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Abstract 31 

The Cap des Trois Fourches (Eastern Rif, northern Morocco) metamorphic 32 

basement exposes two major tectonic units, namely the Taïdant unit underthrusting the 33 

overlying Tarjât tectonic unit. The Tarjât tectonic unit is composed of metamorphic rock 34 

originating from detrital material. This upper Tarjât tectonic unit exhibits: (1) orthogneiss 35 

bodies being Paleozoic in age and (2) evidences showing a retromorphose during the 36 

Alpine orogenesis. U-Pb SHRIMP zircon geochronology from the orthogneiss bodies has 37 

yielded Sakmarian (Early Permian) ages for the intrusion of their protoliths. The lower 38 

Taïdant unit is formed of green and brown shales associated with quartzite beds. A 39 

Mesozoic age is commonly accepted for this unit. 40 
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The internal structure of the Tarjât tectonic unit consists in km-scale folds trending 41 

ENE-WSW with an up-dip direction towards the SE. This compressional deformational 42 

stage was superimposed on internal thrust sheets controlled by ductile shear zones with a 43 

SW-vergent transport sense. The lower Taïdant unit shows conspicuous bedding associated 44 

with a penetrative foliation outlining a monocline structure dipping gently towards the 45 

NW. The major ductile-brittle detachment fault bounding the upper Tarjât tectonic unit 46 

from the lower Taïdant unit –i.e. the local basement– exhibits evidences for a top-to-the-47 

west sense of motion. We assume that this specific fault is the prolongation into the Cap 48 

des Trois Fourches area of the extensional detachment previously described in the 49 

Temsamane area. Therefore, this low angle detachment fault is a major tectonic element 50 

extending hundreds of km through the Eastern Rif. We postulate that this major 51 

detachment roots deep in the Eastern Rif basement. This detachment is cut at the surface 52 

by the Nekor normal-sinistral strike-slip fault that separates thin 24-32 km thick 53 

metamorphic Eastern Rif crust from the 50-55 km thick crust of the western Rif. This 54 

transtensive fault system exhumes the Rif middle crust, represented by the Temsamane 55 

massif units, along the Nekor sinistral STEP boundary at the southern edge of the Betic-Rif 56 

subduction system.  57 

 58 

Keywords: Rif Chain, Cap des Trois Fourches, ductile-brittle detachment fault, U-Pb 59 

SHRIMP zircon geochronology 60 

 61 

1. - Introduction 62 

The Eastern Rif Chain (Northwest Africa, Fig. 1) is characterized by very low- to 63 

low-grade metamorphic terranes derived from the Mesozoic Maghrebian palaeomargin 64 

cropping out in different isolated sectors along the Mediterranean coast (Frizon de 65 
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Lamotte, 1985; Frizon de Lamotte et al., 1991; Azdimousa et al., 2007; Chalouan et al., 66 

2008; Jabaloy et al., 2015). It notably includes the Temsamane area, the Cap des Trois 67 

Fourches and the Khebaba massif (Frizon de Lamotte, 1985; Frizon de Lamotte et al., 68 

1991; Azdimousa et al., 2007; Negro et al., 2008; Booth-Rea et al., 2012; Jabaloy et al., 69 

2015) (Figs. 1 and 2). The sequences of these areas include metapelitic Paleozoic rocks 70 

covered by Triassic greenschists and Jurassic to early Cretaceous marbles and metapelites 71 

(Frizon de Lamotte, 1985; Frizon de Lamotte et al., 1991; Azdimousa et al., 2007; Negro et 72 

al., 2008; Booth-Rea et al., 2012; Jabaloy et al., 2015). Those rocks are characterized by 73 

LT-IP Alpine metamorphic conditions (Negro, 2005; Negro et al., 2007; Jabaloy et al., 74 

2015), and by penetrative Alpine ductile deformations. Most of the rocks also were 75 

exhumed by a ductile-brittle extensional detachment (see Azdimousa et al., 2007; Booth-76 

Rea et al. 2012; Jabaloy et al., 2015). At the present day, those metamorphic outcrops are 77 

isolated, making their mutual correlation difficult to disentangle the first order structure of 78 

the area that is a basic key point to understand the evolution of the North Africa 79 

palaeomargin. 80 

One of the aforementioned outcrops occurs in the Cap des Trois Fourches sector 81 

(Figs. 2 and 3), where scarce detailed studies have been performed (Guillemin et al., 1983; 82 

García-Dueñas et al., 1995; Sánchez-Gómez, 1996; Michard et al., 2008; Negro et al., 83 

2008). The rocks of this specific massif have been tentatively correlated with those of the 84 

Internal Rif (García-Dueñas et al., 1995; Sánchez-Gómez, 1996) or the uppermost and 85 

most metamorphosed of the Temsamane metamorphic units: the Ras Afraou unit (Michard 86 

et al., 2008; Negro et al., 2008). 87 

Our main aim is to establish the structure of the low-grade metamorphic outcrops of 88 

the Cap des Trois Fourches sector in order to determine their tectonic evolution and 89 

correlation with the Rifian structures. In order to do so we carried a detailed microtectonic 90 
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analysis combined with 40Ar/39Ar ages on white micas and SHRIMP U-Pb dating on 91 

zircons. 92 

 93 

2.-Tectonic setting 94 

The Rif Chain is an Alpine mountain belt bordering northern Morocco (Fig. 1) that 95 

in union with the Betic Chain belt in southern Spain form the Betic–Rif orogen (e.g., 96 

Booth-Rea et al., 2005; Chalouan et al., 2008; Platt et al., 2013, and references therein). 97 

This orogen was formed during the westward drifting of the Alborán domain (Andrieux et 98 

al., 1971; Bourgois, 1977; Balanyá and García-Dueñas, 1987), at the same time as the 99 

African and Eurasian plates converged (e.g., Chalouan and Michard, 2004; Jolivet et al., 100 

2003) during the Oligocene-Miocene times (Chalouan and Michard, 2004; Chalouan et al., 101 

2008). 102 

The tectonic model for these movements in the Western Mediterranean area is 103 

controversial, although most of them involve the westwards roll back of a SE-dipping slab 104 

of Tethys lithosphere below the Alborán domain (i.e. Rosenbaum et al., 2002; Faccenna et 105 

al., 2004; Booth-Rea et al., 2007; Carminati et al., 2012; Chertova et al., 2014), while 106 

others authors propose delamination or convective removal of the subcontinental mantle 107 

lithosphere (Calvert et al., 2000; Platt et al., 1998; Seber et al., 1996). Seismic studies have 108 

delimited a SE-dipping high-velocity slab within the upper mantle beneath the Gibraltar 109 

Arc (i.e. Bezada et al., 2013; Palomeras et al., 2014; Thurner et al., 2014; Mancilla et al., 110 

2015; Villaseñor et al., 2015) that together with geochemical data of volcanic rocks in the 111 

region (Duggen et al., 2008; Varas-Reus et al., 2017) and the volcanic arc structure of the 112 

East Alboran basin (Booth-Rea et al., in press) favours the subduction/roll-back models. 113 

However, delamination of the subcontinental lithosphere at the edges of the subduction 114 

system in the Betics and Rif, coeval to slab rollback, is supported by the geochemical 115 
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evolution of volcanism (Duggen et al., 2003), by tectonic analysis (Martínez-Martínez et 116 

al., 2006), and by receiver function data that show a missing orogenic root under parts of 117 

the Betics and the Eastern Rif (Thurner et al., 2014; Mancilla et al., 2015). Delamination 118 

occurred under the continental orogenic crust inboard of Subduction Transfer Edge 119 

Propagator boundaries (STEP, Govers and Wortel, 2005) at the northern and southern 120 

edges of the Betic-Rif orogen (Mancilla et al., 2015). 121 

From the Mediterranean coast towards the south, three main structural domains 122 

compose the Rif belt (Fig. 1):  123 

i) Internal Rif or Alborán Domain that is an allochthonous terrain mainly 124 

composed by metamorphic and sedimentary rocks exhibiting ages ranging 125 

from Paleozoic to Paleogene. 126 

ii)  Maghrebian Flysch units thrusted southward as tectonic sheets mainly 127 

formed of Mesozoic-Cenozoic turbidites. They are commonly interpreted as 128 

rocks originating from the main suture of the Tethys Ocean (Durand-Delga 129 

et al., 2000).  Bourgois (1980 a, b) has inferred that this main suture is 130 

located north of the Internal Zones in the Betic Chain.  131 

iii)  External Rif formed of Mesozoic to Cenozoic sediments and 132 

metasediments, and interpreted as the North African passive margin of the 133 

Tethys Ocean.  134 

Traditionally, the External Rif rocks have been grouped into three main zones: the 135 

Prerif, the Intrarif, and the Mesorif zones (Suter, 1980a, b). The Prerif zone is the 136 

outermost zone of the External Rif and is located to the south. It comprises a frontal fold-137 

and-thrust belt that deforms thin Jurassic and Lower Cretaceous successions detached from 138 

the Paleozoic basement of the Variscan Western Moroccan Meseta (“Rides Prérifaines”, 139 

see Michard, 1976; Ben Yaïch, 1991; Favre, 1992). The “Rides Prérifaines” are overlain  140 
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by an olistostromic complex formed of Paleozoic to Cenozoic blocks in a matrix of 141 

Tortonian marls (“Nappe Prérifaine”, Levy and Tilloy, 1952; Vidal, 1971; Leblanc, 1975-142 

1979; Bourgois, 1977; Suter, 1980a, b; Feinberg, 1986; Kerzazi, 1994). 143 

The Mesorif zone is formed of allochthonous units with Triassic to Paleogene 144 

successions thrusting over autochthonous or para-autochthonous successions culminating 145 

with Middle-Upper Miocene turbidites and olistostromes. Those lithological successions 146 

are thought to be deposited in proximal areas of the African paleomargin (e.g. Chalouan et 147 

al., 2008). However, recently Benzaggagh et al. (2014) have proposed the existence of 148 

ophiolitic massifs indicating the opening of ocean-floor basins within the Mesorif domain. 149 

In the eastern Rif, those Mesorif units correspond to the Temsamane units that underwent 150 

ductile deformations and IP-IT metamorphism during Alpine times (see Azdimousa et al., 151 

2007, Jabaloy et al., 2015, and references therein). 152 

The Intrarif zone includes the distal units derived from the African paleomargin. 153 

These units crop out immediately beneath the Maghrebian Flyschs and Internal Rif and are 154 

characterized by a thick accumulation of sediments with ages ranging from Lower Jurassic 155 

to Cretaceous. These sediments underwent ductile deformations that developed under 156 

diagenetic to anchizone conditions (Andrieux, 1971; Asebriy, 1994; Asebriy et al., 2003; 157 

Azdimousa et al., 1998, 2003, 2007; Vazquez et al., 2013). The Mesorif units include the 158 

Ketama unit, overlain by the partly detached Tanger unit, and the Aknoul nappe, totally 159 

detached and containing the Upper Cretaceous-Eocene succession. 160 

Asebriy et al. (1987) have defined the Subrif zone located north of the Prerif zone 161 

that includes the Intrarif and Mesorif units as defined by Durand-Delga et al. (1962) and 162 

(Suter, 1980a,b). In the Eastern Rif (Fig. 2), the External Rif includes three main sets of 163 

tectonic units. From bottom to top, it includes: the Temsamane fold-and-thrust stack, the 164 

Tanger-Ketama unit, and the Aknoul unit. 165 
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The lithological sequence of the Temsamane fold-and-thrust stack begins with dark 166 

Paleozoic schists covered by Triassic greenschists and Jurassic marbles. Continuing up 167 

section, whitish Berriasian–Barremian phyllites and shales alternate with marbles, and they 168 

are covered by dark Aptian–Early Albian phyllites and shales alternating with quartzites 169 

(Frizon de Lamotte, 1985; Frizon de Lamotte et al. 1991; Azdimousa et al., 2007). The 170 

rocks are deformed by isoclinal to tight folds with N70ºE strikes and SSE vergences (see 171 

Azdimousa et al., 2007; Jabaloy et al., 2015). Ductile shear zones bound several fold-172 

nappes (Jabaloy et al., 2015). The metamorphic P-T conditions increase towards the NW, 173 

with late diagenesis reaching epizone at chlorite-illite conditions in the lowermost fold-174 

nappe. The early Cretaceous metapelites in the intermediate Temsamane fold-nappes, and 175 

the Paleozoic schists in both the Ras Afraou and Khebaba units at the top of the stack, 176 

exhibit chloritoid bearing facies (Frizon de Lamotte, 1987; Negro, 2005; Negro et al., 177 

2007). 178 

Negro (2005), Negro et al. (2007), Jabaloy et al. (2015), have estimated the PT 179 

metamorphic conditions of the rocks in the uppermost Temsamane unit (Ras Afraou unit) 180 

at 7–8 kbars and 350 ± 30 °C. 40Ar/39Ar radiometric analyses on white micas have yielded 181 

ages ranging from 23 to 8 Ma (Monié et al., 1984; Negro et al., 2008; Jabaloy et al., 2015). 182 

Negro et al. (2008) and Jabaloy et al. (2015) have proposed the older Oligocene ages 183 

correspond to the metamorphic peak during subduction, and those of the Middle to Late 184 

Miocene date the cooling during extensional exhumation of the rocks. 185 

The exhumation of the Temsamane metamorphic rocks took place along a major 186 

extensional detachment with tectonic transport towards the WSW that is the so-called 187 

Temsamane detachment, separating the Temsamane fold-and-thrust stack in the footwall 188 

from the Tanger–Ketama and Aknoul units in the hanging wall (Booth-Rea et al., 2012). In 189 

turn, the sedimentary Mesozoic cover of the Eastern Moroccan Meseta or their 190 
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prolongation as the Middle Atlas underthrusts the metamorphic Temsamane fold-and-191 

thrust stack. In contrast, the structure in the western Rif includes structurally higher rock 192 

units with the thick Jurassic marbles and Cretaceous slates of the Tanger-Ketama unit (see 193 

Vázquez et al., 2013) covering the ophiolitic bodies of the Central Rif (Benzaggagh et al., 194 

2014; Amar et al., 2015), and, in turn, these rocks are overthrust by the Maghrebian Flysch 195 

units and the Internal Rif Alboran domain rocks.  196 

Below the Rif Chain, the Moho shows strong differences in depth, ranging from 197 

more than 50 km below the western and central Rif to around 24 km below the eastern Rif. 198 

These two structural domains are separated by a steep transition zone (Mancilla et al., 199 

2012, 2015; Díaz et al., 2016) located beneath the active Trougout-Nekor Fault-system. 200 

GPS data (Vernant et al., 2010; Pérouse et al 2010) and reorganization of the drainage 201 

networks (Barcos et al., 2014) have recorded the tectonic activity along this Trougout-202 

Nekor fault system. This sinistral transtensional fault-system (Asebriy et al., 1993; Barcos 203 

et al., 2014; Poujol et al., 2014) accommodates most of the Present-day Western Rif belt 204 

displacement towards the WSW with respect to the stable Nubia (Poujol et al., 2014). 205 

 206 

3. - Geology of the Cap des Trois Fourches area 207 

The rocks of the Cap des Trois Fourches area extend along the Peninsula of Melilla, 208 

a North-South elongated cap on the southern border of the Alboran Sea (northeast of 209 

Morocco, Figs. 2 and 3) in an open antiform striking NE-SW: the Tarjât (also known as 210 

Taryat) anticline (Guillemin and Houzay, 1982). The normal left-handed Aït Lahsene fault 211 

bounds the NW limb of the Tarjât anticline (Ait Brahim, 1991; Morel, 1988; Azdimousa et 212 

Bourgois, 1993). García-Dueñas et al. (1995) and Michard et al., (2007) have recognized 213 

two tectonic units in the area:  214 
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i.- The Tarjât Unit (García-Dueñas et al., 1995) formed of chloritoid-bearing 215 

schists, phyllites, quartzites and marbles that underwent MP-LT metamorphism at around 216 

7-9 kbars and 330-430 ºC during the Oligocene times (Negro et al., 2007, 2008). This unit 217 

overlies a  detachment underlined by fragments of chloritites and “serpentinites” (García-218 

Dueñas et al., 1995; Michard et al., 2007) that separates it from 219 

ii.-the Taïdant Unit (García-Dueñas et al., 1995) formed of a thin sequence of 220 

shales and greywackes attributed to the Carboniferous. 221 

García-Dueñas et al. (1995), and Negro et al. (2007, 2008) have previously 222 

described the grey chloritoid-bearing micaschists. These micaschists exhibit mineral 223 

associations including chlorite + phengite + quartz ± chloritoid ± paragonite ± kaolinite. 224 

The XMg from chloritoid shows values varying between: 0.08-0.14 (see Negro et al., 225 

2007). They document 7-9 kbars and 330-430 ºC metamorphic P-T conditions for the grey 226 

schists at the base of the Tarjât unit. Also, they provide evidences for this metamorphism 227 

occurring during the Oligocene. The presence of kaolinite substantiates a 228 

retrometamorphic event that occurred during the late Miocene times. The previous studies 229 

of the metamorphic rocks discuss if they can be ascribed to the foreland of the Rif Chain 230 

(the Eastern Moroccan Meseta, Fernandez Navarro, 1911; Suter, 1980), to the Mesorif 231 

zone as the continuation of the outcrops of the Temsamane unit (Azdimousa et al., 2007; 232 

Michard et al., 2007; Booth-Rea et al., 2012), or to the Internal Rif (García-Dueñas et al., 233 

1995; Negro et al., 2008). 234 

 Late Tortonian to Messinian sediments and volcanoclastics rocks, detached from 235 

the underlying metamorphic basement, crop out in the central part of the Melilla peninsula 236 

forming the Melilla Neogene basin (i.e. see Roger et al., 2000; Münch et al., 2001 and 237 

2006 van Assen et al., 2006; and references therein). The northern and southern tips of the 238 

peninsula show two volcanic complexes. The northern Cap des Trois Fourches volcanic 239 
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field exhibits rhyolites and rhyodacites with Tortonian ages (9.8 ± 3 Ma; Hernandez and 240 

Bellon, 1985). The southern Gourougou stratovolcano composed of Si-K rich igneous 241 

rocks spatially associated with Si-poor, Na-rich lavas was active from 6.69 to 3.37 Ma 242 

(Duggen et al., 2005). 243 

 244 

4.-Description of rocks  245 

 Analytical methods for separation of minerals, chemical analysis, X-ray diffraction 246 

(XRD), 40Ar/39Ar dating on white micas, and SHRIMP U-Pb on zircons are described in 247 

the supporting information. The field work in the Cap des Trois Fourches area has revealed 248 

the presence of a major ductile fault separating the Tarjât Unit (García-Dueñas et al., 1995) 249 

from the underlying Taïdant tectonic unit formed of very low-grade metamorphic rocks 250 

and essentially outcropping at the south-eastern part of the massif.  251 

 252 

4.1.- Stratigraphy of the Tarjât and the Taïdant unit 253 

The stratigraphic sequence of the Tarjât unit begins with more than 350 m of grey 254 

chloritoid-bearing micaschists interlayered with quartzite layers including orthogneiss 255 

bodies, first described in this work.  256 

Orthogneiss bodies outcrop in the northern part of the massif near the road to the 257 

lighthouse (Figs. 3, 4 and 5A). These are metric lens-shaped bodies several decimetres in 258 

thickness. These orthogneiss bodies show borders paralleling the main schistosity of the 259 

chloritoid-bearing schists. White layers rich in felsic minerals alternating with light grey 260 

layers of white mica and biotite (Fig. 5B) define prominent layering. K feldspar is clearly 261 

visible as centimetric porphyroblasts surrounded by the layering (Fig. 5B). The main 262 

mineral association includes K feldspar + quartz + muscovite + biotite + rutile. 263 
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The sequence follows up section with a ∼10 meters thick quartzite-micaschist 264 

package covered by a brecciated dolomitised yellow marble discontinuous level. This 265 

marble always shows overlapping contacts over the above described sequence. The 266 

serpentinite bodies previously described in the area (see García-Dueñas et al., 1995; 267 

Michard et al., 2007) have been found to be chlorite-rich rocks (chloritites according to 268 

Michard et al., 2007). XRD data in sample CTF2 shows the presence of chlorite and quartz 269 

(Fig. 6). No serpentine mineral group exist in the bulk XRD patterns. If they exist, the 270 

abundance of serpentine mineral is less than 1%. Chlorite is the main phyllosilicate 271 

component identified from its characteristic reflections (14.18 Å, 7.08 Å, 4.72 Å and 3.54 272 

Å) that differ from reflections of serpentine minerals (7.29 Å, 4.52 Å and 3.65 Å). 273 

The lithological sequence of the underlying Taïdant Unit (García-Dueñas et al., 274 

1995) consists of ∼300 meters of green and brown shales interlayered with centimetric to 275 

decimetric levels of quartzites.  276 

 277 

4.2.- Geochronology 278 

Two samples from the orthogneiss bodies have been collected (AP3-F, C3F; see 279 

Fig. 3 for location). Samples were divided into two parts. The first one has been used for 280 

major, trace elements and isotopes contents analyses, while the second fraction was used to 281 

extract zircons using standard separation techniques. The content in major elements (Table 282 

1S in Supplementary material) are as follow: SiO2 ≈ 67-75 wt %, Na2O + K2O ≈ 7-8 wt %, 283 

low contents in MgO ≈ 0.14-0.24 wt %, high Al2O3 ≈ 14.7-19.7 wt %. Their protoliths are 284 

peraluminous granitoids (ASI≈ 1.1.-1.2) (Fig. 5C, D, E and F). In silicate Earth-normalised 285 

diagrams they have negative anomalies in Ba, Nb, Sr, Zr, and Ti, and positive anomalies in 286 

U, Ta, Pb, and P (Fig. 7; Table 1S in Supplementary material). These rocks have low 287 

contents in REE, and also have chondrite-normalised enrichment in LREE relative to 288 
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HREE with negative Eu anomalies (Fig. 8; Table 1S in Supplementary material). The 289 

rocks also have low values of 87Rb/86Sr that are 3.002 and 10.241 with values of 87Sr/86Sr 290 

of 0.707600 and 0.729318, being 87Sr/86Sr335 Ma of 0.680488 and 0.693285. The values of 291 

147Sm/144Nd are 0.166 and 0.169, with 143Nd/144Nd values of 0.512401 and 0.512369, being 292 

the εNd335Ma of -3-.3 and -4.1 with a TDM(Ga) of 2.0 and 2.2 (see Table 1S in Supplementary 293 

material). 294 

Sample AP3-F consists of a leucocratic mylonitised augengneiss. Zircons are 295 

abundant and euhedral to subhedral bipyramidal prisms with dimensions about 250 to 296 

100µm (Fig. 8A). Most are brownish translucent crystals. Cathodoluminiscence imaging 297 

reveals partial metamictic alteration of several of the small zircons. Well-defined 298 

oscillatory zoning can be imaged in most of the grains. U-Pb measurements on 31 different 299 

crystals yielded moderate to large concentrations of U (427.0-5869.4ppm) and Th (54.0-300 

489.0ppm) with Th/U = 0.06-0.50 (Table 2S in Supplementary material). The data define a 301 

discordia by Pb loss and common Pb with an upper intercept at 271.2 +17.7 -18.8 Ma, and 302 

a lower intercept at -13.1 +105.4 -13.1 Ma (MSWD = 2.0913) (Fig. 8B). The 8 data with a 303 

higher age and more concordance yield a 206Pb/238U Age = 295 ± 4 Ma (mswd= 1.75) (Fig. 304 

8C). 305 

Sample C3F consists of a white mylonitised augengneiss (see Fig. 5B) with 306 

centimetric K feldspar porphyroblasts with σ-structures. Zircons are abundant and euhedral 307 

to subhedral bipyramidal prisms with dimensions about 250 to 80 µm of major length and 308 

100 to 50 µm width. Most are brownish translucent crystals. Cathodoluminiscence imaging 309 

reveals partial metamictic alteration of most of the small zircons and fracture patterns in 310 

several crystals; however, well-defined oscillatory zoning can be imaged in several grains 311 

(Fig. 8D). U-Pb measurements on 26 different crystals without metamictic alteration 312 

yielded moderate to large concentrations of U (349.5-4142.9 ppm) and Th (67.6-902.9 313 
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ppm) with Th/U = 0.05-0.62 (Table 3S in Supplementary material). The data define also a 314 

discordia by Pb loss and common Pb204 (Fig. 8E). The 11 analysis with higher and more 315 

concordant ages yield a 206Pb/238U Age = 290 ± 5 Ma (mswd= 4.32). All the previous data 316 

point to a Sakmarian (early Permian) age for the intrusion of the protoliths of the gneisses. 317 

40Ar/39Ar determinations in micro-populations (2 to 3 grains) of white mica in 318 

mylonitized porphyroclasts from the sample AP3-F (Fig. 8F) yield four disturbed spectra 319 

with individual total fusion ages between 195.23 ± 0.77 Ma and 205.88 ± 1.52 Ma (Fig. 9, 320 

Tables 4S to 7S in Supplementary material) and a weighted mean age of 202.45 ± 0.98 Ma. 321 

In one replica, we obtained a mini-plateau age with most of released Argon on one step, 322 

corresponding to 47% of 39Ar, of 205.49 ± 1.49 Ma concordant with the total fusion age 323 

(205.88 ± 1.52 Ma) (Fig. 9A), and the weighted mean age calculated with all total fusion 324 

ages. For all the spectra, the age changes with constant Ca/K, suggesting Ar loss from a 325 

homogeneous population (e.g. Negro et al., 2008). 326 

 327 

5. Structure 328 

 329 

The different tectonic units of the area are separated by a major ductile shear zone 330 

roughly striking NE-SW that bounds the upper Tarjât unit from the underlying Taïdant 331 

unit. The shear zone is gently dipping towards the NW or NNW. This main ductile shear 332 

zone is nicely exposed just below a long section of the road to the lighthouse (Figs. 3 and 333 

4). The main surface is always marked by an iron-bearing carbonate mylonite. The 334 

mylonite has a very well defined stretching lineation (Lp, Fig. 10A) with trends varying 335 

between N50ºE and N80ºE and small dips gently dipping as undulating towards the NE 336 

and the SW. The S-C ductile structures related to the major shear zone document a top-to-337 

the-WSW sense of movement (Fig. 10B). 338 
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A Sc crenulation cleavage (Fig. 10D) associated to a NE-SW trending antiform 339 

exhibiting a SE-vergence is bending the main fabric of the upper Tarjât unit (Fig. 10D). 340 

The reverse limb of the antiform is also cut and duplicated by another ductile shear zone 341 

striking N50ºE that dips 30 to 40° towards the NW (Fig. 10C). This shear zone is also 342 

underlined by an iron-bearing carbonate mylonite, nicely exposed near the 403 m summit 343 

(Fig. 10D and E). The main fabric of the schists is a planar-linear fabric (Sp/Lp) with a 344 

schistosity (Sp) and a N50 to N80ºE trending stretching lineation (Lp) (Figs. 10 F and G). 345 

Ductile S-C and S-C’ structures within the schists and gneisses and asymmetric σ-346 

structures around K feldspar porphyroblasts in the gneisses indicate deformation in a 347 

simple shear regime with a SW transport sense. 348 

The lower Taïdant unit exhibits a slaty cleavage with N50ºE strike and dips towards 349 

the NW. A pervasive crenulation with an axis trending around N20ºE (Fig. 11) is warping 350 

the previous penetrative deformation. 351 

The whole structure of the Tarjât and Taïdant units is tectonically superposed over 352 

the more metamorphic Tarjât unit by a major ductile-brittle horizontal fault near the sea 353 

level (Figs. 3, 4 and 12A). The main surface is marked downwards by brittle fault rocks: 354 

fault gauges and carbonated fault breccias (Figs. 12A and B). The striations measured in 355 

the fault zone at the base of the unit have NE-SW trends and subhorizontal dips. 356 

Cataclastic structures such as S-C structures and crushed clast trails indicate a SW sense of 357 

movement of the hanging wall. 358 

Three major faults bound the horst exhibiting the metamorphic basement of the Cap 359 

des Trois Fourches area. It includes the Aït Lahsene Fault, the Râs Izemrân Fault, and the 360 

Mersa Taïdant Fault, clockwise (ALF, RIF, and MTF, respectively in Fig. 3). 361 

Towards the northwest, there is the Aït Lahsene Fault, with N50ºE strike and dip of 362 

60° toward the NW (Fig. 3). The Fault exhibits two sets of superimposed striations, one 363 
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horizontal and a latter one parallel the maximum dip line of the fault. The brittle structures 364 

on the fault surface indicate a former left-handed strike-slip sense of movement coeval 365 

with of the opening of the Cap des Trois Fourches Tortonian basin, and a younger normal 366 

sense of movement imprinting Tortonian pyroclastic layer nearby El Addi (Fig. 3).  367 

To the east, the coast of the peninsula corresponds to the Râs Izemrân Fault that 368 

strikes NNE-SSW and has high dips towards the ESE. This normal fault shows a normal 369 

regime with a small left-handed oblique component (Fig. 12C). 370 

The Mersa Taïdant Fault (Figs 3, 4, and 12A) is a normal right-handed brittle fault, 371 

which extends from the Oued Amekrane to the coast line cutting across all the 372 

aforementioned faults (Fig. 3, 4, 12A). This fault has N110ºE strike and dips to the 373 

southwest. On the western border of the massif, another normal fault (Oued Amekrâne 374 

Fault, OAF in Fig. 3) striking N155ºE bounds the metamorphic basement from the 375 

Neogene sediment. This normal fault following the Oued Amekrâne is dipping 80° to the 376 

west. 377 

We have measured several small faults along the trace of the Aït Lahsene, Râs 378 

Izemrân, and Oued Amekrâne faults (see Figs. 12D to I) that show both normal and reverse 379 

slip kinematics. The right-dihedral method (Angelier and Mechler, 1977) allows us 380 

reconstructing the palaeostress axes from fault populations. The σ1, σ2, and σ3 axes are 381 

trending NNW-SSE, subvertical, and WSW-ENE, respectively. A late open-radius 382 

antiform exhibiting an E-W trending axes gently deforms the bedding of the Tortonian 383 

rocks together with the basement rock, and probably also the aforementioned faults.  384 

 385 

6.-Discussion 386 

The geochemistry of the orthogneisses shows that both major and trace elements 387 

have been mobilised during the main metamorphism event that agrees with the later 388 
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metasomatic event producing kaolinite in the metasediments (see Negro et al., 2007, 2008). 389 

However, the data document that the protoliths of the rocks were peraluminous granitoids, 390 

and specifically magnesian ones according to Frost et al. (2001) (Fig. 5). 391 

In the silicate Earth-normalised diagrams, they have negative anomalies in Ba, Nb, 392 

Sr, Zr, and Ti; and positive anomalies in U, Ta, Pb, and P (Fig. 7), suggesting a crustal-393 

derived signature. These rocks have low contents in REE, and also have chondrite-394 

normalised enrichment in LREE relative to HREE with negative Eu anomalies (Fig. 7). 395 

The low values of 87Rb/86Sr (3.002 and 10.241) of the orthogneisses suggests that Rb has 396 

been mobilized in these rocks agreeing with the previously mentioned metasomatic event, 397 

while the 147Sm/144Nd (0.166 and 0.169), εNd335Ma (-3.3 and -4.1) and TDM(Ga) (2.0 and 2.2) 398 

suggest a significant crustal component that agrees with the crustal-derived signature. 399 

The obtained U-Pb SHRIMP on zircons ages range from 290 to 295 Ma suggesting 400 

a Sakmarian (Early Permian) age for the intrusion of the protoliths of the gneisses. 401 

Intrusive bodies at the origin of the protoliths are probably related to the Late Variscan 402 

magmatic event that is reported throughout the entire Variscan Belt (i.e. Bea, 2004; 403 

Casquet and Galindo, 2004; Pereira et al., 2012). 404 

The early Permian age for the igneous protoliths also indicates that the 405 

metasedimentary sequence of the upper Tarjât Unit has a Carboniferous or older age. The 406 

age of the sequence of the lower Taïdant Unit cannot be determined in the Cap des Trois 407 

Fourches area. However, similarities with the early Cretaceous (Aptian-Albian) brown 408 

shales and quartzites of the intermediate Temsamane units, together with a similar location 409 

below a chloritoid-bearing Paleozoic IP-LT metamorphic unit (Ras Afrou Unit in the 410 

Temsamane mountain range and Tarjât unit in the Trois Fourches Peninsula, see Frizon de 411 

Lamotte,  1985; Frizon de Lamotte et al., 1991; Azdimousa et al., 2007; Negro et al., 2007, 412 
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2008; Jabaloy et al., 2015) suggest an early Cretaceous age for the green and brown shales 413 

of the lower Taïdant Unit. 414 

The 40Ar/39Ar age analyses of muscovite porphyroclasts from the mylonites (AP3-F 415 

sample) are very difficult to interpret due to the disturbed spectra of all the replicates. 416 

However, it must be emphasized that the muscovite have retained an uppermost Triassic 417 

age at around 202 Ma and have not been re-equilibrated during the later metamorphic 418 

events (Negro et al., 2007, 2008; Jabaloy et al., 2015). This uppermost Triassic age from 419 

the sample AP3-F could be interpreted as a cooling age following the heat anomaly related 420 

to the rifting leading to the opening of the Tethys Ocean. Whatever is the possible origin of 421 

the heat event, the most likely interpretation is a partial re-opening of the system in relation 422 

with fluids circulation during the mylonitisation processes but at an undetermined age. 423 

Similarities with the Temsamane fold-and-thrust stack include far more than the 424 

presence of the chloritoid-bearing Paleozoic IP-LT metamorphic unit. The meso and 425 

macrostructures described in this work correlate properly with those previously described 426 

in the Temsamane mountain range by Frizon de Lamotte (1985), Frizon de Lamotte et al. 427 

(1991), Azdimousa et al. (2007), Booth-Rea et al. (2012) and Jabaloy et al. (2015).  428 

The planar-linear fabric (Sp/Lp) generated in a non-coaxial deformation with a top-429 

to-the-WSW is present in both situations as the main mesostructures and the subsequent 430 

SE verging NE-SW trending major folds (Fc) deforming the fabric. Also, in good 431 

agreement are: (1) the IP-LT metamorphic conditions recognized in the uppermost 432 

metamorphic unit (Negro et al., 2007 and 2008), and (2) the 40Ar/39Ar ages indicating that 433 

the main metamorphic event took place during the Chattian–Aquitanian times (Negro et 434 

al., 2008; Jabaloy et al., 2015). 435 

 García-Dueñas et al. (1995) and Sánchez-Gómez (1996) have ascribed the rocks of 436 

the Tarjât Unit to the Sebtide/Alpujarride Complex from the Internal Zones of the 437 
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Rif/Betic belt. Because the Taïdant Unit is in the uppermost structural situation, they have 438 

proposed this unit to be part of the Ghomaride/Malaguide Complex of the Internal Zones. 439 

Michard et al. (2007, 2008) have provided the same tectonic interpretation for the Taïdant 440 

Unit being in the uppermost position. However, instead of proposing any relationship with 441 

the Rif/Betic Internal Zones they correlated the Taïdant Unit with the Ketama Unit and the 442 

Tarjât Unit to the highest most metamorphic Temsamane Unit (i.e. the External Zone of 443 

the Rif) (Michard et al., 2007, their Fig. 8). 444 

 The horizontal brittle-ductile fault at the base of the Taïdant Unit and outcropping 445 

at the sea level strongly resembles the fault rocks association, kinematics and geometry of 446 

the Temsamane detachment as described by Booth-Rea et al. (2012) and Jabaloy et al. 447 

(2015). More precisely, the Cap des Trois Fourches area is similar to the brittle Ait 448 

Amrâne klippen and the Khebaba semi-klippe where IP-LT metamorphic rocks are 449 

separated by brittle fault rocks from the lowermost Temsamane units (Booth-Rea et al., 450 

2012; Jabaloy et al. 2015). The Tortonian and Messinian sediments and volcanic rocks 451 

covering the subhorizontal detachment fault indicate that this fault was exposed at eroding 452 

agents during Tortonian times. This is in good agreement with the evolution described in 453 

the Boudinar basin further west (Azdimousa et al., 2006; Galindo-Zaldivar et al., 2015; 454 

Jabaloy et al., 2015; Achalhi et al., 2016). The last brittle deformation events have 455 

recorded a NNW-SSE compression and a WSW-ENE extension of Messinian age. We 456 

therefore suggest that the Cap des Trois Fourches Paleozoic rocks are part of the 457 

Temsamane fold-and-thrust stack. This interpretation has been previously proposed by 458 

Michard et al. (2007, 2008). Also, it was considered that the Paleozoic rocks of the Cap des 459 

Trois Fourches extend eastwards into the Kebdana range and western Algeria. As a 460 

consequence, we consider that the Paleozoic sediments and igneous rocks of the Cap des 461 

Trois Fourches together with the along-trending similar units are remains derived from the 462 
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North African palaeomargin involved in the Rif belt. These units were involved as tectonic 463 

sheets in the External Zone of the Rif, and originated most probably from the Eastern 464 

Moroccan Meseta. They have first recorded the Triassic rifting events and then the 465 

collision between the Internal Zones of the Rif belt (i.e. the Alborán domain) and the 466 

Tethysian margin of the Africa plate during the Cenozoic times.   467 

As previously mentioned in the geological setting section, the western and eastern 468 

Rif exhibit a major contrast in their structural level of tectonic deformation. This is in good 469 

agreement with the crustal thickness of both areas that are ~50 km  to ~ 24 km, 470 

respectively (Mancilla et al., 2012, 2015; Díaz et al., 2016). We infer that the crustal 471 

transition step between both domains is located along the active Trougout-Nekor sinistral 472 

transtensional system (Asebriy et al., 1993; Barcos et al., 2014; Poujol et al., 2014) at 473 

subsurface shallower depth. This transtensional zone system that involves the lithosphere-474 

asthenosphere boundary at depth is considered as accommodating the Present-day 475 

movement of the Western Rif towards the WSW with respect to the stable Nubia (see GPS 476 

data from Vernant et al., 2010). Thus, forming the southern STEP boundary of the Betic-477 

Rif subduction system.  Upward, the active Trougout-Nekor system would be the signature 478 

of the crustal step (Fig. 13, location of the cross-section on Fig. 2) at shallower depth. The 479 

ductile tectonic deformation identified at the Cap des Trois Fourches together with those 480 

recognized in the Temsamane area document a major detachment: the Temsamane 481 

detachment system, whose hanging wall moved towards the SW (Azdimousa et al., 2007; 482 

Booth-Rea et al., 2012; Jabaloy et al., 2015). To the west, the active Trougout-Nekor fault 483 

system (Asebriy et al., 1993; Barcos et al., 2014; Poujol et al., 2014) records a sinistral 484 

transtensional movement. This fault system cuts the Temsamane detachment, which is 485 

displaced downward by about several km bounding the Ketama unit at depth. At Present 486 
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time, this detachment is active bounding the western Rif at depth that is moving as a 487 

whole, being the hanging wall of the system.  488 

The cross section at Figure 13 agrees with the roll-hinge model (Buck, 1988; 489 

Hamilton, 1988; and Wernicke and Axen, 1988; Lavier et al., 1999; Platt et al. 2014) 490 

where the Trougout-Nekor fault system is the active section of the detachment whose 491 

hanging wall is moving around 4 mm/year-1 towards the WSW. The Temsamane 492 

detachment represents the inactive section of the detachment as previously proposed by 493 

Booth-Rea et al. (2012) and Jabaloy et al. (2015). The strong thinning of the crust along 494 

the eastern Rif, which occurred since the Late-Neogene is proposed resulting from the 495 

Temsamane detachment fault system at the southern edge of the Betic-Rif subduction 496 

system. 497 

 498 

 499 

7.-Conclusions 500 

We present new lithostratigraphic and geochemical data from the Cap des Trois 501 

Fourches area. We describe and date for the first time mylonitised orthogneisses derived 502 

from Late Variscan magnesian peraluminous granitoids. Their protoliths were 503 

subsequently involved into the Alpine orogeny and associated metamorphism. We also 504 

redefine the major metamorphic sequences from the area and we clarify their tectonic 505 

relationship. We present a new cartography of the area defining the extension of the 506 

Taïdant and Tarjât units and their internal tectonic deformations. A major ductile shear 507 

zone separates the Upper Tarjât unit from the Lower Taïdant unit. Tectonic deformation 508 

kinematics of the shear zone documents a top-to-the-west sense of movement. 509 

Also, we have identified a major ductile-brittle detachment fault with a top-to-the-510 

west sense of movement. We infer this detachment being an eastward prolongation of the 511 
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Temsamane detachment into the des Cap des Trois Fourches area. We provide new U-Pb 512 

SHRIMP zircon ages from the orthogneisses indicating a Sakmarian (Early Permian) age 513 

for the intrusion of their protoliths. We also determine 40Ar/39Ar ages in micro-populations 514 

(2 to 3 grains) of white micas from the mylonitised orthogneisses with a weighted mean 515 

age of 202.45 ± 0.98 Ma. That age is more probably related to a partial re-opening of the 516 

system in relation with fluids circulation during the mylonitisation processes, but at an 517 

undetermined age. 518 

We propose a model of the crustal structure of the eastern Rif, where the brittle 519 

detachment represents the inactive section from an active detachment responsible for the 520 

Present-day movement of the central Rif with respect to the eastern Rif and the different 521 

crustal thicknesses between both sectors. 522 
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 857 

Figure captions: 858 

 859 

Figure 1.- Geological map of the northwestern Africa, including the velocity data of the GPS sites with 860 

respect to stable Nubia (Vernant et al., 2010). The location of the study area (Fig.2) is shown. 861 

 862 

Figure 2.- A) Main geological domains of the Betic-Rif orogenic system surrounding the Alborán Sea. 863 

B) Geological map of the Eastern Rif area with the kinematic vectors from the ductile shear zones and 864 

the brittle faults (modified from Jabaloy et al., 2015). Velocity data of the GPS sites with respect to 865 

stable Nubia in red (Vernant et al., 2010). Location of Fig. 3 is shown. 1-1’ shows the location of the 866 

Fig. 13 profile.  867 

 868 

Figure 3.- Geological map of the Cap des Trois Fourches area. See Figure 2 for location. Red stars 869 

show the location of the orthogneisses samples. Yellow star marks the location of the chloritite sample. 870 

Main brittle faults: ALF–Aït Lahsene Fault, DBDF-Ductile-Britlle Detachment fault, MTF–Mersa 871 

Taïdant Fault, OAF–Oued Amekrâne Fault, RIF– Râs Izemrân Fault,. Location of Fig.4 cross-sections 872 

is shown. 873 

 874 

Figure 4.- Geological cross-sections of the Cap des Trois Fourches area. See Fig. 3 for location. Key 875 

of Color is same as on Fig. 3. 876 

 877 
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Figure 5.-  878 

A) Panoramic view (looking to the west) of the orthogneisses lens-shaped bodies within the 879 

grey chloritoid-bearing micaschists (the white bed at the upper left is 20 to 25 cm thick). B) 880 

Hand specimen of the orthogneis sample C3F, note the abundance of K feldspar 881 

porphyroblasts with σ-structures. See Fig. 3 for sample location. C to F) Orthogneisses whole-882 

rock compositions: C) Total alkalis vs SiO2 (TAS) (fields from Le Maitre, 1989). D) Molar 883 

Al 2O3/(Na2O+K2O) vs Molar Al2O3/(CaO+ Na2O+K2O) (fields from Shand, 1947). E) Modified 884 

alkali-lime index diagram MALI = Na2O + K2O - CaO vs SiO2 (Frost et al., 2001). F) Molar 885 

(FeOT +MgO)/(MgO) vs SiO2 (Frost et al. 2001). Th–Tholeiitic; Ca–Calc-alkaline; Alk–886 

Alkaline. 887 

 888 

Figure 6.- X-ray powder diffractogram of the chloritite sample CTF2. See Figure 3 for location. 889 

 890 

Figure 7.- Silicate Earth- and chondrite-normalized diagrams of the orthogneisses (normalization 891 

values from McDonough and Sun (1995). 892 

 893 

Figure 8.- A) Cathodoluminescence images of representative analyzed zircons of sample AP3-F. See 894 

Figure 3 for location. B) Wetherill concordia plot for the whole analyzed zircons from the sample AP3-895 

F. C) Wetherill concordia plot for the analyzed zircons from the sample AP3-F with a higher age and 896 

more concordance. D) Cathodoluminescence images of representative analyzed zircons of sample C3F. 897 

See Figure 3 for location. E) Wetherill concordia plot for the whole analyzed zircons from the sample 898 

C3F. F) View of white mica mylonitized porphyroclasts from the sample AP3-F, similar to those used 899 

in 40Ar/39Ar determinations. 900 

 901 

Figure 9.- Diagrams of cumulative 39Ar Percent v. Age (Ma) of white mica mylonitized porphyroclasts 902 
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from the sample AP3-F. To the left, the replica with a mini-plateau age corresponding to 47% of 39Ar, 903 

of 205.49 ± 1.49 Ma, concordant with the total fusion age (205.88 ± 1.52 Ma). To the right, the three 904 

replicas without plateau ages (see text for discussion). In every graphic, the box heights are 2σ. 905 

 906 

Figure 10.- Mesoestructures from the Tarjât unit: A) upper view of the Sp foliation and Lp stretching 907 

lineation within grey chloritoid-bearing micaschists. B) Ductile S-C structure in the grey micaschists. 908 

C) Incipient Sc crenulation cleavage deforming the grey micaschists. D) mylonitic yellow marbles 909 

exhibiting asymmetric boudins of dolomitic marbles. E) View of the ductile shear zone duplicating the 910 

Tarjât unit, east of Oued Amekrâne. F and G) Diagrams representing the orientation of ductile 911 

mesostructures: F: Lp stretching lineation, and G) Fp axes of microfolds. For all the diagrams:  Wulff 912 

steronet, lower hemisphere. 913 

 914 

Figure 11.- Mesoestructures from the Taïdant unit: A) view of the main foliation of the green and 915 

brown shales deformed by microfolds, and B) Diagram representing the orientation of the intersection 916 

lineation and microfold axis deforming the main foliation of the shales. For the diagram:  Wulff 917 

steronet, lower hemisphere. 918 

 919 

Figure 12.- A and B) View of the horizontal brittle-ductile fault and fault gouges outcropping at the 920 

coast that superposes out-of-sequence  the Taïdant unit over the Tarjât one. C) View of the Râs 921 

Izemrân Fault zone. D and E) Diagram with the orientation of small faults along the trace of the Aït 922 

Lahsene Fault (D) and the result of the right-dihedral method (Angelier and Mechler, 1977) of the 923 

same fault population (E). F and G) Diagram with the orientation of small faults along the trace of the 924 

Râs Izemrân Fault (F) and the result of the right-dihedral method (Angelier and Mechler, 1977) of the 925 

same fault population (G). H and I) Diagram with the orientation of small faults along the trace of the 926 

Oued Amekrâne Fault (H) and the result of the right-dihedral method (Angelier and Mechler, 1977) of 927 
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the same fault population (I). For all the diagrams:  Wulff steronet, lower hemisphere. 928 

 929 

Figure 13.- A) Crustal model of the eastern Rif and the transition towards the central Rif area. The 930 

Moho depths are from Mancilla et al. (2012, 2015) and Díaz et al. (2015), while the velocity data of the 931 

GPS sites with respect to Nubia stable are from Vernant et al. (2010). B) Possible crustal model of the 932 

eastern Rif before the movement of the Temsamane detachment fault during Late Miocene to Present-933 

day times. 934 

 935 
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We determined the structure of the Cap des Trois Fourches area  

We describe, for the first time, the orthogneisses in the area ages 

U-Pb SHRIMP zircon geochronology yield early Permian ages for their protoliths  

We propose a model of the crustal structure 


