Tectonics’

RESEARCH ARTICLE
10.1029/2022TC007467

Key Points:

e The Tunisian Tell hosts High-Pressure
Low-Temperature (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 HP/LT conditions in the early
Eocene and early Miocene

e Halokinetic structures in Northern
Tunisia are rooted in the Mejerda
detachment and related to late
Miocene extension

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

G. Booth Rea,
gbooth@go.ugr.es

Citation:

Booth Rea, G., Gaidi, S., Melki, F.,
Marzougui, W., Ruano, P., Nieto, F.,
et al. (2023). Metamorphic domes
in Northern Tunisia: Exhuming the
roots of nappe belts by widespread
post-subduction delamination in the
Western Mediterranean. Tectonics,
42, 2022TC007467. https://doi.
org/10.1029/2022TC007467

Received 22 JUN 2022
Accepted 12 MAY 2023

Author Contributions:

Conceptualization: G. Booth Rea, S.
Gaidi, F. Melki, J. M. Azaiién

Data curation: G. Booth Rea, S. Gaidi,
P. Ruano

Formal analysis: S. Gaidi, F. Nieto, J. M.
Azaindn, C. J. Garrido

Funding acquisition: G. Booth Rea, W.
Marzougui, P. Ruano, J. M. Azaiion, J.

P. Galvé

© 2023. The Authors. Tectonics
published by Wiley Periodicals LLC on
behalf of American Geophysical Union.
This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

Metamorphic Domes in Northern Tunisia: Exhuming the
Roots of Nappe Belts by Widespread Post-Subduction
Delamination in the Western Mediterranean

G. Booth Rea'? (2, S, Gaidi'? (2, F. Melki?
J. P. Galvé!, K. Hidas®, and C. J. Garrido®

, W. Marzougui*, P. Ruano!, F. Nieto® (2, J. M. Azafién'?,

'Department of Geodynamics, University of Granada, Granada, Spain, *Instituto Andaluz de Ciencias de la Tierra, CSIC-
UGR, Granada, Spain, *Faculté des Sciences de Tunis, Université de Tunis El Manar, Tunis, Tunisia, *Office National de
Mines, Tunis, Tunisia, *Department of Mineralogy and Petrology, University of Granada, Granada, Spain, ®Departamento
de Geologia y Subsuelo, Centro Nacional Instituto Geol6gico y Minero de Espaiia del CSIC, Project Office of Granada,
Granada, Spain

Abstract Cenozoic extension in the Western Mediterranean has been related to the dynamics of back-arc
domains. Although, in most of its orogenic belts extension propagated into the fore-arc nappe domains. Here
we revisit the structure, metamorphism and radiometric ages of the Tunisian Tell, where HP/LT rocks (350°C at
0.8 GPa), were exhumed by the sequential activity of extensional detachments after heating and decompression
(410°C—440°C at 0.6-0.3 GPa) in a plate convergent setting. Normal faults thinning the Tunisian Tell detached
at two different crustal levels. The shallower one cuts down into the Atlas Mesozoic sequence, involving Tellian
Triassic evaporites in the hanging-wall forming halokinetic structures in the Mejerda basin late Miocene.

The deeper-detachment bounds metamorphic domes formed by marbles and metapsammites from the Atlas
domain. Illite crystallinity on Triassic rocks shows epizonal to anchizonal values, at deep and intermediate
structural depths of the Tell-Atlas nappe belt, respectively. New U-Pb 49.78 + 1.28 Ma rutile ages from Tellian
metabasites, together with existing phlogopite 23—17 Ma K-Ar ages in Atlas marbles from the footwall of the
deepest detachment, indicate a polymetamorphic evolution. The Tell rocks underthrusted the Kabylian flysch

in the early Eocene. Further, early Miocene shortening thrusted the metabasites over lower-grade sediments,
producing HP/LT metamorphism and ductile stretching at the base of the Atlas belt. The exhumation of
midcrustal roots of Western Mediterranean nappe belts after tectonic shortening is a common feature related

to tearing at the edges of the subduction systems and inboard delamination of their subcontinental lithospheric
mantle.

Plain Language Summary Mountain belts are formed by shortened sedimentary rocks. The Tell
cordillera in Northern Tunisia is interpreted as a classic mountain belt developed through protracted shortening
from the late Cretaceous until Present, formed by folded and overthrusted rocks, and intruded by salt bodies.
However, we show here that conversely, some of the supposed salt bodies are formed by metamorphic rocks
that were originally buried at depths of approximately 26 km. Moreover, the remaining salt structures in

the Tunisian Tell formed in relation to the late-stage thinning and collapse of the mountain belt, as they

intrude through extensional faults into late Miocene sediments. We characterize the temperature and pressure
conditions reached by the metamorphic rocks and obtain a 49 Ma age of an early metamorphic event by
radiometric dating of rutile. Metamorphic rocks where also exhumed in other Western Mediterranean mountain
belts like the Betics, Rif, Algerian Tell after the main shortening stage. We relate this process to delamination, a
deep mantle tectonic mechanism, which strips the nappe belt crustal domain from its underlying mantle root.

1. Introduction

Certain orogenic nappe belt domains surrounding the Western Mediterranean, in the Betics, Mallorca, Tell, Rif,
and Apennines occur over relatively thin continental crust and lithosphere, below 30 and 70 km, respectively (e.g.,
Agostinetti et al., 2008; de Lis Mancilla and Diaz, 2015; El-Sharkawy et al., 2020; Miller & Agostinetti, 2012;
Palomeras et al., 2014; Piana Agostinetti et al., 2002; Research Group for Lithospheric Structure in Tunisia, 1992).
In some cases contrasting with nearby domains where the crust reaches up to 50 km thickness, forming part of
thick 150-200 km lithosphere (e.g., de Lis Mancilla et al., 2015; El-Sharkawy et al., 2020; Li et al., 2021). This
feature is explained by two contrasting hypothesis, proposing either that the nappe belt domains preserve the
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original thrust-stack structure with only minor, later extension, and with existing extensional structures being
mostly inherited from Mesozoic rifting (e.g., Crespo-Blanc & Frizon de Lamotte, 2006; Frizon de Lamotte
et al., 1991; Gelabert et al., 1992; Gimeno-Vives et al., 2019; Khomsi et al., 2016; Pedrera et al., 2020; Platt,
Allerton, et al., 2003; Sabat et al., 2011). Or, other work suggests that these nappe belts were extended, with
their lithosphere rejuvenated in relation to several deep-mantle tectonic mechanisms, including slab roll back,
delamination, detachment and by lithospheric tearing along Subduction Transfer Edge Propagator faults (STEP)
(Govers & Wortel, 2005; Lonergan & White, 1997; Wortel & Spakman, 2000). These tectonic mechanisms
drove lithosphere thinning of the Western Mediterranean nappe belt domains during and after tectonic shorten-
ing, in the Miocene, or younger in the Apennines-Tyrrhenian (Booth-Rea et al., 2012, 2018; Caby et al., 2001;
Carmignani & Kligfield, 1990; Carminati et al., 1998; Cohen et al., 1980; Crespo-Blanc & Campos, 2001; de
Ruig, 1995; Faccenna et al., 2004; L. G. Gémez de la Pefia, Ranero, et al., 2020; Jolivet et al., 1998; Jolivet
et al., 2009; Lonergan & White, 1997; Molli et al., 2018; Moragues et al., 2021; Rodriguez-Fernandez, Azor, &
Azafién, 2011; Roure et al., 2012; Saadallah & Caby, 1996) (Figure 1).

These contrasting views of the Western Mediterranean nappe domains imply differences in crustal and litho-
spheric 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 nappe
belt domains are related to erosion or salt welds according to the first hypothesis (e.g., Daudet et al., 2020;
Khelil et al., 2021) or to extensional tectonic omissions by the latter (Booth-Rea et al., 2012, 2018; Brogi, 2008;
Crespo-Blanc & Campos, 2001; Garcia-Dueiias et al., 1992; Moragues et al., 2021; Rodriguez-Fernindez, Azor,
& Azafién, 2011). Extensional faults cut down into the previous structure toward the sense of hanging-wall
displacement producing lithological omissions in the stratigraphic sequence, including metamorphic gaps,
with less metamorphic over higher-grade rocks, along crustal-scale extensional shear zones (e.g., Caby
et al., 2001; Lonergan & Platt, 1995; Martinez-Martinez et al., 2002; Platt, 1986; Wernicke, 1981; Wernicke &
Burchfiel, 1982). Metamorphic gaps across shear zones are also described in relation to out of sequence thrusts
affecting previously folded sequences (Morley, 1988; Sani et al., 2004). Syn-orogenic extensional shear zones
frequently unroof metamorphic domes, coeval to metamorphism and shortening structures in the footwall (e.g.,
Booth-Rea et al., 2015; Jolivet et al., 2010; Lamont et al., 2020; Searle & Lamont, 2020). This process contributes
to the extrusion of HP units in subduction settings (e.g., Ring et al., 2007, 2010; Ryan et al., 2021). Syn-orogenic
extension in the Mediterranean orogens is followed by later post-orogenic extension, leading to the development
of back arc basins, generally associated with magmatism (e.g., Jolivet et al., 2003; Platt, Whitehouse, et al., 2003;
Rossetti et al., 1999; Vignaroli et al., 2009). The geometry of extensional systems in extended nappe belts is
further determined by the rheological structure developed during the previous thrust stacking (e.g., Booth-Rea
et al., 2004; Brogi, 2008; Gartrell, 1997). Extension with pre-rift evaporites can further promote halokinetic
features like diapirs, salt walls and minibasins (e.g., de Ruig, 1995; Granado et al., 2021; Roca et al., 2006).

The Tunisian Tell and Atlas belts are interpreted as external foreland nappe and fold belts comprising only
sediments, despite the presence of the Giallo Antico marbles, well known since Roman times (e.g., Bugini
et al., 2019; Roder, 1988), outcropping in the Hairech massif at the supposed boundary between the two orogenic
belts (e.g., Khelil et al., 2019; Figure 2). Equivalent marbles with thin intercalated calcschist layers also crop out
in Jebel Ichkeul and the Oued Belif domes, representing the structurally deepest rocks in the Tell belt (Booth-Rea
et al., 2018; Khelil et al., 2019; Figure 2, cross-sections A-A’ and B-B’). Greenschist metamorphism affecting
Mesozoic Tellian and Kabylian flysch sediments, metabasites and serpentinites is also described in the nearby
Algerian Tell (e.g., Boukaoud et al., 2021; Caby et al., 2001; Durand-Delga, 1971; Wildi, 1983). 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 nappe belts, have
not been satisfactorily explained.

Here, we study the structure, metamorphism and timing of geological processes in Northern 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 deter-
mining the relationships between polyphasic late Miocene extension, the development of halokinetic structures,
synrift basin and metamorphic rocks exhumation. Moreover, we determine illite crystallinity for Triassic metape-
lite intercalations cropping out in the Tell nappe belt of Northern Tunisia and analyze the metamorphic mineral
parageneses, including multiequilibrium thermobarometric results for the Ichkeul calcschist. Furthermore, we
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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 toward 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 nappe belt domains from Carmignani and Kligfield (1990), Ghisetti and Vezzani (2002), Booth-Rea

et al. (2012, 2018), Molli et al. (2018), Rodriguez-Fernandez et al. (2013), and Moragues et al. (2021).

use rutile U-Pb laser-ablation ion-probe dating to determine the age of metamorphism in metabasites. These
data, together with other previously published K-Ar data suggest a polymetamorphic evolution in the Tell-Atlas
domain, between the Cretaceous and early Miocene. Favoring a model of Eocene and early Miocene crustal
thickening and High-Pressure Low-Temperature (HP/LT) metamorphism followed by extensional exhumation
and crustal thinning. Driving late Miocene basin development, halokinesis of overthrusted evaporite-rich layers
in the upper crust and ductile flow below the brittle-ductile transition. Finally, we integrate these findings in a
new tectonic evolution for the Algerian-Tunisian orogenic belt and evaluate their significance for other nappe
belts of the Western Mediterranean.

2. Geological Setting

The Tell nappe belt in Northern Tunisia is part of the Alpine orogenic system that surrounds the Western Mediter-
ranean Liguro-Provencal, Algero-Balearic, Tyrrhenian and Alboran basins, formed in a context of Nubia-Eurasia
convergence since late Cretaceous times (Dewey et al., 1989; Figure 1). 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 contributed to the development of these basins and
their surrounding mountain belts (e.g., Booth-Rea et al., 2007; Carminati et al., 1998; Chertova et al., 2014; Govers
& Wortel, 2005; Lonergan & White, 1997; Moragues et al., 2021; Romagny et al., 2020; Van Hinsbergen et al., 2014;
Wortel & Spakman, 2000). Furthermore, delamination of the subcontinental lithospheric mantle driving crustal
thinning, magmatism and topographic uplift, has also been proposed beneath continental domains like the South
Eastern Betics, Northern Tunisia, the Rif or the Central Apennines (Booth-Rea et al., 2018; Camafort et al., 2020;
de Lis Mancilla et al., 2015; Di Luzio et al., 2009; Duggen et al., 2003; Levander et al., 2014; Martinez-Martinez
et al., 2006; Negredo et al., 2020; Petit et al., 2015; Roure et al., 2012) (Figure 1). The present crustal thickness of
northern Tunisia decreases from 30 km at the southern margin of the Mejerda basin to approximately 20 km at the
coast along the EGT'85 N-S seismic refraction Line 1 (Research Group for Lithospheric Structure in Tunisia, 1992).
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The Tell nappe belt in Tunisia is represented by the overthrusted Mesozoic to Tertiary Tellian nappes and over-
lying Numidian Flysch, together with the underlying Atlassic domain that deposited along the North Maghrebian
passive margin during the Mesozoic and Cenozoic (Belayouni et al., 2013; Khomsi et al., 2009; Riahi et al., 2010;
Riahi et al., 2021) (Figure 2). The Oligocene to early Miocene Numidian Flysch is interpreted to have formed over
the previously shortened and eroded underlying Tellian sequence, in order to explain the stratigraphic omissions
found along its basal contact (Khomsi et al., 2021; Khomsi et al., 2022). On the other hand, other authors, propose
its deposition in the Tethys oceanic realm (e.g., Guerrera et al., 2005).

The Tellian nappes are formed by up to four imbricated allochthonous units that include mostly Cretaceous to
Aquitanian sediments (Belayouni et al., 2013; Khomsi et al., 2009; Rouvier, 1992, 1993). Triassic evaporites
occur at the base of the Tellian nappes that are interpreted either as autochthonous Triassic piercing the nappe
structure (Khelil et al., 2019; Rouvier, 1992, 1993) or as part of the Tellian overthrusting series (Booth-Rea
et al., 2018; Troudi et al., 2017). The Atlas series are formed by Triassic to early Miocene sediments, interpreted
as autochthonous (Khomsi et al., 2009, 2016) (Figures 2 and 3).

The hinterland domain of the Tell is found to the NW in the Kabylies in Algeria, where polymetamorphic rocks
derived from the AlKaPeCa European margin, overthrusting the Kabylian Flysch and Tellian domain rocks, crop
out showing both Hercynian and Alpine metamorphic ages (e.g., Bouillin et al., 1986; Monie et al., 1988; Peucat
et al., 1996). Furthermore, a tectonic window below the Maghrebian Flysch and greenschist Mesozoic Tellian
rocks, forming the Edough massif, offers outcrops of exhumed African lower crust (e.g., Caby et al., 2001;
Vila, 1970; Wildi, 1983) with UHP metamorphic slivers and peridotite (Caby et al., 2014) giving 32.4 + 3.3 Ma
U-Pb rutile ages (Bruguier et al., 2017). The HT exhumation path of the Edough massif dome was dated by
UPb in zircon and Ar-Ar in biotite and muscovite between 20.7 and 17 Ma (Fernandez et al., 2016) (Figure 3).
This exhumation was followed by felsic magmatism (Chazot et al., 2017) and related Cu-Pb-Zn mineralizations
(Boutaleb et al., 2000; Marignac et al., 2016), basin subsidence onshore (Arab et al., 2016) and oceanic spreading
of the easternmost Algerian basin between 17 and 11 Ma (Haidar et al., 2022; Figure 3).

Metamorphic rocks also occur in Northern Tunisia. These are described as Permo-Triassic epizonal rocks
that reached temperatures between 300°C and 400°C in the core of the Oued Belif dome (Mahdi et al., 2013).
Furthermore, at intermediate structural positions within the Tell nappe stack, metabasites derived from early
Mesozoic intraplate basalts, included in the Triassic evaporitic sequence show a polymetamorphic evolution
(Kurtz, 1983). Metamorphic minerals have been dated in the Tunisian Tell and Atlas. K-Ar ages on K-feldspar
and phlogopite in metabasites and marbles give different age populations (Figure 3), including late Cretaceous
to Paleocene ages (97-64 Ma) 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
& Perthuisot, 1977). This age disparity has been interpreted as mixed Cretaceous rifting ages with late Miocene
magmatic or hydrothermal-related thermal resetting by Bellon and Perthuisot (1977).

The Tunisian Tell and Atlas has been considered for decades as a paradigmatic region for the study of diapiric struc-
tures in an external foreland thrust belt (e.g., Amri et al., 2020; Ayed-Khaled et al., 2015; Bedir et al., 2001; Ben
Chelbi et al., 2006; Melki et al., 2010; Perthuisot, 1981; Troudi et al., 2017; Vila, 1995). Diapiric intrusions of Trias-
sic evaporites are interpreted as related to Cretaceous rifting of the North Maghrebian passive margin, extruding to
the surface as thousand km? large salt glaciers or canopies (Amri et al., 2020; Ayed-Khaled et al., 2015; Ghanmi
et al., 2001; Masrouhi & Koyi, 2012; Masrouhi et al., 2014; Vila, 1995; Vila et al., 1996; Zouaghi et al., 2013). This
Mesozoic extensional-diapiric structure would have evolved later in a convergent to transcurrent setting during the
Cenozoic development of the Tell and Atlas nappe and thrust belts (Amri et al., 2020; Bouaziz et al., 2002; Melki
et al., 2010, 2011) (Figures 1 and 3). Salt tectonics is interpreted to have played an important role during thrusting,
with the main decollements being located within the Triassic evaporites at the base of the main Tellian thrust sheets
(Booth-Rea et al., 2018; Khomsi et al., 2009, 2016). Thus, some authors interpret the proposed salt canopies, alterna-
tively, as overthrusted Triassic evaporites at the base of the Tellian nappes (Khomsi et al., 2009; Troudi et al., 2017).

Figure 2. Geological map of Northern Tunisia and cross-sections through the studied region. Map of the Tunisian Tell with the location of the analyzed Triassic
samples, interpreted reflection seismic lines, Mejerda well and location of outcrop photographs. OB 48 locality corresponds to bore hole where Mahdi et al. (2013)
analyzed epizonal samples. Location in Figure 1. 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. Cross section B-B’ from the Oued Belief epizonal dome, through the Mogods massif, reaching the Ichkeul High-Pressure
Low-Temperature massif. Notice the two extensional detachment levels, with the Ghzela Low-Angle Normal Faults 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.
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Figure 3. Tectonic events in selected regions of the Western Mediterranean together with the magmatic and metamorphic
evolution of Northeastern Algeria and Northern Tunisia. We include the stratigraphic sequence of the Atlas domain in
Northern Tunisia (Triassic-Eocene from Melki et al. (2012); Oligocene-Langhian from Riahi et al. (2021); Post Langhian
from Alyahyaoui and Zouari (2014)). Ages (blue numbers) of metamorphism and magmatism of Kabylies and N Tunisia and
tectonic events over time of Western Mediterranean domains based on: 1. Abbassene et al. (2016) and Chazot et al. (2017);
2. Bruguier et al. (2017); 3. Decrée et al. (2014); 4. Bellon and Perthuisot (1977); 5. present work; 6. Caby et al. (2001); 7.
Frizon de Lamotte et al. (2009) and Marmi and Guiraud (2006); 8. Fontboté et al. (1990); 9. Aidi et al. (2018); 10. Faccenna
et al. (2004); 11. Moragues et al. (2021); 12. Platt et al. (2005); 13. Hidas et al. (2013) and Balany4 et al. (1997); 14.
Garcia-Dueiias et al. (1992) and Lonergan and Platt (1995).

Tectonic shortening initiated in the late Cretaceous to Palacogene producing angular and erosive unconformities
sealing folds in different regions of the Tunisian and Algerian Tell and Atlas, together with olistostromic sedi-
mentary formations (El Ghali et al., 2003; Khomsi et al., 2009; Marmi & Guiraud, 2006; Masrouhi et al., 2008;
Saadi et al., 2023; Wildi, 1983). During this period, special emphasis is given to a middle to late Eocene “Atlas
event” (Benaouali-Mebarek et al., 2006; Bracéne & Frizon de Lamotte, 2002; Frizon de Lamotte et al., 2000;
Khomsi et al., 2009, 2021; Leprétre et al., 2018) (Figure 3). The Atlas event was followed by later overthrusting
of Oligocene to late Burdigalian Numidian Flysch series and the underlying Tellian substrate over early Miocene
foredeep glauconitic sediments of Burdigalian to Langhian age in the Tunisian Tell (Belayouni et al., 2013;
Belhajtaher et al., 2023; Boukhalfa et al., 2020; Khomsi et al., 2009, 2016; Riahi et al., 2010) (Figure 3). Most
authors consider continuous shortening and folding in Northern Tunisia throughout the late Miocene (Melki
et al., 2010, 2011; Ramzi & Lassaad, 2017). However, recent work has reinterpreted the related folds as being
extensional fault-bend roll-over anticlines and hanging-wall synclines produced during Tortonian to Messin-
ian extensional collapse of the Tell nappe belt, coeval to the development of sedimentary basins (Booth-Rea
et al., 2018, 2020; Gaidi et al., 2020) (Figure 3). This extension was coeval to felsic magmatism and polymetallic
mineralizations in Northern Tunisia (Ben Aissa et al., 2018; Decrée et al., 2008, 2014, 2016), dated between the
early Tortonian and the Messinian (Jemmali et al., 2014; Yans et al., 2021). Continental semigrabens in Northern
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Tunisia were dated as late Serravallian to early Tortonian (11.6-10 Ma) by mammalian biostratigraphy and
U-Th/He dating of supergene iron oxide mineralizations in the Nefza mining district area (Yans et al., 2021).

Renewed shortening and tectonic inversion in Northern Tunisia occurred since the Pliocene-Quaternary, marked
by a prominent post-rift angular unconformity in reflection seismic lines. This phase developed new basin
depocenters over the footwall of reverse faults and oblique strike-slip faults (e.g., Ayed-Khaled et al., 2015;
Booth-Rea et al., 2018; Camafort et al., 2020; Gaidi et al., 2020; Melki et al., 2010, 2011) (Figure 3). Many of
the reverse fault segments formed by tectonic inversion of late Miocene normal faults, especially those bounding
sedimentary depocenters, such as the Mejerda and Mateur 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). Extension propagated southward, affecting large areas
of central Tunisia and the Pelagian platform between the Messinian-Zanclean and Quaternary (Arab et al., 2020;
Belguith et al., 2011, 2013; Bouaziz et al., 2002; Dhifaoui et al., 2021; Said et al., 2011).

3. Methods

In order to analyze the structure of Northern Tunisia and the metamorphism undergone by the Triassic rocks, we
used a multidisciplinary approach. We carried out field work to analyze the structure and 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. We analyzed Triassic
metapelite, calcschist and metabasite samples from different massifs in Northern Tunisia, using X-ray diffrac-
tion techniques, Scanning Electron Microscopy (SEM), Raman spectroscopy, Electron Backscatter Diffraction
(EBSD) and electron microprobe (EPMA) for determining illite crystallinity in metapelites, existing mineral
paragenesis, crystallographic preferred orientation (CPO) and their chemical composition. Greenschist mineral
parageneses were tested for local equilibria using mineral compositions and TWQ thermobarometry software
(Berman, 1991). Finally, we used Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
measurements for the radiometric U-Pb dating of metamorphic rutile in the metabasites. Further, methodological
details and related figures, and compositional data are exposed in Supporting Information S1.

4. Structure of Northern Tunisia
4.1. Extensional Detachments and Halokinetic Structures in Reflection Seismics

Seismic lines across the Mejerda basin show a prominent reflector that dips southwards at a low angle, cutting
downwards into the Atlas Cretaceous sediments, which we name the Mejerda detachment (Seismic lines Mejerda
1,2, 3, and 4, Figures 2, 4 and 5). 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). The Trias-
sic is overlain by a discontinuous and incomplete section of Mesozoic to Cenozoic sediments, mostly Eocene
limestones (Troudi et al., 2017). These rocks are covered by the middle-late Miocene syn-rift and Pliocene to
Quaternary post-rift sediments of the Mejerda basin (Gaidi et al., 2020) (Figures 4 and 5). High-angle normal
faults cut the middle-late Miocene sediments, detaching at the base of the Triassic evaporites. These sediments
show progressive angular unconformities and are intruded by salt walls and diapirs. Northward tilting of the
middle-late Miocene sediments along line L4 (Figure 5) is compatible with mostly southward-directed transport
along the underlying Mejerda detachment.

Overall, the Mejerda detachment separates two crustal wedges, an overlying one, thickening toward the South,
formed by Tellian nappe rocks and overlying late Miocene sediments, and an underlying one, thinning south-
wards formed by Atlas Cretaceous sediments (Figure 4). 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 toward the SW from 500 to 1,800 ms at the SW border of the basin (Figure 4).

Triassic evaporites form discontinuous bodies together with overlying high-amplitude packages, interpreted
as Eocene limestones, cropping out nearby, above the detachment and below the late Miocene sediments
(Ayed-Khaled et al., 2015) (Figure 4). Normal faults overlying the Mejerda detachment show listric geometry,
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TWT(S)

Figure 4. 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 sampled in the
Mejerda well. The hanging-wall structure is pierced by several halokinetic structures rooted in the Tellian Triassic.

with both SW- and NE-directed kinematics (Figure 4). Overall, the normal faults cutting the late Miocene sedi-
ments form a listric fan structure that roots into the Mejerda detachment. Few reflectors dipping smoothly toward
the NE occur in the footwall, indicating a low-angle ramp geometry below the detachment (Figure 4).

4.2. Structure Derived From Field Outcrops

Low-grade metamorphic rocks occur in the Hairech, Ichkeul and Oued Belif massifs in Northern Tunisia (map
and cross-sections in Figure 2). These massifs consist of marbles, metapsammites and metabasites, which
resulted from the metamorphism of Jurassic limestone and underlying Triassic continental red-beds, dolos-
tone and limestone with intercalated early Mesozoic basalts (Kurtz, 1983). Metabasite lenses occur also within
structurally-higher Triassic rocks located at the base of the Tellian nappes within the fault zones of the Mejerda
and Ghzele detachments (cross-section B-B’ and Figure 6a).

The Mejerda detachment crops out extensively in the region along the northern and southern margins of the
Mejerda basin, for example, to the E-SE of Fernana, in the region around Thibar, and also further East along the
southern margin of the Mejerda valley (Figure 2). The detachment is directly overlain by extensional riders of
diverse rocks like the Numidian Flysch, Eocene limestones or Cretaceous-Palaeocene marls, and also by tilted
late-Miocene sediments (see geological map and cross-section A-A’, Figure 2).

The Tellian Triassic sequence in the hanging wall of the Mejerda detachment crops out largely along the Thibar
anticline, detached over early Cretaceous marls (Mcherga Formation) in the footwall, which form the core of the
anticline (see Geological map in Figure 2). These features coincide with those observed in the seismic lines cross-
ing the Mejerda basin (Figures 4 and 5). To the northwest of Fernana, the Mejerda detachment shows a low-angle
footwall ramp, cutting down southwards from Eocene to Turonian-Santonian sediments (cross-section A-A’,
Figure 2). Thus, combining information from the geological map, seismic lines and the Mejerda drill hole, the
Mejerda detachment cuts down into the Atlas sedimentary sequence, having late Eocene sediments in its footwall to
the NW and reaching early Cretaceous to the SE, in the core of the Thibar anticline (cross-section A-A’, Figure 2).

The detachment is defined by a low-angle foliated cataclastic breccia, affecting different Triassic lithologies,
including red beds, dolostone and gypsum (Figure 6b) and overlying Cenozoic sediments. Gypsum forms
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basin bounding SE

normal fault

Figure 5. Seismic reflection line L4 across the Mejerda basin, showing high-angle faults cutting the Mejerda detachment and exhuming the autochthonous Atlas rocks
to the NW and tilted Late Miocene sediments overlying the Mejerda detachment. Late Plio-Quaternary folding the post-rift unconformity 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).

mylonitic bands within the cataclastic breccia. Gypsum mylonites include dolomite porphyroclasts indicating
southward-directed transport (Figure 6c¢).

High-angle normal faults cutting into the Numidian Flysch sequence define semigrabens filled by late Miocene
conglomerates in the Kroumerie massif (Figures 2 and 6d). These faults cut and exhume the Mejerda detachment
at their footwall, exposing Triassic evaporites and overlying Tellian tectonic units, below the Numidian Flysch.
Furthermore, they define the main valleys within the Kroumerie massif. We show the prolongation of these faults
toward the SW in section A-A’ (Figure 2). We observe similar high-angle faults toward the East in the Lansarine
ridge, which cut through the low-angle Ghzele detachment and show tilted late Miocene sediments in their hang-
ing wall (Figures 2 and 6e).

The Mejerda detachment and overlying Triassic rocks are folded and thrust over the whole sedimentary sequence
of the Mejerda basin along its southern border. This tectonic inversion also affected the northern margin of
the basin, along the Balta-Fernana thrust, a process that uplifted the Mejerda detachment in the hanging wall
of the thrust during the Plio-Quaternary (Gaidi et al., 2020). Here, the detachment forms the southern contact
of the Kroumerie Numidian Flysch outcrops an its Tellian substrate (Kasseb unit), over the Atlas Cretaceous
(Figure 6f). The Kasseb unit includes Eocene limestones that form prominent discontinuous extensional horses,
tilted toward the NW and detached over the Mejerda detachment (landscape photo in Figure 6f). Triassic evapo-
rites crop out locally between the Eocene limestones and underlying Paleocene to Cretaceous series to the West of
the landscape photo in Figure 6f. The Eocene limestones are interpreted also as highly-reflective bodies overlying
the Mejerda detachment in the seismic lines crossing the Mejerda basin (Figures 4 and 5).
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Deep rocks from the footwall of the Mejerda detachment crop out in the Hairech massif along the northern
border of the Mejerda basin. 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, respec-
tively (Khelil et al., 2019; Khomsi et al., 2022; Rouvier, 1977) (cross-section A-A’, 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 Tellian rocks (cross-section A-A’, Figure 2). The massif is
formed by the Chemtou marbles (e.g., Fant, 2001), and underlying Triassic metapsammites. This antiformal
structure produces a prominent WSW-ENE oriented ridge with a positive gravimetric anomaly all along the
northern border of the Mejerda basin, coinciding with the Hairech and Rebiaa massifs (Amiri et al., 2011;
Frifita et al., 2020) (See cross-section A-A’ in Figure 2). Cretaceous low-grade metasediments and mylonites are
described along the normal fault bounding the northern limb of the Hairech massif (Ben Aissa et al., 2021). The
fault bounding the southeastern border of the massif is imaged in seismic line L4 (Figure 5). This normal fault
cuts through the whole structure described above, rooting in low-angle reflectors at a depth of approximately
3 s TWT (Figure 5).

Marbles and metapsammites from the Hairech massif show a penetrative foliation, marked by white mica grains
oriented parallel to the lithological banding (Figure 7a). These rocks contain a magnetic fabric, which has been
related to a preferred crystallographic orientation in phyllosilicates, interpreted as a probable syn-metamorphic
stretching lineation, with WNW-ESE to WSW-ENE orientation (Ghorabi & Henry, 1992).

Outcrops of Triassic metapelites in the Oued Belif dome are strongly overprinted by mineralizations and intruded
by Serravallian granodiorites and Tortonian rhyodacites (Decrée et al., 2013, 2014; Mahdi et al., 2013). These
metamorphic rocks that reached temperatures up to 540°C (Decrée et al., 2013) contrast with the overlying
diagenetic Oligocene Numidian sediments, marking a metamorphic gap of at least 350°C (cross section B-B’,
Figure 2). 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 sedi-
ments, namely, the Nefza detachment (Booth-Rea et al., 2018). The main extensional detachment produced E- to
NE-directed extension during the extrusion of rhyodacites that show a magmatic foliation parallel to an over-
lying mylonitic foliation in marbles from the footwall of the Nefza detachment. These rocks are cut by a late
Miocene fault breccia hosting a Iron Oxide, Copper, Gold-type mineralization (Booth-Rea et al., 2018; Decrée
et al., 2013). This exhumation trend, with ductile structures evolving toward brittle breccias is also followed by
magmatism in the region that evolves from plutonic intrusion of granodiorites in the Serravallian (12 Ma) to the
shallower extrusion of volcanic rocks in the Tortonian (8-9 Ma) (Decrée et al., 2014; Halloul & Gourgaud, 2012)
(Figure 3).

The Ichkeul massif in Northeastern Tunisia is formed by marbles and calcschists derived from Jurassic and late
Triassic protoliths (cross section B-B’, Figure 2). This massif occurs isolated by Quaternary sediments to the north
of the Mateur basin (Figure 2). The marbles are presently folded in the core of a moderately inclined, moderately
plunging SE-vergent anticline with a WSW-ENE oriented axis (Figure 7b). The fold hinge is cut by a NW-dipping
thrust with SSE-directed transport, including a several meter-thick breccia in its footwall (Figure 7b, and inset
photo). The southern limb of the anticline is cut by two sets of E-W and N-S trending high and Low-Angle
Normal Faults (LANF) with mostly S-SE- and E-NE-directed transport, respectively (Figures 7c—7f, with faults
and striae projected in stereoplot). Marbles in the Ichkeul massif show a L-S type fabric, containing a SW-NE
trending calcite-quartz object lineation, also marked by stretched fossils, which in turn is cut by a penetrative
system of NW-SE trending calcite veins (Figures 7g and 7h, including stereoplot of foliation and lineation). The
main metamorphic foliation is parallel to the bedding.

Figure 6. Field outcrop photographs with location in Figure 2. (a) Metabasite outcrop within evaporitic breccia of the Ghzela detachment, with Cretaceous Tellian
marls above. (b) Foliated breccia affecting Triassic evaporitic rocks in the Mejerda detachment. Notice cataclastic foliation and rotated porphyroclasts in the fault zone.
(c) Breccias and gypsum mylonites from the Mejerda detachment. Notice large dolomitic porphyroclast indicating southwards tectonic transport. (d) High-angle fault
cutting through Tellian Triassic dolostones in the footwall and with late Miocene conglomerates in the hangingwall. These faults with SE-directed transport exhume the
Mejerda detachment and bound several grabens in the Khroumirie massif, see cross-section A-A’, Figure 2. (e) Panoramic view of a southward transport normal fault
cutting the Lansarine ridge. Notice NW-dipping Cretaceous sediments in the footwall and the overlying tilted late Miocene sequence. The normal fault zone is defined
by a Triassic evaporitic breccia, probably reworking the Ghzele detachment that crops out below the Neogene sediments in the hangingwall. (f) Panoramic view of the
Tell-Atlas contact near Balta. Notice the lateral omission of Tellian Eocene limestones, cut by a normal fault, along the supposed thrust contact between the Numidian
Flysch and the underlying autochthonous series. Laterally, toward the West, this contact also has Tellian Triassic evaporites, which are omitted 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 stratigraphic sequence
overlying the detachment shows systematic tilting toward the NW.
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Figure 8. Electron Backscatter Diffraction (EBSD) phase map showing the microstructure of the Ichkeul calcshist with the position of high-resolution maps

(a, b). Inset in the overview map shows a photomicrograph of the quartz-rich fine-grained rock matrix in which S, foliation develops (horizontal in the image);
cross-polarized light photomicrograph. Labels—Cal: calcite; Qtz: quartz; the white arrow indicates an elongated quartz crystal in the plane of the S, foliation with
shape-preferred orientation being parallel to the macroscopic mineral lineation. Note the undulose extinction of several quartz grains. (a, b) EBSD phase maps (top) and
crystallographic orientation of quartz (in the center) in the two selected areas highlighted in the overview map. The same scalebar applies to (a, b). Pole figures show
the crystallographic preferred orientation of quartz and inverse pole figures in the quartz crystal reference frame display the rotation axes accommodating low-angle
(2°-12°) misorientations. Pole figures are lower hemisphere, equal-area stereographic projections; contours are multiples of a uniform distribution with minimum and
maximum density values shown beside the gray bars. Pole figures are plotted using the average orientation of each grain (“one point per grain”), horizontal full lines
indicate the trace of the S, foliation; macroscopic mineral lineation is approximately at 90° (and 270°) of the pole figures. Labels—: number of measured grains in
the pole figures and number of points in the inverse pole figures. For the interpretation of inverse pole figures and the crystal directions in quartz, see chapter 3.4 in
Supporting Information S1.

4.3. Microstructural Analysis of the Ichkeul Calcschist

At the thin section scale, the texture of the calcshist is characterized by a penetrative S, foliation that disrupts or
wraps carbonate-rich mineral aggregates and veins (Figure 8, overview map). Within the foliated rock matrix,

Figure 7. Metamorphic greenschist foliation in the Hairech massif and folds, faults and stretching fabrics in the Ickeul massif. (a) Main foliation in a metapsammite
from the Hairech massif defined by long K-white mica flakes. Crossed polars image. (b) Moderately inclined anticline in the core of the Ichkeul massif folding the S,
foliation. The reverse limb is cut by a south-transport thrust with a thick fault breccia in the footwall, shown in inset photograph. (c) Normal faults cutting the southern
limb of the Ichkeul dome, with SE-directed extension. These faults form an extensional system that includes low-angle normal faults that separate the Ichkeul massif
from the late Miocene to Present Mateur basin. (d) Striated fault scarp cutting the Ichkeul marbles in its footwall and the Mateur basin plain toward the South. The equal
area stereoplot shows measured faults and striae along the southern margin of the Ichkeul massif. Lower hemisphere projection. (e) Normal fault cutting the Ichkeul
marbles foliation with SE-directed transport. (f) Detail of a Riedel fault plane cutting into the main fault plane shown in “e” that indicates normal fault kinematics. (g)
Ichkeul marbles showing NW-SE oriented stretching lineation (L1) and L-S S, fabric, later cut by calcite veins. S, foliation and stretching lineation measured along the
southern limb of the Ichkeul massif, represented in equal-area lower-hemisphere stereoplot. (h) Outcrop example of the L-S fabric in the Ichkeul marbles marked by
oriented fossils indicating SW-NE directed stretching.
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Table 1
ILilite Crystallinity Results and Mineralogy of Triassic Pelitic Samples
10 A 5A dyo,
Samples Minerals <2u* WF <2u WF b mica Mica Chlorite
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
Calcite?, kaolinite, mica, Kfds 0.29 0.26 0.30 0.25
Quartz, calcite, mical, plagioclase, smectite
Quartz, mica, dolomite, cristobalite 0.32 0.32 0.32 0.29
Quartz, mica, dolomite, cristobalite, Kfds] 0.34 0.31 0.32 0.28
Quartz, mica, smectite, Kaolinite, dolomite 0.31 0.32 0.32 0.28
Quartz, mica, chlorite, gypsum 0.57 0.46 0.56 0.43
Quartz, mica, chlorite, hematite|, Kfds| | 0.47 0.46 0.41 0.38 9.029 9.971 14.19
Dolomite?, mica, chlorite, quartz] 0.37 0.37 0.35 14.19
Quartz, mica, chlorite, Kfds, plagioclase 0.42 0.42 0.39 0.36 9.024 9.945 14.21
9.044

1, |, | = qualitative indication of amount
*Anchizone limits (Warr & Ferreiro-Mahlmann, 2015) = 0.52 - 0.32
‘WF—Whole Fraction

Note. Samples located in the geological map of Figure 2. X-ray diffraction diagrams in Figures S1-S12 in Supporting Information S1.

the major constituent phases are fine- to very fine-grained (<40 pm in diameter) homogeneously intermixed,
equidimensional or moderately elongated, anhedral carbonate (mostly calcite) and quartz, but mica, chlorite,
clay minerals and opaque accessory phases are also abundant (see inset in Figure 8). The elongated crystals, with
aspect ratios up to 3, are distributed in the plane of the S, foliation marking a weak mineral lineation (see inset
in Figure 8). Quartz grain interiors are usually strain-free accompanied by straight or moderately curved grain
boundaries but, particularly in the larger and/or in the elongated grains, undulose extinction, development of
subgrain boundaries and serrated grain boundaries are also observed (white arrow in the inset of Figure 8).
Calcite shows twinning and displays curvilinear or straight grain boundaries (Figure 8). The veins and mineral
aggregates are essentially composed of carbonates that have coarser grain size than the matrix (200-500 pm in
diameter) and are interlocking, mostly strain-free grains characterized by straight or moderately curved grain
boundaries (Figures 8a and 8b).

In this manuscript we focus only on the microstructural analysis of quartz, because (a) this is the most abundant
mineral phase in the S, foliation of the studied sample, and (b) it is only present in the rock matrix, that is, unlike
calcite, unaffected by the formation of various generations of carbonate-rich aggregates and veins. Quartz in
the Ichkeul calcschist has a weak yet non-random CPO characterized by a dominantly girdle-like distribution of
[0001]-axes (i.e., c-axis) subparallel to the S, foliation with maximum density displaying a double-maxima at
high angle to the mineral lineation, and a more dispersed appearance of [10-10]-axes (i.e., a-axis) along a plane
perpendicular to the foliation and subparallel to the mineral lineation with maximum density at high angle to the
foliation (Figures 8a and 8b). This CPO is associated with a weak quartz fabric strength (J-index: 1.1). The rota-
tion axes accommodating low-angle (2°-12°) misorientations are typically observed at ¢(0001), and 7’(01-12)
and, less commonly, spread at intermediate crystal directions between a(11-20) and z(01-11) (Figures 8a and 8b).

5. Metamorphic Petrology

We sampled three different types of rocks to investigate the metamorphism of the Permo-Triassic series of the
Tell nappe belt in Northern Tunisia. First, we picked metapelites and metapsammites intercalated in Triassic
evaporitic series from different outcrops to analyze their illite crystallinity. These samples come from at least two
different structural levels, corresponding to deeper Triassic outcrops in the core of the Hairech, Oued Belif, and
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Ichkeul massifs and to shallower samples from Tellian Triassic rocks overlying Cretaceous Atlas marls (Figure 2)
(samples in Table 1). Second, we sampled metabasite lenses included in the Tellian Triassic, which show a
low-temperature polymetamorphic evolution described by Kurtz (1983) (samples Ghzela-a and b, Figure 2).
Third, we studied and obtained thermobarometric results from biotite-bearing calcschist layers intercalated in
marbles from the Ichkeul massif (sample Ichkeul, Figure 2).

We determined the mineral assemblage and analyzed the composition of different minerals within metabasites,
metapsammites 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 K-white mica, biotite, paragonite, plagioclase and chlorite were determined using
a Camebax electron microprobe from the Granada University. Structural formulae were calculated based on 14
(anhydrous) oxygens for chlorite, 11 for micas and 8 for plagioclase. Rutile was identified with the aid of SEM
images, EDX-Spectra (e.g., Figures S13 and S14 in Supporting Information S1) and MicroRaman (Figure S15 in
Supporting Information S1).

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 Tellian Triassic also contain chlorite or cristobalite and one sample
gypsum. Moreover, minerals usually linked to low-temperature alteration processes, like smectite, kaolin-
ite or jarosite exist in the samples in very variable proportions (see X-Ray diffraction results in Supporting
Information S1).

[llite crystallinity (KI, e.g., Kiibler and Jabeyedoff, 2000) of Triassic metapelites and metapsammites cropping
out in the Tunisian Tell indicate variable degrees of low-temperature metamorphism, from epizonal to diagenetic
conditions (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 character-
ized by typical epizonal values between 0.26 and 0.30 (Table 1). The allochthonous Triassic located at the base
of the Tellian nappes 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 of 0.31
in sample MT-4.

The value of mica b parameters in the metamorphic 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 &
Sassi, 1986). Basal spacing of chlorites obtained in some samples is considerably high (14.19-14.20), which
indicates high-Si content (Nieto, 1997), which, in turn, suggests low-temperature chlorites or high-Si bulk rock
composition (Vidal et al. (2016) and references therein).

5.2. Metamorphic Mineral Assemblages in Metabasites, Impure Marbles and Metapsammites

Impure marble samples from the Ichkeul dome, representing the structurally deepest rocks in Northern Tunisia
show a greenschist mineral association defined by chlorite + K-white mica + biotite 4+ quartz + calcite + talc
(Figures 9a—9d). The samples from Ichkeul show a L-S metamorphic foliation parallel to the compositional band-
ing (S,) defined by biotite + K-white mica + chlorite + calcite + quartz in Si-Al-Mg-Fe-K-Ca marbles, surround-
ing domains defined by chlorite + K-white mica + quartz + calcite or by a talc + calcite + dolomite + quartz
assemblage in Si-Mg-Fe-Ca marble domains (Figures 9a-9d). Talc shows fibrous intergrowths with quartz and
fibrous calcite (Figure 9d). The older calcite-quartz domains are further characterized by showing contrasting
calcite fabrics, including fibrous aggregates, growing perpendicular to the main S, foliation that are surrounded
by a later reaction rim of annealed calcite and ilmenite fabric showing 120° boundaries (Figure 9a). Some K-white
mica + chlorite crystals seem transformed to biotite, which forms the most abundant phyllosilicate defining the S,
L-S fabric. Although, chlorite is also observed growing over previous biotite. Biotite also grows as a later phase,
postkinematic to the S, foliation and within cracks and calcite veins cutting the main foliation (Figure 9c).

Metabasite blocks occur within the Ghzele detachment at the base of the Tellian Triassic sequence at interme-
diate depths within the Tunisian Tell nappe belt. These rocks also occur at other Triassic outcrops in Northern
Tunisia, near Bazina and in Jebel Baoula, overlying the Atlas Cretaceous rocks (Kurtz, 1983) (Cross-section
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B-B’, Figure 2). Moreover, they are described further south in the Le Kef diapir (Kurtz, 1983). We have studied
two metabasite samples from the same outcrop in the Ghzele detachment breccia (Ghzele-a and -b). Metabasite
Ghzele-a shows a metamorphic association replacing the original magmatic texture, defined by albite + chlo-
rite + epidote + paragonite + quartz + ilmenite + minor rutile (Figure 9¢). Chlorite + rutile replace a previous
ferromagnesian mineral, which is outlined by an ilmenite corona (Figure 9¢). The original magmatic assemblage
may be represented by relic anorthoclase inclusions within albite. Kurtz (1983) describes relic titanomagnetite.
However, in sample Ghzele-a the original magmatic iron-titanium phase appears as pseudomorphs.

Metabasite Ghzele-b also preserves its original magmatic texture without developing a metamorphic foliation.
Anorthoclase occurs as inclusions in albite with epidote. Ferromagnesian minerals appear as pseudomorphs
defined by a chlorite + biotite + rutile + hemo-ilmenite association (Figures 9e-9g). Quartz and K-white mica
are also present. Moreover, this sample shows a further transformation where K-rich minerals replace the meta-
morphic assemblage described in Ghzele-a. These include potassium-feldspar that is later replaced by biotite and
minor K-white mica (Figure 9f). Large rutile crystals (200 pm) are abundant in Ghzele-b sample and appear replac-
ing a previous magmatic iron-titanium phase together with chlorite (Figures 9g and 9h). Large pseudomorphs
of ferromagnesian magmatic minerals are presently replaced by biotite + chlorite + K-wm + Qtz + hematite
(Figure 9f). Rutile is locally replaced at a later stage by hematite in the above biotite-rich domains (Figure 9f).
Hematite and calcite also grow as a late-phase mantle surrounding ferromagnesian- biotite-rich domains, or
completely replacing them (Figures 9f and Sh).

Metapsammites of the Hairech massif crop out below the Chemtou marbles of Jurassic protholith. They show a
mineral association defined by K-white mica + quartz + albite + rutile, with mica beards growing around quartz
detrital grains and long micas parallel to the main foliation (Figure 7a).

5.3. Mineral Chemistry
5.3.1. White Mica

White mica in the studied samples is mostly represented by K-white micas that show variable amounts of Si and
interlayer cation content both within individual rock samples and between epizonal rock massifs. Paragonite was
found in metabasite samples. Tchermak (2A1"Y = Si'V + (Fe + Mg"")) substitution in K-white micas between
the celadonite and muscovite end members is strongly influenced by pressure (Massonne & Schreyer, 1987;
Massonne & Szpurka, 1997), whilst interlayer cation deficiency between the muscovite and pyrophyllite end
member (KX'—1AIV—-1SiV[JX1) is sensitive to a decrease of temperature (Agard et al., 2001; Leoni et al., 1998;
Vidal & Parra, 2000). K-white mica from the Ichkeul Massif show Si contents between 3.26 and 3.0 apfu and Inter-
layer Cation content (IC) between 0.81 and 0.98 apfu (Table S1 in Supporting Information S1 and Figure 10a).
K-white mica from the Hairech Massif show strongly variable compositions with Si contents ranging between
3.52 and 3.12 apfu and IC between 0.83 and 0.98 apfu (Figure 10b). K-wm also occurs in Ghzele-b sample, but
its presence has been determined using SEM Energy Dispersive X-ray Spectroscopy (EDS).

Paragonite in sample Ghzele-a has variable compositions shown in Table S2. Si content calculated over 11
oxygens ranges between 3.12 and 3.64 apfu. Na content ranges between 0.66 and 0.96 apfu.

5.3.2. Chlorite

Chlorite analysis in the Ichkeul calcschists give Si contents ranging between 2.94 and 2.65 apfu, X,, (Mg/
(Fe”™ + Mg + Mn)) between 0.50 and 0.64 and octahedral summation between 5.77 and 5.90 apfu (Table S2).

Figure 9. Metamorphic parageneses and textures in thin sections. (a) Calcschist sample Ichkeul showing the main S-L S, biotite-rich fabric overprinting previous
vein domains. The earlier domains include quartz-calcite veins with talc, minor dolomite, chlorite and hematite. Calcite shows two contrasting fabrics, with an older
fibrous texture oriented perpendicular to the main foliation, overprinted by a later granular mantle of calcite and Fe-oxides, characterized by an annealed texture

with calcite forming 120° contacts. (b) Ichkeul calcschist showing the main S, S-L fabric, mostly defined by biotite growth affecting a previous domain defined by
chlorite + K-white mica. Crossed nicols image. (c) Boudinaged K-white mica and quartz domains with calcite + biotite veins from the Ichkeul sample. Biotite shows
late growth also as postkinematic crystals and filling cracks perpendicular to the main S, foliation. (d) Backscattered electron image of talc + calcite + quartz fibrous
domains in the Ichkeul sample. (¢) Mineral association in metabasite Ghzele-a showing the magmatic fabric represented by a ferromagnesian mineral pseudomorph
replaced by chlorite + rutile and surrounded by a an ilmenite corona. Albite + paragonite + chlorite + ilmenite + quartz grow in the matrix. (f) Biotite rich domain,
surrounded by an hematite mantle, in sample Ghzele-b probably replacing a previous magmatic ferromagnesian mineral. Notice biotite and K-white mica form after a
previous K-feldspar + chlorite + rutile paragenesis. Rutile occurs as inclusions in chlorite and also out of the biotite domain together with albite and epidote. Crossed
nicols. (g) Example of analyzed rutile in sample Ghzele-b among albite with epidote inclusions. Also present biotite and apatite. Crossed-nicols image. (h) Large rutile
crystal from Ghzele-b sample surrounded by late growth of hematite and calcite.
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Figure 10. Mica composition diagrams. (a) Si-Interlayer cation content of K-white micas from the Ichkeul dome and (b) from metapsammites underlying the Chemteu
marbles, from the Hairech massif. (¢) Si and A1V content in biotite from the Ichkeul sample. (d) Si and XMg content in biotite from Ichkeul sample.

Fe3* content in chlorite cannot be determined using the electron microprobe. However, its value is important for
thermobarometric calculations in the KFMAS system. We estimate Fe** in chlorite by minimizing the differ-
ences between P-T conditions resulting from two different equilibrium calculations using thermodynamic prop-
erties published by Vidal et al. (2005). The first only involves chlorite end members (Daphnite, Clinochlore,
Fe-Amesite, and Mg-Amesite). Since only three of these four end members are independent, this equilibrium
must be satisfied to obtain the same solid-solution free energy calculated with either clinochlore, daphnite, Fe-,
or Mg-amesite (Vidal et al., 2005). The second equilibrium involves Qtz and H,O, within the KMAS system
(Clin + Sud = Mg-Am + Qtz + H,0). We obtain values of X 3* 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 metabasite shows
high Si contents ranging between 2.96 and 3.00 apfu, X, from 0.72 to 0.73 and octahedral summation between
5.90 and 5.99 apfu (Table S2).

5.3.3. Biotite

Biotite in the Ichkeul calcschists shows variable compositions with Si content between 2.77 and 2.97 apfu, Xy,
from 0.55 to 0.62 considering total Fe as Fe>* (Table S3 in Supporting Information S1 and Figures 10c and 10d).
AIY! also shows variable content between 0.3 and 0.77 apfu. It is the most abundant mineral in the calcschist
intercalations of the Ichkeul marbles growing together with K-white mica and chlorite.

5.3.4. Alkali Feldspar

Alkali feldspar in sample Ghzele-a shows two different populations, an older formed by anorthoclase (Na between
0.8 and 0.82 apfu, K between 0.11 and 0.19 apfu and with up to 0.1 apfu of Ca) and younger albite (Na-0.95,
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Figure 11. TWQ (Berman, 1991) thermobarometric results for the Ichkeul calcschist. (a) Back-scattered electron image with examples of analyzed mineral
assemblages from the Ichkeul calcshist. (b) High-Pressure Low-Temperature thermobarometric results obtained for a chlorite + K-white mica + quartz assemblage in
the KFMASH system with five independent reactions. (c, d) thermobarometric results for the assemblage biotite + chlorite + K-white mica + quartz + water defining

the S, S-L foliation.

K-0.02 and Ca-0.01 apfu) (Table S2). Sample Ghzele-b contains albite and K-feldspar, probably corresponding
to microcline that was analyzed only by SEM-EDS (Figure 9f).

5.4. Multiequilibrium P-T Results

We obtained preliminary multiequilibrium P-T data for mineral parageneses defining two metamorphic domains
in the Ichkeul marbles (Figures 9a and 9b). The older one is formed by chlorite + K-white mica + quartz within
vein domains pre-kinematic to the main L-S fabric and the younger one defining the main S-L fabric includes
chlorite + K-white mica + biotite + quartz. Multiequilibrium results were calculated using TWQ 1.02 software
(Berman, 1991) and its associated database JUN92, updated with more recent thermodynamic properties and
solid solution models for chlorite and K-white mica (Parra et al., 2002; Vidal et al., 1992, 1999, 2001, 2005). Fe>*+
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 & Grapes, 2011; Eggert & Kerrick, 1981).

Obtained P-T equilibria, with five independent reactions for the pre-S, assemblage, show that the Ichkeul rocks
reached HP-LT conditions of 0.82 + 0.10 GPa at 349°C + 23°C during the growth of phengite-rich K-white micas
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Figure 12. Examples of U-Pb dated rutiles and resulting Tera-Wasserburg diagrams. Discordia isochron ages were calculated with IsoplotR (Vermeesch, 2018) using
the least-square “York” method without anchored common 27Pb/?%Pb. Error ellipses in Tera-Wasserburg diagrams are displayed with 95%-confidence level. (a, b)
reflected light microscope images of analyzed rutile. (c) Results with all analysis. (d) Results excluding selected analysis shown as gray ellipses.

(Si = 3.26 apfu, Figure 11b). Chlorite, biotite and K-white mica growth defining the later S, foliation developed
during lower pressure at higher temperature with equilibria using four independent reactions, for example, at
0.58 £+ 0.11 GPa at 409°C + 20°C and 0.29 + 0.13 GPa at 438°C + 34°C (Figures 11c and 11d). These condi-
tions would correspond to the S, L-S fabric development and deformation under NE-SW stretching in the Ichkeul
marbles (Figures 7g, 7h, 8, and 9a).

6. Rutile Geochronology

Rutile in thin sections of sample Ghzele-b was searched using SEM (Figure S13 in Supporting Information S1)
with energy dispersive X-Ray analysis detectors (Figure S14 in Supporting Information S1) and its nature, instead
of anatase, was corroborated using RAMAN spectra (Figure S15 in Supporting Information S1). We show the
analysis and dating procedure in Text S1 in Supporting Information S1. Metamorphic rutile crystals were analyzed
by LA-ICP-MS both in the albite + epidote matrix of the metabasites (Figure 9g) and within ferromagnesian rich
retrograded domains (Figure 9h). The analyses are provided in Table S4.

Rutile have sufficient U and Pb content to be accurately dated. Rutile compositions suffer from a variable propor-
tion of common Pb as reflected by the spread of the discordant data points in the Tera-Wasserburg (>’Pb/>*Pb
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vs. 28U/?%Pb) diagram in Figures 12¢ and 12d. The observed spread in Tera-Wasserburg diagrams is commonly
thought to result from a combination of common and radiogenic lead in varying proportions. In this scenario,
the Concordia lower intercept is the estimated age of the crystallization of the rutile populations, as determined
by the regression analysis. Figure 12c shows the results with all 25 analysis yielding a Tera—Wasserburg lower
intercept date of 50.68 + 1.13 Ma (2 SE, n = 25, MSWD = 13.1). Excluding the four analysis with the largest
error (plotting slightly away from the regression line and shown as gray ellipses) yields a lower-intercept date of
49.78 + 1.28 Ma (2SE, n = 21, MSWD = 1.0) (Figure 12d). These U-Pb dates likely reflect the age of the crys-
tallization event of rutile between c. 51 and 48 Ma.

7. Discussion
7.1. 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 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 Mesozoic Atlassic sedimen-
tary cover, deposited in the North Maghrebian passive margin (Booth-Rea et al., 2018; Rouvier, 1992, 1993). 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 & Peacor, 1998; Merriman & Roberts, 1985). Some samples contain variable proportions
of smectite, kaolinite and jarosite, which are low-temperature minerals probably resulting from fluid-mediated
retrograde processes occurring under diagenetic conditions (Abad et al., 2003; Nieto et al., 2005).

The scattering of KI values for the Tellian Triassic metapelites and metapsammites that crop out, intercalated
within evaporites, 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). Most of the samples further toward 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 Ghzela extensional detachment a few meters below the fault zone, in the Jalta Pb-Zn mine,
coexisting with the studied metabasites, which underwent greenschist facies metamorphism (Figures 9e and 9f).

The illite crystallinity data are further supported by the mineral associations we found in the Ichkeul calcschist and
marbles, including biotite + K-wm + chlorite 4+ quartz + calcite (Figure 9a) and calcite + dolomite + talc 4 chlo-
rite + hematite (Figures 9b and 9d), 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 & Grapes, 2011; Letargo et al., 1995).
Epizonal conditions obtained in the Hairech massif are supported by a lower-greenschist mineral assemblage
found in metapsammites including K-white mica + albite. However, analyzed K-white micas in these rocks show
strongly variable compositions in the Si-Interlayer Cation diagram that may indicate a mixture of metamorphic
and detrital micas (Figure 10b), suggesting this massif reached lower temperatures than the biotite bearing rocks
in Ichkeul.

Multiequilibrium thermobarometric results for the deepest outcrops of the Tunisian Tell, corresponding to the
Ichkeul marbles, indicate that the main foliation in these rocks developed between HP-LT blueschist facies at
approximately 0.8 GPa and 350°C, and greenschist conditions of 0.6-0.3 GPa and 400°C—440°C (Figure 11).
Given that large K-mica Si-rich crystals show biotite reaction rims and are overgrown by biotite, which also grows
as a later phase in calcite veins or postkinematic to the S, foliation (Figure 9¢), our results indicate that most of the
biotite and the S, L-S fabric developed under higher temperature than the pressure peak conditions. Chlorite grew
together with early K-white mica in pre-S, vein domains (Figure 9b) and also overgrowing biotite (Figure 11a).

EBSD data from the Ichkeul calcschist show that the S, fabric has an associated quartz CPO, also evidenced by a
NE-SW trending object lineation at outcrop scale (Figures 7g and 7h). The fine-grained quartz forming the rock
matrix is exclusively distributed in the plane of the S, foliation. It develops a shape preferred orientation parallel
to the macroscopic mineral lineation, often having undulose extinction accompanied by straight subgrain bound-
aries and serrated grain boundaries, and it exhibits a penetrative, non-random CPO correlated to the structural
elements of the rock (Figure 8). Altogether, these observations indicate that—associated to the development of
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S, foliation—dynamic recrystallization processes (subgrain rotation and strain-induced grain-boundary migra-
tion) and crystalplastic deformation by dislocation creep were active in quartz. These processes are proposed to
play an increasing role in the deformation of quartz as a function of temperature above ca. 300°C (e.g., Hirth &
Tullis, 1992). Moreover, the CPO and the distribution of rotation axes accommodating subgrain-level (2°-12°)
misorientations in quartz from the Ichkeul calcschist (Figures 8a and 8b) are consistent with the activation of
Rhomb(a), Prism(a) and, of minor importance, Rhomb(c + a) slip systems in this mineral phase (cf. Figure S16
in Supporting Information S1). Although, the slip system activity and the development of CPO symmetries in
quartz depend on many additional variables—such as, for example, water content, strain rate and/or grain size—
temperature is considered to be an important one (see Law (2014) for a review). Based on the results of Stipp
et al. (2002) the slip systems proposed to be responsible for the intracrystalline deformation of quartz—hence
the formation of S, foliation in the Ichkeul calcshist—would preferentially develop at moderate temperatures
(ca. 350°C-550°C). Alternatively, the very weak CPO of the Ichkeul calcschist and the minor parallelism of the
quartz c-axis to the deformation flow (without the activation of the high-temperature Prism(c) slip) may be the
result of dissolution-precipitation processes accompanying or overprinting the intracrystalline deformation of
the fine-grained quartz assemblage (e.g., Bons & den Brok, 2000; Hippertt, 1994; Kilian et al., 2011). The overall
weak quartz fabric, the straight grain boundaries and the strain-free appearance of some quartz crystals (as well as
carbonate minerals in the veins, Figure 8) may be affected by a later thermally-induced annealing coeval to post-
kinematic biotite growth in the calcschist. Significant quartz grain growth during this static recrystallization stage
was probably impeded by pinning due to the abundance of second phase particles dispersed in the rock texture.

The Triassic rocks cropping out above the Ghzela and Mejerda extensional detachments, at the base of the
Tellian nappes, reached anchizonal to diagenetic conditions below 300°C. Although, locally, sample MT-04
reached epizonal conditions above 300°C. These higher metamorphic conditions would explain the growth of
biotite, paragonite, K-feldspar and rutile in metabasites included in these rocks (samples Ghzele a and b). Global
composition of the metabasites indicates largely differentiated rocks with up to 52%-55% SiO, and 6%—13%
K,O (Kurtz, 1983), containing a large proportion of magmatic anorthoclase. Mineral associations in samples
Ghzele-a and b indicate a prograde metamorphic evolution with the initial breakdown of igneous anorthoclase to
produce albite with epidote inclusions + Kfds, whilst ferromagnesian minerals react to produce ilmenite + chlo-
rite + rutile. Rutile may have been initially in equilibrium with ilmenite, although, in sample Ghzele-b, rutile is
abundant and ilmenite is rare, indicating the HP-replacement of ilmenite + silicate + H,O by rutile + chlorite
(e.g., Luvizotto et al., 2009). The growth of K-feldspar and biotite in the metabasites was interpreted initially as
related to a metasomatic phase (Kurtz, 1983). However, the presence of magmatic anorthoclase in these rocks
offers a primary magmatic source for K and thus, the growth of microcline, which is later replaced by biotite can
be related to successive prograde metamorphic reactions (Simpson et al., 2000).

The HP/LT thermobarometric results in the Ichkeul marbles indicate that the epizonal dome reached a typical
orogenic P-T gradient of approximately 13°C/km during a HP-LT metamorphic event and was exhumed from
under approximately 26 km overburden provided by the Tell-Flysch nappe stack. The exhumation path of the
Ichkeul marbles is marked by the growth of biotite defining the main S-L S, fabric and dated between 23 and
17 Ma (Bellon & Perthuisot, 1977). Thus, this process may reflect early Miocene syn-orogenic exhumation in
the subduction channel as proposed for other Western Mediterranean nappe belts (Booth-Rea et al., 2015; Ryan
et al., 2021). This evolution parallels the one observed in the Betics and external Rif (e.g., Azafion et al., 1998;
Booth-Rea et al., 2002; Jabaloy-Sanchez et al., 2015; Negro et al., 2007). Coeval ductile early Miocene exhumation
is also registered nearby in the Edough core complex in northeastern Algeria where UHP late Eocene metamor-
phic rocks and diatexites, including part of the subducted African lower crust, are exhumed by a mylonitic shear
zone below greenschist Tellian rocks (Bruguier et al., 2017; Caby et al., 2014; Caby et al., 2001), comparable to the
ones in the Ichkeul massif. A later post-orogenic extensional phase is evidenced by the present structure of the Tell
belt that shows extensional listric fans overlying LANF 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 younger Nefza detachment and overlying normal faults finally exhumed the mid-crustal rocks.

7.2. Late Cretaceous, Eocene and Early Miocene Orogenic Metamorphism in Northern Tunisia

Rutile grew together with chlorite and paragonite in the Ghzele samples (Figure 9¢). Given that these rocks under-
went temperatures below the Pb closure temperature in rutile, estimated between 490 and 650°C (Cherniak, 2000;
Gao et al., 2014; Kooijman et al., 2010), we interpret the U-Pb ¢. 51 to 48 Ma age obtained for rutile in sample
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Ghzele-b as a peak pressure metamorphic growth age (Figure 12). Integrating our new rutile results with previ-
ously 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 (Jabaloy et al., 2015; Vazquez
et al., 2013). The only existing radiometric ages in metamorphic minerals of the Tunisian Tell are K-feldspar and
phlogopite K-Ar ages from metabasites and marbles from different outcrops that give late Cretaceous (97 + 5
to 67 + 3 Ma), Palacocene (65 + 3 Ma), Oligocene (27 + 1 to 25 + 1 Ma) and Miocene ages (23 + 1.2 to
17.6 + 0.9 Ma) (Bellon & Perthuisot, 1977) (Figure 3). Although, this age dispersion was interpreted as a result
of Cretaceous extensional-sedimentary load related metamorphism, mixed with radiometric resetting by late
Neogene magmatic heating in the region (Bellon & Perthuisot, 1977), we provide a new alternative scenario.

Although, the validity of the Bellon and Perthuisot (1977) ages need testing using more reliable Ar-Ar ages, most
of these ages may represent distinct metamorphic events, related to the geodynamic evolution of the Western
Mediterranean. Older late Cretaceous K-feldspar K-Ar ages, between 97 and 69 Ma, were obtained toward the
South in more external outcrops (Bellon & Perthuisot, 1977) and may correspond to an early phase of greenschist
metamorphism. This early metamorphic evolution may be related to the sedimentary-related overburden during
crustal extension or even with shortening along the North-Maghrebian passive margin, related to the late Creta-
ceous initial Africa-Eurasia plate convergence (Dewey et al., 1989). Equivalent ages and metamorphic conditions
were obtained for anchizonal rocks of the Ketama unit in the external Rif, interpreted as extension related meta-
morphism (Jabaloy et al., 2015; Vazquez et al., 2013).

The new rutile U-Pb c. 51 to 48 Ma age for metabasites of the Tellian Triassic may be related to palacogene
K-Ar ages obtained from K-feldspar, phlogopite and phengite, between 45 + 2 and 25 + 0.9 Ma in more internal
Triassic outcrops, in a similar structural position (Bellon & Perthuisot, 1977). These ages may represent initial
subduction of the Tethys oceanic crust and crustal thickening at the transition between the North Maghrebian
passive margin and the Tethys ocean, producing the superposition of the Kabylian cretaceous flysch over Tellian
nappes (Figure 13a). This crustal thickening and related deformation favored the mineral blastesis in the Tellian
metabasites producing rutile + chlorite paragenesis (Figures 9e and 9g). Between the Cretaceous and Eocene,
subduction was active in the Alps (Malusa et al., 2015; Rubatto et al., 1998; Villa et al., 2014) and along the
Appennine-Maghrebian subduction system (Martin et al., 2011). HP metamorphism in Corsica gives early Eocene
54 + 8 Marutile U-Pb ages (Maggi et al., 2012) that was followed by early to late Eocene 50-30 Ma ¥ Ar/*°Ar ages
related to thrusting in the Corsica basement (Rossetti et al., 2022). Eocene HP/LT metamorphism was also regis-
tered in the AlKaPeKa upper-plate, for example, in the Alpujarride rocks of the Alboran domain (38 Ma ¥ Ar/*°Ar
ages, Bessiere et al., 2022; Marrone et al., 2021). Rutile blastesis in Northern Tunisia also coincides with short-
ening along the Atlas in the latemost Cretaceous-Eocene (Frizon de Lamotte et al., 2009). Furthermore, Eocene
shortening has also been invoked to explain the unconformity between metamorphic cretaceous Kabylian flysch
units outcropping in Northern Algeria and the overlying later Oligo-Miocene Numidian flysch (e.g., Wildi, 1983).
Eocene to early Oligocene subduction is further supported by volcanic arc zircons within the Tethys flysch units
(33 + 1 Ma, Fornelli et al. (2020) and 40-28 Ma in the Rif, Abbassi et al. (2021)).

The Tellian metabasites crop out among anchizonal to epizonal Triassic evaporites at the base of the nappe stack,
sandwiched between lower-grade cretaceous or younger sediments. The underlying Cretaceous of the Atlas series
reached conditions between immature 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). Similar
Cretaceous sediments overly the Triassic evaporites. Thus, a double metamorphic gap occurs between the Tellian
Triassic and its Cretaceous enveloping sediments that may be related either to older syn-orogenic extension,
coeval to thrusting over the underlying Cretaceous, or to the late Miocene extensional phase overprinting the early
Miocene nappe stack. In both cases, the early Eocene crustal thickening-related metamorphism occurred before
the establishment of the present Tellian nappe stack, in a transitional region between the Tethys oceanic crust
and the Maghrebian passive margin. Furthermore, the fact that Triassic outcrops, previously interpreted as Creta-
ceous salt glaciers, located to the south of the Tellian-Atlas boundary also contain Eocene metabasites (Bellon
& Perthuisot, 1977) suggests that the Tellian nappe belt continued further South than presently acknowledged.

NW-directed subduction of the Tethys ocean was followed by continental subduction and collision producing UHP
diamond growth in rocks of the Maghrebian lower crust, presently outcropping beneath the Kabylian Flysch and
Tellian units at the Edough massif in NE Algeria (Caby et al., 2014; Caby et al., 2001). Rutile related to this UHP
metamorphism was dated as early Oligocene (32.4 + 3.3 Ma, Bruguier et al., 2017; Figure 13b). This age for
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continental collision in NE Algeria suggests the complete closure of the Tethys ocean in the central-western Mediter-
ranean region at the time, implying that the later Oligocene to Early Miocene Numidian Flysch must have deposited
upon the metamorphosed Kabylian Flysch and Tellian nappe domains, in a continental foredeep setting (Figure 13c).

The main phase of nappe stacking of the Tunisian Tell over the Atlas domain is dated as early Miocene by
the overthrusting of the Oligocene to Burdigalian Numidian Flysch sandstones and their Tellian substrate over
late Burdigalian to Langhian sediments of the Glauconite formation (Belayouni et al., 2013; Figure 3). Phlo-
gopite in the Ichkeul marbles at the base of the Atlas domain gives 23 + 1.2 and 17.6 + 0.9 Ma ages (Bellon
& Perthuisot, 1977), encompassing the early-Miocene nappe stack development (Figure 13c). However, the
late-stage growth of biotite during heating and decompression suggests that the younger ages may reflect the
initial extensional collapse of Northern Tunisia, which had already occurred in the internal Kabylies in Alge-
ria, marked by late-stage K-rich magmatism intruding the nappe stack, dated at 17 Ma (Abbassene et al., 2016;
Chazot et al., 2017) (Figures 3 and 13c). Early to middle Miocene magmatism in Northeastern Algeria and
middle to late Miocene (12—6 Ma) in the Tunisian Tell was probably accompanied by important magmatic mafic
underplating, evident from V| velocities between 7.5 and 6.9 km/s at the base of the crust in the N-S EGT'85 line
(Research Group for Lithospheric Structure in Tunisia, 1992) (Figures 13d and 13e).

Several domains of the Western Mediterranean underwent alternating extensional and shortening events in the
Cenozoic including the Alboran domain (e.g., Balanyé et al., 1997; Booth-Rea et al., 2005; Hidas et al., 2013), the
Valencia trough (Fontboté et al., 1990) and the Kabylies (Caby et al., 2001) (Figure 3). This may have occurred
also in Northern Tunisia, with possible crustal extension occurring between the Eocene and early Miocene short-
ening events, or, being synorogenic, coeval to shortening in the footwall, and should be further studied in the
future.

7.3. Halokinetic Structures in Northern Tunisia

We find two main types of Triassic outcrops, the shallower of which, develop halokinetic structures related
mostly to late Neogene extension, and the deeper ones are represented by exhumed greenschist rocks of Triassic
protoliths. 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., Amri
et al., 2020; Ayed-Khaled et al., 2015; Masrouhi et al., 2014). However, these sheet-like bodies are not only over-
lain by Cretaceous sediments, but also by tilted extensional riders of Eocene Tellian limestones and late Miocene
sediments. For example, in Ghzela, at the Jalta mine, and Mateur basin (Booth-Rea et al., 2018), in the Lansarine
ridge (Gaidi et al., 2020; Figure 6e) or in the Mejerda basin (Seismic lines and cross section A-A’, Figures 2
and 4). Moreover, the fact that the Triassic evaporites underwent early Eocene epizonal metamorphism means
they juxtaposed the underlying Cretaceous sediments during a later thrusting stage.

We interpret that the shallower anchizonal to diagenetic Tellian evaporites and redbeds were originally located at
the base of the Tellian 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. Thus,
these Triassic outcrops are not salt glaciers nor are they sourced from the base of the underlying Atlas series as
proposed by previous authors (e.g., Amri et al., 2020; Ayed-Khaled et al., 2015; Frifita et al., 2020; Masrouhi &
Koyi, 2012; Rouvier, 1992, 1993). 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 13. Schematic tectonic evolution of the Algerian-Tunisian Maghrebian chain between the early Eocene and Present. Tectonic restoration does not preserve areas
because of large displacements perpendicular to the chosed section, for example, by the E-W development of the Algerian basin (Haidar et al., 2022) and the orogenic
collapse of Northern Tunisia (Booth-Rea et al., 2018). (a) Ypresian subduction of the Tethys oceanic crust and development of the Kabylian Flysch and Tellian margin
orogenic wedge. Metamorphism of the Tellian Triassic metabasites dated by rutile U-Pb at 49.78 + 1.28 Ma. (b) Early Oligocene collision of the Kabylian and North
Maghrebian domains and UHP metamorphism in the African subducted lower crust dated by rutile U-Pb at 32.3 + 3.3 Ma (Bruguier et al., 2017). (c) Early Miocene
orogenic collapse in the Kabylian domain of NE Algeria. Overthrusting of the Tell over the Atlas domain and metamorphism of the Atlas Triassic series. Dated by
K-Ar at 23-17 Ma (Bellon & Perthuisot, 1977). Deposition of the Numidian Flysch over the Tell foredeep domain, which initiated in the Oligocene. (d) Late Miocene
extensional collapse and dome exhumation in Northern Tunisia. Crustal thinning and magmatic intrusions, including underplating of mafic rocks at the base of the crust
under Northeastern Algeria and Northern Tunisia initiated in the early-middle Miocene. Shortening at the time propagated southeastwards into the Central Tunisia.

(e) Geological map and cross section through Northeastern Algeria and the Tunisian Tell. The geological base is taken from Wildi (1983) with modifications by Caby
et al. (2001) and Marignac et al. (2016) on the Algerian side. The Tunisian segment of the map is based on 1:50.000 geological maps of the Office National des Mines
(ONM), digitized in Gaidi et al. (2020). P-wave velocities plotted in the lower and middle crust across the section are proyected from the N-S EGT'85 line, which cuts
across the Hairech massif (Research Group for Lithospheric Structure in Tunisia, 1992).
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(Figures 4 and 5). 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 extensional exhumation of the North
Tunisian orogenic middle crust during the middle to late Miocene and do not represent diapirs or salt domes as
proposed by previous authors (e.g., Amiri et al., 2011, 2020; Ayed-Khaled et al., 2015; Frifita et al., 2020; Khelil
et al., 2019) (Figures 13d and 13e).

7.4. Extensional Exhumation in Northern Tunisia

Our field and geophysical evidence shows different systems of extensional faults that detach at two different
structural levels within the Tell nappe stack (Booth-Rea et al., 2018). The shallower LANF, 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 Creta-
ceous 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’, Figures 2 and 13e) and Ichkeul massifs (Figures 7c
and 7d) and outcrop along the Lansarine massif, where the Tellian Triassic and overlying early to late Miocene
sediments are tilted over a low-angle normal fault with SE-transport cutting down into Cretaceous Atlas sedi-
ments (Gaidi et al., 2020; Figure 6e).

The extensional systems worked sequentially, the first system produced mostly E- to NE-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 final exhumation of these
midcrustal rocks to the surface was accomplished by a later orthogonal extensional system, producing mostly
southwards-directed extension during the Tortonian to Messinian (x8-6) Ma. High-angle normal faults, cutting
LANFs of this later system are the structures that presently bound the Hairech and Ichkeul mid-crustal dome
structures (Figures 5 and 7d, cross-sections in Figure 2).

This work shows that the main tectonic boundaries present in the Tunisian Tell were reworked during the late
Miocene extensional collapse (Figures 13d and 13e). The remains of the original nappe pile are cut, tilted and
displaced by LANF and extensional detachments that exhumed the Tunisian orogenic middle crust, producing
tectonic omissions and metamorphic gaps in the lithological sequences, during the late Miocene (cross section
A-A’, Figures 2, 6f, 13d, and 13e). The exhumation of midcrustal domes is further supported by seismic-refraction
EGT'85 North-South line that shows the high-velocity crustal material (6.05 km/s) reaching the surface at the
Hairech ridge (Research Group for Lithospheric Structure in Tunisia, 1992) (Figure 13e). 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 (Arab et al., 2020; Belguith
etal., 2011, 2013; Civile et al., 2010). This crustal thinning probably initiated in the middle Miocene concomitant
to oceanic spreading of the easternmost Algerian basin (Haidar et al., 2022) (Figure 14).

7.5. Extensional Tectonics and Related Geodynamic Features of Tunisia

This tectonic model for Tunisia explains many geophysical features 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 Tellian domain crop out to the South of the classical Tell boundary, indicating
that the Tell orogenic wedge originally occupied a larger region toward 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 toward the E of Tunisia
(Lucazeau & Dhia, 1989). This heat flow is higher than observed in typical active fold and thrust belts around
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Figure 14. Cartoon of the tectonic mechanisms driving mid-crustal exhumation and the location of exhumed middle crust in Northern Tunisia (this work) and lower
crust in the Edough massif, after Caby et al. (2001). Notice the thinning of the Tunisian-Algerian lithosphere across the Tunisian Atlas STEP boundary (TA-STEP).
NE-SW extension initiated in the middle Miocene coeval to the opening of the East Algerian Basin (Haidar et al., 2022) and propagated into Northern Tunisia in the
Tortonian (approx. 11-8 Ma). Later SE-directed extension finally exhumed the Tunisian metamorphic domes, including the Ichkeul High-Pressure Low-Temperature
(HP/LT) calcschist, in the late Tortonian-Messinian (approx. 8-5.3 Ma). Exhumed metamorphic rocks include early Eocene metabasites (Rutile U-Pb) and early
Miocene HP/LT marbles and calcschist in the easternmost Ichkeul dome (23 and 17 Ma phlogopite K-Ar, Bellon and Perthuisot, 1977). UHP diamond bearing rocks
with rutile dated at are exhumed in the Edough massif (Bruguier et al., 2017). Figure background, modified from Booth-Rea et al. (2018).

the world (Booth-Rea et al., 2008; Lucazeau, 2019; Morgan & James, 1989). Furthermore, lithospheric thick-
ness 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 litho-
spheric thickness in Tunisia is also accompanied by abundant hydrotermalism in the region (Dhia, 1987), mantle
degassing (Fourré et al., 2011) and related high-temperature Fe-Zn-Pb mineralizations (>190°C) since the late
Miocene (e.g., Ben Aissa et al., 2018; Benchilla et al., 2003; Decrée et al., 2008; Jemmali et al., 2014). Data that
suggests higher heat-flow values in the Tortonian for the whole region. Several geophysical studies support the
existence of a mantle slab underlying central Tunisia (El-Sharkawy et al., 2020; Faccenna et al., 2014; Fichtner &
Villasefior, 2015; Jallouli & Mickus, 2000; Piromallo & Morelli, 2003; Research Group for Lithospheric Struc-
ture in Tunisia, 1992) (Figure 14).
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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 (Booth-Rea et al., 2018; Camafort et al., 2020; Roure et al., 2012) (Figures 13d and 14). The older exten-
sional system migrated eastwards, toward the direction of slab retreat, and was thus, probably related to delam-
ination of the lithospheric mantle inboard of the South Tunisian Atlas STEP boundary (Figure 14). The later
southwards-directed extension was accompanied by topographic uplift that migrated toward the E-SE in the late
Miocene (Salaj & 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 delami-
nation under Northern and probably Central Tunisia (Booth-Rea et al., 2018; Roure et al., 2012). Slab retreat was
favored by slab tearing along the Southern Tunisian Atlas thrust front that has been interpreted as a dextral STEP
boundary (Booth-Rea et al., 2018; Camafort et al., 2020; Soumaya et al., 2020), which continues active at Present
day favoring the southeastwards escape of the Tunisian Atlas, respect to the Saharan Atlas, according to GPS data
(Bougrine et al., 2019) (Figure 14).

7.6. Nappe Belt Extensional Thinning in the Western Mediterranean

The structure of the Tell in Northern Tunisia resembles the one observed in other Western Mediterranean
nappe belts, like the External Rif in Morocco, where greenschist rocks were exhumed in the Temsamane
massif during the Tortonian (Booth-Rea et al., 2012; Negro et al., 2007; Figure 1). The Betics nappe belt
also has metamorphic rocks that underwent pumpellyite-actinolite facies metamorphism under approximately
300°C and 4-5 kbar (Morata et al., 1994; Puga et al., 1988), which were probably exhumed through exten-
sional tectonics (Azafién et al., 2012; Rodriguez-Fernandez, Azor, & Azafién, 2011; Rodriguez-Fernandez
et al., 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., Booth-Rea et al., 2005; Booth-Rea et al., 2015; Jabaloy et al., 1993; Martinez-Martinez & Azafién, 1997,
Martinez-Martinez et al., 2002; Morales et al., 2022). In all cases, the extensional structures affect the nappe
belt structure developed during the early Miocene in the Rif, Betics, and Tell orogenic belts (Figure 1). Exten-
sion propagated behind the nappe belt development, exhuming rocks from mid-crustal depths (Booth-Rea
et al., 2012, 2020).

Abridging, the structure observed in Northern Tunisia is comparable to other nappe belts in the Western Mediter-
ranean that were extended between the middle Miocene and Recent (e.g., Booth-Rea et al., 2012; Carmignani &
Kligfield, 1990; Ghisetti & Vezzani, 2002; Moragues et al., 2021; Rodriguez-Fernandez et al., 2013; Figure 1).
Although, several works suggest that extension in these nappe belts is minor and related to the internal dynamics
of the accretionary wedge (Balanya et al., 2012; Jimenez-Bonilla et al., 2016; Khelil et al., 2019), in Northern
Tunisia and Algeria, the Eastern Betics and Eastern Rif, extension produced crustal thinning under the nappe
belt, lithospheric rejuvenation and exhumation of metamorphic rocks (Azdimousa et al., 2019; Booth-Rea
et al., 2012, 2018, 2020; Caby et al., 2001; Negro et al., 2007). In these later cases, where the crust shows thick-
ness below 30 km (de Lis Mancilla and Diaz, 2015; de Lis Mancilla et al., 2015; Research Group for Lithospheric
Structure in Tunisia, 1992) we suggest extension was related to the propagation of the edge of the subduction
system under the nappe belt domain. Thus, slab tearing and subcontinental lithospheric delamination determined
the extensional collapse of nappe belts all around the Western Mediterranean in the Betics, Rif and Tell, mostly
during the late Miocene, and more recently under the Central Apennines (Figure 1).

Heating during decompression coeval to the development of late-stage L-S metamorphic fabrics is 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, together
with K-Si-rich shoshonitic volcanism (Booth-Rea et al., 2007, 2018; Duggen et al., 2003) and mafic underplating
at the base of the crust, as we interpret in the refraction line in Northern Tunisia (Figure 13d) and underlying
coastal areas of SE Spain, adyacent to the Alboran magmatic arc (L. Gémez de la Pefia, Grevemeyer, Kopp,
et al., 2020).

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.
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8. Conclusions

1. 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.

2. These new radiometric ages together with previously published K-Ar ages support a polymetamorphic evolu-
tion of Northern Tunisia with distinct metamorphic events in the Eocene and early Miocene.

3. The Ichkeul dome hosts HP/LT metamorphic rocks with high-Si K-white mica + chlorite + quartz and
calcite + dolomite + talc + quartz paragenesis equilibrated at 0.8 Gpa under 350°C that were exhumed
through heating and decompression in the biotite stability field to 400°C—440°C at 0.6-0.3 GPa.

4. Triassic outcrops in Northern Tunisia are made up by very low-grade and low-grade metamorphic rocks with
three outcropping epizonal domes.

5. Most diapiric structures in Northern Tunisia are rooted in the Mejerda detachment and intruded the overlying
sedimentary overburden during 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.

6. The mid-crustal exhumation observed in Northern Tunisia is analogous to the one described in other nappe
belts of the Western Mediterranean like the Betics and Rif, where delamination and tearing of the lithospheric
mantle propagated under the continental nappe belt domains.

Data Availability Statement

Compositional analyses of different minerals and LA-ICP-MS data are available as Tables in Supporting Infor-
mation S1 and Tables S2 and S4. The reflection seismic lines and the geological map used in this manuscript are
archived in Booth-Rea (2023), available as data in Fighshare via https://doi.org/10.6084/m9.figshare.22821974.
v1 with open access conditions and license by CC BY 4.0.
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