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Abstract
This Thesis analyses the tectonic evolution of Northern Tunisia from the Late Miocene to
Present, using multiscale and multisource data analyses involving new technologies and
approaches. Two orthogonal extensional systems with ENE- and SE-directed transport
produced the extensional collapse of the Tell and Atlas thrust belts in northern Tunisia during
the Late Miocene to Pliocene in a context of NW-SE plate convergence between Africa and
Eurasia. This new hypothesis suggests for the first time the importance of crustal extension in
the denudation of the Tunisian Atlas and Tell foreland thrust belts, which we related to deep
mantle tectonic mechanisms, known as a common feature in other FTB’s in the western
Mediterranean, i.e. Betics, Rif, Calabria and Apennines. Low-angle normal faults have
extended and reworked the Tunisian Tell external foreland thrust belt, exhuming midcrustal
epizonal Triassic metapelites and forming Late Miocene basins. This extension was followed
by later Pliocene to Present tectonic inversion, developing the active shortening structures in
Northern Tunisia. The main shortening structure is formed by different reverse and strike-slip
fault segments, linked forming the 130 km long Alia-Thibar shear zone. Restored Plio-
Quaternary deformation observed on reflection seismic lines indicates deformation rates
around 0.6-0.8 mm/yr in the studied segments and larger amounts of shortening to the West of
Northern Tunisia (16%) than to the East (7%), which suggests that tectonic inversion started
earlier to the West and later propagated eastwards, reaching Northeastern Tunisia in the Late
Pliocene. Due to the young age of tectonic this inversion, the present relief of Northern Tunisia
Is characteristic of a young thrust and fold belt, with dominating axial valleys along synforms
and an incipient transverse drainage development propagating from West to East. New
topographic development is favouring slope instabilities. Thus, in addition, we used a
interdisciplinary approach, including Interferometric Synthetic Aperture Radar (INnSAR)
technologies to analyse the Chgega active landslide, or more specifically as vast rock spreading
that evolved into a block slide, characterizing a progressive movement without clear episodic

accelerations.
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Abstract

En la presente Tesis doctoral analizamos la evolucion tectonica del Norte de Tdnez desde el
Mioceno Superior hasta el presente, usando una metodologia multidisciplinar que incluye el
analisis tectonico y morfométrico de la region. El cinturdn de pliegues y cabalgamientos del
Tell tunecino fue adelgazado por dos sistemas extensionales ortogonales con transporte hacia
el ENE y ESE, respectivamente, entre el Mioceneo Superior y el Plioceno en un contexto de
convergencia NW-SE entre las placas Africana y Euroasiatica. Esta nueva hipdtesis sugiere
por primera vez la importancia de la denudacion extensional en el cinturon orogeénico del Tell
tunecino, en relacién con mecanismos tectonicos profundos, como delaminacion del manto
litosférico subcontinental, descritos en otros cinturones de pliegues y cabalgamientos del
Mediterraneo occidental como las Béticas, Rif, Calabria o los Apeninos. Fallas normales de
bajo angulo han extendido el cinturén de cabalgamientos exhumando rocas metamdrficas
situadas a la base del prisma orogénico a profundidades de corteza media, concomitantemente
al desarrollo de cuencas sedimentarias del Mioceno Superior. Esta extension fue seguida de
una inversion tecténica contractiva desde el Plioceno, formandose las presentes estructuras
transcurrentes y fallas inversas activas en el norte de Tunez. El principal zona de falla
transcurrente de la region es la zona de falla de Alia-Thibar, con una longitud total de 130 km
y compuesta por hasta 5 segmentos unidos, con diferente cinematica. La restauracion del
acortamiento observado en diversas lineas de sismica de reflexion paralelas a la direccion de
acortamiento indica tasas de acortamiento de 0,6-0,8 mm/afio en los segmentos estudados y
valores de acortamiento mayores al oeste de Tunez (16%) que hacia el este (7%). Esto podria
indicar que la inversion tectonica se inicié antes hacia el oeste y se ha propagado
posteriormente hacia el este, afectando al NE de Tunez a partir del Plioceno superior. El
relieve del norte de Tunez es caracteristico de un cinturdn de pliegues y cabalgamientos joven,
con dominio de sistemas fluviales axiales a lo largo de sinformes y el desarrollo de un sistema
de drenaje transverso incipiente, que se propaga de oeste a este. Este nuevo crecimiento
topografico esta favoreciendo la inestabilidad de laderas. Por ello, hemos usado una
metodologia interdisciplinar, incluyendo el analisis interferométrico de radar (InSAR) para
estudiar el deslizamiento activo de Chgega, caracterizado por un movimiento progresivo sin
aceleraciones episodicas claras.
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Résumé

La these présente et discute I'activité tectonique du nord de la Tunisie du Néogene, en se
basant sur des analyses de données multi-échelles et multi-sources impliquant de nouvelles
technologies et approches. Le présent manuscrit met en évidence deux systémes d'extension
orthogonaux avec un transport ENE et SE, produisantt I'effondrement des structures du Tell et
de I'Atlas dans le nord de la Tunisie du Miocéne supérieur au Pliocene dans un contexte de
convergence des plaques NW-SE entre I'Afrique et I'Eurasie. Cette nouvelle hypothése suggere
pour la premiere fois I'importance de I'extension crustale dans la dénudation des limites de
chevauchement de I'Atlas tunisien et de I'avant-pays du Tell qui est liée aux mécanismes
tectoniques au niveau du manteau profond, connue comme une caractéristique commune pour
d'autres FTB en Méditerranée occidentale, la Bétique et Rif. L'interprétation de la cristallinité
de lillite effectuée sur des métapélites du Trias correspond au modéle d'effondrement
polyphasé orogénique tardif, mettant en cause I'évolution diapirique a longue durée de vie
proposée précédemment dans des travaux antérieurs.

Les structures compressives actives dans le nord de la Tunisie se sont développées par
inversion tectonique depuis le Pliocene. La déformation plio-quaternaire est mise en évidence
a travers des lignes sismiques réflexions qui caractérisent, via restoration de coupes, des taux
de déformation autour de 0,6-0,8 mm/an dans les segments étudiés et des raccourcissements
plus importants du Nord-Ouest (16 %) vers le Nord-Est (7 %) de la Tunisie. De ce fait,
[’inversion tectonique a commencé vers I'Ouest et s'est ensuite propagée vers I'Est, atteignant
le Nord-Est de la Tunisie & la fin du Pliocéne. En raison du jeune &ge de cette inversion
tectonique, le relief actuel du nord de la Tunisie est caractéristique d'un jeune ensemble de
chevauchement et de plis, avec des vallées axiales dominantes le long des synformes et un début
de développement de drainage transversal se propageant d'Ouest en Est. De plus, les
technologies du radar interferométrique a synthése d'ouverture (InSAR) ont révélé que la
structure de Chgega est un glissement de terrain complexe actuellement actif, ou plus
précisément comme un vaste étalement de roches qui a évolué en un glissement de blocs,
caractérisant un mouvement progressif sans accélérations épisodiques claires identifiées.

Mots clés
Tectonique active — Extension — Convergence Eurasie-Afrique — Nord de la Tunisie — Morpho-
tectonique — Segmentation des failles — Technologies INSAR — Glissement actif — Plio-

Quaternaire, Néogeéne.
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Figure 1.1Shema of different technologies merged in this thesis into a single imaging

)71 (=111 USSR Erreur ! Signet non défini.

Figure 2.1 : Tectonic sketch of the western Mediterranean basins and orogens. Modified

from Booth-Rea et al. (2007).......cccevvrieiieiiiie e Erreur ! Signet non défini.

Figure 2.2: Tectonic map of northern Tunisia with the location of the studied area and

seismic lines. Modified from Melki et al. (2012)........cccooieiiieiiiiieieece e, 11
Figure 2.3: Geological map, including the location of cross sections.............cc.ccccuvenee.e. 12
Figure 2.4: Lithological series in northern TUNISIa. ........ccoovviriiieiene e, 14

Figure 2.5: Geological sections across the studied region. The sections are located in
Figure 3. (a) East-west line showing the Nefza extensional detachment and associated listric
fan, cutting and tilting the overlying Ghezala LANF. (b) N-S line showing the Nefza listric fan
formed by low-angle normal faults with S-directed transport. Lithological legend as in
FIQUIES 2.3 AN 2.4, ..ottt bbb 15

Figure 2.6: Geological map and hanging-wall transport sense of extensional faults in the
region of Bazina-Mateur. Modified from Marzougui et al. (2015). Included is a lower-
hemisphere stereographic projection of fault data in the region. Lithological and structural
data legend as in FIQUIeS 2.3 8N 2.4. .......ccooiiiiiiieieee e 17

Figure 2.7: Photo panel. (a) S to SE-directed low-angle normal fault between Cretaceous
carbonates and Paleocene marls in the Bazina region. (b) Low-angle normal fault scarp with
well-defined striations and groves indicating S-directed transport in the region of Bazina. (c)
Nefza detachment mineralized extensional breccia. (d) Rhyodacites in the footwall of the Nefza
detachment, showing a magmatic foliation that is parallel to a mylonitic foliation in overlying
dolomitic marbles. The detachment is defined by a brittle fault plane with SW-NE directed
slickenlines that separates the footwall rhyodacites and breccias from hanging-wall Numidian
flysch sediments. (e) Late Miocene conglomerates tilted over the Ghezala LANF, marked by
cataclastic breccia affecting a Triassic and Paleogene protolith (f) Fault surface with
slickenlines at the top of the Nefza detachment breccias. (g) Foliated cataclasites in a flat
portion of the Ghezala LANF with a gypsum mylonitic matrix of Triassic protholith. (h) Fault

zone of the Ghezala LANF marked by Triassic gypsum breccia, cutting down into Cretaceous



Atlas sediments to the west. Early Miocene marine sediments, to the east, form the hanging wall
of the fault, location in Figure 2.2. All photographs located in Figure 2.3, except (h)........... 21

Figure 2.8: Seismic line L1 across the Mateur basin showing a hanging-wall syncline
basin filled in by Tortonian to Messinian synrift sediments. The postrift unconfor-mity is marked
by the onlap of Pliocene marine sediments that have been later folded by NW-SE
convergence.See 10Cation IN FIQUIE 3. ... 22

Figure 2.9: Geological map and extensional kinematic data of the Nefza region, including
a lower-hemisphere stereographic projection of faults and associated slickenlines. Lithological

legend as in FIQUIES 2.3 @N0 2.4 .......ooiiiieeiiee bbb 23

Figure 2.10: Outcrop of the Ghezala LANF in a quarry at Ghezala (Figure 6). Notice the
low-angle detachment at the contact between Late Miocene conglomerates and the underlying
fault breccias, which is cut by later out of sequence faults that cut through Messinian silts.
Faults and slickenlines are plotted in a lower-hemisphere stereoplot and show tectonic

transport towards the E-NE. ............ccccuoiiiiii et 23

Figure 2.11:Seismic line L2 showing the Nefza detachment cutting into the infranumidian
and Atlas units in the footwall. The hanging wall to the NW is formed by a thick sequence of

Numidian Flysch tilted towards the NE. The line is located in Figure 3...........ccocooiviiiienn, 25

Figure 2.12: Seismic line L3 showing inversion tectonics in the norteastern end of Tunisia.

This line is located in Figure 2.2. See explanation in the text ...........ccccvvvevieiie e, 27

Figure 2.13: ((a) Tectonic sketch of the mantle structure under the Calabrian and Tunisian
arcs. Green represents oceanic lithosphere subducted under the Tyrrhenian and Algerian
basins. Pink represents stripped continental mantle litho-sphere of the Tunisian subducting
slab. Notice that the Tunisian slab is bounded by two Subduction Transfer Edge Propagator
(STEP) boundaries, the Tyrrhenian STEP (T-STEP) to the north (Govers & Wortel, 2005) and
the Tunisian Atlas STEP (TA-STEP) to the SW. Furthermore, the age of volcanism related to
subduction and delamination mechanisms together with regions where extension is described
in Algeria and Tunisia, in red. See references in the discussion.NSA = north-south axis; BM =
Bougaron massif; EM = Edough massif. (b) Tomographic model and N-S cross section through
Tunisia and the Tyrrhenian basin showing the Tunisian slab and the location of the 87 km depth
intramantle reflector detected by the EGT’'85 seismic refraction experiment (Fichtner &

Villasefior, 2015; Research group for lithospheric structure in Tunisia, 1992).......c...ccccoe.... 32
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Mediterranean. Figure modified from Booth-Rea et al. (2007; 2018) and Gaidi et al. (2020).
GPS movement towards fixed Africa from Bougrine et al. (2019) and Nocquet,( 2012).Fault
patter along Algeria-Tunisia based on Kherroubi et al., (2009), Rabaute and Chamot-Rooke,
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(2013), Moragues et al., (2018) ......ccueiieiieii et 36

Figure 3.2: Geological map of Northern Tunisia and cross-section through the studied
region. Notice the location of the analyzed Triassic pelitic samples together with the location
of interpreted reflection seismic lines. OB 48 locality corresponds to bore hole where Mahdi et
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Chapter 1: Introduction

1. Background

Active tectonics is the study of the dynamic earth processes, how they shape the
landscape and influence human society. Tectonic geomorphology is one of the principal tools
used increasingly in a variety of applications including identification of active tectonic features,
seismic hazard mapping and development of the earth’s landscapes (Keller, E.A., and Pinter,
2002). Tectonic geomorphology has proven to be useful in these applications because
landforms are created and preserved over time intervals ideal for recording details of tectonic
activity (Keller, E.A., and Pinter, 2002).

The period necessary to study active tectonics, is more like several million years.

In order to predict tectonic events over time, we must study the proceses over a much longer
time scale from several hundred years to several tens of thousands of years. The argument is
that present tectonic activity and the tectonic framework (geometry and mode of operation of
structures) controls the related deformation.

This discipline is growing due to the development of new geomorphological tools and new

technologies, which facilitate the acquisition of accurate rates of different processes like uplift,
incision, erosion, and fault slip, at variable time scales (Schumm et al., 2000; Keller, E.A., and
Pinter, 2002; Bull, 2011; Burbank and Anderson, 2011).
Relief analysis is a good tool to detect and characterize active tectonic structures in regions with
low to moderate tectonic activity (Keller and Pinter, 2002; Molin et al., 2004; Pedrera et al.,
2009; Pérez-Pefa et al., 2009b, 2010; Azafion et al., 2012). The combination of different
morphotectonic indices allows differentiating uplifting from subsiding regions at different
scales. This approach together with a geomorphological study and field ground-truthing work
of the region helps to discriminate between different mechanisms that may influence
topography and associated drainage networks in the north of Tunisia during the Neogene to
quaternary.

The study of active structure needs the combinations of new technologies and classic
methods like geological field data acquisition, very useful in this case for verifications and
validations. Using Interferometric Synthetic Aperture Radar (InSAR) technologies and
Uncrewed Aerial Vehicle UAV-DP will help us to prove the activity of structures in the study

area.
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The main objective of this PhD Thesis is to analyze the tectonic evolution of Northern
Tunisia from the late Neogene until Present. For this, we revise and digitize the existing
1:50.000 geological maps of the region. A special effort was done to distinguish between
extensional and contractive structures and to evaluate the role of extensional thinning in the
Tunisian Tell present structure. Recent deformation in the region was analyzed by structural
mapping and with the aid of morphotectonic relief analysis. We carried out a multidisciplinary
approach mainly founded on the integration of different data sets. We employed structural
fieldwork, morphometry GIS based methods and tools, Interferometric Synthetic Aperture
Radar (InSAR) technologies and Uncrewed Aerial Vehicle UAV-DP in order to define the

kinematics and most active structure in the north of Tunisia.

INSAR

technologie

Methodology

Morphotectonics

Structural and Index
geomorphological
Field trip work

Figure 1-1 Shema of different technologies merged in this thesis into a single imaging system
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2. Objectives of this thesis

The present thesis is the result of collaboration between the University of Tunis EI Manar
and the University of Granada. Through the following thesis work, we have analyzed the Late
Neogene to recent deformation of Northern Tunisia combining different approaches: (1) field
and structural geology analysis, (2) morphotectonics, (3) INSAR technologies, and (4)
geophysical data interpretation.

The objectives of the thesis are summarized in two main points:

e Evaluation of the interplay between different mechanism that may influence the tectonic activity
in Northern Tunisia at different scales, like upper-mantle structure and horizontal shortening
related structures.

o Determination of the active tectonic structures in Northern Tunisia from Neogene to Quaternary.

Thus, this thesis presents a multidisciplinary focus from the beginning, on one hand using
traditional Structural Geology tools to analyze the structure and tectonic evolution of Northern
Tunisia during the late Neogene (i.e. field mapping, fault characterization, fault kinematic
analysis, paleo stress analysis, interpretation, balancing and restoration of reflection seismic
lines, illite crystallinity), together with morphotectonic analysis using geomorphic indices to
aid in the determination of active deformation (Landslide, actives structures) and fault
segmentation in the region. Following this approach, we map some of the possibly main active
faults in the region and survey potential capture sites, wind gaps, and fluvial terraces, looking
for evidence of recent deformation like striated pebbles in river terraces and seismogenic related
structures.

In order to characterize an example of active landslide, we combined modern techniques,
such as morphometrical analysis of DEMs and interpretation of aerial photographs,
orthoimages and, hillshade model in a GIS environment, along with analysis of terrain 3D to
extract virtual measurements. Additionally, we performed preliminary InSAR analysis to
roughly estimate the regime and velocity of the landslide movement.

3. Outline of the thesis

This thesis was written as an article-based manuscript. It presents six independent chapters.
Each chapter (2, 3, 4 and 5) has its own abstract, introduction, methodology, discussion and

conclusion. Each chapter except chapter three (under preparation) was published in
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international JCR journals corresponding to Tectonics, Journal of Structural Geology and
Remote Sensing, respectively. Therefore, we will discuss and present our findings by a set of

consecutive chapters as follows:

In the introduction (chapter 1), we provide some introductory notions and present the
main objectives of the thesis and illustrate the aims and motivations behind this work.

Chapter 2: Provides the main result of the paper published in Tectonics entitled: Late
Miocene Extensional collapse in the north of Tunisia. This paper proposes a new geological
interpretation for northern Tunisia determined by its extensional collapse in the late Miocene.

Two orthogonal extensional systems produced the extensional collapse of the Tell and
Atlas thrust belts in northern Tunisia during the Late Miocene to Pliocene in a context of NW-
SE plate convergence between Africa and Eurasia. This new hypothesis shows for the first time
the importance of crustal extension in the denudation of the Tunisian Atlas and Tell foreland

thrust belts and its relation to deep mantle tectonic mechanisms.

Chapter 3: This chapter is not yet published and is submitted to be considered for
publication in Tectonics with tittle: Halokinesis and ductile flow during Late Miocene extension
in the Tunisian Tell and the thinning of Western Mediterranean Foreland Thrust Belts (FTB’s):
We propose a new model explaining the presence of epizonal Triassic rocks in the core of three
domal structures from northern Tunisia, which are classically interpreted as diapirs. We show
that the deepest domal structures in the region are not diapirs, but are actually cored by
greenschist-facies marbles and metapsamnites, exhumed by the activity of late Miocene low-
angle normal faults, which have been imaged in seismic reflection profiles. Based on illite
crystallinity of Triassic metapelites, the epizonal to anchizonal values impose a model of late
orogenic collapse of the Tunisian Foreland Thrust Belt (FTB) from mid-crustal levels instead
of a long-lived diapiric evolution since the Cretaceous. This late extensional collapse and
exhumation of midcrustal rocks in foreland type settings is a common feature of other FTB’s
in the Western Mediterranean, like the Betics, Rif and Apennines, which underwent a late stage
tearing or delamination of their subcontinental lithospheric mantle at the edges of the

subduction systems.

Chapter 4: Provides the main result of the paper published in the Journal of Structural

Geology entitled: Active fault segmentation in northern Tunisia. In this paper, we propose
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active shortening structures in northern Tunisia developed by tectonic inversion since the
Pliocene.

Using restored and balanced seismic reflexion lines, we measured Plio-quaternary
shortening rates around 0.6-0.8 mm/yr in the studied segments and larger amounts of shortening
to the West of Northern Tunisia (16%) than to the East (7%). We suggest tectonic inversion
started earlier to the West and after propagated to the East in the late Pliocene.

Using morphotectonic analysis with the aim of field fault mapping, we identify the main
shortening fault system and its segmentation in Northern Tunisia, which shows a helicoidal
geometry with five different segment including reverse, dextral and oblique faults with a total
length of 130 km, named the Alia —Thibar fault. The present relief of Northern Tunisia is
characteristic of a young thrust and fold belt, with dominating axial valleys along synforms and

an incipient transverse drainage development propagating from West to East.

Chapter 5: Provides the main result of a paper where we study the influence of recent
topographic growth in Tunisia on landslide development, published recently in a special issue:
Slope Stability Monitoring and Investigation Using Remote Sensing Technigues in Remote
Sensing, in the section: Remote Sensing in Geology, Geomorphology and Hydrology. This
paper is entitled “Analysis of the geological controls and kinematics of the Chgega landslide
(Mateur, Tunisia) exploiting photogrammetry and InSAR technologies”.

We studied a large complex landslide identified in Northern Tunisia, which stands out for
its singular characteristics. One of them is a spectacular graben structure that breaks the ridge
of the hill affected by the mass movement, in the Chgega Mountain.

Using Interferometric Synthetic Aperture Radar (INSAR) technologies, we demonstrate
that this complex landslide is currently active and shows progressive movement without clear
episodic accelerations. The velocity of the limestone block is just above 2 mm/yr. These results
were obtained through the analysis of a 3D model and a high-resolution orthoimage created
from photographs acquired by an Uncrewed Aerial Vehicle (UAV). We may conclude that the
landslide movement is determined by normal faults with directions NO60°E and N140—-150¢E.
This characterization of the Chgega landslide can serve as the basis for future studies about the

origin of this slope movement.

Chapter 6: This final chapter will be a summary of the outcomes of the present research,
with the discussion of our results integrating the various methods used to study different parts

of the Tell of Tunisia and presentation of some future perspectives.
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of Northern Tunisia

Two orthogonal extensional systems produced the extensional collapse of the Tell and Atlas
thrust belts in northern Tunisia during the Late Miocene to Pliocene in a context of NW-SE
plate convergence between Africa and Eurasia. The older extensional system shows several
low-angle normal faults (LANFs) and associated high-angle faults with ENE-directed transport
that produced half-grabens and hanging-wall syncline basins during the late Tortonian to
Messinian. The direction of extension swinged towards the SE during the Messinian, cutting
into, and tilting the previous detachments. Extension was accompanied by the extrusion of 8-
Ma rhyodacites and Messinian basalts, together with the development of mineralized fault
breccias. Plio-Quaternary NW-SE directed shortening formed inversion arrowhead structures,
reverse faults, refolded extensional rollover anticlines and folded the LANFs. ENE-directed
extension is concomitant with the opening of the Tyrrhenian basin. We consequently think that
both processes are related and that tearing of the Calabrian slab along the northern Tunisia coast
drove the ENE-directed extension. Meanwhile, the SE-directed extension that followed was
probably related to SE-directed peeling back of the Tunisian continental lithospheric mantle
during NW subduction of the Maghrebian margin. This extension propagated eastwards from
the late Tortonian until the Pliocene following the SE migrating subduction front and favored
by lateral slab tearing along the Tunisian Atlas dextral Subduction Transfer Edge Propagator
boundary. This new hypothesis for the tectonic evolution of northern Tunisia shows for the first
time the importance of crustal extension in the denudation of the Tunisian Atlas and Tell

foreland thrust belts and its relation to deep mantle tectonic mechanisms

* Most of the content of this chapter corresponds to the following article: Booth-Rea, Gaidi, S., Melki, F., Marzougui,
W., Azafién, J.M., Zargouni, F., Galvé, J.P., Pérez-Pefia, J. V., Al, 2018. Late Miocene extensional collapse of

Northern Tunisia. Tectonics 37, 1626—1647. https:/doi.org/10.1029/2017TC00484
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1. Introduction

Extensional denudation has been described coeval to plate convergence in most of the
circum Mediterranean orogens. It has contributed to the thinning of crustal domains and
exhumation of meta-morphic rocks in the hinterland of the Alps, Cyclades, Betics, Appenines,
and Rif, among others(Lister et al., 1984; Selverstone, 1988; Platt and Vissers, 1989; Carmignani
and Kligfiel, 1990; Booth-Rea, 2012). Moreover, it has formed deep basins floored by oceanic
crust or exhumed mantle in back arc settings like the Algerian or Tyrrhenian basins in the core
of the orogenic arcs (Booth-Rea et al., 2007; Prada et al., 2016) (Figure 2.1). Fewer cases have
been described of extensional denudation of foreland thrust belts (FTBs). Although, this may
occur related to the particular dynamics of FTBs (Mclintosh et al., 1993; Booth-Rea et Al, 2008;
Jimenez-Bonilla et al, 2016) Extension of FTBs has also occurred at the edges of migrating
subduction systems like the Gibraltar arc, when lithospheric tearing has propagated under the
FTB continental crust region (Pérez-Valera et al., 2013; Mancilla et al., 2015). Inboard of
Subduction Transfer Edge Propagator (STEP) boundaries(Govers and Wortel, 2005) continental
crust can undergo peeling of its mantle lithosphere (Levander et al., 2014). This tectonic
mechanism has been described as edge delamination in the Betics and Rif (Duggen et al., 2003;
Martinez-Martinez et al., 2006; Mancilla et al., 2015). Delamination of the continental mantle
lithosphere and its substitution by a hotter asthenospheric mantle can drive regional topo-graphic
uplift, extension, and volcanism (Bird, 1979; Kay and Mahlburg Kay, 1993; Currie et al., 2005;
Gogiis and Pysklywec, 2008; Gogiis et al., 2011; Mancilla et al., 2015).STEP boundaries have
been defined in most of the branches of the Mediterranean orogens permitting the advance of
narrow subduction zones like the Gibraltar or Calabrian arcs (Govers and Wortel, 2005; Argnani,
2009; Mancilla et al., 2015; Polonia et al., 2016), Figure 2.1. This is the case of the southern edge
of the Calabrian arc that swiped eastwards through the north-ern Tunisian margin and Sicily from
the Tortonian until present, during the development of the Tyrrhenian basin (Faccenna et al.,
2005; Chiarabba and Palano, 2017). Extension in the western Mediterranean has been driven
mostly by mantle tectonic mechanisms like slab rollback, slab tearing, and detachment or peeling
of the continental mantle lithosphere during subduction, in a setting of NW-SE convergence
between Africa and Eurasia (Lonergan et al., 1997; C. Maury et al., 2000; Faccenna et al., 2004,
Spakman and Wortel, 2004; Mancilla et al., 2015). Thus, understanding the upper mantle
evolution is crucial to explain the extensional processes that have affected the western

Mediterranean.
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Figure 2-1 : Tectonic sketch of the western Mediterranean basins and orogens. Modified from
Booth-Rea et al. (2007).

The tectonic evolution of northern Tunisia has been described in terms of the shortening and
transcurrent structures developed under NW-SE convergence between Africa and Eurasia since
the Paleogene(Zargouni.F, 1984; Frizon De Lamotte et al., 2000; Mzali and Zouari, 2006;
Khomsi et al., 2009; Melki et al., 2010, 2011, Essid et al., 2016). Under this convergent setting
the Tellian nappe stack developed, supposedly, together with important elongated diapiric
structures cored by Triassic rocks parallel to NE-SW strike-slip and reverse faults. Normal faults
in this setting are interpreted as subsidiary structures formed under SW-NE extension during the
Pliocene-Quaternary or as very shallow extension affecting the Numidian units, related to FTB
dynamics (Bouaziz et al., 2003; Khomsi et al., 2009; Belguith et al., 2011, 2013; Ramzi et al.,
2015).

(Roure et al., 2012) have proposed the delamination of the African mantle lithosphere during
the late Neogene under Algeria and Tunisia. However, the characteristic geological processes
associated with lithospheric mantle delamination like extension, volcanism, and topographic
uplift have not been described before in northern Tunisia, within this delamination scenario.
Normal faults produced under an extensional regime are described in the Sicily Channel and in
Central Tunisia (Tricart et al., 1994; Belguith et al., 2011, 2013). Furthermore, thinner crust is
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observed towards the northern and eastern coast of Tunisia where the Moho depth decreases to
25 km from depths around 35 km in central Tunisia (Research group for lithospheric structure in
Tunisia , Buness et al., 1992), suggesting some crustal extension of a previously thickened
orogenic crust or shallowing of the Moho by some other tectonic cause. Hence, the geology of
northern Tunisia needs revising to see if the most accepted model of continuous shortening from
the Paleogene onwards in the region should be punctuated with a model where lithospheric
continental mantle peeling, tearing, or other mantle tectonic mechanisms may play a role.

To analyze the role and importance of extension in northern Tunisia and its relation with
mantle tectonic mechanisms we have carried out an extensive field campaign revising the
structure of the region, distinguishing low-angle normal faults (LANFs) and associated listric
fault systems from earlier thrusts. We have analyzed the nature, geometry, regime, crosscutting
relationships and kinematics of the main structures, and the contacts between lithological units.
Furthermore, we have analyzed the relationship between the main faults and the evolution and
geometry of sedimentary basins and magmatism in the region. For studying the relation between
extension and the development of sedimentary basins, we use ETAP industry reflection seismic
lines. We show the relationship between fault geometry and syntectonic unconformities and
fault-bend related folding. This work manifests the importance of extensional tectonic processes
in northern Tunisia and explains them in the context of mantle mechanisms that have contributed

to the Late Miocene to Pliocene tectonic evolution of the western Mediterranean.

2. Geological setting

Northern Tunisia has accommodated the shortening related to the northwestward subduction
of the Nubian plate under Eurasia since the Paleogene (Frizon De Lamotte et al., 2000; Faccenna
et al., 2005; Khomsi et al., 2009; Melki et al., 2011; van Hinsbergen et al, 2014). Under this
convergent setting, the Tellian and Tunisian Atlas thrust belts are differentiated. The Tellian belt
to the north is formed by the Flysch sedimentary cover of the Tethyan oceanic crust, thrusted
over allochthonous nappes of the North-Mahgrebian Mesozoic to early Miocene passive margin.
The Tunisian Atlas is the foreland thrust belt deforming the sedimentary cover of the north
Maghrebian Mesozoic to Neogene passive margin(e.g., Khomsi et al., 2009; Melki et al., 2010,
2011) (Figure 2.1). Metamorphic rocks typical of a thick-skinned orogenic domain outcrop only
locally off-shore in the La Galite Island (Belayouni et al., 2010) (Figure 2.2), and can also be
found in the Kabilies region of Algeria where they are interpreted to represent part of the
AlKaPeCa domain. This domain would be origin-ally formed by the internal zones of the Betics

(Al), Kabilies (Ka), Peloritan (Pe), and Calabria (Ca) that are pro-posed to have formed an unique
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collisional terrain in the western Mediterranean during the Paleogene(e.g.,Bouillin et al., 1986;
van Hinsbergen et al, 2014) (Figure 2.1).

The deformation described up to date in both the Tell and Tunisian 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 (Melki et al., 2012; Bejaoui et al., 2017) (Figure 2.2). Moreover, there
are also conjugate dextral and normal NW-SE faults (Zargouni, 1978; Zouaghi et al., 2011; Melki
et al., 2012). NW-SE plate convergence continues at present day (Mejri et al., 2010; Soumaya et
al., 2015) (Figure 2.1).

This convergence is uplifting the Atlas and reactivating pre-existing faults (McClusky et al.,
2003; Goes et al., 2004). WNW-ESE faults are reactivated with reverse dextral motion, while
NE-SW ones are reactivated with pure to oblique reverse motion. This reactivation formed new
folds with NE-SW axes (Mejri et al., 2010; Alyahyaoui and Zouari, 2014). Two unconformities
related to folding have been related to late Tortonian to Quaternary shortening in northern Tunisia
(Ramzi and Lassaad, 2017). Moreover, the southwestern boundary of the Tunisian Atlas is
delineated by large NW-SE dextral structures like the Gafsa and Tozeur-Negrine faults
(Zargouni, F. et Ruhland, 1981; Said et al., 2011b; Ben Hassen et al., 2014).In the surrounding
peri Mediterranean orogens this late shortening is producing the tectonic inversion of many
extensional structures developed by slab rollback or slab rupture dynamics, including the Algero-
balearic and Tyrrhenian basins (e.g.,Booth-Rea et al., 2002; Bouillin et al., 2005; Kherroubi et
al., 2009; Billi et al., 2011; Giaconia et al., 2015).

Normal faults active during the Plio-Quaternary, producing NE-SW directed extension are
described in central Tunisia and in the Sicily Channel (e.g.,Civile et al., 2008, 2010; Belguith et
al., 2011, 2013). These faults seem still active in the Sicily channel and with normal-oblique
kinematics in the Pelagian foreland (Soumaya et al., 2015).

Middle to Late Miocene magmatism in northern Tunisia has been interpreted as
postcollisional, related to the reactivation in a NW-SE convergent setting of shear zones and
lineaments inherited from the Variscan orogeny (Piqué et al., 1998; Decrée et al., 2014b). The
source of the potassic calcalkaline magmatism in Tunisia and Algeria is interpreted to be the
subcontinental lithospheric mantle, metasomatized during an earlier sub-duction event (early
Alpine or Variscan in age) mixed with partial melts from the African crust(Maury et al., 2000;
Decrée et al., 2014b). This melting has been also related to a rise in the asthenospheric mantle as
a result of lithospheric delamination (C. Maury et al., 2000; Abbassene et al., 2016).
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3. Lithostratigraphy and geological map of Northen Tunisia
For this work we have compiled a raster map of Northern Tunisia based on the existing
1:50.000 maps published by Officine National de Mines (Batik P, 1980; Lamos, 1980, 1985;
Biely et al., 1982; Rouvier, 1987, 1990; Fournet, 1994; Melki et al., 2002; Alouani et al., 2006;
El Ghali, 2006) although, using a thorough revision and reinterpretation of the nature of the
contacts between units and in some cases we have remapped or included data from (Marzougui
etal., 2014) (Figure 2.3).
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Figure 2-2: Tectonic map of northern Tunisia with the location of the studied area and seismic
lines. Modified from Melki et al. (2012).

For aiding in the structural interpretation of the region, we have divided the mapped rocks
into four tectonostratigraphic units that from top to bottom are as follows: (A) Neogene to
Quaternary post-nappe sediments, tectonic breccias, and volcanic rocks; (B) Oligocene
Numidian Flysch nappe. C) Infranumidian para-autochthonous nappes and D) Autochthonous
north Maghrebian paleomargin sediments (Figures 2.3 and 2.4).
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3.1 Late Neogene to Quaternary Post-Nappe Sediments and Volcanic Rocks

Several unconformable sedimentary formations from the Serravallian to Pliocene were
cored in the Mateur basin (Alyahyaoui and Zouari, 2014)( Figures 2.3 and 2.4a). The Hakima
formation (M1) composed of Serravallian lagoonal-marine shale, sandstone, clay, and gypsum
forms the base of this sedimentary infilling. The overlying formations are unconformable upon
this formation and include Tortonian clay and gypsum (Oued el Melah), followed by Tortonian
sandstones and clay of the Kechabta Formation. The Oued Bel Khedim clays and gypsum
together with lacustrine limestones and continental conglomerates of the Cheabet Tabala

formation form the Messinian sedimentary sequence.
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Figure 2-3: Geological map, including the location of cross sections

These Tortonian to Messinian formations have been included in sequence M2 in the seismic
lines. Towards the west, these units show more proximal conglomeratic facies. Marine clays and
sandstones, unconformable on the underlying sequence, characterize the Pliocene deposits in the
Mateur basin. Further west, the Pliocene sediments are alluvial fans. Quaternary sediments are

fluvial terraces, alluvial fans and colluvial cover, together with lacustrine sediments in the region
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of Mateur. Marine and eolian Quaternary deposits occur also along the northern and northeast-
ern coast of Tunisia.

Volcanic rocks in northern Tunisia include 13 Ma granodiorite (Oued Belif massif, (Decrée
et al., 2014b)), 9.2 to 8.2 Ma rhyodacites (Oued Belif and Haddada massifs(Badgasarian, 1972;
Faul and FOLAND, 1980; Decrée et al., 2014b) and cordierite-bearing rhyodacites (Ain Deflaia
massif) in addition to rare 8.4- to 6.4-Ma basalts (Decrée et al., 2014b). The oldest Serravallian
to Tortonian Nefza felsic magmatism results from the mixing at depth of an enriched mantle-
derived calcalkaline magma with a predominant peraluminous crustal melt. The younger
Messinian basalts essentially derive from the enriched mantle source and are nearly devoid of
crustal participation (Decrée et al., 2014b).

3.2 Oligocene-Burdigalian Numidian Nappe
Oligocene to Burdigalian rocks form the northwestern succession of the Numidian Flysch.
This formation is characterized by allochtonous turbidites deposited in the Tethys Ocean that
include Oligo-Aquitanian clays of the Zouza member at the base and Aquitanian-Burdigalian
sandstones and shales at the top, forming the Kroumirie and Babouch members (Riahi, 2010;
Belayouni, H., 2013; Riahi et al., 2015).

3.3 Infranumidian para-autochthonous nappes

These units occur between the Numidian nappes and the autochthonous Atlas sediments.
They include a complete sedimentary sequence from Triassic to Langhian that is characterized
by important omissions of the series and lateral thickness variations. The most competent
materials, comprising Eocene and Cretaceous limestones occur as discontinuous brittle boudin-
type bodies embedded between an underlying Triassic gypsum-dolostone breccia and overlying
Paleocene and late Eocene clays. Eocene limestones are characterized by deep-sea globigerine
facies (Erraioui, 1994). A late Burdigalian to Langhian unconformable formation of glauconite
marls and sandstones dates the tectonic emplacement of the Numidian nappes (Belayouni, 2013)
(Figure 2.4).
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3.4 Autochthonous North Maghrebian Paleomargin Cover

The Autochthonous Tunisian paleomargin sediments span from Triassic to Langhian
(e.g.,Melki et al., 2012)(Figure 2.4). Gypsum, slates, carbonates and multicolor sandstones with
chaotical structures conform the Triassic rocks. The Triassic evaporites often act as a detachment
level of the thrust faults and present tectonic contacts with other formations in northern Tunisia.
Jurassic carbonates show discontinuous outcrops with some marly intercalations, typical of deep-
sea environments. The Cretaceous is represented by deep marine Santonian marls of the Aleg
Formation, followed by upper Campanian-middle Maastrichtian limestone and marl-limestone
alternations of the Abiod Formation. A sequence of 800-900 m of upper Maastrichtian to
Paleocene marls of the El Haria Formation follows the above sediments. The EIl Haria Formation
marls frequently form a neutral decollement level that accommodates the displacement of
overlying faults. Early Eocene limestones produce positive reliefs in the region. Sandy, clayey
and carbonate facies indicating a shallow marine to fluvial environment of the Fortuna Formation
deposited during the Oligocene to Aquitanian.

GE-LANF

Oued Belif
Structure

9 5 10Km

Vertical = Horizontal scale

NED: Nefza Extentional Dome

GE-LANF: Ghezala Extentional Low Angle Normal Fault

Figure 2-5: Geological sections across the studied region. The sections are located in Figure 3. (a)
East-west line showing the Nefza extensional detachment and associated listric fan, cutting and tilting the
overlying Ghezala LANF. (b) N-S line showing the Nefza listric fan formed by low- angle normal faults with

S- directed transport. Lithological legend as in Figures 2.3 and 2.4.

4. Extensional systems in Northern Tunisia

We have identified two orthogonal sets of normal faults in northern Tunisia. Bothhigh-angle
and LANFs that detach in the most plastic materials, like Triassic evaporites and Cretaceous,
Paleocene and late Eocene marls, have accommodated extension. The main extensional faults
identified in northern Tunisia detach in two LANFs, the Ghezala and Nefza faults that root within
Paleocene marls and the infra-Numidian Triassic or in the autochthonous Atlas Triassic,
respectively (Figures 2.5 and 2.6). The Ghezala normal fault system shows E-NE hanging-wall
tectonic transport, whilst the Nefza extensional system shows S-SE hanging-wall transport sense
(white arrows in Figures 2.6 and 2.10 represent the kinematics of the main faults). Both have
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associated an extensional listric fan cutting and tilting the hanging-wall block. In some cases, the
normal faults forming the listric fan also show low-angle geometry (Figures 2.5b and 2.7a and
2.7b). Locally, the LANFs separate very low-grade marbles or igneous plutonic rocks in the
footwall, from diagenetic rocks in the hanging wall, defining regional detachment surfaces where
the deeper autochthonous Triassic rocks crop out. Low-grade metamorphic rocks are described
underlying the Chemtou marbles in northwestern Tunisia and in the Jebel Echkel Triassic out-
crops in the Matteur basin (Ghorabi and Henry, 1992; QOuazaa et al., 2013) (Figure 2.2).
Meanwhile the autochthonous Atlas Triassic rocks crop out also, deformed in the presence of
high-temperature fluids and granodiorite magma in the Oued Belief anticline near Nefza (Decree
etal., 2013, 2014b)(Figures 2.5 and 2.10).

4.1 The Ghezala low-angle normal fault

The Ghezala low-angle normal fault (GE-LANF) shows a gentle footwall and hanging-wall ramp
geometry that cuts down into the autochthonous Atlas unit, omitting most of the Paleogene
sequence at its footwall from West to East, from Bazina towards Ghezala (Figure 2.3 and cross
section 2.5a). The GE-LANF shows a shallow dip, practically horizontal at a regional scale,
although, it shows segments dipping towards the NW that have been tilted by later, deeper-seated
normal faults of the Nefza extensional system. In the region of Bazina it forms the contact
between the Numidian nappe and the underlying Upper Eocene marls and towards the East it
cuts down into the Cretaceous. To the East, near the region of Mateur, it forms the contact
between the infra-Numidian Triassic and the autochthonous Cretaceous (Figure 2.6). In this
region, a large segment of the LANF shows a flat geometry with strongly stretched Triassic
evaporites in between Cretaceous or Paleogene marls (Figures 2.5a and 2.7g). Overlying the GE-
LANF we found several extensional horses (Gibbs, 1984) formed by competent Eocene
limestones that are bounded by LANFs with ENE hanging-wall transport sense. Extensional
horses are also observed over the LANF in seismic line L1 (Figure 2.8). A N-S striking LANF
ofthe overlying listric fan cuts through the whole hanging wall in Ghezala, bounding tilted
Messinian sediments of the Mateur basin to the East. A segment of the LANF showing the
Messinian half-graben crops out at the Ghezala mine (Figure 2.9). Here the Messinian
sedimentary sequence, including continental conglomerates, gypsum, and lacustrine marls and
silts is tilted 30° and detached over the LANF that dips 35° towards the E (Figure 9). These
sediments are also cut by many small normal faults showing the same kinematics as the

underlying master fault (Figures 2.6, 2.7e, and 2.9). The fault rock is developed in the infra-
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Numidian Triassic and also shows foliated cataclasites formed from the comminution of
Paleocene black marls. Kinematic indicators along the GE-LANF like slicken fibers on the fault
surface, false S-C’structures, rotated porphyroclast tails show E-NE tectonic transport (white
arrows in Figure 6, near Ghazela). This transport sense has also been measured on normal faults
of the hanging-wall listric fan (Figure 2.6). Faults of the hanging-wall listric fan bound small
sedimentary basins filled by Late Miocene to Pliocene sediments and alluvial fans in the Bazina
region. The Late Miocene sediments host Pb-Zn extensional related mineralizations (Decrée et
al., 2008b). The alluvial fans were fed from an exhumed Fe-mineralized breccia, leading to
Pliocene Fe-rich conglomerates that have been exploited in the Sejanne and Tamra mines (Decrée
et al., 2008a). To the south of the Bazina region, the GE-LANF is folded appearing as a dextral

low-angle (30-40°) strike-slip fault (see southern end of cross-section B-B’ in Figure 5).

L

Hangingwall transport sense

., Ghezala K &

Figure 2-6: Geological map and hanging-wall transport sense of extensional faults in the region of
Bazina-Mateur. Modified from Marzougui et al. (2015). Included is a lower-hemisphere stereographic
projection of fault data in the region. Lithological and structural data legend as in Figures 2.3 and 2.4.

The westernmost segment of the GE-LANF has been traditionally interpreted as a thrust

surface, representing the Numidian thrust front that superposes the Numidian unit over para-
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autochthonous Paleogene sediments (e.g.,Khomsi et al., 2009; Marzougui et al., 2015; Essid et
al., 2016). This contact must have been originally a thrust surface when the Numidian nappe was
emplaced towards the SE over the African passive margin in the Early Miocene (Khomsi et al.,
2009; Belayouni, 2013). However, the present contact shows ENE-transport sense and the fault
surface cuts down into the structural pile towards the direction of transport, omitting most of the
Paleogene sequence and reaching the Cretaceous in its footwall. Thus, the original thrust surface
has been cut and probably omitted by later extensional tectonics and at present is a LANF (Figure
2.5a). LANFs affecting regions shortened by previous nappe tectonics can still separate older
rocks over younger ones or higher metamorphic over low metamorphic ones, because extension
does not change the stacking order produced by the previous thrusts (e.g.,Martinez-Martinez and
Azafion, 1997; Platt, 1998)

The GE-LANF can be followed in reflection seismic line 1 where it shows a ramp-flat-ramp-
flat geometry lead-ing to the development of a hanging-wall syncline basin (e.g.,Benedicto et al.,
1999; Reston et al., 2007) and associated rollovers 1 and 2 in the hanging-wall Tortonian to
Messinian sedimentary sequence (Figure 2.8). The LANF reaches depths of approximately 2.5—
3 s Two-Way Traveltime (TWT) at the eastern end of Line 1, probably rooting in the
autochthonous Triassic at a depth around 4-4.5 km for velocities between 2.7 and 3.0 km/s.
Extensional horses, probably of the infranumidian unit carbonates, can be observed over the
LANF in line 1 (Figure 2.8). The fault activity is well constrained by the development of a synrift
unconformity between the Serravallian Hakima formation (M1) and the overlying Tortonian to
Messinian sedimentary units (M2) that onlap the hanging-wall flat defined by the prekinematic
M1 sediments (Figure 2.8). The postrift unconformity is marked by onlapping Pliocene marine
sediments (P) that thin towards the limb of the rollover 1 anticline, evidencing that this structure
has been further folded by Plio-Quaternary shortening. The main fault shows evidences of being
inverted during the Plio-Quaternary with a small reverse fault component cutting the Pliocene
sedimentary unit between line traces 1345 and 1505 (Figure 2.8). The Pliocene sediments show
syntectonic features, thickening over the footwall of the thrust.

Dextral transfer fault structures with E-W to NE-SW orientation have also been identified
in the field in the region of Bazina. These faults bound the infranumidian Triassic from
autochthonous Cretaceous in Joumine and cut into the Cretaceous to the north of Bazina (Figure
2.6). These faults developed Fe-Zn-Ba mineralized dilatant breccias.
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4.2 The Nefza extensional dome

The Nefza detachment exhumes authochthonous Triassic rocks in the footwall of the fault
zone from under Numidian sandstones and Paleogene sediments in the hanging wall. This
detachment is strongly folded, crop-ping out in the core of the Oued Belif Plio-Quaternary
anticline (Figure 2.10). The Nefza detachment itself is defined by a thick sequence of mineralized
tectonic breccia (Decrée et al., 2013) and locally by a marble mylonite where it exhumes
syntectonic rhyodacites (Figures 2.7c and 2.7d). The breccia is cohesive and strongly miner-
alized by iron oxide-LREE-U, implying fault-valve type behaviour of the shear zone during its
activity (Sibson, 1987). Fluids during brecciation were high temperature (>540 °C) with a mixed
magmatic-basinal (salt related) origin (Decrée et al., 2013). The breccia shows an ill-defined
cataclastic foliation with a poorly defined lineation, cut by extensional shear bands (Figure 2.7c¢).
Striated surfaces within the breccia and at the top of it show mostly NE-SW to NW-SE
mineralized slicken lines (Figure 2.7f). Tectonic transport shows mostly an easterly sense
(stereoplot in Figure 2.10). The fault zone cuts the thrust contact between the Numidian flysch
unit and Upper Eocene marls in its hanging wall (Figure 2.5a). In Oued Belif the Nefza
detachment is folded, being reversed in the northern limb of the anticline where it presently
shows dextral strike-slip kinematics. It dips 50° towards the west in the westward perianticlinal
closure where it presently shows reverse kinematics (Figure 2.7c). Here the fault zone dips
approximately 30° less than the hanging-wall Paleocene marls. The south-ern limb also shows
strong dips of around 80° with sinistral-oblique strike-slip kinematics. Finally, in its eastern
perianticlinal closure the detachment is cut by a later NW-SE sinistral-normal fault. Most of the
kinematic indicators along the dome indicate northeastward transport sense, however at the
eastward end of the dome the normal faults show mostly SE-directed hanging-wall transport
(Figure 2.10). A 12-Ma granodiorite plug intruding the autochthonous Triassic is exhumed in the
core of the Oued Belif Dome(Decrée et al., 2014). Moreover, 8- to 9-Ma rhyodacites intrude the
dome structure. In some case, to the north of Oued Belif, the magmatic foliation at the top of a
rhyodacite body is parallel to the detachment surface and to the foliation in carbonate fine-
grained mylonites, indicating that the Nefza detachment was active very close to the surface at
the time of rhyodacite dome extrusion (Figure 2.7d). The fault rock later evolved towards a
cemented iron-jasper rich cat-aclastic breccia. Tortonian pyroclastic conglomerates occur in the
hanging wall of the fault.

The Nefza detachment listric fan cuts through the autochthonous Cretaceous cropping out
to the northeast of Bazina. Here the Cretaceous is tilted and cut by several low-angle (approx.

35°) normal faults (Figures 2.7a and 2.7b and cross section 2.5b). These faults show mostly S-
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SE directed transport; however, in some cases two and three sets of oblique striae have been
identified indicating S-, SE-, and NE-directed transport. In three dimensions, the normal faults
are strongly segmented by N-S to NNE-SSW strike-slip faults that we interpret as transfer
structures of the extensional system (Figure 2.6). These faults show contrary kinematics to the
observed offset between the normal faults they link that is a normal characteristic of transfer
faults in extension (e.g.,Gibbs, 1984; Giaconia et al., 2014).
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Figure 2-7: Photo panel. (a) S to SE-directed low-angle normal fault between Cretaceous carbonates and
Paleocene marls in the Bazina region. (b) Low-angle normal fault scarp with well-defined striations and groves
indicating S-directed transport in the region of Bazina. (c) Nefza detachment mineralized extensional breccia. (d)
Rhyodacites in the footwall of the Nefza detachment, showing a magmatic foliation that is parallel to a mylonitic foliation
in overlying dolomitic marbles. The detachment is defined by a brittle fault plane with SW-NE directed slickenlines that
separates the footwall rhyodacites and breccias from hanging-wall Numidian flysch sediments. (e) Late Miocene
conglomerates tilted over the Ghezala LANF, marked by cataclastic breccia affecting a Triassic and Paleogene
protolith (f) Fault surface with slickenlines at the top of the Nefza detachment breccias. (g) Foliated cataclasites in a
flat portion of the Ghezala LANF with a gypsum mylonitic matrix of Triassic protholith. (h) Fault zone of the Ghezala
LANF marked by Triassic gypsum breccia, cutting down into Cretaceous Atlas sediments to the west. Early Miocene
marine sediments, to the east, form the hanging wall of the fault, location in Figure 2.2. All photographs located in
Figure 2.3, except (h)
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Figure 2-8: Seismic line L1 across the Mateur basin showing a hanging-wall syncline basin filled in by
Tortonian to Messinian synrift sediments. The postrift unconfor-mity is marked by the onlap of Pliocene marine
sediments that have been later folded by NW-SE convergence.See location in Figure 3.

At depth, seismic line L2 images the Nefza detachment as a low-angle fault that cuts down
into the autochthonous Atlas series from northwest to southeast rooting in a flat detachment at a
depth of 3 s TWT, in the Triassic series (Figure 2.11). At the northern end of Line L2 the
detachment comes out to the surface being the contact between Upper Eocene infra-Numidian
marls and strongly tilted Numidian sandstones on the hanging wall (Figure 2.10). Calcite fibers
in the contact and in brittle shear zones within the Eocene marls show S-SE transport (Figure
2.10). The hanging wall of the detachment is a listric fan of normal faults that cuts and tilts the
Numidian Flysch rocks (Figure 2.11). Furthermore, these faults cut other overlying LANFs,
including the structurally higher Ghezala LANF. Finally, the shallower part of the section shows

open folds shortening the Numidian Flysch.
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Figure 2-10: Outcrop of the Ghezala LANF in a quarry at Ghezala (Figure 6). Notice the low-angle
detachment at the contact between Late Miocene conglomerates and the underlying fault breccias, which
is cut by later out of sequence faults that cut through Messinian silts. Faults and slickenlines are plotted in

a lower- hemisphere stereoplot and show tectonic transport towards the E- NE.
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Figure 2-9: Geological map and extensional kinematic data of the Nefza region, including a lower-
hemisphere stereographic projection of faults and associated slickenlines. Lithological legend as in
Figures 2.3 and 2.4

4.3 Relationship between extensional systems

The extensional faults show mostly ENE and S-SE directed extension that we relate to the
activity of two successive, orthogonal extensional systems. However, many individual faults,
both high- and low-angle, show the two directions of extension with oblique striae. Indicating
that the later SE-directed extension reused the same fault surfaces developed during the older
ENE-directed extension. The relative age between extensional systems is clear as the SE-directed
normal faults cut and tilt the main NE-directed extensional LANFs. This is especially evident in
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the region of Bazina, where the Ghezala LANF, located here in the contact between the Paleocene
and the overlying allochthonous infra-Numidian Triassic, is cut and tilted by SE-directed normal
faults that exhume the Cretaceous Jebel Aouana massif (Figures 2.5b and 2.6). Further, east,
however, in Ghezala the NE-directed extension was active until later, affecting Messinian

sediments (Figures 2.8 and 2.9).

4.4 Extensional Systems versus Diapiric Structures in Northern Tunisia

The extensional structures we describe in northern Tunisia change the local tectonic
structure interpreted so far in the region. Many of the Triassic outcrops interpreted to be related
to Cretaceous to Recent diapiric processes are actually formed by a sheet of foliated breccias
developed by extensional thinning of a previous nappe located at the base of the Infranumidian
units. In some case this detachment has a flat geometry producing a neutral shear zone segment
that was previously interpreted to be a Cretaceous salt canopy (Masrouhi et al., 2014). However,
this shear zone separates different lithology, not only Cretaceous sediments; it is locally overlain
by extensional horses of Eocene carbonate and shows continuous outcrops with ramp segments
that have clear extensional kinematics (Figures 2.7g and 2.7h). Moreover, the Triassic outcrops
that do correspond to the autochthonous Atlas unit, like in the core of the Oued Belief dome,
were exhumed from depths of several kilometers by Tortonian extensional faults and not by
diapiric processes. Finally, some of the large-scale sinistral strike-slip faults interpreted in
northern Tunisia like the NE-SW Ras El Korane-Thibar fault are not so large, as many of their
supposed fault outcrops are actually folded segments of LANFs that presently show dextral
kinematics (Figure 2.6). Hence, including Late Miocene extension in the tectonic evolution of
northern Tunisia requires the revision of many of the previously interpreted structures, to differ-
entiate between recent contractive strike-slip and reverse faults like the Alia-Teboursouk fault,

and associated folds, from extensional related structures.
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Figure 2-11:Seismic line L2 showing the Nefza detachment cutting into the infranumidian and
Atlas units in the footwall. The hanging wall to the NW is formed by a thick sequence of Numidian
Flysch tilted towards the NE. The line is located in Figure 3.

5. Plio-Quaternary Folding and Thrusting of Extensional Structures

The extensional faults and associated structures like rollovers are presently folded, cut by
shortening structures, or inverted in relation to Pliocene to present shortening in northern Tunisia.
This shortening is fully evident in the whole studied region, manifested presently by active
seismicity (Soumaya et al., 2015), by the strain-field registered using fault kinematic data
(Bouaziz et al., 2003), by the strike-slip and reverse kinematics of active or recent faults affecting
the region, like the Alia-Teboursouk and Bled el Auana-Bizerte faults (Melki et al., 2011; Essid
et al., 2016). Plio-Quaternary shortening has folded the Nefza detachment and refolded the
extensional rollover anticlines and synrift unconformities developed in the Mateur basin region.

Furthermore, reverse-oblique faults cut Quaternary sediments. Further work is necessary though
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to measure the amount of shortening that has affected the region since the Pliocene. In some
cases, where normal faults are suborthogonal to the Plio-Quaternary shortening direction, these
have been inverted as thrusts, developing arrowhead-type structures where the wedge of synrift
sediments has been elevated above regional(e.g.,McClay, K. R., & Buchanan, 1992).
Furthermore, while synrift sediments show wedge-fanning geometries in the hanging wall of the
structure, syn-thrusting sediments thicken above the footwall block (McClay,& Buchanan,
1992). This geometry is observed in the western end of line 1, where the Pliocene sediments
thicken above the footwall of the Gezhala LANF.

Inversion tectonics in northeastern Tunisia is especially evident in seismic line L3 (Figure
2.12). This line runs in a NNW-SSE direction, perpendicular to the plate convergence and also
to the SE-transport extensional system. The synrift basins developed during the Late Miocene
have been later inverted, producing further folding of the hanging-wall rollovers, and Plio-
Quaternary synclines that have sealed the main extensional faults. Hanging-wall sedimentary
wedges thickening towards the normal faults characterize the Late Miocene synrift sequence.
Meanwhile, thicker sediment sequences formed over the footwall of the normal faults during
Plio-Quaternary shortening (Figure 2.12). Some of the normal faults have been later reused as
thrusts, inverting the synrift wedges over the regional, for example, at line trace 982, Figure 2.12.
The main LANF in this seismic line shows SE tectonic transport, probably exhuming
authochthonous Triassic sediments in the footwall, which presently crop out to the west of the
line in Jebel Echkeul. Meanwhile, the hanging wall of this LANF is strongly extended by
conjugate listric faults showing NW hanging-wall transport. Towards the SE of the line, the
authochtonous Mesozoic and Tertiary Tunisian Atlas sequence is tilted towards the NW over the
LANF (Figure 2.12).
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Figure 2-12: Seismic line L3 showing inversion tectonics in the norteastern end of Tunisia. This
line is located in Figure 2.2. See explanation in the text

6. Discussion

The geometry of extensional faults in northern Tunisia is strongly controlled by a
rheologically heterogeneous upper crust, formed during late Burdigalian to Langhian (17-14 Ma)
thrusting in the Tellian Numidian Zone (Belayouni, 2013). This heterogeneous rheology with
alternating plastic and competent layers has determined the development of superposed LANFs
and detachments that root into the more plastic materials like Eocene, Paleocene and Cretaceous
marls or in the Triassic evaporites. Meanwhile, the more competent Cretaceous or Eocene
limestones, and Numidian sandstones occur as extensional riders (Gibbs, 1984) tilted over the
detachments or as extensional horses forming lenses bounded by normal faults. This is a common
feature of extended domains with contrasting rheologies, like in the Betics or the Apennines
(Booth-Rea et al., 2004; Brogi, 2008).

We have differentiated two main LANFs, the Ghezala LANF and Nefza extensional

detachment, and their associated hanging-wall listric fans. However, many other LANFs are
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found in the region at different scales (Figures 2.7a and 2.7b). In the region of Nefza the age of
extension is well constrained by the extrusion and deformation within the Nefza extensional
detachment of 8- to 9-Ma rhyodacites (Figure 2.7d). However, extension here probably initiated
before, during the Serravallian (12 Ma) intrusion of granodiorites (Decrée et al., 2014).
Meanwhile, further east in the region of Mateur the extensional deformation is dated by tilted-
syntectonic Upper Miocene sediments and by the development of a hanging-wall syncline basin
and associated synrift unconformity of Tortonian to Messinian age (Figure 2.8). This
diachronism in extensional ages suggests that extension propagated towards the East during the
Late Miocene.
Geodynamic Evolution of Northern Tunisia

The extensional systems described here add new constraints on the tectonic evolution of
northern Tunisia and on the geodynamic mechanisms driving deformation in the western
Mediterranean since the Late Miocene. Furthermore, the direct relationship between crustal
extension and peraluminous volcanism observed in the Nefza dome, where 8- to 9-Ma
rhyodacites are deformed by an extensional detachment during their extrusion, suggests that deep
mantle mechanisms leading to melting of the Maghrebian lower crust were driving extension.
Moreover, the migration of the locus of extension towards the east-southeast during the late
Neogene favors a southeastward-migrating mantle mechanism, like peeling back of the
continental lithospheric mantle during subduction. The Thyrrenian basin, to the north of the
studied region, opened at the same time related to the eastward rollback of the Calabrian slab that
presently is hanging under the Calabrian arc (e.g.,Faccenna et al., 2004; Lucente et al., 2006).
Thus, the ENE-directed extension we describe in northern Tunisia was most probably related to
the Tortonian to Messinian opening of the Thyrrenian basin and to the concomitant eastward
tearing of the Calabrian slab through the Tyrrhenian STEP (Govers and Wortel, 2005; Gallais et
al., 2013; Barreca et al., 2014; Polonia et al., 2016). Furthermore, the process that drives the
ENE-WSW extension appears to play on a larger scale, as it kinematically accommodates the
counter-clockwise rotation of Adria relative to Eurasia, which is both seen in GPS data and
paleomagnetic data (see (van Hinsbergen et al, 2014), and references therein).

Slab rupture occurred during the Middle Miocene in Algeria, producing postcollisional K-
rich calc-alkaline magmatism dated at 17 Ma (Abbassene et al., 2016). Meanwhile, (Roure et al.,
2012) suggested the delamination of the African continental mantle lithosphere under Tunisia in
the late Neogene. According to (Faccenna et al., 2005) the rupture of the Calabrian slab along
the northern coast of Tunisia produced Late Miocene volcanism with calc-alkaline granodiorites
and rhyodacites dated between 14-8 Ma in Nefza and Galite island (Savelli, 2002) and alkali
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basalts extruded at 8-6 Ma(Talbi et al., 2005). A very similar tectonic evolution, but with
opposite kinematics, occurred in the Eastern Betics and Rif at the time, where westward-directed
extension was accompanied by the extrusion of 8- to 9-Ma dacites. A process related to the
westward rollback of the Betics-Rif slab and its lateral tearing off from the Iberian and
Maghrebian continental lithospheric mantles (Duggen et al., 2004; Mancilla et al., 2015;
Spakman et al., 2018).

Extension continued into the Messinian and probably Pliocene, after the tearing of the
Calabrian slab off the northern coast of Tunisia. Furthermore, we observe a change in the
kinematics of the main normal faults with the development of SE-directed extension. SE-directed
normal faults in the region of Bazina and associated N-S transfer faults developed an alluvial fan
system on their hanging wall. We relate the SE-directed extension with eastwards peeling back
of the Tunisian continental lithospheric mantle in a subduction context during the Late Miocene.
Peeling back of the African lithospheric mantle would have driven crustal extension, topo-
graphic uplift, and local Messinian alkaline magmatism coeval to the Middle to Late Miocene
propagation of subduction related shortening. Topographic uplift initiated in the Late Miocene
with the generalized continentalization of northerwestern Tunisia and migrated towards the E-
SE with Pliocene marine sediments presently uplifted in the Bizerte-Cape Bon region (Salaj and
B. Van Houten, 1988; Belayouni, 2013). In Central Tunisia, extension during the Late Miocene
to Quaternary was mostly NE-directed forming half grabens filled by the continental Pliocene
Segui formation (Belguith et al., 2011). NE-SW extension continued during the Quaternary in
the Sicily channel accompanied by the still active Pantellaria peraluminous magmatism(Civile et
al., 2008, 2010) and in the Pelagian foreland, where some oblique-normal faulting still occurs
(Soumaya et al., 2015).

Extension must have affected the crustal structure of northern Tunisia, although few data
exist about its deep lithospheric structure. Seismic refraction data show that the Moho depth
decreases from approximately 35 km in central Tunisia to 25 km at the northern and eastern
coastlines (Research group for lithospheric structure in Tunisia, 1992), supporting crustal
thinning by extension near the coastlines, of a crust previously thickened during Tellian and Altas
Alpine thrusting.

Peeling back of the continental lithospheric mantle during subduction produces a migrating
belt of shortening, followed by extension, magmatism, and uplift. Thus, shortening related to SE
peeling of the lithospheric mantle slab probably has occurred coeval to NW-SE shortening
associated with plate convergence. The sum of these two shortening tectonic mechanisms could

have induced higher strain rates in the region affected by mantle peeling producing an advance
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of the Tunisian Atlas deformation front respect to the Algerian one and the development of a
large NW-SE oriented dextral STEP boundary between western Tunisia and eastern Algeria,
namely, the Tunisian Atlas STEP (Figure 2.12). As slab peeling and retreat in Tunisia was
subparallel to the NW-SE convergence between Nubia and Eurasia it probably contributed to the
southward propagation of the Tunisian Atlas belt, with an important component of left-lateral
transpression (Melki et al., 2011). If some obliquity were present between the two shortening
directions, two trends of shortening structures would be expected in Tunisia.

Slab detachment and the associated melting of the base of the African crust has been
described in Northern Algeria, producing an important postcollisional Miocene magmatism in
the Kabylies (Maury et al., 2000; Abbassene et al., 2016; Chazot et al., 2017) and extension
(Saadallah and Caby, 1996; Aite and Gélard, 1997). The tectonic evolution we propose above is
consistent with peeling back of the African continental lithospheric mantle initiating further west
in the Kabylies during the Middle Miocene (Figure 2.12). Initial slab peeling or detachment is
marked by the intrusion of 15-Ma peraluminous cordierite-bearing granodiorites and monzo-
granites in the Bougaroun-Beni Toufout area BM, Figure 2.13; (Penven and Zimmermann, 1986;
Chazot et al., 2017). K-rich shoshonitic series dacitic and rhyolitic dykes also occur in the
Edough massif region (EM, Figure 2.13), dated between 16.8 and 14.3 Ma (Abbassene et al.,
2016) (Figure 2.12). Thus, magmatism related to peeling or detachment of the African
continental lithospheric mantle propagated from west to east from the Bougaroun massif around
15 Ma towards the Nefza region in Tunisia at 8.5-9 Ma.

The peeled back African lithospheric mantle is imaged by seismic tomography under
Tunisia. Poor-resolution tomographic images of the mantle slabs under Algeria and Tunisia
suggest that they are detached from the overlying lithosphere at ~150 km depth(Faccenna et al.,
2014; Fichtner et al., 2015). Other tomographic models show the slab lying even deeper overlying
the 660-km discontinuity (van der Meer et al., 2018). These tomographic models support a slab
detached under Tunisia since the Late Miocene. These tomographic models have low-resolution
due to poor seismological coverage and low-seismicity rates in the region. Thus, under SE
Tunisia the slab may extend to shallower regions and be connected to the Nubia plate as indicated
by the presence of a high-velocity reflector imaged by refraction seismics in the mantle at 87 km
depth under central Tunisia, slightly north of the southern Atlasic deformation front (Research
group for lithospheric structure in Tunisia, 1992). Furthermore, intermediate-depth seismicity
occurs in the Sicily Channel reflecting a ridid body within the mantle at depths around 100 km
(Calo and Parisi, 2014; Chiarabba and Palano, 2017). The slab probably has a curved geometry
with NE-SW orientation under the South Atlassic Fault and N-S orientation under the North-
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South Axis of Tunisia (Piromallo and Morelli, 2003) (Figure 2.13). The present stress field and
seismicity in Tunisia also supports a slab connected to the African continental lithospheric mantle
(Soumaya et al., 2015). Finally, most of the slab underlying Tunisia would be formed by stripped
subcontinental lithospheric mantle, thus not having high-velocity eclogites derived from the
metamorphism of oceanic crust. This lower-velocity continental slab may have also contributed
to the low-resolution of the slab imaged under Tunisia. The continental nature of this slab would
also explain the fact that the slabs imaged by (Fichtner et al., 2015) represent an area larger than
the possible oceanic slab consumed by subduction since the Cretaceous (e.g.,van Hinsbergen et
al, 2014).

Eastward peeling back of the African lithospheric mantle was bounded to the southwest by
the Tunisian Atlas STEP boundary (Figure 2.13). This dextral transform boundary has NW-SE
orientation and is presently active in the region of the Tunisian Atlas front (Figure 2.13). The
surface expression of this transform boundary is represented by the dextral Gafsa and Tozeur-
Negrine faults (Zargouni, F. et Ruhland, 1981; Said et al., 2011b; Ben Hassen et al., 2014).
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Panteleria
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Figure 2-13: ((a) Tectonic sketch of the mantle structure under the Calabrian and Tunisian arcs. Green
represents oceanic lithosphere subducted under the Tyrrhenian and Algerian basins. Pink represents
stripped continental mantle litho-sphere of the Tunisian subducting slab. Notice that the Tunisian slab is
bounded by two Subduction Transfer Edge Propagator (STEP) boundaries, the Tyrrhenian STEP (T-STEP)
to the north (Govers & Wortel, 2005) and the Tunisian Atlas STEP (TA-STEP) to the SW. Furthermore, the
age of volcanism related to subduction and delamination mechanisms together with regions where
extension is described in Algeria and Tunisia, in red. See references in the discussion.NSA = north-south
axis; BM = Bougaron massif; EM = Edough massif. (b) Tomographic model and N-S cross section through
Tunisia and the Tyrrhenian basin showing the Tunisian slab and the location of the 87 km depth intramantle
reflector detected by the EGT'85 seismic refraction experiment (Fichtner & Villasefior, 2015; Research
group for lithospheric structure in Tunisia, 1992).
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7. Conclusions

Northern Tunisia underwent extensional collapse during the Late Miocene by the
contribution of two extensional systems with ENE- and SE-directed transport. These extensional
structures exhumed the deep autochthonous Triassic sediments in the footwall of extensional
LANFs like the Nefza extensional dome. Extension was accompanied by the extrusion of 8.5- to
9-Ma rhyodacites. Moreover, many of the Fe-Zn-Ba mineralizations present in northern Tunisia
are hosted in the fault rock breccias or formed by the erosion and sedimentation of these breccias
in alluvial fan systems.

Extension migrated towards the E-SE during the Messinian producing sedimentary
depocenters with hanging-wall syncline geometry and associated synrift unconformities in the
region of Mateur. Extensional structures in this region, including tilted half grabens, hanging-
wall synclines and rollover anticlines, resulted from fault-bend folding over the ramp-flat-ramp
geometry of the Ghezala LANF. The NE-transport extensional structures like the Ghezala LANF
are cut by more recent SE-directed extensional faults.

The extensional structures in northern Tunisia appear folded and cut by Pliocene to Present
contractional structures including NE-SW sinistral-reverse faults, WNW-ESE dextral faults and
associated NE-SW to E-W folds. Plio-Quaternary shortening has refolded the previous fault-
bend folds produced during extension. Furthermore, in some cases normal faults have been
inverted as thrusts producing arrowhead tectonic inversion structures.

Deep mantle mechanisms that have migrated from Northern Algeria towards the East and
Southeast since the Middle Miocene have probably driven extension. Tearing of the Calabrian
mantle slab to the north of the Tunisian coast during the opening of the Tyrrhenian basin probably
drove the Tortonian ENE-directed extension in northern Tunisia. Meanwhile, SE-directed
extension could be related to the Late Miocene strip-ping of the African lithospheric mantle

coeval to NW-directed subduction under northern Algeria and Tunisia.
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Extension in the Western Mediterranean has been mostly related to the dynamics of back-
arc domains, where the main basins in the region formed since the Oligocene. However,
extension also occurred away from the back-arc basins, propagating into the foreland domains
of all the orogenic arcs bounding the Western Mediterranean. Here we analyze midcrustal
extensional domes in the Tunisian Tell FTB, proposing a common tectonic mechanism for this
extension in the rest of the Western Mediterranean foreland belts. The presence of Triassic rocks
in the core of many geological structures of Northern Tunisia, classically interpreted as diapirs,
has been the paradigm of the region’s geology for decades. However, the deepest domal
structures in the region are cored by greenschist-facies marbles and metapsamnites, stretched and
exhumed in the footwall of extensional detachments, imaged in reflection seismic lines and
outcropping in the field. Extension occurred sequentially by two sets of orthogonal normal faults
during the Late Miocene. lllite crystallinity of Triassic metapelites in the region shows epizonal
to anchizonal values favoring a model of late orogenic polyphasic collapse of the Tunisian
Foreland Thrust Belt (FTB) from mid-crustal levels instead of a long-lived diapiric evolution
since the Cretaceous as previously proposed. This late extensional collapse of the Tell FTB in
Northern Tunisia and the consequent exhumation of orogenic middle crust in forearc type settings
is a common feature of other FTB’s in the western Mediterranean, like the Betics and Rif, which
underwent a late stage tearing or delamination of their subcontinental lithospheric mantle at the

edges of the subduction system.

* Most of the content of this chapter not yet published and submitted to be considered for publication in Tectonics



Chapter 3: Halokinesis and ductile flow during Late Miocene extension in the Tunisian Tell and the

thinning of Western Mediterranean Foreland Thrust Belts (FTB’s).

1. Introduction

Northern Tunisia has been considered for decades as a paradigmatic region for the study of
diapiric structures in an external foreland thrust belt context (Perthuisot, 1981; Vila, 1995; Bedir
et al., 2001; Ben Chelbi et al., 2006; Melki et al., 2010; Ayed-Khaled et al., 2015; Troudi et al.,
2017). Diapiric intrusions of Triassic evaporites are thought to have initiated in the Cretaceous
during the rifting of the North Maghrebian passive margin, having been also extruded to the
surface as thousand km? large salt glaciers (Vila, 1995; Vila et al, 1996; Ghanmi et al., 2001;
Masrouhi and Koyi, 2012; Masrouhi et al., 2014; Ayed-Khaled et al., 2015; Amri et al., 2020).
This Mesozoic extensional-diapiric structure would have evolved later in a convergent to
transcurrent setting during the Cenozoic development of the Tell and Atlas Foreland Thrust Belts
(FTB) that form part of the western Mediterranean alpine orogeny (Bouaziz et al., 2002; Melki
et al., 2010; 2011; Amri et al., 2020)(Figure. 3.1). During thrusting, salt tectonics is interpreted
to have played an important role, with the main decollements being located within the Triassic
evaporites that presently are found at the base of the main Tellian thrust sheets (Khomsi et al.,
2009,2016; Booth-Rea et al., 2018). Thus, some authors interpret the proposed salt canopies as
over thrusted Triassic evaporites at the base of the Tellian nappes (Khomsi et al., 2009; Troudi
etal., 2017).

Most authors consider that the present lithospheric structure of FTB’s in the Eastern Betics,
Tell and Rif preserve the original thrust stack structure with only minor later extension,
explaining the existing crustal thickness of these regions, below 30 km (Research group for
lithospheric structure in Tunisia, 1992; Mancilla and Diaz, 2015), to the superposition of very
thin nappes of the North Maghrebian and South Iberian passive margins, extended in the
Mesozoic ( e.g.Frizon de Lamotte et al., 1991; Gelabert et al., 1992; Platt et al., 2003 Crespo-
Blanc & de Lamotte, 2006; ; Sabat et al., 2011; Khomsi et al., 2016; Gimeno-Vives et al., 2019;
Khelil et al., 2019). Alternatively, some authors suggest that these foreland domains have been
strongly extended during the Middle to Late Miocene (Rodriguez-Fernandez et al., 2011; Booth-
Rea et al., 2012; 2018; Moragues et al., 2018; de la Pefia et al., 2020;). According to the later
hypothesis, evaporitic rocks at the base of the Tellian thrust sheets were reworked by extensional
processes, localizing the main low-angle normal faults that thinned the Northern Tunisia FTB in
the Late Miocene (Booth-Rea et al., 2018).

The Tell and Atlas belts are generally interpreted as external FTB’s comprising only

sedimentary rocks, despite the presence of the Giallo Antico marbles, well known since Roman
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times at the boundary between the two orogenic belts (e.g. Roder, 1988; Bugini et al., 2019).
These marbles contain a WNW-ESE to WSW-ENE oriented magnetic fabric interpreted as a
tectonic stretching (Ghorabi and Henry, 1992). Equivalent marbles also crop out in Jebel Ichkeul
and the Oued Belif dome in the Tell belt (Booth-Rea et al., 2018; Khelil et al., 2019, Figure. 3.2).
Moreover, Permo-Triassic epizonal rocks that underwent temperatures between 300 and 400°C
are described at the core of the Oued Belif dome (Mahdi et al., 2013).
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Figure 3-1: Tectonic boundaries, orogenic arcs and sedimentary basins of the Western Mediterranean.
Figure modified from Booth-Rea et al. (2007; 2018) and Gaidi et al. (2020). GPS movement towards fixed
Africa from Bougrine et al. (2019) and Nocquet,( 2012).Fault patter along Algeria-Tunisia based on Kherroubi
et al., (2009), Rabaute and Chamot-Rooke, (2014) and (Aidi et al., 2018). Extended FTB domains from
(Carmignani and Kligfiel, 1990), Ghisetti and Vezzani, (2002), Booth-Rea et al. (2012; 2018), Rodriguez-
Fernandez et al. (2013), Moragues et al., (2018)

Interestingly, some work has shown the importance of late Miocene extension in the region
related to either the internal dynamics at the deformation front of the Tell accretionary wedge
(Khelil et al., 2019) or to overall Late Miocene orogenic collapse of Northern Tunisia (Cohen et
al., 1980; Booth-Rea et al., 2018; 2020), which could explain the exhumation of these rocks to
the surface. However, the origin, exhumation and tectonic implications that these rocks have for
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the tectonic evolution of the region, and at a larger scale, for the evolution of the western
Mediterranean FTB’s, have not been satisfactorily analyzed until now.

Here, we show results of illite crystallinity for Triassic pelites and metapelites cropping out
in the Tell FTB of Northern Tunisia, suggesting that they formed an overthickened orogenic
wedge that reached epizonal metamorphic conditions. Together with extensive fieldwork and the
analysis of multichannel seismic reflection lines, these data favor a model of mid-crustal
extensional exhumation and crustal thinning of a previously thickened FTB, instead of a general
protracted Mesozoic to Cenozoic diapiric evolution for Northern Tunisia. Finally, we integrate

these findings in the tectonic evolution of FTB’s of the Western Mediterranean orogenic belts.

2. Geological setting

The Tell FTB in Northern Tunisia is part of the Alpine orogenic system that surrounds the
Western Mediterranean Liguro-Provencal, Algero-Balearic, Tyrrhenian and Alboran basins that
formed in a context of Nubia-Eurasia convergence since Late Cretaceous time (Dewey et al.,
1989). This convergent setting favored the action of other tectonic mechanisms related to
subduction, like slab roll back accompanied by slab tearing and detachment at the edges of the
western Mediterranean arcs, which also contributed to the development of these basins and their
surrounding orogenic belts (e.g. Lonergan and White, 1997; Carminati et al., 1998; Wortel and
Spakman, 2000; Govers and Wortel, 2005; Booth-Rea et al., 2007; Chertova et al., 2014, van
Hinsbergen et al., 2014; Romagny et al., 2020). Furthermore, particularly beneath continental
domains like the South Eastern Betics, Northern Tunisia or the Central Apennines, delamination
of the subcontinental lithospheric mantle driving crustal extension, magmatism and topographic
uplift, has also been proposed (Duggen et al., 2003; Martinez-Martinez et al., 2006; Di Luzio et
al., 2009; Roure et al., 2012; Levander et al., 2014; Mancilla et al., 2015; Booth-Rea et al., 2018;
Camafort et al., 2020) (Figure. 3.1).

The Tell FTB in Tunisia is represented by the overthrusted nappes of the Maghrebian Tethys
oceanic domain (Numidian Flysch) and by the underlying infra-Numidian and Atlassic
sedimentary series that deposited along the North Maghrebian passive margin during the
Mesozoic and Cenozoic (Khomsi et al., 2009; Riahi, 2010; Belayouni, 2013)(Figure. 3.2). The
infra-Numidian domain is formed by several imbricated allochthonous nappes (Rouvier, 1993,

1992; Khomsi et al., 2009). Its Internal metamorphic domain is found to the NW in the Kabylies
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in Algeria, where HP Eocene to Early Miocene rocks crop out (e.g. Bouillin et al., 1986; Bruguier
et al., 2017). Metamorphic flysch successions also occur in la Galite island, North of Tunisia
(Belayouni et al., 2010).
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Figure 3-2: Geological map of Northern Tunisia and cross-section through the studied region.

Notice the location of the analyzed Triassic pelitic samples together with the location of interpreted

reflection seismic lines. OB 48 locality corresponds to bore hole where Mahdi et al. (2013) analyzed
epizonal samples. Location in Figure. 4.1.
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Tectonic shortening in the Tell FTB was first registered as a general angular unconformity
between the Paleogene and Early Miocene series (Khomsi et al., 2009), and later by the
overthrusting of Oligocene to Late Burdigalian Numidian Flysch series over Early Miocene
foredeep sedimentary successions of Burdigalian to Langhian age (Riahi, 2010; Belayouni, 2013;
Khomsi et al., 2009; 2016; Boukhalfa et al., 2020).

Most authors consider shortening in Northern Tunisia continued throughout the late
Miocene producing folds (Melki et al., 2010, 2011; Ramzi and Lassaad, 2017). However, recent
work has reinterpreted these folds as being extensional fault-bend related roll-overs and hanging-
wall syncline structures produced during Tortonian to Messinian extensional collapse of the Tell
FTB (Booth-Rea et al., 2018; 2020; Gaidi et al., 2020). Meanwhile, shortening at the time was
accommodated further South, in the Tunisian Atlas (Bouaziz et al., 2002; Said et al., , 2011a,
b).Tectonic inversion in Northern Tunisia occurred since the Pliocene-Quaternary, marked by a
prominent angular unconformity in reflection seismic lines, developing new basin depocenters
over the footwall of reverse faults and oblique strike-slip faults (e.g. Melki et al., 2010; 2011;
Ayed-Khaled et al., 2015; Gaidi et al., 2020; Camafort et al., 2020a). Many of the reverse fault
segments formed by tectonic inversion of earlier Late Miocene normal faults, especially those
bounding sedimentary depocenters, such as the Mejerda and Mateur sedimentary basins (Booth-
Rea et al., 2018; Gaidi et al., 2020). The main fault system accommodating this late Pliocene to
Present-day convergence across Northern Tunisia is the Alia-Thibar dextral reverse fault zone,

formed by the linking of at least five different fault segments (Gaidi et al., 2020).

3. Methods

For analyzing the structure of Northern Tunisia, together with the metamorphism undergone
by the Triassic rocks of Northern Tunisia, we use a multidisciplinary approximation. We carried
out field work with structural geology emphasis, and also to sample different Triassic evaporite
bodies in the region. Our work is based on 1:50.000 geological maps of Northern Tunisia
published by the Office National des Mines (ONM), which we digitized and revised (Booth-Rea
et al., 2018; Gaidi et al., 2020). Furthermore, we interpreted several industry multichannel
reflection seismic lines from the Tunisian Company of Petroleum Activities (ETAP) that cross

through the Mejerda basin in Northwestern Tunisia. Triassic pelitic samples from different
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massifs in Northern Tunisia we analyzed using X-ray diffraction techniques to determine their

illite crystallinity.

3.1 X-ray diffraction

To avoid possible weathering effects, unaltered, clean samples were taken away from joints
and well below the surface. Samples were washed and, after coarse crushing, homogeneous chips
of the rocks were used for the X-ray diffraction (XRD) analyses. The clay fraction (<2um) was
extracted by repeated centrifugation and extraction of supernatant liquid subsequent to settling,
according to the Stokes’s law. Oriented aggregates were prepared by sedimentation on glass
slides. Whole and clay fractions were studied using a PANalytical X'Pert Pro diffractometer, with
CuKa radiation, 45 kV and 40 mA, which is equipped with an X'Celerator solid-state linear
detector. We used a step increment of 0.008° 26 and an overall counting time of 10 s/step. For
illite “‘crystallinity’” determination, samples were prepared and Kubler Index (KI) measured
according to the experimental conditions recommended by IGCP 294 IC Working Group (Kisch,
1991). Our KI values (x) were transformed into CIS values (y) according to the equation y =
0.972x +0.1096 (r = 0.970), obtained in our laboratory using the international standards of Warr
and Rice (1994). As the Kl and CIS scales are not equivalent (Warr and Ferreiro-Mahlmann,
2015) anchizone limits for the latter are 0.32-0.52 °A20. The b parameter of mica was obtained
from the (060) peak measured on slices of rock cut normal to the sample foliation (Sassi and
Scolari, 1974). Basal spacings (doo1) of micas and chlorites were obtained respectively from their
peaks (00,10) and (004). For all the measurements of spacings, quartz from the sample itself was
used as internal standard.

4. Results
4.1 lllite crystallinity

X-Ray diffraction results indicates quartz, white mica + K-feldspar + plagioclase + hematite
+ dolomite + calcite (Table 3.1). Some of the samples from the Infranumidian Triassic also
contain chlorite or cristobalite and one sample gypsum. Moreover, minerals usually linked to
low-temperature alteration processes, like smectite, kaolinite or jarosite exist in the samples in
very variable proportions.

Ilite crystallinity (K1) of the Triassic metapelites cropping out in the Tunisian Tell shows

two different populations (Table 3.1, see location in Figure. 3.2). Samples (Chemtou0O1,
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Chemtou02, MT-1, ICH-04) picked from the deep autochthonous Triassic outcrops from Oued
Belif, Hairech and Ichkeul anticlines are characterized by typical epizonal values between 0.26
and 0.30 (Table 3.1). Meanwhile, the allochthonous Triassic located at the base of the
Infranumidian nappe is characterized by a range between diagenetic values (0.57, MT-5) and
mostly anchizonal values between 0.33 and 0.47 (MT-2, MT-3, CH1, FB-01 and TA-01),
together with an epizonal value in sample MT-4.

Tableau 3-1: lllite crystallinity results and mineralogy of the studied Triassic samples

10A 5A doo1

Samples | Minerals <2p* | WF | <2y | WFE | mica | mica | chlorite
quartz, mica, Kfds, hematite, smectitet, kaolinite | 0,26 | 0,26 | 0,26 | 0,26 | 9,032 | 9,978

quartz, mica, plagioclase, hematite 0,30 | 0,28 0,28 (0,27 | 9,038 | 9,971
mica, Kfds, quartz|, jarosite 0,27 | 0,27 | 0,25 | 0,26
calcitet, kaolinite, mica, Kfds 0,29 | 0,26 | 0,30 | 0,25
quartz, calcite, mica|, plagioclase, smectite
MT-2 quartz, mica, dolomite, cristobalite 0,32 0,32(0,32|0,29
MT-3 quartz, mica, dolomite, cristobalite, Kfds | 0,34|0,31/0,32|0,28
MT-4 guartz, mica, smectite, Kaolinite, dolomite? 0,31 |0,32|0,32(0,28
MT-5 quartz, mica, chlorite, gypsum 0,57 | 0,46 | 0,56 | 0,43
CH1 quartz, mica, chlorite, hematite | ,Kfds| | 0,47 | 0,46 0,41 |0,38| 9,029 | 9,971 | 14,19
FB-01 dolomitet, mica, chlorite, quartz| 0,37 | 0,37 (0,35 14,19
TA-01 quartz, mica, chlorite, Kfds, plagioclase 0,42 |0,42|0,39|0,36 ggii 9,945| 14,21
1, |, || = qualitative indication of amount
*Anchizone limits (Warr and Ferreiro Mahlmann, 2015)
= 052 - |0,32
WF - Whole Fraction |

The number of mica b parameters in the metamorphic autochthonous Triassic outcrops is
too low to get conclusions, however, it is between 9.032 and 9.038 A, which would be
characteristic of orogenic micas grown under an intermediate P/T metamorphic gradient
(Guidotti and Sassi, 1986). Basal spacing of chlorites in the allochthonous Triassic is
considerably high (14.19-14.20), which indicates high Si content (Nieto, 1997), which, in turn,

suggests low temperature chlorites (Vidal et al., 2016 and references therein).
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4.2 Extensional detachments in reflection seismics

Seismic lines across the Mejerda basin show a prominent reflection, namely the Mejerda
detachment, cutting down at a low angle into the Atlas Cretaceous autochthonous sediments
(Seismic lines Mejerda 1, 2, 3 and 4, Figures. 3.2, 4.3 and 3.4). The hanging-wall of the
detachment is formed by Triassic rocks drilled in the Mejerda 1 drill hole (Troudi et al., 2017),
which are overlain by tilted late Miocene sediments showing progressive angular unconformities
and halokinetic intrusions over the evaporitic rocks. These extensional structures are overlain by
an angular post-rift unconformity, sealed by folded Pliocene to Quaternary sediments.
Meanwhile, the footwall of the Mejerda detachment, drilled in Mejerda 1 hole is formed by
Middle Cretaceous marly limestones. Along lines 1, 2 and 3, the Mejerda detachment deepens
towards the SW from 500 to 1800 ms at the SW border of the basin (Figure. 3.3).

Triassic evaporites form boudin type bodies together with highly-reflective packages,
interpreted as Eocene limestones, cropping out nearby, above the detachment and below the Late
Miocene sediments (Ayed-Khaled et al., 2015). Normal faults overlying the Mejerda detachment
show listric geometry, with both SW- and NE-directed kinematics (Figure. 3.3). Overall, the
normal faults cutting the Late Miocene sediments form a listric fan structure that roots into the
Mejerda detachment. Few reflectors dipping smoothly towards the NE occur in the footwall of
the Mejerda detachment, indicating a low-angle ramp geometry below the detachment. The low-
angle detachment crops out to the South, uplifted in the hanging wall of the Pliocene to
Quaternary thrust that deforms the southern margin of the basin (Gaidi et al., 2020, Figure. 3.2).
The detachment fault zone is formed by a foliated cataclastic breccia affecting different Triassic
lithologies, including red beds, dolostone and gypsum (Figure. 3.5a). This Triassic sequence that
crops out largely along the Thibar anticline is itself detached over autochthonous Early
Cretaceous marls (Mcherga Formation) that form the core of the anticlinal structure (see
Geological map in Figure. 3.2).

The Chemtou marbles and underlying Triassic metapsamnites crop out in an anticlinal
structure along the northwestern border of the Mejerda basin. This antiformal structure produces
a prominent WSW-ENE oriented ridge with a positive gravimetric anomaly all along the border
of the basin, coinciding with the Hairech and Rebiaa massifs (Amiri et al., 2011; Frifita et al.,
2020)(See cross-section A-A” in Figure. 3.2). These massifs are bounded by WSW-ENE trending

normal faults that separate the metapsamnites and marbles in their core from strongly mineralized
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Figure 3-3: Seismic cross-section composition using multichannel reflection seismic lines L1, L2 and L3 through the Mejerda basin, showing
normal fault listric fan cutting through Late Miocene sediments and rooting in the Mejerda detachment.
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Figure 3-4: Seismic reflection line L4 across the Mejerda basin, showing high-angle faults exhuming the autochthonous Atlas rocks to
the NW and tilted Late Miocene sediments overlying the Mejerda detachment. Late Plio-Quaternary folding is also evident in this line.
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Eocene carbonates and Messinian sediments to the Northwest. Meanwhile, the
southeastern border of the massifs also coincides with an WSW-ENE trending high-angle
normal fault imaged in seismic line L4 (Figure. 3.4). This normal fault cuts through the whole
structure described above rooting in low-angle reflectors at a depth of approximately 3000 ms
TWT (Figure. 3.4).

4.3 Field outcrops

Epizonal rocks occur in the Hairech, Ichkeul and Oued Belif massifs in Northern Tunisia
(Figure. 4.2). These rocks are marbles and metapsamnites formed by the metamorphism of
Jurassic limestones and underlying Triassic red-beds. Samples from the Hairech and Ichkeul
massifs show clear metamorphic foliations marked by the growth of mica and chlorite, together
with chlorite pressure shadows around porphyroblasts. Marbles in the Ichkeul massif show a
marked blastomylonitic foliation, containing a WSW-ENE stretching lineation, which in turn
is cut by a penetrative system of NW-SE trending calcite veins (Figure. 3.5b). At microscopic
scale, mica and chlorite growth define the mylonitic foliation (Sm) that cuts the older
compositional banding (So) defined by pelite-carbonate layers (Figure. 3.5c, d). These
structures are presently folded in the core of an anticline with a WSW-ENE oriented axis. The
southern limb of the anticline is cut by E-W trending high-angle normal faults with SE-directed
transport (Figure. 3.5e).

Marbles and metapsamnites from the Hairech massif also show a penetrative foliation,
marked by the growth of white mica and chlorite parallel to the lithological banding (Figure.
3.5f). However, we did not observe an associated stretching lineation. These rocks do contain
a magnetic fabric, related to a strong preferred crystallographic orientation in phyllosilicates,
interpreted as a probable syn-metamorphic stretching lineation, with WNW-ESE to WSW-ENE
orientation (Ghorabi and Henry, 1992). The Hairech massif shows an open antiformal WSW-
ENE trending structure with its northern and southern limbs cut by high-angle normal faults
with NW and SE directed transport, respectively (H. Rouvier, 1977)(cross-section, Figure. 3.2).
These normal faults bound the Messinian sediments of the Mejerda basin, both to the North and
South of the massif, and cut-mineralized outcrops of Eocene allochthonous rocks (cross section,
Figure. 3.2). Anchizonal Triassic rocks crop out along both the Northern and Southern margins
of the Mejerda basin (Samples FB-01 and TA-01, Figure. 3.2). These rocks crop out extensively
in the region forming the base of the hanging-wall of the Mejerda detachment, for example, to

the E-SE of Fernana, and in the region around Thibar (Figure. 3.2).
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Figure 3-5: a) Foliated breccia affecting Triassic rocks in the Mejerda detachment. Notice cataclastic
foliation and rotated porphyroclasts in the fault zone. b) Ichkeul marbles showing NW-SE oriented stretching
lineation (L1) and mylonitic (Sm) foliation, later cut by calcite veins. ¢) Thin section of a greenshist metapelitic
sample from the Ichkeul dome, notice Sm and SO folitations and growth of large chlorite crystals parallel to the
Sm fabric. d) Thin section showing a metapelitic band marked by white mica growth intercalated in calcite
marble. €) Normal fault cutting through the southern limb of the Ichkeul dome, with SE-directed extension. f)
Thin section of a metapsamnite from the Hairech dome, showing large white mica crystals defining a
metamorphic foliation in these rocks. g) Panoramic view of the Tell-Atlas contact near Balta. Notice the
missing infranumidian Eocene limestones, cut by a normal fault, along the supposed thrust contact between
the Numidian Flysch and the underlying autochthonous series. We relate the missing series along this contact
to extensional reworking of the original thrust contact by the activity of the Mejerda detachment.
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These Triassic rocks, are directly overlain by extensional riders of diverse rocks like the
Numidian Flysch, Eocene limestones or Cretaceous-Palaeogene Infra-Numidian sediments, and
also by tilted Late Miocene sediments (see geological map and cross section, Figure. 3.2). These
features are also observed in the seismic lines crossing the Mejerda basin (Figures. 3.3 and 3.4).
To the East of Fernana, the Mejerda detachment shows a low-angle footwall ramp, cutting down
towards the South from the Eocene to the Turonian-Santonian (cross section, Fig. 3.2). Finally,
the detachment and overlying Triassic anchizonal rocks have been folded and thrusted over the
whole sedimentary sequence of the Mejerda basin along its southern border during the Plio-
Quaternary (Gaidi et al., 2020). This tectonic inversion also affected the Northern margin of the
basin, along the Balta-Fernana thrust, a process the uplifted the Mejerda detachment in the
hanging wall of the thrust, forming the southern contact of the Kroumerie Numidian Flysch
outcrops and the Kasseb unit, over the autochthonous Atlas Cretaceous (Figure. 3.5g).

Outcrops of Triassic metapelites in the Oued Belif dome are strongly overprinted by
mineralizations and magmatic related processes (Decrée et al., 2013, 2014b; Mahdi et al.,
2013). These metamorphic rocks contrast with the overlying Paleogene and Eocene
Infranumidian sediments, marking a pronounced metamorphic gap between epizonal and
diagenetic rocks. Exhumation related structures in this region are particularly clear and
intimately related to magmatic processes, with a well-defined brittle-ductile shear zone between
the Triassic metapelites and overlying sediments, namely, the Nefza detachment (Booth-Rea et
al., 2018). The main extensional detachment produced Eastwards directed extension during the
extrusion of rhyodacites that show a magmatic foliation that is parallel to an overlying mylonitic
foliation in marbles from the footwall of the Nefza detachment ( Booth-Rea et al., 2018).
Furthermore, the magmatic evolution evolves from plutonic intrusion of granodiorites in the
Serravallian (12 Ma) to the shallower extrusion of volcanic rocks in the Tortonian (8-9 Ma)
(Decree et al., 2014).

5. Discussion
5.1 Low-temperature metamorphism in the Tunisian Tell
The new illite crystallinity data we show in this study together with previous data in the
region (Mahdi et al., 2013) manifests the presence of lower-greenschist epizonal rocks in the
core of the structurally deepest domal Triassic outcrops of Northern Tunisia (Table 3.1). These
Permo-Triassic rocks have been interpreted as forming the outcropping base of the
authochthonous Mesozoic Atlassic sedimentary cover, deposited in the North Maghrebian

passive margin (Rouvier, 1993, 1992; Booth-Rea et al., 2018). The fact that these minerals
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show clear metamorphic textures and illite crystallinity values below the limit between
anchizone and epizone imply they underwent temperatures above 300 °C characteristic of mid-
crustal depths (Frey, 1987; Merriman and Roberts, 1985; Merriman and Peacor, 1998).

Some samples contain variable proportions of smectite, kaolinite and jarosite, which are
low-temperature minerals, incompatible with the metamorphic conditions described for the
Triassic outcrops. The occurrence of these low-temperature minerals in rocks of higher
diagenetic-metamorphic grades has been often described and interpreted as the result of
retrograde diagenesis (Abad et al., 2003; Nieto et al., 2005), fluid-mediated retrograde
processes occurring under diagenetic conditions. In particular, do Campo et al., (2017) linked
the existence of jarosite in anchizonal/epizonal rocks of the Central Andes with the activity of
hydrothermal fluids producing acid type alteration, related with the posthumous activity of the
Ordovician volcanic arc; this alteration produced the widespread occurrence of retrograde
diagenesis products as smectite and kaolinite in slates and metavolcanic rocks. Similar volcanic
activity occurred in Northern Tunisia, especially obvious in the Oued Belif dome, which
together with the hydrothermal activity related to extensional faulting can easily explain the
presence of these retrograde mineral phases in the studied samples.

The infranumidian Triassic rocks cropping out above the Ghzela and Mejerda extensional
detachments, below the Numidian nappes, reached anchizonal to diagenetic conditions below
300°C. This scattering of Kl values for the Infranumidian Triassic that crops out in a large area
all along Northern Tunisia may represent original depth differences within the Tell orogenic
wedge. The diagenetic value in sample MT-5 is located to the SE, theoretically, close to the
Tell deformation front, where the Triassic is directly covered by Early Miocene fore-deep
olistostromic sediments at the Lansarine ridge (Figure. 3.2). Meanwhile, most of the samples
further towards the W or NW give anchizonal values, reflecting an original deeper position
within the orogenic wedge. Sample MT-4 with epizone values is located at the footwall of the
Ghzala extensional detachment a few meters below the fault zone, in the Jalta Pb-Zn mine. The
high-temperature reached by this sample may reflect hydrothermal alteration around the fault
zone, which has been dated as Tortonian (8-11 Ma) using Pb isotope compositions of galena
(Jemmali et al., 2014).

Meanwhile, towards the SE of the Tell orogenic wedge at the tip of the deformation front
the Triassic rocks underwent lower temperatures not surpassing diagenetic conditions. At
present, the whole nappe stack, between epizonal rocks at the base and diagenetic Numidian
series at the top has a total thickness around 3 s TWT (Booth-Rea et al., 2018) that would

correspond to around 4 km depth using a velocity of 2.7 km/s for the sediments of the Tell belt.

48



Chapter 3: Halokinesis and ductile flow during Late Miocene extension in the Tunisian Tell and
the thinning of Western Mediterranean Foreland Thrust Belts (FTB’s).

Using an orogenic intermediate P-T gradient of 20°C/km, as deduced from the micas b
parameter, this means the original Tell nappe stack, was thinned from approximately 15 to 4
km during the Late Miocene extensional event, or that the epizonal Atlas Triassic domes have
been exhumed from under 15 km overburden. This is probably a conservative estimation taking
into consideration that P-T gradients determined from metamorphic rocks in the Betics and
external Rif are closer to 15 °C/km (e.g.Azafién et al., 1998; Booth-Rea et al., 2002; Negro et
al, 2007) . This assertion is supported by the present structure of the Tell belt that shows
extensional listric fans overlying extensional low-angle normal faults at least at two different
structural levels, corresponding to the Ghzela and Mejerda detachments, and the deeper Nefza
detachment that flattens around 3s TWT (Booth-Rea et al., 2018). The Ghzela and Mejerda
detachments produced ENE-WSW directed extension cutting down into the Tell orogenic
wedge and reaching anchizonal depths, whilst the Nefza detachment reached mid-crustal depths
of approximately 15 km where deformation was governed by dynamic recrystalization creep,
producing the mylonitic foliation and WSW-ENE stretching lineation observed in the Ichkeul
massif marbles.
5.2 Halokinetic structures in Northern Tunisia

Concerning the diapiric origin of the Triassic outcrops in Northern Tunisia, our data
indicates the necessity of reinterpreting some of the halokinetic structures described in the
region. Some of the supposed diapirs have both geological and geophysical characteristics that
are at odds with a standard diapiric structure. In this respect, gravity studies in the region show
that some of the Triassic outcrops in Northern Tunisia, interpreted as diapirs, give positive
gravimetric anomalies, and are modelled using higher densities than the surrounding rocks
(Benassi et al., 2006; Amiri et al., 2011; Ayed-Khaled et al., 2012; 2015; Naouali et al., 2017).
In other cases, diapiric boundaries coincide with faults that are forced to curve in such a way
that the Triassic material that crops out at the surface above the underlying Atlas sedimentary
sequence will be rooted underneath these sediments at depth (Ayed-Khaled et al., 2015;
Marzoughi et al., 2015). Finally, the interpretation of seismic lines shows that many of the
halokinetic structures are rooted in the Triassic material overlying low-angle extensional faults
and detachments (Booth-Rea et al., 2018)(Figures. 3.3 and 3.4).

We find two main types of Triassic outcrops, the shallower of which, develop halokinetic
structures related mostly to the late Neogene extensional phase, and the deeper ones are
represented by exhumed middle crust formed by autochthonous Triassic redbeds and marbles.
The first type of Triassic bodies outcrop extensively in the Thibar, Lansarine or Bazina regions

and have traditionally been interpreted as salt canopies or glaciers overlying the Atlas
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Cretaceous series (e.g. Masrouhi et al., 2014; Ayed-Khaled et al., 2015; Amri et al., 2020).
However, these sheet-like bodies are not only overlain by Cretaceous sediments, but also by
tilted extensional riders of Eocene limestones and Late Miocene sediments, for example in
Ghzela, at the Jalta mine, and Mateur basin (Booth-Rea et al., 2018), Lansarine ridge (Gaidi et
al., 2020) or in the Mejerda basin (Seismic lines and cross section, Figures, 3.2 and 3.3). We
interpret that the shallower anchizonal to diagenetic infra-Numidian evaporites and redbeds
were originally emplaced at the base of the Numidian and Infra-numidian nappes and were later
reworked by the Mejerda and Ghzela extensional detachments and related normal faults,
developing shallow depth halokinetic structures rooting in the extensional structures. These
evaporitic outcrops form salt walls along the main high-angle normal faults, define the main
extensional detachments, and also form small diapiric bodies rooting in the LANFs (Figure.
3.3). Moreover, these structures have been re-used and inverted during the later Plio-Quaternary
shortening in the region (Gaidi et al., 2020). The deeper evaporitic bodies are found in
antiformal dome-type outcrops, where the middle crust has been exhumed in the Oued Belif,
Ichkeul and Hairech massifs (Figure. 3.2). These metamorphic domes were produced by ductile
flow and extensional exhumation of the North Tunisian orogenic middle crust during the Late
Miocene. Although, the age of the metamorphism has not been determined, final cooling of the
system is constrained by the age of widespread hydrothermal activity and magmatism that has
been dated by K-Ar and U-Pb between 12-6 Ma (Decrée et al., 2014; Jemmali et al., 2014).
Meanwhile, under thrusting of the North Maghrebian passive margin in Tunisia occurred during
the Burdigalian-Langhian (Belayouni et al., 2013), and thus, if the rocks where metamorphosed
in the resulting orogenic wedge this must have been approximately between 20-14 Ma.
5.3 Extensional exhumation in Northern Tunisia

The extensional systems worked sequentially, the first system produced mostly eastwards
directed extension during the Tortonian (=11-8 Ma) with the development of brittle LANFs like
the Mejerda, Ghzela and brittle-ductile detachments like the Nefza detachment that rooted in a
region of mid-crustal ductile stretching that deformed the mostly psammitic and calcareous
autochthonous Triassic series. However, the final exhumation of these midcrustal rocks to the
surface was accomplished by a second orthogonal extensional system, producing mostly
southwards directed extension during the Tortonian to Messinian ((=8-5) Ma. High-angle
normal faults of this later system are the structures that presently bound the mid-crustal domes
in Northern Tunisia (Figure. 3.3, cross section in Figure. 3.2).

This work shows that the main tectonic boundaries present in the Tunisian Tell were
strongly reworked during the late Miocene extensional collapse of Northern Tunisia. The
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remains of the original Early to Middle Miocene nappe pile that formed the Tell orogenic belt
are now cut and displaced by low-angle normal faults and extensional detachments that
exhumed the Tunisian middle crust during the Late Miocene (Figure. 3.6). The late Miocene
extension in Northern Tunisia propagated Southeastwards during the Pliocene to Quaternary,
affecting large regions of Central Tunisia, the Sicilian Channel and the Pelagian domain
offshore (Civile et al., 2010; Belguith et al., 2011; 2013; Arab et al., 2020)(Figure. 3.6).

5.4 Extensional tectonics and related geodynamic features of Tunisia

This tectonic model for Tunisia explains many geophysical characteristics of the region
that are not explained by a model of protracted shortening since the Cretaceous and has to be
taken into consideration when restoring and defining the main orogenic belts in Northern
Tunisia. Our work shows that allochthonous anchizonal Triassic rocks we have attributed to the
Infra-Numidian domain crop out to the South of the classical Tell boundary, indicating that the
Tell orogenic wedge originally occupied a larger region towards the South than presently
considered. Actually, the boundaries established for this orogenic belt coincide with the Present
position of active shortening structures that formed since the Pliocene, like the Alia-Thibar fault
system (Gaidi et al., 2020), which produces the main seismicity in the area (Soumaya et al.,
2015) and accommodates most of the GPS measured shortening of the region (Bougrine et al.,
2019).

Heat flow in Tunisia shows present-day values around 80-90 mW/m? with higher values
towards the E of Tunisia (Lucazeau and Dhia, 1989). This heat flow is higher than observed in
typical active FTB"s around the world (Morgan and James, 1989; Booth-Rea et Al, 2008;
Lucazeau, 2019). Furthermore, lithospheric thickness shows a strong decrease from values
above 180 km South of the Tunisian South Atlassic thrust and values around 140 (Globig et al.,
2016) and probably less under the Southern Atlas STEP boundary where negative shear wave
velocity anomalies are observed around 80-100 km depth (Radi et al., 2017). This relative thin
lithospheric thickness in Tunisia is also accompanied by abundant hydrotermalism in the region
(Dhia, 1987) and related high-temperature Fe-Zn-Pb mineralizations (>190 °C) produced since
the Late Miocene (e.g. Benchilla et al., 2003; Decrée et al., 2008; Jemmali et al., 2014; Aissa
et al., 2018), data that suggests even higher heat flow values in the Tortonian for the whole
region. Several geophysical studies support the existence of a mantle slab underlying central
Tunisia (Research group for lithospheric structure in Tunisia, 1992 ; Jallouli and Mickus, 2000;
Piromallo and Morelli, 2003; Faccenna et al., 2014; Fichtner et al., 2015.)(Figure. 3.6).
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Figure 3-6: Cartoon of the tectonic mechanisms driving mid-crustal exhumation in Northern Tunisia and
the location of exhumed middle crust in the region. Notice the age of crustal extension and thinning of the
Tunisian lithosphere across the Southern Atlas STEP boundary. Modified from Booth-Rea et al., (2018).

Extension in Northern Tunisia has been related to the E to SE retreat and peeling-back of
the slab body described above under Tunisia since the Late Miocene, which would represent
Nubian continental lithospheric mantle (Roure et al., 2012; Booth-Rea et al., 2018; Camafort et
al., 2020b). The older extensional system migrated eastwards, towards the direction of slab
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retreat, and was thus, probably related to shearing at the base of the lithosphere through basal
drag, by asthenospheric flow behind the retreating slab, as suggested for other retreating
subduction systems like the Helenic and Calabrian arcs (Jolivet et al., 2018). Meanwhile, the
later southwards directed extension was accompanied by important topographic uplift that
migrated towards the E-SE in the late Miocene (Salaj and B. Van Houten, 1988), reaching the
eastern coast of Tunisia in the Quaternary. This extension and the related topographic uplift we
propose associated with flexural and isostatic rebound in response to the peeling back and
tearing of the Algerian-Tunisian slab, a tectonic mechanism that followed behind the retreating
slab. This tectonic mechanism drove active extension, magmatism, hydrothermalism and
topographic uplift in the region. Slab retreat was favored by slab tearing or detachment at the
edge of the system along the Southern Tunisian Atlas thrust front that has been interpreted as a
dextral STEP boundary that continues active at Present day (Booth-Rea et al., 2018; Camafort
et al., 2020b; Soumaya et al., 2020)(Figure. 3.6)

5.5 FTB extension in the Western Mediterranean

The structure of the Tell in Northern Tunisia resembles strongly the one observed in other
external FTB’s of the Western Mediterranean, like the External Rif domain in Morocco, where
middle crust was exhumed in the Temsamane massif during the Tortonian ( Negro et al, 2007;
Booth-Rea, 2012; Figure.3.1). The Betics FTB also has metamorphic rocks that underwent
pumpellyite-actinolite facies metamorphism under approximately 300°C and 4-5 kbar (Puga et
al., 1988; Morata et al., 1994), which were probably exhumed through extensional tectonics
(Azafion et al., 2012; Rodriguez-Ferndndez et al., 2013). At the same time, deeper HP/LT rocks
from the subducted Iberian passive margin were also exhumed from mid-crustal depths, under
the allochthonous hinterland rocks, by ductile-brittle detachments in the Betics (e.g. Jabaloy et
al., 1993; Martinez-Martinez et al., 2002; Booth-Rea et al., 2005; 2015;). In all cases, the
extensional structures affect the external FTB structure developed during the Early to Late
Miocene in the Rif, Betics and Tell orogenic belts (Figure. 4.1). Extension propagated behind
the FTB development, exhuming rocks from mid-crustal depths of the previously established
accretionary wedge (Booth-Rea et al., 2012, 2020). Abridging, the structure observed in
Northern Tunisia is comparable to other FTB’s in the Western Mediterranean that were
extended between the Middle Miocene and Recent (e.g. Carmignani and Kligfiel, 1990; Ghisetti
and Vezzani, 2002; Booth-Rea, 2012; Rodriguez-Fernandez et al., 2013; Moragues et al., 2018,
Figure.3.1). Although, several works suggest that extension in these FTB’s is related to the

internal dynamics of the accretionary wedge, for example, to changes in the basal friction
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related to the presence of underlying evaporites (Jimenez-Bonilla et al, 2016; Khelil et al.,
2019), and this may be the case, in other cases, extension has resulted in a marked thinning of
the crust under the FTB domain and exhumation of metamorphic rocks. In these later cases,
where the crust shows thickness below 30 km, for example, in the eastern Betics and eastern
Rif, Mallorca and northern Tunisia ( Research Group for Lithospheric Structure in Tunisia,
1992; Mancilla et al., 2015; Mancilla & Diaz, 2015) we suggest extension was related to the
propagation of the edge of the subduction system under the FTB domain. Thus, the same
tectonic mechanisms corresponding to slab tearing and subcontinental lithospheric
delamination determined the extensional collapse of FTB’s all around the Western
Mediterranean in the Betics, Rif, Tell and Tunisian Atlas, mostly during the late Miocene
(Figure. 3.6).

Future work should analyze the age and P-T conditions reached during the metamorphism
of the Northern Tunisia extensional domes and the actual extent of the low-angle detachments
described here, further South in the Atlas orogenic belt. Furthermore, deep geophysical
soundings are necessary to understand the lithospheric structure of Tunisia and the existence or

not of an attached lithospheric mantle slab under the region.

6. Conclusions

Our data support an alternative tectonic mechanism to diapirism and protracted shortening
since the Cretaceous in Northern Tunisia, which corresponds to Late Miocene crustal extension
of a previously overthickened orogenic wedge. lllite crystallinity shows that most of the Triassic
outcrops in Northern Tunisia are made up by very low-grade metamorphic rocks that underwent
epizonal or anchizonal conditions. We find two different types of Triassic outcrops,
corresponding to overthrusted sheet type bodies intercalated in the remains of the extended
Tellian thrust stack, which underwent mostly anchizonal metamorphism, and domal type bodies
where the deeper autochthonous Atlas Triassic crops out metamorphosed under epizonal
conditions. These second rooted outcrops show evidence of ENE-WSW directed ductile
shearing under lower-greenschist facies metamorphism at temperature above 300 °C in the
footwall of extensional detachments.

Seismic reflection lines in the Mejerda basin show a conspicuous reflector reworking the
Infra-Numidian Triassic that corresponds to the Mejerda detachment. The hanging wall of the

Mejerda detachment is formed by Infra-Numidian, Numidian and Late Miocene sedimentary
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rocks cut by a listric fan of normal faults. The footwall shows a low-angle ramp geometry
cutting down into the autochthonous Atlas Cretaceous sediments. This extensional system is
cut by later normal faults that root at depths of 3s TWT that finally exhume the folded Triassic
epizonal Ichkeul, Hairech and Oued Belif metamorphic domes.

Shortening during the Late Pliocene to recent inverted the Late Miocene extensional
systems, folding the extensional domes and inverting previous normal faults, driving the
development of the present topography of Northern Tunisia and establishing the present thrust
boundaries between the Tell and Atlas orogenic belts.

The mid-crustal exhumation observed in Northern Tunisia is analogous to the one
described in other FTB’s of the western Mediterranean like the Betics and Rif, where
delamination and tearing of the lithospheric mantle propagated under the continental FTB
domains. Extension of the Western Mediterranean orogenic arcs propagated out of the back arc
basins, affecting the external foreland domains of the Gibraltar, Calabrian and Tunisian arcs.
Extension was polyphasic, with two orthogonal systems. The older system extended towards
the direction of slab retreat and was probably driven by asthenospheric drag at the base of the
lithosphere. Meanwhile, the later system, producing extension transverse to the direction of slab

retreat was related to isostatic and flexural rebound that trailed behind the retreating slabs.
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Northern Tunisia

Active shortening structures in Northern Tunisia have developed by tectonic inversion
since the Pliocene, after Late Miocene extensional collapse of the whole region. Restored Plio-
Quaternary deformation observed on reflection seismic lines indicates deformation rates around
0.6-0.8 mm/yr in the studied segments and larger amounts of shortening to the West of Northern
Tunisia (16%) than to the East (7%), which suggests tectonic inversion started earlier to the
West and later propagated eastwards, reaching Northeastern Tunisia in the Late Pliocene. This
shortening is registered on striated pebbles in Quaternary alluvial terraces and fault-slip data
giving two populations of strain ellipsoids with N-S and WNW-ESE maximum shortening.
Morphometric analysis in combination with field fault segmentation mapping show that
topographic uplift and drainage rejuvenation occurs in relation to 20-30 km long ENE-WSW
reverse fault segments and related antiforms that are offset and linked by E-W to WNW-ESE
dextral and NE-SW-oriented sinistral faults. The largest fully linked fault system is the Alia-
Thibar fault. This 130 km long fault zone shows an helicoidal geometry with five different fault
segments, including reverse, dextral, sinistral and oblique faults. Due to the young age of
tectonic inversion, after late Miocene extensional collapse of the region, the present relief of
Northern Tunisia is characteristic of a young thrust and fold belt, with dominating axial valleys
along synforms and an incipient transverse drainage development propagating from West to
East.

* Most of the content of this chapter corresponds to the following article: Gaidi, S., Booth-Rea, G., Melki, F.,

Marzougui, W., Ruano, P., Pérez-Pefia, J. V., ... & Galve, J. P. (2020). Active fault segmentation in Northern
Tunisia. Journal of Structural Geology, 104146. https://doi.org/10.1016/j.js9.2020.104146
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1. Introduction

Morphotectonic analysis has greatly advanced the capacity to investigate the relationships
between active tectonics, geomorphic processes and landscape development. Tectonic-driven
rock uplift will favor erosion, driving channel incision, headwards stream advance, fluvial
captures and in general producing landscape rejuvenation processes (e.g. Ouchi, 1985; Jackson
and Leeder, 1994; Whipple and Tucker, 1999; Keller, E.A., and Pinter, 2002; Pérez-Pefia et al.,
2010). The use of morphotectonics in tectonically active regions is a powerful tool for mapping
fault segmentation patterns, obtaining relative rates of tectonic uplift, among fault segments, or
related to particular structures like folds and faults.(e.g. Bull, W.B., and McFadden, L., 1977,
Dumont et al., 2005; Pérez-Pefia et al., 2009; Giaconia et al., 2012a; 2012b; 2013).
Furthermore, morphometry can be used for differentiating between active and inactive
mountain fronts in regions with changing tectonic settings (e.g.Ferrater et al., 2015). An
empirical relationship has been found between power-law scaling rules for rivers and
denudation rates in several active orogens (Kirby and Whipple, 2012; Azafion et al., 2015),
which permits the use of channel normalized steepness index (Ksn) as a proxy for denudation
rates (e.g. Kirby and Whipple, 2012; Azafién et al., 2015; Wang et al., 2018) . Consequently,
the use of morphotectonic tools like topographic metrics of hillslope and catchment and channel
morphology are appropriate for analyzing the relationships between channel incision and the
geometry, segmentation and activity of tectonic structures like folds and fault systems in
orogenic regions like the Western Mediterranean.

The active fault segmentation pattern of Tunisia has been analyzed under two different
scientific approaches. Geophysical data like seismicity, focal mechanisms inversion and GPS
movement suggest that the main active fault systems in Tunisia are large E-W and NW-SE
oriented, 500-600 km long, dextral fault zones with minor reverse and sinistral fault splay
terminations (Rabaute and Chamot-Rooke, 2014; Soumaya et al., 2018; Bougrine et al., 2019).
These are the NW-SE Gafsa and the E-W Gardimau-North Constantine fault systems that
explain well the GPS movements measured in Algeria (Bougrine et al., 2019). However, the
more traditional view on fault segmentation in Northern Tunisia based on field mapping
proposed that the main active and recent faults, are 100-150 km long NE-SW oriented sinistral-
reverse faults (e.g. Bouaziz et al., 2002; Melki et al., 2010, 2011; Essid et al., 2016), together
with conjugate NW-SE dextral 100-200 km long faults like the Gafsa fault in SW Tunisia (e.g.
Zargouni and Ruhland, 1981; Said et al., 2011a; Ben Hassen et al., 2014). In some case these
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faults are suggested to be longer, entering Algeria, like the Tebessa-El Alia fault that would be
270 km long (Bejaoui et al., 2017).

Active faults in Tunisia formed and are related to the continuous convergence between
Africa and Eurasia since the Late Cretaceous-Palaeogene. The Tunisian Tell and Atlas thrust
and fold belts formed in this general convergent setting with main shortening phases in the
Eocene, Early and Late Miocene and the Quaternary (Zargouni, 1984; Frizon De Lamotte et
al., 2000; Mzali and Zouari, 2006; Mashrouhi et al., 2007; Khomsi et al., 2009, 2016; Melki et
al., 2010, 2011; Said et al., 2011a, b; Essid et al., 2016). Large NE-SW sinistral-reverse strike-
slip faults like the Alia-Teboursouk, Cap-Serrat Gardimau, Ras El Korane-Thibar, Tunis-Ellés
and Zagouan faults are proposed as the main structures accommodating this convergence,
together with associated folds, supposedly cored by Triassic evaporites (e.g. Perthouisot and
Jauzein, 1974, Melki et al., 2012; Bejaoui et al., 2017).

The most accepted tectonic model for Northern Tunisia suggests that the sinistral-reverse
strike-slip faults nucleated along previous Mesozoic diapiric structures probably inverting
Jurassic-Cretaceous rifting-phase normal faults (Perthouisot et al., 1999; Hatira et al., 2000;
Bedir et al., 2001; Ben Chelbi et al., 2006; Melki et al., 2010; Ayed-Khaled et al., 2015; Naouali
et al., 2016). This Cretaceous extension and associated diapirism also resulted into Triassic
evaporitic bodies interlayered between Cretaceous sediments, which were interpreted as salt
canopies (Vila, 1995; Vila et al, 1996; Ghanmi, M., 2001; Masrouhi et al., 2012, 2013, 2014;
Ayed-Khaled et al., 2015).

Although, tectonic inheritance from the Mesozoic rifting phase must be an important factor
determining the geometry of present-day tectonic structures in Northern Tunisia, other work
proposes that these contractive structures formed during Plio-Quaternary tectonic inversion
after extensional collapse in a NW-SE convergent setting during the late Miocene (Booth-Rea
et al., 2018; 2019). This late Miocene extension produced extensional fault-bend related roll-
overs and hanging-wall synclines, which had been previously interpreted as shortening
structures (e.g. Frizon de Lamotte, et al., 2000; Ramzi and Lasaad, 2017). This extension was
driven by mantle slab dynamics related to the SE-directed retreat of the underlying Algerian-
Tunisian continental mantle lithospheric slab (Roure et al., 2012; Booth-Rea et al., 2018).
Continued Pliocene to Present Africa-Eurasia convergence folded and inverted the extensional
structures, leading to the development of classical tectonic inversion features (Booth-Rea et al.,
2018).

The objective of this contribution is to use a combined morphotectonic and structural

geology analysis to re-evaluate the geometry, displacement, activity and tectonic segmentation
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of the main active shortening structures accommodating NW-SE plate convergence North of
the Mejerda valley in northern Tunisia. To constrain the active fault segment network and its
influence on local rock-surface uplift we have carried out a morphotectonic and drainage
analysis using GIS based morphometric tools like gridded hypsometry analysis and channel
steepness index (Ksn). Furthermore, we carried out several field campaigns with structural
emphasis in the region, taking fault-slip data and determining the geometry and kinematics of
the main faults. We digitized the geological maps of northern Tunisia, mapping in some cases
new undescribed faults and folds that affect Plio-Quaternary sediments. This work was
supported by the re-interpretation of industry reflection seismic profiles and a restoration of
Pliocene to Quaternary folding and reverse thrusting deformation using MOVE™ software.
Finally, we distinguish the active fault system from the earlier folded Late Miocene extensional
faults and detachments. The combination of morphometry, structural analysis and seismic
reflection interpretation has helped elucidating the structure, segmentation geometry and
displacement of the main active faults presently accommodating NW-SE convergence in

northern Tunisia.

2. Geological and geodynamic settings

The Tunisian Tell and Atlas foreland thrust belts form the southeastern end of the Western
Mediterranean orogenic system (Figure. 4.1). Thus, these belts share many common features
with other orogenic belts in the region like the Betics, Rif, or the Calabrian arc. The western
Mediterranean orogenic system has formed in response to Africa-Eurasia convergence since
the late most Cretaceous (e.g. Dewey et al., 1989), together with the contribution of other
tectonic mechanisms related to lithospheric dynamics like slab roll-back, slab tearing, or
peeling back of the continental lithospheric mantle (e.g. Lonergan et al., 1997; Carminati et al.,
1998; Faccenna et al., 2004, 2014; Spakman and Wortel, 2004; Govers and Wortel, 2005;
Fichtner et al., 2015; Mancilla et al., 2015). This seems to have occurred also in the Tunisian
Tell-Atlas arc, which has an underlying high-velocity anomaly interpreted as a mantle slab
(Piromallo and Morelli, 2003; Faccenna et al., 2014; Fichtner et al., 2015).
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Figure 4-1: Tectonic map of the western Mediterranean with its main basins and orogenic arcs,
modified from Booth-Rea et al. (2018, 2018). GPS movement towards fixed Africa from (Bougrine et al.,
2019) and (Nocquet, 2012). Fault pattern along Algeria-Tunisia based on Kherroubi et al., 2009, Rabaute
and Chamot-Rooke (2014) and Aidi et al., 2018.

This slab underlies a wide section of the autochthonous African Atlas foreland region and
thus, is interpreted to be partly of continental lithospheric mantle nature (Roure et al., 2012;
Booth-Rea et al., 2018).

Crustal shortening is recorded in Tunisia since the latemost Cretaceous, with folds and
thrust faults sealed by Oligo-Miocene sediments in the Atlas and Tell domains (e.g. Frizon de
Lamotte et al., 2009; Khomsi et al., 2009, 2016; Said et al., 2011b), however, the main thrusting
related to the northwestwards subduction of the Tethys oceanic lithosphere under Eurasia is
registered in the Tunisian Tell foreland thrust belt by the tectonic superposition of Oligocene
to Early Miocene Numidian flysch sediments over the autochthonous sediments of the
Maghrebian passive margin during the Burdigalian to Langhian (e.g. Riahi et al., 2010;
Belayouni et al., 2013) . The thick-skinned domain and hinterland of this subduction system is
preserved in northern Algeria where the Kabylies metamorphic rocks overlie the Numidian
Flysch units (e.g. Monié et al., 1988; Saadallah and Caby, 1996). Meanwhile, shortening
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propagated southeastwards into the Atlas foreland thrust belt during the Late Miocene to
Present (Bouaziz et al., 2002; Said et al., 2011a, b) .

Late Miocene extension in Northern Tunisia produced the collapse of the Early Miocene
thrust stack. Extensional Low-Angle Normal Faults (LANFs) cut and reworked the previous
Early to Middle Miocene thrusts that formed the nappe structure in the Atlas-Tell belts. LANFs
exhumed the underlying Atlas sedimentary sequence, including low-grade metamorphic rocks,
from below the allochthonous Numidian Flysch and Infranumidian sedimentary sequences
(Booth-Rea et al., 2020). Late Miocene extension in Northern Tunisia was coeval to crustal
shortening further south in the southern Atlas foreland fold and thrust belt (e.g. Said et al.,
2011b). Moreover, extension propagated southeastwards affecting offshore areas of the Gulf of
Tunis during the Pliocene (Melki et al., 2010) and the Sicily channel, forming the Pantelaria
rift in the Plio-Quaternary (Civile et al., 2010; Belguith et al., 2013) .

Tectonic shortening during the Plio-Quaternary inverted the late Miocene extensional
systems in northern Tunisia, folding extensional low-angle normal faults and detachments and
re-using normal faults (Booth-Rea et al., 2018). This shortening phase, frequently referred to
as the Villafranchian event (Burollet et Al, 1978; Burollet, 1991), is well known in Tunisia,
driving the activity of large NE-SW sinistral-inverse and E-W dextral faults (Bouaziz et al.,
2002; Melki et al., 2010, 2011; Alyahyaoui and Zouari, 2014; Bejaoui et al., 2017) and
continues at Present (Mejri et al., 2010b; Soumaya et al., 2015, 2018; Bougrine et al., 2019;
Hamdi et al., 2019). Active seismicity and GPS movement data from Algeria suggest that the
Tunisian Atlas foreland thrust belt is still propagating towards the SE, towards fixed Africa,
coeval to dextral shearing along the NW-SE South-Atlassic STEP boundary, which active
segment is the Gafsa fault, and also along E-W faults in Northern Tunisia (Soumaya et al.,
2018; Bougrine et al., 2019) (Figure. 4.1).

Contrasting tectonic mechanisms affect the topography of Northern Tunisia at different
wavelengths. At short wavelengths active thrusts are driving the development of transverse
drainage basins with high hypsometric integrals, high Ksn values and associated nickpoints
(Camafort et al., 2020) . Meanwhile, at larger wavelengths, the filtered topography of northern
Tunisia shows an ENE-WSW gradient, transverse to the Africa-Eurasia convergence direction
that could be related to mantle dynamics, i.e., slab pull processes under the Sicily channel and
Gulf of Gabes and asthenospheric upwelling to the east under the South-Atlassic dextral STEP
fault (Camafort et al., 2020).
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3. Lithology and Geological basemap

Our work is based on the 1:50.000 Office National de Mines (ONM) geological maps of
Northern Tunisia, later rasterized, revised and modified after the fieldwork carried out in
collaboration with the ONM and the University Of Tunis EI Manar. A smaller portion of this
newly compiled map, its stratigraphy, tectonostratigraphic subdivisions and corresponding
references were published in Booth-Rea et al. (2018). According to this work, and following
(Rouvier, 1987, 1990) and Khomsi et al., (2009), the lithological sequence in northern Tunisia
can be grouped in different domains corresponding from bottom to top to the autochthonous
Atlas domain, the infra Numidian parautochthonous units, the Numidian Flysch units and the
overlying Neogene to Quaternary sedimentary cover (Figure. 4.2 and Figure.4.3).

Generally, at a single locality, the rock sequences appear incomplete do to the late Neogene
extensional phase that affected the region, producing lithological omissions (Figure. 4.3).

So, the sedimentary sequence columns are seldom complete, being instead, built by joining
fragmentary information from different outcrops. Commonly, the most competent lithologies,
like Jurassic and Eocene limestones form brittle boudin-like discontinuous outcrops, whilst the
more plastic lithologies like Paleogene shales and Triassic gypsum form more continuous
stretched outcrops and localize deformation related to extensional low-angle normal faults
(Figure. 4.3). The sedimentary lithologies of Northern Tunisia are highly erodible, although
there are some contrasts between less erodible rocks like, Triassic metamorphosed red beds,
Jurassic marbles, Oligocene Numidian sandstones and Eocene or Cretaceous carbonates and

the more erodible Cretaceous and Palaeogene clays and marls.
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Figure 4-2: Geological map of the studied region in Northern Tunisia with the location of studied reflection seismic lines, wells
and geological cross section. Location in Figure.3.1
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Figure 4-3: Lithological sequences in Northern Tunisia. Figure based on lithostratigraphy, cross-
sections (AA’) and seismic line in Booth-Rea et al. (2018).

3.1 North Maghrebian passive margin units

The north-Maghrebian passive margin units, corresponding to the autochthonous Atlassic
and parautochthonous Infranumidian units, include a complete Mesozoic to Cenozoic series
from the Triassic up to the Early Miocene (Figure.4.3). The Triassic red beds and Jurassic
limestones of the autochthonous Atlas domain are characterized by having low-grade
metamorphism, which is not observed in the overlying Infranumidian evaporate rich Triassic
sequence (Booth-Rea et al., 2018) . The Atlas domain Triassic to Early Jurassic sequence only
crops out in three localities at the footwall of late Miocene extensional detachments in the Oued
Belif, Jendouba and Ichkeul massifs (Figure. 4.2 and 4.3). The Cretaceous is formed from top
to bottom by Early Cretaceous M”cherga marls, Aptian carbonates, Albian to Santonian marls
(Fahdéne and Kef formations) with intercalated Turonian carbonates. Campanian to
Maastrichtian Abiod Formation carbonates culminate the series (Figure. 4.3). The Palaeocene
is characterized by black clays of the ElI Haria formation. The Eocene starts with Ypresian
carbonates of the Boudabbous/Garia formations that are formed respectively by deep
globigerine facies and shallow nummulitic facies. Meanwhile, the rest of the Eocene sequence
is represented by the Souar Lutetian to Priabonian marls. Oligocene fluvial quartz-rich

sandstones of the Fortuna formation culminate the Palaeogene series (Figure. 4.3). Early
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Miocene glauconitic marls with glauconitic sandstone intercalations deposited in the Atlas
Domain during the main thrusting period in Northern Tunisia (e.g. Belayouni et al., 2013).
3.2. Numidian Flysch

The Numidian Flysch domain is characterized by Oligocene to Early Miocene turbiditic
quartzarenites and clays (Riahi, et al., 2010; Belayouni et al., 2013) that formed the sedimentary
cover of the Tethys ocean. Locally, this domain includes an underlying late Cretaceous to
Eocene series (Riahi, 2010). Although, in most cases the Oligo-Miocene part of this domain is
detached from its underlying sequence, mostly due to Late Miocene extension. The Oligo-
Miocene Numidian formation reaches a thickness of up to 2.5 km with basal Oligocene-
Aquitanian clays of the Zouza member, followed and interdigitated with the Aquitanian to Early
Burdigalian Khroumirie Sandstone and clay member. This sequence is capped by Early to Late
Burdigalian silexites and marls of the Babouch member (Riahi, 2010).

3.3. Neogene to Quaternary

The Neogene to Quaternary sedimentary cover in Northern Tunisia includes an Early
Miocene, Late Burdigalian to Early Langhian, sequence of sandy marls with glauconitic
sandstone intercalations that deposited coeval to the main thrusting event in Northern Tunisia
(Mannai-Tayech, 2006; Riahi, 2010) . Moreover, this formation occurs in piggy-back basins
with an olistostromic sequence, including debris flows and large Eocene olistoliths in the region
of Lansarine, which deposited upon the Infranumidian Triassic series. This glauconitic
formation is followed by transitional-facies syn-rift molassic formations of Middle to Late
Miocene age drilled to the East of the studied region in the Kechabta basin (e.g. Melki et al.,
2011; Alyahyaoui and Zouari, 2014)(Figure. 4.3). Late Miocene syn-rift molassic sediments
also occur in the Mejerda and Jendouba basins to the West of the studied region and along
uplifted domains like the Lansarine ridge to the North of the Mejerda valley (Masrouhi et al.,
2007). Early Pliocene marine clays of the Rafraf formation overlie the post-rift unconformity
to the East of the studied region (Burollet et al, 1951; Melki et al., 2011). To the west in the
Jendouba basin the Pliocene to Quaternary post-rift sequence is fully continental and not well
dated. The Late Pliocene is represented by the Porto-Farina shallow marine sandstones with
clay intercalations in northeastern Tunisia (e.g. Burollet et al, 1951; Melki et al., 2011; Bejaoui
et al., 2017 and references therein).

The Quaternary is represented by unconformable alluvial conglomerates, fluvial terraces,
calcareous crusts, aeolian sands and shallow marine terraces along the coastal areas (Oueslati,
1989; Mejri et al., 2010b; Melki et al., 2011; Bejaoui et al., 2017) .
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4. Methods

To characterize the most active zone in the North of Tunisia we analyzed the drainage
network through the study of morphometric patterns and gradient indices. Morphometry has
been deemed as a useful tool to relate drainage anomalies and distinctive patterns to tectonic
activity. In this paper, we have analyzed the drainage network through the Chi and ksn metrics
and the landscape dissection by means of a gridded hypsometric analysis.

We use two different resolution DEMs, a high resolution 10 m DTM available for the
northwest of Tunisia to extract the main drainage system, and a 30 SRTM DEM to analyze the
hypsometry in a slightly wider area. Whereas drainage network and ksn metrics are sensitive to
DEM resolution, hypsometric analyses yield similar results with different DEM resolutions
(Pérez-Pefia et al., 2009b).

4.1. Hypsometric analysis

The hypsometric curve and the hypsometric integral (HI) are valuable tools for
characterizing topography because they are correlated with the stage of geomorphic
development of the landscape (Strahler, 1952; Willgoose et al., 1998; Pérez-Pefia et al., 2009a,
2009b). In this work, we followed the methodology proposed by Pérez-Pefia et al. (2009b) to
spatially analyze hypsometry. This methodology computes HI values for regular squares
instead of values for basins and sub-basins and then applies spatial-autocorrelation techniques
to recognize possible spatial patterns. Since we do not use drainage basins, HI values do not
strictly represent a measure of dissection but instead, how rapidly elevation changes within each
square (Van der Beek, P., & Braun, 1998). This method has shown to be very useful to analyze
the topographic signal produced by active tectonic structures and it is thought to be capable to
identify areas with different uplift rate (Pérez-Pefia et al., 2009b; Siddiqui and Soldati, 2014),
and it is more effective than analyzed individual hypsometric curves since it is capable to record
spatial topographic variations.

We selected a grid size of 1 km and used a DEM of 30 m of pixel resolution to derive HI
values. Once the HI values were computed from the grid squares, we performed a hot-spot
analysis by calculating the Getis-Ord spatial statistics with a threshold search distance of 3.5
km. This distance corresponds with half the approximate width of the main structures in the

region.
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4.2. Chi and ksn metrics

Graded rivers show an exponential relationship between channel slope (S) and up-stream

area (A) (Hack, 1957). This well-known relation is described by the power-law:
S =ksA™®

where ks is the channel steepness-index and & the concavity index (Flint, 1974). This
power-law relation has been used in several tectonic studies, since different area-slope relations
can be due to active tectonics, changes in river bed lithology, and/or climate (Wobus et al.,
2006; Kirby and Whipple, 2012; Burbank et al., 2013; Whipple et al., 2013; Bellin et al., 2014;
Scotti et al., 2014). Concavity index (©) varies in natural channels in a narrow range, between
0.3 and 0.6 and is somehow less sensitive to differences in uplift rate, lithology and/or climate
variations in steady state landscapes (Kirby and Whipple, 2012; Whipple et al., 2013). By the
contrary, steepness index (ks) is highly sensitive to all the mentioned factors. As ksn and & are
highly auto correlated, in practice most studies have used the normalized steepness index (ksn).
This index is computed by considering a reference concavity (©ref) (Wobus et al., 2006; Kirby
and Whipple, 2012; Burbank et al., 2013; Whipple et al., 2013).

One of the most robust analysis to derive the ksn index is through the Chi metric (Perron
and Royden, 2013). This metric result from the integration of the power-law equation
mentioned above as follows:

z(x) = z(x0) + ksn * y

This linear equation relates the Chi (y) metrics and river profile elevation by a linear
equation, thus allowing the direct estimation of the ksn index as the slope of the line. This
method considerably reduces the scattering that logarithmic area slope plots produce (Perron
and Royden, 2013). In this work we have calculated ksn and chi indexes for all pixels of a
drainage network extracted from a 10 meters resolution DEM with an area threshold of 0.5 km?
(5000 cells) and a orer of 0.45. The use of the latter value allows comparisons of results with
previous works in the Betics(Bellin et al., 2014; Scotti et al., 2014; Azafion et al., 2015), being
also a standard value taken in other studies (Kirby and Whipple, 2012; Perron and Royden,
2013; Willett et al., 2014). However, in this work we calculated the ksn index for each pixel in
chi-elevation orthogonal space by using a moving window with 10 pixels up and down-stream,
instead of calculating for river segments as in other studies (Bellin et al., 2014; Scotti et al.,
2014; Willett et al., 2014). Moreover, the estimation of ksn is made by linear regression with

the values of chi and elevation within the moving window, thus ensuring the best quadratic fit.
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This approach ensures a minimum point sample of 20 pixels for each ksn estimation and also
allow to estimate enough points to interpolate a ksn anomaly map for the study area.
4.3. Seismic reflection profiles

We interpreted industry multichannel seismic reflection lines from the Tunisian Company
of Petroleum Activities (ETAP) for determining the deep structure of the Jendouba and Mateur-
Utique basins in Northern Tunisia. We chose seismic lines transverse to the main active
shortening structures so as to determine the seismic stratigraphy of the sedimentary infilling
related to active thrusting, and the age and amount of shortening (Figure. 4.2).

Seismic interpretation was aided by the use of 2DMOVE software (®Midland Valley
Exploration Ltd, 2011) to create balanced and restored cross sections. We extrapolated our
mapping information at depth with the aid of deep drill holes in Northern Tunisia (Mej1 and
UTQL1 boreholes), tied to our interpreted lines with crosscutting seismic lines (Figure. 4.2).
Using the borehole information we obtained seismic velocities of 2200 m/s in the Jendouba
basin and of 2100 m/s in the Utique basin for transforming the Plio-Quaternary sedimentary
infilling to depth in the seismic lines.

4.4. Structural kinematic data

During several field missions, we have measured fault slip data and determined fault
kinematics using rotated porphyroclast tails, riedel faults, fault offset, etc. Furthermore, we have
measured several stations of striated pebbles in Quaternary fluvial and alluvial conglomerate
deposits in the studied region.

For each striae on the pebble surface we measured the orientation of the striae and the
tangent plane on the pebble surface that contains the striae, following the Ruano and Galindo-
Zaldivar (2004) method. Fault-slip data and striated pebbles affecting Plio-Quaternary
sediments were analyzed using the simple geometrical Right Dihedra method (Angelier, J., &
Mechler, 1977) and the Search Grid Method, SGM (Galindo-Zaldivar, and Gonzélez-Lodeiro,
1988), a stress inversion method based on the minimization of the deviation of real and
theoretical striae for the fault population based on (Bott, 1959) equation. The use of different
fault analysis methods guarantees the reliability of the obtained results. Stress tensors are given
with orientation of maximum (o1), intermediate (c2), and minimum (o3) stress and the value of
R (stress ratio in Bott’s equation; (Bott, 1959),

R = (62 — d3)/(01 — a3).
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5. Morphotectonic results

Northern Tunisia is mostly characterized by a smooth topography and low elevation with

maximum altitudes around 1100 m. The main drainage system is the axial Mejerda River that
runs from SW to NE from Northeastern Algeria towards the Sicily channel to the North of
Tunis. This SW-NE directed axial drainage pattern is also followed by other smaller catchments
like the Tine, Joumine and Sejnane Oueds that drain into the Ichkeul Lake (Figure. 4.4) and
transverse short rivers draining towards the NW at the Northern coast of Tunisia.. During the
Quaternary the Mejerda River has expanded its catchment area by capturing other parallel axial
valleys like the Tine River to the North and also others rivers towards the S (Camafort et al.,
2020). Short transverse rivers drain towards the NW along the Northern coast of Tunisia.
Ksn and gridded Hi results are generally low, especially in Northeastern Tunisia (Figure. 4.4
and 4.5). However, within the studied region there are some areas with high ksn and
hypsometric integral high values. Some of these regions with high ksn and gridded Hi results
coincide with the location of the hanging-wall of reverse faults and associated antiformal
structures that affect Quaternary sediments (Figure. 4.5). Other anomalies however, occur over
regions where faults are inactive and other processes like fluvial captures, may be influencing
higher incision rates and drainage rejuvenation (Camafort et al., 2020).

The highest ksn values and larger clusters of high gridded-Hi values are obtained in two
areas of the Kroumirie Tellian region, between the localities of Fernana and Nefza (anomalies
1 and 2 in Figures. 4.4 and 4.5). Although, this region is mostly formed by Numidian Flysch
outcrops, the areas with high ksn values also occur over highly erodible rocks, like cretaceous
marls, of the deeper infranumidian and Atlas domains. Anomaly 1 lies between Ain Draham
and and Nefsa, mostly in an area of Kroumirie sandstones in the hanging wall of a Miocene
normal fault that exhumes the Infranumidian sequence under the Numidian Flysch (Figures.
4.2, 4.5). Anomaly 2 with E-W orientation, slightly N of Balta-Fernana, does not follow the
trace of the Tellian or Numidian thrust front, but also overlaps the underlying Atlas Cretaceous
sequence (Figure. 4.2). Thus, although this anomaly has been previously related to a lithological
contrast (Camafort et al., 2020), it probably reflects the activity of a reverse fault unmapped up
to date, although with present thrust-related seismicity (Soumaya et al., 2015). This fault could
be related with the Jbel Sra and Jbel Sabbah anticlines to the NE (Figure. 4.5). The drainage in
this area describes hairpin loops around anticlinal closures in Infranumidian Eocene limestones

of the Kasseb unit and also related to fluvial captures (Figure. 4.4).
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Furthermore, transverse drainage basins of the Mejerda River cut across the anomaly 2,
capturing previous basins that drained towards the NE (Camafort et al., 2020, Figure. 4.4).

Northern Tunisia is crossed from SW to NE by a domain with high ksn and gridded Hi
values running from the locality of Thibar-Teboursouk in the S to Ghar EI Melh to the NE
(anomalies 3, 4, 5, 6 and 7 in Figures. 4.4 and 4.5). The anomalies 4, 5, 6 and 7 match the
northern segments of the Alia-Teboursouk but anomaly 3 appears displaced to the NW of the
main fault trace (Figures. 4.4 and 4.5) towards the Thibar ridge.

Other smaller-scale regions with high ksn and hypsometric integral values occur in the
studied area. In most cases they show SW-NE orientation, parallel to anticlinal ridges cored by
Cretaceous Atlas sediments and sinistral-reverse faults in the center of the studied region nearby
Tahint and Joumine (region 8 in Figures. 4.4 and 4.5). Similar domains also occur near the
coastline in Cape Negro and in Sidi Mechreg, associated to folds in the Numidian Flysch units
(anomaly 9 in Figures. 4.4 and 4.5) and to the Northwest of lake Ichkeul in Jebal Girmach in
relation with a reverse fault and associated anticlinal ridge (anomaly 10 in Figures. 4.4 and 4.5).

6. Structural and fault segmentation results for Northern Tunisia

We present a new map of active shortening structures in Northern Tunisia (Figure. 4.2 and
4.5). This map has resulted from the combination of a morphotectonic study with fault analysis
and new structural mapping. In red, we differentiate active structures from older inactive
extensional faults marked in black (Figure. 4.5). The faults mapped as active in most cases cut

Quaternary alluvial fans and fluvial terraces and have associated high morphometric anomalies.

6.1. Fault kinematic data and striated pebbles

Fault and striated pebble kinematics were determined in many of the main active fault
segments and deformed Quaternary fluvial terraces and are shown in stereographic projections,
and in some cases with kinematic arrows in Figure. 4.6.We have measured striated pebbles in
many of the faulted and folded Quaternary fluvial terraces that support a recent N-S to NW-SE
shortening event in Northern Tunisia (Camafort et al., 2020, together with new data herein,
Figure. 4.7). The obtained stress tensors are compatible with the orientation of observed pebble
solution pits in the field. In some stations (e.g. 28 in Figure. 4.7), two stress tensors were

obtained.
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Figure 4-6: Faults and striated pebbles slip data and joints measured in Northern Tunisia. Lower hemisphere stereographic projections. Active
structures in red. Legend in Figure. 3.2
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The order of the stress tensors depends only on the abundance of striae corresponding to
each faulting phase and it is not related to its age. In some locations, the striated pebbles where
measured on folded fluvial conglomerates, for which we have determined stress tensor

calculations both without and rotating the strata to horizontal.
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Figure 4-7: Stress field for Northern Tunisia determined from striated pebble data measured on Plio-
Quaternary and Miocene sediments. Notice, progressive PlioQuaternary deformation registered by two
different stress tensors in single stations in some station. R, axial ratio (R = (02 - 03)/(c1 - 03)). Station

location in Figure. 3.6
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Striated pebble stations in the strongly dipping Quaternary sediments show vertical pit
solutions indicating a prolate stress ellipsoid with vertical o1 and resulting in radial extension
(Figure. 4.7). This suggests that the striated pebbles have been rotated towards vertical during
folding at the footwall of the thrust. When the stratification is rotated to horizontal, these
stations give mostly NW-SE sub horizontal shortening (Figure. 4.7). For stress-inversion we
have also analyzed striated-pebble stations measured by (Camafort et al., 2020). Furthermore,
in some case we have analyzed striated pebbles on the two limbs of an outcrop-scale anticline
(station 23, Figure. 4.7; Tab. 4.1).

The stress inversion of the slip data in pebbles from fold limbs give two different stress
tensors, with the main shortening axis plotting along a great circle normal to the fold axis
(stations 23, 28 and 3_4, Figure. 4.7). These two stress tensors may reflect that the pebbles were
striated during Quaternary progressive folding of the strata.
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Tableau 4-1: Summary of stress tensors and stress orientations obtained from striated pebble analysis. Locations in Figure. 4.6. Successive columns
indicate: Station name and their geographical coordinates (latitude and longitude); age of the rocks; phase number (Ph)

22 36.8234 9.7720 Pleistocene 1 252/67 106/20 12/12 0.07 10 13 120/82
22_Rotated 36.8234 9.7720 Pleistocene 1 119/30 295/60 028/02 0.05 10 13
23 E 36.4660 9.2725 Pleistocene 1 135/09 031/56 230/33 0.6 11 14 097/35
23_e_Rotated 36.4660 9.2725 Pleistocene 1 319/22 062/30 198/51 0.61 10 14
23_W 36.4660 9.2725 Pleistocene 1 318/63 216/06 123/26 0.57 9 13 092/85
2 058/30 218/59 323/09 0.55 6 13
23_W_Rotated 36.4660 9.2725 Pleistocene 1 114/23 007/34 231/47 0.54 9 13
2 195/48 082/20 337/35 0.16 8 13
28 36.7737 9.3874 Pleistocene 1 282/55 182/07 088/34 0.13 13 18 160/90
2 205/58 048/30 312/10 0.18 11 18
28_Rotated 36.7737 9.3874 Pleistocene 1 190/17 057/66 285/16 0.11 13 18
2 024/12 291/16 150/70 0.31 9 18
30 36.7504 9.4049 Pleistocene 1 260/38 018/32 136/36 0.77 12 14 176/40
30_Rotated 36.7504 9.4049 Pleistocene 1 294/24 200/08 093/65 0.76 11 14
56 36.9577 9.7288 Miocene 1 142/02 250/84 52/06 0.95 14 20 080/65
2 025/50 182/38 281/11 0.76 11 20
1.4% 36.5680 9.3301 Pleistocene 1 172/09 051/72 265/15 0.28 17 23
2.1* 36.7388 9.4692 Pleistocene 1 118/01 208/18 026/72 0.3 13 17
2 030/08 299/06 173/80 0.08 7 17
2.7* 36.7750 9.4992 Pleistocene 1 000/08 090/00 180/82 0.06 15 21
3.4* 37.0617 9.7384 Pleistocene 1 338/06 124/83 248/04 0.09 12 21 320/35
2 342/37 226/30 109/39 0.82 10 21
3.4_Rotated 37.0617 9.7384 Pleistocene 1 160/29 324/62 067/07 0.09 12 21
2 337/04 245/26 075/64 0.82 10 21
6.1* 36.8397 9.6153 Pleistocene 1 133/08 041/16 248/72 0.05 18 22
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6.2. Results from the interpretation and balancing of reflections seismic lines

ETAP reflection seismic lines shot along the NW-SE direction of regional convergence
image very clearly an Early Pliocene post-rift unconformity that is cut and folded by the active
shortening structures (Figure. 4.8 and 4.9). Furthermore, both the seismic data and field analysis
show that late Miocene extensional faults are presently being inverted under strike-slip and
reverse kinematics. This tectonic inversion has been described in the Mateur basin region (Booth-
Rea et al., 2018), but it is also evident to the SW in the Jendouba basin. Line L1 runs with N-S
orientation across the Jendouba basin, cutting the main bounding fault to the south of the basin,
namely the dextral strike-slip Ghardimaou fault (Hamdi et al., 2019). This line shows a clear
post-rift erosive angular unconformity between the late Miocene sediments and the Plio-
Quaternary (Figure. 4.8). The Plio-Quaternary shows a wedge-type geometry, thickening
towards the south where it is cut by a reverse fault located at the base of a thick package of tilted
late Miocene sediments, corresponding to an extensional rider. Thus, this reverse fault inverts
and re-uses a previous low-angle normal fault. Meanwhile, the late Miocene sedimentary
sequence shows several tilted blocks cut by normal faults with ramp-flat geometries and both
northward and southward tectonic transport. These normal faults root in a detachment in Triassic
evaporite, which overlays autochthonous Cretaceous Atlas sediments, drilled in the Mejerda 1
drill hole (Figure. 4.2, (Troudi et al., 2017). This line shows that shortening along the southern
margin of the Jendouba basin is partitioned by both vertical dextral strike-slip and a low-angle
reverse fault that inverts a late Miocene southward directed extensional normal fault. However,
shortening is minor and has not undone the Late Miocene extension. A similar structure is
observed in the N-S oriented Line L2, although, the Plio-Quaternary depocenter shows a thicker
infilling, reaching depths of 1s TWT that correspond to approximately 1100 m. Line L2 shows
clearly the erosive nature at the base of the Plio-Quaternary, which directly overlies Triassic
evaporites drilled in Mejerda 1 bore hole (Troudi et al., 2017). A second angular unconformity
marks the base of the Quaternary sequence that shows only very gentle folding and is cut by the
reverse faults along the South of the Jendouba basin (Figure. 4.9).

77



Chapter 4: Active Fault segmentation in Northen Tunisia

M2 : Messinian

M1 : Serravallian-Tortonian *’

Figure 4-8: ETAP multichannel reflection seismic line L1 that runs across the Jendouba basin
showing the synrift M2 late Miocene sediments and the later Pliocene

The age of Plio-Quaternary shortening can be well established to the East of Northern
Tunisia, where the stratigraphy of this sequence is well known from bore-holes and field work
(e.g. Burollet et al, 1951; Melki et al., 2011; Harrab et al., 2013; Alyahyaoui and Zouari, 2014;
Ramzi and Lassaad, 2017) . The basal post-rift Early Pliocene unit, corresponding to the Raf-Raf
formation, shows a tabular geometry, with no evidence of syn-depositional deformation related
to shortening or extension (Booth-Rea et al., 2018). Meanwhile, the Late Pliocene Porto Farina
and overlying Quaternary sediments do show thickness variations and onlap relationships that
are related to the activity of folds and reverse faults. Thus, tectonic inversion in Northeastern
Tunisia must have initiated in the late Pliocene after 3.2 Ma.
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Figure 4-9: ETAP Multichannel reflection seismic line L2 showing shortening structures and the
Early Pliocene folded post-rift unconformity. Location in Fig. 3.2.

We have determined the amount of Late-Pliocene to present shortening restoring two NW-
SE to N-S oriented seismic lines in Northern Tunisia using MOVE software. In the first place we
have chosen line 3 from Booth-Rea et al. (2018) that is parallel to the direction of shortening and
shows clearly the geometry of the sedimentary infilling and reverse faults inverting previous Late
Miocene normal faults and related folds (Figure. 4.10a). This line has a total length of 34.5 km
and we obtain 2.5 km of shortening after restoring the line to its Early Pliocene geometry, before
being inverted. This represents 7 % Late Pliocene to present shortening in the region traversed
by Line 3, without considering layer-parallel shortening, and a shortening rate of approximately
0.8 mm/yr since 3.2 Ma for this segment of Northern Tunisia. In second place, we restored the
Plio-Quaternary shortening in Line L2 that crosses the Jendouba basin from North to South
(Figure. 4.2 and 4.10b). Here, the general wedge geometry of the Plio-Quaternary infilling,
fanning towards the reverse faults at the southern margin of the basin, suggests their deposit
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to N-NW directed thrusting. The age at the base of the post-rift sediments, corresponding

to the Segui Formation, is not well constrained although, most probably latemost Messinian to

Early

Pliocene (Mannai-Tayech, 2006). This line shows several reverse blind faults and

associated anticlines that invert late Miocene normal faults within the Jendouba basin.

Furthermore, two large reverse faults occur to the south of the seismic line, bounding the southern

margin of the basin. The line has a total length of 19.2 km and we obtain a total shortening of 3.1

km since the Early Pliocene. This represents 16 % shortening across the Jendouba basin and a

tentative shortening rate of 0.6 mm/yr since 5.3 Ma.
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Figure 4-10: MOVE™ restoration of Pliocene to Quaternary shortening in seismic
lines L2 (A) and L3 (B). See text for explanation. H, Heave; S, Slip; T, Throw

80




Chapter 4: Active Fault segmentation in Northen Tunisia

6.3. Fault segmentation pattern

The active faults in Northern Tunisia show a strong segmentation, forming long fault
systems, of linked fault segments with variable orientation and kinematics. The main fault system
coincides partly with the previously proposed Alia-Teboursouk sinistral-reverse fault (Melki et
al., 2011). Especially in its northern segments, but towards the SW, we observe a dextral offset
in the morphometric anomalies to the North of Oued Zarga, together with a lack of a
morphometric anomaly further south, between Mejez el Beb and Oued Zarga (Figures. 4.4 and
4.5). Furthermore, we have identified a dextral strike-slip fault, namely the Zarga fault, which
links two uplifting regions with related morphometric anomalies, corresponding to the Thibar
and Lansarine ridges. These data suggest a different active fault segmentation pattern to the
previously proposed Alia-Teboursouk fault, which is depicted quite clearly by the
morphotectonic analysis that indicates active uplift along the northern limb of the Thibar
anticline. Moreover, this model is further supported by the large thickness of syntectonic Plio-
Quaternary sediments on the footwall of the Thibar reverse fault system in the Jendouba basin
(Ayed-Khaled et al., 2015; Khelil et al., 2019), sediment thickness that is not found on the
footwall of the Teboursouk fault segment. Following these results, we have renamed the fault
system to Alia-Thibar fault. This fault zone, which we analyze in more detail below, shows an
overall helicoidal geometry with a length of 130 km (Figure. 4.5).

The central segments of the fault zone are subvertical dextral transcurrent faults that occur
near the locality of Oued Zarga (Figure. 4.2 and 4.5; 4.11A). Meanwhile, towards the SW these
segments link with the SE-dipping Thibar sinistral-reverse fault segments and towards the NE it
shows three different segments, starting with the NW-dipping Tebourba reverse fault segment
(4.11A), following the NW-SE sinistral Jebel Baouala segment (Figure. 4.11B) and ending
towards the North in a horstail-splay structure with several ENE-WSW to E-W oriented reverse-
dextral faults like the Ghar el Melah and Utique fault segments (Figure. 4.11C). Overall, this
fault system shows an helicoidal geometry, with a dextral vertical segment in the middle and
terminating in reverse fault segments dipping in opposite senses towards the NW and SE. This
is a relatively common geometry of transcurrent faults described in other regions (e.g. Booth-
Rea et al., 2004; Giaconia et al., 2013). Towards the north, the Tebourba fault also links with the
E-W dextral Dhkila fault (Camafort et al., 2020).
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Friassic

Figure 4-11: A) Dextral fault plane from the Oued Zarga fault zone, cutting through Eocene
limestones. B) Tebourba reverse fault segment, with Triassic gypsum overthrusted over Quaternary alluvial
conglomerates. C) Jebel Sakak sinistral-reverse fault segment of the Alia-Thibar fault zone. Notice Triassic

Infranumidian rocks overthrusting reversed Miocene sediments. D) Folded Plio-Quaternary sediments in
the hanging-wall of the Utique dextral-reverse fault, with the Utique depression to the right, at the footwall
of the fault. E) Lansarine extensional detachment. Notice tilted Tortonian to Messinian sediments tilted over
SE-dipping extensional detachment cutting down into a footwall ramp formed by Cretaceous Atlassic
sediments (C). To the SE you can see a dextral strike-slip segment of the Oued Zarga fault cutting
Infranumidian Triassic rocks that overlie Jurassic Atlassic sediments (J).

6.3.1. Ghar el Melah-Utique reverse segments
These fault segments form the northern termination of the Alia-Thibar fault system. They
occur in a low-land region with active sedimentation at the mouth of the Mejerda River. Thus,
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they cut and deform a complete sequence of Pliocene to Present sediments, which facilitates
dating and restoring the shortening in this region (e.g. Mejri et al., 2010). Two reverse faults with
SE-directed transport cut the surface near the localities of Ghar el Melah and Utique, respectively
(Figure. 4.5, 4.11 C). A third reverse fault and associated blind fold also occurs further south,
only observable on reflection seismics. The Ghar el Melah has an onshore length of 34 km,
although probably continues towards the East, offshore. The faults show a NE-SW to E-W
orientation. Measured striae along the E-W segment of the Ghar el Melah fault indicate reverse-
dextral oblique kinematics (Figure. 4.6). The Utique reverse fault clearly inverts a previous NW-
dipping normal fault (Seismic line L3, Booth-Rea et al., 2018). Finally, the structure of the largest
Jebel Kechabta anticline is resolved to the north with a NW-directed blind thrust observable also
on Line L3. These reverse faults merge towards the west into a NNE-SSW oriented sinistral fault
segment bounding Jebel Sakak-Baoula (Figure. 4.5).
6.3.2. Jebel Sakak-Baoula sinistral segment

The Jebel Sakak segment shows subvertical and NW dipping strands with nearly pure
sinistral strike-slip kinematics with a length of approximately 25 km. It separates Triassic
Infranumidian sediments to the northwest from Neogene to Quaternary sediments in a synformal
structure to the East (Figure. 4.11 B). (Amri et al., 2020)
6.3.3. Tebourba reverse segment

The Tebourba reverse fault segment runs with a NE-SW orientation for 22 km from the West
of Tebourba until Oued Zarga to the SW. This fault dips strongly towards the NW, thrusting
Triassic and Cretaceous rocks over Plio-Quaternary sediments of the Mejerda valley (Figure.
4.11 D). Early Pleistocene alluvial fan sediments are verticalized in the footwall of the fault. The
hanging-wall of the fault defines a NE-SW oriented ridge cored by the autochthonous Atlas
Cretaceous. Erosion at the core of this uplifting anticlinal ridge has exhumed the underlying
structure that developed during the late Miocene extensional phase. This fold affects a Late
Miocene extensional low-angle normal fault with E-SE tectonic transport and overlying
extensional riders (Gibbs, 1984) formed by Early Miocene to Messinian sediments deposited
over the allochthonous Infranumidian nappe (Figure. 4.11E). The LANF shows a gentle footwall
ramp geometry cutting down into the Early Cretaceous-Jurassic sedimentary sequence (Cross-
section A-A’", Figure. 4.12). Meanwhile, the hanging-wall of the LANF includes Late-Miocene
syn-rift sediments overlying a tilted Early to Middle Miocene olistostromic piggy-back basin and
its allochthonous infranumidian nappe Triassic basement. The Tebourba fault rock is mostly
formed by strongly sheared Triassic gypsum and red beds over-thrusting Quaternary alluvial and
colluvial sediments (Booth-Rea et al., 2018) (Figure. 4.11 D).
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6.3.4. Oued Zarga dextral segment

The Oued Zarga fault segments run with a WNW-ESE orientation linking two oblique-
reverse fault zones with opposite vergence. This fault zone with dextral kinematics is formed by
several parallel fault segments that cut and displace the folded Oued Zarga Plio-Quaternary
synclinal basin and the Mejerda valley. The fault zone has both dextral reverse and dextral-
normal fault segments, thus developing both positive and negative flower structures (e.g. Figure
4.12). The fault zone is marked by elongated outcrops of Triassic rocks within autochthonous
Atlas Cretaceous and Palaeogene sediments (Figure. 4.2).
6.3.5. Thibar reverse-sinistral segment

The Thibar fault segment runs with a NE-SW orientation along the southern margin of the
Jendouba basin. It reaches 34 km length from Thibar towards the NE. Near Thibar it shows a
dextral offset along a lateral ramp of approximately 5 km that probably takes advantage of a Late
Miocene normal fault. Along most of its trace it separates Triassic red-beds on its hanging-wall
from late Miocene sediments or Plio-Quaternary ones on its footwall. It shows several sets of
striae with both pure reverse and oblique sinistral kinematics, with NW-directed hanging-wall
transport. This reverse fault system continues, offset to the southwest of Thibar, with a more
easterly direction and with dextral-reverse kinematics (Hamdi et al., 2019). However, the seismic
reflection lines that cut the southern border of the Jendouba basin further East show that the main
fault is a low-angle reverse fault that inverts a previous southward directed normal fault (Figure.
4.8).

Lansarine Normal Fault Oued Zarga fault Tebourba

osp WNW  ---rormrmommmmmmeees R o} Reverse Fault
: % ESE
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Figure 4-12:Cross-section across the Lansarine uplifted block, showing exhumed extensional
detachment and overlying tilted late Miocene sediments cut by the later
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7. Discussion

Combining field structural analysis, mapping, reflection seismics and morphometric indices
we have obtained a new map of active tectonic structures and their segmentation in Northern
Tunisia (Figure. 4.2, 4.5). This map offers a different pattern of fault segmentation than
previously established and supports a present fully transpressive tectonic setting in response to
Africa-Eurasia NW-SE convergence for the region, in accordance with stress inversion of focal
mechanism solutions (Soumaya et al., 2015, 2018). A tectonic context that is further supported
by the stress ellipsoids determined from striated pebbles in Quaternary alluvial fans and fluvial
terraces that give maximum horizontal N-S to WNW-ESE shortening (Camafort et al., 2020 and
our own results, Figure. 4.7). We actually obtain two different populations of strain ellipsoids
with N-S and NW-SE main shortening axis. WNW-ESE shortening is obtained in the proximity
of dextral strike-slip faults like the Oued Zarga and Dkhila faults (stations 2_1, 6 1 and 30,
Figure. 4.7), suggesting that these faults may produce stress rotation in their proximity, as
observed in oceanic transform faults (e.g.Angelier et al., 2004).

We have identified new active faults that influence the landscape of Northern Tunisia by
cutting drainage basins and affecting rock uplift rates. These shortening structures developed
after a phase of Late Miocene crustal extension that strongly modified the Tell and Atlas Early
to Middle Miocene foreland fold and thrust belts (Booth-Rea et al., 2018). This change in tectonic
setting is marked by the development of a Pliocene erosive post-rift unconformity that was later
folded in the Late Pliocene to Present in Northeastern Tunisia (Figure. 4.8 and 4.9). Many of the
Pliocene to Present reverse faults are inverting previous Late Miocene normal faults. For
example, along the southern Margin of the Jendouba basin and also in the Mateur-Utique region
to the East (Figure. 4.8).

The active faulting segmentation and folding pattern of Northern Tunisia, characterized by
20 to 30 km long SW-NE oriented fault segments, is mimicked by both ksn and gridded Hi
morphometric results, which draw positive morphometric anomalies located over active
shortening structures (Figure. 4.4 and 4.5). The morphometric analysis has highlighted especially
the increase in incision rates produced in the hanging-wall of reverse and oblique reverse faults
and active antiformal ridges. Anomaly 1 in the Kroumirie massif shows SW-NE high ksn values
that run parallel to some segments of the sinistral strike-slip Cap Serrat-Gardimau fault zone.
However, no anomaly follows the full published length of this fault zone. Furthermore, reflection
seismics and field work has shown that this fault is a low-angle normal fault with SE-directed
transport that was active during the late Miocene (Booth-Rea et al., 2018) . The geometry of the

morphometric anomaly suggests that only a short segment of this fault, West of Nefza, is
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presently being inverted as a reverse fault with NW-directed transport. The main active faults in
the Kroumirie region related to anomaly 2 (Figures. 4.4, 4.5) do not coincide with the previously
mapped thrusts bounding the main tectonostratigraphic Tellian and Atlas domains. On the
contrary, the main fault uplifting this domain is out of sequence respect to older thrusts and steps
up through the Atlas domain towards the NW (Ould Bagga et al., 2006). It shows an E-W
orientation between the localities of Balta and Fernana within the Atlassic domain and later turns
to a NE-SW orientation, parallel to the Jebel Sabah and Jebel Sra antiforms, which are locally
bounded by sinistral-reverse faults (Figures. 4.2, 4.5). Thus, the Kroumirie region is being
uplifted as a pop-up between two reverse faults with NW transport to the north and SE-directed
transport to the S (Figure. 4.5).

The morphometric analysis has also shed light into the effects of transverse drainage
development on topographic dissection in Northern Tunisia. Several domains with high ksn and
gridded Hi values occur headwards of capture sites and 90° deflections in the drainage system
formed in relation to headward erosion across antiformal ridges or the hanging wall of reverse
faults. This is the case of high ksn values in the Joumine River basin, near Joumine. A process
that has also been described at a larger scale in catchments at the South of the Mejerda basin
(Camafort et al., 2020). The Mejerda river also has a transverse affluent across the Balta-Fernana
reverse fault that has captured a basin that drained towards the NE, with high ksn and gridded Hi
values in its headwaters (anomaly 2, Figure. 4.5).

The higher order rivers in Northern Tunisia like the Mejerda, Tine or Joumine rivers mostly
follow regions with low gridded Hi and ksn values, at the footwall of the main thrust faults,
forming large axial valleys that run from SW to the NE (Figure. 4.4). This drainage pattern with
dominant longitudinal valley development is characteristic of young foreland thrust belts (e.g.
Babault et al., 2012) . A feature that supports the young Pliocene age for tectonic inversion and
development of the presently active shortening structures in Northern Tunisia, even though plate
convergence across the region initiated in the Cretaceous (e.g. Dewey et al., 1989).

Our study shows that the general model of several parallel 100 km long NE-SW sinistral
reverse faults and associated anticlines cored by diapirs, active since the Early Miocene,
generally established for Northern Tunisia, must be revised. Also, tectonic models that use long
500-600 km fault zones to fit GPS measured horizontal movement do not agree with our
observations. Instead, our analysis shows the existence of many shorter, reverse, sinistral and
dextral faults, together with related folds, developed since the Pliocene, which are
accommodating the present NW-SE shortening in the region. Only in one case we find a 130 km

long highly-segmented fault system, namely the Alia-Thibar fault. This fault system shows an

86



Chapter 4: Active Fault segmentation in Northen Tunisia

helicoidal geometry with at least five different 20 to 30 km long fault segments. Overall, the fault
zone shows a central E-W dextral segment corresponding to the Oued Zarga fault that links two
domains with opposing reverse kinematics. To the West, the NE-SW Thibar reverse fault
segment bounding the southern border of the Jendouba basin shows NW-directed transport.
Meanwhile, towards the East the Oued Zarga fault links with mostly SE-directed reverse faults
like the Tebourba fault and the Ghar el Maleh-Utique horse tail splays (Figure. 4.5). The Alia-
Thibar fault zone determines the position of the main Plio-Quaternary sedimentary basins in
Northern Tunisia that occur at the footwall of its reverse fault segments along the Mejerda
depression.

The restoration of the Pliocene to Present shortening in Northern Tunisia using reflection
seismic lines L2 and L3 indicates differential shortening from W to E. We obtain 16 % shortening
across Line L2 in Northwestern Tunisia and 7% across line L3 in Northeastern Tunisia. This
difference in amount of shortening probably reflects a younging of contractional inversion from
West to East (Figure. 4.13). Tectonic inversion in Northeastern Tunisia started in the Late
Pliocene during the deposit of the Porto-Farina marine formation. To the West, however, we do
not have an age constraint of the base of the Plio-Quaternary Segui continental formation that
could probably be older, even Messinian-Early Pliocene (Mannai-Tayech, 2006). This younging
towards the East of the tectonic inversion phase may have followed after the phase of late
Miocene extension that also propagated from the West towards the East (Booth-Rea et al., 2018).
Our morphotectonic results also show a higher degree of topographic dissection towards the
Northwest of Tunisia where the maximum ksn values are obtained, together with larger domains
of high gridded Hi values (Figure. 4.4 and 4.5). Results that also may reflect the younging of
tectonic inversion towards the Northeast of Tunisia.

Reverse faults in a 35 km section (Line L3, Figure. 4.10B) through Northeastern Tunisia are
accommodating shortening rates of approximately 0.8 mm/yr since 3.2 Ma. These values are
lower than the predicted 1.5 mm/yr from GPS displacement analysis (Bougrine et al., 2019).
However, our work shows that shortening is not accommodated along a single fault, but instead,
it occurs across different shorter fault segments distributed in a wider region. Meanwhile, E-W
displacement rates along dextral segments like the Oued Zarga fault are probably larger as they
link regions with opposite displacement senses (Figure. 4.13).

The combination of reverse and dextral linked fault segments in Northern Tunisia can
probably explain the observed GPS displacements, without the necessity of the single 500 km
Gardimau-North Constantine dextral-oblique fault zone that was used for modeling them

(Bougrine et al., 2019). Thus, NW-SE shortening and E-W dextral displacements required in
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Northern Tunisia to explain GPS-measured displacements is distributed along a wide region with
multiple short 20 to 30 km long faults and related folds.

This pattern of shortening and dextral shearing, along short 20-30 km long fault segments
distributed throughout Northern Tunisia instead of along a single 500-600 km long dextral-
reverse fault as modelled from GPS displacement results, probably fits better the moderate
seismic risk predicted for Northern Tunisia with seismic magnitudes below 7 and a designed
ground acceleration range between 0.154 and 0.3 g (Mourabit et al., 2014).

The tectonic evolution observed in Northern Tunisia since the Late Miocene shows many
parallelisms with the rest of the Western Mediterranean, where recent tectonic inversion is
affecting areas previously extended in the Late Miocene (e.g. Billi etal., 2011). Although, in this
case, tectonic inversion initiated in the Late Pliocene, later than along more western regions of
Algeria and the Southeastern Betics, where renewed shortening initiated in the latemost
Tortonian to Messinian (e.g. Booth-Rea et al., 2004; Déverchére, 2005; Domzig et al., 2006;
Mauffret, 2007; Giaconia et al., 2015), but earlier than further East in the Thyrrenian basin where
tectonic inversion is younger than 2 My (Billi et al., 2011; Zitellini et al., 2019). Shortening
structures in Northern Algeria propagated offshore, further North in the Plio-Quaternary,
suggesting a northward migration of deformation, probably explained by in-sequence north-
verging propagation of deformation (Recanati et al., 2019).This westwards younging of tectonic
inversion also seems to be observable at the scale of Northern Tunisia and it must have initiated
after the end of crustal extension, which also propagated in a similar fashion during the late
Miocene, probably following the SE retreat of the peeling-back African lithospheric mantle
((Roure et al., 2012; Booth-Rea et al., 2018)
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8. Conclusions

Northern Tunisia is accommodating a great part of the present NW-SE Africa-Eurasia
convergence in the region. Most of the active shortening structures in Northern Tunisia
developed since the Pliocene in a tectonic inversion phase that propagated from West to East,
reaching Northeastern Tunisia in the Late Pliocene. Thus, many of the active thrusts in the region
reuse Late Miocene normal faults. Furthermore, enhanced erosion in the uplifting hanging-wall
of the main shortening structures has favored the exhumation of the Late Miocene extensional
detachments and associated structures. Shortening ranges between 16 and 7 %, decreasing from
W to E. The fault system accommodating plate convergence in Northern Tunisia is strongly
segmented with ENE-WSW to NE-SW reverse faults, E-W to NW-SE dextral faults and NNE-
SSW sinistral ones. The individual fault segments range between 10 and 30 km long. The largest
linked fault system is the Alia-Thibar fault zone that reaches a length of 130 km and includes at
least 5 different fault segments with an overall helicoidal geometry. We have characterized the
landscape response to this convergent tectonic setting by topographic metrics of hillslope and
catchment morphology calculating the normalized steepness index (ksn) and gridded
hypsometric integral. The distribution of high ksn values and gridded Hi in the region strongly
mimic the fault segmentation in Northern Tunisia, especially, defining the regions overlying
reverse faults and related anticlinal ridges. Furthermore, both ksn and Hi maps show an East to
West gradient in the degree of topographic dissection compatible with the increase in tectonic
shortening and age of the inversion structures towards the West. In some case the high ksn and
Hi clusters occur headwards of fluvial captures and 90° deflections in the fluvial channels,
indicating higher fluvial dissection in response to the development of transverse drainage. The
landscape of Northern Tunisia is characteristic of a young fold and belt region with dominant
axial valleys coinciding with the footwall of the main faults and/or along syncline structures.
This current young topography related to Pliocene to Present shortening in Northern Tunisia, in
a convergent setting since the Cretaceous, indicates that Late Miocene extension completely
dismantled the previous foreland thrust belt structure and associated topographic features. A
process that resulted in a new SW-NE topographic gradient towards the main direction of
extension and crustal thinning at the end of the Messinian. Tectonic inversion and development
of new shortening structures accommodating NW-SE plate convergence in Northern Tunisia
followed the trend observed at a larger scale in the western Mediterranean, with shortening
propagating from central Algeria towards the East, from the late Miocene up to the Quaternary

in the Tyrrhenian.
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Chapter 5: Analysis of the Geological Controls
and Kinematics of the Chgega Landslide
(Mateur, Tunisia) Exploiting Photogrammetry

and INSAR Technologies

Exploration of territories not previously analyzed by landslide experts provides interesting
findings. The Chgega landslide, in northern Tunisia, represents a paradigmatic mass movement.
It can be classified as a complex landslide, or more specifically as vast rock spreading that
evolved into a block slide. It involves a great block of limestone (about 900 m long and 400 m
wide) sliding over ductile clays and marls. The viscoplastic creep of the clays drives the landslide
and creates, in its crown, a graben ~800 m long and ~120 m wide that breaks the summit of
Chgega Mountain. Using Interferometric Synthetic Aperture Radar (InSAR) technologies, we
demonstrate that this complex landslide is currently active and moreover shows progressive
movement without clear episodic accelerations. The velocity of the limestone block is just above
2 mm/yr. The occurrence of gravity-induced joints indicates that the movement has an orientation
towards 333° of azimuth on average, conditioned by the landscape around Chgega. These results
were obtained through the analysis of a 3D model and a high-resolution orthoimage created from
photographs acquired by an Uncrewed Aerial Vehicle (UAV). We may conclude that the
landslide movement is determined by normal faults with directions NO60°E and N140-150°E.
This characterization of the Chgega landslide can serve as the basis for future studies about the
origin of this slope movement. Furthermore, the data provided here may support the recognition

of Chgega as a singular geological point that deserves to be declared a geosite.

* Most of the content of this chapter corresponds to the following article: Gaidi, S.; Galve, J.P.; Melki, F.; Ruano,
P.; Reyes-Carmona, C.; Marzougui, W.; Devoto, S.; Pérez-Pefia, J.V.; Azafidn, J.M.; Chouaieb, H.; Zargouni, F.;
Booth-Rea, G. Analysis of the Geological Controls and Kinematics of the Chgega Landslide (Mateur, Tunisia)
Exploiting  Photogrammetry and  InSAR  Technologies. Remote  Sens. 2021, 13, 4048.
https://doi.org/10.3390/rs13204048.
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1. Introduction

The development of landslide research in countries not traditionally involved in this topic,
together with continuous exploration of further territories, will surely shed new light on mass
movements and emblematic landslides. The largest known landslide in the world was recently
described along the coast of Kara-Bogaz-Gol lagoon (Turkmenistan) (Aslan et al., 2021). In this
paper we present another outstanding landslide, identified in Northern Tunisia, on Chgega
Mountain. It can be considered paradigmatic of its kind in the Mediterranean basin because of
the particular landscape it creates, classified by (Gaidi et al., 2020) as a “rock spreading”.
According to (Pasuto and Soldati, 2013) , there are two types of rock spreading phenomena: one
developed in homogeneous rock masses and another that involves rigid rock formations
overlying ductile terrains, as in this case. Still, the classification of this landslide is complex, as
we explain in this paper. It may be categorized as a Deep-seated Gravitational Slope Deformation
(DGSD) according to (Pasuto and Soldati, 2013) or as a rock spreading that evolves into a large
rock planar slide. The latter can also be called block slide according to the recent classification
developed by (Hungr et al., 2014). These terms describe slow-moving landslides that involve
large slopes and that produce peculiar gravity-induced landforms. The areas where such
landslides occur typically show persistent joints, double ridges, uphill-facing scarps, infilled
troughs, trenches, gulls, grabens, pseudo-karst features, and bulges (Pasuto and Soldati, 2013).
In the subsurface, this type of landslide also generates crevice caves (term used by (Halliday and
McKelvey, 2004)). Good examples can be found in the non-karstic cavities described in the
flysch units of the Western Carpathians (Lenart et al., 2014).

The Crimean Mountains (Ukraine) harbor some examples of mass movements similar to the
one described in this paper namely, large-scale slope movements with blocks of limestone of
great dimensions mobilized by sliding over marl and claystone units. This phenomenon creates
an unusual rugged relief formed by lateral spreading and block sliding processes (Panek et al.,
2008). Other places where large lateral spreading and block-type slope movements of carbonate
rock formations overlie clayey-marly rocks can be found include Malta (Soldati et al., 2019;
Devoto et al., 2021), Sicily (Di Maggio et al., 2014), and Roccalbegna-Mt.Labbro (Italy) (lotti,
A.; Tarchiani, 1996). The combination of morphological features produced by this type of
movement can create landmark sceneries, even regional symbols for the local population (e.g.,

the Trotternish landslides on the Isle of Skye, Scotland (Fenton et al., 2015)) and some are
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nominated as geosites (e.g., crevice caves generated by mass movements in the UK (Cooper,
1983)).

In the case described in this paper, the landforms associated with the landslide could qualify
as a geosite. One singular characteristic is a spectacular graben structure that breaks the ridge of
the hill impacted by the mass movement, Chgega Mountain. The local name of this structure is
“Kef Chgega” (34l <iS), which means “the open fracture of Chgega Mountain”. Although the
site is a well-known landmark in the region of Mateur and forms a remarkable spot from different
standpoints, only brief descriptions of it can be found in the scientific literature (Gaidi et al.,
2019; Galve et al., 2019; Camafort et al., 2020).

This paper completes previous contributions by describing in greater detail the
characteristics of this large landslide, its main singularities, and the conditions favoring the
geomorphological evolution of this impressive DGSD. Our description of Chgega Mountain has
benefited from new data gathered through up-to-date remote sensing (RS) techniques: landscape
analysis, Uncrewed Aerial Vehicle Digital Photogrammetry (UAV-DP), and advanced Satellite
INSAR techniques. The combination of the two latter techniques has already proven its usefulness
for landslide characterization elsewhere (see for example the studies of (Cigna et al., 2017) in
Ireland, (Mateos et al., 2018) in Spain, or (Martins et al., 2020) in Timor-Leste). The focus here,
in turn, is on a region where RS methods are not yet common. Indeed, the use of INSAR
techniques in North Africa is scarcely documented in the literature: (Fonseca, 2014) investigated
failure mechanisms of DGSDs in the Rif Mountains (North Morocco) and (Beladam et al., 2019)
correlated surface displacements detected by INSAR with known landslides in Constantine
(Algeria). Photogrammetry has been applied to aerial photographs to study the El Biar Landslide
in Algiers, Algeria (Laribi et al., 2015), but no other publication about North Africa used UAV
images until the very recent paper by (Bounab et al., 2021). They undertook a study similar to
ours in northern Morocco, integrating UAV-DP, InSAR, and geophysics to analyze a slow-
moving landslide by the coast of the Alboran Sea. This paper complements the aforementioned
case studies providing two new innovative aspects for UAV-DP and INSAR analyses: (1) we
took advantage of a cloud-computing platform to perform the INSAR analyses. This platform
provided us with displacement maps with no need for software or SAR images to develop the
analysis. (2) We exploit the capacity of UAV-DP to generate a 3D model, an orthoimage, and a
digital elevation model (DEM) to perform structural analysis in a virtual environment, enriching
the information gathered in the field. The use of UAV-DP and its products considerably reduced

both the fieldwork time and the resources needed to carry out our survey.
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Thus, by combining the above technologies, it was possible to maximize the yield of the
available study resources. They allowed us to gather a considerable volume of data within a
limited time frame, to characterize the Chgega landslide without sacrificing the quality of the
results. This research might therefore serve as a benchmark for similar investigations that need
to optimize time and funding when applying new technologies. At the same time, the results of
UAV-DP and InSAR enabled us to carry out not only a general portrayal of the mass movement
but also a comprehensive characterization of its kinematics. This characterization should prove
useful for future research into the origins of the Chgega landslide and to explain why it takes

place in a region having low relief.

2. Geological and Geomorphological Setting.

Chgega is a mountain culminating at 553 m.a.s.l. located in the Mateur region of Northern
Tunisia, near Tahint village (Figure 5.1). From the geological viewpoint, Chgega forms part of
the reliefs created by the Tell belt, formed by the Mesozoic and Cenozoic sedimentary cover of
the Maghrebian Tethys realm, overthrusted and folded (Frizon De Lamotte et al., 2000; Khomsi
et al., 2009). This belt, together with the Atlas belt further south, was produced in a context of

NW-SE to N-S plate convergence between Africa and Eurasia since the late Cretaceous.
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Figure 5-1: Location of the Chgega landslide.
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The topography of Northern Tunisia is therefore strongly influenced by this general
convergent setting. However, it does not show the landscape characteristics of a mature orogenic
belt with a well-developed transverse drainage system (DeCelles and Giles, 1996; Babault et al.,
2012; Camafort et al., 2020). A smooth and low relief largely characterizes the entire region.
Over this structural landscape, the greatest reliefs coincide with anticlinal ridges or the hanging
wall of shortening structures; in turn, the topographic depressions and axial valleys occur in
relation to synforms and the footwall of reverse faults (Melki et al., 2011; Camafort et al., 2020;
Gaidi et al., 2020). Large NE-SW oriented axial valleys such as the Mejerda, Tine, Joumine, and
Ghezala river valleys run parallel to the main shortening structures, e.g., the Alia-Thibar fault
zone (Gaidi et al., 2020). The landscape is furthermore influenced by rheological contrasts
between competent and incompetent lithologies respectively, limestones and pelites. For
instance, the folded region where Chgega Mountain is situated shows a differential relief marked
by the erodibility contrast between the Early Eocene nummulitic limestones of the Garia

Formation and the Palaeogene or Late Eocene clays and marls of the Haria and Souar Formations,
respectively (Burollet, 1956; 1977 Rouvier, 1977) (Figures 5.2 and 5.3). Miocene half-grabens
subparallel to the fold hinges in the region further stand out against the Eocene limestones in the
uplifted footwall of the normal faults (Cohen et al., 1980).
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Since the Late Pliocene topographic incision and rejuvenation in Northern Tunisia, the
landscape evolution is mostly driven by NW-SE directed tectonic shortening, accommodated
along reverse and strike-slip faults and associated folds, which favor the development of incipient
transverse drainage through recent fluvial captures (Camafort et al., 2020; Gaidi et al., 2020).

This active tectonic shortening is the cause of damaging earthquakes (the 410 AD Utique
and the 856 AD Tunis seismic events) related to the activity of the Alia-Thibar fault system
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(Mejri et al., 2010a; Bahrouni et al., 2014). The maximum observed seismic intensity maps for
Tunisia indicate higher intensity registered in the proximity of the western end of the fault
system, near the village of Thibar (Kharrat et al., 2018). The seismic hazard map of Tunisia
indicates the highest hazard in the region near Tunis, including our studied area (Soumaya et al.,
2016) (Figure 5.4). The Chgega landslide occurs within the horsetail splay zone of one of the
Alia-Thibar fault segments, corresponding to the Dhkila dextral fault (Camafort et al., 2020)
(Figure 5.2). In addition to the Dhkila fault, the region of Chgega Mountain is well known for
the presence of an imbricate fold and thrust stack that involves mostly the Tertiary Atlassic
sedimentary cover (Kujawski, 1967; Cohen et al., 1980; Marzougui et al., 2014; Atawa et al.,
2019) that is overprinted by late Miocene half-grabens (Fournet, 1994; Booth-Rea et al., 2018).
One of the normal faults forming these half-grabens determines the Chgega landslide, as we shall
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The landslides in the region are commonly associated with clays and marls of the Haria
Formation. The most common type would be slow-moving flows forming long tongues of clay
materials moving downhill through low-angle slopes (Figure 5.5B-D). Less common are
rockfalls, present only in a few cliffs amid the limestones of the Garia Formation (Figure 5A).
Landslides similar to that of Chgega can be found in the hill right in Tahint village, where
limestones of the Garia Formation slide over the clays of the Haria Formation and in the relief

SW of Tahint, where rock spreading of smaller dimensions was recognized by us.

Figure 5-5: Landslide types Landslide types observed in the region of Mateur. (A) Rockfall deposits
at the foot of a scarp in the limestones of the Garia Formation. (B) Slow-moving flow developed in clays
of the Haria Formation (Source: Google Earth™). (C,D) Orthoimage (C) and hillshade model (D) of a flow
that occurred in a cereal crop adjacent to Chgega Mountain. Images obtained from the 3D model created
in this study (see following sections for more details).
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The area of Chgega Mountain features a warm climate, which is dry in summer and mild
and wet in winter. July and August are the months of maximum temperature, evapotranspiration,
and hours of sunshine, while humidity and precipitation are minimal. Average annual
temperatures in the area targeted by the study are approximately 17 to 20 °C, with a monthly
average of 27 to 29 °C; the average maxima is 33 to 34 °C in July—August. Total annual rainfall
is around 521 mm and the average annual potential evaporation is between 1300 and 1800 mm.
The average annual relative humidity is 60 to 68%, with maxima of 75 to 85% in the rainy season,
from December to January, and lows of 49 to 60% in July—August. During historical times (Late
to 4500 B.P), the Maghreb, hence Northern Tunisia, had a more humid climate than the present
one, as attested by paleo-vegetation, sedimentological, and geomorphological studies (Paskoff
and Sanlaville, 1986; Brun, 1989; Leveau, 2012). Within this interval, four dry episodes are
identified (4700, 3000, 1600, and 400 B.P) (see reviews in (Leveau, 2012).

3. Methodology

In characterizing the Chgega landslide, we combined traditional methods and RS
techniques. Classical methods included geological and geomorphological field surveys
describing outcrops and landforms, with measurements of geological structures. Modern
techniques encompassed morphometrical analysis of DEMs and interpretation of aerial
photographs, orthoimages and hillshade models in a GIS environment, along with analysis of
terrain 3D models to extract virtual measurements and better observe the morphological features.
Additionally, we performed preliminary InSAR analysis to roughly estimate the regime and
velocity of the landslide movement. The more innovative and specific techniques applied in
Chgega landslide are detailed below.

3.1 Terrain 3D Model Production

Producing the 3D model of Chgega Mountain was a challenge because of the following main
constraints: (1) the team involved in this research was unable to use its own UAV because
introducing this equipment in Tunisia was prohibited; (2) at the time there were no professionals
available in Tunisia specialized in performing this kind of task; and (3) there was a major
constraint in the use of UAV due to the country’s security situation. To overcome the
administrative constraints, we leased a UAV service to a media professional and advised him

how to project a mission of aerial photo acquisition aimed at creating 3D models. The flight was
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performed in the early morning to avoid the strong wind that rises in the late morning in the study
area. The UAV used in this work was a DJI Phantom 4 equipped with a three-axis stabilized
camera having a resolution of 12.4 megapixels and a 1-inch 20 MP CMOS sensor. We designed
the acquisition missions with the Pix4D Capture software. A normal double grid mission of 1200
x 750 m with multiple battery changes was designed because the range of the UAV was
insufficient to cover the entire study area due to battery life issues. The elevation of flight was
100 m above the summit of Chgega Mountain. We programmed a 70% front and side overlap;
the angle of the camera was 70°. Subsequently, we carried out a topographic survey to measure
9 ground control points (GCPs) on places easy to recognize in the UAV photo captures, such as
artificial structures and targets (Figure 5.6).

The survey was performed using a GNSS LEICA GS07. The UAV surveys acquired 967
superposed images that we processed by means of Agisoft PhotoScan Professional software
Version 1.4.3 to construct the 3D model and produce the DEM and orthoimage of the Chgega
Mountain at high resolution. The Structure from Motion (SfM,(Ullman, 1979)) algorithms of
Multiple-View Stereo (MVS, (Seitz et al., 2006)) images served to process UAV-based images
using GCPs.
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Figure 5-6 : Flow diagram of the UAV survey, 3D model production, and discontinuity investigations
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We applied the conventional workflow with the following steps, in this order: (1)
preliminary image selection and alignment; (2) import GCPs as markers, georeferencing and
automatically allocated markers due to image matching by the scale invariant feature transform
(SIFT) operator (Lowe, 1999); (3) manual marker matched in each image; (4) alignment
optimizations, refinement that obtained a sparse cloud from tie points (SfM); (5) construction of
a high-quality 3D dense-cloud with 107 million points (Point density: 47 points/m?; Point
spacing: 14.6 cm) and Mesh generation and refinement using a par depth map (Arbitrary 3D) and
Multiview Stereo (i.e., Fast method; (Semyonov, 2011)); (6) building a DEM with a 16.4 cm/pix
resolution and tiled model based on the dense cloud; and (7) deriving an orthomosaic with 8.19
cm/pix resolution.

It is worth noting that there is no high-resolution topographic information in the study area
to compare with and validate our results using photogrammetry. The most precise topography
available for this region is a 1:25,000-scale topographical map. To evaluate the accuracy of our
results, we first compared the produced orthoimage with the high-resolution imagery available
through Google Earth™. Secondly, we checked the elevation with a DEM generated using
contours and elevation points extracted from the 1:25,000-scale topographical map. Third, we
evaluated the 3D model comparing our measurements in the field with those taken in the virtual

environment. We verified that our 3D model, orthoimage, and DEM fit the mentioned data.

3.2 DINSAR Analysis

We carried out DINSAR analysis by taking advantage of a powerful SAR image-processing
tool implemented in a web platform of the European Space Agency (ESA). This tool is the
Parallel Small Baseline Subset (P-SBAS) processing service of the Geohazards Exploitation
Platform (GEP) (Casu et al., 2014; De Luca et al., 2015; Manunta et al., 2019). We selected from
this platform SAR images with a descending orbit, as the corresponding geometry proves most
adequate to obtain sound results for the Chgega landslide. The landslide is moving towards the
NW and the Line of Sight (LOS) of the satellite has roughly the same orientation.

We processed 24 Sentinel-1A images acquired between 15 April 2015 and 19 January 2020
(4.7 years) by means of a multi-temporal method. The mean temporal sampling was 70 days, the
coherence threshold was set at 0.95, and the reference point was situated 3 km away from Chgega
Mountain at the following coordinates: Latitude 36.92511, Longitude 9.5369546 (WGS84

projection).
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Before the aforementioned multi-temporal analysis, we ran several preliminary processing
trials with the following objectives: to check if the slope was in motion in the analyzed period of
time and if so, to know the approximate velocity of the movement, and finally, to fine-tune the
processing. When we found that Chgega landslide appeared to be in motion but at a very-low
velocity (because we were able to recognize the pattern of the movement, but below the common
error range of this kind of analysis with Sentinel-1 images (i.e., £5 mm/yr)) we decided to
increase the precision of our measurements through two strategies: (1) selecting a reference point
close to the landslide that showed great coherence and stability; and (2) defining a high coherence
threshold. Thus, we reduced the error range to +2 mm/yr, increasing the sensitivity of our
analysis.

The rapid processing performance of GEP was well suited to make these adjustments. We
checked different numbers and combinations of images in order to improve the quality of the
results. SAR image processing was performed in the cloud, without downloading SAR images
and no need to own specific software to perform the image analysis. This greatly facilitated our
work.

The results provided by GEP conformed a CSV table with information about the location of
the measured points, the mean velocity in the analyzed period, and a time series of displacements.
Velocity and displacements are referred to the satellite LOS direction. The velocity of this
movement may be underestimated owing to the different geometry between the acquisition of
the satellite and the general direction and orientation of the movement. Therefore, we estimated
an approximation of the real velocity through the Vslope method that transforms LOS velocity
to the velocity along the slope(Notti et al., 2014). The difference between those two types of
velocities was found to be below a tenth of millimeter per year in the case of Chgega landslide.
Therefore, we used the LOS velocity as a good approximation of the real velocity. We also
obtained time series to identify accelerations in the movement related to rainfall or seismic
shakes, so as to constrain what kind of phenomena might trigger or reactivate the mass
movement. However, the precision of the measurements with regard to the velocity of the
movement was insufficient to detect temporal correlations with those phenomena.

The reliability of the INSAR results was checked by trying different values in the processing
parameters and different SAR images, discovering that the displacements appear in all cases.
Furthermore, INSAR techniques and the GEP platform have already demonstrated reliability in

their results through a test period of 6 years (https://geohazards-tep.eu, accessed on 31 April

2021). We are moreover convinced of the active movement of the landslide because of field

evidence pointing to displacements, e.g., open gravity-induced joints with a fresh appearance.
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Indeed, we were surprised by the slow motion of the landslide, having expected a greater velocity
according to the features observed in the field.
3.3 Geological Study Taking Advantage of Cutting-Edge Techniques

As mentioned above, we carried out a detailed geological and geomorphological field survey
taking structural measurements and describing outcrops and landforms. In addition to that
classical work, we took full advantage of the UAV-DP products (3D model, DEMs, orthoimages,
aerial photographs) to derive and extract useful data for a comprehensive description of the
Chgega landslide. Accordingly, we complete our in-situ structural data with measurements taken
in the 3D model using the virtual compass implemented in the Cloud Compare open-source
software (https://www.danielgm.net/cc/, accessed on 10 May 2021). This tool was used
(manually) to measure the orientation of planar surfaces mostly related to rock discontinuities
(Thiele et al., 2017). The high resolution DEM and the orthoimage produced using the UAV-DP
techniques served to take planimetric measurements and accurately map structures, gravity
induced joints, and landforms using QGIS v. 3.10. In this sense, we developed a detailed study
of the landslide displacement orientation in order to understand, in depth, the nature of this slope
movement. Vectors were generated taking into account the joints opened to extract the
orientation and magnitude of the movement in each sector of the landslide.

Figure 7 outlines the procedure used to calculate the mean vectors of movement. First, we
recognized rock corners in the two margins of the joints that matched perfectly, and we measured
the azimuth of the line connecting these corners. Second, we measured pairs of azimuths in
complementary joints where clear corners were not present. These azimuths were those of the
lines perpendicular to the joints. The mean azimuth of these lines marks the azimuth of the joint
opening in this case. We measured discontinuities with openings clearly recognizable in the
orthoimage (resolution: 8.19 cm/pix). The aperture is generally of more than 50 cm.

To grasp the big picture and gain a more complete understanding of the Chgega landslide
setting, we also performed analyses of the Chgega’s region relief. In this regard, we analyzed the
topography and drainage network of the area through morphometric tools applied to a regional
DEM derived from the 1:25,000-scale topographic map. We calculated the bulk erosion and local
relief to compare the characteristics of the landscape surrounding Chgega landslide with those of
the adjacent areas having the same rocks, noting the singularities of the place where the slope

movement developed.
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Figure 5-7: Graphic explanation of the measures taken in the open joints of Chgega and the data
treatment performed. According to the scheme, we measured two types of vectors, A and B. Vectors A
point out the orientation of the movement but they are scarce. To analyze more information, we added
vectors B to calculate vectors C, which are an approximation of the orientation of the movement. Finally,
we calculated the A and C average vectors in each sector of the mass movement.

4. Results
4.1 Geomorphology and Classification of the Chgega Landslide

The Chgega Mountain is impacted by a landslide that entails a large block of limestone from
the Garia Formation, some 900 m long and 400 m wide, sliding over marls and clays of the Haria
Formation. The lateral margins of this block are defined by several faults with N140°E direction
that cut the Garia Formation in this sector. In turn, a NO60°E normal fault puts the front of the
moving limestone block in direct contact with the Haria Formation, allowing movement of the
block downhill. In its current situation, the rigid limestone block can therefore push against the
clays, deforming them. This plastic deformation explains the slight bulge observed in the Haria

outcrop at the base of the mountain (Figure 5.8).
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Figure 5-8 : Virtual oblique aerial views of Chgega landslide from the Southwest (A,B) and from the
East (C,D). The main morphological features of the complex landslide and the geological structures are
highlighted in B and D. G: Garia Formation; H: Haria Formation.The views were generated using the 3

D model produced by means od SfM methods.
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The lateral movement of the limestone block produces a graben in the upper part of the
relief. The graben forms a closed depression ~800 m long and ~120 m wide; its maximum depth
is estimated to coincide with the Garia Formation thickness (~60 m ( Rouvier, 1977)) (Figures
5.8 and 5.9B,C). The elongation of the graben follows a NO60°E direction and has a slightly
curved geometry. Its boundary in the NW sector is sharp, coinciding with the limits of the
limestone block. A scarp (neither clear nor regular) limits the other side of the graben. Inside the
graben are several limestone blocks having decametric to metric dimensions. These blocks are
tilted towards the NW, giving an overall impression that they have collapsed into the graben or
toppled within it.

Rockfall deposits, open joints, small rock pinnacles, and a ruiniform relief occupy the
interior of the graben (Figure 5.9A-C). At the bottom of this landform there are cavities as well.
The cavities are probably not of karstic origin, because they show angular sections and
speleothems are not present. They can be considered as crevice caves that formed in large slope
movements favored by the progressive opening of fractures (Figure 5.9E) (Halliday and
McKelvey, 2004; Lenart et al., 2014). At either end of the graben the rock mass shows a complex
network of open and deep fractures, finishing in the lateral faults that limit the main block of the
mass movement (Figure 9D,F—H,K). All joints have directions of N040-060°E and N140-150°E
(Figure 5.10) corresponding to the main discontinuity sets observed elsewhere in the Garia
Formation (e.g., (Erraioui, 1994; Redhaounia et al., 2015); Figure 5.9A,1,J). Initially, these
discontinuities correspond to joints inherited from the subsequent tectonic events affecting
Northern Tunisia. Thus, a simple explanation for the opened cracks is that they represent

reactivated joints during Chgega mass movement.
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Figure 5-9 : Photographs of various sectors of the Chgega Mountain. (A) Open joints in the
southwestern sector. (B) Deep trench in the northeastern sector. (C) Interior of the gravity-induced graben
where tilted blocks and rockfall deposits are observed. (D) View of a deep open fracture from its bottom.
(E) Entrance to crevice-type cavities. (F) Rock walls forming the boundary of the graben. The center cliff
is formed by fault breccia. (G) Slickenside cropping out in the graben. (H) Deep open fracture in the
eastern sector. (I,J) Main discontinuity sets observed in the Chgega Mountain. (K) Narrow passage
through an open fracture.
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Figure 5-10 : Stereonets of the main rock discontinuities observed in the Chgega Mountain (pole
faults in cir-cle and joints in triangle). The diagrams were elaborated on the basis of field measurements
(A) and virtual measurements using a compass (B).

All the aforementioned characteristics indicate that the Chgega landslide can be classified
as a “complex landslide” including a “rock planar slide” or a “block slide” according to the
classification of (Hungr et al., 2014); and the upper part of the landslide can be described as a
“lateral spreading” based on the Pasuto and Soldati descriptions (Pasuto and Soldati, 1996, 2013).
Combining the mentioned classifications and also the “block slide” concept of (lbsen, 1996),
Chgega can be described as a “lateral spreading that evolves into a block slide”.

4.1 Relief Conditions for the Chgega Landslide Occurrence

The relief of the Chgega region can partially explain the occurrence of the landslide. Our
geomorphological analysis shows that the Chgega Mountain is located in the divide between the
Joumin and Tine River basins, being the highest peak along this divide. Moreover, the slope
impacted by block slide shows a highest local relief along the mentioned divide (Figure 11A)
and the mountain flank of the river basin, where fluvial erosion processes have been more intense
(Figure 5.11B). The ongoing erosion of the Joumine River comes just to the foot of Chgega
Mountain, creating higher gradients on the NW side of the range than on the SE side. This
condition, together with the geological structure of the Chgega Mountain, has generated an
unfavorable situation for the relief’s stability, promoting its sliding. For the same apparent
reason, mass movement developed SW of Tahint (Figure 5.11A,B ), where the gradient and the

local relief are likewise steeper than in the surroundings.
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Figure 5-11 : (A) Map of the local relief of the Chgega surroundings. Local relief was calculated
estimating the elevation range at 500 m of each point of the terrain. Note that Chgega shows the highest
values in the ridge that define the limit be-tween the Joumine and Tine River basins. (B) Map of the bulk
erosion volume (proxy for maximum potential erosion) of the Chgega surroundings.

4.3.Kinematics of the Chgega Landslide Derived from Open Joints

Regarding the kinematics of the landslide, the recent displacements recorded by the
present open joints have a mean azimuth of 333° (Figure 5.12). This orientation is similar to the
general one of the hillside, about 315-330°. However, we observe a slight decoupling between
the orientation of the line of maximum slope and the mean vector of displacement. For this
reason, we measured a mean displacement vector in the SW sector of the landslide oriented
towards 340°, where the mean orientation of the slope is 310° (Figure 5.12B-D). This difference
decreases towards the NE. In the northwestern sector of the graben, the opening of the joints
indicates a movement oriented according to the line of maximum slope. In sum, the displacement
has an orientation different than originally expected (Figure 5.12).

Associated with the landslide and adjacent to it is another block of limestone, limited by an
open and deep fracture with a N140°E direction that evidences the rupture and slide of that block,
probably triggered by the displacement of the main Chgega landslide. This could be considered
a secondary failure. This block does not accompany the mobilized mass and its destabilization
appears to be more recent. The measurements taken at the main joints indicate a movement
towards 47° that does not match the orientation of the displacement in the main body of the
Chgega landslide (Figure 5.12).
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Figure 5-12 : Rose diagrams and orientation of the mean movement vectors for each sector of the
Chgega landslide obtained through analysis of the open joints.

4.4 Estimated Velocity of Chgega Landslide by INSAR

Regarding the present displacements estimated with INSAR techniques, we show that the
velocity of the slope movement is in the limit of our DINSAR analysis sensitivity. We set a very
high coherence threshold (95%) in order to enhance the accuracy of our measurements, reducing
the error range to 2 mm/yr. This means that we cannot recognize movements with velocities
below 2 mm/yr. The maximum LOS velocity measured in the landslide is 4 mm/yr, while many
points are just above 2 mm/yr and some are below this value. The pattern of the measured
velocities seems to indicate that the entire limestone block is moving but at a very low speed,
just above our measurement accuracy (Figure 5.13). The total LOS displacement during 4.7 years
was on average ~1 cm, almost unnoticeable. The magnitude of the movements is so low that the
temporal variations observed in the time series cannot be defined as accelerations or reductions

of the displacement rate, being within the error range (Figure 5.14). Therefore, we lack sufficient
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accuracy in the actual measurements to link the movements with triggering factors such as

rainfall or seismic events.
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Figure 5-13 : LOS velocity map of the region of the Chgega Mountain using DINSAR. Note the
movement detected in the Chgega landslide and in the northern slope of the hill adjacent to Tahint
village.
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Figure 5-14 : Time series of LOS displacement in the Chgega landslide.
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5. Discussion
5.1 Relationship between Chgega Landslide and the Geological Structure

The area where the Chgega landslide is located presents a hilly landscape configured by NE-
SW trending bands of clays and marls of the Haria formation and limestones of the Garia
Formation. The former form valleys and the latter form ridges. These alternations are due to the
interference of two different types of structures (earlier NE-SW trending folds and more recent
normal faults) that cut the series parallel to the previous fold axes (Cohen et al., 1980). The bands
are further cut by a system of NW-SE trending normal faults. Finally, all these structures are cut
by WNW-ESE to NW-SE dextral fault segments of the Dhkila fault’s northwestern splay
termination (Figure 5.2). The lithologies cropping out in the area, along with all these faults and
folds, clearly determine the development of the Chgega landslide. First, the common
configuration of rock spreads described by Pasuto and Soldati (Pasuto and Soldati, 2013) is
present: rigid rock masses (Garia Formation limestones) cap ductile terrains, such as clays and
the marls of the Haria Formation (Bejaoui et al., 2017) (Figure 5.15). Second, the activity of the
NE-SW normal fault system cut and tilted towards the NW the previously folded Garia limestone
unit, producing the currently unfavorable conditions of slope instability, with the bedding
inclined parallel to the hillslope (Figure 5.15). Third, these blocks are also configured by a
different transverse set of NW-SE faults that appear to guide the movement of the main block.
This block shows a motion towards 330° in correspondence with the N145°E direction of the
mentioned faults (Figure 5.12). Such an effect would explain the decoupling between the line of
maximum slope and the movement orientation inferred from open joints, as observed in the SW

sector of the landslide.
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Figure 5-15 : (a) High resolution DEM generated using UAV-DP technique and (b) BB’ detailed
cross-section showing the Chgega Mountain.

We infer that the viscoplastic creep of the clay terrains of the Haria Formation subjacent to
the limestones with 20° dip to the NW permitted the lateral expansion of the latter, creating the
large graben in the landslide crown as well as the bulge at its two typical features of rock
spreading according to (Pasuto and Soldati, 2013) (Figure 5.15). The failure plane would
accordingly be located inside the Haria Formation and may crop out alongside the boundary of
the bulge observed in the landslide toe (Figures 5.8 and 5.15). Therefore, it appears that (1) the
soft terrains of the Haria Formation are the ones that have failed; (2) their movement caused the
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fracturing process of the Garia limestone, producing the graben of the landslide crown and the
individualization of a large limestone block; and (3) this limestone block was initially set in
motion, i.e., dragged, by the underlying clay and marls to eventually become part of the slide
mass (Figure 5.15).

Punctual events or periods of extreme rainfall often trigger or reactivate this kind of mass
movement. The consulted paleoclimate data (Paskoff and Sanlaville, 1986; Brun, 1989; Leveau,
2012) indicate that the general climatic conditions prevailing were more humid than at present,
a factor that may play a key role in the activation of the Chgega landslide. Yet neither this
information nor our INSAR time series can demonstrate a direct relationship between
precipitation and the Chgega landslide occurrence. On the other hand, (Gaidi et al., 2019)
suggested there may be a relationship between the seismicity of the Dhkila fault and the initial
opening of the Chgega joints. This is actually not a far-fetched hypothesis, because the map of
(Soumaya et al., 2016) (Figure 5.4) demonstrates that the Chgega landslide is in a high seismic
hazard region, surrounded by active faults, the closest being the Dhkila fault. Hence, the main
open-fracture system bounding the landslide coincides with the directions of the Dhkila fault
segments, having open tension joints trending N30—60°E, parallel to the direction of reverse
faults and folds affecting Quaternary sediments in the region. These open joints are moreover
linked by sinistral N130-150°E fractures, parallel to the main dextral Dhkila fault segments
(Figure 2). Further research is needed to correlate the landslide origin with the regional

5.2 Motion Detected in Chgega and in Other Similar Landslide

The Chgega landslide has been moving at a little more than 2 mm/yr under the climatic
conditions of the analyzed period (2015-2020). Although this is an extremely low velocity, it is
in accordance with the velocities measured for other similar landslides, as for example, (Crosta
et al., 2013) reported in the Alps. These authors show that most (75%) of the DGSD analyzed
had a velocity below 5 mm/yr. Specifically, DGSDs developed in a geological setting similar to
Chgega, with carbonate units overlying soft terrains, also show extremely slow motion. (Delgado
et al., 2011) measured by InSAR rates resembling that of Chgega (2-4 mm/yr) in a compound
rotational DGSD of large dimensions in the Sierra de Aitana (Spain).(Mateos et al., 2018)
reported an average velocity of the same order of magnitude (5.2 mm/yr) in a large lateral
spreading along the North coast of Majorca (Spain). Extensive lateral spreading and block sliding
processes in a geological setting comparable to the Chgega landslide have been under
investigation since 2006 in the North part of Malta (Mantovani et al., 2013, 2016; Soldati et al.,
2019; Devoto et al., 2020, 2021). In this area, long-term differential GNSS monitoring outputs
carried out gave displacement rates between 0.8 and 2.4 cm/yr in a limestone plateau affected by
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lateral spreads and downslope blocks moved from block slides (Mantovani et al., 2013). INSAR
analysis of ERS and Envisat satellite images covering a 20-year period measured, in the same
area, velocities of less than 7 mm/yr (Mantovani et al., 2016). A comparison of our INSAR results
with those of the cited studies confirms that the extremely slow motion identified in the Chgega
landslide is not unusual for mass movements of its kind. Further research on Chgega, in greater
detail, is required to determine if the observed motion is constant or if it changes due to external

factors.

5.3 Significance of the Chgega Landslide

The Chgega landslide is an important spot for the landslide scientist community because it
shows a paradigmatic rock spreading process in its crown. This type of landslide can be easily
understood in places like Chgega given its dimensions and the fresh appearance of its
morphological features. Good outcrops (that is, easily recognizable ones of convenient access)
can be key to controlling movement magnitudes; such features make Chgega a potential natural
laboratory for the study of these phenomena.

Chgega could also be a key place to analyze paleoseismicity in northern Tunisia. For this
reason, the study of the relationship between this landslide with earthquakes must be addressed,
as has been done in other DGSD (see, for example, the research of (Gutiérrez et al., 2008) in the
Pyreness). New detailed analyses putting the focus on the recognition of features that evidence
some participation of seismic shaking in the origin and in the displacement of the complex
landslide must be developed. Once these features are found, their study using geochronological
methods could offer useful information about the earthquake recurrence in a given region.

As we brought out in the “Introduction” section, significant rock spreading phenomena tend
to become symbols for local cultures, and some of them have become geosites. In our opinion,
Chgega is a sound candidate for geosite status. In addition to all the characteristics mentioned
above, Chgega is interesting from an ecological viewpoint, since the graben creates local
conditions permitting the presence of particular plant and animal species. It stands as a refuge for
species not well adapted to the arid environment of the region and offers nesting cliffs for diverse
raptors. The cultural significance of this place and the archaeological remains found there are
likely to attract the attention of researchers in the near future. Chgega has many facets and all of

them make it a special place deserving study and protection.
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6. Conclusions

The Chgega landslide represents a spectacular example of a lateral spread that evolves into
a block slide when a large block of limestone from the Garia Formation slides over the ductile
clays and marls from the Haria Formation. For the presence of two different landslide
mechanisms, this large landslide can be also classified as a complex landslide. The most
prominent gravity-induced landform is a large graben ~800 m long and ~120 m wide that breaks
the summit of the Chgega Mountain creating a double ridge. This landslide is currently active
and shows a progressive movement without clear episodic accelerations. INSAR measurements
show extremely slow speed, just above 2 mm/yr, with maximums of 4 mm/yr. The movement
has an orientation towards 333° of azimuth; it is conditioned by the geological structure of the
Chgega Mountain and more specifically by the normal faults with directions NO60°E and N140—
150°E that crosscut it. The latter fault system appears to guide the displacement of the main rock
block. Further investigations are needed to elucidate why this large-scale movement was
produced in a region of low relief and to determine the relationship between the landslide itself
and the overall seismic activity of the region. Moreover, the presence of this large graben and
several cavities make it a good candidate for becoming a geosite. The 3D model developed for
this study could be used in future geological and paleoseismological investigations as well as to

explain and divulge the unique landscape created by this large landslide.
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6.1 Discussion:

The discussion is planned as a tentative synthesis of the observations made through this
dissertation, discussions of the important ideas presented in the different sections mainly about
extensional collapses, salt structures, active faulting and landslides. Thus, we aim to summarize
some new developments on the tectonic model for Northern Tunisia, including the extensional
collapse in the late Miocene and later Pliocene to Present tectonic inversion and its influence in
the present topography and drainage network under continued convergence across the region. In
addition, an example of a complex landslide is studied and discussed through this dissertation.
These results are issued and improved collaborating with numerous specialists, which co-
authored the multi-disciplinary papers presented exclusively in this PhD volume.

6.1.1 Late Miocene extensional collapse:

The new data and structural interpretation we published in Booth-Rea et al., (2018) contrasts
with previous work where the tectonic evolution of northern Tunisia was mostly described in
terms of the shortening and transcurrent structures developed under NW-SE convergence
between Africa and Eurasia since the Paleogene, in an external foreland thrust belt setting
(Zargouni.F, 1984; Frizon De Lamotte et al., 2000; Mzali and Zouari, 2006; Melki et al., 2010,
2012; Essid et al., 2016). We describe an important extensional phase that thinned the Tell fold
and thrust belt. Extension was coeval to topographic uplift, K-Si rich magmatism and
mineralization in Northern Tunisia, which we relate to continental lithospheric mantle
delamination under the region, as proposed by Roure et al. (2012). Extension was polyphasic,
with a first NE-directed extensional phase, followed by later S-SE directed extension during the
Messinian. Normal faults in Northern Tunisia were alternatively interpreted as subsidiary
structures formed under SW-NE extension during the Pliocene-Quaternary or as very
shallow extension affecting the Numidian units, related to FTB dynamics (Bouaziz et al., 2003;
Khomsi et al., 2009; Belguith et al., 2011, 2013; Ramzi et al., 2015; Khelil et al., 2019). The
importance of Late Miocene extension had also been described by Cohen et al. (1980). This

extension propagated towards the SE in the Plio-Quaternary being described in the Sicily
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Channel and in Central Tunisia (Tricart et al., 1994; Belguith et al., 2011, 2013; Arab et al.,
2020; Dhifaoui et al., 2021).

-There is a diachrony between extensional and shortening structures, since extension in
Northern Tunisia occurred in the late Miocene, approximately between 9 and 5.3 Ma, after the
main thrusting event, which in turn, occurred in the Early to Middle Miocene (i.e. 17-13 Ma),
(Sami et al., 2010; Belayouni, 2013) and later propagated south-eastwards during the late
Miocene to Present (Bouaziz et al., 2002; Said et al., 2011a, 2011b). These results published for
the first time in Booth-Rea et al (2018) were contested by Khelil et al. (2019) proposing a
simultaneous shortening and extension, leading to an interesting scientific discussion published
in the Journal of Structural Geology: Booth-Rea et al. (2019) published as comment and Khelil
et al. (2020) as reply. This discussion formed an interesting debate resulting in further research
programs for both teams.

We describe two orthogonal extensional systems with extension parallel and transverse to
the main direction of shortening. The older system with NE-SW directed extension, rooted in an
extensional low-angle normal fault that detached in Triassic evaporites at the base of the Infra-
Numidian thrust sheet. Meanwhile, the later extensional system, with mostly N-S to NW-SE
directed transport cut deeper into the thrust stack, affecting the older low-angle normal faults and
exhuming the autochthonous Atlas domain.

Triassic sheets located above the autochthonous Atlas domain in Northern Tunisia generally
correspond to the base of the allochthonous infra-Numidian nappe, instead of being diapiric-
related bodies coming from the base of the Atlas sedimentary sequence. These rocks were
originally thrusted over the Atlas domain during the Early to Middle Miocene thrusting and have
later been reworked by extensional structures. This is probably the case of the Triassic sequence
drilled in the Mejerda-1 borehole (Troudi et al., 2017).

6.1.2 Halokinetic structures and extensional exhumation in Northern Tunisia

In the manuscript Gaidi et al. (under correction), we present new structural, mineralogical
and geophysical data interpretation for the Tell and Atlas FTB’s of Northern Tunisia. The
combination of X-Ray analysis allowed us to determine the illite crystallinity of different
metapelite samples from Triassic bodies in Northern Tunisia, together with structural analysis in
the field, and the interpretation of multichannel reflection seismics to revise the supposed diapiric
structure of the region.

The results show the presence of very-low to low-grade metamorphic rocks in the Atlas and

Tellian belts of Northern Tunisia. Anchizonal metamorphic conditions are reached by Triassic
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pelites at the base of the Tellian nappe stack. Moreover, we find exhumed epizonal rocks in the
core of three domal structures in Northern Tunisia, underlying well-imaged Late-Miocene
extensional detachments. Although, the presence of low-grade metamorphic marbles is well
known since roman times both in the Ichkeul and Hairech massifs (Roder, 1988; Bugini et al.,
2019; Khelil et al., 2021), no previous study has described the petrology of these rocks, no
proposed an explanation for their occurrence. Thus, the integration of our new data with previous
results from other FTB’s in the Western Mediterranean permit us to propose a new tectonic
paradigm for Northern Tunisia, where extensional tectonics exhumed rocks from mid crustal
depths of the FTB, having undergone temperatures above 300 °C. These data, together with the
existence of anchizonal rocks at higher structural levels of the thrust stack suggests that the
original nappe structure was thicker than presently preserved, and strongly modified by later
extensional tectonics as proposed by Booth-Rea et al. (2018; 2019).

Two main types of Triassic outcrops are identified, the shallower of which, develop
halokinetic structures related mostly to the late Neogene extensional phase, and the deeper ones
are represented by exhumed middle crust formed by autochthonous epizonal Triassic red beds
and marbles. The interpretation of seismic lines shows that many of the halokinetic structures are
rooted in the Triassic material overlying low-angle extensional faults and detachments, which
was originally emplaced at the base of overthrusted nappes (Troudi et al., 2017) and later
extended. The shallower Triassic outcrops had been alternatively interpreted as “salt glaciers”
(Vila, 1995; Ghanmi et al., 2001; Vila et al., 2002; Masrouhi et al., 2012, 2014), whilst the deeper
Triassic outcrops where previously interpreted as diapiric domes (e.g. (Bolze, 1950; Perthuisot,
1978; Perthuisot et al., 1998; Jallouli et al., 2005; Benassi et al., 2006).

The proposed interpretation data support an alternative tectonic mechanism to diapirism and
protracted shortening since the Cretaceous in Northern Tunisia proposed by previous authors
(Perthuisot, 1981; Vila, 1995; Bedir et al., 2001; Ben Chelbi et al., 2006; Melki et al., 2010, 2012;
Ayed-Khaled et al., 2015; Troudi et al., 2017) , which corresponds to Late Miocene crustal
extension of a previously over thickened orogenic wedge. Late Neogene extension did favor the
development of different types of halokinetic structures, above the main extensional

detachments.

6.1.3 Active fault segmentation pattern
In the paper by Gaidi et al. (2020), we propose a new active fault segmentation pattern and
evolution for Northern Tunisia combining structural geology field based data and morphometric

results. We identify new active faults that influence the landscape of Northern Tunisia by cutting
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drainage basins and affecting rock uplift rates. Previous fault segmentation patterns for Northern
Tunisia assumed the main structures in the region, like the sinistral Alia-Teboursouk fault system,
were active during most of the Tertiary after inverting Mesozoic or even Hercynian faults (e.g.
(Perthuisot, 1974; Melki et al., 2011, 2012; Ayed-Khaled et al., 2015; Bejaoui et al., 2017). We,
however, propose these shortening structures developed recently by tectonic inversion after a
phase of Late Miocene crustal extension that strongly modified the Tell and Atlas Early to Middle
Miocene foreland fold and thrust belts (Booth-Rea et al., 2018).

This process produced a Pliocene erosive post-rift unconformity that was later folded in the
Late Pliocene to Present in Northeastern Tunisia. Many of the Pliocene to Present reverse faults
are inverting previous Late Miocene normal faults. For example, along the southern Margin of
the Jendouba basin and in the Mateur-Utique region to the East.

Most of the active shortening structures in Northern Tunisia developed since the Pliocene in
a tectonic inversion phase that propagated from West to East, reaching Northeastern Tunisia in
the Late Pliocene. Deformation observed on reflection seismic lines indicates deformation rates
around 0.6-0.8 mm/yr in the studied segments and larger amounts of shortening to the West of
Northern Tunisia (16%) than to the East (7%). The fault system accommodating plate
convergence is strongly segmented with ENE-WSW to NE-SW reverse faults, E-W to NW-SE
dextral faults and NNE-SSW sinistral ones. The individual fault segments range between 10 and
30 km long. The largest linked fault system is the Alia-Thibar fault zone that reaches a length of
130 km and includes at least five different fault segments with an overall helicoidal geometry.

The distribution of high ksn values and gridded Hi in the region strongly mimic the fault
segmentation in Northern Tunisia, especially, defining the regions overlying reverse faults and
related anticlinal ridges. Furthermore, both ksn and Hi maps show an East to West gradient in
the degree of topographic dissection compatible with the increase in tectonic shortening and age
of the inversion structures towards the West.

In some case the high ksn and Hi clusters occur headwards of fluvial captures and 90°
deflections in the fluvial channels, indicating higher fluvial dissection in response to the
development of transverse drainage. The landscape of Northern Tunisia is characteristic of a
young fold and belt region with dominant axial valleys coinciding with the footwall of the main
faults and/or along syncline structures. However, as proposed by Camafort et al. (2021), part of
this W-E to NW-SE topographic dissection gradient may be related to dynamic topography due
to negative buoyancy produced by an underlying lithospheric mantle slab body, still attached
below the Sicily straits and parts of Central Tunisia (Booth-Rea et al., 2018).

121



Chapter 6: Discussion and Conclusion

This current young topography related to Pliocene-Present shortening in Northern Tunisia,
in a convergent setting since the Cretaceous, indicates that Late Miocene extension completely
dismantled the previous foreland thrust belt structure and associated topographic features. A
process that resulted in a new SW-NE topographic gradient towards the main direction of
extension and crustal thinning at the end of the Messinian. Tectonic inversion and development
of new shortening structures accommodating NW-SE plate convergence in Northern Tunisia
followed the trend observed at a larger scale in the western Mediterranean, with shortening
propagating from central Algeria towards the East, from the late Miocene up to the Quaternary
in the Tyrrhenian (Strzerzynski et al., 2010; Billi et al., 2011; Camafort et al., 2020; Zitellini et
al., 2020; Leffondré et al., 2021; Loreto et al., 2021) , in a pattern symmetrical to tectonic
inversion in the Betics-Rif and offshore areas of the western Algerian and Alboran basins (e.g.
(Giaconia et al., 2015; Martinez-Garcia et al., 2017).

6.1.4 Chgega Active Landslide

The Chgega Landslide represents a paradigmatic mass movement formed in a region with
NE-SW trending bands of clays and marls of the Haria formation and overlying limestones of
the Garia Formation. The former form valleys and the latter form ridges. These alternations are
due to the interference of two different types of structures (earlier NE-SW trending folds and
more recent normal faults) that cut the series parallel to the previous fold axes (Cohen et al.,
1980). All these structures are cut by WNW-ESE to NW-SE dextral fault segments of the Dhkila
fault’s northwestern splay termination (Gaidi et al.2020). The lithologies cropping out in the area,
along with all these faults and folds, clearly determine the development of the Chgega landslide.

First, the common configuration of rock spreads described by Pasuto and Soldati (Pasuto
and Soldati, 2013) is present: rigid rock masses (Garia Formation limestones) cap ductile terrains,
such as clays and the marls of the Haria Formation (Bejaoui et al., 2017). Second, the activity of
the NE-SW trending normal fault system cut and tilted towards the NW the previously folded
Garia limestone unit, producing the currently favorable conditions for slope instability, with the
bedding inclined parallel to the hillslope. Third, these blocks are also configured by a different
transverse set of NW-SE faults that appear to guide the movement of the main block.

Therefore, it appears that (1) the soft terrains of the Haria Formation are the ones that have
failed; (2) their movement caused the fracturing process of the Garia limestone, producing the
graben of the landslide crown and the individualization of a large limestone block; and (3) this
limestone block was initially set in motion, i.e., dragged, by the underlying clay and marls to
eventually become part of the slide mass.
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The Chgega landslide has been moving at a little more than 2 mm/yr under the climatic
conditions of the analyzed period (2015-2020). A comparison of our INSAR results with those
of others studies confirms that the extremely slow motion identified in the Chgega landslide is
not unusual for mass movements of its kind. Further research on Chgega, in greater detail, is
required to determine if the observed motion is constant or if it changes due to external factors.

The Chgega landslide is an important spot for the landslide scientist community because it
shows a paradigmatic rock spreading process in its crown. This type of landslide can be easily
understood in places like Chgega given its dimensions and the fresh appearance of its
morphological features. Chgega could also be a key place to analyze paleoseismicity in northern
Tunisia. For this reason, the study of the relationship between this landslide with earthquakes
must be addressed, as has been done in other DGSD (see, for example, the research of (Gutiérrez
et al., 2008) in the Pyrenees). Good outcrops (that is, easily recognizable ones of convenient
access) can be key to controlling movement magnitudes; such features make Chgega a potential
natural laboratory for the study of these phenomena.

Significant rock spreading phenomena tend to become symbols for local cultures, and some
of them have become geosites. In our opinion, Chgega is a sound candidate for geosite status. In
addition to all the characteristics mentioned above, Chgega is interesting from an ecological
viewpoint, since the graben creates local conditions permitting the presence of particular plant
and animal species. It stands as a refuge for species not well adapted to the arid environment of
the region and offers nesting cliffs for diverse raptors. The cultural significance of this place and
the archaeological remains found there are likely to attract the attention of researchers in the near
future. Chgega has many facets and all of them make it a special place deserving study and

protection.

6.2 Conclusion

The following final section presents a summary of the outcomes of the present dissertation:

v' The Late Miocene extensional collapse in Northern Tunisia is characterized by extensional
ENE- and SE-directed transport systems.

v' The extensional structures in northern Tunisia are folded and cut by Pliocene to present
contractional structures. The Plio-Quaternary shortening has reactivated the extensional

faults into thrusts producing arrowhead tectonic inversion structures.
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v

The extension is driven by deep mantle mechanisms: (1) Tearing of the Calabrian mantle
slab to the north of the Tunisian coast during the opening of the Tyrrhenian basin probably
drove the Tortonian ENE-directed extension in northern Tunisia; meanwhile, (2) SE-
directed extension could be related to the Late Miocene stripping of the African lithospheric
mantle coeval to NW-directed subduction under northern Algeria and Tunisia.

The extensional structures exhumed the deep autochthonous Triassic sediments in the
footwall of extensional LANFs.

Ilite crystallinity shows that most of the Triassic outcrops in Northern Tunisia are made up
by very low-grade metamorphic rocks that underwent epizonal or anchizonal conditions.
The Late Miocene crustal extension of a previously over-thickened orogenic wedge is
proposed as tectonic mechanism to explain the origin of some Triassic dome structures in
Northern Tunisia, corresponding to ENE-WSW directed ductile shearing under lower-
greenschist facies metamorphism in the footwall of extensional detachments.

Seismic reflection lines in the Mejerda basin show a listric fan of normal faults affecting
sedimentary rocks of the hanging wall of a low-angle ramp fault zone that cuts down into
the autochthonous Atlas Cretaceous sediments of the footwall. This extensional system is
cut by later normal faults that root at depths of 3s TWT that finally exhume the folded
Triassic epizonal Ichkeul, Hairech and Oued Belif metamorphic domes.

The erosion in the uplifting hanging-wall of the main shortening structures has favored the
exhumation of the Late Miocene extensional detachments and associated structures.
Shortening ranges between 16 and 7 %, decreasing from W to E.

The fault system accommodating plate convergence in Northern Tunisia is strongly
segmented with ENE-WSW to NE-SW reverse faults, E-W to NW-SE dextral faults and
NNE-SSW sinistral ones.

The distribution of high ksn values and gridded Hi in the region strongly mimic the fault
segmentation in Northern Tunisia, especially, defining the regions overlying reverse faults
and related anticlinal ridges. Furthermore, both ksn and Hi maps show an East to West
gradient in the degree of topographic dissection compatible with the increase in tectonic
shortening and age of the inversion structures towards the West. In some case, the high ksn
and Hi clusters occur headwards of fluvial captures and 90° deflections in the fluvial
channels, indicating higher fluvial dissection in response to the development of transverse
drainage.

The landscape of Northern Tunisia is characteristic of a young fold and belt region with
dominant axial valleys coinciding with the footwall of the main faults and/or along syncline
structures.

The current young topography related to Pliocene to present shortening in Northern Tunisia,

in a convergent setting since the Cretaceous, indicates that Late Miocene extension
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completely dismantled the previous foreland thrust belt structure and associated topographic
features.

v Tectonic inversion and development of new shortening structures accommodating NW-SE
plate convergence in Northern Tunisia followed the trend observed at a larger scale in the
western Mediterranean, with shortening propagating from central Algeria towards the East,
from the late Miocene up to the Quaternary in the Tyrrhenian.

v" The Chgega structure forms a spectacular example of landslide characterizing a large
Ypresian limestone block gliding over the ductile clays and marls of Paleocene age. The
identification of two different landslide mechanisms suggests to classify the Chegega as a
complex landslide. This landslide is currently active and shows a progressive movement
without clear episodic accelerations, characterized by an extremely slow speed as
demonstrated using INSAR technologies. The movement of the main rock block is driven by
the N140-150°E normal faulting system that crosscut the Chegega structure.

v" A deep geophysical sounding are necessary to identify and clearly characterize the
lithospheric structure of northern Tunisia.

v" Future work should analyze the age and P-T conditions reached during the metamorphism
of the Northern Tunisia extensional domes.

v Mores focus studies are also needed to characterize the active structures in Northern Tunisia
and more specifics technologies and data like Height’s DEM resolution and radar satellites

images.
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