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Abstract

Cenozoic extension in the Western Mediterranean is related to the dynamics of back-arc domains. However, extension propagated
into the external Foreland Thrust Belts (FTB) of the region. Here we revisit the structure, metamorphism and radiometric ages
of the Tunisian Tell FTB, where HP /LT blastomylonitic rocks (300-370°C at 0.9-1.0 GPa), were exhumed by the sequential
activity of extensional detachments. Normal faults thinning the Tunisian Tell FTB detached at two different crustal levels.
The shallower one cuts down into the Atlas Mesozoic sequence, involving allochthonous Triassic evaporites at the base of
the hanging-wall that form halokynetic structures intruding the Mejerda basin Late Miocene infilling. Meanwhile, the deeper-
detachment level bounds metamorphic domes formed by marbles and metapsamnites. Illite crystallinity of Triassic rocks in
the region shows epizonal to anchizonal values, at deep and intermediate structural depths of the Tell-Atlas F'TB, respectively.
New U-Pb 49.78 4+ 1.28 Ma rutile ages together with existing K-Ar ages in marbles at the footwall of the deepest detachment,
indicate a polymetamorphic evolution. The Tell Triassic rocks underwent Cretaceous extensional metamorphism, followed by
crustal thickening and rutile growth in the Early Eocene. Further, Early Miocene thickening thrusted the metadolerites over
lower-grade sediments, producing HP /LT metamorphism overprinting the base of the FTB. The exhumation of midcrustal roots
of western Mediterranean FTBs after the tectonic shortening phase is a common feature of other FTB “s, like the Betics and Rif,
which underwent a late-stage tearing at the edges of the subduction system together with delamination of their subcontinental

lithospheric mantle.
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Key Points:

e The Tunisian Tell Foreland Thrust Belt hosts HP/LT domes underlying Late Miocene
extensional detachments driven by slab delamination.

e Metamorphic and rutile U-Pb data shows that rocks in Northern Tunisia reached epizonal
conditions in the Early Eocene and Early Miocene.

e Halokinetic structures in Northern Tunisia are rooted in the Mejerda detachment and
were driven by Late Miocene extension.
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Abstract

Cenozoic extension in the Western Mediterranean is related to the dynamics of back-arc
domains. However, extension propagated into the external Foreland Thrust Belts (FTB) of the
region. Here we revisit the structure, metamorphism and radiometric ages of the Tunisian Tell
FTB, where HP/LT blastomylonitic rocks (300-370°C at 0.9-1.0 GPa), were exhumed by the
sequential activity of extensional detachments. Normal faults thinning the Tunisian Tell FTB
detached at two different crustal levels. The shallower one cuts down into the Atlas Mesozoic
sequence, involving allochthonous Triassic evaporites at the base of the hanging-wall that form
halokynetic structures intruding the Mejerda basin Late Miocene infilling. Meanwhile, the
deeper-detachment level bounds metamorphic domes formed by marbles and metapsamnites.
Illite crystallinity of Triassic rocks in the region shows epizonal to anchizonal values, at deep and
intermediate structural depths of the Tell-Atlas FTB, respectively. New U-Pb 49.78 + 1.28 Ma
rutile ages together with existing K-Ar ages in marbles at the footwall of the deepest detachment,
indicate a polymetamorphic evolution. The Tell Triassic rocks underwent Cretaceous extensional
metamorphism, followed by crustal thickening and rutile growth in the Early Eocene. Further,
Early Miocene thickening thrusted the metadolerites over lower-grade sediments, producing
HP/LT metamorphism overprinting the base of the FTB. The exhumation of midcrustal roots of
western Mediterranean FTBs after the tectonic shortening phase is a common feature of other
FTB’s, like the Betics and Rif, which underwent a late-stage tearing at the edges of the
subduction system together with delamination of their subcontinental lithospheric mantle.

Plain Language Summary

Orogenic arcs contain Foreland Thrust Belts (FTBs) formed by shortened sedimentary rocks.
The Tell FTB in Northern Tunisia is interpreted as a classic FTB developed through protracted
shortening from the Late Cretaceous until Present, formed by folded sediments and intruded by
salt bodies called diapirs. However, we show here that conversely, some of the supposed diapiric
bodies are metamorphic domes overlain by extensional faults, which in some case were originaly
buried at depths of 25-30 km. Moreover, the remaining diapiric structures in the Tunisian Tell
formed in relation to the late stage thinning and collapse of the orogenic belt, as they intrude into
Late Miocene sediments. We characterize the temperature and pressure conditions reached by
rocks in the domes and obtain a 49 Ma age of an early metamorphic event by radiometric dating
of rutile. Other FTBs in the Western Mediterranean show similar traits, being extended after the
main shortening stage and including metamorphic rocks unburied from great depths. We relate
this process to delamination, a deep mantle tectonic mechanism, which strips the FTB crustal
domain from its underlying mantle lithosphere. These results imply large differences in many
geological features including hydrocarbon prospectivity, lithospheric structure and nature of
tectonic boundaries.

1 Introduction

Certain orogenic domains of Foreland Thrust Belts (FTB’s) surrounding the western
Mediterranean, in the Betics, Mallorca, Tell, Rif and Apennines occur over relatively thin
continental crust and shallow LAB, below 30 and 70 km, respectively (e.g. Research group for
lithospheric structure in Tunisia, 1992; Piana et al., 2002; Agostinetti et al, 2008; Miller and
Agostinetti, 2012; Palomeras et al., 2014; Mancilla and Diaz, 2015; El-Sharkawy et al., 2020), in
some cases contrasting with nearby domains where the crust of these FTB's reach up to 50 km
thickness, forming part of thick 150-200 km lithosphere (e.g. Mancilla et al., 2015; Li et al.,
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2021; El-Sharkawy et al., 2020). This feature is explained by two contrasting hypothesis,
proposing either that the FTB’s preserve the original thrust stack structure with only minor, later
extension, and with existing extensional structures being mostly related to Mesozoic rifting (e.g.
Frizon de Lamotte et al., 1991; Gelabert et al., 1992; Platt et al., 2003; Crespo-Blanc and Frizon
de Lamotte, 2006; Sabat et al., 2011; Khomsi et al., 2016; Gimeno-Vives et al., 2019; Pedrera et
al., 2020). Or, alternatively, other work suggests that these FTB domains have been extended,
with their lithosphere rejuvenated in relation to deep mantle tectonic mechanisms, after the thrust
emplacement phase, during the Middle to Late Miocene, or younger in the Apennines-
Tyrrhenian (Cohen et al., 1980; Carmignani and Kligfield, 1990; de Ruig, 1995; Crespo-Blanc
and Campos, 2001; Papeschi et al., 2017; Rodriguez-Fernandez et al., 2011; Booth-Rea et al.,
2012; 2018; Moragues et al., 2018; 2021; de la Pena et al., 2020). Alternatively, extension
affecting FTB's in the Western Mediterranean has also been interpreted as a minor process
related to the dynamics of the accretionary wedges (Jiménez-Bonilla et al., 2016; Khelil et al.,
2019).

These contrasting views of the western Mediterranean FTB’s imply important differences
in crustal and lithospheric structure, age of extension, hydrocarbon prospectivity, amount and
age of shortening, role of tectonic inversion, age and position of orogenic boundaries and
tectonic mechanisms driving deformation in the region, among other features. For example,
stratigraphic omissions observed in the lithological series of these FTB domains are interpreted
as related to erosion or salt welds according to the first hypothesis (e.g. Khelil et al., 2021;
Daudet et al., 2020) and as extensional tectonic omissions by the later (Carmignani and
Kligfield; 1990; Garcia-Duenas et al., 1992; Crespo-Blanc and Campos, 2001; Rodriguez-
Fernandez et al., 2011; Booth-Rea et al., 2012; 2018; Moragues et al., 2021). Moreover, the
interpreted nature of these controversial lithological contacts will determine the maximum
amount of tectonic transport across them. For example, in the Betics, interpreting these omission
contacts as salt welds implies that the Numidian Flysch rocks overlying the South-Iberian
passive margin sediments are autochthonous and had only minor displacement together with
their underlying thrust sheet (tens of km), whilst other authors suggest hundreds of km of
displacement between these different domains (Platt et al., 2003; Lujan et al., 2004).

This is also the case in Northern Tunisia, where deep marine Oligocene to Early Miocene
Numidian Flysch has been interpreted to have deposited directly over the previously thrusted and
eroded underlying Atlas sequence, to explain the stratigraphic omissions found along its basal
contact (Khomsi et al., 2021; Khomsi, Roure and Verges, 2022), whilst other authors, studying
nearby outcrops in Northeastern Algeria propose their deposition over oceanic crust of the
Tethys ocean (Boukaoud et al., 2021). Thus, distinguishing between extensional, stratigraphic or
thrust contacts in the western Mediterranean FTB's is key to deciphering the tectonic evolution
of these regions.

Extensional fault contacts are characterized by producing lithological omissions in the
stratigraphic sequence, including metamorphic gaps along crustal-scale extensional shear zones
(Wernicke, 1981; Platt, 1986; Lonergan and Platt, 1995). However, given that extension cannot
undo the stratigraphic and metamorphic repetitions produced by previous nappe tectonics, the
extensional nature of a fault contact has to be further supported by geometrical criteria. For
example, extensional faults cut down into the previous structure towards the sense of hanging-
wall displacement (Wernicke and Burchfiel, 1982; Martinez-Martinez et al., 2002). The
geometry of extensional systems in extended FTB's is further determined by the rheological
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structure developed during the previous thrust stacking stage (e.g. Gartrell, 1997; Booth-Rea et
al., 2004; Brogi, 2008). Extension with pre-rift evaporites can further promote the activity and
growth of halokinetic features like diapirs, salt walls and minibasins (e.g. de Ruig, 1995; Escosa
et al., 2018; Granado et al., 2021).

The Tunisian 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 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, representing
the structurally deepest rocks in the Tell belt (Booth-Rea et al., 2018; Khelil et al., 2019, Fig. 2).
These are described as Permo-Triassic epizonal rocks that underwent temperatures between 300
and 400°C in the core of the Oued Belif dome (Mahdi et al., 2013). These temperatures are
supported by fluid inclusion studies in quartz and dolomite indicating temperatures between 220-
380 °C at minimum pressures equivalent to 6-7 km depth for the Triassic rocks (Perthuisot et al.,
1978). Furthermore, at intermediate structural positions within the Tell thrust stack,
metadolerites included in the Triassic evaporitic sequence show a polymetamorphic evolution,
having undergone an earlier spilitic metamorphism under lower-greenschist facies, followed by a
later K-Si enrichment metasomatic phase (Kurtz, 1983). This polymetamorphic evolution is
constrained by K-Ar ages on K-feldspar and phlogopite in the metadolerites giving different age
populations, including late Cretaceous to Paleocene ages (97-64 Ma) for samples in Le Kef
diapir, younger Late Oligocene to Early Miocene (25-18 Ma) ages in more internal Triassic
outcrops, and only Early Miocene ages (23-17 Ma) in the deeper Ichkeul massif (Bellon and
Perthuisot, 1977), in a pattern similar to the External Rif FTB in Morocco, where Miocene
metamorphism in the Temsamane nappe stack overprints older Cretaceous ages in overlying
rocks (Vazquez et al., 2012; Jabaloy et al., 2015). However, this age disparity in Northern
Tunisia has been interpreted as a mixture of Cretaceous ages with late Miocene magmatic related
heating and thermal resetting by Bellon and Perthuisot (1977).

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; 2019; 2020), which could explain the exhumation of
these rocks, together with Middle Miocene granodiorites in the Oued Belief dome (e.g. Decrée et
al., 2014). However, the origin, modes of exhumation, age, nature and implications that these
metamorphic rocks have for 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.

Here, we study the structure, metamorphism and timing of geological processes in
Northwestern Tunisia using a multidisciplinary approach. We use fieldwork and the analysis of
industry multichannel seismic reflection lines to study the structure of the Mejerda basin and
Kroumerie massif to the Northwest, with a special emphasis in determining the relationships
between polyphasic Late Miocene extension, the development of halokynetic structures, synrift
basin infilling and metamorphic rocks exhumation. Moreover, we determine illite crystallinity
for Triassic metapelite intercalations cropping out in the Tell FTB of Northern Tunisia and
analyze the metamorphic mineral parageneses, including multiequilibrium thermobarometric
results for the Ichkeul calcschist. Furthermore, we use rutile U-Pb laser ablation ion probe dating
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to determine the age of metamorphism in metadolerites. These data, together with other
previously published K-Ar data suggest a polyphasic metamorphic evolution in the Tell-Atlas
domain, between the Cretaceous and Early Miocene. These data, favor a model of Eocene to
Early Miocene crustal thickening and HP/LT metamorphism followed by extensional
exhumation and crustal thinning of the previous FTB, driving Late Miocene basin development,
halokynessis of overthrusted evaporite-rich layers in the upper crust and ductile flow below the
brittle-ductile transition. Finally, we integrate these findings in the tectonic evolution of other
FTB’s of the Western Mediterranean orogenic belts.
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Figure 1: Tectonic boundaries, orogenic arcs and 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 pattern 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., (2021).

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,
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 orogenic arcs, which also contributed to the development of these basins
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and their surrounding mountain 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; Moragues et al., 2021). Furthermore,
particularly beneath continental domains like the South Eastern Betics, Northern Tunisia, the Rif
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; Petit et al., 2015; Booth-Rea et al., 2018; Camafort et al., 2020; Negredo et
al., 2020) (Figure 1).

2 Geological setting

The Tell FTB in Tunisia is represented by the overthrusted nappes of the Maghrebian
Tethys oceanic domain (Numidian Flysch), formed in great part by Oligocene to Early Miocene
turbiditic series, 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; Sami et al., 2010; Riahi et al., 2021; Belayouni, 2013)(Figure 2). The infra-
Numidian domain is formed by several imbricated allochthonous nappes that include mostly
Cretaceous to Aquitanian sediments (Rouvier, 1993, 1992; Khomsi et al., 2009; Belayouni et al.,
2013). The infra-Numidian domain also includes Triassic evaporites, which are interpreted either
as autochthonous Triassic piercing the nappe structure (Rouvier, 1992; 1993; Khelil et al., 2019)
or as part of the allochthonous stratigraphic series at the base of the infra-Numidian nappes
(Troudi et al., 2017; Booth-Rea et al., 2018). The autochthonous Atlas series is formed by
Triassic to Oligocene sediments. The hinterland metamorphic domain of the Tell is found to the
NW in the Kabylies in Algeria, where HP Eocene to Early Miocene rocks crop out (e.g. Bouillin
et al., 1986; Bruguier et al., 2017), overthrusting metabasites and serpentinites attributed to the
subducted Tethys oceanic crust, which represents the basement of the Numidian Flysch (e.g.
Boukaoud et al., 2021). Metamorphic flysch successions also occur in la Galite island, North of
Tunisia (Belayouni et al., 2010).

Northern Tunisia has been considered for decades as a paradigmatic region for the study
of diapiric structures in an external foreland thrust belt context (e.g. 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; Amri et al., 2020). 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 km2 large salt glaciers or canopies (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 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, alternatively, as over thrusted Triassic evaporites at
the base of the Tellian nappes (Khomsi et al., 2009; Troudi et al., 2017).
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location of the analyzed Triassic 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 1. b)
Cross section A-A’across the Kroumerie massif and the Mejerda basin. The structure across the Mejerda basin is
based on reflection seismic line 2 in (a). ¢) Cross section B-B” from the Oued Belief epizonal dome, through the
Mogods massif, reaching the Ichkeul HP/LT massif. Notice the two extensional detachment levels, with the Ghzela
LANF cutting above the Atlas Cenozoic and Cretaceous series and the Nefza detachment and associated listric fan
cutting the previous structure and exhuming the Oued Belif and Ichkeul metamorphic domes.

Evidence for late Cretaceous to Palacogene tectonic shortening is described, mostly as
angular and erosive unconformities sealing folds in different regions of the Tunisian foreland
basins (EI Ghali et al., 2003; Masrouhi et al., 2008; Khomsi et al., 2009). During this period,
special emphasis is given to a Middle to Late Eocene “Atlas event” (Frizon de Lamotte et al.,
2000; Bracéne and de Lamotte, 2002; Benaouali-Mebarek et al., 2006; Khomsi et al., 2009;
2021; Leprétre et al., 2018). The Atlas event was followed by later overthrusting of Oligocene to
Late Burdigalian Numidian Flysch series over Early Miocene foredeep sedimentary successions
of Burdigalian to Langhian age in the Tunisian Tell (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, coeval to the development of Tortonian to
Messinian basins (Booth-Rea et al., 2018; 2020; Gaidi et al., 2020). Meanwhile, shortening at the
time propagated further South, in the Tunisian Atlas (Bouaziz et al., 2002; Said, Baby, Chardon
et al., 2011, Said, Chardon, Baby et al., 2011). Extensional continental semigrabens in Northern
Tunisia have been dated as Early Tortonian (11.6-10 Ma) in the Nefza mining district area using
mammalian biostratigraphy and U-Th/He dating of supergene iron oxide mineralizations (Yans
et al., 2021).

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 (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 approach. 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 massifs in Northern Tunisia we analyzed using X-ray diffraction techniques to
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determine their illite crystallinity. SEM microscopy, RAMAN spectra and electron microprobe
were used to analyze the mineral paragenesis in metapelites and metadolerites from the Tell
thrust stack. Chlorite-wKm-biotite mineral parageneses were tested for local equilibria using
mineral compositions and TWQ thermobarometry software (Berman, 1991). Finally, we used
LA-ICP-MS measurements for the radiometric U-Pb dating of metamorphic rutile in the
metabasites. Further, methodological details are exposed in the Supporting Information S1.

NE
0 L3 Majerda projected well L2

L1 WSW

0 Majerda projected well N S

Figure 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. Notice low-angle footwall ramp cutting through Cretaceous sediments cut in the Majerda well. The

hanging-wall structure is pierced by several halokinetic structures rooted in the Infranumidian Triassic.

4 Structure of Northern Tunisia

4.1 Extensional detachments and halokinetic structures in reflection seismics

Seismic lines across the Mejerda basin show a prominent reflection cutting down
southwards at a low angle into the Atlas Cretaceous autochthonous sediments (Seismic lines
Mejerda 1, 2, 3 and 4, Figures 2, 3 and 4). This reflector has been cored in the Mejerda 1 drill
hole and it separates Triassic evaporites above from underlying Middle Cretaceous marly
limestones (Troudi et al., 2017, Figure 2). Meanwhile, the Triassic is overlain by a discontinuous
and incomplete section of Mesozoic sediments, mostly Eocene limestones (Troudi et al., 2017).
This Mesozoic basement sequence is covered by Middle-Late Miocene to Quaternary
sedimentary infilling of the Mejerda basin. The Middle-Late Miocene sediments are cut by high-
angle normal faults detaching into the prominent reflection at the base of the Triassic evaporites,
showing progressive angular unconformities and halokinetic intrusions over the evaporitic
detachment, hereafter named the Mejerda detachment.
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Figure 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. This seismic line has been published before down to 2sTWT, with different
interpretations by Ayed-Khaled et al. (2015); Khelil et al. (2019) and Frifita et al. (2020).

Overall, the Mejerda detachment separates two crustal wedges, an overlying one,
thickening towards the South, formed by Infranumidian rocks and overlying Late Miocene
sediments, and an underlying one, thinning towards the South formed by Atlas Cretaceous
sediments (Figure 3). These extensional structures are overlain by an angular post-rift
unconformity, sealed by folded Pliocene to Quaternary sediments. 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).

Triassic evaporites form boudin type bodies together with high-amplitude 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). Overall, the
normal faults cutting the Late Miocene sediments form a listric fan structure that roots into the
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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 extensional structures are overlain by an angular post-rift unconformity, sealed by
folded Pliocene to Quaternary sediments. 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). Triassic
evaporites form boudin type bodies together with high-amplitude 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). 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.

4.2 Structure derived from field outcrops

Epizonal rocks occur in the Hairech, Ichkeul and Oued Belif massifs in Northern Tunisia
(Cross-sections in Figure 2). These rocks are marbles and metapsamnites formed by the
metamorphism of Jurassic limestone and underlying Triassic red-beds, dolostone, limestone with
intercalated dolerites. 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 (Rouvier, 1977; Khelil et al., 2019; Khomsi, Roure and Verges,
2022)(cross-section, Figure 2). These normal faults bound the Messinian sediments of the
Mejerda basin, both to the North and South of the massif, and also, cut mineralized outcrops of
Eocene allochthonous Infra-Numidian rocks (cross section A-A’, Figure 2).

Triassic rocks bearing a low-angle cataclastic foliation crop out along both the Northern
and Southern margins of the Mejerda basin (Figure 5a). 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 also in the region around Thibar (Figure 2). 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 A-A’, Figure 2).

The Mejerda detachment crops out to the South of the Mejerda basin, uplifted in the
hanging wall of the Pliocene to Quaternary thrust that deforms the southern margin of the basin
(Gaidi et al., 2020, Figure 2). The detachment fault zone is formed by a foliated cataclastic
breccia affecting different Triassic lithologies, including red beds, dolostone and gypsum (Figure
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 2). These features coincided with those
observed in the seismic lines crossing the Mejerda basin (Figures 3 and 4). To the East of
Fernana, the Mejerda detachment shows a low-angle footwall ramp, cutting down towards the
South from Eocene to Turonian-Santonian sediments (cross section A-A’, Figure 2).

High-angle normal faults cutting into the Numidian Flysch sequence define semigrabens
filled by Late Miocene conglomerates in the Kroumerie massif (Figure 2 and 5b). These faults
exhume the Mejerda detachment at their footwall, exposing Triassic evaporites and overlying
Infra-Numidian tectonic units, below the Numidian Flysch. Furthermore, they define the main
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347  valleys within the Kroumerie massif. We show the prolongation of these faults towards the SW
348 in section A-A’ in Figure 2.
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Figure 5: Field outcrop photographs and related fault and mylonitic foliation data. 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. Laterally, towards the West, this contact also has Triassic
evaporites, which are also ommitted in this section. We relate the missing series along this contact to extensional

reworking of the original thrust contact by the activity of the Mejerda detachment.

The Mejerda detachment and overlying Triassic 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 (Fig. 5c). The Kasseb
unit includes Eocene limestones that form prominent discontinuous extensional horses detached
over the Mejerda detachment (landscape photo in Figure 5¢). We interpret an equivalent
structure along section A-A’, partly exposed in the Rebiaa massif (cross-section A-A’, Figure 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 2). These massifs are bounded by WSW-ENE trending
normal faults that separate the metapsamnites and marbles in their core from strongly
mineralized 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 4). This normal fault cuts through the whole structure
described above rooting in low-angle reflectors at a depth of approximately 3 s TWT (Fig. 4).
Marbles and metapsamnites from the Hairech massif show a penetrative foliation, marked by the
growth of white mica and chlorite parallel to the lithological banding. 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).

Outcrops of Triassic metapelites in the Oued Belif dome are strongly overprinted by
mineralizations and magmatic related processes (Decrée et al., 2014, 2013; Mahdi et al., 2013).
These metamorphic rocks contrast with the overlying Paleogene and Eocene Infra-Numidian
sediments, marking a pronounced metamorphic gap between epizonal and diagenetic rocks
(cross section B-B’, Figure 2). Exhumation related structures in this region are particularly clear
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392 and intimately related to magmatic processes, with a well-defined brittle-ductile shear zone
393 between the Triassic metapelites and overlying sediments, namely, the Nefza detachment
394  (Booth-Rea et al., 2018). The main extensional detachment produced Eastwards directed
395  extension during the extrusion of rhyodacites that show a magmatic foliation that is parallel to an
396  overlying mylonitic foliation in marbles from the footwall of the Nefza detachment. These rocks
397  are cut by a Late Miocene strongly mineralized fault breccia (Booth-Rea et al., 2018). This
398  exhumation trend, with ductile structures evolving towards brittle breccias is also followed by
399  magmatism in the region that evolves from plutonic intrusion of granodiorites in the Serravallian
400 (12 Ma) to the shallower extrusion of volcanic rocks in the Tortonian (8-9 Ma)(Halloul and
401 Gourgaud, 2012; Decree et al., 2014).
402 Metamorphic marbles and calcschists crop out in the Ichkeul massif in Northeastern
403  Tunisia affecting Jurassic and late Triassic protoliths (cross section B-B’, Figure 2). This massif
404  occurs isolated by Quaternary sedimentary infilling to the North of the Mateur basin (Figure 2).
405  The marbles are presently folded in the core of an anticline with a WSW-ENE oriented axis. The
406  southern limb of the anticline is cut by two sets of E-W and N-S trending high and low-angle
407  normal faults with mostly S-SE and E-NE directed transport, respectively (Figures 5d and e, with
408  faults and striae projected in stereoplot). Marbles in the Ichkeul massif show a marked
409  blastomylonitic foliation, containing a SW-NE stretching lineation, which in turn is cut by a
410  penetrative system of NW-SE trending calcite veins (Figure 5f, including stereoplot of foliation
411  and lineation). At microscopic scale, biotite and chlorite growth define the mylonitic foliation
412 (Sm) that cuts the older compositional banding (So) defined by pelite-carbonate layers (Fig. 5g).
413
10A 5A doos
Samples Minerals | <2u* WF <2y WF bmica mica chlorite

414
415

quartz, mica, Kfds, hematite, smectite?, 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 quartz, mica, smectite, Kaolinite, dolomitet 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, hematitel,,Kfds{ { 0.47 0.46 0.41 0.38 9.029 9.971 14.19
FB-01 dolomite?t, mica, chlorite, quartzJ, 0.37 0.37 0.35 14.19
TA-01 quartz, mica, chlorite, Kfds, plagioclase 0.42 0.42 0.39 0.36 ggi: 9.945 14.21

™, 4, 41 = qualitative indication of amount
*Anchizone limits (Warr and Ferreiro Mahlmann, 2015) = 0.52 - 0.32
WF - Whole Fraction

Table 1: Illite crystallinity results and mineralogy of Triassic pelitic samples. Samples located in the geological map
of Figure 2.
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5 Metamorphic petrology

5.1 Illite crystallinity

X-Ray diffraction results indicates quartz, white mica + K-feldspar * plagioclase +
hematite + dolomite = calcite (Table 1). Some of the samples from the Infra-Numidian 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.

Illite crystallinity (KI) of the Triassic metapelites cropping out in the Tunisian Tell shows
two different populations (Table 1, see location in Figure 2). Samples (Chemtou01, Chemtou02,
MT-1, ICH-04) picked from the deep autochthonous Triassic outcrops from Oued Belif, Hairech
and Ichkeul anticlinal domes are characterized by typical epizonal values between 0.26 and 0.30
(Table 1). Meanwhile, the allochthonous Triassic located at the base of the Infra-Numidian
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.

The number of mica b parameters in the metamorphic autochthonous Triassic outcrops 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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Figure 6: Mineral paragenesis and textures from the Tunisian epizonal domes. a) Mineral association in Ichkeul K-
Si-Ca-Mg-Fe calcschist bands. b) Calcitet+quartz+talc+hematite mineral association growing in Ichkeul Si-Ca-Mg-Fe
marbles. ¢) Detail of Talc+quartz+calcite fibrous intergrowths, which probably represent aragonite pseudomorphs. d)
Mineral association in Ghzele-b metadolerite formed by biotite + Kfeldspar + quartz + calcite + albite + chlorite +

rutile + hematite + white K mica + Na-Ca plagioclase. e) Detail of rutile and apatite growing in the Ghzele-b
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metadolerite. f) Metapsamnite of the Hairech massif with detrital quartz grains with white K mica beards. The mineral

association also includes albite and rutile.

5.2. Metamorphic mineral assemblages in metadolerites, metapelites and calcschist

Psammitic and impure marble samples from the Hairech and Ichkeul domes, representing
the structurally deepest rocks in Northern Tunisia show lower-greenschist mineral paragenesis
defined by chlorite + white K mica + albite + epidote. Meanwhile, the samples from Ichkeul
show a mylonitic foliation and compositional banding defined by white K mica + chlorite +
biotite + calcite + quartz in Si-Al-Mg-Fe-K-Ca marbles overprinting an earlier metamorphic
fabric defined by a talc + calcite + quartz assemblage in Si-Mg-Fe-Ca marbles (Figure 6a and b).
Talc shows fibrous intergrowths with quartz and calcite, which has an habitus similar to
aragonite or aragonite pseudomorphs described elsewhere (Brady et al., 2004; Chopin et al.,
2008; Gerogiannis et al., 2021)(Figure 6¢). Meanwhile, calcschist in Ichkeul show two
generations of mica, an older one formed by white K mica and a more recent biotite growing in
pressure shadows around phengite and chlorite (Figure 6a).

Metadolerite blocks occur within the Ghzele detachment at the base of the Infranumidian
Triassic sequence at intermediate depths within the Tunisian Tell FTB. These rocks also occur at
other Triassic outcrops in Northern Tunisia, near Bazina and in Jebel Baoula, overlying the Atlas
Cretaceous autochthonous rocks (Kurtz, 1983) (Cross-section B-B’, Figure 2). Moreover, they
are described further south in the Le Kef diapir (Kurtz, 1983). We have studied two metadolerite
samples from the Ghzele detachment (Ghzele-a and -b) that show variable degrees of
metamorphic and metasomatic alteration as described by Kurtz (1983) in all metadolerite
outcrops of Northern Tunisia. Metadolerite Ghzele-a is strongly overprinted by a metamorphic
paragenesis defined by albite+chlorite+epidote+calcite+quartz. The original magmatic
assemblage is only represented by relic plagioclase and titanomagnetite crystals. Metadolerite
Ghzele-b shows a further transformation where K-rich minerals replace the metamorphic
assemblage described in Ghzele-a. These include potassium-feldspar, white K mica and a Mg-
rich biotite. Moreover, the later sample is rich in calcite, hematite, apatite and rutile (Figure 6d
and e). A metapsamnite of the Hairech massif shows white K micat+quartz+albite+rutile, with
mica beards growing around quartz detrital grains (Figure 6f).

5.3. Mineral chemistry

We determined the mineral assemblage and analyzed the composition of different
minerals within metabasites, metapsamnites and calcschists from both the deeper metamorphic
domes and from metabasites at intermediate depths in the Tell nappe stack, using multiple tools
including electron microprobe, SEM and RAMAN spectra analysis. The compositions of wKm,
biotite and chlorite were determined using a Camebax electron microprobe from the Granada
University. Structural formulae were calculated based on 14 (anhydrous) oxygens for chlorite
and 11 for micas.

5.3.1. White K mica

White K micas show variable amounts of Si and interlayer cation content both within
individual rock samples and between epizonal rock massifs. This variability manifests changing
metamorphic pressure and temperature, leading to different proportions of mica compositional
end members, represented by muscovite, celadonite, pyrophyllite and paragonite. Si content
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484  responds to exchanges among the muscovite, celadonite and pyrophyllite end members.

485  Tchermak (2Alv=Sirv+(Fe+Mgyr) substitution between the celadonite and muscovite end
486  members is strongly influenced by pressure (Massonne and Schreyer, 1987; Massonne and
487  Szpurka, 1991), whilst Si enrichment, together with interlayer cation deficiency between the
488  muscovite and pyrophyllite end member (Kxn-1Alv-1Sirvoxm) is sensitive to a decrease of
489  temperature (Agard et al., 2001; Leoni et al., 1998; Vidal and Parra, 2000)

490  1997). WKm from the Ichkeul Massif show Si contents between 3.26 and 3.0 a.p.u.f. and

491 interlayer cation content (IC) between 0.81 and 0.98 a.p.u.f., marking a trend towards lower Si
492  content and higher interlayer occupancy that would indicate a heating during decompression
493 metamorphic P-T path (Table S2 and Figure 7a). WKm from the Hairech Massif show strongly
494  variable compositions with Si contents ranging between 3.52 and 3.12 a.p.u.f. and IC between
495 0.83 and 0.98 a.p.u.f., which suggest strong pyrophyllitic substitution characteristic of low-

496  temperature micas and probably also relatively high P/T metamorphic gradient (Figure 7b).
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497
498 Figure 7: Si-Interlayer cation content of white K micas of Northern Tunisia. a) white K micas from the Ichkeul
499 dome. b) white K micas from metapsamnites underlying the Chemteu marbles, from the Hairech massif. Notice

500 composition variability indicating their crystallization under a wide range of P-T conditions.

501 5.3.2. Chlorite

502 Chlorite analysis in the Ichkeul blastomylonitic calcschists give Si contents ranging

503  between 2.94 and 2.65 a.p.u.f., XMg between 0.50 and 0.64 and octahedral summation between
504  5.77 and 5.90 a.p.u.f. (Table S3). Compositional variability between the different chlorite

505  compositional end members, including clinochlore, daphnite, amesite and sudoite depends on the
506  metamorphic conditions as well as the rock chemistry (Jenkins and Chernosky, 1986; Vidal and
507  Parra, 2000; Vidal et al. 2005).

508 Fe** content in chlorite cannot be determined using the electron microprobe, however, its
509  value is important for thermobarometric calculations in the KFMAS system. We estimate Fe** in
510  chlorite by minimizing the differences between P-T conditions resulting from two different

511  equilibrium calculations using thermodynamic properties published by Vidal et al. (2005). The
512 first only involves chlorite end members (Daphnite, Clinochlore, Fe-Amesite and Mg-Amesite).
513  Since only three of these four end members are independent, this equilibrium must be satisfied to
514  obtain the same solid-solution free energy calculated with either clinochlore, daphnite, Fe-, or
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Mg-amesite (Vidal et al., 2005). The second equilibrium involves Qtz and H>O, within the
KMAS system (Clin+Sud=Mg-Am+Qtz+H20). We obtain values of XFe3+ between 0.3 and
0.41, below maximum values actually measured in Chlorite (Lanari et al., 2014; Trincal et al.,
2015). Chlorite in the Ghzele metadolerite shows high Si contents ranging between 2.96 and 3.00
a.p.u.f.,, XMg from 0.72 to 0.73 and octahedral summation between 5.90 and 5.99 a.p.u.f., which
may correspond to low temperature chlorites (Table S3).

5.3.3. Biotite

Biotite in the Ichkeul calcschists shows variable compositions with Si content between 2.77 and
2.89 a.p.u.f., XMg from 0.56 to 0.61 (Table S4). It is the most abundant mineral in the pelitic
intercalations of the Ichkeul marbles and grows replacing chlorite and white K mica.
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Figure 8: Analyzed mineral assemblages from the Ichkeul calcshist and resulting TWQ thermobarometric results
indicating HP/LT metamorphism, followed by heating and decompression during the growth of blastomylonitic

foliation.

5.4. Multiequilibrium P-T results

We obtained preliminary multiequilibrium P-T data for chlorite + white K mica + biotite
+ quartz + water assemblage defining the main foliation in the Ichkeul calcschist.
Multiequilibrium results were calculated using TWQ 1.02 software (Berman, 1991) and its
associated database JUN92, updated with more recent thermodynamic properties and solid
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solution models for chlorite and white K mica (Parra et al., 2002 and Vidal et al., 1992, 1999,
2005). Fe 3+ in chlorite was obtained as described in the chlorite mineral chemistry section,
above. Calculations were done assuming a water activity of 1.0, which, may be unprecise,
although, the presence of talc in these rocks implies high water activity (e.g. Bucher and Grapes,
2011).

Obtained P-T equilibria, with four independent reactions, show that the Ichkeul rocks
reached HP-LT conditions of 0.9 £ 0.05 Gpa at 347 £ 9 °C during the growth of phengite-rich
white K micas (Si=3.26 a.p.u.f.), within the stability field of aragonite + talc in intercalated Mg-
Si-Fe marbles (Figure 8). Later chlorite, biotite and white K mica growth developed during
decreasing pressure at higher temperature with equilibria, for example, at 0.58 = 0.11 Gpa at 409
+20°C and at 0.29 £ 0.13 at 438 £ 34 °C (Figure 8). These later conditions would correspond to
blastomylonitic deformation under NE-SW stretching in the Ichkeul marbles (Figure 5f, g).
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Figure 9: Tera-Wasserburg diagrams of rutile. Discordia isochron ages were calculated with IsoplotR (Vermeesch,
2018) using the least-square “York” method without anchored common 2’Pb/2%Pb. Error ellipses in Tera-
Wasserburg diagrams are displayed with 95%-confidence level. a) Results with all analysis. b) Results excluding

selected analysis shown as grey ellipses.

5.5. Rutile U-Pb LA-ICP-MS dating

Rutile crystals were analyzed by LA-ICP-MS in sample Ghzele-b (Figure 6 d and e) and
data shown in Figure 9 and provided in Table S5. Rutile U-Pb are sufficiently radiogenic to be
analyzed and yield a Tera—Wasserburg Discordia date of 50.68 + 1.13 Ma (20, n =25, MSWD =
13.1) (Figure 9 a) considering all the analyses, and of 49.78 + 1.28 Ma (20, n =21, MSWD = 1.0;
(?°7Pb/?%Pb)o= 0.56 + 0.02) (Figure 9 b), excluding selected analyses (shown as grey ellipses).
These analyses likely reflect an event date between c. 51 and 48 Ma.
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6 Discussion

6.1. Low-temperature metamorphism in the Tunisian Tell

The new illite crystallinity data and metamorphic assemblages 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 1, cross-sections and samples in Figure 2). These Permo-Triassic rocks
have been interpreted as forming the outcropping base of the autochthonous Mesozoic Atlassic
sedimentary cover, deposited in the North Maghrebian passive margin (Rouvier, 1993, 1992;
Booth-Rea et al., 2018). The fact that these minerals 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 scattering of KI 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 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,
coexisting with the studied metadolerites, which underwent clear greenschist facies
metamorphism (Figure 6d).

The illite crystallinity data are further supported by the mineral associations we found in
the Ichkeul calcschist and marbles including biotite + wKm + chlorite + quartz + calcite (Figure
6a) and calcite + dolomite + talc + chlorite + hematite (Figure 6b), respectively, which would
require temperatures between 300 °C and 470 °C, in the stability of talc and biotite and below the
stability of tremolite (Bucher and Grapes, 2011). Furthermore, our multiequilibrium
thermobarometric results for the deepest outcrops of the Tunisian Tell, corresponding to the
Ichkeul marbles confirm these conditions and indicate that these rocks underwent HP-LT
metamorphism under blueschist facies at approximately 0.9-1.0 Gpa and 350 °C, followed by
decompression and heating to conditions of 0.6-0.3 Gpa and 400-440°C during the growth of
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biotite (Figure 8). Decompression during heating is also manifested by the compositional trend in
white K mica, showing decrease in Si content together with an increase in interlayer cation
content (Figure 7). The HP-LT conditions we obtained fall within the stability of talc and
aragonite in impure Mg-Si-Fe marbles (Bucher and Grapes, 2011). This may indicate that
elongated calcite fiber intergrowths with talc and quartz could represent aragonite pseudomorphs
in the Ichkeul marbles (Figure 6¢).

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. Although, the growth of biotite, K-feldspar and rutile in metadolerites included in these
rocks, together with the nearby epizonal sample MT-04, suggest even higher temperatures above
300 °C. 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.

The HP/LT thermobarometric results in the Ichkeul marbles indicate that the epizonal
Atlas Triassic domes reached a typical orogenic P-T gradient of approximately 15 °C/km during
a HP-LT metamorphic event and were exhumed from under approximately 25 km overburden
provided by the Tell nappe stack. This evolution parallels the one observed in the Betics and
external Rif (e.g. Azafidon 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
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 15-10 km, under temperatures of 400-440 °C where
deformation was governed by dynamic recrystalization creep during the growth of biotite,
producing the mylonitic foliation and SW-NE stretching lineation observed in the Ichkeul massif
marbles (stereoplot and photo in Figure 5f). Alternatively, the blastomilonitic foliation in the
Ichkeul massif may have formed by shearing under shortening conditions during the Late
Burdigalian (17 Ma) as described for similar structures in the Temsamane massif in the Eastern
Rif (Jabaloy et al., 2015).

6.2. From Cretaceous extensional to Eocene and Early Miocene orogenic metamorphism
in Northern Tunisia

Integrating our new rutile U-Pb 49.78 £+ 1.28 Ma results with previously published
radiometric dating indicates a polymetamorphic evolution for the Tunisian Tell, similar to the
one observed at the opposite end of the Maghrebian Alpine chain, in the Rif (Vazquez et al.,
2013; Jabaloy et al., 2015). K-feldspar and phlogopite K-Ar ages from metadolerites and marbles
from different outcrops in the Tunisian Tell give Cretaceous (97 £ 5 to 67 £ 3 Ma), Palacocene
(65 £ 3), Oligocene (27 + 1 to 25 £ 1) and Miocene ages (23 + 1,2 to 17,6 £ 0,9) (Bellon and
Perthuisot, 1977). Although, this age dispersion was interpreted as a result of Cretaceous
extensional-sedimentary load related metamorphism, mixed with radiometric resetting by late



645
646

647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

662
663
664
665
666
667
668
669

670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

686

687
688

manuscript submitted to Tectonics

Neogene magmatic heating in the region (Bellon and Perthuisot, 1977), we provide a new
alternative scenario.

Most of these ages probably represent distinct metamorphic events, related to different
geodynamic stages in the evolution of the Western Mediterranean. Late Cretaceous ages between
97 and 69 Ma may correspond to very-low grade spilitic metamorphism probably produced by
the sedimentary-related overburden in the North-Maghrebian passive margin, described in the
Tellian metadolerites (Kurtz, 1983). Equivalent ages and metamorphic conditions were obtained
for anchizonal rocks of the Ketama unit in the external Rif (Vazquez et al., 2013; Jabaloy et al.,
2015). The new rutile U-Pb 49.78 + 1.28 Ma data we present, together with the Latemost
Cretaceous to Paleocene ages reported by Bellon and Perthuisot (1977), must represent initial
stages of plate convergence between Africa and Eurasia, evidencing tectonic inversion and
crustal thickening at the transition between the North Maghrebian passive margin and the Tethys
ocean, at the time. This crustal thickening and related deformation favored the mineral blastesis
in the Tellian metadolerites producing the K-feldspar, biotite and rutile paragenesis. Between the
Cretaceous and Eocene, subduction was active in the Alps (Rubatto et al., 1998; Villa et al.,
2014; Malusa et al. 2015). This metamorphism coincides with shortening along the Atlas in the
Latemost Cretaceous-Eocene (de Lamotte et al., 2009).

The studied metadolerites presently crop out among anchizonal to epizonal Triassic
evaporites at the base of the Infra-Numidian nappe stack , overlying lower-grade autochthonous
Atlas Cretaceous sediments of the Atlas series, which reached conditions between inmature and
early to mid-mature oil generation according to Rock-Eval pyrolysis testing (Ben Ammar et al.,
2020), implying temperatures probably below 150 °C (e.g. Buller et al., 2005). Thus, this Early
Eocene crustal thickening-related metamorphism occurred before the establishment of the
present Tellian nappe stack, in a transitional region between the Tethyan oceanic crust and the
Maghrebian passive margin.

The main phase of nappe stacking in the Tunisian Tell is dated as Early Miocene by the
overthrusting of the Oligocene to Burdigalian Numidian flysch sandstones over Late Burdigalian
to Langhian sediments of the Glauconite formation (Belayouni et al., 2013). However, the Tell
accretionary wedge and NE directed subduction of the Tethys ocean initiated earlier as attested
by both UHP metamorphic mineral growth during the Early Oligocene in the Kabilies (32.4 £
3.3 Ma, Brougier et al., 2017) and Eocene to Early Oligocene volcanic arc zircons within the
Tethyian Flysch units (33 £ 1 Ma, Fornelli et al., 2020 and 40-28 Ma in the Rif, Abbassi et al.,
2021). Phlogopite in the Ichkeul marbles at the base of the Tunisian Tell FTB has given 23 + 1,2
and 17,6 + 0,9 Ma ages (Bellon and Perthuisot, 1977), and probably grew during the main phase
of nappe stack development, as deduced from the new thermobarometric results we obtained
with biotite + wKm + chlorite growth in the intercalated calcschists at both HP/LT and later
IP/LT conditions (Figure 8). Actually, the growth of biotite during heating, decompression and
ductile stretching suggests that the younger ages may reflect the initial extensional collapse of
the Tunisian Tell, which had already occurred in the internal Kabilies in Argelia, marked by late-
stage K-rich magmatism intruding the nappe stack, dated at 17 Ma (Abbassene et al., 2016;
Chazot et al., 2017).

6.3. Halokinetic structures in Northern Tunisia

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
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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 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, Figure 10)
or in the Mejerda basin (Seismic lines and cross section A-A’, Figures 2 and 3). Moreover, the
fact that the Triassic evaporites underwent Early Eocene epizonal metamorphism as
demonstrated by the growth of U-Pb dated rutile, Kfeldspar and biotite, which is not present in
the underlying Cretaceous sediments, means they juxtaposed these rocks during a later thrusting
stage.

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 LANFs. 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 (Figures 3
and 4). Moreover, these structures have been re-used and inverted during the later Plio-
Quaternary shortening in the region (Gaidi et al., 2020).

The deeper Triassic bodies are found in antiformal dome-type outcrops, where epizonal
and HP/LT orogenic crust has been exhumed from midcrustal depths in the Oued Belif, Ichkeul
and Hairech massifs (cross sections A-A" and B-B’, Figure 2). These metamorphic domes were
produced by ductile flow and extensional exhumation of the North Tunisian orogenic middle
crust during the Middle to Late Miocene and do not represent diapirs.

6.4. Extensional exhumation in Northern Tunisia

Our field and geophysical evidence shows different systems of extensional faults that
detach at two different structural positions within the Tell nappe stack (Booth-Rea et al., 2018).
The shallower LANFs, represented by the Ghzela and Mejerda detachments that show NE and
SW-directed extension, cut down into the Mesozoic Atlas sequence producing the Mateur and
Mejerda basin depocenters. These faults exhume mostly the Eocene to Cretaceous Atlas
sequence. The younger extensional structures produce mostly SE-directed extension and are
formed by a system of high-angle listric faults that cut the above detachments and root at depths
of approximately 3s TWT. These faults bound the Hairech (cross section A-A’, Figure 2) and
Ichkeul massifs (Figures 5 d, e) and outcrop along the Lansarine massif, where the Infranumidian
Triassic and overlying Early to Late Miocene sediments are tilted over a low-angle normal fault
with SE-transport cutting down into Cretaceous Atlas sediments (Gaidi et al., 2020, Figure 10).

The extensional systems worked sequentially, the first system produced mostly eastwards
to northeastard directed extension during the Tortonian (=11-8 Ma), and maybe including the
Serravallian, with the development of brittle LANFs like the Mejerda, Ghzele and brittle-ductile
shear zones like the Nefza detachment. The NE-SW directed ductile stretching observed in the
Ichkeul dome may have initiated earlier during the Langhian coinciding with the younger
phlogopite K-Ar ages obtained in this massif (Bellon and Perthuisot, 1977). However, the final
exhumation of these midcrustal rocks to the surface was accomplished by a later orthogonal
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extensional system, producing mostly southwards directed extension during the Tortonian to
Messinian ((=8-5) Ma. High-angle normal faults, cutting LANFs of this later system are the
structures that presently bound the Hairech and Ichkeul mid-crustal domes in Northern Tunisia
(Figures 4, Se, cross sections in Figure 2).

WNW-ESE

Figure 10: Example of two orthogonal extensional systems cutting Late Miocene sediments and thinning the Early
Miocene Tell FTB nappe pile along the Lansarine ridge in Northern Tunisia. Notice Tortonian extensional rider
tilted over a normal fault with SE-directed transport, overlying Atlas Cretaceous marls tilted towards the NW. The
SE-directed extension affects the older Mejerda extensional detachment, where Infranumidian Triassic evaporites
overlie Cretaceous autochthonous sediments. The Mejerda detachment thins and reworks the previous Early
Miocene nappe contact between the Infranumidian and Atlas domains.

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
remains of the original Late Oligocene to Early 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 orogenic middle crust, producing important tectonic omissions and
metamorphic gaps in the lithological sequences, during the Late Miocene (cross section A-A’,
Figures 2, 5 c). The late Miocene extension in Northern Tunisia propagated Southeastwards
during the Pliocene to Quaternary, affecting large regions of Central Tunisia, the Sicilian
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Channel and the Pelagian domain offshore (Civile et al., 2010; Belguith et al., 2011; 2013; Arab
et al., 2020)(Figure 10). This extension probably followed earlier Middle Miocene extension
towards the NE and concomitant openning of the Easternmost segment of the oceanic Algerian
basin (Haidar et al., 2022 ; Figure 11).

6.5. 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, only 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; El-Sharkawy et al., 2020.)(Figure
10).

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 include a
strip of Nubian continental lithospheric mantle (Roure et al., 2012; Booth-Rea et al., 2018;
Camafort et al., 2020). The older extensional system migrated eastwards, towards the direction
of slab retreat, and was thus, probably related to delamination of the lithospheric mantle inboard
of the South Tunisian Atlas STEP boundary (Figure 10). Meanwhile, the later southwards
directed extension was accompanied by important topographic uplift that migrated towards the
E-SE in the late Miocene (Salah and Vanhouten, 1988), reaching the eastern coast of Tunisia in
the Quaternary. This extension and the related topographic uplift we propose may be associated
with flexural and isostatic rebound after the delamination under Northern and probably Central
Tunisia (Roure et al., 2012 ; Booth-Rea et al., 2018). This tectonic mechanism drove active
extension, magmatism, hydrothermalism and topographic uplift in the region, processes that
migrated behind the retreating slab. Slab retreat was favored by slab tearing or detachment at the
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795  edge of the system along the Southern Tunisian Atlas thrust front that has been interpreted as a
796  dextral STEP boundary that continues active at Present day (Booth-Rea et al., 2018; Camafort et
797  al., 2020; Soumaya et al., 2020)(TA-STEP, Figure 11).
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798  Figure 11: Cartoon of the tectonic mechanisms driving mid-crustal exhumation in Northern Tunisia and the location
799  of exhumed middle crust in the region. Notice the thinning of the Tunisian-Algerian lithosphere across the Tunisian
800  Atlas STEP boundary (TA-STEP). NE-SW extension initiated in the Middle Miocene coeval to the oppening of the
801 East Algerian Basin (Haidar et al., 2022) and propagated into Northern Tunisia in the Tortonian (approx. 11-8 Ma),

802 meanwhile, later SE-directed extension finally exhumed the Tunisian metamorphic domes, including the Ichkeul
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HP/LT blastomylonites, in the Late Tortonian-Messinian (approx. 8-5.3 Ma). Exhumed metamorphic rocks include
Early Eocene metadolerites (Rutile U-Pb 49.78 £ 1.28 Ma) and Early Miocene (23 and 17 Ma phlogopite K-Ar,
Bellon and Perthuisot, 1977) HP/LT blastomylonitic marbles and calcschist in the easternmost Ichkeul dome. Figure
background, modified from Booth-Rea et al. (2018).

6.6. 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
epizonal orogenic crust was exhumed in the Temsamane massif during the Tortonian ( Negro et
al, 2007; Booth-Rea, 2012; Figure 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-Fernandez et al., 2011; 2013). At the same time,
deeper HP/LT rocks from the subducted Iberian passive margin were 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 and Azafion, 1997; Martinez-Martinez et al., 2002;
Booth-Rea et al., 2005; 2015; Morales et al., 2022). 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 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; 2021, Figure 1). Although, several works suggest
that extension in these FTB’s is minor and related to the internal dynamics of the accretionary
wedge, for example, to changes in the basal friction related to the presence of underlying
evaporites (Jiménez-Bonilla et al., 2016; Khelil et al., 2018), in Northern Tunisia, the Eastern
Betics and Eastern Rif extension has resulted in a marked thinning of the crust under the FTB
domain and exhumation of metamorphic rocks (Negro et al., 2007; Booth-Rea et al., 2012; 2018;
2020; Azdimousa et al., 2019). In these later cases, where the crust shows thickness below 30 km
(Research Group for Lithospheric Structure in Tunisia, 1992; Mancilla et al., 2015; Mancilla and
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, and more recently under the Central Apennines (Figure 1).

Heating during decompression coeval to the development of late-stage mylonitic shear
zones is a common feature observed in the exhumed metapelites of the South Iberian subducted
passive margin (Booth-Rea et al., 2015) and in Northern Tunisia and may be a diagnostic feature
of lithospheric mantle delamination and subsequent heating at the base of the crust, together with
other associated magmatic processes like K-Si-rich shoshonitic volcanism (Duggen et al., 2003;
Booth-Rea et al., 2007; 2018).
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Future work should further 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.

7 Conclusions

We present the first U-Pb ion-probe dating of Early Eocene metamorphism related to
Africa-Eurasia plate convergence along the North Maghrebian passive margin, producing the
blastesis of rutile at 49.78 + 1.28 Ma.

These new radiometric ages together with previously published K-Ar ages on K-feldspar
and phlogopite from metadolerites and marbles in Northern Tunisia indicate the region
underwent a polymetamorphic evolution with distinct metamorphic events including Late
Cretaceous extensional-spilitic metamorphism, followed by Eocene and Early Miocene
metamorphic events related to tectonic shortening along the Tunisian Tell and Atlas.

Our data support alternative tectonic processes to diapirism and protracted shortening
since the Cretaceous in Northern Tunisia, corresponding to Late Miocene crustal extension of a
previously overthickened orogenic wedge. Our new thermobarometric and metamorphic data,
together with illite crystallinity shows that most of the Triassic outcrops in Northern Tunisia are
made up by very low-grade and low-grade metamorphic rocks that underwent epizonal or
anchizonal conditions.

The Ichkeul dome hosts HP/LT metamorphic rocks with aragonite pseudomorphs and Si-
rich phengite equilibrated at 0.9-1.0 Gpa under 350 °C that were exhumed through heating and
decompression to 400-440 °C at 0.6-0.3 GPa.

We distinguish 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 to epizonal metamorphism during the Cretaceous to Early Eocene
before overthrusting the underlying Atlas sequence, and domal type bodies where the deeper
autochthonous Atlas Triassic crops out metamorphosed under HP-LT or epizonal conditions in
the Early Miocene. These second, rooted outcrops show evidence of NE-SW directed ductile
shearing under temperatures of 400-440 °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 footwall shows a low-
angle ramp geometry cutting down southwards into the autochthonous Atlas Cretaceous
sediments. This extensional system is cut by later normal faults that root at depths of 3 s TWT
that finally exhume the folded Triassic epizonal Ichkeul, Hairech and Oued Belif metamorphic
domes.

Most halokinetic structures in Northern Tunisia are rooted in the Mejerda detachment and
intruded the overlying sedimentary overburden during the Late Miocene extension. These
include salt walls extruding through normal faults and small-scale diapirs. The evaporites have
played an important role as decollement surfaces both during late Miocene extension and the
later Plio-Quaternary shortening.
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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 into the external
foreland domains of the Gibraltar, Calabrian and Algerian-Tunisian arcs. Extension was
polyphasic, with two orthogonal systems. The older system extended towards the direction of
slab retreat under continental FTB domains. 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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