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Geological map of the French Massif Central (modified after Chantraine et al., 2003). Metamorphic rocks comprise (i) a low-grade metasedimentary sequence attributed to the Lower Paleozoic (Cambrian to Lower Carboniferous), (ii) micaschists and paragneisses of uncertain age but considered as Neoproterozoic to Lower Paleozoic deposits, (iii) orthogneisses with a Cambrian or Ordovician age. The Middle Allochthonous Unit, the Parautochtonous Unit and the Lower Gneiss Unit are made of these metasedimentary rocks and orthogneisses. The Upper Gneiss Unit is characterized by relics of granulite facies metamorphism and by enclaves-boudins of mafic and ultramafic rocks affected by eclogite facies metamorphism, designated as the Leptynite-Amphibolite Complex (LAC). The color scheme of magmatic rocks is indicative of their age. Granitoids are distinguished according to their petrologic types in Figure 6.
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Geochronological constraints on the emplacement and deposition ages of pre-Variscan rocks. For orthogneisses, the emplacement age corresponds to the Rb-Sr whole rock isochron age (circles) or the the youngest U-Pb, U-Th-Pb age obtained on magmatic zircon or monazite. For paragneisses, a maximum deposition age is provided by the youngest inherited age. Cambrian and Ordovician orthogneisses do not appear associated with a given nappe but are found throughout the French Massif Central.
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Cross sections depicting the previously proposed nappe structure. A. Multiple sutures-nappe model (modified after Burg and Matte, 1978). B. Single suture model associated with a basement duplex structure (Matte, 1991). C. Single suture model associated with a stack of three nappes and an “unknown Proterozoic basement” (Faure et al., 2009a, 2009b).
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P-T-t constraints on the metamorphic history of the Lower Gneiss Unit. The P-T-t paths of orthogneisses and paragneisses of the LGU indicate first an increase in temperature followed by isobaric cooling. This is particularly well illustrated by the P-T-t path of the south Velay which is characterized by a HT/LP gradient. The PT path is depicted by the white arrows and numbers correspond to radiometric ages.
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Late Devonian to Early Carboniferous magmatism. The western part of the French Massif Central is dominated by plutonic rocks of the ACG-type and CPG-type while the eastern part of the French Massif Central also comprises volcanics with a tholeiitic to calc-alkaline signature.
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Middle Carboniferous magmatism. Magmatic rocks with ages ranging from c. 345 to c. 310 Ma are widespread throughout the northern part of the French Massif Central indicating the presence of a partially molten source at depth during this period. Plutonic rocks display a variety of geochemical signatures encompassing MPG-type, CPG-type, and KCG-type pointing to the contribution of crustal and mantle sources.
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Geochemistry of magmatic rocks of the French Massif Central. a) Two mantle sources in the Massif Central (calculated at 315 Ma, an average between the c. 335 Ma lavas and the ca 305 Ma lamprophyres and vaugnerites): note the clear difference between the pre-335 mafic magmas (lavas from the Brévenne Unit (Pin and Paquette, 1997) and diverse lavas from NE Massif Central (Pin and Paquette, 2002)), and the post-335 Ma lavas (lamprophyres: (Agranier 2001); enclaves in granites (Pin, 1990) and vaugnerites (Williamson et al., 1992); underplated mafic magmas (or cumulates) found as enclave in the Cenozoic Bournac volcano (Downes et al., 1990)). b) Change in the nature of the lavas, in Shand (1943) A/CNK vs. A/NK and Peccerillo and Taylor (1976) SiO2–K2O diagrams. Pre-335 Ma lavas are mafic and metaluminous, whereas post-335 Ma lavas are felsic, high-K and peraluminous, essentially similar to MPG granites forming at the same age.
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Geochemical characteristics of magmatic rocks exposed in the East French Massif Central. Summary of the geochemical characteristics of E-FMC granitoids, in a A/CNK (molar Al2O3/CaO + Na2O + K2O diagram, Shand 1943) vs. FSMB ((FeOt + MgO) × (Sr(wt.%) + Ba(wt.%)) diagram (Laurent et al., 2014). This diagram separates granitoids related to different sources (Moyen et al., 2017), and shows that KCG are primarily related to the differentiation of vaugnerites (with minor crustal components occasionaly); MPG are related to a metasedimentary source; CPG are generated from a source dominated by orthogneisses, but with more common involvement of either a metasedimentary component (particularly pronounced in the Velay complex) or a mafic component (e.g. the Margeride granite).
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Late Carboniferous-Permian magmatism. Magmatic rocks with ages ranging from c. 305 to c. 295 Ma are localized along the Sillon Houiller and are present as plutons and in the core of large migmatite domes (Velay, Montagne Noire) in the eastern part of the French Massif Central. The presence of plutonic rocks to the south of the French Massif Central suggests that the partially molten source has migrated since the Lower Carboniferous from the internal to external zone of the Variscan belt. The combination of MPG-type, CPG-type and KCG-type granites emplaced during this period is consistent with the contribution of crustal and mantle sources and is interpreted as reflecting the impact of southward slab retreat that is more pronounced beneath the eastern part of the French Massif Central.
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Pre-Variscan geodynamic configuration. A. During the Cambrian, the Gondwana margin is marked by the emplacement of calc-alkaline magmas attributed to an enriched mantle source above a subducting slab. The size of the Iapetus is about 2000–3000 km wide. B. During the Ordovician, the Avalonia and Armorica continental ribbons are separated from the Gondwana margin. The Rheic Ocean corresponds to the future Rheic suture exposed in southern Great Britain. The Medio-European Ocean corresponds to the Leptynite-Amphibolite Complex forming boudins and enclaves in high-grade nappes of the Moldanubian allochthonous terrane (see Fig. 3). The tholeiitic to calc-alkaline signature of the LAC is interpreted as reflecting an emplacement of the magmatic protoliths in a back-arc or immature oceanic setting. Alkaline magmas intrusive in Ediacaran sedimentary sequences correspond to orthogneisses preserved in the LGU and PAU and are attributed to opening of a series of rifts leading to hyperextension of the Gondwana margin. These features are consistent with retreat of the southward plunging Iapetus slab that will eventually lead to tectonic accretion of Avalonia to the Laurussia craton.
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Region Location Rock Type Method Age £ 20 (Ma) Refs
(eastern part)
Morvan Microgranite U-Pb Zircon Pb evaporation 345 + 10 63
Leucogranite (deformed) U-Th-Pb Monazite zircon; Ar-Ar Biotite 318+ 7, 2996 + 6 64
Leucogranite U-Th-Pb Monazite zicon; A-Ar Biotte 321+ 3; 317 5 3064 £ 8 64
Myknie AvAr Muscovite 303,046,298 6,282+ 6 64
Brévenne Wietarhyoite; Trondrjeme U-Pb Zicon TIMS. 36645 3B 1 5
Phylte ArAr Muscovite 337.0£49 6
Myloniic gneiss A Muscovite 3369449 66
Cyonnais Migmatte Rb-Sr whole rock 360 % 16 o7
Retrogressed ecogite AvAr Amphibole 3303438 68
(Orthogneiss AAr Muscovite 337.7£35 68
Synkinematic granite Av-Ar Muscovite; Ar-Ar Bitite 349.1£32,3304£3.1;3456 232,341 £3.1,3384 £ 3.1, 68
Retrogressed granuite Avr Biotte 330.0 3.1 68
Synkinematic granite Rb-Sr whole rock 332 10 69
Pegmatite in synkinematic granite  U-Pb Zicon Pb evaporation 331 £ 12 70
Salten-Donzy Bt granite U-Pb Zitoon LA-ICPMS 337,441 45
Vaugnerte U-Pb Zitoon LAICPMS 3357 £2,1;333,9 1.4 45
Pilat Granite Pt Rb-Sr whole rock 42£8 il
(Goufire dEnfer Deformed leucogranite Rb-Sr whole rock 3249 72
Granite Rb-Sr whole rock 2079 73
Grante UPbZr LAICPMS; U-ThPb MoEMP (304443223 7
Two-mica granite U-Pb Zr LAICPMS; U-Th-Pb MoEMP [289.+6; 340 £ 5 7
Velay Leucogrante U-Th-Pb Monazite microprobe 33326,31845 311253 75
Migmatite U-Th-Pb Monazite microprobe 3233429322+ 7,320£5 i3
Paragneiss U-Pb Monazite ID TIMS 31445 76
Velay granite U-Pb Monazite ID TIMS 3015 76
Metapeite eucosome U-Th-Pb Monazite microprobe 3107 £2 n
Micaschist; Paragneiss Arhr Biotite 3008433075434 n
Vaugnerte U-Pb Zitcon LAICPMS 3205+ 1,8;318,9 1,8;3066£24;3059 £ 17,30152 14, 2091213 |45
Bt-Amph granodiorte U-Pb Zitcon LA-ICPMS 332,107 45
B1-Crd Velay granite U-Pb Monazite LACPMS 302813 45
Grante U-Th-Pb Monazite microprobe 32544, 324 44,3184 3 78
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Late granite U-Pb Zr LAICPMS; U-Pb Monazite LA- 3039 6.5 303.7 £ 3.1 79
Mylonite Boite 31346 80
Microgranite U-Pb Monazite LAICPMS 307 +2,207 44 81
Vivarais Saint-Clergues/Vienne | Granite Ro-Sr whole rock 337 £ 13 82
Vivarais Grante RbSTWR; U-Pb 2 ID TIMS 3514 23,3410 £ 65 8
Vaugnerite U-Pb Zircon LAACPMS. 307,84 1,6, 3073+ 1.3 45
Porph. Bt granite U-Pb Zitcon LACPMS 3222415;321,1£1,1 45
Porph. Bgranodiorte U-Pb Zitoon LA-ICPMS 3219+ 13 45
Cavennes [Amphibote ‘ArAr Amphiboe 31244 o
Micascist ArAr Muscovit; ArAr Biotte 3416243357 £83 84
Quartzie ArAr Muscovite 3320424 8
Porph. Bi-Amph granite U-Pb Zitcon LAICPMS 302509 45
Porph. Btgranite U-PD Zircon LACPMS 2089 18 45
Gneiss ArAr Muscovite; ArAr Biotte 33332 16,3346 £16 3
|Stau micaschist; Micaschist Ar-Ar Muscovite 3321+ 1.6, 330.8 1.6 38
Quartzite ArAr Muscovite 3436435 85
Siate; Sity siate AAr Muscovite 34124 7.0,337.7 £ 3.4;334.1 £ 6.6;334.0 £ 6.9 85
Bougés Granite UPb Mo ID TIMS; ArAr Bio, Ro-Srwr (31544 311£3, 29515 86,67
Ptde-Montvert Grante Arhr Biotte 3093 8
Finiels Grante UPbMoIDTIMS; UPbZr IDTIMS  |305:£5;303 3,307 £ 11 86,88,69
Finils Grante Rb-Sr whole rock 291 £ 11 7
Lion Grante U-Pb Zircon 1D TIMS 30743 88
StGural Granite U-Pb Ziroon ID TIMS 305.9+24;301 4 88
|Aigoual Grante U-Pb 27D TIMS; Rb-StWR 3044122089 88,90
|AigouakSt Guiral Grante Rb-Sr whole rock 279 £ 15 91
Bome Grante Rb-SWR, ArAr Biotte 3154531043 92,8
Laubies Adamelite RbSTWR; U-Pb Mo ID TIMS 266+ 11,307 £5 67,89
Finiels Pegmatite ArAr Muscovite 30122 3,1 9
Aplte; Aplte-pegmatite ArAr Muscovite 3064 £3,2;306,5£3,1; 3016 £ 3,1 93
Grante ArAr Muscovite 305,1 £3,1 %
Lode ArAr Muscovite 3048 £ 27 Ma 9
Quartz vein A Muscovite 310,5 2,8, 303,3 £ 2,6, 313,5£ 2,5, 307.5£ 26 93
Wontagne Noire Sandstone ArAr Musco, ArAr Bio 333.4%3.9, 297027 57, 94
(Orthogneiss; Mylonitc orthogneiss  Ar-Ar Musco, Ar-Ar Bio 30043316+ 4; 297.04 28 9
Paragneiss ArAr Bio; ArAr Musco 303330343 %
Marble Ar-Ar Muscovite 207.3 £ 27, 3008 + 2.8 9%
Banded gneiss Ar-Ar Bio; Ar-Ar Musco 311 4; 308.0 £ 2.9; 309.0£ 2.9 94
| Amphiboite Ar-Ar Biotite: 311+4 94
Stauroite micaschist ArAr Bilite 308428 %
Pegmatite; Pegmatite weakly defomed K-Ar Muscovite 295.2+38,293.9+ 68,2072+ 53,2033 £ 3,202 £ 44 9
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(Grante undeformed KeAr Muscovite 2943460 95
Sity slate K-Ar Muscovite 326.8 £ 6.7 57
Mylonite ArAr Muscovite 3330434 57
Orthogneiss AvAr Bio; ArAr Musco 3025 32,3003 £ 3.1 57
Micaschiste Arhr Biotite 2079230 57
Fine-grained meta-apite U-Pb Monazte ID TIMS 31341 95
Site KeAr White mica (fne fraction) 307.2£ 88,2747 £ 57,2008+ 4.8, 1948+44;3053£ 62102806 £59 (96
Post-ectonic pegmatie KeAr White mica (ine fracton) 260858 %
Echogie U-Pb Ziroon LAICPMS 3152+ 16 97
Eclogite U-Pb Zr SHRIMP/ SIMS; Rt SIMS 314.5£25;3114£2,308 4 98
Orthogneiss U-Pb Monazite ID TIMS 308 + 3 99
Migmatite U-Pb Zircon SIMS 30546 100
Orthogneiss U-Pb Monazte LACPMS 204.4 140 101
[Undefored grante; Ggranite U-ThPb Monazite EMP 3334 6:327 47,320 43, 318 £.4 100
Deformed granite U-Pb Zr ID TIMS; U-Pb Mo ID TIMS. 327 £ 5 102
Aplte dyke UPb ID TIMS Morzr 31321130943 103
Gtgranite U-Pb Zircon SIMS 305 £ 10 100,99
Defomned granite U-Pb Mo ID TIMS, LAICPMS 303+ 10;304£2, 301+ 2 99
Undefomed granite U-Pb Zircon SIMS 2998 100
Undeformed Gt-granite U-Pb Mo LA-ICP-MS; U-Pb Xe LAICP-MS 299 £ 2; 298 +2 99
Synkinematic Gt-granite U-Pb Mo LAGICPEMS. U-Pb 2R 204+ 1; 2043 104
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