comparatively major NNE-SSW normal fault dipping
to the NW and the basin developing on the hanging wall (Figure 6.10.b). Basin H depocenter is
related to a small pull-apart basin formed by sinistral motion of a strike-slip fault (Figure 6.10.c).
Thickening of sediment units into the pull-apart basin and sediment sliding with clear scar and
transparent slide facies support active slip on the fault, which seem to affect sediments of Units 1
and 2 (Figure 6.10.c). Depocenters of basin I (Figure 6.8) are related to mass transport phenomena,
represented by Mass Transport Deposits (MTDs) that produce thickening of some sediment units
in the basin (Figures 6.10.d and 6.11). MTDs may result from slip of faults during deposition of
Unit 2 from 471-249 ky (mid Middle Pleistocene). Their wedge morphology and proximity to the
faults support a causal link between MTDs and slip faults (Figures 6.10.d, 6.11.a, and 6.11.b). We
interpret MTDs with a tectonic origin, although a fault is not always imaged nearby on the TOPAS
profile Figure 6.11.c. Unit 2 contains 15 MTDs, mostly located within basin I. The abundance of
MTDs in basin I anomalously increases the thickness of Unit 2 there (Figure 6.9.1).

Unit 3 has comparatively lower SAR values (Section 6.4). As a result, although the Units 1-3
represent similar age periods (224 ky Unit 3, 222 ky Unit 2, and 249 ky Unit 1), Unit 3 is everywhere
clearly thinner in seismic images (Figure 6.10). Likewise, Unit 3 mean thickness values are <1/2 of
the mean values of Unit 4 that represents 421 ky, twice as long in time as Unit 3. Thus, Unit 3
represents the most significant departure in mean SAR values, followed by a change in

sedimentation pattern (section 6.4).

This change consists in new strata geometrical relationships, with onlap geometries of most
layers of Units 2 and 1 with underlying reflections in the hanging wall of the major normal fault of
basin F (Figure 6.10.b). The layers geometry shows an abrupt change during deposition of lower
strata of Unit 2 at 402 = 5 ky (mid Middle Pleistocene) (Figure 6.10.b), and the onlap seems
necessarily related to either slip on a new fault or increased slip rate on an existing fault (considering
that wedged strata are displayed below the Unit 2 thus likely showing previous slip). The growth-
fault geometry of the most recent sediments supports slip of the fault to present day, supported by
SAR of the area (Section 6.4.1) that shows an increased SAR during Unit 2 compared to Unit 3
(Figures 6.8 and 6.9).
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Figure 6.10. Bathymetry of the northern Tunisian Margin and selected TOPAS profiles. a)
Bathymetric map showing the location of TOPAS profiles that show different fault-related
depocenters within the study area. b) TOPAS profile across basin F, in the line drawing it is
shown in a black circle the beginning of the onlap geometries at 402 + 5 ky. c¢) TOPAS profile
across basin H, and d) TOPAS profile across the basin I.
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Figure 6.11. TOPAS profiles showing different fault-related depocenters within the basin I of the
study area, referred to as a), b) and c), from north to south. We observe the MTDs resulting from
the slip of faults within the Unit 2. Location of the profiles is depicted in Figure 6.10.a.
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Basin G exhibits a similar sedimentation pattern, with pinch-out geometries and onlap
terminations within Units 2 and 1 (Figure 6.12.b). Although growth-strata in all sediment units in
the western sector of basin G indicate continuous uplift of the western sector (related to the Bizerte
Ridge; Figure 6.10.a), the pinch-out and onlap geometries imaged at the base of the Unit 2 and
younger (402 + 5 ky) (Figure 6.12.b) support a sudden increase in uplift velocity. The intercalated
transparent facies and undulated seafloor indicate sediment destabilization probably related to
uplift. Further east along the base of the WSW-ENE trending high occurs an elongated seafloor

depression containing slide scars and large MTDs (Figure 6.10.a).

6.6. Discussion

6.6.1. Tectono-sedimentary evolution

Our analysis supports a series of inferences on the interrelation between sedimentation and
tectonics. The location of most depocenters within the study region appears related to recent
tectonics, and seismic images show that most depocenters occur indeed near recent faults. Several
depocenters contain MTDs likewise related to -possibly sudden- slip on faults. Yet, a few
depocenters appear mainly related to sedimentary processes only, like the large depocenter located
within basin A resulting from the build-up of a contourite deposit, and the depocenter at the south-
east sector of basin B resulting from prograding sedimentation extending from the continental shelf

(Figure 6.4).

Unit 3 SAR shows a clear decrease in sediment accumulation rate from 695-471 ky (early
Middle Pleistocene, Figure 6.8.d) with a mean value of 28 mm/ky, (Figure 6.9). This decrease may
be partially related to the process creating a sandy interval interpreted as a winnowed lag deposit
(Dinares-Turell et al., 2003), which, given the extension of the layer in seismic images, possibly
affected the entire region. This sandy interval separates two general SAR trends from 21.6 to 27.7

mm/ky in the sediment core (Figure 6.2).

The change in internal geometry and distribution of the Units, as well as the SAR variations in
depocenters through time, affect all the studied area. The onlap terminations and pinch-out
geometries, starting at 402 + 5 ky (mid Middle Pleistocene), i.e. occurring for most of Unit 2 and
Unit 1, indicate a change in either tectonics with new faults or acceleration of the slip rates on
existing faults Figures 6.10.a and 6.12. The SAR distribution supports that the change caused new

fault kinematics or accelerated slip of existing faults, mainly towards the mid-northern sector. The
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15 MTDs within Unit 2 are also mainly localized in the northern sector (Figures 6.10.c and 6.11).
Moreover, the northern basins (i.e. basins E, G, H, 1) have larger SAR values during the deposit of
Unit 4 than for Units 2 and 1, whereas the southern basins show the opposite trend. Assuming a
relatively constant sediment supply throughout time indicated by the 2.16-2.77 cm/ky determined
in the sediment of piston core LCO7 (Figure 6.2) and further supported by its nearly homogeneous
grey to olive foraminifer-rich mud sediment (Dinarés-Turell et al., 2002, 2003), spatial changes in
SAR may related to tectonics. The onlap and pinch-out geometries towards Bizerte Ridge in the
north (e.g. Figure 6.12), support uplift soon after the beginning of Unit 2 (402 + 5 ky), which likely

caused a comparatively reduced SAR across the northern sector.

This change in tectonics inferred from the sudden variation in fault slip (402 £ 5 ky) and
occurrence of MTDs within Unit 2 in the mid Middle Pleistocene, is somewhat younger than the
tectonic reorganization at around 0.8-0.5 Ma proposed for the south-central Mediterranean (Goes
et al., 2004). Goes et al. (2004) interpret this reorganization related to the last stages of the end of
back-arc extension of the Tyrrhenian Basin. Extension dominated the Tyrrhenian regional evolution
since the Tortonian (10-8 Ma) ( Gueguen et al., 1998; Faccenna et al., 2001; Rosenbaum et al.,
2002; Faccenna et al., 2004; Pondrelli et al., 2004; D’agostino and Selvaggi, 2004; Jenny et al.,
2006) (Figure 6.13). However, the current 5 mm/yr Africa-Europe plate convergence appears to be
mainly absorbed in northern Sicily by an offshore contractional belt characterized by frequent
moderate thrust earthquakes (Figure 6.14) (e.g. Goes et al., 2004; Billi et al., 2007; Serpelloni et al.,
2007; Nocquet, 2012; Palano et al., 2012; Presti et al., 2013; Totaro et al., 2016; Chiarabba and
Palano, 2017). This seismicity delineates the currently-active deformation zone within the Nubia-
Eurasia plate-boundary offshore northern Sicily, which extends to the west with our study area.
Thus, the abrupt tectonic change inferred from the relations between sedimentation and faulting,
and the uplift of our northern sector, is likely related to the accommodation of the current plate
convergence by deformation along this boundary. In agreement, further west the Nubia-Eurasia
boundary exhibits Quaternary reactivation along northern Algeria (Déverchere et al., 2005; Domzig
et al., 2006; Kherroubi et al., 2009; Yelles et al., 2009; Strzerzynski et al., 2010; Arab et al., 2016).
Kherroubi et al. (2009) proposed a west to east migration of the tectonic activity along the Algerian
margin with the eastern sector undergoing tectonic activity since 0.9-0.6 Ma compared to 1.2 Ma
to the west. Thus, the 0.9-0.6 Ma tectonics in eastern Algeria (Kherroubi et al. (2009), and 0.8-0.5
Ma in northern Sicily (Goes et al., 2004) are reasonably similar to the 402 + 5 ky age obtained in
this study. The differences in timing may be due to differences in resolution or uncertainty or imply

an evolutionary process with time and space migration of the deformation across this sector of
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Nubia-Eurasia convergent boundary. Furthermore, it is possible that deformation had begun before
in the Tunisian continental margin, as it can be depicted in the wedged sediments of Figure 6.10.b
below the 402 + 5 ky reflector. Déverchére et al., (2005) proposed incipient southward subduction
of the Algero-Balearic oceanic basin under the Algerian margin, and Billi et al. (2007) proposed
that the young southern Tyrrhenian margin is in an early stage of contraction, compressively
reactivating or inverting north-dipping inherited faults from the opening of the Tyrrhenian basin.
Several works have also locally described minor phases of inversion along the northern edge of the
Tunisian plateau in the Sardinia Channel area (e.g. Tricart et al., 1990; Tricart et al., 1994; Mascle
et al.,, 2001; Mascle et al., 2004). The location of our study area next to the south Tyrrhenian
contractional belt, and from the region of reactivation in Algeria, further supports that our study

area is in an early stage of contraction.

No deep-penetration seismic image has been published to our knowledge from the structure
uplifting the northern sector of the study region. The SAR distribution supports uplift in the region
limited by the southern flank of the Bizerte Ridge to the south, and the Cornaglia slope to the north.
This region also contains the highest density of pockmarks and recent NE-striking faults (Figure
6.10.a). The pockmarks aligned on NE-striking faults further support recent tectonic activity in the
north-easternmost sector. The interpretation of uplift of the northern region discussed in this
Chapter, agrees with inferences based on morphology of recent tectonic activity in the northern

sector discussed in Chapter 5.
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Figure 6.13. Sketch of the recent tectonic evolution (0.8 to 0 Ma) of the Sicily—Calabrian area. To

the right, the red box displays the new offshore contractional belt located in northern Sicily.
Modified from Goes et al. (2004).
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Figure 6.14. Tectonic map with the instrumental seismicity (1981-2013) of the central
Mediterranean area. Earthquakes are colored as a function of the focus depth. Different symbols
indicate their magnitude. The red polygon delineates our study zone. The red and white X of the
map marks core site location. Present-day GPS motion vectors (vellow arrows) are in a fixed
Eurasian reference frame. Abbreviations: EV, Aeolian Volcanoes;, Mab Marsili basin; Vab,
Vavilov basin, IF, lonian fault; SPb, Sardinia-Provencal basin, OCB, Offshore contractional belt.
Modified from Chiarabba and Palano, 2017).

6.7. Insummary

The seismo-stratigraphic analysis of the Quaternary deposits shows that individual basins
developed syn-tectonic to faulting. Faulting may represent a reactivation of existing faults, or
acceleration of the slip of pre-existing faults. The location of the depocenters of the basins, which

in some cases contain abundant MTDs, occurs next to active faults imaged in sub-bottom profiles.

The study of Sediment Accumulation Rates (SAR) of the depocenters provides information of
the tectonic evolution of the region. SAR values of the northern basins (i.e. E, G, H and I) were
larger before the deposition of Unit 3 than during Units 2 and 1. Unit 3 has the lowest SAR possibly

related to an erosive event creating a winnowed lag sand deposit mapped across the region.

The TOPAS profiles show, in addition to the change in SAR, a change in the strata geometry
of the units next to faults during the early deposition phase of the Unit 2. Unit 2 and 1 display onlap

terminations and pinch-out geometries indicative of syn-tectonic sedimentation, as well as -possibly
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fault-related- MTDs within Unit 2. The internal structure of Units 6-3 is generally a drape with
regional changes in thickness and indicates a comparatively quiescence tectonic period. The
stratigraphy supports that the change in active faulting intensity occurs at 402 + 5 ky, in the mid
Middle Pleistocene.

The location of onlap terminations and pinch-out geometries supports uplift of the northern
sector, which may explain the comparatively lower SAR values obtained in this sector after the

deposit of Unit 3.

The change in tectonic activity close to the base of Unit 2 (402 £ 5 ky) is slightly younger that
the age proposed for reactivation and early stage contraction of the south Tyrrhenian area (Goes et
al., 2004). This initiation of contraction may relate to the NW-SE convergence between Nubia and
Eurasia, and probably marks the stop of the Tyrrhenian back-arc extension. If this inference is
correct, lithospheric collision between Nubia and Eurasia plates is probably the main driving force

governing tectonics in the central Mediterranean region at the present day.
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CHAPTER 7

Active tectonics of the North Tunisian continental margin

7.1. Introduction

The study region of the North Tunisian continental margin is located offshore, at the diffuse
boundary between the Nubia and Eurasian plates. The region is currently in a contractional tectonic
setting within a NW-SE convergence regime. The North Tunisian margin shows no tele-seismic
activity along the inferred plate boundary region (Serpelloni et al., 2007). The neighboring eastern
and western regions of northern Algeria and northern Sicily currently display abundant seismicity
concordant with a compressional regime (i.e.) and are better known (e.g. Meghraoui and Doumaz,
1996; Hollenstein et al., 2003; Stich et al., 2006; Serpelloni et al., 2007, Billi et al., 2011; Nocquet,
2012; Totaro et al., 2016;). Offshore North Tunisia the lack of seismicity and limited seismic

profiling information prevented any detailed tectonic study of the area.

In this Chapter we present a structural analysis to study active tectonics of the North Tunisian
continental margin. The main aim is to integrate bathymetric maps with parametric echosounder
images to study the shallow structure of the area and to identify potentially active tectonic structures,
and determine faulting style and kinematics. The result of integrating high-resolution TOPAS
profiles and a high-resolution bathymetric is a fault map of the region with unprecedented detail.
Finally, we compute the maximum magnitude of potential earthquakes along segments of active

fault systems, providing the first seismic hazard assessment of the offshore region.

7.2. Methodology

To characterize active tectonic processes offshore North Tunisia we use high-resolution

parametric echosounder profiles and high-resolution bathymetric data. Thus, we use the same data
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sets used to characterize the geomorphology and morpho-structure of the offshore area in Chapter

5. Integrating the geomorphological and morpho-structural analysis of the area with the tectono-

sedimentary evolution (Chapters 5 and 6 respectively), provides the observations needed to identify

fault-related features. We evaluate their kinematics and compute the possible maximum earthquake

magnitudes using two empirical relationships (i.e. Wells and Coppersmith, 1994 and Wesnousky,

2008) (see Chapter 3 for further information about these empirical relationships).

7.2.1. Criteria for fault classification

In this work, we classify faults in four different groups: Possible faults, Inferred faults, Blind

faults and Surface rupture faults:

i)

iii)

Possible Faults are interpreted only from geomorphologic structures because either we
do not have TOPAS data or seismic images do not provide information (e.g. regions of
low TOPAS penetration).

Inferred Faults are interpreted from coincident geomorphologic and seismic structures,
although fault offsets are not imaged, strata geometry (e.g. growth strata or tilted strata)
in TOPAS profiles supports recent or ongoing tectonic activity.

Blind Faults have offsets imaged in seismic data and associated geomorphologic relief
but the fault plane does not reach the seafloor. These faults cutting strata in the TOPAS
profiles are Quaternary and younger than ~1,725 ky (lower Calabrian). Although there
is some debate to define active faults based on the timing of the last event when a fault
was active, it is commonly accepted that a fault is considered to be potentially active if
it has moved during the Quaternary (e.g. Keller and Pinter, 2002). However it has to be
considered that Quaternary has been re-defined and now extends further back to 2.58
Ma, according to the International Commission on Stratigraphy (ICS, 2018). Thus, we
interpret that blind faults mapped in our data can be considered active faults (with
maximum ages of about 1.7 Ma). Blind fault traces are displayed in yellow in our maps
and TOPAS profiles. In the maps, these faults are classified as “main” and “secondary”
faults depending on their significance.

Surface Rupture Faults are defined with both morphological and seismic evidences.
They cut the seafloor and strata imaged in TOPAS profiles. Faults active during the
Holocene (past 10 ky), are always considered active faults (Keller and Pinter (2002).

Surface ruptures are displayed in red color in our maps and TOPAS profiles. In the maps,
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these faults are classified as “main” and “secondary” faults depending on their

significance.

The fault classification criteria used in this Chapter is summarized in the Table 7.1 below:

TOPAS evidence
Bathymetric
Fault type Do not Cut Cut
evidence
cut strata strata surface
Possible Fault
Inferred Fault

Strike-Slip

Main Normal
Blind Reverse
Fault Strike-Slip

Secondary Normal

Reverse

Strike-Slip

Main Normal
Surface
Reverse
Rupture
Strike-Slip
Fault

Secondary Normal

Reverse

Table 7.1. Fault classification criteria applied in our work.

In addition, recent folding in the study region is classified by its dimensions as “main” folds or

“secondary” folds.

7.3. Tectonic domains

TOPAS profiles acquired during the Geomargen-2AA cruise (Figure 7.1) display the shallow

structural style of recent tectonics in a wide sector of the margin. About 3,500 km of TOPAS

rofiles cover a region of ~6,434 km?, mainly in the eastern and north-eastern sectors of the stud
p g y y

region, that we interpret as representing tectonics active in the whole explored region. Based on

active tectonic structures within the area, we have defined 3 main tectonic domains:

1) The North-eastern Domain that is bounded to the west by the Bizerte Canyon and to the

south by the southern flank of the Bizerte Ridge (Figure 7.1).
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i1) The Eastern Domain that covers the area east of the Bizerte Canyon, bounded to the

north by the Bizerte Ridge (Figure 7.1).
iii) The Western Domain that covers the area west of the Bizerte Canyon (Figure 7.1).
Next, we describe each of these tectonic domains and estimate the seismic potential of the most

relevant active faults.

10°30'E 11°30'E

2 Tyrrhehian/Basin

I ' ;.:;':' \ ‘|
"*/}ResgwifBamk
P p LY A

¥

. W
ekate Bank

9°E 9°30'E 10°E 10°30'E 11°30'E

Figure 7.1. Bathymetric map of the North Tunisian Margin. The three main tectonic domains
interpreted in the north Tunisian continental margin are bounded by the white polygons. TOPAS
tracks are depicted in thin black lines.

7.3.1. The North-eastern Domain

Bathymetric data covering the North-eastern Domain shows elongated troughs with pockmarks
aligned along them. The troughs are the surface expression of fault traces (described in Chapter 5).
Fault traces in the North-eastern Domain show a main average trend of N25°-N30° (Figures 7.2 and
7.3). Meanwhile, fault-associated folds are sub-parallel to the fault traces, and therefore their axes
follow the same trend. In addition to the N25°-N30° main trend, minor fault trends occur at N15°-

N25° and N30°-N40° (Figures 7.2 and 7.3).
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Left-lateral pull-apart basins (Figures 7.2, 7.3 and 7.4) are recognized throughout the North-
eastern Domain. A clear example shows a pull-apart basin resulting from the slip on a fault, named
Angioletta Fault (Figure 7.4). Angioletta fault is affecting the seafloor, which supports that the
structure is currently active. The pull-apart basin geometry indicates a left-lateral strike-slip motion
of the fault, clearly shown in map view (Figures 7.2 and 7.3) and in the TOPAS image (Figures
7.4.b and 7.4.c). North and south of the pull-apart basin (Figures 7.4.a and 7.4.d), the Angioletta
fault changes its relative displacement from reverse to normal, respectively. This characteristic
trend is observed in other strike-slip faults in the area, displaying sub-vertical fault planes with
changes in the along-strike slip component (normal to reverse). Moreover, several NNW-SSE
trending en-echelon traces observed within the North-eastern Domain display oblique sinistral
strike-slip faulting (Figures 7.2 and 7.3). The sinistral strike-slip component matches with the
regional stresses inferred from the SE-NW convergence between Nubia and Eurasia in this sector
to the south-west of the Tyrrhenian Sea. A rose diagram shows that the ~N30°W convergence vector

(white arrow) is oblique to the main N25°E-N30°E fault trend (Figure 7.2).

Besides a dominant strike-slip component, pure normal (Figures 7.4.b and 7.4.c) and reverse
faults also occur in the North-eastern Domain. The normal SE-dipping fault of Figure 7.4.b and
7.4.c cuts to the seafloor supporting recent activity. Moreover, mass transport deposits (MTDs)
imaged along the hanging-wall of the normal fault may have resulted from co-seismic shaking
(discussed in Chapter 6). This kind of slide deposits, and slide scars, are common features within
the North-eastern Domain. A SE-dipping reverse fault folding the seafloor, that we named Amalia
fault has syn-tectonic sediment deposits that thicken towards the east, which together with onlap
terminations towards the west indicate uplift of the western flank (Figure 7.5). Chaotic facies and
slide scars on the western flank of the Amalia-fault fold erode the most recent sedimentary layers
(Figures 7.5.a and 7.5.b). These features suggest that recent sliding likely resulted from slip of the
Amalia fault, further supporting recent tectonic activity. Pure normal and reverse fault slip also
match the oblique convergence of the region. Reverse faults seem to have a predominant ENE-
WSW trend, striking roughly perpendicular to the main convergence vector (Figure 7.2). Normal
faults characteristically trend NNE-SSW being highly oblique to the plate convergence vector
(Figure 7.2).
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Figure 7.4. TOPAS profiles showing the pull-apart basin of the Angioletta fault (a, b, c and d).
Faults with seafloor rupture are represented in red colour, while Blind faults are shown in yellow.
Location is shown in Figures 7.2 and 7.3.

In the southernmost sector, faults with a N25°-N30° average trend occur across the Bizerte
Ridge (Figures 7.2 and 7.3). In Figure 7.6 two TOPAS images show the main faults across the
Bizerte Ridge, which do not cut the shallow-most sediments indicating that they may be secondary
to deeper faults or have not been recently active. The deformation of the seafloor supports that some
deep faults are active (e.g. reverse fault at offset ~12,500 in Figure 7.6.b). The main faults are
associated to troughs in the bathymetry, but the steep walls of the fault scars prevent imaging of the
termination of strata in the TOPAS profiles (main faults in Figure 7.6). The extension of the faults
towards the north and south along flat seafloor supports that these troughs delineate the faults. The
steepness of the faults indicates a predominant strike-slip motion, as in the northernmost areas.
Comparatively fewer reverse and normal component faults occur. In general, all faults keep the

trend observed in the north, with strike-slip faults changing slip component along-strike.

The Bizerte Ridge is probably the surface expression of a large anticline fold formed above a
S- to SE-directed thrust of the set originally created within the early-middle Miocene north African
belt of imbricated thrust sheets (discussed in Chapter 5). Its south-eastern flank displays onlap
terminations and pinch-out geometries of the most recent sediment layers indicative of
contemporaneous uplift supporting recent/ongoing fault activity (also discussed in Chapter 6).
Images display tilted strata likely corresponding to the forelimb of the fold creating the Bizerte ridge
(Figure 7.7). This structural configuration supports a S-verging thrust fault under the south-east
flank of the Bizerte Ridge, that we name Hayat fault. The Hayat fault is a regional reverse blind
fault that likely caused the uplift of the northern sector of the study region, possibly much of it
related to the current NW-SE kinematics of the Central Mediterranean (discussed in Chapter 6).
This fault is highly orthogonal with respect to the Nubia-Eurasia convergence vector so that its

relief appears related to recent slip re-activation (Figure 7.2).

TOPAS images show slide scars, transparent-facies sediment packages, and tilted blocks
indicative of mass transport deposits (MTD) along the depression (Figure 7.7), likely related to the
uplift of the Bizerte ridge, and possibly also by the occurrence of minor reverse N-verging faults
within basin G (Figure 7.7.a). TOPAS images also show that fault-related structure is more
significant towards the east (Figure 7.7.a), supporting that the Hayat fault grows towards the west
(Figure 7.7.b). Taking into account the seismostratigraphy in the Chapter 6 and assuming that the

strata was originally deposited fundamentally with a sub-horizontal attitude, the current strata
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geometry supports an uplift-rate estimated as ~ 0.24 mm/yr for the last 471 ky due to the slip of the
Hayat reverse fault. Assuming a 45° dip for the Hayat fault this uplift-rate would correspond to 0.33
mm/yr slip-rate during the last 471 ky. This value is estimated from the strata geometrical
relationship imaged on the TOPAS profile of Figure 7.7.a, thus in the western sector of the fault
where the smaller offset occurs compared to the eastern segment, so that a larger slip-rate may be

associated to the Hayat fault there.

Another important active feature in the North-eastern Domain corresponds to a fault system
that bounds the basin H to the west (Figures 7.2 and 7.3). This system, with a NE-SW orientation,
extends from the Sentinelle Valley in the north through the Bizerte Ridge in the south (Figures 7.2
and 7.3). The main structure of this system, named Valeria fault, cuts to the seafloor, generating a
wide fold, which support recent activity (Figure 7.8). Seafloor morphology above the sub-vertical
Valeria fault plane support that the fold is a pressure ridge formed by the interaction of Valeria fault
with secondary faults. Valeria fault has a sub-vertical plane slightly dipping towards the east, with
sediment layers thinning towards the fold indicating reverse slip on the fault (Figures 7.8). The
activity of this fault system in the northern and southern sectors is not as clear because rougher
topography, makes difficult to determine recent activity and slip component (as for faults in Figure
7.6). The S-shaped morphologies of the seafloor along the fault corridor (Figures 7.2 and 7.3) may
indicate a sinistral strike-slip system, with changes in slip along-strike indicated by locally clear

reverse slip (e.g. Figure 7.8).

Along Cornaglia slope (i.e. south and north as displayed in Figures 7.2 and 7.3) numerous faults
follow a similar NE-SW main regional trend (Figures 7.2 and 7.3). The detailed trace of the faults
is not evident due to slide scars carving the slope seafloor surface. These slide scars display a clear
trend following the main NE-SW faulting trend that support that they initiate along the trace of
faults. A profile along the south Cornaglia slope strike displays little faulting, slide scars and smooth
strata geometry (Figure 7.9). The sub-vertical fault planes with small vertical offset, cutting the

seafloor in some instances, support strike-slip fault kinematics.
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Figure 7.5. Three parallel TOPAS profiles showing the Amalia active reverse fault (in red). Blind
faults are shown in yellow colour. Location is shown in Figures 7.2 and 7.3.
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Figure 7.6. TOPAS profiles showing Blind and Inferred faults (in yellow and white respectively)
across the Bizerte Ridge (Valeria fault is depicted in a). Location is shown in Figures 7.2 and 7.3.
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Figure 7.7. TOPAS profiles showing the southeastern boundary of the Bizerte Ridge and Hayat
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Figure 7.8. TOPAS profiles showing the Valeria fault (i.e. the main fault of the NE-SW fault
corridor). Lines location is shown in Figures 7.2 and 7.3.
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Figure 7.9. TOPAS profile showing little faulting along the South Cornaglia slope. Several slide
scars disturb otherwise regular sedimentary layering. Line location is shown in Figures 7.2 and
7.3.
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7.3.2. The Eastern Domain

The Eastern Domain seafloor displays few active fault traces compared to the North-eastern
Domain. The fault lineaments forming elongated troughs containing pockmarks described in the
North-eastern Domain do not have a clear continuation towards the south. Therefore, in the Eastern
Domain mapping of tectonic structures imaged by TOPAS profiles is more challenging because
their seafloor expression is comparatively subdued with no clear morphological expressions.
Nevertheless, some recently active tectonic structures are recognized throughout the Eastern

Domain, mainly following the regional NE-SW main trend.

A significant tectonic feature of the Eastern Domain is the extension in the south of the NE-
SW fault corridor (Valeria fault system) described in Section 7.3.1. Across the northernmost sector
of the Eastern Domain, this fault corridor changes from a NE-SW orientation to a N-S trend,
delineating an S-shaped bathymetric high, that we name Snake Ridge (Figures 7.10 and 7.11). A
significant normal fault, with conjugated faults and associated transparent deposits and tilted strata,
delineates the eastern flank of this high (Figures 7.12.a and 7.12.b). The recent MTDs support the
sudden slip of faults (see also Chapter 5). Nevertheless, although recent, the MTDs are covered by
a thin undisturbed sediment veneer indicating some elapsed time since the last slip on the fault that
caused sliding, or that the fault has not slipped since ~146 ky (age derived from the seismo-
statigraphic study carried out in Chapter 6). Towards the south-west, the fault corridor may link to
or dissect the Resgui Bank (Figures 7.10 and 7.11). Although the structure of the connection is not
clear on TOPAS images, seafloor relief support the structural continuity. The S-shaped topographic
high relief of the north-eastern sector of the Resgui Bank is similar to the NE-SW trending Snake
Ridge described above (Figures 7.10 and 7.11).

The fault corridor continues south of the Resgui Bank, where MTDs along a NE-SW trending
confined depression seems related to a NE-SW trending significant fault activity (Figures 7.12.c
and 7.12.d). However, the images do not show cut strata so that we classify it as Inferred fault. The
sinuous shape of the corridor within the Eastern Domain indicates a sinistral strike-slip component,

similar to structures in the North-eastern Domain (Section 5.3.1).

A major tectonic feature of the Eastern Domain is the NE-SW Samia fault bounding to the east
the basin F (Figure 7.10). The NW dipping Samia fault (discussed in Chapter 6) is imaged as a blind
fault, but the transparent facies at the seafloor in places near the Samia fault support that is active

or was very recently active (see Chapter 5 for images of MTDs).
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Figure 7.10. Framework of recent tectonics in the Eastern tectonic Domain (faults and folds).
Location of TOPAS profiles is depicted by dashed black lines (Figures 7.12, 7.13 and 7.14).

Recent fault activity has also occurred within basin E, where a major NE-SW trending fold
generated by the slip of a reverse blind fault delineates the Manahel fault (Figures 7.10, 7.11 and
7.13). The Manahel reverse fault dips SE and uplifts the west-central sector of basin E shown by
the pinching out of strata towards the fold (Figure 7.13). The thicker sedimentation of the basin
center is deformed by back-thrusting, which seem to be largely currently inactive or strongly slowed
down since ~1,116 ky (according to the seismo-stratigraphic study carried out in Chapter 6). The
Manabhel reverse fault strikes NE-SW, roughly perpendicular to the regional convergence vector
between Nubia and Eurasia (Figure 7.2), while the associated faults are NNE-SSW, oblique oriented

to the regional contractional direction.

Southward near the boundary with the Western Domain, around the head of the Bizerte Canyon

faulting decreases (Figures 7.10 and 7.11). Here faults display a normal component and are
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compatible with the N30°W convergence between Nubia and Eurasia (Figure 7.2). The faults are
likely related to the head of the Bizerte Canyon, which runs along a major NNE-SSW trending fault
(Figure 7.10; see Chapter 5,), possibly active as indicated by strata offsets observed under the
canyon in a 3.5 kHz profile (Maldonado and Stanley, 1976) (see Chapter 5 for further details).
Although with normal displacement component, this main fault probably has a current left-lateral
strike-slip component as displayed by other faults with the same NNE-SSW trend, thus oblique to
the regional compressional vector (Figure 7.10). Compagnoni et al. (1989) based on multi-channel

seismic data proposed a sinistral strike-slip component fault underlying Bizerte canyon.
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Figure 7.11. Coloured shaded relief map of the Eastern tectonic Domain. Location of TOPAS
profiles is shown as dashed black lines (Figures 7.12, 7.13 and 7.14).

NE-SW fault-controlled depocenters support some recent tectonic activity within basin B (see
Chapter 6), in the southernmost sector of the Eastern Domain. Growth-strata thinning to the eastern
sector of the basin and fold development support active uplift by reverse faulting (Figures 7.10,

7.11 and 7.14). The core of the fault-controlled active folds appears to contain old sediments folded
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in a previous tectonic phase. The faults located within basin B, are sub-vertical and display little
strata deformation, which supports a sinistral strike-slip faulting component within the regional

N30°W convergence (Figures 7.10 and 7.14).

Some Inferred and Possible E-W-trending faults occur in the south-eastern sector of the Eastern

Domain, north of the Hecate bank, but their structure is poorly imaged in the data.
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Figure 7.12. TOPAS profiles showing the NE-SW corridor within the Eastern Domain. TOPAS
profiles a) and b) showing the north-easternmost sector and c) and d) the south-westernmost one.
Transparent facies correspond to MTDs. Layers tilted by faults are also depicted. In yellow
colour are represented the Blind faults while in white are shown the Inferred faults. Location is
shown in Figures 7.10 and 7.11.
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Figure 7.13. TOPAS profiles showing the folding and Blind faulting within the basin E. The
Manahel Blind reverse fault is depicted. Location is shown in Figures 7.10 and 7.11.
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Figure 7.14. TOPAS profiles showing the faulting within the basin B. Smooth folding and growth
strata are identified. In yellow colour are represented the Blind faults while in white dashed lines
are shown the Possible faults. Location is shown in Figures 7.10 and 7.11.
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7.3.3. The Western Domain

The Western Domain displays comparatively little evidence of tectonic activity, and we used
only geomorphological features to interpret tectonic features because no TOPAS profiles were
acquired in this region, so that mainly Possible faults are displayed (Figures 7.15 and 7.16). NE-
SW trending lineaments to the NW of the Sentinelle Bank may be fault traces. These lineaments
follow the NE-SW faulting trend of the main strike-slip faults in the other domains. The relief
lineaments linking the eastern flank of the Sentinelle Bank to the Estafette Bank display the
geometry of a potential system of fault traces following NE-SW and NW-SE trends, and might be

related to the major fault under Bizerte Canyon.
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Figure 7.15. Framework of recent tectonic structures of the Western tectonic Domain.
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Figure 7.16. Colored shaded relief map of the Western tectonic Domain, with the main banks
labeled (Spiss Bank, Sentinelle Bank and Estafette Bank).

7.3.4. Seismic potential of active structures

As carried out in Chapter 4 for the onshore North Tunisian region, here we calculate the
potential maximum moment magnitudes (M) for the offshore area. For this calculation we selected
different fault segments of fault systems susceptible to rupture during a seismic event. This
segmentation of the faulting is defined on the basis of geomorphological observations and tectonic
evidence identified in TOPAS profiles. In order to calculate the maximum expected magnitudes,
we selected the northern segment of the Amalia fault of Figure 7.5 and the entire Hayat fault of
Figure 7.7. Both faults display the longer and best defined segments of reverse faults in the region
and show evidences of recent tectonic activity (see Section 7.3.1). Although the Amalia fault shows
evidence of potentially more recent activity, the highly perpendicular strike of the Hayat fault to the

regional convergence vector (Figure 7.2) suggest a major seismic potential for the latter. Based on
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empirical relationships the 10.7 km long segment of the Amalia fault might generate up to Mw ~6
(Wesnousky, 2008) to ~6.25 (Wells and Coppersmith, 1994) earthquake. The trace of the Hayat
fault that runs within the study area has 23.46 km in length, being able to generate Mw ~6.6
(Wesnousky, 2008) to ~6.7 (Wells and Coppersmith, 1994) earthquake. Nevertheless, the structure
associated to the Hayat fault appears to extend further east in the lower resolution bathymetry out
of the mapped area (Figures 7.2 and 7.3). Interpreting that the Hayat fault may be ~39 to ~67 km
long, and depending on that length, we estimate it could generate earthquakes Mw ~6.9 - ~7.10
(Wesnousky, 2008) or ~7.2 - ~7.54 (Wells and Coppersmith, 1994).

7.4. Discussion

7.4.1. Active Tectonic Structures

The map of recent tectonics (Figures 7.2, 7.10 and 7.15), shows that active faults (i.e. Surface
Rupture Faults and Blind Faults, respectively) are mainly located within the eastern domains and
particularly in the North-eastern Domain. Blind faults occur in both domains and Surface Rupture

faults are largely restricted to the North-eastern Domain.

The North-eastern Domain shows most of the Blind and Surface Rupture faults within the study
region with the latter being mainly located at the north-easternmost sector of this domain. Faulting
within this domain trends mainly NE-SW forming small pull-apart basins of NNW-SSE en-echelon
geometries, bounded by sub-vertical fault planes (Figures 7.2, 7.3 and 7.4) with a main oblique
sinistral strike-slip component. Strike-slip faults tend to change orientation giving rise to pure
normal or pure reverse component segments. The ENE-WSW trending faults typically have reverse
component (Figures 7.2 and 7.3), while NNE-SSW trends dominantly have normal components
(Figures 7.2 and 7.3). The ENE-WSW trends are perpendicular to the main convergence vector (i.e.
rose diagram in Figure 7.2) while the NNE-SSW trends tend to be oblique to the convergence vector
(Figure 7.2). These observations are consistent with the present-day plate convergence and the
associated regional NW-SE contractional stress field (e.g. McClusky et al., 2003; Goes et al., 2004;
Serpelloni et al., 2007), clearly displaying a transpressive regime. The North-eastern Domain, with
most active faults, matches with the northern “recently” (since 402 £ 5 ky, see Chapter 6) uplifted
area, which clearly shows that current tectonics focus on this North-eastern Domain. Faulting within
this domain shows a preferential SE dip, except for faulting at the south-eastern boundary of the

Bizerte Ridge (Hayat fault), which dips towards the NNW.
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The Eastern Domain does not display Surface Rupture Faults and Blind Faults occur in a
comparatively scattered and sparse distribution. The main fault trend is NE-SW direction similar to
systems in the North-eastern Domain. Numerous faults have associated MTDs particularly in the
main fault corridor (Figures 7.10, 7.11 and 7.12) and within basin F (Figures 7.10 and 7.11). Blind
faults deforming the seafloor occur within basins E and B. Basin E faults display pure NE-SW
reverse kinematics and NNE-SSW back-thrusts that match the regional stress field. In contrast,
basin B contains strike-slip faults and some west-dipping reverse faults that uplift the eastern basin
edge. Minor faults at the head of the Bizerte canyon seem to be related to the Bizerte Canyon
underlying main fault, which may currently have a sinistral strike-slip component, matching the
current N30°W contractional regime (e.g. Serpelloni et al. 2007). In contrast to the North-eastern
Domain where faulting generally dip towards the E or SE, in the Eastern Domain in addition to the

E or SE dip, an opposite NW fault dip occurs (in basins F and B).

The relief map of Figures 7.2 and 7.3 show that the NE-SW trending faults of the North-eastern
Domain extend north of our study area, into the Tyrrhenian Basin. NE-SW trending faults dipping
preferentially towards the south-east, have been imaged along the south-western boundary of the
Tyrrhenian Basin, across the north Sicily Margin (Guzman, 2015) (Figure 7.17). These faults form
a horst and graben system related to the opening of the Tyrrhenian Basin. Most faults in the western
sector of the MCS profile of Figure 7.17 (thus north of our study region) dip eastward, indicating
that the shallow SE-dipping active faults identified in the North-eastern Domain and northern sector
of the Eastern Domain might be related to extensional faults formed during slab rollback-related
migration of the Apennines-Calabrian subduction front (Malinverno and Ryan, 1986; Trincardi and
Zitellini, 1987; Mascle and Rehault, 1990; Faccena et al., 2001; Rosenbaum et al., 2002) formed
~8-6 Ma (Trincardi and Zitellini, 1987; Mascle and Rehault, 1990; Rosenbaum et al., 2002). These
ancient Tyrrhenian faults are currently being inverted in a transpressional system in the frame of
the present NW-SE convergence framework between the Nubia and Eurasian plates (Figure 7.2).
Undifferentiated Plio-Quaternary minor phases of inversion and recent compressive folding have
been described along the edge of the Tunisian plateau in the Sardinia Channel area (Tricart et al.,

1990, 1994; Mascle et al., 2001, 2004).

The south Tyrrhenian active contractional belt north of Sicily (to the east of the North-eastern
Domain) has an overall E-W trend, proposed to be segmented by a succession of ENE-WSW and
NE-SW trending reverse faults, and NW-SE right-lateral strike- and oblique-slip faults from the
analysis of seismological and structural data from coastal outcrops onshore (Billi et al., 2007)

(Figure 7.18). Based on focal mechanisms, the ENE- to NE-striking faults are proposed to be high-
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angle south verging faults interpreted to be either i) inherited low-angle thrust zones steepened by
the emplacement (at their footwall) of foreland piggyback thrust sheets, or ii) inherited high-angle
basin-bounding normal faults being currently inverted (Billi et al., 2007). The Hayat fault along the
south-eastern flank of the Bizerte Ridge displays a pattern supporting the reactivation of an inherited
NW-dipping fault with the stresses of the current NW-SE compressional setting of the Nubia-
Eurasia convergence. Thus, the current convergence between Nubia and Eurasia possibly
reactivates as strike slip transtensional or transpressional faults originally formed by the opening of
the Tyrrhenian Basin (i.e. SE-dipping, NE-SW trending faults of the North-eastern Domain), and
also reactivates older faults from the fold-and-thrust belt system formed in the African margin
during the opening of the Algero-Balearic Basin at ~17-14 Ma (i.e. NW-dipping NE-SW trending

faults of the North-eastern and Eastern domains).

The estimated ~0.33 mm/yr slip-rate for the Hayat fault during the last 471 ky is significantly
larger than the slip of any other NE-SW reverse fault of the North-eastern Domain, that have smaller
offsets. The highly orthogonal attitude of the Hayat fault with respect to the Nubia-Eurasia
convergence vector and strongly tilted strata at the forelimb of the Bizerte Ridge suggests that Hayat
fault is likely a major fault accommodating much of the convergence between plates in the studied
region (Figure 7.2). Furthermore, the Hayat fault slip appears to control the topographic evolution

of the northern sector, and is responsible of its uplift (discussed in Chapter 6).
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Figure 7.17. Interpreted multi-channel seismic (MCS) profile across the North Sicily margin
taken from Guzman (2015). Recent faults and seismo-stratigraphic sequence, from Pleistocene to
Tortonian are depicted. Inset: Coloured bathymetric map of the North Tunisian Margin with the
location of the MCS profile in a black line (TUN: Tunisia, SAR: Sardinia, SIC: Sicily).
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Figure 7.18. Model showing the active tectonics of the south Tyrrhenian contractional seismic
belt as proposed by Billi et al. (2007). The belt involves NE and NW trending faults. The NE
trending faults are thrust faults, whereas the faults trending NW and WNW are interpreted as
right-lateral strike-slip faults, which transfer the compressional displacements towards the
southeast (Goes et al., 2004). Most seismogenic faults cut through the Oligocene age Drepano
Thrust (Pepe et al., 2005). The kinematics of the south Tyrrhenian belt is consistent with GPS
data (D’ Agostino and Selvaggi, 2004). In particular, two pairs of converging white arrows with
associated numerical values (i.e. 3 and 6 mm/yr) are representative of the direction and rate of
tectonic convergence computed after the GPS velocity vectors from Fossa, Trapani and Ustica
stations. A forthcoming evolution of this belt may involve the subduction of the Tyrrhenian
oceanic lithosphere toward the south, underneath the Maghrebian fold-and-thrust belt. The trench
may eventually develop at the back of the south Tyrrhenian seismic belt, as indicated in the
Figure as potential future trench. C.B.: Cefalu Basin.

The current pattern of deformation in the central Mediterranean Sea between the Nubia and
Eurasian plates is ~5 mm/yr, with a NW-SE trending convergence (Figure 7.19) (McClusky et al.,
2003; Goes et al., 2004; Serpelloni et al., 2007; Noquet, 2012; Palano et al., 2012). Several seismo-
tectonic and GPS studies and different geodetic datasets support that east of our study region the
total amount of convergence is currently being completely or largely absorbed across the southern
Tyrrhenian seismic belt (Figure 7.19) (e.g. Agate et al., 2000; Hollenstein et al., 2003; D’ Agostino
and Selvaggi, 2004; Goes et al., 2004; Tondi et al., 2006; Serpelloni et al., 2007; Billi et al., 2011;
Nocquet, 2012; Totaro et al., 2016). While to the west, along Algeria, it is estimated that ~2-3 mm/yr
of convergence are currently accommodated in a narrow belt along the north-Algerian margin
(Figure 7.19) (e.g. Meghraoui and Doumaz, 1996; Stich et al., 2006; Serpelloni et al., 2007).
Although we have not estimated cumulative strain, it appears that a considerable amount of the total
convergence is being accommodated within our study area (mainly by the Hayat fault). Serpelloni

et al. (2007) noted that the residual shortening of the NW-ward 2.3 + 0.5 mm/yr drift of Sicily has
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to be accommodated northward, between Ustica (in NW Sicily) and the Corsica-Sardinia block, i.e.
northeast of our study region. Due to the lack of instrumental seismic events along this region,
Serpelloni et al. (2007) suggest that compression is probably transferred northwards, in Liguria,
where active thrusting has been described (e.g. Larroque et al., 2001; Bigot-Cormier et al., 2004).
Although part of the convergence may be absorbed in Liguria, our study reveals that part of the
shortening is accommodated within our study region, mainly by the Hayat fault and across the
North-eastern Domain sinistral fault system. The main NE-SW trending sinistral strike-slip system

in a transpressive regime defined in our study area differs from the faulting in northern Sicily and

Algeria. There, both areas display compressional regimes with prevailing thrust focal mechanisms

(e.g. Serpelloni et al., 2007; Billi et al., 2011).

Figure 7.19. Focal mechanism solutions of the western Mediterranean region. Data taken from
the Global CMT catalog for the period between 1976 and 1996 (Global CMT, 2015) and the
RCMT catalog between 1997 and 2015 (RCMT, 2015). Horizontal velocities (with 95% error

ellipses) given with respect to the Eurasian plate (modified from Serpelloni et al. (2007)) along

the Nubia-Eurasia boundary in western Mediterranean. The location of the study area is
displayed by a yellow polygon. Ust = Ustica island.

7.4.2. Faulting and seismic activity

The maximum magnitudes (My) of 6.25 to 7.54 (Wells and Coppersmith, 1994; Wesnousky,
2008) estimated for the reverse fault segments within the North-eastern Domain are moderate to
large. As discussed in Chapter 4, although there are no slip-rate velocities for the faults, we
speculate that return periods are long, of several hundreds to thousands of years, due to the slow
convergence rate defined for our study area and distributed deformation (e.g. McClusky et al., 2003;
Serpelloni et al., 2007; Noquet, 2012). No co-seismic major tsunami is expected due to the thin

water layer, the faulting generally oblique strike-slip and the maximum magnitudes obtained (6.25
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— 7.54 Mw) that are too weak to trigger significant tsunamis (Bryant, 2014). Furthermore, we
interpret that the absence of significant instrumental seismicity for the study region could be induced
by the fact that shortening is distributed along numerous small-scale faults, instead of being
absorbed by a limited set of large faults capable of generating medium magnitude earthquakes on a
regular basis. However, it must be kept in mind that our work offshore has only studied the seafloor
and near surface expression of active faults, and that we do not have information on how these faults
extend into deeper crustal layers. In particular, we do not know whether some of the fault segments
identified in our maps merge at depth into larger structure. This scenario could imply seismogenic
faults larger than those considered here, because inherited tectonic structures may be larger than
their surface expression due to reactivation in a new stress field and with slip vector that are different
to previous tectonic phases. Seismic data imaging the crustal-scale tectonic structure of the region
are necessary to finalize hazard analysis of shallow faults that we have identified as currently re-

activated structure.

7.5. Insummary

The structural analysis carried out in this Chapter reveals a series of active faults defined for
the first time in the explored area. Most Surface Rupture and Blind faults (i.e. active faults) are
localized within the North-eastern Domain. These faults mostly are SE-dipping NE-SW trending
faults possibly originally formed during the opening of the Tyrrhenian Basin (at ~8-6 Ma), and
currently being reactivated with strike-slip displacement and inverted in compression by the current
NW-SE contractional setting due to convergence of the Nubia and Eurasian plates. The kinematic
indicators of the faults of the North-eastern Domain support a transpressional regime with a main
sinistral strike-slip faulting style. NW-dipping NE-SW trending faults related to an older fold-thrust
belt system, formed during the early-middle Miocene opening of the Algero-Balearic basin, have
also been identified. Some of these faults are also being reactivated and display different fault
kinematics, with some reverse faults that occur in basin B and normal faults in basin F. The most
important structure is the Hayat fault, a major WSW-ENE reverse major fault located south of the
Bizerte Ridge that is likely accommodating much of the convergence within the studied region.

Hayat fault recent slip is also responsible of the uplift of the North-eastern Domain.

Active faulting within the study region appears to accommodate a significant part of the current
NW-SE shortening in the Tunisia margin related to convergence between Nubia and Eurasian

plates. Shortening in the study region appears widely distributed in a suite of relatively short faults
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that may prevent generation of large magnitude earthquakes. Classical empirical relationships used
to estimate the maximum magnitudes indicate that active faults in the area could generate up to Mw
7.54 earthquakes. This significant magnitude indicates a moderate seismic risk, particularly
considering the long distance between earthquake sources and inhabited areas. Furthermore, no
major tsunamis are expected in the study region, where water layer is thin, faulting is generally
oblique strike-slip and estimated magnitudes (6.25 — 7.54 Mw) are weak to generate a large tsunami.
However, the fault segments identified at the surface and shallow depth may link deeper into larger
structures and deep seismic data should be collected and evaluated to better constrain the tectonic

structure and hazard analysis of the region.
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CHAPTER 8§

Discussion

The discussion chapter of this PhD Thesis aims at summarizing and integrating the different
observations presented in chapters 4-7 and present them under the unifying framework of the
Mediterranean geodynamic evolution since about middle Miocene. This chapter focuses further into
the currently active tectonics and the present-day geodynamic setting of the Nubia-Eurasia
boundary within Northern Tunisia. The multi-disciplinary approaches and multi-scale datasets used
provide the information to jointly analyze recent tectonic structures onshore and offshore of the

North Tunisian land and continental margin.

8.1. Active faulting in the North Tunisian land and continental margin

The morphometric analysis of relief data together with the complementary fieldwork carried
out onshore North Tunisia revealed a sparse distribution of the active faulting with three different
families of faults: a) NE-SW reverse-sinistral faults, b) WNW-ESE dextral faults, and ¢c) NW-SE
normal faults (Figure 8.1). The most frequent active fault families onshore Northern Tunisia is the
NW-dipping NE-SW trending reverse-sinistral faults, which largely control the present-day relief
evolution of the region. The most important reverse-sinistral active fault of this family is the El
Alia-Teboursouk (ETF) fault that show a morphotectonic signature suggesting current tectonic
activity (Figure 8.1). Moreover, fieldwork observations, such as Plio-Quaternary folded fluvial
terraces verticalized by thrust faulting activity of the ETF fault support a recent activity.
Furthermore, we interpret dextral WNW-ESE faults as conjugate to sinistral faults or as transfer
segments of reverse faults. The Dkhila fault (DF) is one of these dextral WNW-ESE trending faults
that also show evidence of recent activity in the field (Figure 8.1). Finally, NW-SE trending normal
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faults currently associated to the development of small tilted basins also show morphotectonic

signals evidencing recent activity (Figure 8.1).

The main faulting trend onshore extends offshore, and recent faulting within the whole plateau-
slope system of the offshore North Tunisian margin shows a NE-SW trend. These NE-SW faults
generally show oblique sinistral strike-slip components, although they may work as pure normal or
pure reverse depending on their strike (i.e. ENE-WSW trending faults show reverse components
while NNE-SSW show normal components). Sinistral strike-slip component is mainly observed in
the North-eastern plateau-slope Domain (NE-domain in Figure 8.1), where sub-vertical fault planes
bound small pull-apart basins showing NNW-SSE en-echelon geometries. The scattered pattern of
the active faulting observed onshore Northern Tunisia is also maintained in the nearshore areas of
the offshore study region, i.e. in the Eastern plateau-slope Domain (E-domain in Figure 8.1). The
Eastern Domain contains sparse NE-SW trending active (blind) faults (Figure 8.1). This pattern
changes northward, where most offshore recent faulting occurs. The North-eastern Domain contains
most blind faults and all surface rupture faults identified offshore (Figure 8.1). The similar main
NE-SW trends of onshore and offshore faulting are formed by fault systems dipping in different
directions. The main NW-dipping fault system onshore Northern Tunisia appears to extend to the
nearshore offshore area of the Eastern Domain (Figure 8.1). In contrast, the northern sector of the
Eastern Domain NE-SW trending faults dip SE-wards (Figure 8.1). In the North-Eastern Domain,
SE-dipping sub-vertical faults prevail, except for the Hayat fault (Figure 8.1).

The few previous studies of active faulting in North Tunisian support transpressive to
compressive slip (e.g. Meghraoui and Pondrelli, 2012; Nocquet et al., 2012; Soumaya et al., 2015)
concordant to the current NW-SE-trending compressive regime between the Nubian and Eurasian
plates (e.g. McClusky et al., 2013; D’agostino and Selvaggi, 2004; Serpelloni et al, 2007; Noquet,
2012). Two faulting provinces are observed offshore in the study region: i) one restricted to the
North-eastern Domain and the northernmost sector of the Eastern Domain (Figure 8.1), and ii) the
rest of the Eastern domain, where faulting matches the pattern observed onshore. Thus, two major

faulting systems emerge when analyzing the whole studied region (onshore and offshore):

1) The Northern system, which includes the North-eastern Domain and the northern sector
of the Eastern Domain with several SE-dipping NE-SW trending faults that display

oblique sinistral components (Figure 8.1).

i) The Southern system, which includes most of the Eastern Domain and the onshore

North Tunisian studied area. Active faulting here shows a more sparse distribution,
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characterized by NW-dipping NE-SW trending faults with reverse to sinistral

components (Figure 8.1).
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Figure 8.1. Topography, bathymetry and active faults of the North Tunisian land and continental
margin (red faults). Epicentres of magnitude My, between 3 and 6 are from the International
Seismological Centre (ISC, 2018). The location of the study areas (onshore and offshore) are
represented by white polygons. The white rectangle depicts the fieldwork area. Dashed line
depicts the boundary between Algeria and Tunisia. Tectonic structures onshore include data from
Melki et al. (2012), Bahrouni et al. (2014) and Rabaute and Chamot-Rooke (2015), as well as our
own field data. Mat: Mateur fault, Df: Dkhila fault, ZaF': Zarga fault, CSGF': Cap Serrat-
Gardimaou fault, RKTF: Ral El Korane-Thibar fault, ETF: El Alia-Teboursouk fault, TEF:
Tunis-Elles fault, ZF: Zaghouan fault, GTA: Ghardimaou-Thibar accident, SF: Samia fault, HF:
Hayat fault, VF': Valeria fault, BCF: Bizerte Canyon fault .

The SE-dipping NE-SW trending faults of the Northern system correspond to extensional faults
formed ~8-6 Ma related to slab rollback during migration of the Apennines-Calabrian subduction

front (Malinverno and Ryan, 1986; Trincardi and Zitellini, 1987; Mascle and Rehault, 1990;
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Faccena et al., 2001; Rosenbaum et al., 2002) and recently reactivated (see Chapter 7). In contrast,
the NW-dipping NE-SW trending faults mainly grouped in the Southern group are older faults
formed in early-middle Miocene during the development of the North Africa fold-and-thrust belt
system, as a consequence of the collision between the Kabylides block onto Africa, and derived
from the rollback of the Tunisian slab (e.g. Bracene and Frizon de Lamotte, 2002; Benaouali-
Mebarek et al., 2006; Abbassene et al., 2016; Leprétre et al., 2018) and recently reactivated. Thus,
both fault systems appear to form on inherited structures formed by currently inactive geodynamic
processes, and that have been reactivated with slip vectors related to the present-day stress field due

to convergence between African and Nubian plates.

Long significant-magnitude earthquake recurrence periods are expected for the analysed
faulting of the North Tunisian continental margin due to the low NW-SE convergence rate in the
region (~0.5 cm/yr) (e.g. McClusky et al., 2003; Serpelloni et al., 2007; Noquet, 2012). This is also
supported by the morphometric relief analysis onshore (i.e. low ksn values recorded in fault
associated knickpoints). Regarding the magnitude of the expected seismic activity, instrumental
measurements recorded low to moderate magnitude events (My 2 to 5.5) for the past century
(Gueddiche et al., 1998; Ksentini and Romhdane, 2014). However, historical events describing the
destruction of Roman and Arabic settlements evidence intensities between VIII to X on the MSK
scale (e.g. Ambraseys, 1962; Vogt, 1993; Mejri et al., 2010; Bahrouni et al., 2014; Ksentini and
Romhdane, 2014; Kharrat et al., 2018). Our fieldwork carried out in onshore Northern Tunisia
discovered structures potentially linked to co-seismic effects, such as the open cracks located at the
western segment of the Dkhila fault (Figure 8.1). Furthermore, in the offshore study region several
mass transport deposits (MTDs) may be related to co-seismic deformation. The location of these
MTDs in areas of smooth seafloor relief, in the vicinity of recently active faults support that
significant seismic events occurred in the whole studied area. Sedimentary dikes along striated fault
planes observed in the Corgnalia slope (Sicily Channel) might be related to Plio-Quaternary
earthquakes (Mascle et al., 2004). Furthermore, several MTDs at the seafloor offshore Northern

Tunisia also support significant recent seismic events.

Earthquake magnitudes have been estimated for a selection of significant faults in the studied
region using empirical relationships (Wells and Coppersmith (1994); Wesnousky 2008). Onshore
Northern Tunisia maximum My, of 6.5 and 6.7 have been estimated for fault segments of potentially
seismogenic faults identified in the field (i.e. the DF and ETF faults, respectively). Offshore, the
northern segment of the Amalia fault and the entire Hayat fault have been evaluated (Figure 8.1).

Maximum earthquake magnitudes of My 6.25 and 7.54 have been estimated for the Amalia and
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Hayat faults respectively. These estimated magnitudes obtained onshore support a considerable
seismic hazard in Northern Tunisia. However, long recurrence periods may lower the immediate
hazard expected, taking into account the magnitudes obtained. Offshore, the largest potentially
seismogenic fault is far from inhabited zones, which indicates a relatively low seismic risk.
Furthermore, coseismic large tsunamis are not expected for the identified faults offshore, mainly
due to shallow water and the moderate maximum magnitudes estimated (My 6.25 — 7.54) that are
weak to generate significant, destructive tsunamis (Bryant, 2014). However, it must be kept in mind
that our work offshore has only studied the surface and near surface expression of active faults and
that we do not have information on how these faults extend into deeper crustal layers. In particular,
some of the fault segments identified could merge at depth into larger structure, implying larger
seismogenic faults than those considered here. Deep penetrating data of the region are necessary to

finalize hazard analysis of faults that we have identified as currently re-activated structures.

8.2. Drainage reorganization in onshore Northern Tunisia and relationship to
regional tectonics

Convergence in active collisional continental plate boundaries favours the development of
transverse drainages that route sediments from the orogenic wedge towards the foreland basin
system (DeCelles and Giles, 1996). In these orogenic regions, the interplay between active tectonic
structures such as thrusts, antiformal folds or lateral ramps, greatly determine the geometry of the
drainage pattern, especially the relationship between transverse and axial drainage systems (e.g.
Hirst and Nichols, 1986; Burbank et al., 1996; Jones, 2004). The natural evolution of rivers draining
mountain belts is to develop incipient axial drainages, parallel to local tectonic structures that
progressively evolve to transverse drainages following the main topographic gradient in latter stages
(Babault et al., 2012). It is well known that crustal thickening related to plate convergence and
associated shortening structures, together with upper-mantle flow, produces a dynamic topography
that influences the drainage systems in active plate boundaries (Braun, 2010; Husson et al., 2012).
In fact, relative small-scale dynamic topography is especially important in regions with narrow
underlying lithospheric slabs, like in the Western Mediterranean (e.g. Faccenna and Becker, 2010;
Faccenna et al., 2014b; Petit et al., 2015; Booth-Rea et al., 2018; Spakman et al., 2018).
Geodynamic mechanisms such as slab pull, slab tearing, slab dragging, slab delamination or flow
in the upper mantle exert an important influence on local, crustal topography that can be largely
independent of the crustal structure (e.g. Missenard et al., 2006; Gogus and Pysklywec, 2008;
Mancilla et al., 2015; Spakman et al., 2018). Moreover, other factors such as lithology, inherited
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geological features or fluvial captures can play an important role in drainage organization (e.g.

Harvey and Wells, 1987; Stokes et al., 2008; Giaconia et al., 2012a).

The interaction between all these different factors can result in anomalous drainage patterns in
respect to the direction of regional convergence. This might occur in Tunisia, where the main
catchment draining the orogenic wedge is the Medjerda River, which runs NE-SW for 400 km from
northern Algeria to the Gulf of Tunis, perpendicular to the regional NW-SE plate convergence
(Figure 8.2). The NE Tunisia drainage network has basically two general river orientations (see
Chapter 4): axial rivers striking NE-SW parallel to the compressional structures, and transverse
channels striking NW-SE to NNW-SSE. The transverse channels of the eastern side of the Medjerda
river present higher ksn trends, convex hypsometric curves and higher values of MaxC/MaxL (see
Section 4.3 of Chapter 4 for further explanations), thus suggesting that the capture process is driven
by the replacement of the axial drainage by a transverse one. This observation agrees with the
expected behaviour in the normal evolution of a drainage network in a mature relief developed
under a NW-SE compressional setting, where high structural reliefs and steep regional slopes
favours the development of a transverse drainage system (Babault et al., 2012). However, the
Medjerda River remains as the “main attractor” for the whole drainage system, despite maintaining
a general trend parallel to the main structural relief, which can be considered as an anomalous flow
in the described tectonic configuration. Moreover, the Medjerda River main channel is gaining area
with respect to its subsidiaries by means of capturing processes towards the east (Chapter 4). One
of these captures was clearly described by fieldwork near Zarga village, where the activity between
the ETF, Zarga and Dkhila faults uplifted a block that resulted in the capture of the Tine River by

the Medjerda main channel.

Although tectonic transport related to thrusting in Tunisia has been mainly towards southeast,
the filtered topography map (Figure 8.2) shows a regional long-wave topographic-high that
coincides with the southwest Atlassic front, along the boundary between the Sahara and Tunisian
Atlas. This region is also characterized for its seismicity with dominant strike-slip focal mechanisms
(Figure 8.2) and by the presence of active dextral WNW-ESE oriented faults, like the Gafsa fault
(Ben Hassen et al., 2014). The high altitude within this region results in a general topographic
gradient towards the northeast favouring the development of large axial catchments, such as the
Medjerda River. The Medjerda River valley drains towards a general depression in the filtered
topography (Figure 8.2). Onshore, palustrine environments and lakes with outlets towards the Sicily
channel and the Gulf of Gabes characterize the coastal areas of this topographically depressed

region. Considering the rather uniform crustal thickness of Tunisia in a NE-SW direction (Research
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Group for Lithospheric Structure in Tunisia, 1992) it is possible that this topographic low region
may be related to some dynamic topography effect. Actually, this topographically depressed area
lies above the region where a slab body imaged in the Tunisian upper mantle would link with the
African lithospheric mantle (Wortel and Spakman, 2000; Piromallo and Morelli, 2003; Fitchner and
Villasefior, 2015). Although the slab images in this region are poorly resolved by seismic
tomography because of poor seismic ray coverage under Tunisia, independent active-source wide-
angle seismic data show the presence of a reflector at the top of a high-velocity body at 87 km under
this region (Research Group for Lithospheric Structure in Tunisia, 1992), which together with
intermediate depth seismicity in the Sicily Channel (Chiarabba and Palano, 2017) supports the
presence of a slab under Tunisian possibly connected with the African mantle lithosphere (Booth-
Rea et al., 2018) (Figure 8.3). This slab may possibly link with the African lithosphere under the
southernmost segment of the South Atlassic fault and under the North-South Axis, producing a
dynamic topography in the form of a depression from the Gulf of Gabes towards the Sicily channel
(Booth-Rea et al., 2018) (Figure 8.3). Thus, dynamic topography related to slab pull together with
tectonic activity along the south Atlassic mountain front, are probably important factors determining
the apparently anomalous longitudinal orientation of the Medjerda River. Uplift along the south
Atlassic dextral transfer zone might also be related to upper-mantle flow through a Tunisian Atlas
slab window between the Sahara and Tunisian Atlas (Figures 8.2 and 8.3). This boundary must have
worked as a dextral STEP (Subduction-Transform Edge Propagator) boundary since the Middle
Miocene, namely the Tunisian Atlas Transfer Fault (TATF in Figure 8.3).
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Figure 8.2. Spatial distribution of moment tensor solutions and horizontal velocities (with 95%
error ellipses) given with respect to the Eurasian plate (modified from Serpelloni et al, 2007),
along the Nubia-Eurasia boundary in the western Mediterranean. Focal mechanisms are obtained
from the Global CMT catalogue for the 1976-1996 period and from the European-Mediterranean
RCMT catalogue for the 1997-2015 period. Focal mechanisms are plotted in the barycentre of the
epicentres and weighted by earthquake magnitudes. The background shows a filtered topography
(25 km radius mean filter) that highlights the regional topographic trends. Dashed purple lines
depict the location of the slabs (AS: Algerian Slab, TS: Tunisian Slab).
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Figure 8.3. 3D-model of the tectonic setting and its influence on topography and drainage in
Northern Tunisia (modified after Booth-Rea et al., 2018). A) Filtered topography showing the
general topographic gradients in the region and their possible relation to the interplay between
plate convergence and deep mantle processes. The Tunisian slab has been drawn, on the basis of
the model proposed by Booth-Rea et al, (2018). Slab pull would drive negative buoyancy in the
Sicily channel and the Gulf of Gabes, while positive uplift would occur above delaminated regions
of Northern Tunisia in the headwaters of the Medjerda River, or related to transpressive tectonics
along the Tunisian Atlas STEP boundary. Continental-mantle slab tearing along this STEP
boundary developed the Tunisian Atlas Slab window (TAS). B) Tomographic profile crossing
Northern Tunisia from South to North (extracted from Fichtner and Villasernior, 2012).

8.3. North Tunisia in the current Western Africa-Eurasia plate boundary
setting

Most of the shallow (<30 km deep) teleseismic seismicity in the western Mediterranean is
related to the NW-SE convergence between Nubia and Eurasia plates, which is causing the tectonic
inversion of the western Mediterranean basins. In turn, this inversion is also causing the formation
of a new crustal-scale shear zone boundary between Nubia and Eurasia that in the Maghreb region
occurs along the southern margin of the Algero-balearic Basin (Billi et al., 2011; Giaconia et al.,

2015). Reverse N-verging blind faults along the central Algerian offshore margin may evidence
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ongoing underthrusting of the Neogene oceanic domain (Déverchére et al., 2005) probably marking
the onset of a new subduction zone (Auzende et al., 1975). Fault inversion along the North Algerian
margin has been reported by many authors (e.g. Domzig et al., 2006; Kherroubi et al., 2009; Yelles
et al., 2009; Strzerzynski et al., 2010, Maouche et al., 2011; Bouyahiaoui et al., 2015), and it is
supported by the instrumental seismicity recorded along a narrow belt parallel to the Algerian coast
(e.g. Serpelloni et al., 2007; Beghoul et al., 2009; Meghraoui and Pondrelli, 2012; Nocquet, 2012).
Eastward, seismicity becomes sparser and covers a broad region extending towards the south when
approaching Tunisia (e.g. Nocquet, 2012). In fact, from easternmost Algeria to Tunisia main
seismicity concentrates along the south Atlas front, where strike-slip focal mechanisms occur along
the front, while reverse mechanisms have been recorded to the SE, along the boundary between the
Tunisian and Saharan Atlas (Soumaya et al., 2015; 2018) (Figure 8.4). This pattern of seismicity
delineates the deformation front probably related to the NW-SE plates convergence and the
geometry and dynamics of the slab underlying Tunisia. This may be still linked to Africa lithosphere
under the Tunisian Atlas segment (Fichtner and Villasefior, 2015) where the Atlas deformation
region widens (Figure 8.4). The displacement towards the south of the south Atlassic thrust front
from SE Algeria to Tunisia occurs above the edge of the slab segment that may be still attached to
the African lithosphere (Figure 8.3). This boundary between the Tunisian and Saharan Atlas works
as a dextral STEP fault boundary, represented at the surface by ~NW-SE-oriented dextral strike-
slip structures like the Gafsa fault that produce a strip of seismicity with strike-slip focal

mechanisms (Figure 8.2).

Even though the location of the deformation fronts may be driven by a narrow segment of the
underlying slab, the broadening of the deformation region from East Algeria to Tunisia may be
related to the Africa-Western Mediterranean crustal and lithospheric structure. In most of Algeria
the location of recorded seismicity is narrow and roughly maps the transition from the thick African
lithosphere to the thinner Algerian Basin Miocene oceanic-type lithosphere (e.g. Serpelloni et al.,
2007; Beghoul et al., 2009; Meghraoui and Pondrelli, 2012; Nocquet, 2012). In contrast, the
displacement towards the south of the deformation together with the broad seismicity band
occurring in Tunisia might be related to the fact that the north African lithosphere converging to the
NW is encountering the continental lithosphere of Sardinia-Corsica, and not a thin oceanic plate
(Soumaya et al., 2015). Northern Sicily is relatively similar to Algeria in that it shows a well-defined
seismicity band that occurs near the boundary between the continental and proto-oceanic crust of
the Tyrrhenian Basin (Prada et al., 2014). The reactivation of the northern Sicily margin has been

already described, although it seems to be in a comparatively earlier stage of contraction (e.g. Billi
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et al., 2007, 2011; Pierdominici and Heidbach, 2012; Presti et al., 2013). Tunisia, in contrast, has
an extended continental shelf made of continental crust that connects with the continental crust of
Sardinia. This configuration may promote the formation of a broad diffuse deformation zone in
Tunisia, in comparison to the neighbouring regions where two crustal domain contrast in thickness
and rheology. This proposal is in agreement with the widespread instrumental seismicity compared
to the narrow seismic belts of Northern Algeria and North Sicily (e.g. Serpelloni et al., 2007;
Beghoul et al., 2009; Meghraoui and Pondrelli, 2012; Nocquet, 2012).

Figure 8.4. Seismicity distribution and present-day GPS motions of the western Mediterranean
region. Blue circles are from the ISC-GEM catalogue (ISC-GEM, 2018) and red circles from the
ISC (ISC, 2018). The yellow polygons show the location of the study areas (onshore and offshore).
Yellow arrows depict horizontal velocities (with 95% error ellipses) given with respect to the
Eurasian plate (modified from Serpelloni et al, 2007), along the Nubia Eurasia boundary in the
western Mediterranean.

8.4. Geodynamic evolution of Northern Tunisia

Most models proposed for the geodynamic evolution of the Western Mediterranean consider
slab-rollback the main driving force for the opening of the Western Mediterranean basins (e.g.
Rehault et al., 1984; Faccenna et al., 2004; Schettino and Turco, 2006; Jolivet et al., 2009; Carminati
et al., 2012; Faccenna et al., 2014a). Although models agree in the driving force, there are two
different proposal: i) Models considering a continuous and unique slab running from the northern
Apennines to the Alboran region (e.g. Rehault et al., 1984; Faccenna et al., 2004; Schettino and
Turco, 2006; Jolivet et al., 2009; Carminati et al., 2012; Faccenna et al., 2014a) (Figure 8.5), and
i1) Models considering a segmented slab with different geodynamic evolution for each segment

depending on regional stresses (e.g. Wortel and Spakman, 2000; Spakman and Wortel, 2004;
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Vergés and Fernandez, 2012; Chertova et al., 2014; van Hinsbergen et al., 2014; Spakman et al.,
2018) (Figure 8.6). Most of these geodynamic models consider that subduction is still
accommodating much of the NW-SE trending Nubia-Eurasia convergence at present (Figure 8.5.f),
particularly that the Tyrrhenian subduction roll-back is still active, and that reactivation in
compression of inherited faults is only local (e.g. S-dipping thrust front in offshore Northern Africa
in Figure 8.6).
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Figure 8.5. Geodynamic evolution of the Mediterranean region. Red thick lines indicate active
subduction fronts. Red and blue triangles indicate calcalkaline and anorogenic volcanic edifices,
respectively. Yellow areas indicate areas of extension and arrows depict the direction of the
stretching. Light blue depicts oceanic crust. Dark blue correspond to land-docked basins.
Extracted from Faccenna et al. (2014a).
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The results obtained in this PhD Thesis agree better with Western Mediterranean geodynamic
models that consider a segmented slab (e.g. Wortel and Spakman, 2000; Spakman and Wortel, 2004;
Vergés et al., 2012; Chertova et al., 2014; van Hinsbergen et al., 2014). As discussed in Section 8.2,
the main catchment of Northern Tunisia, the Medjerda River, shows an anomalous NE-SW-trending
flow running perpendicular to the NW-SE Nubia-Eurasia convergence. This trend is opposite to the
transverse drainage system expected for mature reliefs in the normal evolution of drainage networks
(Babault et al., 2012). In fact, the anomalous flow of the Medjerda River is explained by dynamic
topography related to slab-pull forced by the Tunisian slab under the southernmost segment of the
South Atlassic Fault and the North-South Axis (Figure 8.3). Moreover, the Tunisian Atlas Transfer
Fault worked as a dextral STEP (Subduction-Transform Edge Propagator) boundary of the Tunisian
slab that probably favoured upper-mantle flow through the slab window causing the uplift along the
south Atlassic dextral transfer zone (Figure 8.3). It is clear then, that the successive observations
indicating that the flow of the Medjerda River is anomalous support a segmented slab scenario,
where the Tunisian slab migrated in a NW-SE direction from the Algero-Balearic Basin towards

Tunisia.
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Figure 8.6. Cartoon showing the reconstruction of the Western Mediterranean evolution since 50
Ma (Early Eocene) to Present. Al = Alboran,; Ca = Calabria; CIR = Central Iberian Ranges;
EBD= Emile Baudot Transform,; GoL= Gulf of Lyon;, GoV= Gulf of Valencia; Ka=Kabylides,

NAT= North African Transform; NBTZ= North Balearic Transform Zone; Pe= Peloritani
Mountains. Extracted from van Hinsbergen et al. (2014).
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Our results support the recent reactivation of inherited faults both onshore and offshore (Figure
8.1). Northern Tunisian land and continental margin show active faults that slip in agreement to the
current NW-SE compressive regime between the Nubian and Eurasian plates (e.g. McClusky et al.,
2013; D’agostino and Selvaggi, 2004; Serpelloni et al, 2007; Noquet, 2012) (Figure 8.1). The
offshore seismo-stratigraphic analysis (Chapter 6) identified several sedimentary features that
indicate a widespread sudden slip of faults and uplift of the northern sector during a clear tectonic
change in style or deformation rate at 402 + 5 ky (mid Middle Pleistocene). Although our ages are
somewhat younger, this tectonic change is probably related to a tectonic reorganization during the
last stages of the end of the back-arc extension of the Tyrrhenian Basin described by Goes et al.
(2004) for the south-central Mediterranean area. This differences in time may be due to our more
accurate calibration of the events, or to the location of our study area west of the actively-deforming
south Tyrrhenian contractional belt (e.g. Goes et al., 2004; Billi et al., 2007; Serpelloni et al., 2007;
Nocquet, 2012; Palano et al., 2012; Presti et al., 2013; Totaro et al., 2016; Chiarabba and Palano,
2017), so that the deformation may have migrated in space through time. Our study region is east
of the region of reactivation in Algeria (Déverchére et al., 2005; Domzig et al., 2006; Kherroubi et
al., 2009; Yelles et al., 2009; Strzerzynski et al., 2010; Arab et al., 2016) where initial phases of
crustal under-thrusting processes have been described, which agrees with our interpretation that our
study area is in an early stage of contraction. The data offshore show reactivation of inherited faults
in a region with few neotectonic studies, limited to local studies in the Sicily Channel area (e.g.
Tricart et al., 1990, 1994; Mascle et al., 2001, 2004), and with a weak seismicity in comparison to
adjacent segments of the Nubia-Eurasia boundary. The scarce seismicity has been interpreted to
indicate that the contractional deformation from the Sicily Channel continued only further the north,
in the Liguro-Provengal Basin (Billi et al., 2007; Serpelloni et al., 2007; Billi et al., 2011). Our
results show that some of the convergence is being accommodated within our study region mainly
in the Hayat fault, that is the one responsible of the uplift of the northern sector. The observations
support that most of the Western Mediterranean basin boundaries, even with little seismicity, are
currently being inverted in compression -to different extents- as a consequence of the present-day

NW-SE Nubia-Eurasia convergence (Billi et al., 2011).

In summary, the results of the geomorphologic, tectonic and stratigraphic analyses carried out
in this PhD Thesis provide key information to reconstruct the Neogene geodynamic evolution of
the North Tunisian continental margin and are relevant to understand the evolution of the western

Mediterranean (Figure 8.7). Three major geodynamic stages are identified:



iii)
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Previous work supports that around 30-35 Ma ago (Figure 8.7.a) extension took over
after compression in all the back-arc areas of the Western Mediterranean triggered by
the rollback initiation and by the consequent retreat of submarine trenches (e.g. Rehault
et al., 1984; Rosenbaum et al., 2002; Faccenna et al., 2004; Schettino and Turco, 2011;
Jolivet et al., 2009; Carminati et al., 2012; Faccenna et al., 2014a). This first stage of
trench migration towards the east caused the rotation of Sardinia, Corsica, the Balearic
Islands and the Kabylies, with the consequent opening of the Valencia, Liguro-
Provengal, Algero-Balearic and Alboran basins. In Northern Africa, the opening of
these basins was coeval to the emplacement of the Kabylies block during the
development of the fold-and-thrust system in the North African margin (e.g. Benaouali-
Mebarek et al., 2006; Leprétre et al., 2018). In fact, the tectonic structures that currently
display the largest relief in Northern Tunisia -both onshore and offshore- are NE-SW
orientated fault-bounded sheets and folds from the fold-and-thrust belt formed as a
consequence of the docking of the Kabylies against the African passive margin at 17-
14 Ma (Late Burdigalian - Langhian) (Savelli et al., 2002; Abbassene et al., 2016;
Chazot et al., 2017) (Figure 8.7.a).

After this first stage of intense tectonic activity affecting Northern Tunisia, a second
stage followed marked by the opening of the Tyrrhenian Basin starting at around 10 Ma
(Tortonian to Messinian age) (Faccena et al., 2001; Savelli, 2002; Rosenbaum and
Lister, 2004) (Figure 8.7.b). The slab rollback migration of the Apennines-Calabria
subduction front caused the extension and thinning of the lithosphere with the
consequent formation of an extensional horst-and-graben system on the Tyrrhenian
continental margins (Malinverno and Ryan, 1986; Trincardi and Zitellini, 1987; Mascle
and Rehault, 1990; Sartori et al., 2001). The Tyrrhenian extensional stage is recorded
at the North-eastern Domain of the offshore study area by a series of SE-dipping, NE-
SW-striking faults extending SW from the Tyrrhenian horst-graben system that are
superimposed on the fold-and-thrust belt of the previous stage (Figure 8.7.b and Chapter
7).

Finally, the results of this PhD thesis clearly show how the current NE-SW Nubia-
Eurasia convergence is inverting fault structures inherited both, from the middle
Miocene North African fold-and-thrust belt, and the Tortonian extensional system
derived from the opening of the Tyrrhenian Basin (Figure 8.7.c). This reactivation was
accelerated at 402 = 5 ky (mid Middle Pleistocene), when a sudden tectonic pulse

occurred in the offshore study area, probably marking the final stop of the Tyrrhenian
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back-arc extension. We interpret that from 402 + 5 ky on, lithospheric collision has been
probably the main driving force governing tectonics in the central Mediterranean region
(Goes et al., 2004). Two major fault systems identified in the study region, generally
correspond to the reactivated structures of the two tectonic events described in 1 and ii.
The inherited faults are currently being reactivated with differing kinematics and
display a transpressive to compressive system (i.e. differing to the pure thrust faulting
observed in northern Sicily and Algeria) with a major reactivation of the Northern group
(Figure 8.1). The younger faults of the Northern group, mainly related to the opening
of the Tyrrhenian Basin (Tortonian), display a larger degree of reactivation compared
to the ones of the Southern group. The WSW-ENE trending reverse Hayat fault, formed
in the middle Miocene, is located at this Northern sector and displays a larger degree of
reactivation compared to the reactivated middle Miocene faults in the south. The North-
eastern system of active faults, characterized by NE-SW-trending faults and the major
WSW-ENE reverse Hayat fault, may have been more readily reactivated because their
location is slightly to the east from the thick continental crust of the Corsica-Sardinia
block (see Section 8.3), and closer to the comparatively thinner highly extended crust
(Prada et al., 2016) offshore northern Sicily. This scenario implies a rheological
contrasting continental-oceanic boundary that facilitates the reactivation of the North-
eastern Domain. In contrast, the Southern faulting system onshore Tunisia and the
nearshore offshore area are characterized by a sparse distribution of mainly oblique
sinistral to reverse NE-SW faults, which may result from the continental-continental

crust collision between Northern Tunisia and the Corsica-Sardinia block.
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Figure 8.7. Schematic tectonic evolution of the Western Mediterranean since ~15 Ma based on
the modification of previous models with the results of this thesis work. Red lines indicate active
subduction fronts and active faults. Orange lines in a and b indicate NE-SW trending faults of the
North Tunisian fold-thrust belt formed at 17-14 Ma. Yellow lines in b indicate Tortonian faults
from the opening of the Tyrrhenian Basin. Blue arrows show the direction of the stretching. Grey
areas indicate oceanic crust. ABB:Algero-Balearic Basin, PB: Provenc¢al Basin, AB: Alboran
Basin, TB: Tyrrhenian Basin.
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CHAPTER 9

Conclusions

The results obtained from the morphometric analyses carried out onshore together with the
analysis of the geophysical dataset acquired offshore provide new insights into the active tectonics
and geodynamic evolution of the Nubia-Eurasia plate boundary in Northern Tunisia. This Chapter

summarizes the most relevant findings of my research.

9.1. General conclusions

1) Active faulting shows a transpressive to compressive component in the whole study area
of the North Tunisian land and continental margin, resulting from the current NW-SE-

trending compressive regime between the Nubian and Eurasian plates.

i) Two major fault groups -currently reactivated- have been identified and characterized
on the basis of their nature and distribution:

a. The North group is characterized by a dense distribution of SE-dipping NE-SW
trending faults. They were originally generated as extensional faults during the
opening of the Tyrrhenian Basin caused by the slab rollback migration of the
Apennines-Calabrian subduction front since the Tortonian.

b. The South group shows a sparse distribution of mainly NW-dipping NE-SW
trending faults that were originally formed as thrust faults during the collision
between the Kabylies block and Africa in the Middle Miocene, a process derived

from the rollback migration of the Tunisian slab.



Part V: CONCLUSIONS AND FORWARD LOOK

iii)

vi)

Earthquake magnitudes have been estimated ranging from magnitude (My) 6 to 7.54,
which together with the identification of potentially indicators of co-seismic effects and
historical significant events in the region imply a previously unknown seismic hazard
with long recurrence periods. Major tsunamis associated to the seismic activity are not

expected to be generated in our study area.

The main mechanisms that influenced the drainage evolution of Northern Tunisia and
the anomalous longitudinal orientation of the Medjerda River are: the NW-SE
shortening related to the Nubia-Eurasia convergence and the slab-pull under eastern
Tunisia, and as a result, the uplift of the western Tunisia along the South Atlassic
mountain front that may have worked as a dextral STEP boundary since the Middle

Miocene.

The sparse seismicity in Tunisia occurs in a broad band that extends towards the south,
compared to neighbouring regions. The southern limit delineates a deformation front
probably related to the geometry and dynamics of a slab underlying Tunisia. A second
factor causing the comparatively broad distribution of seismic events in Tunisia, may
relate to the collision of the North African lithosphere with the relatively thick
continental lithosphere of Sardinia-Corsica. This scenario contrast with the narrower
band of seismicity where continental lithosphere deforms against thinner oceanic plates

like north of Algeria and north of Sicily.

During the Middle Miocene Northern Tunisia was affected by an intense tectonic
activity due to the collision of the Kabylies block against the African passive margin
driven by slab dynamics. As a consequence of this contractional stage, the North-Africa
fold-and-thrust belt was established structured with major NE-SW trending structures.
Later on, extension due to the opening of the Tyrrhenian Basin affected the Tunisian
plateau at around 8-6 Ma (Tortonian to Messinian age) characterized by NE-SW
trending extensional faults from the Tyrrhenian horst-graben system. Finally,
compression occurred after extension, reactivating ancient structures due to the current
NW-SE Nubia-Eurasia boosted at 402 + 5 ky (mid Middle Pleistocene), when the
Tyrrhenian back-arc extension ceased and from that on, lithospheric collision become

the main driving force governing tectonics in the central Mediterranean.
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9.2. Specific conclusions

9.2.1. Tectonic activity onshore

1) Three main families of active faults have been identified onshore Northern Tunisia: the
NE-SW trending reverse-sinistral faults, the WNW-ESE trending dextral faults and the
NW-SE trending normal faults. The most frequent family of active faults is the NE-SW

trending reverse-sinistral faults.

i1) The main reverse-sinistral fault that show a morphotectonic signal and evidences of

activity in the field is El Alia Teboursouk fault.

i) Two new dextral faults not previously described have been mapped and named as the

Dkhila and the Zarga faults.

v) Evidence of recent slip and associated coseismic effects have been recognized in field

structures, related to the Dkhila (DF) and the El Alia Teboursouk (ETF) faults.

V) The estimated maximum earthquake magnitudes for the largest segments of the Dkhila
(DF) and the El Alia Teboursouk (ETF) faults are 6.5 and 6.7 (My) respectively, which

imply a significant seismic hazard for the region.

vi) River captures are the key mechanism that drives the fluvial network reorganization in
Northern Tunisia. Morphometric indices evidence fluvial network reorganization that
indicate that the catchment area of the Medjerda River has grown through time by
capturing other longitudinal valleys to the east of its initial drainage divide. A good
example of one of these captures is the Tine River. The interplay of the El Alia
Teboursouk, Zarga and Dkhila faults produced an uplifted block that isolated the upper
part of the Tine river, boosting its capture by the Medjerda River.

9.2.2. Geomorphology and morphostructure offshore

1) The use of quantitative morphometric analysis offshore similar to that done onshore has
produced comparatively little information that can be easily used to understand the
offshore evolution. The reasons for this failure are possibly related to the fundamentally
different sediment-erosion dynamics on both setting, rather than to differences in

tectonic processes.
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ii)

iii)

Vi)

vii)

viii)

Large contourite deposits are widespread and imply an intense hydro-dynamism and

sediment transport processes along the Tunisian plateau.

The studied area hosts an exceptional number of cold-water coral mounds (CWCM), a
total of 286 sites, which corresponds to the highest CWCM density mapped in the
Mediterranean and probably the densest field ever mapped and explored until the

present-day.

Landslide scars and neighbouring mass transport deposits (MTDs) are typically
localized at and near high-gradient slopes, respectively. Further, several slide scars and
MTDs occur in nearly flat regions, and we interpreted them as possible co-seismic

effects.

Pockmark fields and gas flares mapped in the shelf and the whole mapped area give us
clear evidence that gas-rich fluid seepage occurs in the offshore Tunisian margin. Fluid
circulation is clearly localized and controlled by the tectonic structure of the margin,
both at a regional scale, with pockmark dense fields mainly distributed throughout the
eastern sector, and at a local scale, with pockmarks aligned along NE-SW trending

recent fault scarps.

Active flares do not occur at individual pockmarks or even in the region of pockmark
abundance. Their occurrence seems to be structurally controlled at larger scale by the
configuration of the margin geological structure formed during Miocene. Surface
seepage occurs above anticlinal structures represented by flat-top ridges possibly cut by

subaerial erosion during the last glacial maximum, when sea level dropped ~100 m.

Those large structural blocks and parts of the continental shelf are the surface expression
of anticline folds S- to SE-directed, which corresponds to imbricated thrust sheets of the

North African fold-and-thrust belt showing an ENE-WSW oriented fold axis.

The region is characterized by a distinct morphology between the Eastern and Western
sectors from the Bizerte Canyon, which results from the geologic configuration and the

recent tectonics occurring in the margin.
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9.2.3. Quaternary seismo-stratigraphy and tectono-sedimentary evolution offshore

1) The seismo-stratigraphic analysis of the Quaternary deposits shows that individual
basins develop syn-tectonic to faulting. Faulting may represent either a reactivation with

new kinematics of pre-existing faults or an increase of the slip rate of pre-existing faults.

i) The TOPAS images show a change in Sediment Accumulation Rates (SAR) coeval to a
change in the strata geometry of the units next to faults. This event occurred during the
early deposition phase of the Unit 2, noting a change in active faulting intensity at 402

+ 5 ky, in the mid Middle Pleistocene.

iii) The location of onlap terminations and pinch-out geometries supports the regional uplift
of the northern sector that may explain the comparatively low sediment accumulation

rates (SAR) values in this sector after the deposition of Unit 3.

iv) The change in tectonic activity occurring at 402 + 5 ky may relate to the NW-SE
convergence between Nubia and Eurasia, and probably marks the end of the Tyrrhenian
back-arc extension and subduction trench migration to the SE in the lonian Basin. This
implies a change in driving kinematics supporting lithospheric collision between Nubia

and Europe as the main force governing tectonics in the central Mediterranean.

9.2.4. Tectonic activity offshore

1) The structural analysis out of the offshore Northern Tunisia revealed a series of active
faults mapped for the first time. Most active faults (i.e. either showing or not a surface
rupture) occur within the North-eastern Domain and mostly are SE-dipping NE-SW
trending faults, possibly related to the opening of the Tyrrhenian Sea that started at about
~10 Ma. These faults are currently reactivated with different kinematics and inverted in
compression by the present-day NW-SE trending contractional setting between the
Nubia and Eurasian plates. The faults located in the North-eastern Domain display a

transpressional regime showing a dominant left-lateral strike-slip slip.

i) The NW-dipping NE-SW trending faults related to the old fold-and-thrust belt system
associated to the opening of the Algero-Balearic Basin have also been identified and
some are reactivated displaying different fault components. The reverse Hayat fault
located in the North-eastern Domain is the largest mapped offshore structure and

probably the responsible of the uplift of the northern sector.
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iii)

Active faulting in the study region accommodates part of the current NW-SE shortening
between the Nubia and Eurasian plates. The largest accommodation of convergence in

one structure occurs in the reverse WSW-ENE trending Hayat fault.

The estimated maximum earthquake magnitudes for the largest offshore segments that
might break in one event in our study area range from My 6 to 7.54, implying a
significant seismic hazard. However, the long recurrence periods expected and the long
distance between the seismic sources and inhabited coastal areas may lower the
immediate risk. Coseismic significant tsunamis are not expected considering the shallow
water and the magnitudes estimated that are not sufficient to generate major, destructives

tsunamis.

Our work offshore has studied only the surface and near surface expression of active
faults, and we do not have information on how these faults extend deeper in the crust.
Some of the fault segments identified could merge at depth into larger structures,
implying larger-size seismogenic faults than those considered here. Deep penetrating
data in the region are necessary to advance hazard analysis of faults that we have

identified as currently re-activated structures.
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CHAPTER 10

Forward look

The results of this PhD thesis provide new insights concerning active tectonics, sedimentation,
the regional tectonic configuration and the geodynamic evolution of the boundary between Nubia
and Eurasia in Northern Tunisia. In addition to these major topics, the geomorphology and morpho-
structure of the extended continental margin in Northern Tunisia has been revealed with
unprecedented accuracy and detail. Previous studies regarding these topics are scarce and almost
absent in the offshore studied region. These new findings raise new questions that need additional
information to address them. In this Chapter we propose the following topics to answer those open

questions.

10.1. Active faulting and seismic hazard onshore

The active faults map provided in the framework of this PhD thesis is based in different
approaches and datasets for the onshore and offshore regions. Onshore Northern Tunisia, the
location and component of the faults used in this work is based in data from Melki et al. (2012),
Bahrouni et al. (2014) and Rabaute and Chamot-Rooke (2015), together with our work on relief
analysis and fieldwork. Although the major faults appear well constrained, the mapping of two new
large WNW-ESE faults, previously unknown, in the frame of this work suggest that there is room
for possibly considerable improvement and more efforts are needed to finalize the fault cartography
of Northern Tunisia. Although some cartographies of active tectonics have been recently published
(e.g. Bahrouni et al., 2014; Rabaute and Chamot-Rooke, 2015; Soumaya et al., 2018) more detailed
analysis of the active fault segments appears necessary to constrain the seismogenic potential of

mapped structures.
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Taking into account these considerations, we propose to improve the cartography and
characterization of active faults in Northern Tunisia considering the new active faults identified in
this work, as well as the active tectonics characterization carried out. Although the slow
convergence between Nubia and Eurasia derives in low seismic frequency in the region, the
historical evidence of destructive earthquakes proves that seismic risk has to be taken into
consideration. Furthermore, despite the slow slip rate of the faults, the large dimensions of some of
them suggest a significant seismic potential. In fact, maximum potential magnitudes up to 6.7 Mw
have been obtained for the ETF fault, one of the most important active faults of the family of NW-
dipping NE-SW major structures characterizing Northern Tunisia. In addition to the major NE-SW
faults, there are large major faults that act as crustal scale boundaries in central Tunisia, as the NW-
SE-oriented dextral strike-slip faults of the south Atlassic STEP boundary (Tunisian Atlas Transfer
Fault). All these observations support the importance of continuing with new efforts in the
cartography and characterization of active faults in Tunisia to improve the seismic hazard

assessment.

10.2. Active faulting, tectonic structure and evolution offshore

Offshore Northern Tunisia, mapping of active faults has been possible in the areas covered by
TOPAS profiles but it is uncertain at areas with only bathymetric coverage. Furthermore, an
improved characterization of active tectonic structures of the North Tunisian continental margin
requires to study the area in greater depth since TOPAS data only image the shallow tens of meters
of structures, and some of the identified faults could merge at depth into larger structures implying
larger seismogenic faults than those considered here. Moreover, the seismo-stratigraphic work
carried out in this PhD thesis has been done using the calibration from one single giant piston core
acquired in the frame of the EU-MAST-II “PALAEOFLUX” project (Rothwell, 1995; Dinares-
Turell et al., 2003) and it would be convenient to constrain the analysis with more geological
samplings in the area. To solve this issues and better constrain the active faults mapping as well as
the tectonic structure and the timing of the slip of the faults of the continental margin of Northern
Tunisia we propose to complement the existing data with 11 geophysical transects along which
TOPAS and MCS data would be acquired, as well as 7 giant piston cores (Figure 10.1). The total
dataset is designed to be able to be acquired in about one month survey with a single ship capable

of acquiring piston cores as well as MCS data.
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1) Geophysical transects

- Profiles W1, W2, W3 and W4 cut the Western Domain from the Tunisian Shelf
to the Teulada Valley in a NNW-SSE direction. They are defined to
perpendicularly cut the structural trend of the North African fold-and-thrust belt.
These profiles would provide information on the western sector of the study area
where no TOPAS data was acquired in the previous surveys. In particular, they
would help to constrain the faulting of this sector, where only Possible faults
have been able to be defined (faults at the NW and SE of the Sentinelle Bank).
Profiles W3 and W4 will provide new data on the Bizerte Canyon underlying
fault and the later will also shed light into the NE-SW trending Blind faults
within basin B. Profile W3 will also provide information about the nature and
formation of the discovered Jan seamount. Furthermore, all these profiles will
provide information on the geological configuration of the margin and will help
to define the boundary between the Alkapeca internal zone and the

allochthonous Tellian domain along the western Tunisian Plateau.

- Profiles E1, E2, E3 and E4 run along the Eastern and North-eastern domains
and are designed, similarly to profiles W1-W4, to perpendicularly cut the fold-
and-thrust belt related structures. They are defined slightly clock-wise rotated
from profiles W1-W4 following the shift of the structures trend from NE-SW to
ENE-WSW trends. Profile E1 has been designed to cross the LC0O7 piston core
used in this work to be able to correlate the seismostratigraphic data with the
new dataset. Profiles E2, E3 and E4 would help to constrain the Hayat fault and
analyze its recent slip and together with profile E1 would help to investigate the
expected crustal variations between the Tunisian Plateau and the Sentinelle
Valley at the north. Furthermore, all E1-E4 profiles would provide new insights
on the Skerki Bank and will help to understand the transition of the structures
from the Tunisian Plateau to the easternmost located “south Tyrrhenian

contractional belt”.

- Profiles D1, D2 and D3 are designed to perpendicularly cut the NE-SW
Tortonian faults derived from the opening of the Tyrrhenian Basin and
reactivated in compression due to the current Nubia-Eurasia convergence. These

profiles would help to study the NE-SW Tortonian faults, providing new
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insights in fault kinematics and nature, as well as to understand the transition of
this system from the Tunisian Plateau to the Tyrrhenian Basin together with the
interplay with the middle Miocene fault system. In particular, they would be
useful to constrain the NE-SW Valeria fault system as well as the northern
segment of the Bizerte Canyon fault. Furthermore, these profiles cut the
previous E1-E4 profiles enabling their connection and the seismostratigraphic
correlation between the different profiles. Profile D1 is defined to cross the
Samia fault in order to better image this structure and study its recent activity as
well as its relation with the nearby transparent facies interpreted to be co-

seismic.
i1) Piston cores:

- Piston core 1 (PC1) is designed to sample de sedimentary layers of the Western
Domain. It is placed coinciding with the profile W2 to be able to correlate the
sedimentary data with the seismic data. This core is placed at the northern
boundary of the major sedimentary basin to be able to sample deeper horizons
due to the expected lower sedimentation and to ensure the sample of the
sediments in the CPK Zone (Calabro-Peloritani-Kabylian Zone or internal

domain).

- Piston core 2 (PC2) is placed to sample the growth strata due to the slip of some
reverse-to-sinistral NE-SW trending faults that are causing some uplift at the
southern sector of basin B. This core will be useful to sample the sediments
closer to the shore and it is designed to be placed on top of the W4 profile and
a NW-SE TOPAS profile for its correlation.

- Piston cores 3 and 4 (PC3 and PC4) are planned to study one of the faults where
the tectonic change described in this thesis at 402 + 5 ky has been defined. Two
piston cores are designed in both walls of the fault (hanging and foot walls) to
try to better understand this tectonic change and try to define the start of the slip,
since wedged sediments are already found below the horizon at 402 + 5 ky. Both
cores are placed on top of the DI planned profile to be able to image the
sedimentary structure between the sedimentary samples. Furthermore, the
sedimentary data acquired in this location will be helpful to check the

seismostratigraphic analysis carried out in this work, since the sediment layers
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will be able to be correlated with the LCO7 piston core following the profile D1
to the NW.

- Piston cores PC5 and PC6 are designed similarly to the previous ones to study
the Hayat fault, one of the most striking faults in the study area where the
tectonic change at 402 + 5 ky has also been defined. Piston core PC5 has been
planned to cut the wedged sediments due to the slip of the Hayat fault and the
PC6 to cut the stable area within the basin G. Both cores will be placed on top
of the seismic profile E2 and all together will help to study the slip and geometry

of the fault as well as the start of the re-activation.

- Piston core PC7 is placed in the North-eastern Domain, between basins H and
I, in an elevated area where the sediment layers are thin, what will help to sample
deeper horizons. This core is placed on top of the profiles E4 and D3 as well as
an ENE-WSW TOPAS profile to be able to calibrate all of them with a single
piston core. This core will help to better constrain the seismostratigraphic
analysis of this North-eastern Domain where the re-activated Tortonian faults

related to the opening of the Tyrrhenian Basin occur.

This large dataset is planned to be acquired with the main aim to solve open questions raised
during this thesis work, in terms of active tectonics and geodynamic evolution of the North Tunisian
continental margin. Aside from the tectonic and geodynamic evolution of the area, some other
significant topics have been revealed that would be of interest to be studied in more detail. In
particular, there are two of these topics that have a significant scientific potential, the massive
occurrence of Cold Water Coral Mounds, and gas flares escaping above eroded anticline folds. To
study both topics, it would be interesting to plan surveys with the aim to carry out detailed analysis
of the structures, probably including the use of ROVs to record CWCM (and check if they are alive)

or gas flares (and check the areas where the gas is scaping) as well as to pick up geological samples.
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