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Introduction

Granitic rare-metal-bearing pegmatites are classified in two petrogenetic families based on accessory phase mineralogy and their rare-metal enrichment trends (Černý 1991a, b;[START_REF] Fersman | Pegmatites. Granitic Pegmatites 3[END_REF]. The Lithium-Cesium-Tantalum (LCT) family is characterized by enrichment in alkali elements, Li, Cs, Ta over Nb, Be, P and F, typically hosted by spodumene/petalite, lepidolite, pollucite, and columbite-group minerals (CGM) (Černý 1991a). The pegmatites belonging to the LCT family typically show internal zoning of fabric and mineralogy, and regional zoning of mineralogy (Černý 1991a, b;[START_REF] Ercit | REE-enriched granitic pegmatites[END_REF]. The Niobium-Yttrium-Fluorine (NYF) family is marked by enrichment in Nb > Ta, F, Y, rare earth elements (REE), Ti, Zr, Be and U. This group possess a more exotic mineralogy with rare-metal-bearing minerals like gadolinite, euxenite, aeschynite-Y, samarskite, or fergusonite (Černý 1991b;[START_REF] Černý | The classification of granitic pegmatites revisited[END_REF][START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF], and rarely exhibit a regional zoning pattern [START_REF] Simmons | Geochemistry and evolution of the South Platte granite-pegmatite system, Jefferson County, Colorado[END_REF][START_REF] Smeds | Zoning and fractionation trends of a peraluminous NYF granitic pegmatite field at Falun, south-central Sweden[END_REF]. A third family, the mixed LCT+NYF family, designates pegmatites that show composite properties of the two other families, but they are less frequently described in literature [START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF][START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF][START_REF] Turlin | Unusual LREE-rich, peraluminous, monazite-or allanite-bearing pegmatitic granite in the central Grenville Province, Québec[END_REF].

Despite a growing number of studies in recent years, the genesis of granitic rare-metal enriched pegmatites is still a subject of debate. Several authors have proposed an origin from extreme differentiation of a fertile (rare-metal-rich) magma (Černý 1991a;[START_REF] Černý | Granitic pegmatites as reflections of their sources[END_REF][START_REF] Icenhower | Experimental partitioning of Rb, Cs, Sr, and Ba between alkali feldspar and peraluminous melt[END_REF][START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF]. For LCT pegmatites, differentiation of a granitic magma with a peraluminous signature derived from metasediments is invoked (e.g., [START_REF] Breiter | The transition from granite to banded aplite-pegmatite sheet complexes: An example from Megiliggar Rocks, Tregonning topaz granite[END_REF]Černý 1991a;[START_REF] Icenhower | Experimental partitioning of Rb, Cs, Sr, and Ba between alkali feldspar and peraluminous melt[END_REF][START_REF] Pesquera | From granite to highly evolved pegmatite: A case study of the Pinilla de Fermoselle granite-pegmatite system (Zamora, Spain)[END_REF][START_REF] Shearer | Mineralogical and chemical evolution of a rareelement granite-pegmatite system: Harney Peak Granite, Black Hills, South Dakota[END_REF], whereas NYF pegmatites are interpreted as deriving from mantle-sourced anorogenic magmas with a peralkaline signature (e.g., Černý 1991a;[START_REF] Černý | The classification of granitic pegmatites revisited[END_REF][START_REF] Estrade | REE and HFSE mineralization in peralkaline granites of the Ambohimirahavavy alkaline complex, Ampasindava peninsula, Madagascar[END_REF][START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF][START_REF] Miller | Structural and textural evolution of the Strange Lake peralkaline rareelement (NYF) granitic pegmatite, Quebec-Labrador[END_REF][START_REF] Schmitt | Zr-Nb-REE mineralization in peralkaline granites from the Amis Complex, Brandberg (Namibia): Evidence for magmatic pre-enrichment from melt inclusions[END_REF]. Mixing of magmas from different sources, or metasomatic overprinting might explain the geochemical features of mixed LCT + NYF pegmatites [START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF][START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF]. However, the origin of rare-metal-bearing pegmatites from granitic melt fractionation is challenged in case of (i) the absence of a fertile granitic pluton or the rare-metal deficiency of the magmatic source relative to the exposed pegmatites [START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF][START_REF] Norton | Relations of zoned pegmatites to other pegmatites, granite, and metamorphic rocks in the southern Black Hills, South Dakota[END_REF][START_REF] Shaw | Petrogenesis of rare-metal pegmatites in high-grade metamorphic terranes: A case study from the Lewisian Gneiss Complex of north-west Scotland[END_REF][START_REF] Stewart | Petrogenesis of lithium-rich pegmatites[END_REF], (ii) a discontinuity or disparity of geochemical trend between identified plutonic source and pegmatites [START_REF] Martins | Geochemistry and evolution of micas in the Barroso-Alvão pegmatite field, Northern Portugal[END_REF][START_REF] Perez | The granitic pegmatites of the Fregeneda area (Salamanca, Spain): characteristics and petrogenesis[END_REF], and (iii) a temporal gap between the ages of granite and pegmatite crystallization (Goodenough et al. 2014;[START_REF] Melleton | How are the emplacement of rare-element pegmatites, regional metamorphism and magmatism interrelated in the Moldanubian domain of the Variscan Bohemian Massif, Czech Republic?[END_REF][START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF].

Alternative propositions to the granite-related hypothesis are an origin of LCT pegmatites either by direct partial melting of metasediments, as supported by [START_REF] Perez | The granitic pegmatites of the Fregeneda area (Salamanca, Spain): characteristics and petrogenesis[END_REF], [START_REF] Shaw | Petrogenesis of rare-metal pegmatites in high-grade metamorphic terranes: A case study from the Lewisian Gneiss Complex of north-west Scotland[END_REF], and [START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF], or by different degrees of fractionation of a magma that migrated from its partially molten source [START_REF] Martin | The patterns of enrichment in felsic pegmatites ultimately depend on tectonic setting[END_REF][START_REF] Shearer | Chemistry of potassium feldspars from three zoned pegmatites, Black Hills, South Dakota: Implications concerning pegmatite evolution[END_REF][START_REF] Stewart | Petrogenesis of lithium-rich pegmatites[END_REF]. The major drawback of the anatectic model is that trace elements are expected to be diluted in an increasing volume of melt during partial melting [START_REF] London | Experimental Crystallization of the Macusani Obsidian, with Applications to Lithium-rich Granitic Pegmatites[END_REF]. Also, the strong partitioning dependence of rare-metals on residual and peritectic minerals might further contribute to rare-metals depletion in the anatectic melt [START_REF] Bea | Residence of REE, Y, Th and U in granites and crustal protoliths; implications for the chemistry of crustal melts[END_REF][START_REF] Bea | Mineral/leucosome trace-element partitioning in a peraluminous migmatite (a laser ablation-ICP-MS study)[END_REF][START_REF] Bea | Behavior of accessory phases and redistribution of Zr, REE, Y, Th, and U during metamorphism and partial melting of metapelites in the lower crust: an example from the Kinzigite Formation of Ivrea-Verbano, NW Italy[END_REF][START_REF] Brown | From Source to Sink: Petrogenesis of Cretaceous Anatectic Granites from the Fosdick Migmatite-Granite Complex, West Antarctica[END_REF]. Despite these limitations, the anatectic model of pegmatite genesis has recently been invoked in several studies [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF][START_REF] Müller | The chemistry of quartz in granitic pegmatites of southern Norway: Petrogenetic and economic implications[END_REF][START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF][START_REF] Shaw | Petrogenesis of rare-metal pegmatites in high-grade metamorphic terranes: A case study from the Lewisian Gneiss Complex of north-west Scotland[END_REF][START_REF] Turlin | Petrogenesis of LREE-rich pegmatitic granite dykes in the central Grenville Province by partial melting of Paleoproterozoic-Archean metasedimentary rocks: Evidence from zircon U-Pb-Hf-O isotope and trace element analyses[END_REF].

Petrogenetic studies of LCT and NYF pegmatites are mostly based on the chemical composition of their minerals, because these reflect the physical conditions of crystallization (pressure, temperature) and can record the chemical evolution of the pegmatite-forming melt [START_REF] Barnes | Magma hybridization in the middle crust: Possible consequences for deep-crustal magma mixing[END_REF][START_REF] Breiter | The transition from granite to banded aplite-pegmatite sheet complexes: An example from Megiliggar Rocks, Tregonning topaz granite[END_REF][START_REF] Deveaud | The genesis of LCT-type granitic pegmatites, as illustrated by lithium isotopes in micas[END_REF][START_REF] Müller | Alkali-F-Rich Albite Zones in Evolved NYF Pegmatites: The Product of Melt-melt Immiscibility[END_REF][START_REF] Novák | Compositional trends in tourmaline from intragranitic NYF pegmatites of the Třebíč Pluton, Czech Republic: an electron microprobe, Mössbauer and LA-ICP-MS study[END_REF][START_REF] Pichavant | The Influence of Redox State On Mica Crystallization in Leucogranitic and Pegmatitic Liquids[END_REF][START_REF] Perez | The granitic pegmatites of the Fregeneda area (Salamanca, Spain): characteristics and petrogenesis[END_REF][START_REF] Simmons | Geochemistry and evolution of the South Platte granite-pegmatite system, Jefferson County, Colorado[END_REF][START_REF] Thomas | Melt inclusions in pegmatite quartz: complete miscibility between silicate melts and hydrous fluids at low pressure[END_REF][START_REF] Van Lichtervelde | Trace element geochemistry by laser ablation ICP-MS of micas associated with Ta mineralization in the Tanco pegmatite, Manitoba, Canada[END_REF]. The composition of micas is used to define enrichment trends in trace elements for evolved granites and pegmatites [START_REF] Hulsbosch | Fluid fractionation of tungsten during granite-pegmatite differentiation and the metal source of peribatholitic W quartz veins: Evidence from the Karagwe-Ankole Belt (Rwanda)[END_REF][START_REF] Martins | Geochemistry and evolution of micas in the Barroso-Alvão pegmatite field, Northern Portugal[END_REF][START_REF] Stepanov | The key role of mica during igneous concentration of tantalum[END_REF][START_REF] Stepanov | Fractionation of Nb and Ta by biotite and phengite: Implications for the "missing Nb paradox[END_REF][START_REF] Van Lichtervelde | Trace element geochemistry by laser ablation ICP-MS of micas associated with Ta mineralization in the Tanco pegmatite, Manitoba, Canada[END_REF].

The Nb/Ta and K/Rb ratios in micas are known to decrease with melt fractionation following a Rayleigh type fractionation model [START_REF] Černý | Extreme fractionation in rare-element granitic pegmatites; selected examples of data and mechanisms[END_REF][START_REF] Černý | Paragenesis, crystallochemical characteristics, and geochemical evolution of the micas in granite pegmatites[END_REF][START_REF] Foord | Mineralogical and geochemical evolution of micas from miarolitic pegmatites of the anorogenic Pikes Peak batholith[END_REF][START_REF] Martins | Geochemistry and evolution of micas in the Barroso-Alvão pegmatite field, Northern Portugal[END_REF][START_REF] Pesquera | Mineralogy and geochemistry of micas from the Pinilla de Fermoselle pegmatite (Zamora, Spain)[END_REF][START_REF] Stepanov | The key role of mica during igneous concentration of tantalum[END_REF][START_REF] Stepanov | Fractionation of Nb and Ta by biotite and phengite: Implications for the "missing Nb paradox[END_REF]. Finally, trace elements in minerals such as phosphates, garnet or CGM are proven tracers of the petrogenetic environment of their parental rocks [START_REF] Belousova | Apatite as an indicator mineral for mineral exploration: trace-element compositions and their relationship to host rock type[END_REF][START_REF] Graupner | Rare earth element geochemistry of columbite-group minerals: LA-ICP-MS data[END_REF][START_REF] Groulier | Silicate-Carbonate Liquid Immiscibility: Insights from the Crevier Alkaline Intrusion (Quebec)[END_REF][START_REF] Linnen | Columbite solubility in granitic melts: consequences for the enrichment and fractionation of Nb and Ta in the Earth's crust[END_REF][START_REF] Melcher | Tantalum-(niobium-tin) mineralisation in African pegmatites and rare metal granites: constraints from Ta-Nb oxide mineralogy, geochemistry and U-Pb geochronology[END_REF][START_REF] Melcher | Mineralogical and chemical evolution of tantalum-(niobium-tin) mineralisation in pegmatites and granites. Part 2: Worldwide examples (excluding Africa) and an overview of global metallogenetic patterns[END_REF][START_REF] Samadi | Origin of garnet in aplite and pegmatite from Khajeh Morad in northeastern Iran: A major, trace element, and oxygen isotope approach[END_REF][START_REF] Turlin | Unusual LREE-rich, peraluminous, monazite-or allanite-bearing pegmatitic granite in the central Grenville Province, Québec[END_REF][START_REF] Van Lichtervelde | Solubility of manganotantalite, zircon and hafnon in highly fluxed peralkaline to peraluminous pegmatitic melts[END_REF][START_REF] Villaros | Tracking S-type granite from source to emplacement: clues from garnet in the Cape Granite Suite[END_REF]).

In the Paleoproterozoic West African Craton, previously described rare-metal-bearing pegmatites of Saraya in Senegal, Winneba in Ghana, Issia in Ivory Coast and Goulamina in Mali consist of LCT pegmatites mineralized in spodumene and CGM [START_REF] Allou | Facteurs, paramètres, dynamique de distribution et genèse des dépôts de columbo-tantalite d'Issia, centre-ouest de la Côte d'Ivoire[END_REF][START_REF] Allou | Facteurs, paramètres, dynamique de distribution et genèse des dépôts de columbo-tantalite d'Issia, centre-ouest de la Côte d'Ivoire[END_REF][START_REF] Dampare | Simultaneous determination of tantalum, niobium, thorium and uranium in placer columbite-tantalite deposits from the Akim Oda District of Ghana by epithermal instrumental neutron activation analysis[END_REF][START_REF] Ndiaye | Données pétrographiques, géochimiques et géochronologiques nouvelles sur les granitoïdes du Paléoprotérozoïque du Supergroupe de Dialé-Daléma (Sénégal Oriental): Implications pétrogénétiques et géodynamiques[END_REF][START_REF] Nude | Geochemistry of Pegmatites associated with the cape coast granite complex in the Egyaa and Akim Oda areas of southern Ghana[END_REF][START_REF] Wilde | Geology of the Goulamina spodumene pegmatite field, Mali[END_REF]). In a previous paper [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF], we have presented the geological context of the raremetal-bearing pegmatites of the Mangodara district (southwestern Burkina Faso). Based on structural, petrological, geochemical and geochronological data on the pegmatites and their hosts, we have proposed an origin by partial melting of paragneiss/amphibolite and melt segregation in tonalitic-trondhjemitic-granodioritic gneisses. In order to test this hypothesis, in this new contribution, we further describe both mixed (LCT+NYF) features for the pegmatite field of the Mangodara district and document mineralogy and geochemical composition of micas and accessory minerals from pegmatites and host rocks. These data are used to identify the petrogenetic family of the pegmatites, as well as to discuss the sources of rare-metals and their behavior during crystallization.

Geological background of the Mangodara district

Regional setting of the Paleoproterozoic West African Craton

The Paleoproterozoic domain of the West African Craton (WAC), named Baoule-Mossi domain, was accreted to the Archean nucleus of the WAC during the Eburnean orogeny [START_REF] Milési | West African gold deposits in their Lower Proterozoic lithostructural setting[END_REF][START_REF] Vidal | The Palaeoproterozoic (Birimian) of Haute-Comoé in the West African craton, Ivory Coast: a transtensional back-arc basin[END_REF][START_REF] Kouamelan | Géochronologie et Géochimie des Formations Archéennes et Protérozoïques de la Dorsale de Man en Côte d'Ivoire. Implications pour la Transition Archéen-Protéozoïque[END_REF][START_REF] Tshibubudze | The Markoye Shear Zone in NE Burkina Faso[END_REF][START_REF] Wane | The onset of the Eburnean collision with the Kenema-Man craton evidenced by plutonic and volcanosedimentary rock record of the Masssigui region, southern Mali[END_REF]Grenholm et al. 2019a, b;[START_REF] Mcfarlane | Onset of the supercontinent cycle: Evidence for multiple oceanic arc accretion events in the Paleoproterozoic Sefwi Greenstone Belt of the West African Craton[END_REF]) (Fig. 1). The Baoule-Mossi domain is composed of Birimian greenstone belts made of metavolcanic, metavolcano-sedimentary and metasedimentary rocks, emplaced between 2220 Ma and 2160 Ma [START_REF] Baratoux | Juvenile Paleoproterozoic crust evolution during the Eburnean orogeny (∼ 2.2-2.0 Ga), western Burkina Faso[END_REF][START_REF] Giovenazzo | Post-collisional Pan-African granitoids and rare metal pegmatites in western Nigeria: Age, petrogenesis, and the 'pegmatite conundrum[END_REF][START_REF] Hirdes | Two generations of Birimian (Paleoproterozoic) volcanic belts in northeastern Côte d'Ivoire (West Africa): consequences for the 'Birimian controversy[END_REF][START_REF] Hirdes | U-Pb geochronology of paleoproterozoic rocks in the southern part of the Kedougou-Kenieba Inlier, Senegal, West Africa: evidence for diachronous accretionary development of the Eburnean province[END_REF][START_REF] Lüdtke | Géologie de la région Haute Comoé Nord-feuilles Kong (4b et 4d) et Téhini-Bouna (3a à 3d)[END_REF] Bandamian volcanic rocks aged between 2120 and 2080 Ma [START_REF] Gasquet | Structure, Sr-Nd isotope geochemistry and zircon U-Pb geochronology of the granitoids of the Dabakala area (Côte d'Ivoire): evidence for a 2.3 Ga crustal growth event in the Palaeoproterozoic of West Africa?[END_REF]Grenholm et al. 2019a;[START_REF] Hirdes | Two generations of Birimian (Paleoproterozoic) volcanic belts in northeastern Côte d'Ivoire (West Africa): consequences for the 'Birimian controversy[END_REF][START_REF] Hirdes | U-Pb geochronology of paleoproterozoic rocks in the southern part of the Kedougou-Kenieba Inlier, Senegal, West Africa: evidence for diachronous accretionary development of the Eburnean province[END_REF][START_REF] Mériaud | Lithostratigraphic evolution of the Bandamian Volcanic Cycle in central Côte d'Ivoire: Insights into the late Eburnean magmatic resurgence and its geodynamic implications[END_REF]. The greenstone belts alternate with gneiss, migmatite and granitoids that are referred to as granitoid gneiss complexes. Greenstone belts are affected by greenschist grade metamorphism during the Eburnean orogeny, rising to amphibolite grade in granitoid gneiss complexes. The greenschist-amphibolite facies transition has been interpreted to represent metamorphic aureoles around intrusions [START_REF] Debat | A new metamorphic constraint for the Eburnean orogeny from Paleoproterozoic formations of the Man shield (Aribinda and Tampelga countries, Burkina Faso)[END_REF][START_REF] Doumbia | Petrogenesis of juvenile-type Birimian (Paleoproterozoic) granitoids in Central Côte-d'Ivoire, West Africa: geochemistry and geochronology[END_REF][START_REF] Enlarg | The paleoproterozoic Ghanaian province: Geodynamic model and ore controls, including regional stress modeling[END_REF][START_REF] Ganne | Thermo-mechanical modeling of lower crust exhumation-Constraints from the metamorphic record of the Palaeoproterozoic Eburnean orogeny, West African Craton[END_REF][START_REF] Gueye | Intrusive rocks and tectono-metamorphic evolution of the Mako Paleoproterozoic belt (Eastern Senegal, West Africa)[END_REF][START_REF] Pons | Kinematics of large syn-orogenic intrusions: example of the Lower Proterozoic Saraya batholith (Eastern Senegal)[END_REF]), or regional metamorphic gradient [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF][START_REF] Vidal | Evolution of a Paleoproterozoic "weak type" orogeny in the West African Craton (Ivory Coast)[END_REF][START_REF] Vidal | The Palaeoproterozoic (Birimian) of Haute-Comoé in the West African craton, Ivory Coast: a transtensional back-arc basin[END_REF]. Crystallization ages of magmatic zircon from volcanic and plutonic rocks of greenstone belts and granitoid gneiss complexes, in South-Western Burkina Faso and Northern Ivory Coast, range between 2200 Ma and 2000 Ma [START_REF] Baratoux | Juvenile Paleoproterozoic crust evolution during the Eburnean orogeny (∼ 2.2-2.0 Ga), western Burkina Faso[END_REF][START_REF] Gasquet | Structure, Sr-Nd isotope geochemistry and zircon U-Pb geochronology of the granitoids of the Dabakala area (Côte d'Ivoire): evidence for a 2.3 Ga crustal growth event in the Palaeoproterozoic of West Africa?[END_REF][START_REF] Hirdes | Two generations of Birimian (Paleoproterozoic) volcanic belts in northeastern Côte d'Ivoire (West Africa): consequences for the 'Birimian controversy[END_REF][START_REF] Metelka | Geophysical and remote sensing methodologies applied to the analysis of regolith and geology in Burkina Faso[END_REF][START_REF] Parra-Avila | The geochronological evolution of the Paleoproterozoic Baoulé-Mossi domain of the Southern West African Craton[END_REF], 2019). Two peaks of magmatic activity around 2150-2130 Ma and around 2100 Ma are referred to respectively as ME1 and ME2 [START_REF] Baratoux | Juvenile Paleoproterozoic crust evolution during the Eburnean orogeny (∼ 2.2-2.0 Ga), western Burkina Faso[END_REF][START_REF] Hirdes | Two generations of Birimian (Paleoproterozoic) volcanic belts in northeastern Côte d'Ivoire (West Africa): consequences for the 'Birimian controversy[END_REF].

These peaks are coeval with major deformation phases D1 and D2 that are expressed by folds and penetrative foliation in greenstones, synmigmatitic foliation in migmatites and magmatic layering in granitoids [START_REF] Baratoux | Juvenile Paleoproterozoic crust evolution during the Eburnean orogeny (∼ 2.2-2.0 Ga), western Burkina Faso[END_REF][START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF][START_REF] Metelka | Geophysical and remote sensing methodologies applied to the analysis of regolith and geology in Burkina Faso[END_REF]). These features have been interpreted as recording a combination of gravitational instabilities with diapirs cored by granitoid gneiss complexes deformed during lateral flow of the orogenic crust in a context of transpression [START_REF] Allibone | Timing and Structural Controls on Gold Mineralization at the Bogoso Gold Mine, Ghana, West Africa[END_REF][START_REF] Baratoux | Juvenile Paleoproterozoic crust evolution during the Eburnean orogeny (∼ 2.2-2.0 Ga), western Burkina Faso[END_REF][START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF][START_REF] Chardon | Eburnean deformation pattern of Burkina Faso and the tectonic significance of shear zones in the West African craton[END_REF][START_REF] Feybesse | The Archaean/Proterozoic contact zone in West Africa: a mountain belt of décollement thrusting and folding on a continental margin related to 2.1 Ga convergence of Archaean cratons?[END_REF][START_REF] Ganne | Modern-style plate subduction preserved in the Palaeoproterozoic West African craton[END_REF][START_REF] Lompo | Geodynamic evolution of the 2.25-2.0 Ga Palaeoproterozoic magmatic rocks in the Man-Leo Shield of the West African Craton. A model of subsidence of an oceanic plateau[END_REF][START_REF] Lompo | Paleoproterozoic structural evolution of the Man-Leo Shield (West Africa). Key structures for vertical to transcurrent tectonics[END_REF][START_REF] Milési | West African gold deposits in their Lower Proterozoic lithostructural setting[END_REF][START_REF] Milési | Early Proterozoic ore deposits and tectonics of the Birimian orogenic belt, West Africa[END_REF][START_REF] Vidal | Evolution of a Paleoproterozoic "weak type" orogeny in the West African Craton (Ivory Coast)[END_REF]).

Geology of the Mangodara district

The Mangodara district is situated in the 100 km wide and 500 km long Sideradougou Gneiss and Granitoid Complex (SGGC), located between the Banfora greenstone belt and the Houndé-Ouango Fitini greenstone belt (Fig. 1). The SGGC is dominantly composed of hornblende and biotite-bearing gneiss and granitoids, which contain rafts of amphibolites and schists [START_REF] Castaing | Notice explicative de la carte géologique et minière du Burkina Faso à 1/1 000 000[END_REF][START_REF] Gasquet | Structure, Sr-Nd isotope geochemistry and zircon U-Pb geochronology of the granitoids of the Dabakala area (Côte d'Ivoire): evidence for a 2.3 Ga crustal growth event in the Palaeoproterozoic of West Africa?[END_REF][START_REF] Giovenazzo | Post-collisional Pan-African granitoids and rare metal pegmatites in western Nigeria: Age, petrogenesis, and the 'pegmatite conundrum[END_REF][START_REF] Hirdes | Two generations of Birimian (Paleoproterozoic) volcanic belts in northeastern Côte d'Ivoire (West Africa): consequences for the 'Birimian controversy[END_REF].

The Mangodara district displays a dome structure mantled by a granodioritic gneiss and cored by a tonalitic-trondhjemitic gneiss (Fig. 2, [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. These gneisses contain rafts of amphibolite, schist, and paragneiss that are variably migmatitic. In the eastern part of the district, some potassic hornblende and biotite granitoids (named GG-granitoids) form plutons in gradual contact with the granodioritic gneiss (Fig. 2). The gneisses and granitoids, subdivided into a Na-rich series (tonalitic-trondhjemitic gneiss and two-mica trondhjemite) and a K-rich series (granodioritic gneiss, hornblende-biotite granodiorite with mica-rich enclaves, monzogabbro, GG-granitoids), are interpreted to result from partial melting of the Birimian series (supplementary Fig. S1). Granodioritic gneiss is interpreted as a diatexite resulting from partial melting dominantly of paragneisses whereas the tonalitic-trondhjemitic gneiss is interpreted as a plagioclase-rich mush originating from partial melting of amphibolite. The mineral-geochemical composition and texture of the tonalitic-trondhjemitic gneiss and its intrusive contact relative to the mantling granodioritic gneiss, suggests that the magma has migrated out of its source and has left a residue of garnet and pyroxene at depth [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Rafts of amphibolite and paragneiss, preserved within the migmatitic gneiss, attest for a MP-HT metamorphism (sillimanite-garnet/staurolite +/-melt assemblage in paragneiss and plagioclase-rich leucosome in amphibolites) delineating a solid-state to synmigmatitic foliation resulting from progressive D1-D2 deformation. The presence of magmatic epidote, and the estimated pressure of crystallization of hornblende (4.0-6.6 kbar) point to a crystallization of gneiss-granitoids at a depth of about 12 to 20 km [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF].

Four distinct types of pegmatites are identified in the Mangodara district, based on their regional distribution (Fig. 3a), mineralogy (Fig. 3b, Fig. 4) and petrological-structural relationships with their host rocks (see [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF] for a more detailed description).

(1) Titanite-allanite pegmatites occur exclusively in tonalitic-trondhjemitic gneiss (Fig. 3).

They form veins that are mostly inferior to 2 meters in thickness and are locally folded, with diffuse contacts concordant to sharply discordant to the magmatic foliation of the gneiss (Fig. S2. The veins are interpreted to originate from syntectonic segregation of residual melt within the tonalitic-trondhjemitic gneiss.

(2) Apatite-zircon pegmatites are less common (4 dykes formally identified); they form veins of less than one meter thickness that display diffuse contacts, concordant to discordant to the foliation of the granodioritic gneiss (Fig. S3). This pegmatite type is considered as a cogenetic facies of the titanite-allanite type based on their similar mineralogy and higher LILE and REE content.

(3) Garnet-columbite pegmatites are hosted in rafts of amphibolite and paragneiss, in granodioritic gneiss, hornblende-biotite granodiorite with mica-rich enclaves, and in two-mica trondhjemite (Fig. S4). They are thick dykes of several meters in thickness (can reach 300 m in apparent width). They are considered as the segregation product from an anatectic melt that migrated out of the partially molten paragneiss.

(4) The garnet-REE pegmatites dykes have thicknesses of the order of one to several meters and are distributed around the interface between granodioritic gneiss and GG-granitoids (Fig. S5). They are interpreted as the product of melt segregation within the granodioritic gneiss during its crystallization.

The regional distribution of the Mangodara pegmatites depicts a zonation evolving from the core of the Mangodara dome to the eastern part of the district (Fig. 3). The crystallization of titanite-allanite pegmatite is dated at 2094.3 ± 8 Ma using in situ U-Pb dating in zircon by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), which corresponds to the end of the ME2 [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Apatite ages (in situ U-Pb LA-ICP-MS) of 2094 ± 21 Ma on tonalitic-trondhjemitic gneiss, 2055 ± 20 Ma on apatite-zircon type pegmatite, and 2041 ± 33 Ma on granodioritic gneiss record the regional cooling under 500 °C, which occurred after 2100 Ma [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF].

Sampling and analytical methods

Pegmatites and surrounding rocks of the Mangodara district were sampled to obtain representative thin sections of the different lithologies. Pegmatites were specifically sampled in internal parts of the dykes which exhibit fine (~0.5-2 mm) to medium-sized (2-5 mm) crystals and preferentially contain mica (see Tables Table 1). Aplitic samples (grain size < 0.5 mm) were avoided to limit modal and geochemical biases linked with late-albitization (e. [START_REF] Tischendorf | On Li-bearing micas; estimating Li from electron microprobe analyses and an improved diagram for graphical representation[END_REF][START_REF] Tischendorf | The correlation between lithium and magnesium in trioctahedral micas: Improved equations for Li2O estimation from MgO data[END_REF][START_REF] Tischendorf | Minor-and trace-element composition of trioctahedral micas: a review Tischendorf[END_REF]. Structural formulae of micas, garnet, apatite, zircon and monazite were calculated based on 11, 12, 13, 2 and 4 oxygen atoms, respectively. Mineral compositions of sampled rocks and analyzed mineral species are given in Tables Table 1).

Minor and trace elements (including Li) in micas, apatite, CGM, garnet and zircon were analyzed in situ on thin sections (30 µm thick) by laser ablation -inductively coupled plasma -mass spectrometry (LA-ICP-MS) using Geolas Pro coupled to an Agilent 7500 at GeoRessources (Nancy, France). Data were reduced using NIST-610 and NIST-612 as internal standard, and EPMA major element composition as external standard.

Results

Petrography of pegmatites

Titanite-allanite pegmatites

Titanite-allanite pegmatites are dominated by medium to coarse-grained plagioclase and quartz (crystal size from millimeter to decimeter), which commonly display graphic texture, particularly the coarser grains. These pegmatites are generally unzoned, but small dykes, discordant to the foliation of their host, show quartz-rich cores and margins with plagioclase crystals oriented perpendicular to the contacts.

Major mineral phases in titanite-allanite pegmatites are oligoclase, quartz, rare to abundant biotite, whereas muscovite and microcline are rare (Fig. 4, supplementary Fig. S6). Muscovite occurs as secondary crystals, intercalated between biotite sheets, or as radiating acicular laths in inter-grain fractures, resulting in a miarolitic -like texture (supplementary Fig. S6a).

Accessory minerals are magnetite, apatite, epidote, commonly metamict allanite, titanite, ilmenite and zircon. Apatite is found as inclusions in micas, plagioclase, quartz, and altered allanite (supplementary Fig. S6b). Zircon is frequently present as inclusions with size < 5 µm in biotite, plagioclase, apatite or titanite (Fig. 5a, supplementary Fig. S6b). SEM images of zircons reveal oscillatory zoning partially overprinted by patchy metamict zones. Titanite is subhedral and can be associated with allanite and zircon (Fig. 5). Euhedral epidote can host exsolutions of titanite in fissures and crystal rims (Fig. S6c). Ilmenite is usually rimmed by a corona of late titanite, or late symplectitic epidote (supplementary Fig. S6d).

Apatite-zircon pegmatites

Apatite-zircon pegmatites are dominantly coarse-grained (centimeter scale) with hypidiomorphic to cumulatic texture marked by subhedral plagioclase and intergranular anhedral biotite (Fig. 5b, supplementary Fig. S7a). These pegmatites are rich in plagioclase, poor in quartz and K-feldspar, with biotite as the unique primary mica and the main ferromagnesian mineral, rare epidote, and euhedral magnetite (Fig. 5b, supplementary Fig. S7b). Apatite is abundant as millimeter sized euhedral prisms (supplementary Fig. S7a) that are locally aggregated in centimeter-wide masses. Zircon grains with size up to 200 μm occur in biotite, typified under SEM by a patchy texture that overprints the primary oscillatory zoning.

Garnet-columbite pegmatites

Garnet-columbite pegmatites are characterized by a diversity of textures such as decimeterscale coarse grained texture, graphic texture of K-feldspar-quartz, medium-grained texture with muscovite, quartz and feldspars (supplementary Fig. S8a), quartz-mica intergrowths, internal or margin-controlled directional growth of quartz-feldspar crystals, and rhythmic layering in cleavelandite-rich aplitic zones (supplementary Fig. S4b). Muscovite is the dominant mica, which ranges from millimetric interstitial flakes to centimetric tabular stacks, and occasionally showing kink folds suggesting some deformation during pegmatite crystallization (supplementary Fig. S8b). Biotite and muscovite can coexist in the same pegmatite body, but biotite is rare to absent in garnet-rich sections (Fig. 4).

Garnet-columbite pegmatites have a richer variety of accessory minerals relative to the other pegmatite types (Fig. 4). Apatite is observed as millimetric euhedral grains, more common in pegmatites of the northern part of the studied zone (Mangodara and Farakorosso). Orange to reddish garnet forms clusters or strings of millimetric to centimetric euhedral grains (Fig. S8c), generally abundant in aplitic layers. This garnet frequently hosts inclusions (< 200 µm) of zircon, monazite (EPMA composition in supplementary Table S1), CGM and REEmetamict minerals (Fig. 5c). Tourmaline occurs as prisms of several mm to cm in size, arranged in glomeromorphic or interstitial texture in some pegmatites. Monazite occurs as subhedral crystals inferior to 200 µm, included in feldspar or in muscovite, frequently cracked or altered. Xenotime is rarely present in feldspar and garnet, as xenomorph crystals intergrown with zircon (supplementary Fig. S8d), or subhedral minerals altered by metamictization, with size inferior to 100 µm. Columbite-group minerals occur as elongated to acicular subhedral to euhedral accessory crystals, with size inferior to 200 µm. It forms micro-inclusions in garnet, feldspar and muscovite of pegmatites near Farakorosso and at Massadeyirikoro-West (Fig. 2, Fig. 5c, supplementary Fig. S8c, e andf). Metamict thorite (Fig. S8g), and relict of altered minerals bearing Zr, U, Th and REE (possibly cheralite, Fig. S8e, f, g and h) are found in garnet, and rarely in plagioclase, sometimes associated with zircon, xenotime or CGM (Fig. 5c, supplementary Fig. S8d andf). Scanning electron microscopy reveals that they contain traces of Zr, U, Th, Hf, Ce, Ca.

A dyke of garnet-columbite pegmatite subparallel to a dyke of apatite-zircon pegmatite shows an intrusive contact at a shallow angle. The contact between the two pegmatites is sharp at macroscale, but irregular at the microscopic scale and delineated by euhedral crystal borders depicting a continuous magmatic texture (illustrated in [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF].

Garnet-REE pegmatites

Garnet-REE pegmatites are characterized by the alternation of aplitic and medium to coarsegrained layers. Medium to coarse-grained layers (crystal size from millimeter to centimeter) are mostly unzoned, but locally display a graphic texture. They are mainly composed of feldspar, quartz (supplementary Fig. S9a andb), biotite as millimetric to centimetric layers, rare muscovite, and accessory garnet, epidote and magnetite (Fig. 4). Garnet occurs as euhedral centimetric minerals.

Tourmaline is rare and was only identified in one dyke. Ilmenite-pyrophanite (Fe-Ti-Mnbearing oxide) is found as subhedral crystals included in quartz, feldspar, and garnet (Fig. 5d, supplementary Fig. S9b andc). Some pegmatite dykes contain altered metamict accessory minerals with elongated shapes that display a euxenite-aeschynite-like composition (supplementary Fig. S9a,d, e and f, data available in supplementary Table S2). These REE-oxides are replaced by clay-hematite assemblages (supplementary Fig. S9d, e andf). Garnet-REE pegmatites do not contain apatite nor monazite. Epidote grains are common in the pegmatite veins linked with leucosomes of a granodioritic gneiss [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Garnet is rare in these leucosome-related pegmatite veins.

Rare-metal-bearing accessory minerals in pegmatite host rocks

Paragneiss and metatexitic paragneiss

Garnet from paragneiss and metatexitic paragneiss occurs as synkinematic porphyroblasts of up to 2 cm size containing numerous inclusions of lobate quartz-feldspar, retrograde biotite, and rare opaque minerals (supplementary Fig. S10). Contrarily to their inclusion-rich cores, their rims are quite homogeneous. Garnet in metatexite is homogeneous in texture, and is interpreted as a peritectic phase in equilibrium with the melt segregated into leucosome veins [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Zircon is found as small inclusions (< 40 µm) in biotite from paragneiss, mostly identified by dark aureoles of metamict alteration. In a micaschist enclave enclosed in garnet-columbite pegmatite (station BMS6, Fig. 2), larger zircon (up to 200 µm) is characterized by regular oscillatory zoning, and hosts multiple solid inclusions, which is in favor of its metamorphic origin. Zircon is also identified in metatexitic paragneiss as small inclusions (< 40 µm) hosted by biotite, garnet or ilmenite (supplementary Fig. S10a). Apatite is widespread in this micaschist enclave, as anhedral and lumpy crystals in micas, whereas it is not present in paragneiss. Monazite is found in the metatexitic paragneiss, as inclusions (< 50 µm) in micas, quartz and garnet (supplementary Fig. S10a).

Gneiss and plutonic rocks of Na-rich and K-rich Mangodara series

Allanite-epidote, apatite, zircon and magnetite are ubiquist minerals in both granodioritic gneiss, tonalitic-trondhjemitic gneiss, and the plutonic rocks attributed to the Na-rich and Krich series of Mangodara district. Allanite can be found as non-altered crystals rimmed by epidote, or altered metamict grains replaced by amorphous epidote or subhedral apatite (e.g., supplementary Fig. S10b). Subhedral to euhedral epidote is associated with biotite, plagioclase, and can exhibit concentric internal zonation in GG-granitoids. Zircon mostly occurs as small haloed inclusions in biotite (< 40 µm). Apatite forms subhedral to euhedral crystals with size up to 300 µm, intersecting biotite and amphibole, or barely included in altered allanite (supplementary Fig. S10b). Magnetite occurs as euhedral to anhedral crystals that reach up to 1 cm in size in the tonalitic-trondhjemitic gneiss. In granodioritic gneiss and plutonic rocks, it is mostly associated with mafic minerals (biotite, amphibole) as opaque inclusions (< 200 µm). Titanite is commonly seen in units of the K-rich series (granodioritic gneiss, GG-granitoids), as lozenge-shaped euhedral crystals, with size up to 1 cm in length.

Mineral geochemistry

Geochemical signatures of micas

Major element compositions (supplementary Table S3 and Table S4) and trace element compositions (supplementary Table S5 andTable S6) were collected in muscovite and biotite from paragneiss, metatexitic paragneiss, two-mica trondhjemite, pegmatites, and a micaschist enclave enclosed in garnet-columbite pegmatite (supplementary Fig. S8a). In the Tischendorf diagram [START_REF] Tischendorf | On Li-bearing micas; estimating Li from electron microprobe analyses and an improved diagram for graphical representation[END_REF][START_REF] Tischendorf | A new graphical presentation and subdivision of potassium micas[END_REF], muscovite composition corresponds to muscovite sensu stricto whereas biotite plots in the annite-phlogopite domain (Fig. 6). The lowest values of mgli parameter (Mg -Li) in this diagram indicate the enrichment in Li (and F), which is observed in muscovite from garnet-columbite pegmatite, and biotite from garnet-REE and garnet-muscovite pegmatite.

Major element composition

Muscovite composition evolves through the following substitution: Al[VI] <-> Si +Mg + Fe 2+ + Ti (Fig. 7a). Muscovite in biotite-bearing pegmatites (titanite-allanite pegmatites and some garnet-columbite pegmatites) are richer in Fe+Mg than muscovite-only-bearing samples (higher mgli parameter in Fig. 6, Fe + Mg > 0.3 apfu in Fig. 7a andc). Muscovite from the micaschist enclave is particularly enriched in F (Fig. 7e).

Correlations of major elements suggest that biotite follows the substitution Si + Al[VI] + Mg <-> Al[IV] + Fe + Li (Fig. 7b) with negligible Li contribution. Manganese in biotite follows a general Rayleigh differentiation trend relative to Fe (Fig. 7g), which is continuous between titanite-allanite and apatite-zircon pegmatites, and also between garnet-columbite pegmatites and the two-mica trondhjemite.

Titanite-allanite and apatite-zircon pegmatites host the most Mg-rich biotite among pegmatites (0.43 < Mg# < 0.54, Fig. 7d, Tables Table 1). Biotite is richer in F in apatite-zircon pegmatites (< 0.3 wt%) than in titanite-allanite pegmatites (F < 0.2 wt%, Fig. 7f). Iron-magnesium-poor biotite outliers from apatite-zircon pegmatites originate from the dyke crosscut by a garnet-columbite pegmatite (Fig. 7d).

Biotite of garnet-columbite pegmatites overlaps that of the two-mica trondhjemite, with intermediary Mg content (0.38 < Mg# < 0.43), but higher Ti, Mn and Fe content than in other pegmatites (Fig. 6, Fig. 7d andg). Fe-rich biotite outliers of garnet-columbite pegmatites (sample BMS139B, Fig. 2) correspond to a dyke containing coexisting biotite and garnet (Fig. 7b, d andg). Biotite from the micaschist enclave differs from biotite of paragneiss, granitoids and pegmatites by its low Fe+Mg (Fig. 7d) and its remarkably high F content (0.26-0.79 wt%, see Fig. 7f). Biotite of garnet-REE pegmatites has low Mg# (around 0.31), F content below detection limits, and plots out of the Fe/Mn Rayleigh trend drawn by biotite from other pegmatites (Fig. 7g).

Trace element composition

Muscovite of garnet-columbite pegmatites follows a Rayleigh-type K/Rb fractionation trend, with high K/Rb ratios (84-41) and high Rb contents (1034-2203 ppm) relative to some LCT and NYF pegmatites occurrences (see Fig. 8a). Its Li content (65-580 ppm) is uncorrelated with the K/Rb ratio (Fig. 8c). Niobium and Ta are the richest in muscovite of garnetcolumbite pegmatites (97-438 ppm Nb, Nb/Ta > 5). Nb/Ta ratios do not show a particular Rayleigh fractionation trend, and rather seem to be controlled by CGM crystallization, as spots corresponding to constant Nb/Ta ratios belong to muscovite that is spatially close to CGM (found in the same thin section), or contains inclusions of garnet and CGM (example in supplementary Fig. S8c ande).

Muscovite from paragneiss is depleted in Nb and Ta, with high Nb/Ta ratio (19-26).

However, muscovite from the micaschist enclave is particularly rich in Li (860-996 ppm), Nb (138-173 ppm) and Ta (20-44 ppm).

Biotite of tonalitic-trondhjemitic gneiss and related pegmatites follows a K/Rb Rayleigh-type trend characterized by high K/Rb ratios (81-600) and high Rb (<858 ppm), which is topped by titanite-allanite pegmatites and bottomed by apatite-zircon pegmatites (Fig. 8b). Biotite from titanite-allanite pegmatites is rich in Li (485-1281 ppm) but poor in Nb (< 32 ppm) and strongly depleted in Ta (< 2.7 ppm). Biotite in apatite-zircon pegmatites is poorer in Li (~360 ppm) than in titanite-allanite pegmatites and tonalitic-trondhjemitic gneiss (~450 ppm, Fig. 8d). It has average content in Ta (2.4-14.4 ppm) and Nb (30.4-75.7 ppm), whereas its Nb/Ta ratio vs Ta follows an apparent Rayleigh-type fractionation trend.

Biotite of paragneiss and metatexitic paragneiss has a low Nb content (~20 ppm) and a high Nb/Ta ratio. On the contrary, biotite of the micaschist enclave is extremely enriched in Li (1313-2274 ppm), Rb (1530-2544 ppm), with a very low K/Rb ratio. It is also enriched in Nb and Ta (123-142 ppm Nb, 50-61 ppm Ta).

Geochemical signatures of apatite

Apatite from granodioritic gneiss, tonalitic-trondhjemitic gneiss, two-mica trondhjemite, titanite-allanite pegmatites, apatite-zircon pegmatites and garnet-columbite pegmatites consists of fluorapatite, with an F content ranging from 2.1 to 3.7 wt% (Fig. 9a, supplementary Table S7). In apatite-zircon pegmatites, in the micaschist enclave and in the two-mica trondhjemite, the MnO content of apatite is below 0.72 wt%. The highest Mn contents (MnO~2.5 wt%) are reached in F-rich apatite from a garnet-columbite pegmatite.

Distinctions between apatite from different host rocks can be established based on trace element composition (supplementary Table S8). Titanite-allanite and apatite-zircon apatite have identical REE enrichment trends (Fig. 9b). They are depleted in light rare earth elements (LREE) over a large magnitude, whereas medium rare earth elements (MREE) and heavy rare earth elements (HREE) follow a slight negative slope. Europium anomaly is very pronounced (0.18 < Eu/Eu* < 0.05, Fig. 9b).

Chondrite-normalized REE patterns [START_REF] Mcdonough | The composition of the Earth[END_REF] of apatite in garnetcolumbite pegmatites is characterized by a general negative slope from LREE to HREE, a relative peak in MREE (from Sm to Tb), and a weak Eu anomaly (Eu/Eu*, 0.57-0.96), (Fig. 9c). The HREE, Sr and Y are strongly depleted and Mn and Pb are higher relative to the other pegmatites. Apatite from the micaschist enclosed in garnet-columbite pegmatite has a negative shallow dipping REE pattern with a weak Eu anomaly, but higher REE content than apatite from garnet-columbite pegmatites (Fig. 9c). It is also depleted in Ti compared to pegmatitic apatite. Apatite from two-mica trondhjemite is depleted in REE and other trace elements as Mn, Pb, Sr and Y, with a pronounced negative Eu anomaly (Eu/Eu*, 0.25-0.31).

Geochemical signatures of CGM

Nb-Ta-oxides are exclusively observed in garnet-columbite pegmatites, in the central and in the south-western parts of the district (Fig. 3b). Their composition plots mainly in the ferrocolumbite domain, but very close to the mid-limit of the Mn/(Mn +Fe) ratio (Mn#) of 0.5 (Fig. 10a). The highest Ta concentrations are found in a pegmatite situated in the central part of the district, (sample BMN13, Fig. 2), with a Ta# =Ta/(Ta + Nb) ratio up to 0.6, whereas in other samples, Ta# is inferior to 0.2 (supplementary Table S9).

Columbite-group minerals in SEM imagery generally reveal homogeneous cores surrounded by sharp or corroding overgrowths, with oscillatory and patchy textures related to variations in Ta# and Mn# (supplementary Fig. S11). The cores represent the primary magmatic stage of crystallization, and have a higher Fe content relative to Mn. Overgrowths are characterized by higher Nb contents (Ta# < 0.28), a slight Ta decrease, and a sharp Mn# increase. These fractionation paths reflect complex chemical fractionation or late-stage processes that leads to reverse and oscillatory zoning in most pegmatitic CGM (Fosso [START_REF] Tchunte | Evidence for Nb-Ta Occurrences in the Syn-Tectonic Pan-African Mayo Salah Leucogranite (Northern Cameroon): Constraints from Nb-Ta Oxide Mineralogy, Geochemistry and U-Pb LA-ICP-MS Geochronology on Columbite and Monazite[END_REF][START_REF] Fuchsloch | The geochemical evolution of Nb-Ta-Sn oxides from pegmatites of the Cape Cross-Uis pegmatite belt, Namibia[END_REF][START_REF] Neiva | Two generations of zoned crystals of columbitegroup minerals from granitic aplite-pegmatite in the Gouveia area, central Portugal[END_REF][START_REF] Van Lichtervelde | Textural Features and Chemical Evolution in Tantalum Oxides: Magmatic Versus Hydrothermal Origins for Ta Mineralization in the Tanco Lower Pegmatite, Manitoba, Canada[END_REF][START_REF] London | Ore-forming processes within granitic pegmatites[END_REF].

The total REE content in CGM ranges from 160 ppm to 2079 ppm (supplementary Table S10). Chondrite-normalized patterns [START_REF] Mcdonough | The composition of the Earth[END_REF] are characterized by a relative enrichment in HREE compared to LREE (Fig. 10b). Lanthanum, Ce, Pr and Nd cover a large range (two orders of magnitude) of compositions, inferior to 1 ppm up to 311 ppm, whereas the HREE range from 10 ppm to 208 ppm. The REE patterns have very strong negative Eu anomalies. Compared with the global columbite group minerals (CGM) average of [START_REF] Melcher | Tantalum-(niobium-tin) mineralisation in African pegmatites and rare metal granites: constraints from Ta-Nb oxide mineralogy, geochemistry and U-Pb geochronology[END_REF], our columbite-tantalite are strongly enriched in Mg, Sc, Y, Yb and Th, and depleted in Sn (Fig. 10c).

Geochemical signatures of garnet

Garnet from paragneiss and metatexitic paragneiss has a composition of metamorphic garnet from metapelitic rocks [START_REF] Aubrecht | Provenance of the detrital garnets and spinels from the Albian sediments of the Czorsztyn Unit (Pieniny Klippen Belt, Western Carpathians, Slovakia)[END_REF][START_REF] Krippner | Evaluation of garnet discrimination diagrams using geochemical data of garnets derived from various host rocks[END_REF][START_REF] Mange | Chapter 13 Geochemistry of Heavy Minerals[END_REF][START_REF] Suggate | Using detrital garnet compositions to determine provenance: a new compositional database and procedure[END_REF], with almandine (Alm) component between 74% and 80%, pyrope (Pyr) component between 9% and 20%, grossular (Grs) component inferior to 7%, and spessartine (Sps) component between 2.9% and 9.0% (supplementary Table S11). This garnet is depleted in LREE, Rb, U, Th, Nb and U, and shows a slight negative Eu anomaly (Fig. 11b, supplementary Table S12). Its budget in HREE is inferior to the average REE content of pegmatitic garnet (Fig. 11b).

Garnet from garnet-columbite pegmatites is dominated by Sps (43-73%) whereas Alm component ranges between 22% and 49%. Pyrope and Grs components remain low (Pyr < 5.8%, Grs < 4.3%). Internal Fe/Mn zoning is noticed, with a decrease of Mn compared to Fe from core to rim, which is referred to as "normal zoning" [START_REF] Dahlquist | Magmatic evolution of the Peñón Rosado granite: Petrogenesis of garnetbearing granitoids[END_REF][START_REF] Leake | Zoned garnets from the Galway granite and its aplites[END_REF][START_REF] Manning | Chemical variation in garnets from aplites and pegmatites, peninsular Thailand[END_REF][START_REF] Miller | The role of manganese in the paragenesis of magmatic garnet: an example from the Old Woman-Piute Range, California[END_REF]. This garnet is depleted in LREE, and contains high contents in MREE and HREE, but HREE are depleted relative to MREE (Dy to Lu). It is relatively rich in U (< 21 ppm), Nb (< 237 ppm), Ta (<124 ppm), Zr (< 118 ppm) and Hf (< 20 ppm) and has a strong negative anomaly in Eu (Eu/Eu* < 0.9 for garnet-columbite pegmatite garnet). Garnet in sample BMS139B (Fig. 2) shows a different feature as it is more Mn-depleted and Fe-rich (51%< Alm < 53%, 35%< Sps < 38%). It has a Grs component around 4% and a slightly higher Mg content (7% < Pyr < 8%). Also, it shows a flat pattern for MREE and HREE, which distinguishes it from common garnet-columbite pegmatite trends.

Garnet from garnet-REE pegmatites mainly differs from that of garnet-columbite pegmatites by its higher Ca content (2.9 wt% < CaO < 3.7 wt% in garnet-REE pegmatites, while CaO < 1.48 wt% in garnet-columbite pegmatites, see Fig. 11a and supplementary Table S11).

Grossular component ranges between 8% and 11%. Its REE content is depicted by strong depletion in LREE, a positive pattern toward HREE, and a strong Eu anomaly (0.05 < Eu/Eu* < 0.1). Yttrium, Ti and Li are higher in garnet-REE pegmatites (2903-17240 ppm, up to 3930 ppm and 113-518 ppm, respectively) than in garnet-columbite pegmatites (18-9910 ppm Y, Ti <= 1380 ppm, 49-292 ppm Li, supplementary Table S12).

Overall, Nb, Ta, U, Zr and Hf concentrations in garnet are higher in garnet-columbite pegmatites whereas Li, Y, Ti, Rb and REE contents are higher in garnet from garnet-REE pegmatites (Fig. 11d).

Geochemical signatures of zircon

Chondrite-normalized REE patterns of zircon from titanite-allanite and apatite-zircon pegmatites, as well as micaschist enclave in garnet-columbite pegmatite, have a positive slope, which is shallow for LREE, and steep for HREE, with a slight negative Eu anomaly and a slight positive Ce anomaly (Fig. 12). Other trace elements in zircon attain 1.9 wt.% Hf, 62 ppm Nb, 7450 ppm U, and 2980 ppm Y (supplementary Table S13). Interestingly, the highest Nb, Ta, Th and Be contents are observed in zircon from a micaschist enclave (Fig. 12 and supplementary Table S13). Titanium (992-2220 ppm) is exceptionally elevated compared to available data on magmatic zircon [START_REF] Fu | Ti-in-zircon thermometry: applications and limitations[END_REF]. Such high Ti content in zircon has been attributed to contamination along cracks [START_REF] Harrison | High sensitivity mapping of Ti distributions in Hadean zircons[END_REF]. Some zircon analyses in a titanite-allanite sample (BMN28, Fig. 2) show low LREE and Th contents (Fig. 12), accompanied by low contents in Al, Fe, Ba, Sr, Y, and Bi. These spots are located in non-metamict zones in the core or internal part of zircons, with homogeneous to oscillatory texture according to contrast of SEM imaging.

Zircon from apatite-zircon pegmatites has higher content in HREE, Y, U and Th than that of titanite-allanite pegmatites (Fig. 12, supplementary Table S13 andTable S14). Zircon metamictization in apatite-zircon pegmatites induced loss of major elements like Zr and Si, and an increase in Ca.

Discussion

Classification of the Mangodara pegmatites

Titanite-allanite and apatite-zircon pegmatites

Titanite-allanite and apatite-zircon pegmatites are very similar in mineralogy, except that in the latter type, ilmenite and titanite are absent, and apatite is more abundant (Fig. 4). The profusion of minerals rich in Fe-Mg-Ti-Ca (biotite, magnetite, ilmenite, oligoclase, titanite) indicates a metaluminous composition of the pegmatite, and a low differentiation degree [START_REF] Broska | Coexisting monazite and allanite in peraluminous granitoids of the Tribeč Mountains, Western Carpathians[END_REF][START_REF] Gieré | Allanite and Other REE-Rich Epidote-Group Minerals[END_REF][START_REF] Neiva | Geochemistry of coexisting biotite and muscovite of Portuguese peraluminous granitic differentiation series[END_REF][START_REF] Villaros | Mica-liquid trace elements partitioning and the granitepegmatite connection: The St-Sylvestre complex (Western French Massif Central)[END_REF]. Allanite, an accessory phase in titanite-allanite pegmatites, is typically found in NYF pegmatites related to metaluminous granites, defined as an allanite-subtype (enrichment in LREE, Nb over Ta, Ti and Zr, Wise 1999). Apatite, which is common in LCT pegmatites but is also reported as a primary phosphate in NYF pegmatites [START_REF] Nizamoff | Phosphate mineralogy of NYF-, LCTand mixed-type granitic pegmatites[END_REF], constitutes a LREE-host in addition to allanite in titanite-allanite, and the main REE host in apatitezircon pegmatites.

Titanite-allanite and apatite-zircon pegmatites lack the characteristic complex mineralogy of mineralized pegmatites, and do not exhibit mineralization in Li, Nb or Ta (Tables Table 1). Accordingly, they are classified as poorly enriched metaluminous pegmatites, with apatite-zircon pegmatite as the most differentiated member of the group.

Garnet-columbite pegmatites

Garnet-columbite pegmatites exhibit a typical mineralogy for peraluminous LCT pegmatites (muscovite > biotite, garnet, tourmaline, apatite, see Fig. 4), but both LCT and NYF signatures are revealed by the geochemistry of their minerals (Nb > Ta in micas, CGM and garnet, REE-rich accessory minerals …), (Tables Table 1). The high Nb contents in muscovite (up to 438 ppm Nb), are typical of white micas from LCT pegmatites (up to 490 ppm, [START_REF] Alfonso | Geochemistry of feldspars and muscovite in granitic pegmatite from the Cap de Creus field, Catalonia, Spain[END_REF][START_REF] Viana | Geochemistry of muscovite from pegmatites of the Eastern Brazilian pegmatite province: a clue to petrogenesis and mineralization potential[END_REF]). Remarkably high Nb contents are recorded in garnet. Although experiments show that Nb is incompatible in garnet [START_REF] Fulmer | High-precision high field strength element partitioning between garnet, amphibole and alkaline melt from Kakanui, New Zealand[END_REF], and references therein), Nb-rich garnet has also been reported in CGM-bearing LCT pegmatites (e.g., [START_REF] Samadi | Origin of garnet in aplite and pegmatite from Khajeh Morad in northeastern Iran: A major, trace element, and oxygen isotope approach[END_REF]. Columbite-group minerals has intermediate Mn# and Ta# compositions (Fig. 10) that are typical of the beryl-columbite pegmatite subtype [START_REF] Černý | Characteristics of Pegmatite Deposits of Tantalum[END_REF][START_REF] Novák | Extreme variation and apparent reversal of Nb-Ta fractionation in columbite-group minerals from the Scheibengraben beryl-columbite granitic pegmatite, Maršíkov, Czech Republic[END_REF][START_REF] Uher | Beryl composition and evolution trends: an example from granitic pegmatites of the beryl-columbite subtype, Western Carpathians, Slovakia[END_REF], or NYF pegmatites [START_REF] Melcher | Mineralogical and chemical evolution of tantalum-(niobium-tin) mineralisation in pegmatites and granites. Part 2: Worldwide examples (excluding Africa) and an overview of global metallogenetic patterns[END_REF]). Although beryl is missing in garnet-columbite type pegmatites, Be is contained in micas up to 10 ppm (supplementary Table S5 andTable S6). Table 1). Columbite composition compared with average global CGM [START_REF] Melcher | Tantalum-(niobium-tin) mineralisation in African pegmatites and rare metal granites: constraints from Ta-Nb oxide mineralogy, geochemistry and U-Pb geochronology[END_REF]) is enriched in Y, HREE, Th and Sc, and depleted in Sn (Fig. 10c), which is typical for CGM from NYF and mixed LCT+NYF pegmatites. Its high REE content and its medium to low U/Th ratio also match the CGM composition of NYF and mixed LCT+NYF families [START_REF] Melcher | Mineralogical and chemical evolution of tantalum-(niobium-tin) mineralisation in pegmatites and granites. Part 2: Worldwide examples (excluding Africa) and an overview of global metallogenetic patterns[END_REF]. Only the depletion in W is incoherent with general tendencies observed in the NYF type [START_REF] Melcher | Mineralogical and chemical evolution of tantalum-(niobium-tin) mineralisation in pegmatites and granites. Part 2: Worldwide examples (excluding Africa) and an overview of global metallogenetic patterns[END_REF]. Table 1) allow classifying them in the mixed LCT+NYF family. Table 1) are mostly described from NYF pegmatites [START_REF] Černý | Extreme fractionation in rare-element granitic pegmatites; selected examples of data and mechanisms[END_REF][START_REF] Müller | Petrogenetic implications of magmatic garnet in granitic pegmatites from southern Norway[END_REF][START_REF] Müller | Alkali-F-Rich Albite Zones in Evolved NYF Pegmatites: The Product of Melt-melt Immiscibility[END_REF][START_REF] Novák | Compositional trends in tourmaline from intragranitic NYF pegmatites of the Třebíč Pluton, Czech Republic: an electron microprobe, Mössbauer and LA-ICP-MS study[END_REF][START_REF] Novák | Contrasting origins of the mixed (NYF+ LCT) signature in granitic pegmatites, with examples from the Moldanubian Zone, Czech Republic[END_REF][START_REF] Pieczka | Fe, Mn)-(Ti, Sn)-(Nb, Ta) oxide assemblage in a little fractionated portion of a mixed (NYF+ LCT) pegmatite from Pilawa Gorna, the Sowie Mts. block, SW Poland[END_REF]). Hence, garnet-REE pegmatites can be classified as NYF pegmatites, more specifically, those of the euxenite subtype [START_REF] Wise | Characterization and classification of NYF-type pegmatites[END_REF].

The occurrence of REE-bearing minerals such as monazite, xenotime, and relicts of metamict minerals rich in U, Th and Y (thorite/cheralite) is evidence of a moderate enrichment in REE of this pegmatite type (Tables

Although garnet-columbite pegmatites do not host Ta, Cs or Sn mineralization typical of LCT pegmatites, geochemical features like Nb>Ta and REE-U-Th enrichment trend in accessory minerals (Tables

Garnet-REE pegmatites

Origin of the geochemical diversity of Mangodara pegmatites

Petrogenesis of metaluminous pegmatites by melt segregation within the tonalitic gneiss

Titanite-allanite and apatite-zircon pegmatites were proposed to derive from a residual melt segregated during syntectonic crystallization of the tonalitic-trondhjemitic gneiss, based on field relationships. Indeed, titanite-allanite type pegmatites occur as a network of veins concordant to discordant relative to the foliation of the tonalitic-trondhjemitic gneiss and in continuity with quartz-feldspar veins with a magmatic texture interpreted as syntectonic segregated melts [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. The apatite-zircon type of pegmatites is characterized by a very similar mineralogy to that of the titanite-allanite type, and was interpreted as an equivalent that crystallized out of the tonalitic-trondhjemitic gneiss. [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]). The mineral chemistry results presented in this work, particularly the overlapping biotite compositions (Fig. 6, Fig. 7), the continuity in the K/Rb fractionation trend of biotite (Fig. 8b) and the unique REE profiles of apatite (Fig. 9b) from tonalitic-trondhjemitic gneiss, titaniteallanite and apatite-zircon pegmatites corroborate this hypothesis [START_REF] Hulsbosch | Alkali metal and rare earth element evolution of rock-forming minerals from the Gatumba area pegmatites (Rwanda): Quantitative assessment of crystal-melt fractionation in the regional zonation of pegmatite groups[END_REF][START_REF] Villaros | Mica-liquid trace elements partitioning and the granitepegmatite connection: The St-Sylvestre complex (Western French Massif Central)[END_REF].

In titanite-allanite pegmatites, allanite crystallization precedes the stabilization of other LREE-bearing phases such as titanite and apatite. Titanite or epidote coronae around ilmenite nuclei and crystallization of apatite on allanite crystal borders could reflect late reactions induced by a late P-and Ca-rich pegmatitic melt or fluid, which remobilized Fe [START_REF] Angiboust | Ilmenite breakdown and rutile-titanite stability in metagranitoids: Natural observations and experimental results[END_REF][START_REF] Broska | Formation of magmatic titanite and titaniteilmenite phase relations during granite alteration in the Tribeč Mountains, Western Carpathians, Slovakia[END_REF]) and Ti, leading to the reaction: ilmenite (Fe, Ti) + Allanite (Fe, REE) + Ca + P → Titanite (Ti, Ca) + Epidote (Fe, Ca) + apatite (Ca, REE).

Zircon from titanite-allanite pegmatites is characterized by LREE-depleted cores that could be attributed to metamict alteration, as suggested by the increase in Ca, Al, Fe, Ba and LREE of the rims compared to the nuclei [START_REF] Geisler | Experimental hydrothermal alteration of partially metamict zircon[END_REF][START_REF] Hoskin | The Composition of Zircon and Igneous and Metamorphic Petrogenesis[END_REF], or alternatively by concurrent segregation of LREE in allanite. The metaluminous pegmatiteforming melt firstly evolved through primary segregation of REE in allanite and zircon, and then evolved toward phosphorus saturation materialized by late crystallization of apatite.

From titanite-allanite to apatite-zircon pegmatites, the increase in F, Mn and Rb in biotite as well as the continuous K/Rb, Nb/Ta and Fe/Mn fractionation trends in micas (Fig. 6, Fig. 7g, and Fig. 8b andf) can be explained by fractional crystallization. However, the decreasing Li trend from titanite-allanite to apatite-zircon biotite suggests the exsolution of a Li (+ minor F)-rich aqueous fluid early during apatite-zircon pegmatite crystallization. Apatite tends to be richer in F and Mn in apatite-zircon pegmatites compared to titanite-allanite pegmatites (Fig. 9a). This behavior could reflect magmatic differentiation coupled to a lower content of mafic minerals in apatite-zircon pegmatite [START_REF] Belousova | Trace-element signatures of apatites in granitoids from the Mt Isa Inlier, northwestern Queensland[END_REF], and/or increasing aluminosity in the residual melt during fractional crystallization [START_REF] Chu | Apatite Composition: Tracing Petrogenetic Processes in Transhimalayan Granitoids[END_REF][START_REF] Miles | Apatite: A new redox proxy for silicic magmas?[END_REF].

Petrogenesis of mixed NYF-LCT garnet-columbite pegmatites

Partial melting of metasediments

Garnet-columbite pegmatites have been proposed as the product of partial melting of metasediments, based on field relationships. Indeed, garnet-columbite type pegmatite dykes are in textural continuity with leucosome veins of metatexitic paragneiss [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF].

Their peraluminous composition is typical of S-type granites and supports a metasedimentary source [START_REF] Chappell | Two contrasting granite types: 25 years later[END_REF][START_REF] Clemens | S-type granitic magmas-petrogenetic issues, models and evidence[END_REF]. Biotite and muscovite from paragneiss and metatexitic paragneiss, despite their minor content in Nb and trace contents in Li and Ta, could be the sources of Nb, Li, fluxing elements such as F and H2O, and LILE such as Rb [START_REF] Neves | Trace element content and partitioning between biotite and muscovite of granitic rocks: a study in the Viseu region (Central Portugal)[END_REF][START_REF] Stepanov | The key role of mica during igneous concentration of tantalum[END_REF][START_REF] Stepanov | Fractionation of Nb and Ta by biotite and phengite: Implications for the "missing Nb paradox[END_REF]. Apatite and monazite (reservoirs for REE, U and Th) are found in paragneiss, and more abundantly in the micaschist enclave enclosed in garnet-columbite pegmatite and in the metatexitic paragneiss (supplementary Fig. S10). These phosphates are likely to be consumed by partial melting reactions in the presence of Al-rich silicate melt, during heating and/or retrograde metamorphic paths [START_REF] Bea | The geochemistry of phosphorus in granite rocks and the effect of aluminium[END_REF][START_REF] Harrison | The behavior of apatite during crustal anatexis: Equilibrium and kinetic considerations[END_REF][START_REF] Pichavant | Apatite solubility in peraluminous liquids: Experimental data and an extension of the Harrison-Watson model[END_REF][START_REF] Rapp | Monazite solubility and dissolution kinetics: implications for the thorium and light rare earth chemistry of felsic magmas[END_REF][START_REF] Watson | Apatite and phosphorus in mantle source regions: an experimental study of apatite/melt equilibria at pressures to 25 kbar[END_REF][START_REF] Watson | Phosphorus and the rare earth elements in felsic magmas: an assessment of the role of apatite[END_REF][START_REF] Wolf | Incongruent dissolution of REE-and Sr-rich apatite in peraluminous granitic liquids: Differential apatite, monazite, and xenotime solubilities during anatexis[END_REF][START_REF] Yakymchuk | Behaviour of apatite during partial melting of metapelites and consequences for prograde suprasolidus monazite growth[END_REF]). Garnet of paragneiss and metatexitic paragneiss, which has high contents in HREE and Y but is depleted in LREE (Fig. 9c), would act, together with ilmenite, as a HREE sink during prograde metamorphism of paragneiss, but can supply the anatectic melt with HREE and Y during the retrograde path.

A possible alternative granitic source for the peraluminous garnet-columbite pegmatites is the two-mica trondhjemite. The two-mica trondhjemite is interpreted as the product of melt accumulation in the upper part of the tonalitic-trondhjemitic gneiss, formed by fractionation of plagioclase, biotite and amphibole within the crystallizing gneiss that enhanced its aluminosity [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Its mineral geochemistry reveals high Li and Nb [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF], moderate K/Rb in micas (Fig. 8b andc), and F-rich apatite. However, one would expect a gradational evolution in texture of the two-mica trondhjemite into a pegmatitic texture, as documented for the apical parts of some granitic intrusions (Černý 1991a, c; Černý et al. 2005), and this was not observed in the field at Mangodara. Also in this case, micas from garnet-columbite pegmatites should be richer in Li, and at least follow a geochemical continuity such as the K/Rb or Nb/Ta Rayleigh trend [START_REF] Černý | Extreme fractionation in rare-element granitic pegmatites; selected examples of data and mechanisms[END_REF][START_REF] Černý | Paragenesis, crystallochemical characteristics, and geochemical evolution of the micas in granite pegmatites[END_REF][START_REF] Foord | Mineralogical and geochemical evolution of micas from miarolitic pegmatites of the anorogenic Pikes Peak batholith[END_REF][START_REF] Martins | Geochemistry and evolution of micas in the Barroso-Alvão pegmatite field, Northern Portugal[END_REF][START_REF] Pesquera | Mineralogy and geochemistry of micas from the Pinilla de Fermoselle pegmatite (Zamora, Spain)[END_REF][START_REF] Stepanov | The key role of mica during igneous concentration of tantalum[END_REF][START_REF] Stepanov | Fractionation of Nb and Ta by biotite and phengite: Implications for the "missing Nb paradox[END_REF], or a compositional evolution path in major elements [START_REF] Tischendorf | A new graphical presentation and subdivision of potassium micas[END_REF]) with the micas from the two-mica trondhjemite. Likely, garnetcolumbite pegmatite essentially derives from partial melting of the paragneiss, preferably during the retrograde decompression path associated with exhumation, implying breakdown of micas and entrainment of phosphates and garnet in the melt.

Mixing of peraluminous and metaluminous melt

Interaction between apatite-zircon and garnet-columbite pegmatites is suggested by the observation of a garnet-columbite pegmatite cross-cutting at a shallow angle an apatite-zircon pegmatite, showing continuous magmatic texture at the microscale (station BMS99A, Fig. 2, see [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. At the contact with garnet-columbite pegmatite, apatite-zircon pegmatite displays biotite with higher Mn, F, and lower Fe + Mg contents than the average biotite in any apatite-zircon pegmatite (Fig. 7d, f, andg), which might represent an overprint by the garnet-columbite pegmatite-forming melt. Likewise, apatite crystals of a garnetcolumbite pegmatite (sample BMN13, Fig. 2) reveal a typical signature of apatite from apatite-zircon pegmatite (Fig. 9b). These crystals would represent an early magmatic phase inherited from an apatite-zircon pegmatite and assimilated into the peraluminous LCTaffiliated melt, but which conserved its REE geochemical signature. Given the continuous textural relation between the two pegmatite types, their interaction might have occurred before the end of crystallization of the apatite-zircon pegmatite, implying mingling of residual metaluminous pegmatite-forming melt with LCT pegmatite-forming melt. Then, crystallization of the garnet-columbite occurred almost synchronously, or shortly after the apatite-zircon pegmatite crystallization.

In this situation, the incompatible elements (i.e., Nb and REE) accumulated in the residual metaluminous pegmatite-forming melt might have been incorporated in the LCT pegmatiteforming melt during magma mixing. Alternatively, dissolution of biotite and apatite from apatite-zircon pegmatite could have liberated Nb and REE (together with P) into the LCT pegmatite-forming melt. In any case, CGM, which has a higher solubility in NYF-type (i.e., peralkaline) melts than in peraluminous melts [START_REF] Vyu | Solubility of columbite, (Mn, Fe)(Nb, Ta)2O6, in granitoid and alkaline melts at 650-850°C and 30-400 MPa: An experimental investigation[END_REF][START_REF] Vyu | Partitioning of Nb, Ta, Ti, Ce, and La between Granitoid Magmatic Melts and Minerals[END_REF][START_REF] Linnen | Columbite solubility in granitic melts: consequences for the enrichment and fractionation of Nb and Ta in the Earth's crust[END_REF], attained its saturation in the peraluminous LCT-type melt, hence provoking the crystallization of low-Ta# and REE-rich columbite.

Magmatic fractionation of rare-metals

The occurrence of tourmaline and the high Li and Rb contents in micas are evidence for concentration of volatile elements in the pegmatite-forming melt (e.g., [START_REF] Černý | Extreme fractionation in rare-element granitic pegmatites; selected examples of data and mechanisms[END_REF][START_REF] Hulsbosch | Alkali metal and rare earth element evolution of rock-forming minerals from the Gatumba area pegmatites (Rwanda): Quantitative assessment of crystal-melt fractionation in the regional zonation of pegmatite groups[END_REF][START_REF] Jolliff | Fractionation trends in mica and tourmaline as indicators of pegmatite internal evolution: Bob Ingersoll pegmatite, Black Hills, South Dakota[END_REF][START_REF] Jolliff | Petrogenetic relationships between pegmatite and granite based on geochemistry of muscovite in pegmatite wall zones, Black Hills, South Dakota, USA[END_REF]London 2011;[START_REF] Viana | Geochemistry of muscovite from pegmatites of the Eastern Brazilian pegmatite province: a clue to petrogenesis and mineralization potential[END_REF] The presence of CGM as inclusions in major minerals (quartz, feldspar, muscovite) shows that saturation in Nb-Ta minerals was reached in the early stage of crystallization. The absence of Rayleigh type fractionation between Nb and Ta in muscovite suggests that the Nb-Ta content was buffered by CGM crystallization, which is in agreement with the spatial association between CGM and muscovite (Fig. 8e). Nb-rich rims of CGM crystals reflect the late Nb enrichment in the pegmatite-forming melt. This enrichment could characterize the transition of the melt to critical fluxing-element-rich fluids [START_REF] Kaeter | The magmatic-hydrothermal transition in rare-element pegmatites from southeast Ireland: LA-ICP-MS chemical mapping of muscovite and columbite-tantalite[END_REF][START_REF] Van Lichtervelde | Textural Features and Chemical Evolution in Tantalum Oxides: Magmatic Versus Hydrothermal Origins for Ta Mineralization in the Tanco Lower Pegmatite, Manitoba, Canada[END_REF][START_REF] Zaraisky | Experimental studies of Ta2O5 and columbite-tantalite solubility in fluoride solutions from 300 to 550°C and 50 to 100 MPa[END_REF][START_REF] Zhang | Chemical evolution of Nb-Ta oxides and zircon from the Koktokay No. 3 granitic pegmatite, Altai, northwestern China[END_REF]) or the mixing with another rare-metal rich melt such as the residual metaluminous melt at the origin of the apatite-zircon pegmatites.

The crystallization of garnet-columbite pegmatites obeys the trend of sequential rare-metal saturation, i.e., Zr (zircon), REE-U-Th (xenotime, monazite, apatite, thorite) and Nb-Ta (CGM). This sequence stands apart from the regular differentiation trend of peraluminous melts, in which REE and Zr are rather segregated in cumulated crystals (zircon, phosphates, micas), leaving a residual melt with decreasing REE, Zr, and increasing Ta and Sn [START_REF] Ballouard | Nb-Ta fractionation in peraluminous granites: A marker of the magmatic-hydrothermal transition[END_REF][START_REF] Ballouard | The magmatic and magmatic-hydrothermal evolution of felsic igneous rocks as seen through Nb-Ta geochemical fractionation, with implications for the origins of raremetal mineralizations[END_REF][START_REF] Linnen | Columbite solubility in granitic melts: consequences for the enrichment and fractionation of Nb and Ta in the Earth's crust[END_REF]. Instead, the primary enrichment in REE, U, Th and Zr might reflect the primitive composition of the anatectic pegmatite-forming melt, which crystallized close to its partially molten source without facing significant magmatic fractionation [START_REF] Fuchsloch | Classification, mineralogical and geochemical variations in pegmatites of the Cape Cross-Uis pegmatite belt, Namibia[END_REF]. In other words, the primary trace element geochemistry of garnet-columbite pegmatite is closer to the geochemistry of an undifferentiated melt than to a residual melt from magmatic fractionation. Other authors highlight multiple processes such as contamination by host rocks (e.g. with Fe, Mg, Ti, Sn, Ca…), or melt mixing [START_REF] Galliski | The Ta-Nb-Sn-Ti oxide-mineral paragenesis from La Viquita, a spodumene-bearing rare-element granitic pegmatite, San Luis, Argentina[END_REF][START_REF] Novák | Contrasting origins of the mixed (NYF+ LCT) signature in granitic pegmatites, with examples from the Moldanubian Zone, Czech Republic[END_REF][START_REF] Pieczka | Fe, Mn)-(Ti, Sn)-(Nb, Ta) oxide assemblage in a little fractionated portion of a mixed (NYF+ LCT) pegmatite from Pilawa Gorna, the Sowie Mts. block, SW Poland[END_REF]. Melt mixing might indeed affect the traceelement geochemistry of the pegmatite-forming melt, but more investigation is needed to test contamination of pegmatite-forming melt by host rocks.

The case of F-Li rich micas in micaschist enclosed in garnet-columbite pegmatite

A micaschist enclave in a garnet-columbite pegmatite (station BMS99A) contains micas that are more enriched in F, Li, Rb, Nb and Ta, than the micas in the host pegmatite (Fig. 7e andf, Fig. 8). The compositional gap between micaschist micas and micas from paragneiss shows that the former micas underwent a specific enrichment in incompatible elements, unrelated to metamorphism. Two hypotheses might be formulated to explain the formation of these enriched micas. [START_REF] Bea | Residence of REE, Y, Th and U in granites and crustal protoliths; implications for the chemistry of crustal melts[END_REF] The micaschist is a residue left after partial melting of an enriched paragneissic protolith. This proposal implies that high amounts of LILE (Li, Rb), fluxing elements (F) and HFSE (Nb, Ta) are partitioned in residual micas, which would challenge their incompatible character. This proposition is consistent with the presence of paragneiss and migmatitic paragneiss as country rocks of the sampled pegmatites (e.g. BMS96, also BMS7B in [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]). ( 2) The micaschist is an enclave of paragneiss metasomatized by highly fractionated fluids exsolved from the host garnet-columbite pegmatite. In this case, the presence of Li-rich mica might reflect the metasomatism occurring in the rocks surrounding the pegmatite dyke. Exomorphic micas and hornblende formed during metasomatism, or by reaction of existing minerals to produce secondary minerals, are reported in some pegmatite wall rocks [START_REF] Morgan | Alteration of amphibolitic wallrocks around the Tanco rareelement pegmatite, Bernic Lake, Manitoba[END_REF][START_REF] Shearer | Pegmatite-wallrock interactions, Black Hills, South Dakota; interaction between pegmatite-derived fluids and quartz-mica schist wallrock[END_REF]. [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF] interpreted garnet-REE pegmatites to be a product of melt segregation within the granodioritic gneiss, based on textural continuity with leucosomes. The distinct composition of their micas compared to other pegmatites (higher Fe content, F-depletion; Fig. 6 and Fig. 7) and the absence of phosphates confirm that their source is clearly different from that of the other pegmatite types. The whole-rock composition of garnet-REE pegmatites shows a depletion in LREE relative to the granodioritic gneiss, but a similar content in HREE, which is not consistent with extreme fractionation during crystallization. The genesis of such pegmatite-forming melts would require a selective segregation of LREE in the parental gneiss, whereas HREE and Y are released in the melt. The low P content in garnet-REE pegmatite excludes the dissolution of phosphates as a provider of REE to the melt. On the contrary, phosphates and allanite might retain LREE in the parental gneiss. Hornblende, by virtue of its high modal composition in the granodioritic gneiss, could supply the pegmatite-forming melt with Ti, Zr, REE and Y [START_REF] Bea | Residence of REE, Y, Th and U in granites and crustal protoliths; implications for the chemistry of crustal melts[END_REF][START_REF] Bernard | Alkali pyroxenes and amphiboles: a window on rare earth elements and other high field strength elements behavior through the magmatic-hydrothermal transition of peralkaline granitic systems[END_REF][START_REF] Green | Experimental studies of trace-element partitioning applicable to igneous petrogenesis -Sedona 16 years later[END_REF] if it is destabilized during melt segregation, for example through the replacement by biotite (low-REE-bearing phases).

Petrogenesis of the NYF garnet-REE pegmatites by melt segregation within the granodioritic gneiss

Based on these considerations, we propose that the genesis of garnet-REE pegmatite parental melt corresponds to the segregation of residual melt within the granodioritic gneiss, enriched in HFSE, but depleted in LREE preferentially trapped in allanite and apatite that remained in the granodioritic gneiss. A probable explanation for the low P content in these pegmatites is the primary compatibility of phosphate in the high-Si granodioritic gneiss, which prevents the release of P in the residual melt [START_REF] Bea | The geochemistry of phosphorus in granite rocks and the effect of aluminium[END_REF][START_REF] Broska | Genesis and stability of accessory phosphates in silicic magmatic rocks: a Western Carpathian case study[END_REF]. In the absence of P, REE and Y are incorporated in euxenite-aeschynite-like minerals and garnet (Fig. 11c).

The source of the Li enriched in garnet-REE pegmatites is unclear. The most probable reservoir in the granodioritic gneiss might be hornblende [START_REF] Shaw | Boron and lithium in high-grade rocks and minerals from the Wawa-Kapuskasing region, Ontario[END_REF]) that we expect to be destabilized during the pegmatite-forming melt segregation. However, Li is generally concentrated in calcic amphibole from peralkaline magmatism (e.g., [START_REF] Bernard | Alkali pyroxenes and amphiboles: a window on rare earth elements and other high field strength elements behavior through the magmatic-hydrothermal transition of peralkaline granitic systems[END_REF][START_REF] Hawthorne | Li-bearing arfvedsonitic amphiboles from the Strange Lake peralkaline granite, Quebec[END_REF][START_REF] Oberti | Lithium in amphiboles : detection, quantification, and incorporation mechanisms in the compositional space bridging sodic and BLi-amphiboles[END_REF][START_REF] Tiepolo | Trace-Element Partitioning Between Amphibole and Silicate Melt[END_REF]), but it might also be hosted by biotite which is a constituent of granodioritic gneiss. Li enrichment in garnet may be explained by a preferential partitioning in this pegmatite type induced by limited amount of micas which are the main Li host [START_REF] Dutrow | Lithium in staurolite and its petrologic significance[END_REF], or by preferential substitution with Y in the garnet structure [START_REF] Cahalan | Rates of Li diffusion in garnet: Coupled transport of Li and Y+REEs[END_REF].

Petrogenetic model of LCT+NYF Mangodara pegmatite formation

It has been proposed in several studies of Precambrian terranes that the generation of REErich LCT and NYF pegmatites was related to partial melting in the middle crust occurring at different stages of the orogenic cycle [START_REF] Müller | Petrogenetic implications of magmatic garnet in granitic pegmatites from southern Norway[END_REF][START_REF] Turlin | A 70 Ma record of suprasolidus conditions in the large, hot, long-duration Grenville Orogen[END_REF][START_REF] Turlin | Petrogenesis of LREE-rich pegmatitic granite dykes in the central Grenville Province by partial melting of Paleoproterozoic-Archean metasedimentary rocks: Evidence from zircon U-Pb-Hf-O isotope and trace element analyses[END_REF]. It has been highlighted that the petrogenetic family of a rare-metal-bearing pegmatite is linked to the metamorphic grade of its source, supracrustal for LCT pegmatites (metasediments, P < 15 km), deeper for NYF pegmatites (amphibolite/granulite domains, P > 15 km) [START_REF] Müller | The Sveconorwegian pegmatite provincethousands of pegmatites without parental granites[END_REF].

The Mangodara pegmatite field displays a different succession of petrogenetic families of pegmatites. At the lowest structural level (tonalitic-trondhjemitic gneiss), titanite-allanite pegmatites are interpreted to represent a residual melt segregated during crystallization of the tonalitic-trondhjemitic gneiss coring the Mangodara dome and intruding the granodioritic gneiss. The plagioclase-rich assemblage of this gneiss and its relatively low Fe, Mg, Nb, Ta and REE contents are attributed to accumulation of residual pyroxene and garnet in its deeper source [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]) (Fig. 13). This unit represents a LREE-depleted section of the middle crust [START_REF] Laurent | Earth's earliest granitoids are crystal-rich magma reservoirs tapped by silicic eruptions[END_REF][START_REF] Moyen | The composite Archaean grey gneisses: Petrological significance, and evidence for a non-unique tectonic setting for Archaean crustal growth[END_REF], deriving from HP/HT conditions of partial melting, in which melt segregation resulted in poorly enriched metaluminous pegmatites.

The intermediate structural level (granodioritic gneiss, deriving from LP/HT conditions of partial melting) hosts apatite-zircon pegmatites that crystallized from the metaluminous melt that migrated out of the tonalitic gneiss and intruded at higher structural level. This level also hosts garnet-columbite pegmatites deriving from partial melting of a mica-rich source, which might correspond to the paragneiss rafts included in the granodioritic diatexite [START_REF] Bonzi | Petrogenetic links between rare metal-bearing pegmatites and TTG gneisses in the West African Craton: The Mangodara district of SW Burkina Faso[END_REF]. Partial melting can be achieved in these rafts by dehydration of micas (mainly biotite) (Fig. 13). Additional REE and Nb are supplied to these pegmatites by the mingling of metaluminous pegmatite-forming melt with peraluminous pegmatite-forming melt.

Segregation of residual melt within the granodioritic diatexite, protolith of the granodioritic gneiss, resulted in the generation of NYF pegmatite-forming melt that intruded plutonic rocks crystallized at a higher structural level (Fig. 13). We explain the distinct geochemistry of garnet-REE pegmatites by LREE segregation by allanite and apatite within the gneiss (Fig. 13) and amphibole breakdown that supplied the melt in HFSE. Consequently, garnet-REE pegmatites are not the end-members of a regional zoning related to the other pegmatite types, but the differentiated member of the K-rich magmatic series.

Overall, the petrogenesis of Mangodara pegmatites is related to the mineral composition of the partially molten source that is in turn controlled by (i) the chemical composition of the protoliths (ii) the PT conditions of partial melting and the minerals involved in the melting reactions and (iii) the degree of partial melting and fractional crystallization of the partially molten rock. The varying composition of the protolith between paragneiss and amphibolite is reflected by the abundance of micas and amphiboles, respectively, which are sources of fluxing elements (Li, F, H2O) favoring growth of pegmatitic crystals [START_REF] London | Ore-forming processes within granitic pegmatites[END_REF][START_REF] London | Experimental Crystallization of the Macusani Obsidian, with Applications to Lithium-rich Granitic Pegmatites[END_REF][START_REF] Sirbescu | Experimental Crystallization of Undercooled Felsic Liquids: Generation of Pegmatitic Texture[END_REF][START_REF] Webber | Cooling rates and crystallization dynamics of shallow level pegmatite-aplite dikes, San Diego County, California[END_REF]. Micas, prevalent in metasediments, are reservoirs for LCT-affiliated rare elements (Rb, Nb, Ta) whereas amphiboles, prevalent in amphibolites, are reservoirs for NYF-affiliated rare elements (REE, Zr, Ti). Entrainment of garnet and phosphates in melt during partial melting/segregation would provide REE, Y, U, Th, and P shifting the melt composition toward a mixed LCT+NYF signature. Moreover, the hybrid LCT+NYF signature is enhanced by the poor differentiation of the melt fraction that directly crystallized after leaving its source, and by the mingling of the residual metaluminous melt with the peraluminous melt.

Conclusions

The mineralogy and the geochemical signatures of micas, garnet and accessory minerals from Mangodara pegmatites permit to define their petrogenetic families, discuss their sources by partial melting of paragneiss/amphibolite and segregation within granitoid gneiss, and identify fractionation of rare-metals during crystallization.

(1) Poorly enriched titanite-allanite pegmatites correspond to residual metaluminous melt segregated within the tonalitic-trondhjemitic gneiss. Their rare-metal content is initially controlled by allanite, then by zircon and apatite. Residual melt migrated out of the tonalitic-trondhjemitic massif and intruded at higher structural level in the granodioritic gneiss, forming apatite-zircon pegmatites, which are slightly richer in P and REE, but poorer in Li.

(2) Garnet-columbite type pegmatites are classified in the LCT+NYF family, with enrichment in Li, Nb > Ta, Th, U and REE. It derives from partial melting of paragneiss, in which micas are sinks of Li, Nb and Ta, phosphates are sinks of REE, U and Th, and garnet is a sink of REE. The mingling of the garnet-columbite parental melt with residual melt originating from the crystallization of metaluminous pegmatites is suggested by field relationships and the inherited signature of apatite in a garnet-columbite pegmatite. Locally, strong melt fractionation led to the exsolution of a Li-bearing fluid, as suggested by the presence of micas highly enriched in raremetals in an enclave of metasediment in garnet-columbite pegmatite.

(3) Garnet-REE-bearing pegmatites are NYF pegmatites showing enrichment trends in Li, Ti, Y and HREE, and strong depletion in P. Their origin by melt segregation within the granodioritic gneiss requires that P and LREE are segregated in the parental rocks by allanite and apatite, whereas HFSE are supplied by breakdown/replacement of hornblende.

(4) The LCT versus NYF nature of rare-metal-bearing pegmatites is explained by the mineral composition of their partially molten source, which is in turn controlled by lithology-chemistry of the protoliths and by PT conditions of partial melting: micarich for LCT pegmatites (metasediments), and amphibole-rich for NYF pegmatites (e.g., a granodioritic gneiss in Mangodara). The mixed LCT + NYF signature of garnet-columbite pegmatites reflects the poor differentiation of anatectic pegmatiteforming melt after extraction from the source, and also the mingling with residual metaluminous melt coming from the deeper tonalitic-trondhjemitic gneiss. Then, partial melting and melt segregation in the middle to lower crust could generate pegmatite-forming melt, whose rare metals content depends on the composition of the rock involved in these processes.
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Fig. 1. Geological map of the West African Craton, modified from [START_REF] Block | Petrological and geochronological constraints on lower crust exhumation during Paleoproterozoic (Eburnean) orogeny, NW Ghana, West African Craton[END_REF]), Milési et al. (2004). Abbreviations: Ba= Banfora greenstone belt, Di = Diebougou gneiss-granitoid complex, Ho= Hounde-Ouango Fitini greenstone belt, KT = Koudougou-Tumu gneissgranitoid complex, Si= Sideradougou gneiss-granitoid complex, OFSZ: Ouango-Fitini shear zone. The area investigated in this study is indicated by the red rectangle. Regional distribution of occurrence of some accessory minerals in pegmatite dykes. Large white contours delineate the delimited zone of pegmatite types or mineral occurrences.

Internal white contours delineate subzone with abundant outcrops of pegmatite. Abbreviations as in Table 1. Fig. 6. Composition of micas from pegmatites and host rocks in the Tischendorf diagram [START_REF] Tischendorf | Minor-and trace-element composition of trioctahedral micas: a review Tischendorf[END_REF]. Li contents in the calculation of the Tischendorf parameters were obtained with the formulas of [START_REF] Tischendorf | A new graphical presentation and subdivision of potassium micas[END_REF]. [START_REF] Samadi | Origin of garnet in aplite and pegmatite from Khajeh Morad in northeastern Iran: A major, trace element, and oxygen isotope approach[END_REF]. Data from different pegmatite families and rare-metal granites are plotted for comparison [START_REF] Breiter | The transition from granite to banded aplite-pegmatite sheet complexes: An example from Megiliggar Rocks, Tregonning topaz granite[END_REF][START_REF] Dahlquist | Magmatic evolution of the Peñón Rosado granite: Petrogenesis of garnetbearing granitoids[END_REF][START_REF] Feng | Origin and petrogenetic implications of garnet from Rb-rich pegmatites in North Qinling Orogen, China[END_REF][START_REF] Hönig | Garnet as a major carrier of the Y and REE in the granitic rocks: An example from the layered anorogenic granite in the Brno Batholith, Czech Republic[END_REF][START_REF] Müller | Petrogenetic implications of magmatic garnet in granitic pegmatites from southern Norway[END_REF][START_REF] Müller | Alkali-F-Rich Albite Zones in Evolved NYF Pegmatites: The Product of Melt-melt Immiscibility[END_REF][START_REF] Pieczka | Fe, Mn)-(Ti, Sn)-(Nb, Ta) oxide assemblage in a little fractionated portion of a mixed (NYF+ LCT) pegmatite from Pilawa Gorna, the Sowie Mts. block, SW Poland[END_REF] S12. Representative LA-ICP-MS compositions of garnet in garnet-columbite and garnet-REE type pegmatite. Table S13. LA-ICP-MS compositions of zircon in titanite-allanite type pegmatite, apatitezircon type pegmatite and in micaschist enclave in garnet-columbite type pegmatite. Table S14. Representative EPMA compositions of zircon in titanite-allanite type pegmatite, apatite-zircon type pegmatite and in micaschist enclave in garnet-columbite type pegmatite.

  g., cleavelandite (Dewaele et al. 2011; Hulsbosch and Muchez 2020; Müller et al. 2018). Also, very coarse-grained samples (grain size > 0.5 mm) were avoided to guarantee a homogeneous representativity of the mineral phases existing in each sample. Micas, feldspars, garnet and accessory phases (< 5% in modal composition) were identified in situ on thin section using optical microscopy, and backscattered electrons imaging (BSE) with a Scanning Electronic Microscope (SEM) Jeol 6360LV coupled with an energy dispersive X-ray spectroscope Silicon Drift Detector from Bruker (GET, Toulouse, France). The major element compositions of micas, apatite, CGM, garnet and zircon were obtained in situ on thin sections using an electron probe microanalyser (EPMA) Cameca SXFive at the analysis, a Durango apatite was used as standard for F and P. Detection limits for major element oxides are under 0.2 wt%. Detection limits for F, La and Ce oxides are under 0.5 wt%. Li content in micas was estimated by correlation with Mg content for biotite and Al content for muscovite following the empirical formulae compiled by Tischendorf et al. (2004), only for the purpose of mica identification and representation in Tischendorf diagram

  Garnet and tourmaline, which occur in our garnet-REE pegmatites, are characteristic of LCT pegmatites But such minerals are also reported from numerous NYF pegmatites, where they are stabilized by high Ca, Fe and Ti contents in the rock (Čopjaková et al. 2013; Hönig et al. 2014; Novák et al. 2011). Metamict Nb-Ti-Th-Y-bearing minerals of composition close to euxenite-aeschynite coexist with Ti-oxides (ilmenite-pyrophanite), which are typical mineral species of NYF pegmatites (Černý 1991b; Černý et al. 2005; Ercit et al. 2005). The high Y and REE contents of garnet are similar to existing data of garnet from NYF pegmatites in Sveconorwegian province (Hönig et al. 2010, 2014; Müller et al. 2012). High Ca content of garnet is also comparable with the garnet Ca content of some NYF pegmatites, mixed LCT+NYF pegmatites or A-type pegmatites (Fig. 11a). The Ca-rich garnet, the exotic REE-mineral species and geochemical enrichment trend in REE, Y and Ti (Tables

  ; Villaros and Pichavant 2019). Occurrence of phosphates indicates that P saturation is reached during pegmatite crystallization (Duc-Tin and Keppler 2015; Van Lichtervelde et al. 2021). The steeply increasing HREE trend in chondrite-normalized patterns of zircon confirms the early removal of HREE from the melt by zircon crystallization. Early segregation of HREE and Y in zircon and xenotime is indicated by their depletion in garnet, CGM and apatite (Fig. 11.c).
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