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��	������ Since the Mesozoic, African has been under extension with shorter periods of 21 

compression associated with obduction of ophiolites on its northern margin. Less frequent 22 

than “normal” subduction, obduction is a first order process that remains enigmatic. The 23 

closure of the Neo6Tethys Ocean, by the Upper Cretaceous, is characterized by a major 24 

obduction event, from the Mediterranean region to the Himalayas, best represented around the 25 

Arabian Plate, from Cyprus to Oman. These ophiolites were all emplaced in a short time 26 

window in the Late Cretaceous, from ~100 to 75 Ma, on the northern margin of Africa, in a 27 

context of compression over large parts of Africa and Europe, across the convergence zone. 28 

The scale of this process requires an explanation at the scale of several thousands of 29 

kilometres along strike, thus probably involving a large part of the convecting mantle. We 30 

suggest that alternating extension and compression in Africa could be explained by switching 31 

convection regimes. The extensional situation would correspond to steady6state whole6mantle 32 

convection, Africa being carried northward by a large6scale conveyor belt, while compression 33 

and obduction would occur when the African slab penetrates the upper6lower mantle 34 

transition zone and the African plate accelerates due to increasing plume activity, until full 35 

penetration of the Tethys slab in the lower mantle across the 660 km transition zone during a 36 

25 Myrs6long period. The long6term geological archives on which such scenarios are founded 37 

can provide independent time constraints for testing numerical models of mantle convection 38 

and slab/plume interactions. 39 

 40 


 
41 
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��	���: Depuis le Mésozoïque, l’Afrique a été en extension avec de courtes périodes de 42 

compression associées à l’obduction d’ophiolites sur sa marge nord. Moins fréquente que la 43 

subduction, l’obduction est néanmoins un phénomène de premier ordre qui reste énigmatique. 44 

La fermeture de la Neo6Téthys au Crétacé supérieur est caractérisée par un épisode majeur 45 

d’obduction, depuis la Méditerranée jusqu’à l’Himalaya, en particulier sur la marge de 46 

l’Arabie, de Chypre à l’Oman. Ces ophiolites furent toutes mises en place dans un court laps 47 

de temps pendant le Crétacé supérieur, de 100 à 75 Ma, dans un contexte de compression 48 

enregistré en de larges portions de l’Afrique et de l’Europe, au travers de la zone de 49 

convergence. L’échelle de ce processus requiert une explication à l’échelle de plusieurs 50 

milliers de kilomètres et donc impliquant vraisemblablement l’ensemble du manteau 51 

convectif. Nous suggérons que l’alternance de périodes extensives et compressives en Afrique 52 

résulte de changements du régime convectif. Les périodes extensives correspondraient à la 53 

convection impliquant tout le manteau, l’Afrique étant portée par une grande cellule de type 54 

tapis6roulant, tandis que la compression et l’obduction se produiraient quand le panneau 55 

plongeant africain pénètre la transition entre le manteau supérieur et le manteau inférieur et 56 

quand la plaque Afrique accélère en conséquence d’une plus grande activité du panache, 57 

jusqu’à pénétration complète, durant une période d’environ 25 Ma. Les archives géologiques 58 

sur lesquelles ce type de scenarios est fondé peuvent fournir des contraintes temporelles 59 

indépendantes pour tester les modèles numériques de convection mantellique et les 60 

interactions panache/panneau plongeant. 61 

 62 

�������	
� convection, obduction, reconstructions, geodynamics, tectonics 63 
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 ���������: One of the characteristics of mountains formed during closure of the 66 

Neo6Tethys Ocean is the existence of large ophiolitic nappes, remnants of oceanic lithosphere 67 

(Gass 1968; Coleman 1977; 1981; Dewey 1976). Some of these ophiolites were deeply 68 

subducted, metamorphosed and exhumed to the surface like most of Alpine ones (Oberhänsli 69 

et al. 2004; Lardeaux et al. 2006; Angiboust et al. 2009), whereas others were simply thrust 70 

over the continental margin, despite an �������� higher density, escaping metamorphism (like 71 

the Semail ophiolite in Oman or the Lycian ophiolite in Turkey (Coleman 1981; Okay 1989; 72 

Ricou 1971; Sengör and Yilmaz 1981) or again the Newfoundland ophiolites (Kidd et al. 73 

1978; Dewey and Casey 2013), through a process called obduction. One of the best674 

documented examples is the Late Cretaceous obduction of the Tethys ocean floor. Two 75 

episodes of obduction of oceanic nappes on the northern continental margin of Apulia and 76 

Africa are recognized, one in the Late Jurassic6Early Cretaceous in the Dinarides (Dercourt et 77 

al. 1986; Schmid et al. 2008) and one in the Late Cretaceous, from Greece to Oman (Ricou 78 

1971; Coleman 1981; Okay and Tüysüz 1989) for which Sengör and Stock (2014) recently 79 

coined the name Ayyubid Orogen. 80 

The Neo6Tethys realm is characterized by a second feature: the Apulian (or Adria) 81 

microcontinent was separated from Africa sometime in the Jurassic (Ricou 1994; Barrier and 82 

Vrielynck 2008; Frizon de Lamotte et al. 2011; Ricou 1994) and drifted away to collide with 83 

Eurasia, forming the Mediterranean belts from the Late Cretaceous onward. At a later stage, 84 

Arabia was detached from Africa from the Late Eocene (Jolivet and Faccenna 2000; 85 

Bellahsen et al. 2003; McQuarrie et al. 2003). This process of rifting of continental blocks 86 

away from the northern margin of Africa also occurred much earlier in the Permian when the 87 

Cimmerian blocks rifted away from Africa (Matte 2001) or even earlier in the Devonian when 88 

the Paleotethys Ocean formed at the expense of the Rheic Ocean (Stampfli and Borel 2002). 89 

Earlier, identical processes were active several times along the Palaeozoic when Avalonia, 90 

Armorica and Hun terranes rifted away from Gondwana (Matte 2001; Stampfli and Borel 91 

2002). We are thus searching for a conceptual model that could explain these two main 92 

features, (1) obduction and (2) fragmentation of the northern part of the southern continent 93 

and northward travel of the rifted blocks, at the scale of several thousands of kilometres. We 94 

herein present a model based on an extensive compilation of geological observations on the 95 

obduction process itself and on the large6scale geological evolution of Africa and surrounding 96 

mid6ocean ridges. 97 

 98 
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 100 

High6pressure and low6temperature (HP6LT) metamorphic conditions recorded in the 101 

tectonic units found below ophiolites do not differ from those retrieved in Alpine6type 102 

mountain belts and show that obduction results from subduction of the former continental 103 

margin below the oceanic lithosphere (Goffé et al. 1988; Searle et al. 1994; 2004; Yamato et 104 

al. 2007). Small units made of metamorphic units of oceanic origin, the so6called 105 

metamorphic sole, sandwiched between the ophiolite and the subducted margin, sign the first 106 

stages of obduction. These are characterized instead by high6temperature and low6pressure 107 

(HT6LP) metamorphic conditions and are systematically older than the HP6LT metamorphic 108 

rocks of the subducted continental margin (Hacker 1991; Hacker et al. 1996; Agard et al. 109 

2007).  110 

In Oman or Western Turkey, the radiometric ages of magmatic rocks from the obducted 111 

ophiolite or the biostratigraphic ages of supra6ophiolite pelagic sediments, such as 112 

radiolarites, show that the ophiolite was very young (< ~5Myrs) at the time of obduction 113 

(Nicolas 1989; Rioux et al. 2013; Celik et al. 2006) implying the formation of an oceanic 114 

basin along the southern Neo6Tethys margin a few Myrs before obduction. Two types of 115 

models are debated for the Late Cretaceous obduction (Rioux et al. 2013): either subduction 116 

initiation along or near a mid6ocean ridge (Nicolas 1989) or formation of intra6oceanic 117 

subduction and later oceanic accretion in the upper plate as a result of mantle upwelling 118 

(Pearce et al. 1981; Rioux et al. 2013; MacLeod et al. 2013). Whether this young basin was 119 

formed as a back6arc basin above a north6dipping subduction, as a prelude to obduction, or 120 

along a new mid6ocean ridge is beyond the scope of this paper, but the two models have 121 

drastically different consequences. In the latter case, this new subduction would result from 122 

the same compressional episode as obduction, but there is then only a short time from the 123 

formation of the first intra6oceanic thrust, the formation of a back6arc basin to its obduction. 124 

In the former case, the cause for the formation of this new ridge remains enigmatic but it 125 

could be part of the generalized extension that predates compression. In this particular case 126 

the age of the ophiolite should be older than the beginning of compression (i.e. provided by 127 

metamorphic sole ages). By contrast, the ophiolite in Armenia was much older at the time of 128 

obduction and published models suggest the existence of an intra6oceanic subduction and a 129 

long6lived intra6oceanic back6arc domain where the ophiolite would have been rejenuvated 130 

before it was obducted (Rolland et al. 2009; Hässig et al. 2013; 2015a; 2015b).  131 

These different models, obduction starting at the mid6oceanic ridge or as an intra6132 

oceanic subduction associated with back6arc extension (supra6subduction zone ophiolites), 133 
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provide good explanations for the evolution of metamorphic rocks found below the ophiolites, 134 

the high6temperature and low6pressure (HT6LP) sole or the HP6LT blueschists and eclogites 135 

in the subducted margin (Searle et al. 2004; Yamato et al. 2007), but not for the subduction 136 

initiation preluding to obduction. 137 

What is then the cause of the initial thrusting leading to obduction? This question has 138 

been approached by two different models: (i) acceleration of convergence, as a result of 139 

regional6scale plate reorganization (Agard et al. 2006), that makes subduction more difficult 140 

below Eurasia and induces transmission of compression within the subducting plate that 141 

buckles and finally breaks (Agard et al. 2007), or (ii) enhanced compression by increasing 142 

mantle plume activity (Vaughan and Scarrow 2003). Open questions include the cause of 143 

plate acceleration inducing compression and the cause for the asymmetry of the resulting 144 

subduction, always northward (i.e. south6directed obduction) in the case of the Neo6Tethys. 145 

 146 
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 148 

A series of reconstructions (Fig. 1) and a compilation of geological events (Fig. 2) show 149 

the succession of events in the Neo6Tethys Ocean and Africa since the Jurassic. In the Middle 150 

Jurassic (~170 Ma, figure 1A), the Neo6Tethys, widely opened in the east, subducts below the 151 

southern margin of Eurasia (Agard et al. 2011 and references therein), making its connection 152 

with the Atlantic through the Alpine Tethys (Dercourt et al. 1986; Ricou 1994). In the 153 

meantime, a second6order rifted basin develops within Africa (Frizon de Lamotte et al. 2011) 154 

and the rifted Apulian s.l. continent migrates northward with respect to Africa, forming the 155 

Eastern Mediterranean basin (Ricou 1994). The Western Indian Ocean starts to open by 156 

rifting between India and Africa during the same period (see a recent review in Frizon de 157 

Lamotte et al. 2015). At the end of the Jurassic, the Dinaric ophiolites are emplaced on the 158 

northern margin of the Apulian block, as a result of the onset of intra6oceanic subduction 159 

dated by metamorphic soles at 1756160 Ma (Agard et al. 2007). 160 

In the Early Cretaceous (~120 Ma, figure 1B), the African Plate is entirely under 161 

tension and numerous rifts develop within Africa and Arabia (Guiraud et al. 2005, Frizon de 162 

Lamotte et al. 2015), while the South Atlantic Ocean opens. Back6arc basins develop above 163 

the northern subduction zone, forming oceanic crust now flooring the Black Sea and the 164 

Caspian Sea and small back6arc domains in Central Iran (Hippolyte et al. 2010; Nikishin et al. 165 

1998; 2015a; 2015b; Agard et al. 2011). Since the Jurassic, an intra6oceanic subduction 166 
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induces back6arc spreading, forming the ophiolite that will be obducted later on the northern 167 

margin of Apulia in Armenia (Hässig et al. 2013; 2015a; 2015b). 168 

After a significant plate reorganization and increase of the Africa6Eurasia convergence 169 

velocity at ~118 Ma (Agard et al. 2007), continuing extension on the northern margin of 170 

Gondwana and on the active southern margin of Eurasia from 120 to 95 Ma, compression is 171 

recorded in Africa and Europe in the Late Cretaceous (Figures 1 C and 1D) (Bosworth et al. 172 

1999; Guiraud et al. 2005). It is preceded by a short event at about 110 Ma characterized by 173 

the reactivation of N6S trending structures (the so6called “Austrian” phase) mainly observed 174 

in Western Africa and independent from the Africa6Eurasia convergence. Except for this short 175 

earlier event, including the whole obduction process, the compressional episode lasted from 176 

~100 to ~75 Ma. This first compressional event is coeval with the initiation of the intra6177 

oceanic subduction leading to obduction and forming the large ophiolitic nappes observed 178 

nowadays (Figure 1C). The age of this initiation is best constrained by the ages of 179 

metamorphic soles that all cluster around 100695 Ma. Compression then progressively 180 

propagates over a large part of Africa with basement undulations and compressional 181 

reactivation of the previously formed rifts at about 85 Ma, i.e. the so6called Santonian event 182 

(Benkhelil 1988; 1989; Genik 1993; Bosworth et al. 1999; Guiraud et al. 2005; Bevan and 183 

Moustafa 2012; Arsenikos et al. 2013) (Figure 1D). This Santonian event is not present 184 

everywhere but it is well characterized in the northern part of Africa and Arabia and also 185 

along the E6W segment of the Sub6Sahara Rift System. It has apparently not been recorded 186 

everywhere and some regions such as the Sirt basin or the Muglad Rift in Sudan have not 187 

been reactivated (McHargue et al. 1992; Wennekers et al. 1996) but it is nevertheless widely 188 

distributed all over the northern half of Africa.  189 

A special attention should be payed to the Sirt basin. This basin developed from the 190 

Early Cretaceous to the Present on top of a highly pre6structured and faulted Panafrican 191 

basement with a Proterozoic metamorphic basement and a Paleozoic to Early Cenozoic cover 192 

(Wennekers et al. 1996; Abadi et al. 2008). Thick accumulations of sediments developed in 193 

the Cretaceous with the irregular deposition of the lower Cretaceous, followed by a period of 194 

major syn6rift subsidence during the Cenomanian and Turonian and then by the transgressive 195 

deposition of the Late Cretaceous up to the end of the Cretaceous. So, in Sirt, the Late 196 

Cretaceous contractional event is only underlined by a decrease of the subsidence rate (Frizon 197 

de Lamotte et al. 2011). An additional observation may explain why the Late Cretaceous 198 

inversion is not obvious in the Sirt Basin. The main depot6centres of the Sirt Basin strike NW6199 

SE, almost perpendicular to the compressional fold axes in the nearby Cyrenaica (Arsenikos 200 
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et al. 2013). The development of these basins in the Jurassic and Cretaceous was highly 201 

influenced by the pre6existing faults and basins with that same strike (Wennekers et al. 1996). 202 

The compression recorded in Cyrenaica was not properly oriented to reactivate the Sirt Basin 203 

normal faults.  204 

Compression is also recorded during the same period across Western Europe, from the 205 

Pyrenees where compression starts in the Santonian (~85 Ma, Vergès et al. 2002; Jammes et 206 

al. 2010) and south6eastern France, all the way to the Paris Basin and the North Sea 207 

(Guillocheau et al. 2000), ending up with slow subduction initiation in the western 208 

Mediterranean (the future Apennines subduction zone). During the same period, between 95 209 

and 85 Ma, blueschists forming in the subduction zone are exhumed to shallow depth along 210 

the southern margin of Eurasia along thousands of kilometres (Agard et al. 2006; 2007; 211 

Monié and Agard 2009). 212 

After a period of relative quiescence between 65 and 45 Ma (Rosenbaum et al. 2002), the 213 

Middle6Late Eocene shows renewed compression (figure 1E) in the Atlas mountains, 214 

Cyrenaica, Syrian Arch and all the way to the Zagros (Arsenikos et al. 2013; 215 

Frizon de Lamotte et al. 2011) and north of the young west Mediterranean subduction zone in 216 

the Iberian Range and the Pyrenees (Vergès et al. 2002). This new compressional period 217 

preceded the Oligocene uplift of large parts of Africa (Burke et al. 2003; Burke and Gunnell, 218 

2008) amounting to 2006300 m in North Africa, coeval with the early formation of the North 219 

African volcanic province (Liégeois et al. 2005; Wilson 1993; Wilson and Guiraud 1992). 220 

Volcanism is recorded earlier in the Central Sahara, as early as 34 Ma (Ait6Hamou 2006). The 221 

uplift is for instance recorded during the Early Oligocene in the Niger Delta (Petters 1983) 222 

associated with a major regression but its exact age is poorly constrained.�Otherwise, the 223 

upper plate of the convergence zone to the east records extensional deformation during this 224 

period.�225 

A major change in subduction dynamics then occurs around 30635 Ma (figure 1F), and 226 

back6arc basins start to form in the Mediterranean (Jolivet and Faccenna 2000). Meanwhile, 227 

rifting starts along the future Gulf of Aden and Red Sea, coeval with the Afar plume6related 228 

traps, and most of the sub6Saharan rifts are reactivated. The Miocene and Present stages 229 

(Figures 1G and 1H) are the continuation of the same situation with separation of Arabia from 230 

Africa, and opening of Mediterranean back6arc basins.  231 

These reconstructions show that, during 140 Ma, Africa has been mostly under 232 

extension and the subduction zone north of it has been forming back6arc basins, except during 233 

two periods: (1) a first ~25 Myrs long period (100675 Ma) of compression associated with 234 
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obduction, propagating away from the obduction zone within Africa and Europe in the Late 235 

Cretaceous and culminating in the Santonian, and, after a period of quiescence from 65 to 45 236 

Ma, (2) compression resumed at 45 Ma and persisted until ~35 Ma, mostly in the west, before 237 

extension was again the predominant regime in Africa and Arabia, except within the Arabia6238 

Eurasia collision zone (Agard et al. 2011; Mouthereau et al. 2012). The intervening 239 

extensional periods were associated with plate fragmentation and the formation of (1) Apulia 240 

and (2) Arabia. The compressional periods thus seem accidental interruptions in a continuous 241 

process of extension and fragmentation of Africa during its motion toward Eurasia. During 242 

the Mesozoic this succession of extension and compression/obduction thus occurred at least 243 

twice: (1) rifting of Adria/Apulia away from Africa around 1806170 Ma, followed by the 244 

Dinaric obduction between 170 and 150 Ma and (2) distributed extension in Africa in the 245 

Early Cretaceous followed by compression/obduction in the Late Cretaceous. The separation 246 

of Arabia from Africa from the Late Eocene onwards seems the repetition of the same 247 

process, but very little oceanic lithosphere is left and collision occurs coevally (Jolivet and 248 

Faccenna 2000). 249 

One important additional observation is that the newly created subduction zones leading 250 

to obduction dipped everywhere toward the north, with the same orientation as the already 251 

existing subduction zones beneath Eurasia, resulting in a totally asymmetrical situation where 252 

the continental lithosphere subducted northward below oceanic lithosphere, while the 253 

classical view would be that the oceanic lithosphere sinks below the continental lithosphere, 254 

whatever the polarity of subduction. 255 

 256 

%"
������
����
�����
�����	
��
	��������
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 258 

During this evolution, several mantle plume events and associated large igneous provinces 259 

(LIPS) are recognized (Fig. 3), from the Central Atlantic Magmatic Province (CAMP) at 200 260 

Ma (Marzoli et al. 1999), the Karoo event some 1836182 Ma ago (Riley et al. 2004; Svensen 261 

et al. 2012), the Etendeka LIPS between 135 and 130 Ma (Turner et al. 1994; Dodd et al.  262 

2015), the Madagascar6Agulhas LIPS around 100 Ma within a greater Southeast African LIP 263 

(Gohl et al. 2011) and finally the Afar volcanism ~45 to 30 Ma ago (Hofmann et al. 1997; 264 

Ershov and Nikishin 2004) further north and the subsequent northward migration of intraplate 265 

volcanism across the western Arabian plate and eastern Anatolia (Courtillot et al. 1999; 266 

Faccenna et al. 2013b; Gaina et al. 2013). The Madagascar6Agulhas LIP, in particular, has 267 

been present offshore South Africa from ~140 to 95 Ma (Gohl et al. 2011). These successive 268 
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volcanic events sign the presence of a long6lasting mantle upwelling underneath South Africa 269 

during a long period, also responsible for the evolution of dynamic topography in eastern 270 

Africa (Burke 1996; Burke et al. 2008; Moucha and Forte 2011, Torsvik et al. 2014). This 271 

conclusion is further corroborated by the occurrence of kimberlites from ~200 to ~50 Ma with 272 

a younging from east to west (Jelsma et al. 2009; 2004; Torsvik et al. 2010) suggesting that 273 

South Africa has slowly overridden the plume, before the latter migrated northward (Braun et 274 

al. 2014). The plume influence is also suggested by erosion and uplift of the Southern African 275 

Plateau in the Late Cretaceous (Fig. 2616; MacGregor 2010; Guillocheau et al. 2012; Colli et 276 

al. 2014). Similar uplift and erosion is also recorded in West Africa (Leprêtre et al. 2014). 277 

Frizon de Lamotte et al. (2015) have recently discussed the different styles of rifting that led 278 

to the fragmentation of Gondwana, emphasizing the difference between “passive” rifting 279 

episodes (the rift is localized by inherited structures) and “active” ones (the rift is localized by 280 

the plume that weakens the lithosphere) temporally related to evidence of plume activity. This 281 

new understanding derives from modelling by Burov and Gerya (2015) showing that a plume 282 

cannot trigger a rifting without external extensional forces as it was previously supposed by 283 

Sengör and Burke (1978). The Karoo LIPS (Fig. 3) at 183 Ma is associated with an episode of 284 

rifting leading to the opening of West Indian Ocean. Similarly, the Early Cretaceous rifting 285 

episode can be seen as a consequence of the Parana6Etendeka LIPS. 286 

From the Late Cenomanian until the Eocene, the northern part of Africa was under sea water 287 

and subsiding with a decrease at the Paleocene6Eocene boundary (Guiraud et al. 2005; 288 

Swezey 2009). Africa thus shows in the Late Cretaceous and early Cenozoic subsidence of 289 

the northern regions in the vicinity of the subduction and uplift in the south above mantle 290 

plumes. Convergence is accommodated by several subduction zones, one along the southern 291 

margin of Eurasia and two others where continental lithosphere underthrusts oceanic 292 

lithosphere, which all show the same asymmetry with the southern plate underthrusting the 293 

northern one. 294 

A horizontal tomographic section (Becker and Boschi 2002) (Fig. 3) in the lower mantle 295 

(1000 km) distinctly shows the plume now sitting below eastern Africa at this depth. It also 296 

shows cold material further north, interpreted as remnants of the Neo6Tethys slab in the lower 297 

mantle (Ricard et al. 1993; Lithgow6Bertelloni and Silver 1998; Ritsema et al. 1999; 298 

Van der Voo et al. 1999 ; Steinberger 2000; Burke and Torsvik 2004; McNamara and Zhong 299 

2005; Hafkenscheid et al. 2006; Garnero and McNamara 2008; van der Meer et al. 2010; 300 

Faccenna et al. 2013a) from the eastern Mediterranean region to India and Indonesia, signing 301 
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the place where the slab has penetrated the upper6lower mantle transition zone. The timing of 302 

full penetration across the transition zone can be loosely bracketed by matching 303 

reconstructions and tomographic images (backward reconstructions of the slabs seen on 304 

tomographic models) between 70 and 45 Ma with probable significant error bars (Faccenna et 305 

al. 2013a; Replumaz et al. 2013). 306 

The Eocene compression has more limited effects compared to the Late Cretaceous one 307 

and these are mostly restricted to the western end of the convergence system, with, however, 308 

the reactivation of earlier extensional structures in the east (Arsenikos et al. 2013). 309 

Nevertheless, the effects of compression are felt over a large domain from the Atlas 310 

Mountains to the Pyrenees (Frizon de Lamotte et al. 2000; Vergès et al. 2002; Mouthereau et 311 

al. 2014). This compression ended at ~35 Ma, when the subduction regime changed and back6312 

arc extension started (Jolivet and Faccenna 2000). 313 

 314 

&"
'����
���������	
315 

 316 

The two successive periods of compression (100675 Ma and 45635 Ma) correspond to 317 

faster convergence between Africa and Eurasia (fig. 2613). They are separated during the 318 

Paleocene by a period of very slow convergence (Fig. 2610, Rosenbaum et al., 2002). The 319 

progressive build6up of Late Cretaceous compression is also coeval with an increase of the 320 

Africa absolute velocity (Fig. 2611, Gaina et al., 2013), as well as a maximum of sea level at 321 

global scale (Fig. 267, Müller et al. 2008). It is also contemporaneous with higher velocities of 322 

spreading in the South Atlantic (Fig. 262b). The absolute motion of Africa gradually increased 323 

from the time of emplacement of the Paraña6Etendeka LIP in the southern Atlantic to the 324 

emplacement of the Madagascar6Aghulas LIP in the Indian Ocean (Fig. 2611, Gaina et al. 325 

2013). After this period, the absolute motion of Africa slowed down before a new peak before 326 

30 Ma and a new decrease afterward. The peak of convergence velocity predates the peak of 327 

absolute velocity (Fig. 2610, 2611 and 2613). Faster African plate motion is associated with a 328 

period of increased spreading rate between 120 and 70 Ma in the southern Atlantic (Fig. 262 329 

and 262b, Cogné and Humler 2006, Conrad and Lithgow6Bertelloni 2007; Colli et al. 2014), 330 

although the global peak of oceanic crust production is recorded earlier at 120 Ma coeval with 331 

the Pacific superplume (Fig. 263; Larson 1991; Conrad and Lithgow6Bertelloni 2007). 332 

Subduction initiation in the Tethys Ocean in the Late Cretaceous, as shown by the age of 333 

metamorphic soles beneath ophiolites (Figs. 2621, 2622, 2623) temporally coincides with the 334 

period of increasing absolute velocity and the peak of convergence velocity (see green6shaded 335 
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periods in figure 2). Similarly, the peak of Indian Plate velocity (Fig. 2614 and 2615) 336 

coincides with the age of metamorphic sole below ophiolites obducted onto the northern and 337 

western margins of India and the age of the Southwest Indian plume at the very end of the 338 

Cretaceous (Gnos et al. 1997). 339 

 340 

("
)�	��		��
341 

 342 

In a recent paper, Sengör and Stock (2014) have analysed the Late Cretaceous 343 

compressional episode along the northern margin of Africa and proposed the name of 344 

Ayyubid Orogen. In their interpretation, the eastern part of this orogen, equivalent to the 345 

“Croissan Ophiolitique Péri6Arabe” of Ricou (1971), results from the obduction of the Tethys 346 

oceanic floor, while the western part results from an aborted obduction. They have analyzed 347 

the kinematic changes in the motion of Africa and conclude that the Ayyubid Orogen started 348 

to form before the kink in the motion path of Africa at 84 Ma (see also figure 1C and 1D), 349 

which implies that some other cause should be investigated. This also shows that the state of 350 

stress in the subducting plate is not simply related to the direction of convergence between 351 

Africa and Eurasia. They further propose that one has to invoke the plates that were lost 352 

during the convergence process, but do not put forward an explanation for the change in stress 353 

regime that finally led to the observed obduction.The data compiled here illustrate that 354 

obduction is a large6scale tectonic process completed within a short time frame. One may then 355 

speculate that it is related to a large geodynamic cause, involving changes in subduction 356 

dynamics, increase plume activity and plate velocity increase and not only to local plate 357 

motion re6orientation. Vaughan and Scarrow (2003) proposed for instance that obduction can 358 

be linked to superplumes events producing compression over the entire subduction system. 359 

The period of compression in the Late Cretaceous, including obduction, is indeed coeval with 360 

faster convergence, increase of the absolute motion of Africa and interaction with super 361 

plumes. Recent studies have shown the importance of mantle plumes in governing the mantle 362 

flow beneath Africa and supporting its topography (Forte et al. 2010; Glisovic et al. 2012; 363 

Moucha and Forte 2011; Glisovic and Forte 2014). Large6scale mantle plumes emanating 364 

from large low6shear velocity provinces in the lower mantle, one below South Africa and one 365 

below the Pacific (Behn et al. 2004; Torsvik et al. 2006; Burke 2011; Bower et al. 2013) are 366 

thought to be stable over tens or hundreds of Myrs (Glisovic et al. 2012; Bower et al. 2013)  367 

suggesting a rather stable pattern of convection in the mantle. Strain pattern in the mantle 368 

below Africa, deduced from SKS seismic anisotropy, is furthermore compatible with 369 
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northward mantle flow related to the African superplume (Bagley and Nyblade 2013; Hansen 370 

et al. 2012). Similarly, the northward motion of Arabia, after its separation from Africa some 371 

30 Ma ago and the migration of hotspot6related volcanism toward the collision zone are also 372 

compatible with a northward asthenospheric flow dragging Africa and Arabia (Faccenna et al. 373 

2013b). Plume drag/push efficiency is attested by the fact that the motion of Arabia did not 374 

stop after collision although there is no longer any significant slab to power its northward 375 

motion (McQuarrie et al. 2003; Alvarez 2010; Faccenna et al. 2013b). 376 

Recent analogues experiments (Agard et al. 2014; Edwards et al. 2015) suggest that 377 

subducting a continental margin below a denser oceanic lithosphere is feasible once 378 

subduction has initiated, which remains the main problem. In a set of models comparable to 379 

the Tethyan system, Agard et al. (2014) show that the jamming of the northern subduction can 380 

lead to subduction initiation further south, leading to obduction on the African margin, 381 

reemphasizing the model proposed by Agard et al. (2007) in which faster plate velocity 382 

renders subduction more difficult, putting the system in compression and inducing the 383 

formation of a new subduction zone.  384 

Elaborating on the ideas suggested by Vaughan and Scarrow (2003) we now discuss a 385 

new plausible scenario coupling the evolution of the Tethyan subduction with a super plumes 386 

below South Africa (Fig. 4) that should take into account three main large6scale observations: 387 

(1) the repeated detachment of continental pieces from Africa in the north, (2) the 388 

contemporaneity of faster Africa motion, plume activity in the south and 389 

compression/obduction and (3) the systematic southward polarity of obduction (northward 390 

subduction).  391 

Step 1 (Figure 4A): Assuming a continuous northward asthenospheric flow, which the 392 

superplume is part of, since the Jurassic, we first propose that extension and fragmentation of 393 

Africa (in the middle Jurassic and “middle” Cretaceous) result from this flow and the shear, or 394 

the push, it imposes to the base of the lithosphere (Bott 1993; Ziegler 1992; Stoddard and 395 

Abott 1996). Africa was thus driven both by this drag/push and by slab pull in the subduction 396 

zone below Eurasia through a convective conveyor belt. We speculate that as long as the 397 

continuity of the conveyor belt existed, plume push resulted in extension episodes and 398 

sometimes in the stripping of microcontinents in the north of Africa. This hypothesis offers 399 

the advantage of explaining the repetition of the same process above a continuous northward 400 

mantle flow from the Paleozoic to the present, if Africa has been all along under the influence 401 

of mantle flow largely controlled by a long6lasting plume. Before plate acceleration and 402 

compression, the slab was not restricted to the upper mantle and partly retreated southward, 403 
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leading to back6arc rifting in the upper Eurasian plate (Black Sea; South Caspian; Nain6Baft, 404 

Sabzevar and possibly Sistan in Central Iran). 405 

Step 2 (Figure 4B): Obduction. Interactions of mantle flow and cratonic lithospheric 406 

keels has long been discussed (Stoddard and Abbott 1996) and it has been recently suggested 407 

that continental cratonic keels may lead to plate acceleration when a plume arrives (Zahirovic 408 

et al. 2015). The detailed interactions between a plume and a continent above are not known 409 

but some recent investigations by Koptev et al. (2015) have confirmed the early work of 410 

Stoddard and Abott (1996) and the importance of the push of the plume of the irregularities of 411 

the base of the lithosphere to move continents. Following up on this suggestion, we propose 412 

that the push due to the African superplume forced the (African) slab beneath Eurasia into the 413 

upper mantle at a faster rate. Slab penetration in the lower mantle could have produced a 414 

surge of compression within the subducting plate, leading to the formation of a new 415 

subduction zone close to the North African margin (figs. 4B). Stresses would then build up 416 

until the whole system is in compression, leading to the so6called Santonian event. The Late 417 

Cretaceous compression is associated with an uplift of South Africa when it passes above the 418 

plume, while North Africa is instead subsiding and subducting below the obducting Tethys 419 

oceanic lithosphere. A mechanical link between slab penetration and the progressive 420 

reorientation of the Africa6Eurasia convergence around 84 Ma should be studied. 421 

Step 3 (Figure 4C): These compressional stresses would then be relaxed once the 422 

penetration beneath Eurasia is complete in the lower mantle and the conveyor belt is restored, 423 

that is some 70 Ma ago, when the Neo6Tethys obduction process stopped. The 25 Myrs of 424 

compression would then be the time needed from plate acceleration to full slab penetration 425 

into the lower mantle. The same process may have happened again further east at the very end 426 

of the Cretaceous with the obduction of ophiolites on top of the northern and western margins 427 

of India. It may also have happened earlier at the end of the Jurassic to form the Dinaric 428 

ophiolite. 429 

The boundary conditions of the model would then be radically different before and 430 

during the compressional episode. Before compression the plume in the south pushes on a 431 

plate that is free to move northward on its northern boundary and the system is driven by slab 432 

pull that is more efficient than plume push. During compression the more active plume 433 

induces a stronger push in the south while the slab is penetrating the upper6lower mantle 434 

discontinuity in the north, thus inducing compression in the whole northern half of the 435 

African plate. 436 
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This scenario can furthermore create the asymmetrical boundary conditions explaining 437 

the polarity of the newly created subductions and the underthrusting of old and dense 438 

continental mantle below younger and lighter oceanic mantle. We show in figure 5 a possible 439 

evolution at the start of obduction, shortly after a young oceanic domain had formed (hence 440 

before compression started). The mantle flow dragging, or pushing, Africa northward imposes 441 

a general shear sense such that the newly created subduction is dipping north, leading to the 442 

underthrusting of the African margin and continental domain, supported by an old and cold 443 

lithospheric mantle, below the young and hot oceanic domain newly formed.  444 

Step 4 (Figure 4D): In the eastern part of the system the conveyor belt is active between 445 

the slab penetrating deep in the mantle in the north and the plume pushing the African plate 446 

toward the north. The situation is quite similar to the Jurassic stage with this time extension 447 

active in the future Gulf of Aden and Red Sea and the separation of Arabia from Africa. 448 

Back6arc extension is active in the Mediterranean. In the west, compression resumed in the 449 

Eocene in Africa and the most significant compressional tectonics is restricted to the western 450 

half of the system, especially in the Atlas system, with also some inversion of extensional 451 

features farther east from Cyrenaica to the Palmyrides. This new compressional period is 452 

coeval with the building of the Hellenides6Taurides accretionary wedge at the expense of the 453 

Pindos Ocean and then the northern margin of Apulia. In the westernmost Mediterranean, 454 

compression is active from the Atlas to the Pyrenees and the question of stress propagation 455 

from Africa to Eurasia must be discussed. If collision was already going on in the future 456 

Gibraltar Arc (Jolivet and Faccenna 2000; Jolivet et al. 2003), compressional stresses were 457 

transmitted across the collision zone within the lithosphere from the Atlas to the Pyrenees. If 458 

one assumes instead that collision was not yet effective and that some narrow oceanic domain 459 

was still present between Africa and Iberia (Vergés and Sabat 1999; Frizon de Lamotte et al. 460 

2000), the compressional stress regime before 35 Ma may be due to the progressive formation 461 

of the subduction zone since the Late Cretaceous, very slow in the first period and then 462 

becoming mature enough for arc volcanism to develop and slab pull to be active and 463 

accommodate slab retreat after 35630 Ma. The slight velocity increase of the absolute motion 464 

of Africa seen in some kinematic models between 40 and 30 Ma may also suggest that 465 

coupling with the Afar plume when it impacted the base of the African lithosphere has 466 

accelerated the displacement of Africa before the effective collision in the Caucasus6Zagros 467 

region that slowed it drastically. 468 

An alternative scenario was recently discussed by Jagoutz et al. (2015) to explain the 469 

velocity increase of the India6Asia convergence in the Latest Cretaceous, involving a double 470 
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subduction north of India. The southernmost of these two subduction zones in the west is 471 

equivalent to the obduction zone in our model. So the geometry is similar in the two models 472 

and Jagoutz et al. (2015) argue through numerical modelling that this double subduction is 473 

likely to have accelerated convergence but they do not address the question of the initiation of 474 

this subduction zone, which is the topic of the present paper, nor do they explain the observed 475 

polarity of subduction. 476 

 477 

*"
+����	��
478 

 479 

Our scenario aims at integrating large6scale tectonic processes within a progressive 480 

evolution of the convergence zone between Africa and Eurasia. Because the scale of plate 481 

fragmentation and subsequent obduction is so large, we look for processes involving the 482 

whole mantle. We stress that the Late Cretaceous compression cannot have been a 483 

consequence of continental collision since the Neo6Tethys Ocean was still widely open when 484 

it happened. We propose that the alternation of periods of extension and compression 485 

(including obduction) in Africa and the Neo6Tethys Realm result from changes in the 486 

dynamics of convection underneath, combined with regional6scale reorganizations. The long6487 

term geological record suggests that the normal extensional situation corresponds to steady6488 

state whole6mantle convection, Africa being carried northward by a large6scale conveyor belt, 489 

through plume push in the south and slab pull in the north, while the Late Cretaceous 490 

compression and obduction would result from plate acceleration due to increasing plume push 491 

below South Africa and difficult penetration before slab avalanching in the lower mantle, 492 

until full penetration of the Tethyan slab across the transition zone and reestablishment of the 493 

conveyor belt. This would have produced a strong compression at plate boundaries and, as a 494 

consequence, would have activated a new plate boundary at the location of previous crustal 495 

weakness (Agard et al. 2014). The asymmetry of the northward mantle flow may explain the 496 

polarity of initiation of a northward subduction, leading to obduction with oceanic crust 497 

emplaced on top of the subducting continental margins of Africa and Apulia through basal 498 

drag or push. Although the scale of the obduction at the Jurassic6Cretaceous boundary in the 499 

Dinarides cannot compare with the Late Cretaceous one, a similar scenario could be 500 

envisaged. The later Eocene compression would be the consequence of either subduction 501 

initiation in the Western Mediterranean or plate collision. As super plumes and subduction 502 

zones, which govern mantle convection, are long6lived features, testing models of mantle 503 

convection requires using sequences of events on long durations that only the geological 504 
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record is able to provide. Such scenarios can be useful to modellers as they may provide time 505 

constants (~20 My) for the establishment/destruction of whole6mantle convection cells or slab 506 

penetration in the lower mantle. 507 

 508 

 509 

��,���������	� This article is a contribution of the ERC Advanced Research Grant 510 

n° 290864 (RHEOLITH), of Labex VOLTAIRE and Institut Universitaire de France. 511 
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 948 

 949 

Figure 1: reconstructions of Africa and the Tethys Ocean from the Late Jurassic to the 950 

Present. Plate kinematics is based upon Barrier and Vrielynck (2008), Jolivet et al. (2003) and 951 

Menant et al. (2015). Thick grey lines represent the motion paths of three points of Africa 952 

across the reconstructions. The detailed paths with the successive points are shown on figure 953 

1H (Present stage) with ages in Ma. Thick blue lines along the paths represent the average 954 

direction of motion at the time of reconstruction. Further explanation in text. 955 

 956 

Figure 2: Compilation of indicators of mantle convection activity and tectonic and 957 

metamorphic events related with the Late Cretaceous compression and obduction event. 958 

Green shadings represent the periods of faster Africa6Eurasia convergence, faster spreading in 959 

the South Atlantic and compressional period in Africa in the Late Cretaceous. 166: Spreading 960 

rates after Conrad and Lithgow6Bertelloni (2007) and Colli et al. (2014). 1: West Indian 961 

Ridge. 2: South Atlantic Ridge. 2b: South Atlantic full spreading rate. 3: West Pacific. 4: East 962 

Pacific. 5: Global average. 6: Global average with Farallon. Most of the average value 963 

originates in the Pacific ridges, especially the peak around 1206110 Ma. Although velocities 964 

are much lower, the South Atlantic ridge shows an increased velocity between 120 and 70 965 

Ma. 768: Global figure of formation of oceanic crust and sea level variations. The Pacific peak 966 

of accretion in the Pacific reflects on the global production rates and the first ordre high in the 967 

sea level is coeval with this globally high production rates in the Cretaceous. 7: Sea6level after 968 

Müller et al. (2008). 8: Global oceanic flux (ridges and plateaus) after Cogné and Humler 969 

(2006). 9: LIPS after Gaina et al. (2013) Mad. Agh: Madagascar6Agulhas, SWI: South West 970 

Indian, SEA: South East Atlantic. 10614: African plate velocity. All models of the Africa6971 

Eurasia convergence show an increase between 120 Ma and 70 Ma that is coeval with the 972 

higher velocity along the South Atlantic Ridge. Absolute velocity models show different 973 

figures and the peak of velocity is either between 110 and 100 Ma or around 80670 Ma. 10: 974 

Africa6Eurasia convergence velocity at the longitude of the West Mediterranean after 975 

Rosenbaum et al. (2002). 11: Africa absolute velocity (Doubrovine et al. 2012; Gaina et al. 976 

2013) based on moving hot spots and a true polar wander model before 124 Ma. 12: Africa 977 

RMS velocity, hybrid moving hotspots and true polar wander corrected reference frame 978 

(Zahirovic et al. 2015). 13: Africa/Eurasia convergence velocity at the longitude of Oman 979 

(Agard et al. 2007). 14615: India plate velocity. The velocity peak is recorded after the peak 980 
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for Africa, around 60 Ma. 14: India absolute velocity (van Hinsbergen et al. 2011). 15: 981 

India/Asia convergence (van Hinsbergen et al. 2011). 16: Sediments accumulation rates on 982 

South African margins (Guillocheau et al. 2012). The peak centered on 80 Ma comes after a 983 

period of increasing sediment discharge and a period of uplift and erosion of South Africa.17: 984 

Subsidence of Northern Africa (Guiraud et al. 2005). 18: Timing of subduction, exhumation 985 

and back6arc extension in the Western Mediterranean (Jolivet et al. 2003). 19: Timing of 986 

subduction, exhumation and back6arc extension in the Western Mediterranean (Jolivet and 987 

Brun 2010; Jolivet et al. 2003). 20: folding in the Paris Basin (Guillocheau et al. 2000). 21: 988 

Timing of subduction and obduction in Oman (Agard et al. 2007; Hacker et al. 1996; Nicolas 989 

1989; Rioux et al. 2013). 22: Timing of subduction and obduction in Turkey  (Celik et al. 990 

2011; Pourteau et al. 2013). 23: Timing of subduction and obduction in Armenia (Hässig et 991 

al. 2015; Hässig et al. 2013; Rolland et al. 2009). 24: Timing of subduction and obduction in 992 

the Zagros Internal Zones  (Agard et al. 2006; 2005; 2011). 25: Timing of subduction and 993 

obduction in the Sabzevar Zone in Iran (Rossetti et al. 2014; 2010). 26: Timing of subduction 994 

and obduction in Sistan (Iran) (Angiboust et al. 2013; Monié and Agard 2009). 27: Tectonic 995 

timing in the Black Sea region (Hippolyte et al. 2010; Nikishin et al. 2015a; Nikishin et 996 

al.,2015b). 28: Tectonometamorphic timing in the Himalayas (Guillot and Replumaz 2013). 997 

 998 

Figure 3: Tectonic and volcanic features of Africa and the Mediterranean and lower mantle 999 

seismic velocity anomalies (1000 km, SMEAN model (Becker and Boschi 2002)). Upper 1000 

panel: Tectonic map of Africa after Milesi et al. (2010) and the Mediterranean region showing 1001 

the main Cretaceous Rifts (in light green), and the main volcanic provinces (Afar in red, SW 1002 

Indian Ocean, Madagascar6Agulhas, Etendeka and CAMP in violet, Karoo in blue). Dark 1003 

green dots are the main kimberlites (Jelsma et al. 2004; 2009). Lower panel: SMEAN 1004 

tomographic model and the outline of the Neo6Tethys slab in the lower mantle after Faccenna 1005 

et al. (2013a). 1006 

 1007 

Figure 4: Scenario linking the Late Cretaceous obduction of the Tethyan ophiolites on Apulia 1008 

and Africa to convection. A: ~170 Ma. An established conveyor belt with plume push and 1009 

slab pull below Africa drags continental blocks northward away from the main African plate, 1010 

forming the Apulia micro6continent. The whole system is under extension, rifts develop far 1011 

within the African plate (Late Jurassic –Early Cretaceous). B: ~90 Ma. The slab has detached 1012 

below Eurasia and the African plate is driven by plume push and less slab pull. The plume 1013 

beneath South of Africa is more active and accelerates the northward drift of Africa and 1014 
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pushes the African slab faster in the mantle thus rendering subduction more difficult and 1015 

putting the whole system under compression. Compression during penetration of the slab in 1016 

the lower mantle induces shortening within Africa and Eurasia and initiates a new subduction 1017 

along the northern margin of Africa, leading to obduction of the oceanic crust onto the 1018 

continental margin (100690 Ma.). At maximum compression shortening propagates far inside 1019 

Africa reactivating all the Cretaceous rifts (Santonian event, 85 Ma). C: 80670 Ma. Slab 1020 

avalanches in the lower mantle and a progressive relaxation of compressional stresses ensues. 1021 

D: ~30 Ma. After full penetration, the conveyor belt is functional again. The slab is deep into 1022 

the lower mantle like below the Aegean and retreats. Back6arc extension in the upper plate is 1023 

observed. Extension is active above the northward moving plume leading to the separation of 1024 

Arabia from the main body of the African plate.  1025 

 1026 

Figure 5: a scenario of obduction driven by basal drag. Northward movement of the 1027 

asthenospheric mantle with respect to Africa favours the subduction of the sub6continental 1028 

lithospheric mantle below the young and light oceanic one. 1029 

 1030 
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