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Abstract

Cenozoic extension in the Western Mediterranean is related to the dynamics of back-arc domains. However, extension propagated

into the external Foreland Thrust Belts (FTB) of the region. Here we revisit the structure, metamorphism and radiometric ages

of the Tunisian Tell FTB, where HP/LT blastomylonitic rocks (300-370ºC at 0.9-1.0 GPa), were exhumed by the sequential

activity of extensional detachments. Normal faults thinning the Tunisian Tell FTB detached at two different crustal levels.

The shallower one cuts down into the Atlas Mesozoic sequence, involving allochthonous Triassic evaporites at the base of

the hanging-wall that form halokynetic structures intruding the Mejerda basin Late Miocene infilling. Meanwhile, the deeper-

detachment level bounds metamorphic domes formed by marbles and metapsamnites. Illite crystallinity of Triassic rocks in

the region shows epizonal to anchizonal values, at deep and intermediate structural depths of the Tell-Atlas FTB, respectively.

New U-Pb 49.78 ± 1.28 Ma rutile ages together with existing K-Ar ages in marbles at the footwall of the deepest detachment,

indicate a polymetamorphic evolution. The Tell Triassic rocks underwent Cretaceous extensional metamorphism, followed by

crustal thickening and rutile growth in the Early Eocene. Further, Early Miocene thickening thrusted the metadolerites over

lower-grade sediments, producing HP/LT metamorphism overprinting the base of the FTB. The exhumation of midcrustal roots

of western Mediterranean FTBs after the tectonic shortening phase is a common feature of other FTB´s, like the Betics and Rif,

which underwent a late-stage tearing at the edges of the subduction system together with delamination of their subcontinental

lithospheric mantle.
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Key Points: 11 

• The Tunisian Tell Foreland Thrust Belt hosts HP/LT domes underlying Late Miocene 12 
extensional detachments driven by slab delamination. 13 

• Metamorphic and rutile U-Pb data shows that rocks in Northern Tunisia reached epizonal 14 
conditions in the Early Eocene and Early Miocene. 15 

• Halokinetic structures in Northern Tunisia are rooted in the Mejerda detachment and 16 
were driven by Late Miocene extension. 17 

 18 
  19 
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Abstract 20 

Cenozoic extension in the Western Mediterranean is related to the dynamics of back-arc 21 
domains. However, extension propagated into the external Foreland Thrust Belts (FTB) of the 22 
region. Here we revisit the structure, metamorphism and radiometric ages of the Tunisian Tell 23 
FTB, where HP/LT blastomylonitic rocks (300-370ºC at 0.9-1.0 GPa), were exhumed by the 24 
sequential activity of extensional detachments. Normal faults thinning the Tunisian Tell FTB 25 
detached at two different crustal levels. The shallower one cuts down into the Atlas Mesozoic 26 
sequence, involving allochthonous Triassic evaporites at the base of the hanging-wall that form 27 
halokynetic structures intruding the Mejerda basin Late Miocene infilling. Meanwhile, the 28 
deeper-detachment level bounds metamorphic domes formed by marbles and metapsamnites. 29 
Illite crystallinity of Triassic rocks in the region shows epizonal to anchizonal values, at deep and 30 
intermediate structural depths of the Tell-Atlas FTB, respectively. New U-Pb 49.78 ± 1.28 Ma 31 
rutile ages together with existing K-Ar ages in marbles at the footwall of the deepest detachment, 32 
indicate a polymetamorphic evolution. The Tell Triassic rocks underwent Cretaceous extensional 33 
metamorphism, followed by crustal thickening and rutile growth in the Early Eocene. Further, 34 
Early Miocene thickening thrusted the metadolerites over lower-grade sediments, producing 35 
HP/LT metamorphism overprinting the base of the FTB.  The exhumation of midcrustal roots of 36 
western Mediterranean FTBs after the tectonic shortening phase is a common feature of other 37 
FTB´s, like the Betics and Rif, which underwent a late-stage tearing at the edges of the 38 
subduction system together with delamination of their subcontinental lithospheric mantle. 39 

Plain Language Summary 40 

Orogenic arcs contain Foreland Thrust Belts (FTBs) formed by shortened sedimentary rocks. 41 
The Tell FTB in Northern Tunisia is interpreted as a classic FTB developed through protracted 42 
shortening from the Late Cretaceous until Present, formed by folded sediments and intruded by 43 
salt bodies called diapirs. However, we show here that conversely, some of the supposed diapiric 44 
bodies are metamorphic domes overlain by extensional faults, which in some case were originaly 45 
buried at depths of 25-30 km. Moreover, the remaining diapiric structures in the Tunisian Tell 46 
formed in relation to the late stage thinning and collapse of the orogenic belt, as they intrude into 47 
Late Miocene sediments. We characterize the temperature and pressure conditions reached by 48 
rocks in the domes and obtain a 49 Ma age of an early metamorphic event by radiometric dating 49 
of rutile. Other FTBs in the Western Mediterranean show similar traits, being extended after the 50 
main shortening stage and including metamorphic rocks unburied from great depths. We relate 51 
this process to delamination, a deep mantle tectonic mechanism, which strips the FTB crustal 52 
domain from its underlying mantle lithosphere. These results imply large differences in many 53 
geological features including hydrocarbon prospectivity, lithospheric structure and nature of 54 
tectonic boundaries. 55 

1 Introduction 56 

Certain orogenic domains of Foreland Thrust Belts (FTB´s) surrounding the western 57 
Mediterranean, in the Betics, Mallorca, Tell, Rif and Apennines occur over relatively thin 58 
continental crust and shallow LAB, below 30 and 70 km, respectively (e.g. Research group for 59 
lithospheric structure in Tunisia, 1992; Piana et al., 2002; Agostinetti et al, 2008; Miller and 60 
Agostinetti, 2012; Palomeras et al., 2014; Mancilla and Díaz, 2015; El-Sharkawy et al., 2020), in 61 
some cases contrasting with nearby domains where the crust of these FTB´s reach up to 50 km 62 
thickness, forming part of thick 150-200 km lithosphere (e.g. Mancilla et al., 2015; Li et al., 63 
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2021; El-Sharkawy et al., 2020). This feature is explained by two contrasting hypothesis, 64 
proposing either that the FTB´s preserve the original thrust stack structure with only minor, later 65 
extension, and with existing extensional structures being mostly related to Mesozoic rifting (e.g. 66 
Frizon de Lamotte et al., 1991; Gelabert et al., 1992; Platt et al., 2003; Crespo-Blanc and Frizon 67 
de Lamotte, 2006; Sabat et al., 2011; Khomsi et al., 2016; Gimeno-Vives et al., 2019; Pedrera et 68 
al., 2020). Or, alternatively, other work suggests that these FTB domains have been extended, 69 
with their lithosphere rejuvenated in relation to deep mantle tectonic mechanisms, after the thrust 70 
emplacement phase, during the Middle to Late Miocene, or younger in the Apennines-71 
Tyrrhenian (Cohen et al., 1980; Carmignani and Kligfield, 1990; de Ruig, 1995; Crespo-Blanc 72 
and Campos, 2001; Papeschi et al., 2017; Rodríguez-Fernández et al., 2011; Booth-Rea et al., 73 
2012; 2018; Moragues et al., 2018; 2021; de la Peña et al., 2020). Alternatively, extension 74 
affecting FTB´s in the Western Mediterranean has also been interpreted as a minor process 75 
related to the dynamics of the accretionary wedges (Jiménez-Bonilla et al., 2016; Khelil et al., 76 
2019). 77 

These contrasting views of the western Mediterranean FTB´s imply important differences 78 
in crustal and lithospheric structure, age of extension, hydrocarbon prospectivity, amount and 79 
age of shortening, role of tectonic inversion, age and position of orogenic boundaries and 80 
tectonic mechanisms driving deformation in the region, among other features. For example, 81 
stratigraphic omissions observed in the lithological series of these FTB domains are interpreted 82 
as related to erosion or salt welds according to the first hypothesis (e.g. Khelil et al., 2021; 83 
Daudet et al., 2020) and as extensional tectonic omissions by the later (Carmignani and 84 
Kligfield; 1990; García-Dueñas et al., 1992; Crespo-Blanc and Campos, 2001; Rodríguez-85 
Fernández et al., 2011; Booth-Rea et al., 2012; 2018; Moragues et al., 2021). Moreover, the 86 
interpreted nature of these controversial lithological contacts will determine the maximum 87 
amount of tectonic transport across them. For example, in the Betics, interpreting these omission 88 
contacts as salt welds implies that the Numidian Flysch rocks overlying the South-Iberian 89 
passive margin sediments are autochthonous and had only minor displacement together with 90 
their underlying thrust sheet (tens of km), whilst other authors suggest hundreds of km of 91 
displacement between these different domains (Platt et al., 2003; Luján et al., 2004).  92 

This is also the case in Northern Tunisia, where deep marine Oligocene to Early Miocene 93 
Numidian Flysch has been interpreted to have deposited directly over the previously thrusted and 94 
eroded underlying Atlas sequence, to explain the stratigraphic omissions found along its basal 95 
contact (Khomsi et al., 2021; Khomsi, Roure and Verges, 2022), whilst other authors, studying 96 
nearby outcrops in Northeastern Algeria propose their deposition over oceanic crust of the 97 
Tethys ocean (Boukaoud et al., 2021). Thus, distinguishing between extensional, stratigraphic or 98 
thrust contacts in the western Mediterranean FTB´s is key to deciphering the tectonic evolution 99 
of these regions. 100 

Extensional fault contacts are characterized by producing lithological omissions in the 101 
stratigraphic sequence, including metamorphic gaps along crustal-scale extensional shear zones 102 
(Wernicke, 1981; Platt, 1986; Lonergan and Platt, 1995). However, given that extension cannot 103 
undo the stratigraphic and metamorphic repetitions produced by previous nappe tectonics, the 104 
extensional nature of a fault contact has to be further supported by geometrical criteria. For 105 
example, extensional faults cut down into the previous structure towards the sense of hanging-106 
wall displacement (Wernicke and Burchfiel, 1982; Martínez-Martínez et al., 2002). The 107 
geometry of extensional systems in extended FTB´s is further determined by the rheological 108 
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structure developed during the previous thrust stacking stage (e.g. Gartrell, 1997; Booth-Rea et 109 
al., 2004; Brogi, 2008). Extension with pre-rift evaporites can further promote the activity and 110 
growth of halokinetic features like diapirs, salt walls and minibasins (e.g. de Ruig, 1995; Escosa 111 
et al., 2018; Granado et al., 2021).  112 

The Tunisian Tell and Atlas belts are generally interpreted as external FTB´s comprising 113 
only sedimentary rocks, despite the presence of the Giallo Antico marbles, well known since 114 
Roman times at the boundary between the two orogenic belts (e.g. Röder, 1988; Bugini et al., 115 
2019). These marbles contain a WNW-ESE to WSW-ENE oriented magnetic fabric interpreted 116 
as a tectonic stretching (Ghorabi and Henry, 1992).  117 

Equivalent marbles also crop out in Jebel Ichkeul and the Oued Belif dome, representing 118 
the structurally deepest rocks in the Tell belt (Booth-Rea et al., 2018; Khelil et al., 2019, Fig. 2). 119 
These are described as Permo-Triassic epizonal rocks that underwent temperatures between 300 120 
and 400ºC in the core of the Oued Belif dome (Mahdi et al., 2013). These temperatures are 121 
supported by fluid inclusion studies in quartz and dolomite indicating temperatures between 220-122 
380 ºC at minimum pressures equivalent to 6-7 km depth for the Triassic rocks (Perthuisot et al., 123 
1978). Furthermore, at intermediate structural positions within the Tell thrust stack, 124 
metadolerites included in the Triassic evaporitic sequence show a polymetamorphic evolution, 125 
having undergone an earlier spilitic metamorphism under lower-greenschist facies, followed by a 126 
later K-Si enrichment metasomatic phase (Kurtz, 1983). This polymetamorphic evolution is 127 
constrained by K-Ar ages on K-feldspar and phlogopite in the metadolerites giving different age 128 
populations, including late Cretaceous to Paleocene ages (97-64 Ma) for samples in Le Kef 129 
diapir, younger Late Oligocene to Early Miocene (25-18 Ma) ages in more internal Triassic 130 
outcrops, and only Early Miocene ages (23-17 Ma) in the deeper Ichkeul massif (Bellon and 131 
Perthuisot, 1977), in a pattern similar to the External Rif FTB in Morocco, where Miocene 132 
metamorphism in the Temsamane nappe stack overprints older Cretaceous ages in overlying 133 
rocks (Vázquez et al., 2012; Jabaloy et al., 2015). However, this age disparity in Northern 134 
Tunisia has been interpreted as a mixture of Cretaceous ages with late Miocene magmatic related 135 
heating and thermal resetting by Bellon and Perthuisot (1977). 136 

Interestingly, some work has shown the importance of late Miocene extension in the 137 
region related to either the internal dynamics at the deformation front of the Tell accretionary 138 
wedge (Khelil et al., 2019) or to overall Late Miocene orogenic collapse of Northern Tunisia 139 
(Cohen et al., 1980; Booth-Rea et al., 2018; 2019; 2020), which could explain the exhumation of 140 
these rocks, together with Middle Miocene granodiorites in the Oued Belief dome (e.g. Decrée et 141 
al., 2014). However, the origin, modes of exhumation, age, nature and implications that these 142 
metamorphic rocks have for the tectonic evolution of the region, and at a larger scale, for the 143 
evolution of the western Mediterranean FTB´s, have not been satisfactorily analyzed.   144 

Here, we study the structure, metamorphism and timing of geological processes in 145 
Northwestern Tunisia using a multidisciplinary approach.  We use fieldwork and the analysis of 146 
industry multichannel seismic reflection lines to study the structure of the Mejerda basin and 147 
Kroumerie massif to the Northwest, with a special emphasis in determining the relationships 148 
between polyphasic Late Miocene extension, the development of halokynetic structures, synrift 149 
basin infilling and metamorphic rocks exhumation. Moreover, we determine illite crystallinity 150 
for Triassic metapelite intercalations cropping out in the Tell FTB of Northern Tunisia and 151 
analyze the metamorphic mineral parageneses, including multiequilibrium thermobarometric 152 
results for the Ichkeul calcschist. Furthermore, we use rutile U-Pb laser ablation ion probe dating 153 
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to determine the age of metamorphism in metadolerites. These data, together with other 154 
previously published K-Ar data suggest a polyphasic metamorphic evolution in the Tell-Atlas 155 
domain, between the Cretaceous and Early Miocene. These data, favor a model of Eocene to 156 
Early Miocene crustal thickening and HP/LT metamorphism followed by extensional 157 
exhumation and crustal thinning of the previous FTB, driving Late Miocene basin development, 158 
halokynessis of overthrusted evaporite-rich layers in the upper crust and ductile flow below the 159 
brittle-ductile transition. Finally, we integrate these findings in the tectonic evolution of other 160 
FTB´s of the Western Mediterranean orogenic belts. 161 

 162 
Figure 1: Tectonic boundaries, orogenic arcs and basins of the Western Mediterranean. Figure modified from Booth-163 

Rea et al. (2007; 2018) and Gaidi et al. (2020). GPS movement towards fixed Africa from Bougrine et al. (2019) and 164 

Nocquet, (2012). Fault pattern along Algeria-Tunisia based on Kherroubi et al., (2009), Rabaute and Chamot-Rooke, 165 

(2014) and (Aïdi et al., 2018). Extended FTB domains from (Carmignani and Kligfiel, 1990), Ghisetti and Vezzani, 166 

(2002), Booth-Rea et al. (2012; 2018), Rodríguez-Fernández et al. (2013), Moragues et al., (2021). 167 

The Tell FTB in Northern Tunisia is part of the Alpine orogenic system that surrounds 168 
the Western Mediterranean Liguro-Provencal, Algero-Balearic, Tyrrhenian and Alboran basins, 169 
formed in a context of Nubia-Eurasia convergence since Late Cretaceous time (Dewey et al., 170 
1989). This convergent setting favored the action of other tectonic mechanisms related to 171 
subduction, like slab roll back accompanied by slab tearing and detachment at the edges of the 172 
western Mediterranean orogenic arcs, which also contributed to the development of these basins 173 
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and their surrounding mountain belts (e.g. Lonergan and White, 1997; Carminati et al., 1998; 174 
Wortel and Spakman, 2000; Govers and Wortel, 2005; Booth-Rea et al., 2007; Chertova et al., 175 
2014, van Hinsbergen et al., 2014; Romagny et al., 2020; Moragues et al., 2021).  Furthermore, 176 
particularly beneath continental domains like the South Eastern Betics, Northern Tunisia, the Rif 177 
or the Central Apennines, delamination of the subcontinental lithospheric mantle driving crustal 178 
extension, magmatism and topographic uplift, has also been proposed (Duggen et al., 2003; 179 
Martínez-Martínez et al., 2006; Di Luzio et al., 2009;  Roure et al., 2012; Levander et al., 2014; 180 
Mancilla et al., 2015; Petit et al., 2015; Booth-Rea et al., 2018; Camafort et al., 2020; Negredo et 181 
al., 2020) (Figure 1).  182 

2 Geological setting 183 

The Tell FTB in Tunisia is represented by the overthrusted nappes of the Maghrebian 184 
Tethys oceanic domain (Numidian Flysch), formed in great part by Oligocene to Early Miocene 185 
turbiditic series, and by the underlying infra-Numidian and Atlassic sedimentary series that 186 
deposited along the North Maghrebian passive margin during the Mesozoic and Cenozoic 187 
(Khomsi et al., 2009; Sami et al., 2010; Riahi et al., 2021; Belayouni, 2013)(Figure 2). The infra-188 
Numidian domain is formed by several imbricated allochthonous nappes that include mostly 189 
Cretaceous to Aquitanian sediments  (Rouvier, 1993, 1992; Khomsi et al., 2009; Belayouni et al., 190 
2013). The infra-Numidian domain also includes Triassic evaporites, which are interpreted either 191 
as autochthonous Triassic piercing the nappe structure (Rouvier, 1992; 1993; Khelil et al., 2019) 192 
or as part of the allochthonous stratigraphic series at the base of the infra-Numidian nappes 193 
(Troudi et al., 2017; Booth-Rea et al., 2018). The autochthonous Atlas series is formed by 194 
Triassic to Oligocene sediments. The hinterland metamorphic domain of the Tell is found to the 195 
NW in the Kabylies in Algeria, where HP Eocene to Early Miocene rocks crop out (e.g. Bouillin 196 
et al., 1986; Bruguier et al., 2017), overthrusting metabasites and serpentinites attributed to the 197 
subducted Tethys oceanic crust, which represents the basement of the Numidian Flysch (e.g. 198 
Boukaoud et al., 2021). Metamorphic flysch successions also occur in la Galite island, North of 199 
Tunisia (Belayouni et al., 2010).  200 

Northern Tunisia has been considered for decades as a paradigmatic region for the study 201 
of diapiric structures in an external foreland thrust belt context (e.g. Perthuisot, 1981; Vila, 1995; 202 
Bedir et al., 2001; Ben Chelbi et al., 2006; Melki et al., 2010; Ayed-Khaled et al., 2015; Troudi 203 
et al., 2017; Amri et al., 2020). Diapiric intrusions of Triassic evaporites are thought to have 204 
initiated in the Cretaceous during the rifting of the North Maghrebian passive margin, having 205 
been also extruded to the surface as thousand km2 large salt glaciers or canopies (Vila, 1995; 206 
Vila et al, 1996; Ghanmi et al., 2001; Masrouhi and Koyi, 2012; Masrouhi et al., 2014; Ayed-207 
Khaled et al., 2015; Amri et al., 2020). This Mesozoic extensional-diapiric structure would have 208 
evolved later in a convergent to transcurrent setting during the Cenozoic development of the Tell 209 
and Atlas Foreland Thrust Belts (FTB) that form part of the western Mediterranean alpine 210 
orogeny (Bouaziz et al., 2002; Melki et al., 2010; 2011; Amri et al., 2020)(Figure 1). During 211 
thrusting, salt tectonics is interpreted to have played an important role, with the main 212 
decollements being located within the Triassic evaporites that presently are found at the base of 213 
the main Tellian thrust sheets (Khomsi et al., 2009, 2016; Booth-Rea et al., 2018). Thus, some 214 
authors interpret the proposed salt canopies, alternatively, as over thrusted Triassic evaporites at 215 
the base of the Tellian nappes (Khomsi et al., 2009; Troudi et al., 2017).  216 

 217 
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 Figure 2: Geological map of Northern Tunisia and cross-sections through the studied region. a) Notice the 218 
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location of the analyzed Triassic samples together with the location of interpreted reflection seismic lines. OB 48 219 
locality corresponds to bore hole where Mahdi et al. (2013) analyzed epizonal samples. Location in Figure 1. b) 220 
Cross section A-A´across the Kroumerie massif and the Mejerda basin. The structure across the Mejerda basin is 221 
based on reflection seismic line 2 in (a). c) Cross section B-B´ from the Oued Belief epizonal dome, through the 222 
Mogods massif, reaching the Ichkeul HP/LT massif. Notice the two extensional detachment levels, with the Ghzela 223 
LANF cutting above the Atlas Cenozoic and Cretaceous series and the Nefza detachment and associated listric fan 224 
cutting the previous structure and exhuming the Oued Belif and Ichkeul metamorphic domes. 225 

Evidence for late Cretaceous to Palaeogene tectonic shortening is described, mostly as 226 
angular and erosive unconformities sealing folds in different regions of the Tunisian foreland 227 
basins (El Ghali et al., 2003; Masrouhi et al., 2008; Khomsi et al., 2009). During this period, 228 
special emphasis is given to a Middle to Late Eocene “Atlas event” (Frizon de Lamotte et al., 229 
2000; Bracène and de Lamotte, 2002; Benaouali-Mebarek et al., 2006; Khomsi et al., 2009; 230 
2021; Leprêtre et al., 2018). The Atlas event was followed by later overthrusting of Oligocene to 231 
Late Burdigalian Numidian Flysch series over Early Miocene foredeep sedimentary successions 232 
of Burdigalian to Langhian age in the Tunisian Tell (Riahi, 2010; Belayouni, 2013; Khomsi et 233 
al., 2009; 2016; Boukhalfa et al., 2020). Most authors consider shortening in Northern Tunisia 234 
continued throughout the late Miocene producing folds (Melki et al., 2010, 2011; Ramzi and 235 
Lassaad, 2017). However, recent work has reinterpreted these folds as being extensional fault-236 
bend related roll-overs and hanging-wall syncline structures produced during Tortonian to 237 
Messinian extensional collapse of the Tell FTB, coeval to the development of Tortonian to 238 
Messinian basins (Booth-Rea et al., 2018; 2020; Gaidi et al., 2020). Meanwhile, shortening at the 239 
time propagated further South, in the Tunisian Atlas (Bouaziz et al., 2002; Saïd, Baby, Chardon 240 
et al., 2011, Saïd, Chardon, Baby et al., 2011). Extensional continental semigrabens in Northern 241 
Tunisia have been dated as Early Tortonian (11.6-10 Ma) in the Nefza mining district area using 242 
mammalian biostratigraphy and U-Th/He dating of supergene iron oxide mineralizations (Yans 243 
et al., 2021).  244 

Tectonic inversion in Northern Tunisia occurred since the Pliocene-Quaternary, marked 245 
by a prominent angular unconformity in reflection seismic lines, developing new basin 246 
depocenters over the footwall of reverse faults and oblique strike-slip faults (e.g. Melki et al., 247 
2010; 2011; Ayed-Khaled et al., 2015; Gaidi et al., 2020; Camafort et al., 2020a). Many of the 248 
reverse fault segments formed by tectonic inversion of earlier Late Miocene normal faults, 249 
especially those bounding sedimentary depocenters, such as the Mejerda and Mateur sedimentary 250 
basins (Booth-Rea et al., 2018; Gaidi et al., 2020). The main fault system accommodating this 251 
late Pliocene to Present-day convergence across Northern Tunisia is the Alia-Thibar dextral 252 
reverse fault zone (Gaidi et al., 2020). 253 

3 Methods 254 

For analyzing the structure of Northern Tunisia, together with the metamorphism 255 
undergone by the Triassic rocks of Northern Tunisia, we use a multidisciplinary approach. We 256 
carried out field work with structural geology emphasis, and also to sample different Triassic 257 
evaporite bodies in the region. Our work is based on 1:50.000 geological maps of Northern 258 
Tunisia published by the Office National des Mines (ONM), which we digitized and revised 259 
(Booth-Rea et al., 2018; Gaidi et al., 2020). Furthermore, we interpreted several industry 260 
multichannel reflection seismic lines from the Tunisian Company of Petroleum Activities 261 
(ETAP) that cross through the Mejerda basin in Northwestern Tunisia. Triassic pelitic samples 262 
from different massifs in Northern Tunisia we analyzed using X-ray diffraction techniques to 263 
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determine their illite crystallinity. SEM microscopy, RAMAN spectra and electron microprobe 264 
were used to analyze the mineral paragenesis in metapelites and metadolerites from the Tell 265 
thrust stack. Chlorite-wKm-biotite mineral parageneses were tested for local equilibria using 266 
mineral compositions and TWQ thermobarometry software (Berman, 1991). Finally, we used 267 
LA-ICP-MS measurements for the radiometric U-Pb dating of metamorphic rutile in the 268 
metabasites. Further, methodological details are exposed in the Supporting Information S1.  269 

 270 
Figure 3: seismic cross-section composition using multichannel reflection seismic lines L1, L2 and L3 through the 271 

Mejerda basin, showing normal fault listric fan cutting through Late Miocene sediments and rooting in the Mejerda 272 

detachment. Notice low-angle footwall ramp cutting through Cretaceous sediments cut in the Majerda well. The 273 

hanging-wall structure is pierced by several halokinetic structures rooted in the Infranumidian Triassic. 274 

4 Structure of Northern Tunisia 275 

4.1 Extensional detachments and halokinetic structures in reflection seismics 276 

Seismic lines across the Mejerda basin show a prominent reflection cutting down 277 
southwards at a low angle into the Atlas Cretaceous autochthonous sediments (Seismic lines 278 
Mejerda 1, 2, 3 and 4, Figures 2, 3 and 4).  This reflector has been cored in the Mejerda 1 drill 279 
hole and it separates Triassic evaporites above from underlying Middle Cretaceous marly 280 
limestones (Troudi et al., 2017, Figure 2). Meanwhile, the Triassic is overlain by a discontinuous 281 
and incomplete section of Mesozoic sediments, mostly Eocene limestones (Troudi et al., 2017). 282 
This Mesozoic basement sequence is covered by Middle-Late Miocene to Quaternary 283 
sedimentary infilling of the Mejerda basin. The Middle-Late Miocene sediments are cut by high-284 
angle normal faults detaching into the prominent reflection at the base of the Triassic evaporites, 285 
showing progressive angular unconformities and halokinetic intrusions over the evaporitic 286 
detachment, hereafter named the Mejerda detachment.  287 
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Figure 4: Seismic reflection line L4 across the Mejerda basin, showing high-angle faults exhuming the autochthonous 288 

Atlas rocks to the NW and tilted Late Miocene sediments overlying the Mejerda detachment. Late Plio-Quaternary 289 

folding is also evident in this line. This seismic line has been published before down to 2sTWT, with different 290 

interpretations by Ayed-Khaled et al. (2015); Khelil et al. (2019) and Frifita et al. (2020). 291 

Overall, the Mejerda detachment separates two crustal wedges, an overlying one, 292 
thickening towards the South, formed by Infranumidian rocks and overlying Late Miocene 293 
sediments, and an underlying one, thinning towards the South formed by Atlas Cretaceous 294 
sediments (Figure 3). These extensional structures are overlain by an angular post-rift 295 
unconformity, sealed by folded Pliocene to Quaternary sediments. Along lines 1, 2 and 3, the 296 
Mejerda detachment deepens towards the SW from 500 to 1800 ms at the SW border of the basin 297 
(Figure 3).  298 

Triassic evaporites form boudin type bodies together with high-amplitude packages, 299 
interpreted as Eocene limestones, cropping out nearby, above the detachment and below the Late 300 
Miocene sediments (Ayed-Khaled et al., 2015). Normal faults overlying the Mejerda detachment 301 
show listric geometry, with both SW- and NE-directed kinematics (Figure 3). Overall, the 302 
normal faults cutting the Late Miocene sediments form a listric fan structure that roots into the 303 
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Mejerda detachment. Few reflectors dipping smoothly towards the NE occur in the footwall of 304 
the Mejerda detachment, indicating a low-angle ramp geometry below the detachment. 305 

The extensional structures are overlain by an angular post-rift unconformity, sealed by 306 
folded Pliocene to Quaternary sediments. Along lines 1, 2 and 3, the Mejerda detachment 307 
deepens towards the SW from 500 to 1800 ms at the SW border of the basin (Figure 3). Triassic 308 
evaporites form boudin type bodies together with high-amplitude packages, interpreted as 309 
Eocene limestones, cropping out nearby, above the detachment and below the Late Miocene 310 
sediments (Ayed-Khaled et al., 2015). Normal faults overlying the Mejerda detachment show 311 
listric geometry, with both SW- and NE-directed kinematics (Figure 3). The normal faults 312 
cutting the Late Miocene sediments form a listric fan structure that roots into the Mejerda 313 
detachment. Few reflectors dipping smoothly towards the NE occur in the footwall of the 314 
Mejerda detachment, indicating a low-angle ramp geometry below the detachment. 315 

4.2 Structure derived from field outcrops 316 

Epizonal rocks occur in the Hairech, Ichkeul and Oued Belif massifs in Northern Tunisia 317 
(Cross-sections in Figure 2). These rocks are marbles and metapsamnites formed by the 318 
metamorphism of Jurassic limestone and underlying Triassic red-beds, dolostone, limestone with 319 
intercalated dolerites. The Hairech massif shows an open antiformal WSW-ENE trending 320 
structure with its northern and southern limbs cut by high-angle normal faults with NW and SE 321 
directed transport, respectively (Rouvier, 1977; Khelil et al., 2019; Khomsi, Roure and Verges, 322 
2022)(cross-section, Figure 2). These normal faults bound the Messinian sediments of the 323 
Mejerda basin, both to the North and South of the massif, and also, cut mineralized outcrops of 324 
Eocene allochthonous Infra-Numidian rocks (cross section A-A´, Figure 2).  325 

Triassic rocks bearing a low-angle cataclastic foliation crop out along both the Northern 326 
and Southern margins of the Mejerda basin (Figure 5a). These rocks crop out extensively in the 327 
region forming the base of the hanging-wall of the Mejerda detachment, for example, to the E-328 
SE of Fernana, and also in the region around Thibar (Figure 2). These Triassic rocks, are directly 329 
overlain by extensional riders of diverse rocks like the Numidian Flysch, Eocene limestones or 330 
Cretaceous-Palaeogene Infra-Numidian sediments, and also by tilted Late Miocene sediments 331 
(see geological map and cross section A-A´, Figure 2). 332 

The Mejerda detachment crops out to the South of the Mejerda basin, uplifted in the 333 
hanging wall of the Pliocene to Quaternary thrust that deforms the southern margin of the basin 334 
(Gaidi et al., 2020, Figure 2). The detachment fault zone is formed by a foliated cataclastic 335 
breccia affecting different Triassic lithologies, including red beds, dolostone and gypsum (Figure 336 
5a). This Triassic sequence that crops out largely along the Thibar anticline is itself detached 337 
over autochthonous Early Cretaceous marls (Mcherga Formation) that form the core of the 338 
anticlinal structure (see Geological map in Figure 2). These features coincided with those 339 
observed in the seismic lines crossing the Mejerda basin (Figures 3 and 4). To the East of 340 
Fernana, the Mejerda detachment shows a low-angle footwall ramp, cutting down towards the 341 
South from Eocene to Turonian-Santonian sediments (cross section A-A´, Figure 2).  342 

High-angle normal faults cutting into the Numidian Flysch sequence define semigrabens 343 
filled by Late Miocene conglomerates in the Kroumerie massif (Figure 2 and 5b). These faults 344 
exhume the Mejerda detachment at their footwall, exposing Triassic evaporites and overlying 345 
Infra-Numidian tectonic units, below the Numidian Flysch. Furthermore, they define the main 346 
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valleys within the Kroumerie massif. We show the prolongation of these faults towards the SW 347 
in section A-A´ in Figure 2.  348 

 349 
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Figure 5: Field outcrop photographs and related fault and mylonitic foliation data. a) Foliated breccia affecting 350 

Triassic rocks in the Mejerda detachment. Notice cataclastic foliation and rotated porphyroclasts in the fault zone. b) 351 

Ichkeul marbles showing NW-SE oriented stretching lineation (L1) and mylonitic  (Sm) foliation, later cut by calcite 352 

veins. c) Thin section of a greenshist metapelitic sample from the Ichkeul dome, notice Sm and S0 folitations and 353 

growth of large chlorite crystals parallel to the Sm fabric. d) Thin section showing a metapelitic band marked by white 354 

mica growth intercalated in calcite marble. e) Normal fault cutting through the southern limb of the Ichkeul dome, 355 

with SE-directed extension. f) Thin section of a metapsamnite from the Hairech dome, showing large white mica 356 

crystals defining a metamorphic foliation in these rocks. g) Panoramic view of the Tell-Atlas contact near Balta. Notice 357 

the missing infranumidian Eocene limestones, cut by a normal fault, along the supposed thrust contact between the 358 

Numidian Flysch and the underlying autochthonous series. Laterally, towards the West, this contact also has Triassic 359 

evaporites, which are also ommitted in this section. We relate the missing series along this contact to extensional 360 

reworking of the original thrust contact by the activity of the Mejerda detachment. 361 

The Mejerda detachment and overlying Triassic rocks have been folded and thrusted over 362 
the whole sedimentary sequence of the Mejerda basin along its southern border during the Plio-363 
Quaternary (Gaidi et al., 2020). This tectonic inversion also affected the Northern margin of the 364 
basin, along the Balta-Fernana thrust, a process the uplifted the Mejerda detachment in the 365 
hanging wall of the thrust, forming the southern contact of the Kroumerie Numidian Flysch 366 
outcrops and the Kasseb unit, over the autochthonous Atlas Cretaceous (Fig. 5c). The Kasseb 367 
unit includes Eocene limestones that form prominent discontinuous extensional horses detached 368 
over the Mejerda detachment (landscape photo in Figure 5c). We interpret an equivalent 369 
structure along section A-A´, partly exposed in the Rebiaa massif (cross-section A-A´, Figure 2). 370 

The Chemtou marbles, and underlying Triassic metapsamnites crop out in an anticlinal 371 
structure along the northwestern border of the Mejerda basin. This antiformal structure produces 372 
a prominent WSW-ENE oriented ridge with a positive gravimetric anomaly all along the border 373 
of the basin, coinciding with the Hairech and Rebiaa massifs (Amiri et al., 2011; Frifita et al., 374 
2020)(See cross-section A-A´ in Figure 2). These massifs are bounded by WSW-ENE trending 375 
normal faults that separate the metapsamnites and marbles in their core from strongly 376 
mineralized Eocene carbonates and Messinian sediments to the Northwest. Meanwhile, the 377 
southeastern border of the massifs also coincides with an WSW-ENE trending high-angle normal 378 
fault imaged in seismic line L4 (Figure 4). This normal fault cuts through the whole structure 379 
described above rooting in low-angle reflectors at a depth of approximately 3 s TWT (Fig. 4). 380 
Marbles and metapsamnites from the Hairech massif show a penetrative foliation, marked by the 381 
growth of white mica and chlorite parallel to the lithological banding. However, we did not 382 
observe an associated stretching lineation. These rocks do contain a magnetic fabric, related to a 383 
strong preferred crystallographic orientation in phyllosilicates, interpreted as a probable syn-384 
metamorphic stretching lineation, with WNW-ESE to WSW-ENE orientation (Ghorabi and 385 
Henry, 1992). 386 

Outcrops of Triassic metapelites in the Oued Belif dome are strongly overprinted by 387 
mineralizations and magmatic related processes (Decrée et al., 2014, 2013; Mahdi et al., 2013). 388 
These metamorphic rocks contrast with the overlying Paleogene and Eocene Infra-Numidian 389 
sediments, marking a pronounced metamorphic gap between epizonal and diagenetic rocks 390 
(cross section B-B´, Figure 2). Exhumation related structures in this region are particularly clear 391 
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and intimately related to magmatic processes, with a well-defined brittle-ductile shear zone 392 
between the Triassic metapelites and overlying sediments, namely, the Nefza detachment 393 
(Booth-Rea et al., 2018).  The main extensional detachment produced Eastwards directed 394 
extension during the extrusion of rhyodacites that show a magmatic foliation that is parallel to an 395 
overlying mylonitic foliation in marbles from the footwall of the Nefza detachment. These rocks 396 
are cut by a Late Miocene strongly mineralized fault breccia (Booth-Rea et al., 2018). This 397 
exhumation trend, with ductile structures evolving towards brittle breccias is also followed by 398 
magmatism in the region that evolves from plutonic intrusion of granodiorites in the Serravallian 399 
(12 Ma) to the shallower extrusion of volcanic rocks in the Tortonian (8-9 Ma)(Halloul and 400 
Gourgaud, 2012; Decree et al., 2014).   401 

Metamorphic marbles and calcschists crop out in the Ichkeul massif in Northeastern 402 
Tunisia affecting Jurassic and late Triassic protoliths (cross section B-B´, Figure 2). This massif 403 
occurs isolated by Quaternary sedimentary infilling to the North of the Mateur basin (Figure 2). 404 
The marbles are presently folded in the core of an anticline with a WSW-ENE oriented axis. The 405 
southern limb of the anticline is cut by two sets of E-W and N-S trending high and low-angle 406 
normal faults with mostly S-SE and E-NE directed transport, respectively (Figures 5d and e, with 407 
faults and striae projected in stereoplot). Marbles in the Ichkeul massif show a marked 408 
blastomylonitic foliation, containing a SW-NE stretching lineation, which in turn is cut by a 409 
penetrative system of NW-SE trending calcite veins (Figure 5f, including stereoplot of foliation 410 
and lineation). At microscopic scale, biotite and chlorite growth define the mylonitic foliation 411 
(Sm) that cuts the older compositional banding (S0) defined by pelite-carbonate layers (Fig. 5g). 412 

 413 

Table 1: Illite crystallinity results and mineralogy of Triassic pelitic samples. Samples located in the geological map 414 
of Figure 2. 415 

Samples Minerals <2µ* WF <2µ WF b mica mica chlorite
CHemtou-1 quartz, mica, Kfds, hematite, smectite↑, kaolinite 0.26 0.26 0.26 0.26 9.032 9.978

CHemtou-2 quartz, mica, plagioclase, hematite 0.30 0.28 0.28 0.27 9.038 9.971

MT-1 mica, Kfds, quartz↓, jarosite 0.27 0.27 0.25 0.26

ICH-04 calcite↑, kaolinite, mica, Kfds 0.29 0.26 0.30 0.25

ICH-05 quartz, calcite, mica↓, plagioclase, smectite

MT-2 quartz, mica, dolomite, cristobalite 0.32 0.32 0.32 0.29

MT-3 quartz, mica, dolomite, cristobalite, Kfds↓ 0.34 0.31 0.32 0.28

MT-4 quartz, mica, smectite, Kaolinite, dolomite↑ 0.31 0.32 0.32 0.28

MT-5 quartz, mica, chlorite, gypsum 0.57 0.46 0.56 0.43

CH1 quartz, mica, chlorite, hematite↓,Kfds↓↓ 0.47 0.46 0.41 0.38 9.029 9.971 14.19

FB-01 dolomite↑, mica, chlorite, quartz↓ 0.37 0.37 0.35 14.19

TA-01 quartz, mica, chlorite, Kfds, plagioclase 0.42 0.42 0.39 0.36 9.024 
9.044 9.945 14.21

↑, ↓, ↓↓ = qualitative indication of amount
*Anchizone limits (Warr and Ferreiro Mählmann, 2015) = 0.52 - 0.32
WF - Whole Fraction

5Å10Å d001 
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5 Metamorphic petrology 416 

5.1 Illite crystallinity 417 

X-Ray diffraction results indicates quartz, white mica ± K-feldspar ± plagioclase ± 418 
hematite ± dolomite ± calcite (Table 1). Some of the samples from the Infra-Numidian Triassic 419 
also contain chlorite or cristobalite and one sample gypsum. Moreover, minerals usually linked 420 
to low-temperature alteration processes, like smectite, kaolinite or jarosite exist in the samples in 421 
very variable proportions. 422 

Illite crystallinity (KI) of the Triassic metapelites cropping out in the Tunisian Tell shows 423 
two different populations (Table 1, see location in Figure 2). Samples (Chemtou01, Chemtou02, 424 
MT-1, ICH-04) picked from the deep autochthonous Triassic outcrops from Oued Belif, Hairech 425 
and Ichkeul anticlinal domes are characterized by typical epizonal values between 0.26 and 0.30 426 
(Table 1). Meanwhile, the allochthonous Triassic located at the base of the Infra-Numidian 427 
nappe is characterized by a range between diagenetic values (0.57, MT-5) and mostly anchizonal 428 
values between 0.33 and 0.47 (MT-2, MT-3, CH1, FB-01 and TA-01), together with an epizonal 429 
value in sample MT-4.  430 

The number of mica b parameters in the metamorphic autochthonous Triassic outcrops is 431 
between 9.032 and 9.038 Å, which would be characteristic of orogenic micas grown under an 432 
intermediate P/T metamorphic gradient (Guidotti and Sassi, 1986). Basal spacing of chlorites in 433 
the allochthonous Triassic is considerably high (14.19-14.20), which indicates high Si content 434 
(Nieto, 1997), which, in turn, suggests low temperature chlorites (Vidal et al., 2016 and 435 
references therein). 436 
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Figure 6: Mineral paragenesis and textures from the Tunisian epizonal domes. a) Mineral association in Ichkeul K-437 

Si-Ca-Mg-Fe calcschist bands. b) Calcite+quartz+talc+hematite mineral association growing in Ichkeul Si-Ca-Mg-Fe 438 

marbles. c) Detail of Talc+quartz+calcite fibrous intergrowths, which probably represent aragonite pseudomorphs. d) 439 

Mineral association in Ghzele-b metadolerite formed by biotite + Kfeldspar + quartz + calcite + albite + chlorite + 440 

rutile + hematite + white K mica + Na-Ca plagioclase. e) Detail of rutile and apatite growing in the Ghzele-b 441 
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metadolerite. f) Metapsamnite of the Hairech massif with detrital quartz grains with white K mica beards. The mineral 442 

association also includes albite and rutile. 443 

5.2. Metamorphic mineral assemblages in metadolerites, metapelites and calcschist 444 

Psammitic and impure marble samples from the Hairech and Ichkeul domes, representing 445 
the structurally deepest rocks in Northern Tunisia show lower-greenschist mineral paragenesis 446 
defined by chlorite + white K mica + albite + epidote. Meanwhile, the samples from Ichkeul 447 
show a mylonitic foliation and compositional banding defined by white K mica + chlorite + 448 
biotite + calcite + quartz in Si-Al-Mg-Fe-K-Ca marbles overprinting an earlier metamorphic 449 
fabric defined by a talc + calcite + quartz assemblage in Si-Mg-Fe-Ca marbles (Figure 6a and b). 450 
Talc shows fibrous intergrowths with quartz and calcite, which has an habitus similar to 451 
aragonite or aragonite pseudomorphs described elsewhere (Brady et al., 2004; Chopin et al., 452 
2008; Gerogiannis et al., 2021)(Figure 6c). Meanwhile, calcschist in Ichkeul show two 453 
generations of mica, an older one formed by white K mica and a more recent biotite growing in 454 
pressure shadows around phengite and chlorite (Figure 6a).  455 

Metadolerite blocks occur within the Ghzele detachment at the base of the Infranumidian 456 
Triassic sequence at intermediate depths within the Tunisian Tell FTB. These rocks also occur at 457 
other Triassic outcrops in Northern Tunisia, near Bazina and in Jebel Baoula, overlying the Atlas 458 
Cretaceous autochthonous rocks (Kurtz, 1983) (Cross-section B-B´, Figure 2). Moreover, they 459 
are described further south in the Le Kef diapir (Kurtz, 1983). We have studied two metadolerite 460 
samples from the Ghzele detachment (Ghzele-a and -b) that show variable degrees of 461 
metamorphic and metasomatic alteration as described by Kurtz (1983) in all metadolerite 462 
outcrops of Northern Tunisia. Metadolerite Ghzele-a is strongly overprinted by a metamorphic 463 
paragenesis defined by albite+chlorite+epidote+calcite+quartz. The original magmatic 464 
assemblage is only represented by relic plagioclase and titanomagnetite crystals. Metadolerite 465 
Ghzele-b shows a further transformation where K-rich minerals replace the metamorphic 466 
assemblage described in Ghzele-a. These include potassium-feldspar, white K mica and a Mg-467 
rich biotite. Moreover, the later sample is rich in calcite, hematite, apatite and rutile (Figure 6d 468 
and e). A metapsamnite of the Hairech massif shows white K mica+quartz+albite+rutile, with 469 
mica beards growing around quartz detrital grains (Figure 6f). 470 

5.3. Mineral chemistry 471 

We determined the mineral assemblage and analyzed the composition of different 472 
minerals within metabasites, metapsamnites and calcschists from both the deeper metamorphic 473 
domes and from metabasites at intermediate depths in the Tell nappe stack, using multiple tools 474 
including electron microprobe, SEM and RAMAN spectra analysis. The compositions of wKm, 475 
biotite and chlorite were determined using a Camebax electron microprobe from the Granada 476 
University. Structural formulae were calculated based on 14 (anhydrous) oxygens for chlorite 477 
and 11 for micas. 478 

5.3.1. White K mica 479 

White K micas show variable amounts of Si and interlayer cation content both within 480 
individual rock samples and between epizonal rock massifs. This variability manifests changing 481 
metamorphic pressure and temperature, leading to different proportions of mica compositional 482 
end members, represented by muscovite, celadonite, pyrophyllite and paragonite. Si content 483 
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responds to exchanges among the muscovite, celadonite and pyrophyllite end members. 484 
Tchermak (2AlIV=SiIV+(Fe+MgVI) substitution between the celadonite and muscovite end 485 
members is strongly influenced by pressure (Massonne and Schreyer, 1987; Massonne and 486 
Szpurka, 1991), whilst Si enrichment, together with interlayer cation deficiency between the 487 
muscovite and pyrophyllite end member (KXII-1AlIV-1SiIV□XII) is sensitive to a decrease of 488 
temperature (Agard et al., 2001; Leoni et al., 1998; Vidal and Parra, 2000) 489 

1997). WKm from the Ichkeul Massif show Si contents between 3.26 and 3.0 a.p.u.f. and 490 
interlayer cation content (IC) between 0.81 and 0.98 a.p.u.f., marking a trend towards lower Si 491 
content and higher interlayer occupancy that would indicate a heating during decompression 492 
metamorphic P-T path (Table S2 and Figure 7a). WKm from the Hairech Massif show strongly 493 
variable compositions with Si contents ranging between 3.52 and 3.12 a.p.u.f. and IC between 494 
0.83 and 0.98 a.p.u.f., which suggest strong pyrophyllitic substitution characteristic of low-495 
temperature micas and probably also relatively high P/T metamorphic gradient (Figure 7b). 496 

 497 

Figure 7: Si-Interlayer cation content of white K micas of Northern Tunisia. a) white K micas from the Ichkeul 498 

dome. b) white K micas from metapsamnites underlying the Chemteu marbles, from the Hairech massif. Notice 499 

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

5.3.2. Chlorite 501 

Chlorite analysis in the Ichkeul blastomylonitic calcschists give Si contents ranging 502 
between 2.94 and 2.65 a.p.u.f., XMg between 0.50 and 0.64 and octahedral summation between 503 
5.77 and 5.90 a.p.u.f. (Table S3). Compositional variability between the different chlorite 504 
compositional end members, including clinochlore, daphnite, amesite and sudoite depends on the 505 
metamorphic conditions as well as the rock chemistry (Jenkins and Chernosky, 1986; Vidal and 506 
Parra, 2000; Vidal et al. 2005).  507 

Fe3+ content in chlorite cannot be determined using the electron microprobe, however, its 508 
value is important for thermobarometric calculations in the KFMAS system. We estimate Fe3+ in 509 
chlorite by minimizing the differences between P-T conditions resulting from two different 510 
equilibrium calculations using thermodynamic properties published by Vidal et al. (2005). The 511 
first only involves chlorite end members (Daphnite, Clinochlore, Fe-Amesite and Mg-Amesite). 512 
Since only three of these four end members are independent, this equilibrium must be satisfied to 513 
obtain the same solid-solution free energy calculated with either clinochlore, daphnite, Fe-, or 514 
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Mg-amesite (Vidal et al., 2005). The second equilibrium involves Qtz and H2O, within the 515 
KMAS system (Clin+Sud=Mg-Am+Qtz+H2O). We obtain values of XFe3+ between 0.3 and 516 
0.41, below maximum values actually measured in Chlorite (Lanari et al., 2014; Trincal et al., 517 
2015). Chlorite in the Ghzele metadolerite shows high Si contents ranging between 2.96 and 3.00 518 
a.p.u.f., XMg from 0.72 to 0.73 and octahedral summation between 5.90 and 5.99 a.p.u.f., which 519 
may correspond to low temperature chlorites (Table S3). 520 

5.3.3. Biotite 521 

Biotite in the Ichkeul calcschists shows variable compositions with Si content between 2.77 and 522 
2.89 a.p.u.f., XMg from 0.56 to 0.61 (Table S4). It is the most abundant mineral in the pelitic 523 
intercalations of the Ichkeul marbles and grows replacing chlorite and white K mica. 524 

 525 
Figure 8: Analyzed mineral assemblages from the Ichkeul calcshist and resulting TWQ thermobarometric results 526 

indicating HP/LT metamorphism, followed by heating and decompression during the growth of blastomylonitic 527 

foliation. 528 

5.4. Multiequilibrium P-T results 529 

We obtained preliminary multiequilibrium P-T data for chlorite + white K mica + biotite 530 
+ quartz + water assemblage defining the main foliation in the Ichkeul calcschist. 531 
Multiequilibrium results were calculated using TWQ 1.02 software (Berman, 1991) and its 532 
associated database JUN92, updated with more recent thermodynamic properties and solid 533 

ms17

Chl 18

Qtz

Bio

P
re

s
s
u

re
 (

G
p

a
)

Temperature (C)

Bio3

0.2

0.4

0.6

0.8

1.0

1.2

1.4

100 200 300 400 500 600 700

100 200 300 400 500 600 700

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Chl 13 ms06
Bio2

Chl13+wKm6

+Bio2+Qtz+W

Chl18+wKm17

+Bio3+Qtz+W

KFMASH System

KFMASH System

Result from InterSX

P=0.58 +- 0.11 Gpa

T=409 +-20 ºC

Result from InterSX

P=0.9 +- 0.05 Gpa

T=347 +-9 ºC

0.2

0.4

0.6

0.8

1.0

1.2

1.4

100 200 300 400 500 600 700

KFMASH System

Result from InterSX

P=0.29 +- 0.13 Gpa

T=438 +-34 ºC

Chl28+wKm21

+Bio4+Qtz+W

P
re

s
s
u

re
 (

G
p

a
)

Temperature (C) Temperature (C)

P
re

s
s
u

re
 (

G
p

a
)



manuscript submitted to Tectonics 

 

solution models for chlorite and white K mica (Parra et al., 2002 and Vidal et al., 1992, 1999, 534 
2005). Fe 3+ in chlorite was obtained as described in the chlorite mineral chemistry section, 535 
above. Calculations were done assuming a water activity of 1.0, which, may be unprecise, 536 
although, the presence of talc in these rocks implies high water activity (e.g. Bucher and Grapes, 537 
2011).  538 

Obtained P-T equilibria, with four independent reactions, show that the Ichkeul rocks 539 
reached HP-LT conditions of 0.9 ± 0.05 Gpa at 347 ± 9 ºC during the growth of phengite-rich 540 
white K micas (Si=3.26 a.p.u.f.), within the stability field of aragonite + talc in intercalated Mg-541 
Si-Fe marbles (Figure 8). Later chlorite, biotite and white K mica growth developed during 542 
decreasing pressure at higher temperature with equilibria, for example, at 0.58 ± 0.11 Gpa at 409 543 
± 20 ºC and at 0.29 ± 0.13 at 438 ± 34 ºC (Figure 8). These later conditions would correspond to 544 
blastomylonitic deformation under NE-SW stretching in the Ichkeul marbles (Figure 5f, g). 545 

 546 

Figure 9: Tera-Wasserburg diagrams of rutile. Discordia isochron ages were calculated with IsoplotR (Vermeesch, 547 

2018) using the least-square “York” method without anchored common 207Pb/206Pb. Error ellipses in Tera-548 

Wasserburg diagrams are displayed with 95%-confidence level. a) Results with all analysis. b) Results excluding 549 

selected analysis shown as grey ellipses. 550 

5.5. Rutile U-Pb LA-ICP-MS dating 551 

Rutile crystals were analyzed by LA-ICP-MS in sample Ghzele-b (Figure 6 d and e) and 552 
data shown in Figure 9 and provided in Table S5. Rutile U-Pb are sufficiently radiogenic to be 553 
analyzed and yield a Tera–Wasserburg Discordia date of 50.68 ± 1.13 Ma (2σ, n = 25, MSWD = 554 
13.1) (Figure 9 a) considering all the analyses, and of 49.78 ± 1.28 Ma (2σ, n = 21, MSWD = 1.0; 555 
(207Pb/206Pb)o= 0.56 ± 0.02) (Figure 9 b), excluding selected analyses (shown as grey ellipses). 556 
These analyses likely reflect an event date between c. 51 and 48 Ma. 557 
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6 Discussion 558 

6.1. Low-temperature metamorphism in the Tunisian Tell 559 

The new illite crystallinity data and metamorphic assemblages we show in this study 560 
together with previous data in the region (Mahdi et al., 2013) manifests the presence of lower-561 
greenschist epizonal rocks in the core of the structurally deepest domal Triassic outcrops of 562 
Northern Tunisia (Table 1, cross-sections and samples in Figure 2). These Permo-Triassic rocks 563 
have been interpreted as forming the outcropping base of the autochthonous Mesozoic Atlassic 564 
sedimentary cover, deposited in the North Maghrebian passive margin (Rouvier, 1993, 1992; 565 
Booth-Rea et al., 2018). The fact that these minerals show clear metamorphic textures and illite 566 
crystallinity values below the limit between anchizone and epizone imply they underwent 567 
temperatures above 300 ºC characteristic of mid-crustal depths (Frey, 1987; Merriman and 568 
Roberts, 1985; Merriman and Peacor, 1998).  569 

Some samples contain variable proportions of smectite, kaolinite and jarosite, which are 570 
low-temperature minerals, incompatible with the metamorphic conditions described for the 571 
Triassic outcrops. The occurrence of these low-temperature minerals in rocks of higher 572 
diagenetic-metamorphic grades has been often described and interpreted as the result of 573 
retrograde diagenesis (Abad et al., 2003; Nieto et al., 2005), fluid-mediated retrograde processes 574 
occurring under diagenetic conditions. In particular, do Campo et al., (2017) linked the existence 575 
of jarosite in anchizonal/epizonal rocks of the Central Andes with the activity of hydrothermal 576 
fluids producing acid type alteration, related with the posthumous activity of the Ordovician 577 
volcanic arc; this alteration produced the widespread occurrence of retrograde diagenesis 578 
products as smectite and kaolinite in slates and metavolcanic rocks. Similar volcanic activity 579 
occurred in Northern Tunisia, especially obvious in the Oued Belif dome, which together with 580 
the hydrothermal activity related to extensional faulting can easily explain the presence of these 581 
retrograde mineral phases in the studied samples. 582 

The scattering of KI values for the Infranumidian Triassic that crops out in a large area all 583 
along Northern Tunisia may represent original depth differences within the Tell orogenic wedge. 584 
The diagenetic value in sample MT-5 is located to the SE, theoretically, close to the Tell 585 
deformation front, where the Triassic is directly covered by Early Miocene fore-deep 586 
olistostromic sediments at the Lansarine ridge (Figure 2).  Meanwhile, most of the samples 587 
further towards the W or NW give anchizonal values, reflecting an original deeper position 588 
within the orogenic wedge. Sample MT-4 with epizone values is located at the footwall of the 589 
Ghzala extensional detachment a few meters below the fault zone, in the Jalta Pb-Zn mine, 590 
coexisting with the studied metadolerites, which underwent clear greenschist facies 591 
metamorphism (Figure 6d). 592 

The illite crystallinity data are further supported by the mineral associations we found in 593 
the Ichkeul calcschist and marbles including biotite + wKm + chlorite + quartz + calcite (Figure 594 
6a) and calcite + dolomite + talc + chlorite + hematite (Figure 6b), respectively, which would 595 
require temperatures between 300 ºC and 470 ºC, in the stability of talc and biotite and below the 596 
stability of tremolite (Bucher and Grapes, 2011).  Furthermore, our multiequilibrium 597 
thermobarometric results for the deepest outcrops of the Tunisian Tell, corresponding to the 598 
Ichkeul marbles confirm these conditions and indicate that these rocks underwent HP-LT 599 
metamorphism under blueschist facies at approximately 0.9-1.0 Gpa and 350 ºC, followed by 600 
decompression and heating to conditions of 0.6-0.3 Gpa and 400-440ºC during the growth of 601 
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biotite (Figure 8). Decompression during heating is also manifested by the compositional trend in 602 
white K mica, showing decrease in Si content together with an increase in interlayer cation 603 
content (Figure 7). The HP-LT conditions we obtained fall within the stability of talc and 604 
aragonite in impure Mg-Si-Fe marbles (Bucher and Grapes, 2011). This may indicate that 605 
elongated calcite fiber intergrowths with talc and quartz could represent aragonite pseudomorphs 606 
in the Ichkeul marbles (Figure 6c).   607 

The infranumidian Triassic rocks cropping out above the Ghzela and Mejerda extensional 608 
detachments, below the Numidian nappes, reached anchizonal to diagenetic conditions below 609 
300ºC. Although, the growth of biotite, K-feldspar and rutile in metadolerites included in these 610 
rocks, together with the nearby epizonal sample MT-04, suggest even higher temperatures above 611 
300 ºC. Meanwhile, towards the SE of the Tell orogenic wedge at the tip of the deformation front 612 
the Triassic rocks underwent lower temperatures not surpassing diagenetic conditions. At 613 
present, the whole nappe stack, between epizonal rocks at the base and diagenetic Numidian 614 
series at the top has a total thickness around 3 s TWT (Booth-Rea et al., 2018) that would 615 
correspond to around 4 km depth using a velocity of 2.7 km/s for the sediments of the Tell belt.  616 

The HP/LT thermobarometric results in the Ichkeul marbles indicate that the epizonal 617 
Atlas Triassic domes reached a typical orogenic P-T gradient of approximately 15 ºC/km during 618 
a HP-LT metamorphic event and were exhumed from under approximately 25 km overburden 619 
provided by the Tell nappe stack. This evolution parallels the one observed in the Betics and 620 
external Rif (e.g. Azañón et al., 1998; Booth-Rea et al., 2002; Negro et al., 2007). This assertion 621 
is supported by the present structure of the Tell belt that shows extensional listric fans overlying 622 
low-angle normal faults at least at two different structural levels, corresponding to the Ghzela 623 
and Mejerda detachments, and the deeper Nefza detachment that flattens around 3s TWT (Booth-624 
Rea et al., 2018).  625 

The Ghzela and Mejerda detachments produced ENE-WSW directed extension cutting 626 
down into the Tell orogenic wedge and reaching anchizonal depths, whilst the Nefza detachment 627 
reached mid-crustal depths of approximately 15-10 km, under temperatures of 400-440 ºC where 628 
deformation was governed by dynamic recrystalization creep during the growth of biotite, 629 
producing the mylonitic foliation and SW-NE stretching lineation observed in the Ichkeul massif 630 
marbles (stereoplot and photo in Figure 5f). Alternatively, the blastomilonitic foliation in the 631 
Ichkeul massif may have formed by shearing under shortening conditions during the Late 632 
Burdigalian (17 Ma) as described for similar structures in the Temsamane massif in the Eastern 633 
Rif (Jabaloy et al., 2015). 634 

6.2. From Cretaceous extensional to Eocene and Early Miocene orogenic metamorphism 635 
in Northern Tunisia 636 

Integrating our new rutile U-Pb 49.78 ± 1.28 Ma results with previously published 637 
radiometric dating indicates a polymetamorphic evolution for the Tunisian Tell, similar to the 638 
one observed at the opposite end of the Maghrebian Alpine chain, in the Rif (Vazquez et al., 639 
2013; Jabaloy et al., 2015). K-feldspar and phlogopite K-Ar ages from metadolerites and marbles 640 
from different outcrops in the Tunisian Tell give Cretaceous (97 ± 5 to 67 ± 3 Ma), Palaeocene 641 
(65 ± 3), Oligocene (27 ± 1 to 25 ± 1) and Miocene ages (23 ± 1,2 to 17,6 ± 0,9) (Bellon and 642 
Perthuisot, 1977). Although, this age dispersion was interpreted as a result of Cretaceous 643 
extensional-sedimentary load related metamorphism, mixed with radiometric resetting by late 644 
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Neogene magmatic heating in the region (Bellon and Perthuisot, 1977), we provide a new 645 
alternative scenario.  646 

Most of these ages probably represent distinct metamorphic events, related to different 647 
geodynamic stages in the evolution of the Western Mediterranean. Late Cretaceous ages between 648 
97 and 69 Ma may correspond to very-low grade spilitic metamorphism probably produced by 649 
the sedimentary-related overburden in the North-Maghrebian passive margin, described in the 650 
Tellian metadolerites (Kurtz, 1983). Equivalent ages and metamorphic conditions were obtained 651 
for anchizonal rocks of the Ketama unit in the external Rif (Vázquez et al., 2013; Jabaloy et al., 652 
2015). The new rutile U-Pb 49.78 ± 1.28 Ma data we present, together with the Latemost 653 
Cretaceous to Paleocene ages reported by Bellon and Perthuisot (1977), must represent initial 654 
stages of plate convergence between Africa and Eurasia, evidencing tectonic inversion and 655 
crustal thickening at the transition between the North Maghrebian passive margin and the Tethys 656 
ocean, at the time. This crustal thickening and related deformation favored the mineral blastesis 657 
in the Tellian metadolerites producing the K-feldspar, biotite and rutile paragenesis. Between the 658 
Cretaceous and Eocene, subduction was active in the Alps (Rubatto et al., 1998; Villa et al., 659 
2014; Malusà et al. 2015). This metamorphism coincides with shortening along the Atlas in the 660 
Latemost Cretaceous-Eocene (de Lamotte et al., 2009).  661 

The studied metadolerites presently crop out among anchizonal to epizonal Triassic 662 
evaporites at the base of the Infra-Numidian nappe stack , overlying lower-grade autochthonous 663 
Atlas Cretaceous sediments of the Atlas series, which reached conditions between inmature and 664 
early to mid-mature oil generation according to Rock-Eval pyrolysis testing (Ben Ammar et al., 665 
2020), implying temperatures probably below 150 ºC (e.g. Buller et al., 2005). Thus, this Early 666 
Eocene crustal thickening-related metamorphism occurred before the establishment of the 667 
present Tellian nappe stack, in a transitional region between the Tethyan oceanic crust and the 668 
Maghrebian passive margin.   669 

The main phase of nappe stacking in the Tunisian Tell is dated as Early Miocene by the 670 
overthrusting of the Oligocene to Burdigalian Numidian flysch sandstones over Late Burdigalian 671 
to Langhian sediments of the Glauconite formation (Belayouni et al., 2013). However, the Tell 672 
accretionary wedge and NE directed subduction of the Tethys ocean initiated earlier as attested 673 
by both UHP metamorphic mineral growth during the Early Oligocene in the Kabilies (32.4 ± 674 
3.3 Ma, Brougier et al., 2017) and Eocene to Early Oligocene volcanic arc zircons within the 675 
Tethyian Flysch units (33 ± 1 Ma, Fornelli et al., 2020 and 40-28 Ma in the Rif, Abbassi et al., 676 
2021). Phlogopite in the Ichkeul marbles at the base of the Tunisian Tell FTB has given 23 ± 1,2 677 
and 17,6 ± 0,9 Ma ages (Bellon and Perthuisot, 1977), and probably grew during the main phase 678 
of nappe stack development, as deduced from the new thermobarometric results we obtained 679 
with biotite + wKm + chlorite growth in the intercalated calcschists at both HP/LT and later 680 
IP/LT conditions (Figure 8). Actually, the growth of biotite during heating, decompression and 681 
ductile stretching suggests that the younger ages may reflect the initial extensional collapse of 682 
the Tunisian Tell, which had already occurred in the internal Kabilies in Argelia, marked by late-683 
stage K-rich magmatism intruding the nappe stack, dated at 17 Ma (Abbassene et al., 2016; 684 
Chazot et al., 2017). 685 

6.3. Halokinetic structures in Northern Tunisia 686 

We find two main types of Triassic outcrops, the shallower of which, develop halokinetic 687 
structures related mostly to the late Neogene extensional phase, and the deeper ones are 688 
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represented by exhumed middle crust formed by autochthonous Triassic redbeds and marbles. 689 
The first type of Triassic bodies outcrop extensively in the Thibar, Lansarine or Bazina regions 690 
and have traditionally been interpreted as salt canopies or glaciers overlying the Atlas Cretaceous 691 
series (e.g. Masrouhi et al., 2014; Ayed-Khaled et al., 2015; Amri et al., 2020). However, these 692 
sheet-like bodies are not only overlain by Cretaceous sediments, but also by tilted extensional 693 
riders of Eocene limestones and Late Miocene sediments, for example in Ghzela, at the Jalta 694 
mine, and Mateur basin (Booth-Rea et al., 2018), Lansarine ridge (Gaidi et al., 2020, Figure 10) 695 
or in the Mejerda basin (Seismic lines and cross section A-A´, Figures 2 and 3). Moreover, the 696 
fact that the Triassic evaporites underwent Early Eocene epizonal metamorphism as 697 
demonstrated by the growth of U-Pb dated rutile, Kfeldspar and biotite, which is not present in 698 
the underlying Cretaceous sediments, means they juxtaposed these rocks during a later thrusting 699 
stage.  700 

We interpret that the shallower anchizonal to diagenetic infra-Numidian evaporites and 701 
redbeds were originally emplaced at the base of the Numidian and Infra-numidian nappes and 702 
were later reworked by the Mejerda and Ghzela extensional detachments and related normal 703 
faults, developing shallow depth halokinetic structures rooting in the extensional LANFs. These 704 
evaporitic outcrops form salt walls along the main high-angle normal faults, define the main 705 
extensional detachments, and also form small diapiric bodies rooting in the LANFs (Figures 3 706 
and 4). Moreover, these structures have been re-used and inverted during the later Plio-707 
Quaternary shortening in the region (Gaidi et al., 2020).   708 

The deeper Triassic bodies are found in antiformal dome-type outcrops, where epizonal 709 
and HP/LT orogenic crust has been exhumed from midcrustal depths in the Oued Belif, Ichkeul 710 
and Hairech massifs (cross sections A-A´ and B-B´, Figure 2). These metamorphic domes were 711 
produced by ductile flow and extensional exhumation of the North Tunisian orogenic middle 712 
crust during the Middle to Late Miocene and do not represent diapirs.  713 

6.4. Extensional exhumation in Northern Tunisia 714 

Our field and geophysical evidence shows different systems of extensional faults that 715 
detach at two different structural positions within the Tell nappe stack (Booth-Rea et al., 2018). 716 
The shallower LANFs, represented by the Ghzela and Mejerda detachments that show NE and 717 
SW-directed extension, cut down into the Mesozoic Atlas sequence producing the Mateur and 718 
Mejerda basin depocenters. These faults exhume mostly the Eocene to Cretaceous Atlas 719 
sequence.  The younger extensional structures produce mostly SE-directed extension and are 720 
formed by a system of high-angle listric faults that cut the above detachments and root at depths 721 
of approximately 3s TWT. These faults bound the Hairech (cross section A-A´, Figure 2) and 722 
Ichkeul massifs (Figures 5 d, e) and outcrop along the Lansarine massif, where the Infranumidian 723 
Triassic and overlying Early to Late Miocene sediments are tilted over a low-angle normal fault 724 
with SE-transport cutting down into Cretaceous Atlas sediments (Gaidi et al., 2020, Figure 10).  725 

The extensional systems worked sequentially, the first system produced mostly eastwards 726 
to northeastard directed extension during the Tortonian (»11-8 Ma), and maybe including the 727 
Serravallian, with the development of brittle LANFs like the Mejerda, Ghzele and brittle-ductile 728 
shear zones like the Nefza detachment. The NE-SW directed ductile stretching observed in the 729 
Ichkeul dome may have initiated earlier during the Langhian coinciding with the younger 730 
phlogopite K-Ar ages obtained in this massif (Bellon and Perthuisot, 1977). However, the final 731 
exhumation of these midcrustal rocks to the surface was accomplished by a later orthogonal 732 
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extensional system, producing mostly southwards directed extension during the Tortonian to 733 
Messinian ((»8-5) Ma. High-angle normal faults, cutting LANFs of this later system are the 734 
structures that presently bound the Hairech and Ichkeul mid-crustal domes in Northern Tunisia 735 
(Figures 4, 5e, cross sections in Figure 2). 736 

Figure 10: Example of two orthogonal extensional systems cutting Late Miocene sediments and thinning the Early 737 
Miocene Tell FTB nappe pile along the Lansarine ridge in Northern Tunisia. Notice Tortonian extensional rider 738 
tilted over a normal fault with SE-directed transport, overlying Atlas Cretaceous marls tilted towards the NW. The 739 
SE-directed extension affects the older Mejerda extensional detachment, where Infranumidian Triassic evaporites 740 
overlie Cretaceous autochthonous sediments. The Mejerda detachment thins and reworks the previous Early 741 
Miocene nappe contact between the Infranumidian and Atlas domains. 742 

This work shows that the main tectonic boundaries present in the Tunisian Tell were 743 
strongly reworked during the late Miocene extensional collapse of Northern Tunisia. The 744 
remains of the original Late Oligocene to Early Miocene nappe pile that formed the Tell 745 
orogenic belt are now cut and displaced by low-angle normal faults and extensional detachments 746 
that exhumed the Tunisian orogenic middle crust, producing important tectonic omissions and 747 
metamorphic gaps in the lithological sequences, during the Late Miocene (cross section A-A´, 748 
Figures 2, 5 c). The late Miocene extension in Northern Tunisia propagated Southeastwards 749 
during the Pliocene to Quaternary, affecting large regions of Central Tunisia, the Sicilian 750 
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Channel and the Pelagian domain offshore (Civile et al., 2010; Belguith et al., 2011; 2013; Arab 751 
et al., 2020)(Figure 10). This extension probably followed earlier Middle Miocene extension 752 
towards the NE and concomitant openning of the Easternmost segment of the oceanic Algerian 753 
basin (Haidar et al., 2022 ; Figure 11). 754 

6.5. Extensional tectonics and related geodynamic features of Tunisia 755 

This tectonic model for Tunisia explains many geophysical characteristics of the region 756 
that are not explained by a model of protracted, only shortening, since the Cretaceous and has to 757 
be taken into consideration when restoring and defining the main orogenic belts in Northern 758 
Tunisia. Our work shows that allochthonous anchizonal Triassic rocks we have attributed to the 759 
Infra-Numidian domain crop out to the South of the classical Tell boundary, indicating that the 760 
Tell orogenic wedge originally occupied a larger region towards the South than presently 761 
considered. Actually, the boundaries established for this orogenic belt coincide with the Present 762 
position of active shortening structures that formed since the Pliocene, like the Alia-Thibar fault 763 
system (Gaidi et al., 2020), which produces the main seismicity in the area (Soumaya et al., 764 
2015) and accommodates most of the GPS measured shortening of the region (Bougrine et al., 765 
2019). 766 

Heat flow in Tunisia shows present-day values around 80-90 mW/m2 with higher values 767 
towards the E of Tunisia (Lucazeau and Dhia, 1989). This heat flow is higher than observed in 768 
typical active FTB´s around the world ( Morgan and James, 1989; Booth-Rea et Al, 2008; 769 
Lucazeau, 2019). Furthermore, lithospheric thickness shows a strong decrease from values above 770 
180 km South of the Tunisian South Atlassic thrust and values around 140 (Globig et al., 2016) 771 
and probably less under the Southern Atlas STEP boundary where negative shear wave velocity 772 
anomalies are observed around 80-100 km depth (Radi et al., 2017).  This relative thin 773 
lithospheric thickness in Tunisia is also accompanied by abundant hydrotermalism in the region 774 
(Dhia, 1987) and related high-temperature Fe-Zn-Pb mineralizations (>190 ºC) produced since 775 
the Late Miocene (e.g. Benchilla et al., 2003; Decrée et al., 2008; Jemmali et al., 2014; Aïssa et 776 
al., 2018), data that suggests even higher heat flow values in the Tortonian for the whole region. 777 
Several geophysical studies support the existence of a mantle slab underlying central Tunisia 778 
(Research group for lithospheric structure in Tunisia, 1992 ;Jallouli and Mickus, 2000; Piromallo 779 
and Morelli, 2003; Faccenna et al., 2014; Fichtner et al., 2015; El-Sharkawy et al., 2020.)(Figure 780 
10). 781 

Extension in Northern Tunisia has been related to the E to SE retreat and peeling-back of 782 
the slab body described above, under Tunisia since the Late Miocene, which would include a 783 
strip of Nubian continental lithospheric mantle (Roure et al., 2012; Booth-Rea et al., 2018; 784 
Camafort et al., 2020). The older extensional system migrated eastwards, towards the direction 785 
of slab retreat, and was thus, probably related to delamination of the lithospheric mantle inboard 786 
of the South Tunisian Atlas STEP boundary (Figure 10). Meanwhile, the later southwards 787 
directed extension was accompanied by important topographic uplift that migrated towards the 788 
E-SE in the late Miocene (Salah and Vanhouten, 1988), reaching the eastern coast of Tunisia in 789 
the Quaternary. This extension and the related topographic uplift we propose may be associated 790 
with flexural and isostatic rebound after the delamination under Northern and probably Central 791 
Tunisia (Roure et al., 2012 ; Booth-Rea et al., 2018). This tectonic mechanism drove active 792 
extension, magmatism, hydrothermalism and topographic uplift in the region, processes that 793 
migrated behind the retreating slab. Slab retreat was favored by slab tearing or detachment at the 794 



manuscript submitted to Tectonics 

 

edge of the system along the Southern Tunisian Atlas thrust front that has been interpreted as a 795 
dextral STEP boundary that continues active at Present day (Booth-Rea et al., 2018; Camafort et 796 
al., 2020; Soumaya et al., 2020)(TA-STEP, Figure 11). 797 

Figure 11: Cartoon of the tectonic mechanisms driving mid-crustal exhumation in Northern Tunisia and the location 798 

of exhumed middle crust in the region. Notice the thinning of the Tunisian-Algerian lithosphere across the Tunisian 799 

Atlas STEP boundary (TA-STEP). NE-SW extension initiated in the Middle Miocene coeval to the oppening of the 800 

East Algerian Basin (Haidar et al., 2022) and propagated into Northern Tunisia in the Tortonian (approx. 11-8 Ma), 801 

meanwhile, later SE-directed extension finally exhumed the Tunisian metamorphic domes, including the Ichkeul 802 
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HP/LT blastomylonites, in the Late Tortonian-Messinian (approx. 8-5.3 Ma). Exhumed metamorphic rocks include 803 

Early Eocene metadolerites (Rutile U-Pb 49.78 ± 1.28 Ma) and Early Miocene (23 and 17 Ma phlogopite K-Ar, 804 

Bellon and Perthuisot, 1977) HP/LT blastomylonitic marbles and calcschist in the easternmost Ichkeul dome. Figure 805 

background, modified from Booth-Rea et al. (2018). 806 

 807 

6.6. FTB extension in the Western Mediterranean 808 

The structure of the Tell in Northern Tunisia resembles strongly the one observed in other 809 
external FTB´s of the Western Mediterranean, like the External Rif domain in Morocco, where 810 
epizonal orogenic crust was exhumed in the Temsamane massif during the Tortonian ( Negro et 811 
al, 2007; Booth-Rea, 2012; Figure 1). The Betics FTB also has metamorphic rocks that 812 
underwent pumpellyite-actinolite facies metamorphism under approximately 300ºC and 4-5 kbar 813 
(Puga et al., 1988; Morata et al., 1994), which were probably exhumed through extensional 814 
tectonics (Azañón et al., 2012; Rodríguez-Fernández et al., 2011; 2013). At the same time, 815 
deeper HP/LT rocks from the subducted Iberian passive margin were exhumed from mid-crustal 816 
depths, under the allochthonous hinterland rocks, by ductile-brittle detachments in the Betics 817 
(e.g. Jabaloy et al., 1993; Martínez-Martínez and Azañón, 1997; Martínez-Martínez et al., 2002; 818 
Booth-Rea et al., 2005; 2015; Morales et al., 2022). In all cases, the extensional structures affect 819 
the external FTB structure developed during the Early to Late Miocene in the Rif, Betics and 820 
Tell orogenic belts (Figure 1). Extension propagated behind the FTB development, exhuming 821 
rocks from mid-crustal depths of the previously established accretionary wedge (Booth-Rea et 822 
al., 2012, 2020).  823 

Abridging, the structure observed in Northern Tunisia is comparable to other FTB´s in 824 
the Western Mediterranean that were extended between the Middle Miocene and Recent (e.g. 825 
Carmignani and Kligfiel, 1990; Ghisetti and Vezzani, 2002; Booth-Rea, 2012; Rodríguez-826 
Fernández et al., 2013; Moragues et al., 2018; 2021, Figure 1). Although, several works suggest 827 
that extension in these FTB´s is minor and related to the internal dynamics of the accretionary 828 
wedge, for example, to changes in the basal friction related to the presence of underlying 829 
evaporites (Jiménez-Bonilla et al., 2016; Khelil et al., 2018), in Northern Tunisia, the Eastern 830 
Betics and Eastern Rif extension has resulted in a marked thinning of the crust under the FTB 831 
domain and exhumation of metamorphic rocks (Negro et al., 2007; Booth-Rea et al., 2012; 2018; 832 
2020; Azdimousa et al., 2019). In these later cases, where the crust shows thickness below 30 km 833 
(Research Group for Lithospheric Structure in Tunisia, 1992; Mancilla et al., 2015; Mancilla and 834 
Diaz, 2015) we suggest extension was related to the propagation of the edge of the subduction 835 
system under the FTB domain. Thus, the same tectonic mechanisms corresponding to slab 836 
tearing and subcontinental lithospheric delamination determined the extensional collapse of 837 
FTB´s all around the Western Mediterranean in the Betics, Rif, Tell and Tunisian Atlas, mostly 838 
during the late Miocene, and more recently under the Central Apennines (Figure 1).  839 

Heating during decompression coeval to the development of late-stage mylonitic shear 840 
zones is a common feature observed in the exhumed metapelites of the South Iberian subducted 841 
passive margin (Booth-Rea et al., 2015) and in Northern Tunisia and may be a diagnostic feature 842 
of lithospheric mantle delamination and subsequent heating at the base of the crust, together with 843 
other associated magmatic processes like K-Si-rich shoshonitic volcanism (Duggen et al., 2003; 844 
Booth-Rea et al., 2007; 2018). 845 
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Future work should further analyze the age and P-T conditions reached during the 846 
metamorphism of the Northern Tunisia extensional domes and the actual extent of the low-angle 847 
detachments described here, further South in the Atlas orogenic belt. Furthermore, deep 848 
geophysical soundings are necessary to understand the lithospheric structure of Tunisia and the 849 
existence or not of an attached lithospheric mantle slab under the region.  850 

7 Conclusions 851 

We present the first U-Pb ion-probe dating of Early Eocene metamorphism related to 852 
Africa-Eurasia plate convergence along the North Maghrebian passive margin, producing the 853 
blastesis of rutile at 49.78 ± 1.28 Ma. 854 

These new radiometric ages together with previously published K-Ar ages on K-feldspar 855 
and phlogopite from metadolerites and marbles in Northern Tunisia indicate the region 856 
underwent a polymetamorphic evolution with distinct metamorphic events including Late 857 
Cretaceous extensional-spilitic metamorphism, followed by Eocene and Early Miocene 858 
metamorphic events related to tectonic shortening along the Tunisian Tell and Atlas. 859 

Our data support alternative tectonic processes to diapirism and protracted shortening 860 
since the Cretaceous in Northern Tunisia, corresponding to Late Miocene crustal extension of a 861 
previously overthickened orogenic wedge. Our new thermobarometric and metamorphic data, 862 
together with illite crystallinity shows that most of the Triassic outcrops in Northern Tunisia are 863 
made up by very low-grade and low-grade metamorphic rocks that underwent epizonal or 864 
anchizonal conditions.  865 

The Ichkeul dome hosts HP/LT metamorphic rocks with aragonite pseudomorphs and Si-866 
rich phengite equilibrated at 0.9-1.0 Gpa under 350 ºC that were exhumed through heating and 867 
decompression to 400-440 ºC at 0.6-0.3 GPa. 868 

We distinguish two different types of Triassic outcrops, corresponding to overthrusted 869 
sheet type bodies intercalated in the remains of the extended Tellian thrust stack, which 870 
underwent mostly anchizonal to epizonal metamorphism during the Cretaceous to Early Eocene 871 
before overthrusting the underlying Atlas sequence, and domal type bodies where the deeper 872 
autochthonous Atlas Triassic crops out metamorphosed under HP-LT or epizonal conditions in 873 
the Early Miocene. These second, rooted outcrops show evidence of NE-SW directed ductile 874 
shearing under temperatures of 400-440 ºC in the footwall of extensional detachments.  875 

Seismic reflection lines in the Mejerda basin show a conspicuous reflector reworking the 876 
Infra-Numidian Triassic that corresponds to the Mejerda detachment. The footwall shows a low-877 
angle ramp geometry cutting down southwards into the autochthonous Atlas Cretaceous 878 
sediments. This extensional system is cut by later normal faults that root at depths of 3 s TWT 879 
that finally exhume the folded Triassic epizonal Ichkeul, Hairech and Oued Belif metamorphic 880 
domes. 881 

Most halokinetic structures in Northern Tunisia are rooted in the Mejerda detachment and 882 
intruded the overlying sedimentary overburden during the Late Miocene extension. These 883 
include salt walls extruding through normal faults and small-scale diapirs. The evaporites have 884 
played an important role as decollement surfaces both during late Miocene extension and the 885 
later Plio-Quaternary shortening. 886 



manuscript submitted to Tectonics 

 

The mid-crustal exhumation observed in Northern Tunisia is analogous to the one 887 
described in other FTB´s of the western Mediterranean like the Betics and Rif, where 888 
delamination and tearing of the lithospheric mantle propagated under the continental FTB 889 
domains. Extension of the Western Mediterranean orogenic arcs propagated into the external 890 
foreland domains of the Gibraltar, Calabrian and Algerian-Tunisian arcs.  Extension was 891 
polyphasic, with two orthogonal systems. The older system extended towards the direction of 892 
slab retreat under continental FTB domains. Meanwhile, the later system, producing extension 893 
transverse to the direction of slab retreat was related to isostatic and flexural rebound that trailed 894 
behind the retreating slabs. 895 
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