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ARTICLE INFO ABSTRACT
Editor: Dr. Marco Fiorentini Peraluminous rare-metal granites (PRMGs) represent highly differentiated crustal granites characterised by
extreme enrichment in metals, such as Li, Sn, Nb, Ta, W, and Be. This geochemical specificity is considered to be
Keywords: the result of a succession of magmatic and hydrothermal processes, the importance and individual impact of
Apatite ) which are still debated. In this study, we investigate the magmatic and hydrothermal evolution of the Beauvoir
g;ng}?:mal leucogranite, a world-class PRMG from the French Paleozoic Variscan belt, through extensive characterisation of
Rare-metal granite suprasolidus to subsolidus apatite. We employ a multi-tracing approach, combining in-situ elemental composi-
Beauvoir tions (major, trace, and halogen elements), oxygen isotopic systematics, and U-Pb geochronology.

Four major magmatic and hydrothermal stages were identified through apatite petrography and U-Pb
geochronology. Magmatic apatite crystallised at 314.6 + 4.7 (2s) Ma. Decrease in the amplitude of the Eu anomaly
in magmatic apatite from the deeper to shallower granitic units record an increase in the oxygen fugacity (fO>) of the
magma with differentiation, likely contributing to the crystallisation of a first and predominant cassiterite gener-
ation. Magmatic apatite REE patterns show significant tetrad effects; they reflect the exsolution of magmatic fluids
involved in the precipitation of early hydrothermal apatite replacing igneous minerals or precipitating within veins
during greisenisation episode dated at 314.3 + 5.5 Ma and 311.7 + 8.1 Ma. Early hydrothermal apatite, charac-
terised by enrichment in Sr or S and Mn-REE depletion along with variable Br/I ratios and §'%0 compositions down
to negative values, record mixing dynamics between two fluid end-members: (i) magmatic fluids, and (ii) oxidising
meteoric fluids partially reequilibrated with country rocks. Meteoric fluids progressively invaded the Beauvoir
PRMG at temperatures > 450 °C and triggered precipitation of a second generation of cassiterite during mixing with
magmatic fluids. Two late, non-magmatic, hydrothermal events are dated at 268.3 + 20.4 Ma and 148.5 + 26.6 Ma.
Related apatite is marked by specific mineralogical and geochemical features such as high As contents and heavy
oxygen isotope signatures. They are proposed to be linked to extension-related regional hydrothermal fluid cir-
culation that contributed to metal endowment (U, F-Ba-Pb-Zn) in the crystalline basement and overlying sedi-
mentary cover of Western Europe following the Variscan Orogeny.

Our results demonstrate that apatite is a key mineral to decipher the role of magmatic and hydrothermal
processes leading to ore deposition and remobilisation in PRMGs, in relation with geodynamic evolution. Apatite
records of external fluid incursions at near-solidus conditions highlight the open system nature of the Beauvoir
PRMG, which is crucial for developing fully integrated metallogenic models applicable to similar deposits.

* Corresponding author.
E-mail addresses: oceane.rocher@univ-lorraine.fr, rocher.oceane@hotmail.com (O. Rocher).

https://doi.org/10.1016/j.chemgeo.2024.122400

Received 1 May 2024; Received in revised form 24 August 2024; Accepted 6 September 2024

Available online 10 September 2024

0009-2541/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:oceane.rocher@univ-lorraine.fr
mailto:rocher.oceane@hotmail.com
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2024.122400
https://doi.org/10.1016/j.chemgeo.2024.122400
https://doi.org/10.1016/j.chemgeo.2024.122400
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2024.122400&domain=pdf
http://creativecommons.org/licenses/by/4.0/

O. Rocher et al.

1. Introduction

The circulation of hydrothermal fluids in the Earth’s crust is known
to play a key role in mineralisation processes, sometimes leading to
remarkable metal concentrations, both in terms of metal grade and
volume. Mineralised hydrothermal systems can be associated with
magma emplacement, and are then designated as ore-forming
magmatic-hydrothermal systems. They are found in many geodynamic
environments, encompassing continental as well as oceanic domains.
Porphyry and greisen-related Sn-W ore deposits represent well-known
examples of ore-forming magmatic-hydrothermal systems and result
from the intrusion in the upper continental crust of intermediate to felsic
magmas (Robb, 2020). In those two systems, fluid circulation within and
around the intrusive bodies is proven to be a key element to metal
enrichment and controls the spatial distribution of the mineralisation
(e.g., Dilles, 1987; Audétat et al., 2000; Burnard and Polya, 2004; Sil-
litoe, 2010; Lecumberri-Sanchez et al., 2017; Legros et al., 2019). This
relation between hydrothermalism and metal deposition seems to be less
obvious for rare-metal granites and pegmatites, although they are
emplaced in similar geologic settings.

Highly peraluminous rare-metal granites (PRMGs; Linnen and
Cuney, 2005) as well as lithium-cesium-tantalum (LCT) pegmatites
(Cerny and Ercit, 2005) are characterised by extreme enrichment mostly
in lithophile metals and halogens (e.g., Li, F, Ta, Nb, Sn, W, and Be), with
concentrations exceeding those of the bulk upper continental crust by
several order of magnitude (Tischendorf, 1977; Romer and Pichavant,
2020). They result from the crystallisation of highly evolved magmas
and typically represent the final magmatic units emplaced during late-
orogenic granitic magmatism (Kovalenko et al., 1970; Linnen, 1998;
Linnen and Cuney, 2005). The primary mineralisation they host, such as
Li aluminosilicates along with Nb-Ta-Sn oxide minerals, is disseminated
throughout the intrusive body, and magmatic processes, such as partial
melting and fractional crystallisation, play a key role for metal enrich-
ment and deposition (e.g., Raimbault et al., 1995; Pichavant, 2022;
Ballouard et al., 2023). However, it has also been long recognised that
metasomatism, commonly designated as albitisation and greisenisation,
generally affects highly evolved peraluminous granites and pegmatites
and may lead to significant mineralogical and geochemical modifica-
tions of the ore-bearing mineral assemblage (e.g., Cerny, 1986;
Schwartz, 1992). Both metasomatic processes typically involve the cir-
culation of a magmatic volatile phase (MVP), also referred to as
magmatic fluids, which corresponds to either a supercritical fluid, low-
density aqueous vapor, higher density and salinity liquid (possibly hy-
persaline), or vapor coexisting with liquid exsolved from the melt during
its cooling and crystallisation (e.g., Burnham, 1979; Russell et al., 1995;
Candela, 1997; Webster et al., 2009). Albitisation was suggested to be
related to the interactions between highly fluxed melt or solute-rich
magmatic volatile phase (i.e., MVP) and crystals at near-solidus condi-
tions and the metasomatic media can significantly participate to the
transport and concentrations of metals such as Li, Nb and Ta (e.g.,
Badanina et al., 2004; Miiller et al., 2018; Kaeter et al., 2018; Ballouard
et al., 2020a; Pfister et al., 2023). Greisenisation is presumed to mainly
involve acidic and moderately saline (ca. 3-10 wt.% NaCl eq) magmatic
fluids circulating at temperatures of 200-500 °C (e.g., Burt, 1981;
Stemprok, 1987; Shepherd et al., 1985; Taylor, 1988; Schwartz and
Surjono, 1990; Halter et al., 1998; Dobes, 2005; Monnier et al., 2020),
although the contribution of external fluids, especially of meteoric
origin, has been highlighted in many systems (e.g., Witt, 1988; Cuney
et al., 1992; Bettencourt et al., 2005). The relationship between greisen
alteration and hydrothermal Sn and/or W mineralisation at subsolidus
conditions is well documented (e.g., Monnier et al., 2020; Launay et al.,
2021) and in some cases, the interactions between melt and external
fluids equilibrated with the host-rocks was proposed as a key process to
trigger the supra-solidus precipation of metal-bearing phases such as Nb-
Ta oxide minerals (Fouillac and Rossi, 1991; London et al., 1996; Linnen
et al, 2019; McNeil et al, 2020). Therefore, deciphering and
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quantifying the impact of exsolved magmatic fluids as well as external
fluids, during and after the magmatic-hydrothermal transition, is
essential to fully explain the formation of rare metal granite deposits.

The Beauvoir granite is located in the northern part of the French
Massif Central (FMC) of the European Variscan belt and represents one
of the best studied examples worldwide of peraluminous high-phos-
phorus rare-metal granite (PHP-RMG; Cuney et al., 1992). It is charac-
terised by disseminated Sn-Li-Ta-Nb-Be mineralisation, which is broadly
considered to initially derive from magmatic processes (Pichavant et al.,
1987b; Raimbault et al., 1995; Pichavant, 2022). The importance of
fluids in metal deposition has been clearly highlighted (Fouillac et al.,
1987; Fouillac and Rossi, 1991; Charoy et al., 2003) with a complex
magmatic-hydrothermal system developed following the emplacement
of the intrusion that resulted in widespread greisenisation (Aissa et al.,
1987; Merceron et al., 1992; Cuney et al., 1992; Monnier et al., 2020)
and hydrothermal mobility of rare metals (Harlaux et al., 2017). How-
ever, some key elements of its evolution remain rather poorly con-
strained, such as the role of external fluids in the greisenisation
processes (Cuney et al., 1992; Monnier et al., 2020, 2021). The nature,
conditions and timing of circulation of these external fluids, of potential
diverse origins, are also debated (Fouillac et al., 1987; Fouillac and
Rossi, 1991; Cuney et al., 1992). Furthermore, tectonic and thermal
processes leading to the circulation of late fluids throughout the cooled
granitic body, their impact on metal endowment, as well as the precise
absolute chronology of these events, has not been fully elucidated yet
(Merceron et al., 1987, 1992).

The difficulty of precisely deciphering the magmatic, magmatic-
hydrothermal and hydrothermal evolutions of rare-metal deposits, like
the Beauvoir granite system, arises from the scarcity of minerals repre-
senting suitable geochemical proxies to track back these processes. For
example, micas from the Beauvoir PRMG have been extensively studied
for both major and trace elemental compositions, providing insights into
metal behavior from the magmatic to high-temperature hydrothermal
stages (Monier et al., 1987; Monnier et al., 2022). However, micas are
not stable throughout the global evolution of such system and in-situ
isotopic data providing direct age and source constraints for hydro-
thermal fluid circulation are missing. Other traditional tracer minerals,
like zircon and monazite, cannot be used as they are rare, and scarce
zircon shows a high degree of metamictisation.

Apatite [Cag(PO4)3(OH,CLF)] is a common accessory mineral in
many igneous and ore-forming systems, sensitive to melt or fluid-
induced textural and geochemical changes over a wide range of pres-
sures and temperatures (Harlov, 2015). Apatite can incorporate many
major and trace elements in its structure, the most common being REE,
Y, Mn, Fe, Sr, Pb, Na and the actinides U and Th substituting for Ca;
small, highly charged ions such as Si, S, As and V replacing P; and the
halogens (F, Cl, Br and I) in the anion site (Pan and Fleet, 2002). Because
of this specific chemistry, apatite has been used for several years to
decipher the evolution of igneous suites (e.g., Sha and Chappell, 1999;
Belousova et al., 2002; Laurent et al., 2017; Zhang et al., 2020; Xu et al.,
2024), the origin and composition of hydrothermal fluids, fluid-rock
interactions and constrain the timing of hydrothermal processes (e.g.,
Harlov, 2015; Kusebauch et al., 2015a, 2015b; Ballouard et al., 2018;
Pochon et al.,, 2018; Andersson et al., 2019; Melfou et al., 2023).
Additionnaly, apatite crystallisation or alteration can be dated in-situ
notably using the U-Pb system (Chew and Spikings, 2015) and high
resolution O, Cl, Sr, Nd isotope systematics (e.g., Decrée et al., 2020; Cao
et al.,, 2021; Melfou et al., 2023) can provide crucial information
regarding the source and physico-chemical conditions of mineralising
melts or fluids.

Apatite occurrences have been well-documented in numerous rare
metal deposits related to peraluminous granite magmatism, including
the Panasqueira Sn-W deposit (Portugal; e.g., Marignac et al., 2020), the
Podlesi Li-Sn-W-Nb-Ta granite stock (Czech Republic; e.g., Breiter et al.,
2005), and the Szklary LCT pegmatite (Poland; e.g., Szuszkiewicz et al.,
2018). Previous studies of apatite within PRMGs and LCT pegmatites



O. Rocher et al.

mainly investigated petrogenetic processes, such as magmatic differen-
tiation or magma mixing (Broska et al., 2004; Hsieh et al., 2008; Chu
etal., 2009; Roda-Robles et al., 2022). Few studies used apatite to assess
the hydrothermal history of these systems. Apatite geochronology has
been employed to constrain the timing of primary magmatic-
hydrothermal Sn mineralisation in the Erzgebirge (Germany; Romer
et al., 2007), and also provided key constraints on establishing the
metallogenic model for the Panasqueira ore system (Launay et al., 2021;
Jaranowski et al., 2021). A recent study of apatite from the Mesozoic
Qianlishan low-phosphorus PRMG (South China) supported its useful-
ness as a tracer of magmatic and metasomatic evolution (Zhang et al.,
2024). The textural and geochemical record of the magmatic to hydro-
thermal evolution of PRMG systems such as the Beauvoir deposit re-
mains fragmented, whereas apatite is a ubiquitous mineral crystallising
from the supra- to sub-solidus stages in PRMGs due to the high-
phosphorus content.

In this study, we couple in-situ determination of apatite chemistry,
oxygen isotope systematics and U-Pb geochronology to unravel the
magmatic and hydrothermal evolution of the Beauvoir system within
the geodynamic evolution of the FMC. More specifically, we use apatite
as a proxy to (i) constrain the timing of fluid circulations within the
Beauvoir intrusion and relative to igneous crystallisation; (ii) trace the
origin of successive fluids, the mixing dynamics, the physico-chemical
conditions and fluid-rock interactions and (iii) decipher their implica-
tions regarding the metal endowment and crystallisation mechanism of
rare metal-bearing minerals in the Beauvoir PRMG.

2. Geological setting
2.1. Regional geology

The FMC belongs to the internal zone of the European Variscan belt
(Fig. 1a), which results from the main collision between the supercon-
tinents Gondwana to the south and Laurussia to the north (Matte, 1991;
Robardet, 2002). Spanning from the Late Devonian to the Early
Carboniferous (ca. 380 to 290 Ma; Matte, 1986; Ballevre et al., 2014),
this orogenic event ultimately led to the formation of Pangea (Tait et al.,
2000).

The structure of the FMC essentially consists of a metamorphic nappe
stack, composed of four main tectonic units, developed diachronously
during the Devonian to Early Carboniferous and intruded by granitic
magmas from ca. 360 to 295 Ma (Vanderhaeghe et al., 2020 and refer-
ences therein). From north to south and from top to bottom, these tec-
tonic units are: the Upper Gneiss Unit (UGU), the Middle Allochthonous
Unit (MAU) identified in the Limousin, the Lower Gneiss Unit (LGU) and
the Parautochtonous Unit (PAU). In the northern part of the FMC, in the
region of Echassieres, the stack of the UGU, LGU and PAU forms the
Sioule series, an inverted metamorphic sequence (Grolier, 1971)
(Fig. 1b). This series is bounded to the west and to the south, respec-
tively, by sinistral and dextral Carboniferous shear zones (i.e., the Sillon
Houiller and Sainte-Christine faults, respectively) and underwent at
least three significant tectonic-metamorphic episodes (Faure et al.,
2009; Schulz, 2009; Do Couto et al., 2015) including: (i) a high pressure
Do event, during which the UGU experienced high- to ultra-high-
pressure eclogite-granulite-facies metamorphism recorded elsewhere
in the FMC between 390 and 360 Ma (Lotout et al., 2020; De Hoym de
Marien et al., 2023); (ii) a D; event, characterised by a top-to-the-SW
shearing synchronous with migmatisation and exhumation of the UGU
and LGU units; and (iii) a medium pressure-medium temperature Do
event, associated with a top-to-the-NW shearing. D1 and D2 events are
thought to have been postdated by the unconformable deposition at ca.
330 Ma of the “Tuffs anthraciféres” series consisting of weakly deformed
and metamorphosed terrigenous sedimentary and felsic volcanic rocks
(Bruguier et al., 1998; Do Couto et al., 2015). The Sioule metamorphic
series is structured by two major antiforms, in the centre of which the
PAU mica schists crop out. They are intruded by two granitic plutons:
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the Pouzol-Servant porphyritic granite in the southern antiform and the
Echassieres granitic complex in the northern antiform (Fig. 1b).

2.2. The Echassieres granitic complex

The Echassiéres granitic complex is a circular intrusive body, 3 km in
diameter, emplaced during a major N20° shortening episode at the end
of the Carboniferous (Gagny et al., 1984; Gagny and Jacquot, 1987;
Feybesse, 1985; Bles et al., 1989). It results from the intrusion of at least
three granitic units (Cuney et al., 1992; Raimbault et al., 1995)(Fig. 1c):
(i) the inferred La Bosse granite, concealed at depth and possibly at the
origin of a quartz-wolframite vein system, the La Bosse stockwork,
developed within the PAU mica schists; (ii) the Colettes granite, a
cordierite-bearing two-mica porphyritic granite; and (iii) the Beauvoir
granite, a highly evolved albite-lepidolite-topaz leucogranite hosting
disseminated Sn-Li-Ta-Nb-Be mineralisation.

The Beauvoir PRMG was emplaced during the Variscan late-orogenic
extensional stage at ca. 310-315 Ma (Rb-Sr on whole rock; Duthou and
Pin, 1987; Ar-Ar on lepidolite; Cheilletz et al., 1992, and U-Pb on
columbite-group minerals; Melleton et al., 2015). It has been studied by
many authors, in particular following the drilling of a ca. 900 m deep
drillhole (GPF1) in 1985 as part of the “Géologie Profonde de la France”
(GPF) drilling program (Cuney and Autran, 1987). Petrographic and
structural studies highlighted a vertical zonation within the granite,
leading to the proposal of three main magmatic units that were inferred to
have successively intruded the parautochthonous mica schists of the
Sioule metamorphic series (Bouchez et al., 1987; Gagny, 1987; Jacquot
and Gagny, 1987; Monier et al., 1987; Rossi et al., 1987). These units are
designated as the B1 (~ 100-450 m depth in GPF1), B2 (~ 450-750 m)
and B3 (~ 750-880 m) facies, with the B1 unit thought to represent the
final and most differentiated magma batch (Fig. 1c). A recent study
revealed a more complex sequence composed of 18 sub-units distributed
across 4 units (i.e., B1, B1’, B2 and B3), which incrementally intruded the
host mica schists (Esteves et al., 2024). A last facies, distinguished by its
porphyritic texture and referred to as “Beauvoir porphyry enclave”, has
been encountered within the B2 and B3 units, either as dykes or enclaves
(e.g., Cuney et al., 1992; Monnier et al., 2018). Its chemical characteristics
closely resemble those of the Colettes granite, indicating a possible ge-
netic connection (Raimbault and Azencott, 1987; Monnier et al., 2018).

The Beauvoir PRMG exhibits a remarkable enrichment in fluxing and
litophile elements (Li, P, F, Rb, Cs, Be, Nb, Ta, Sn, W, U), especially at its
apical part (Raimbault et al., 1995), and therefore shares many char-
acteristics with rare-element pegmatites of the LCT family (Raimbault,
1998; Cerny and Ercit, 2005). For instance, the concentrations in Li, Sn,
and Ta respectively vary from 0.1 to 1 wt.%, 0.02 to 0.4 wt.%, and 40 to
500 ppm, values that largely exceed those of the bulk upper continental
crust (24 ppm for Li; 2.1 ppm for Sn; and 0.9 ppm for Ta; Rudnick and
Gao, 2003). Crystallisation experiments have demonstrated that the
melts that formed the Beauvoir PRMG crystallised under pressures of
100 to 300 MPa at very low temperatures (below 670 °C) with solidus
estimated to be near 550 °C, a common characteristic of flux-rich
granitic melts (Pichavant et al., 1987a; Pichavant, 2022). Albite,
quartz, K-feldspar and Li-F-micas, with zinnwaldite to lepidolite com-
positions, represent the major magmatic minerals of the Beauvoir
crystallisation sequence, along with cassiterite (Sn; generation I), topaz
(F), apatite (F), amblygonite-group minerals (Li-F), herderite (Be-F),
zircon, columbite-group minerals (Nb-Ta), pyrochlore-group minerals
(Nb-Ta-U), and uraninite (U) as accessories (Pichavant et al., 1987a;
Rossi et al., 1987; Johan et al., 1988; Cuney et al., 1992; Raimbault
et al., 1995; Pichavant, 2022)(Fig. 2). This magmatic paragenesis
evolves across the three magmatic units (i.e., B1, B2 and B3). The pro-
portion of accessory minerals tends to increase from the B3 unit to the
most evolved B1 unit. A similar trend is observed for the abundance of
albite, whereas the proportions of quartz and K-feldspar progressively
decrease from the B3 to the B1 unit, with Li-micas transitioning from
zinnwaldite to lepidolite.
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Fig. 1. (a) Schematic representation of the western European Variscan belt representing the main terranes and showing Variscan granitoids, as well as LCT peg-
matites, rare-metal granites and rhyolites (modified from Ballouard et al. (2024)). The granitoids typology is from Barbarin (1999). MPG: muscovite-bearing per-
aluminous granites; CPG: cordierite-bearing peraluminous granitoids; KCG: K-rich and K-feldspar porphyritic calc-alkaline granitoids. ACG: amphibole-rich calc-
alkaline granitoids. Mineral abbreviations according to Warr (2021). (b) Simplified geological context of the Echassieres granitic complex in the northern part of the
French Massif Central (FMC) (modified from Cuney et al. (1992) and Harlaux et al. (2017)). The location of the GPF1 deep drillhole that crosscuts the Beauvoir PRMG
is indicated by the white star. (c) Interpretative cross-section of the Beauvoir PRMG representing the vertical magmatic internal zoning composed by the three
successive units B1, B2, and B3 (modified from Cuney et al. (1992) and Monnier et al. (2018)). The location of the studied samples is shown together with the

classification of the apatite generations encountered (section 4.1).
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Merceron et al. (1987, 1992) and Monnier et al. (2018, 2019). The late hydrothermal paragenesis draws from the descriptions of Merceron et al. (1987, 1992). See
sections 2.4 and 4 for details on the different apatite generations. Abbreviations follow the IMA conventions compiled by Warr (2021).

2.3. The Beauvoir magmatic-hydrothermal system

The magmatic-hydrothermal to hydrothermal evolution of the
Beauvoir PRMG is complex and characterised by multiple fluid circula-
tion episodes. Four major stages can be recognised (Cuney et al., 1992;
Merceron et al., 1992; Monnier et al., 2019): (i) the early hydrothermal
stage (200-550 °C), driven by the intrusion heat, mostly led to the
development of vertical quartz veins, as well as the greisen alteration of
both the intrusion and the surrounding rocks (i.e., the Colettes granite, La
Bosse stockwork and host mica schists); (ii to iv) three late hydrothermal
stages were associated to fluid circulation genetically and temporally
disconnected from the Beauvoir PRMG emplacement. The first two late
hydrothermal stages are respectively characterised by the development
of sub-vertical quartz veins associated with fluorite (< 250 °C) and illite-
smectite (100-200 °C) precipitation, while the third and final stage
resulted in widespread supergene kaolinisation (< 50 °C), essentially
affecting the apical part of the Beauvoir intrusion and coeval with low-
temperature phosphate precipitation (i.e., crandallite-group minerals)
(Fig. 2).

The early hydrothermal stage can also be designated as a magmatic-
hydrothermal transition. This transition consists of a continuous evo-
lution, throughout cooling of the granitic melt, from an initially purely
magmatic system dominated by crystal-melt interactions to a system
dominated by crystal-melt-fluid phase interactions, that finally results in
a purely hydrothermal system associated to fluid-rock interactions
(Halter and Webster, 2004; Audétat and Edmonds, 2020). The term
“early hydrothermal stage” thus includes the magmatic and early

hydrothermal stages described by Merceron et al. (1992) and the early
orthomagmatic and greisenisation stages as detailed by Monnier et al.
(2022). It has been initiated by the exsolution of hot (> 490 °C)
magmatic fluids from the Beauvoir melts during crystallisation. The
early circulation of these magmatic fluids (i.e. L1 fluids described by
Alssa et al. (1987)) primarily led to acidic F-rich alteration, predomi-
nantly occurring in the contact zones between the granite and the host
mica schists (Cuney et al., 1992; Monnier et al., 2020). Magmatic fluids
concentrated in the shallowest Bl unit, generating an overpressure
abruptly released by fracturing (Aissa et al., 1987; Cuney et al., 1992)
that induced the emplacement of sub-vertical, centimetric quartz veins
(Merceron et al., 1987, 1992), as well as the phase separation of primary
magmatic fluids (L1) into a high-salinity brine (L2) and a low- to
moderate-salinity vapor (V2) (Aissa et al., 1987; Harlaux et al., 2017).
Primary (L1) and secondary (L2 and V2) magmatic fluids progressively
evolved by cooling and mixing with fluids of external origin (e.g.,
meteoric or metamorphic fluids; Aissa et al., 1987; Cuney et al., 1992;
Monnier et al., 2020). These fluid circulations were responsible for the
widespread greisenisation of the Beauvoir intrusion and adjacent rocks.
Greisen-alteration thus seems temporally and genetically linked to the
Beauvoir intrusion emplacement dated at ca. 310-315 Ma (Duthou and
Pin, 1987; Cheilletz et al., 1992; Melleton et al., 2015), as suggested by
the age of 307 £ 3 Ma obtained through U-Pb dating of greisen
alteration-related monazite within the Echassieres complex (Monnier
et al., 2021). Greisenisation has been particularly intense at the apical
part of the Beauvoir PRMG but is also encountered at depth, essentially
at the transition zones between the three magmatic units (i.e., B1, B2
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and B3; Merceron et al., 1992). It involved the pervasive replacement of
igneous minerals, mainly feldspar (+ quartz and lepidolite), by a quartz-
muscovite assemblage, commonly associated with the precipitation of
other secondary minerals, such as apatite, topaz, cassiterite (generation
II), columbite- and pyrochlore-group minerals, as well as the formation
of millimetric quartz-muscovite veins (Merceron et al., 1987; Monnier
et al., 2018, 2019) (Fig. 2) The progressive cooling of greisen-forming
fluids is thought to be associated with successive crystallisation of
muscovite, pyrophyllite, donbassite, tosudite and minor early kaolinite
(Kln I on Fig. 2) (Merceron et al., 1987, 1992). Sodic (i.e., albitisation)
and potassic alterations were also observed to a lesser extent and were
proposed to derive from the circulation of the highly saline magmatic
brine L2 (Monnier et al., 2018). During greisenisation, Na* and K™ are
released into the aqueous solution, increasing the alkali/H" ratio and
potentially triggering alkali-metasomatism (e.g., Stemprok, 1987;
Pirajno, 2009; Ballouard et al., 2020a). In constrast, alkali-metasomatim
may induce greisenisation by progressively decreasing the alkali/H™
ratio of the system. Therefore, the greisen and alkali alterations
encountered in the Beauvoir PRMG might have been driven by the same
fluids, as the associated replacement reactions form a self-sustaining
chemical system, potentially leading to multiple successive genera-
tions of albitite and greisen (e.g., Ballouard et al., 2020a).

The three distinct late hydrothermal stages are interpreted to derive
from the circulation of external fluids (i.e. meteoric, metamorphic fluids
or basinal brines) throughout the cooled granitic body (Merceron et al.,
1992), and consist in: (i) fluorite mineralisation, (ii) illite & smectite vein
fillings, and (iii) widespread supergene kaolinisation. Fluorite occurs in
association with quartz in sub-vertical veins or in inter-granular second-
ary porosity, as well as a replacement of igneous minerals, in particular
albite (Merceron et al., 1987). Fluorite precipitation seems to clearly
postdate greisen alteration and to be related to the circulation of external
fluids; however its timing and the origin of involved fluids remain poorly
constrained (Merceron et al., 1987; Raimbault, 1988). The precipitation
of illite results from hydrothermal fluid circulation at temperatures of
ca. 200 °C during the Upper Jurassic (151 + 4 Ma obtained by K-Ar dating
of illite; Merceron et al., 1987). It is followed by the precipitation of illite/
smectite mixed-layer minerals as vein-filling materials. Finally, supergene
kaolinisation occured during the last alteration event of the Beauvoir
PRMG (Eocene to Oligocene; Merceron et al., 1987; Charoy et al., 2003;
Monnier et al., 2019). Kaolinisation has been particularly intense at the
apical part of the intrusion, and mostly overprints greisen alteration.
Kaolinite is found as replacement of greisen-related muscovite and
igneous feldspar, and apatite is systematically altered either into kaolinite
or crandalite-group minerals. Accessory Mn-oxides, W-rich goethite,
crandalite-group minerals, and illite/smectite mixed layer clays
commonly accompany kaolinite precipitation. These minerals also co-
precipitated with quartz in late brecciated veins exhibiting evidence of
multiple reactivation episodes (Monnier et al., 2019). Two generations of
kaolinite have then been identified, the first and minor one (Kin I on
Fig. 2) precipitating at the end of the early hydrothermal stage, and the
second one resulting from the supergene alteration event (Kln Il in Fig. 2).

2.4. Apatite occurences in the Beauvoir PRMG

Three apatite generations were previously described within the
Beauvoir PRMG (Aubert, 1969; Wang, 1988; Johan et al., 1988; Cuney
et al., 1992; Monnier et al., 2019).

Apatite I, also referred to as apatite A by Wang (1988), represents an
accessory mineral found throughout the entire intrusive complex, with a
lesser occurrence in the Bl unit. It is characterised by a green to blue
natural colour, and forms euhedral to subhedral crystals included in or
closely associated with igneous topaz. Based on this textural relation,
apatite I has been interpreted as an early crystallising mineral in the
magmatic sequence (Wang, 1988; Johan et al., 1988; Cuney et al.,
1992). Apatite I exhibits high MnO contents, decreasing from the B3 and
B2 units (2-7 wt.%) to the B1 unit (< 1 wt.%) (Wang, 1988).
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Apatite II forms colourless to green subhedral to anhedral grains,
typically replacing apatite I and albite within the three magmatic units
(Aubert, 1969; Wang, 1988; Johan et al., 1988). Although it essentially
co-precipitates with quartz, muscovite and topaz, apatite II is locally
associated with fluorite. Its precipitation is thought to derive from the
extensive greisenisation affecting the Beauvoir PRMG, as well as the
surrounding rocks.

Finally, a third apatite population (apatite III) has been described by
Cuney et al. (1992) and Charoy et al. (2003). It forms a rim on
crandallite-group minerals, more particularly goyazite, and mainly dif-
fers from apatite I and II by its significant SrO content, reaching up to
1.5 wt.%. The precipitation of crandallite-group minerals in the Beau-
voir PRMG was presumed to result from the low-temperature destabi-
lisation of albite and lepidolite during the Oligocene continental
extension, responsible for the opening of the Limagne graben (Charoy
et al., 2003).

3. Material and methods
3.1. Sampling strategy

As described in section 2, the evolution of the Beauvoir PRMG is
characterised by three main supra- and sub-solidus stages: (i) magmatic,
(ii) early hydrothermal and (iii) late hydrothermal stages. Sixteen
samples were collected along the GPF1 historic drillhole to ensure the
best representativity possible of each stage within the three magmatic
units (i.e. B1, B2, and B3; Fig. 1c; Table 1). Eight samples of granite with
little to no visible alteration were selected as reference for the magmatic
stage: three from B1, four from B2, and one from B3. The early hydro-
thermal stage was investigated through eight samples. Among these, five
samples were chosen to represent the different degrees of pervasive
greisen alteration in the Beauvoir PRMG (390.9, 642.7,789.7, 819.5 and
862.0 m), two samples displayed veins formed by early and greisen-
related fluid circulation (704.2 and 801.0 m), and one sample
represented greisen alteration of the pre-existing La Bosse stockwork
(816.5 m). Finally, two samples were analysed for the late hydrothermal
stages, respectively from the B1 (221.1 m) and B2 (486.5 m) units. A pair
of thin and thick sections (30 pm and 150-200 pm, respectively) was
prepared for each sample to provide equivalent areas for petrographic
study and analytical data acquisition.

Previous studies suggested the contribution of external fluids
potentially reequilibrated with the country rocks during the develop-
ment of the Beauvoir magmatic-hydrothermal system (section 2.3;
Fouillac and Rossi, 1991; Merceron et al., 1992; Charoy et al., 2003). For
comparison with apatite compositions, and to trace external fluid
contribution, we investigated the bulk geochemical compositions of
representative metasedimentary rock samples from the Sioule series,
which represent the country rocks of the Echassieres magmatic complex.
The location and a brief description of the samples are provided in Table
S9 (Supplementary Material 2).

3.2. Imaging and analytical methods

Details about analytical protocols are provided along with data in
Supplementary Material 1 and are briefly summarised here.

The mineralogy, textural relationships and chemical zoning of
apatite grains were investigated using optical microscopy, cath-
odoluminescence (CL) imaging with an OPEA Cathodyne connected to a
Nikon Eclipse LV100 microscope, micro-XRF chemical mapping along
with backscattered electron (BSE) imaging using a TESCAN VEGA3
Scanning Electron Microscope (SEM) at GeoRessources (Nancy, France).
Higher resolution chemical maps along with quantitative major and
minor element compositions of apatite were obtained by electron
microprobe analyses (EPMA) at GeoRessources using natural and syn-
thetic standards. The structural formulae of the distinct apatite gener-
ations were calculated based on 12.5 oxygen atoms per formula unit



Table 1

Summary of samples and apatite characteristics. All samples derive from the GPF1 historic drillhole. Abbreviations follow the IMA conventions compiled by Warr (2021), with the exception of AGM: amblygonite-group

minerals; CGM: columbite-group minerals; CdIGM: crandallite-group minerals PGM: pyrochlore-group minerals; M: magmatic mineral; EH: early hydrothermal mineral; LH: late hydrothermal mineral.

Generation Type Facies Depth Sample description Mineral association Apatite main petrographic features
(m)
247.0
Beauvoir — Bl 368.7
390.9 Anhedral to euhedral blue to green apatite closely associated with
. 495.3 . . L. . M: Quartz, albite, K-feldspar, lepidolite/zinnwaldite, . g . p . . v .
Magmatic I Granite with little to no visible alteration . - . igneous topaz and commonly containing inclusions of zircon and
. 546.5 topaz, apatite, AGM + CGM, PGM, cassiterite, zircon
Beauvoir — B2 CGM
660.4
862.0
Beauvoir - B3 824.0
M: Quartz, albite, K-feldspar, lepidolite, topaz,
IIc Beauvoir - B1 390.9 Slightly greisenised granite apatite, AGM + CGM, PGM, cassiterite, zircon Anhedral apatite replacing igneous AGM
EH: Apatite + muscovite
Greisenised Beauvoir eranite overprinted b M: Quartz, lepidolite, albite + cassiterite, CGM
b Beauvoir — B2 642.7 Kaolinite 8 P Y EH: Quartz, muscovite, topaz, apatite Anhedral grains partially replaced by a kaolinite
LH: Kaolinite
b Beauvoir — B2 704.2 Vein at 'the contact be.tween Fhe greisenised EH: Quartz, apatite + muscovite Fringes ?f sub-euhedral .to euhedral apatite.mainly growing sub-
Beauvoir and porphyric granites perpendicular to the strike of the quartz vein
M: Quartz, albite, K-feldspar, zinnwaldite, topaz,
. Beauvoir granite showing traces of oxidative  apatite, AGM + CGM, PGM, cassiterite, zircon Anhedral apatite replacing igneous minerals, in particular albite, in
1Ib Beauvoir — B3 789.7 R . . .
late alteration EH: Apatite + muscovite turn partially replaced by CdIGM
Early LH: CdIGM, kaolinite, Fe-oxides
hydroth 1 IIa: Sub-euhedral apatite co-| ipitati ith tz, t d
ydrotherma . EH: Quartz, topaz, cassiterite, lepidolite, muscovite, & S n . cuecral apatite co-precipitating With quartz, topaz an
IIa and . Polyphase vein at the contact between the . cassiterite
Beauvoir — B3 801.0 . . . . apatite . e . .
Ilc Beauvoir granite and a mica schist enclave LH: CAIGM. Sr-sulfide IIb: Anhedral apatite co-precipitating with Ms and partially
: ’ replaced by CdIGM associated to Sr-sulfide
b Pre-existing La 8165 Disseminated greisen in a stockwork enclave EH Topaz, m.uscovite, quartz, apatite & wolframite, 'Subhe'dral to euhedral apatite commonly containing monazite
Bosse stockwork rutile, monazite inclusions
IIb: Anhedral apatite found i it t of zi Idite and co-
IIb and . N . . M: Quartz, zinnwaldite, Be-phosphates .e. a é.lpa 1te found In rep acement of zinhwaldite and co
Beauvoir — B3 819.5 Greisenised Beauvoir granite . . crystallising with a Qz-Ms assemblage
IIc EH: Quartz, muscovite, apatite . .
IIc: Anhedral red apatite replacing Be-phosphates
M: Quartz, albite, K-feldspar, zinnwaldite, topaz. . e .
4 ’ ’ ’ ’ Anhedral to subhedral apatite co- tat th Ms and
Ilc Beauvoir — B2 862.0 Slightly greisenised granite apatite, AGM =+ CGM, PGM, cassiterite, zircon © r & .O Subhe r-a apatite co prec1p1 ating wi s an
R . replacing igneous minerals such as albite
EH: Apatite + muscovite
Subhedral to euhedral apatiti ipitati t the edge of th
Illa Beauvoir — B2 486.5 Polyphase pervasive vein LH: Fluorite, quartz, muscovite, apatite, illite U .e ra . 0 euhedral apatite precipitating at the edge of the
Late fluorite vein
hydrothermal b Beauvoir — B1 2211 Vuggy quartz vein with a Mn-oxides / Aggregates of small euhedral apatite grains precipitating in the
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(apfu). Whole-rock geochemical analyses of metasedimentary rocks
from the Sioule series were performed at the SARM (Nancy, France).

Measurements of oxygen isotopic composition and halogen concen-
trations (F, Cl, Br and I) of apatite were performed by ion microprobe
(SIMS) at the CRPG (Nancy, France). Analyses were performed close
to EPMA spots by focusing a primary Cs™ ion beam on a raster area of
~15 x 15and 5 x 5 pm for oxygen isotope and halogen compositions,
respectively. Conditions similar to those of Decrée et al. (2020) were
used for O isotope measurements. Correction of instrumental mass
fractionation (IMF) was conducted by analysing the Durango
fluorapatite reference material 6% = 9.4 %o; Trotter et al., 2008).
The '80/190 ratios are expressed as 5'%0 values and are normalised to
the Vienna Standard Mean Ocean Water (VSMOW) composition
(*®0/%%0 = 0.0020052; Baertschi, 1976) with long-term reproducti-
bility (2s) varying from 0.08 to 0.20 %.. Halogen concentration analysis
protocol follows that of Melfou et al. (2023). Halogen compositions were
again determined relative to the Durango fluorapatite standard
with detection limits of 6.6 x 107> ppm for F, 1.3 x 10~* ppm for Cl,
3.8 x 1072 ppm for Br, and 7.9 x 10~* ppm for I. Relative standard
deviations are (RSD, 1s) of 2.99 % for F, 0.45 % for Cl, 6.00 % for Br, and
1.19 % for 1.

Trace element concentrations and U-Pb isotope compositions of
apatite were determined by LA-ICP-MS at Géosciences Environnement
Toulouse (GET, France) and GeoRessources laboratories, and similar
analytical protocols were used in both laboratories. Laser ablation for
trace element analyses were performed with a constant spot size of 30
pm. For trace element analyses, the NIST SRM 610 glass was used as
primary reference material for the correction of mass bias and instru-
mental drift (Jochum et al., 2011). The NIST SRM 612 glass (Jochum
et al.,, 2011) and the Durango apatite were used as secondary control
materials. Trace elements concentrations determined for the Durango
apatite mostly fall within the range of reported values (note that this
apatite is not homogenous in most elements; Table S6 in Supplementary
Material 2). The signal on **Ca within apatite was used as the internal
standard, assuming a stoichiometric Ca content of 39.74 wt.%. For U-Pb
analyses, isotope ratios were initially determined using the NIST SRM
610 glass again as a primary reference material for the correction of
mass bias and instrumental drift. Matrix-corrected ratios were then
determined by an average fractionation factor calculated for multiple
apatite reference materials employed throughout the study, including
Madagascar (Thomson et al., 2012), McClure Mountain (Schoene and
Bowring, 2006), Durango (McDowell et al., 2005) and Duluth apatite
(Schmitz et al., 2003). U-Pb ages presented in this study are lower
intercept ages calculated in 233U/2%6Pb vs. 2°7Pb/20Pb Tera-Wasserburg
diagrams with IsoplotR (Vermeesch, 2018) and errors are quoted at the
2-sigma level. Despite similar analytical protocols, systematic bias of U-
Pb isotope compositions and ages will exist between both laboratories.
We estimate the interlaboratory reproducibility to be & 1.0 % relative
from the dispersion of apatite reference material lower intercept ages
obtained during this study (Fig. S1 in Supplementary Material 1). This
uncertainty is added in quadrature to any lower intercept date. The
resulting total uncertainty is referred to in the following sections and
indicated in brackets on Figs. 11 and S2 (Supplementary Material 1).

4. Results
4.1. Apatite petrography

Three major apatite generations were identified (Table 1; Figs. 2, 3,
4, 5): (i) Magmatic apatite (type I) interpreted to have crystallised from
the granitic melt; (ii) Early hydrothermal apatite (types IIa, IIb and IIc)
which formed through fluid circulation associated with greisen alter-
ation and directly related to the emplacement and cooling of the
Beauvoir granite body; (iii) Late hydrothermal apatite (types Illa and
I1Ib) that precipitated following fluid circulations thought to be genet-
ically and temporally disconnected from the granite emplacement.
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4.1.1. Magmatic apatite

Magmatic apatite (type I) is widespread in unaltered to weakly
altered granite samples throughout the entire intrusive complex, with a
relatively lower abundance in the B1 unit in comparison to the B2 and
B3 units. Its natural colour varies from dark green to deep blue, being
mostly dark green in the B1 unit and deep blue in the B2 and B3 units
(Figs. 3a-c, 4b). This colour diversity between magmatic units was
already outlined by Wang (1988). Apatite I forms euhedral to subhedral
grains co-crystallising with typical magmatic minerals as defined by
phase equilibria experiments of the Beauvoir PRMG (e.g., Pichavant
et al., 1987a; Pichavant, 2022), in particular topaz but also Li-micas,
albite, quartz and K-feldspar. In addition to a close textural relation-
ship with igneous topaz (Fig. 4a), apatite I commonly hosts inclusions of
zircon and columbite-group minerals (Figs. 4e, h). This is consistent with
previous petrographic observations of the Beauvoir PRMG supporting its
magmatic origin (Rossi et al., 1987; Johan et al., 1988; Wang, 1988).
Within the three magmatic units, local accumulations of Li-mica flakes
define layering interpreted as magmatic fabrics (Bouchez et al., 1987;
Jacquot, 1987) and exhibiting enrichment in magmatic topaz and
apatite, as observed in the B2 unit (Figs. 3b, 4a). Magmatic apatite shows
a yellow-greenish CL signal, which is generally brighter and more
greenish in the B1 unit compared to the B2 and B3 units (Figs. 4c, d, f, g,
i). In some cases, it is characterised by a growth zoning, evolving from a
dark greenish to yellowish colour in the core to a relatively brighter rim,
whereas irregular patches with a brighter yellowish CL signal generally
cross-cut this zoning and probably correspond to alteration zones
(Figs. 4c¢, d, £, g, 1). All observations collectively confirm the magmatic
origin of apatite I and indicate that it may be an early crystallising
mineral, contemporaneous with magmatic topaz, within the magmatic
paragenetic sequence.

4.1.2. Early hydrothermal apatite

The early hydrothermal stage resulted in the precipitation of an
apatite population (type II) occurring in silicified or greisenised Beau-
voir granite and pre-existing La Bosse stockwork, in association with
mineral assemblages typical of the Beauvoir early hydrothermal event.
Apatite II shows heterogeneous distribution, paragenetic context,
textural and CL characteristics, leading to the definition of different
subtypes (i.e., apatite Ila, IIb, and IIc).

Apatite ITa has been found in association with topaz, quartz and
cassiterite within a hydrothermal vein near a contact between the
altered Beauvoir granite and the host mica schist in the B3 unit (Fig. 3d).
It shows a complex CL texture characterised by dark primary areas
partially replaced by brighter secondary zones (Fig. 5b). Cassiterite
seems to have preferentially precipitated within these bright-CL sec-
ondary zones or at the transition between dark- and bright-CL zones
(Figs. 5a, b).

Apatite IIb precipitated with quartz + muscovite, topaz and acces-
sory wolframite and columbite-group minerals (Figs. 5c, e, g, i), which is
a typical mineralogical assemblage of greisen alteration (Pirajno, 2009;
Monnier et al., 2019). Apatite IIb is colourless to light blue and has been
found as replacement of igneous minerals (Figs. 3f, 5c, e), in particular
feldspar and Li-micas, as well as within quartz + muscovite veins
(Figs. 3e, 5g). As previously mentioned, kaolinisation commonly over-
prints greisen-altered areas, and apatite systematically shows signs of
alteration (Charoy et al., 2003; Monnier et al., 2019). This is the case in
samples 642.7 and 789.7, where apatite IIb is partially replaced
by kaolinite and crandalite-group minerals, in particular goyazite
(SrAl3(PO4)2(0OH)5(H20)) (Fig. 5i). Three sub-sets of occurrences of
apatite IIb can then be distinguished based on petrographic observa-
tions: (i) pervasive greisen alteration (samples 816.5 and 819.5); (ii)
greisen vein (sample 704.2); and (iii) greisen alteration overprinted by
kaolinite (samples 642.7, 789.7 and 801.0).

The greisen vein selected for further investigation was observed at
the contact between the Beauvoir PRMG and a porphyritic enclave, both
of which have been intensively greisenised (Fig. 3e). It shows fringes of
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Magmatic apatite - type |

a) B1 unit (-390.9 m) b) B2 unit (-546.5 m) c) B3 unit (-824.0 m)

- &

-

Magmatic layering enriched
in blue magmatic apatite —

Early hydrothermal apatite - type Il

d) Type lla (-801.0 m) e) Type lIb - vein (-704.2 m) f) Type IlIb & lic - interstitial
: (-819.5 m) Green Ms + Ap (IIb)

Greisenised granite

Qz Red Ap (lic)

Qz-Tpz-Cst-Ap vein
“ ~ g) Type lib - altered by kaolinite
Qz-Ap + Ms vein (-642.7 m)

Blue Ap (lIb) partially
replaced by kaolinite

Greisenised

Sligified granits porphyritic enclave

Qz-Ms-Tpz

Late hydrothermal apatite - type Il
h) Type llla (-486.5 m) i) Type lllb (-221.1 m)

Vuggy Qz vein

B S Porosity filled
Greisenised 3 with Ap Illb
& kaolinised
granite
Fir-Ap vein
Clay _,
minerals
Qz Silicified granite

Fig. 3. Selected macrophotographs of investigated samples grouped by hosted apatite type: (a) to (c) Beauvoir granite from the B1, B2 and B3 units, respectively;
(d) Quartz-topaz-cassiterite-apatite (type Ila) vein crosscutting the greisenised Beauvoir granite; (e) Quartz-apatite (type IIb) vein at the contact between the
greisenised Beauvoir and porphyritic granites; (f) Greisenised Beauvoir granite with interstitial type IIb and Ilc apatite; (g) Greisenised Beauvoir granite with apatite
IIb partially overprinted by kaolinisation; (h) Composite quartz-fluorite-clay mineral-apatite (type IIla) vein crosscutting the Beauvoir granite showing signs of both
greisenisation and kaolinisation; (i) Vuggy quartz vein exhibiting a Mn-oxides selvedge and late hydrothermal apatite (type IIIb) having precipitated in the vein
porosity. Abbreviations follow the IMA conventions compiled by Warr (2021). The scale below each photograph represents 1 cm.
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Early hydrothermal
apatite (type IIb)

- Magmatic apatite
(type 1)

Topaz

Lepidolite
l:] Quartz
I:I Feldspar

- Columbite-group minerals

Li-phosphates

Cassiterite

Fig. 4. Petrographic characteristics of magmatic apatite (type I) within the three magmatic units of the Beauvoir PRMG (i.e., B1, B2 and B3). (a) p-XRF mineralogical
map of a typical thin section from the B2 unit (—546.5 m) showing the close spatial relation between magmatic apatite (type I) and topaz, as well as the partial
replacement of igneous feldspar and lepidolite by apatite IIb; (b) Thick section microphotograph (plane-polarised light) of blue apatite I; (c-d) CL images of apatite I
in the B2 unit; (e) BSE image of apatite I containing inclusions of columbite-group minerals in the B2 unit; (f-g) CL images of apatite I in the B1 unit; (h-i) BSE and CL
image of apatite I containing a zircon inclusion in the B3 unit. Abbreviations follow the IMA conventions compiled by Warr (2021), with the exception of CGM:
columbite-group minerals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sub-euhedral to euhedral apatite, which grew sub-perpendicular to the
strike of the quartz vein (Fig. 5g).

The CL signature of apatite IIb is characterised by a brighter and more
greenish colour than magmatic apatite found in the B2 and B3 units but is
similar to the CL signal of magmatic apatite from the B1 unit (Figs. 5d, f, h, j).
Apatite ITb commonly exhibits altered zones, especially in the sample 816.5,
and brighter altered areas contain small (ca. < 5 pm) monazite inclusions
(Figs. 5¢, d). This characteristic suggests that the apatite grains underwent
metasomatism, possibly leading to the leaching of LREE from apatite lattice
and precipitation of secondary monazite (e.g., Harlov, 2015).

Apatite Ilc forms anhedral grains replacing Li- and Be-phosphates
(i.e., amblygonite-group minerals and herderite, respectively), and
greisen-related minerals (i.e., quartz, muscovite and topaz) (Fig. 5k). It
shows a CL signature varying from a greenish colour similar to apatite
IIb, yet darker, to a distinctive orange colour, especially when it occurs
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as a replacement of Be-phosphates (Fig. 51). In that case, apatite Ilc also
differs from apatite IIb by a red to orange natural colour (Fig. 3f).

4.1.3. Late hydrothermal apatite

Apatite Illa was observed within a composite and pervasive quartz,
muscovite, fluorite and illite vein (Fig. 3h). Igneous lepidolite and a
greisen-related quartz-muscovite assemblage are partially replaced by
illite (Fig. 6a), which is one of the typical late hydrothermal alteration
minerals in the Beauvoir PRMG. Apatite Illa forms subhedral to euhedral
crystals precipitating in close spatial relation with fluorite (Fig. 6a). It
shows more yellowish colour but less luminescence in CL images than
apatite II (especially apatite IIb) and exhibits growth zoning (Fig. 6b).

Apatite IIIb forms colloform aggregates in the porosity of a vuggy
quartz vein exhibiting a Mn-oxides selvedge (Fig. 6f). As apatite IIIa, its
CL signature is less luminescent but more yellowish than apatite II
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Fig. 5. Petrographic characteristics of early hydrothermal apatite (type II) within the Beauvoir PRMG and host mica schists. (a-b) BSE and CL images of apatite IIa in
the B3 unit. Apatite IIa exhibits a complex CL texture characterised by dark primary areas partially overprinted by brighter zones. Cassiterite seems to have pref-
erentially precipitated within bright-CL secondary zones or at the transition between dark- and bright-CL zones. (c-d) BSE and CL images of a greisenised mica schist
enclave. Apatite IIb exhibits metasomatism, revealed by the patchy CL texture and the presence of monazite inclusions. (e-f) BSE and CL images of apatite IIb
replacing magmatic lepidolite in the B3 unit. (g-h) BSE image of an apatite IIb-bearing greisen vein crosscutting the B2 unit and CL image of hosted apatite. Sub-
euhedral to euhedral apatite IIb mainly grew sub-perpendicular to the strike of the quartz vein. (i-j) BSE and CL images of apatite IIb partially replaced by kaolinite
and crandallite-group minerals in the B3 unit. (k-1) BSE and CL images of apatite IIc replacing Be-phosphates in the B3 unit. Abbreviations follow the IMA conventions
compiled by Warr (2021), with the exception of CdIGM: crandallite-group minerals, and CGM: columbite-group minerals.
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Type llla gy % i ‘ +

Fig. 6. Petrographic characteristics of late hydrothermal apatite (type III) within the Beauvoir PRMG. (a) BSE image highlighting the close spatial relation between
apatite IIla and fluorite; (b) CL image of apatite IIla showing a discrete oscillatory zonation; (c-e) WDX element mapping of apatite Illa revealing As, Sr and Mn
relative distribution within the grain; (f-g) BSE and CL images of apatite IIIb forming colloform aggregates precipitating in the porosity of a vuggy quartz vein; (h-k)
WDX mapping of Mn, Al, S and Na distributions in apatite IIIb. Abbreviations follow the IMA conventions compiled by Warr (2021).
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varying from a dark core to a brighter rim (Fig. 6g).

4.2. Halogens

All apatite occurrences have relatively low Cl content, below 1100
ppm, while most of them show F content above 3.0 wt.% (first quartile
value). The vast majority of apatite generations encountered within the
Beauvoir PRMG are therefore fluorapatite, with minor (< 1 % of measured
compositions) hydroxyapatite identified in the brightest secondary zones
of apatite IIa, where the calculated H;O content reaches up to 1.6 wt.%.
Bromine and iodine can substitute for F on the anion site, albeit as trace
constituents (Pan and Fleet, 2002; Kusebauch et al., 2015a). Bromine and I
contents are low, yet always well above detection limits, and range from
0.2 to 47.2 ppm and from 0.01 to 4.99 ppm, respectively.

4.3. Major and minor elements

P,05 and CaO contents of all apatite generations fall into relatively
wide ranges, respectively varying from 36.4 to 44.4 wt.% and 48.7 to
58.6 wt.%, revealing significant substitution on Ca and
P sites. Manganese also appears as a major constituent, ranging in
concentrations from below the detection limit (i.e., < 0.1 wt.%) to
ca. 6.5 wt.% MnO. Systematic variations in MnO contents include: (i) as
previously emphasised by Wang (1988), apatite I concentrations
globally correlate with depth, the average contents decreasing from 5.6
to 4.3 and 1.6 wt.% from the B3, B2 and B1 units, respectively. Such a
magmatic differentiation trend, whereby Mn concentration decreases
with increasing differentiation without significant changes in Sr and S
contents (Fig. 7), differs distinctly from the early hydrothermal apatite I
evolution trend, whereby Mn depletion is associated with Sr enrichment;
(ii) an overall decrease in MnO content is also observed over time, i.e.,
from apatite I (mean ~ 3.7 wt.%) to apatite II and III (mean ~ 1.7 wt.%
and 0.4 wt.%, respectively).

Chemical Geology 670 (2024) 122400

Apatite I is characterised by high MnO content (Fig. 7), low to
moderate Na,0, SiO3 and FeO concentrations reaching up to 0.7, 0.2 and
0.6 wt.%, respectively. The chemistry of apatite II reveals a three-step
trend (Fig. 7) evolving from: (i) a composition similar to magmatic
apatite, dominated by high MnO and low to moderate FeO concentra-
tions. This particular chemistry is associated with dark-CL primary zones
of apatite Ila (MnO ~ 2.7-4.8 wt.% and FeO < 0.9 wt.%; Fig. 4b); (ii) a
composition differing by a significant Sr enrichment, locally noticeable
within the bright-CL secondary zones of apatite Ila (SrO < 0.8 wt.%) and
clearly characteristic of apatite IIb. Strontium in apatite IIb reaches up to
4.7 wt.% SrO (mean ~ 1.15 wt.%), with the exception of apatite IIb
overprinted by kaolinisation, where Sr was rarely detected through
EPMA (< 0.5 wt.%). This SrO enrichment is accompanied by low to
moderate FeO contents (< 1.1 wt.%); and finally (iii) a composition
characterised by relatively high Na,O and SO3 concentrations, that are
generally above the detection limit and reach up to 1.4 and 4.1 wt.%,
respectively. This is the case in apatite IIb overprinted by kaolinisation
and apatite Ilc. The simultaneous enrichment in S and Na can be
attributed to the following co-substitution on the Ca and P sites (Pan and
Fleet, 2002):

SOF~ + Na' < PO}~ + Ca®".

A significant Al,O3 enrichment is also observed in most early hy-
drothermal apatite sub-generations, especially in apatite IIb overprinted
by kaolinisation, with Al;O3 values up to 3.5 wt.%.

Apatite IIIa predominantly differs from the other apatite generations
by a relatively important enrichment in As with As;O3 concentrations
ranging from 0.4 to 5.3 wt.% (mean ~ 1.8 wt.%). The oscillatory zonation
highlighted by CL imaging correlates with modifications of the major
element chemistry; slightly brighter zones are enriched in As, Mn and Sr
and depleted in P compared to the darker areas (Figs. 6¢-€). Apatite IIIb
exhibits low to moderate SO3 (<0.1-1.6 wt.%; mean ~ 0.5 wt.%) and
NagO (0.2-0.6 wt.%; mean ~ 0.4 wt.%) concentrations. Similarly to
apatite IIb overprinted by kaolinisation, it is also relatively enriched in Al,
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© Type|-B1 unit ® Typella
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Fig. 7. Sr, S and Mn ternary plot with indication on the As content (circle size) in apatite generations from the Beauvoir PRMG. Magmatic apatite is characterised by
an enrichment in Mn. Early hydrothermal apatite varies from Mn-enriched (type IIa), to Sr-rich (type IIb) and S-rich (type IIb altered by kaolinite and type Ilc),
whereas late hydrothermal apatite is As-enriched for apatite IIla and S-enriched for apatite IIIb. Data are from EPMA. When an element was not detected at an
analysis spot, half of the detection limit was assigned as the concentration.
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with Al,O3 content varying from below the detection limit to 1.1 wt.%
(mean ~ 0.4 wt.%). Apatite IIIb CL luminescence correlates with sys-
tematic variations in those elements, the brighter areas being enriched in
S, Naand depleted in Al and Mn compared to the darker areas (Figs. 6h-k).

4.4. Trace elements

Apatite generations are associated with distinct trace elements and
REE signatures (Figs. 8, 9). Apatite I shows similar trace elements dis-
tributions within the three magmatic units, but Sn, Y and total REE
concentrations display an overall decreasing trend from the deepest B3
to intermediate B2 and shallowest B1 unit (Figs. 8a, 9a, b). Chondrite-
normalised REE patterns of apatite I display LREE enrichment (Lay/
Yby ~ 2.8-35.7), as well as a strong to moderate negative Eu anomaly
(Eu/Eu* ~ 0.01-0.75) (Fig. 9a). Similar features characterise the whole
rock REE patterns of the unaltered Beauvoir PRMG (Fig. 9a) (Raimbault
et al., 1995). Additionally, apatite I exhibits irregular REE distributions
consisting in four curved segments (La-Nd, Pm-Gd, Gd-Ho, and Er-Lu)
(Fig. 9a), and designated as lanthanide tetrad effect (Masuda et al.,
1987; Bau, 1996; Irber, 1999). The tetrad effect degree (TE;_3) can be
quantified for each magmatic unit following Irber (1999), and ranges
from 1.05 to 1.73. As estimated TE;_3 values essentially exceed 1.1, the
tetrad effect degree for magmatic apatite is considered significant (Irber,
1999). Some distinctions are noticeable in the apatite REE patterns of
the three magmatic units (Figs. 9a, d). An overall depletion in
REEs associated with an increase in Lay/Yby is observed from the
B3 (O_REE ~ 590-5420 ppm; Layn/Yby ~ 2.8-7.7), to the B2
(O_REE ~ 490-3230 ppm; Lan/Yby ~ 3.5-8.7), and finally the B1 unit
(O_REE ~ 160-1580 ppm; Lay/Yby ~ 7.5-35.7). The Eu anomaly is also
more pronounced in the B3 and B2 units, exhibiting very similar Eu/Eu*
ratios ranging from less than 0.01 to 0.47, in contrast to the Bl unit
where the Eu/Eu* ratios vary from 0.27 to 0.75 (Fig. 9a).

Based on the distribution of trace elements in apatite II, two main
groups can be identified. The first group, comprising apatite Ila and
interstitial apatite IIb, exhibits trace element and REE patterns broadly
comparable to those of apatite I, although they are characterised by a
distinctive positive Eu anomaly (Eu/Eu* ~ 1.5-5.7; Fig. 9b) and show
slightly lower Li, Sn, Th and U concentrations, as well as higher Sr
contents (Fig. 8b). The second group includes apatite IIb overprinted by
kaolinisation and apatite Ilc. By contrast, this group is associated with a
relative enrichment in Li, and is depleted in Y, Sn and Th (Fig. 8c).
Apatite II from this group is REE-depleted, with total REE content
not exceeding 50 ppm (Fig. 9d). REE distributions are characterised
by LREE depletion, MREE enrichment, and no distinct Eu anomaly
(0.02 < Lan/Yby <2.4) (Fig. 9b). Flat HREE signatures are also observed
for apatite IIc, whereas the REE spectra of apatite IIb overprinted by
kaolinisation display a more irregular pattern. Those characteristics
resemble the whole rock distribution of the kaolinised granite (Fig. 9c).
Apatite IIb found within a quartz vein shows an intermediate trace
element distribution between the two groups of early hydrothermal
crystals, with REE chondrite-normalised spectra similar to the second
group (Fig. 9b) but a Sr enrichment similar to the first group (Figs. 8b, c).

Late hydrothermal apatite III comprises some of the most Li-enriched
(up to 230 ppm) apatite generations in the Beauvoir PRMG (Fig. 8d).
They have variable total REE contents between 2 and 130 ppm, and are
globally depleted in REE compared to apatite I (Fig. 9d). Their REE
distribution is mainly characterised by a LREE depletion compared to
MREE and HREE (Layn/Yby ~ 0.06-0.51), and again resembles the whole
rock REE pattern of the kaolinised granite (Fig. 9c). Apatite IIla has
modest negative Eu anomaly (Eu/Eu* ~ 0.38-0.71) and its composition
notably stands out due to strong Pb enrichment (Fig. 8d).

4.5. Oxygen isotopes

Disregarding the altered zones of the grains, apatite I shows a wide
range of O isotopic composition throughout the entire intrusive
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intrusion are shown for comparison.

complex, with §'80 values varying from 2.0 to 15.8 %o (Fig. 10a). This
pronounced scatter is predominantly attributed to apatite I analysed in
the B1 unit (2.0-15.8 %o; mean ~ 5.8 & 0.4 %o, 2s), whereas less variable
580 values are obtained for the B2 (3.9-9.9 %o; mean ~ 6.1 & 0.3 %o)
and B3 units (6.3-8.5 %o; mean ~ 7.7 £ 0.3 %o). In terms of mean 5%
values, an overall decrease is observed from the deepest B3 unit (mean
~ 7.7 + 0.3 %o) to the intermediate B2 unit (mean ~ 6.1 + 0.3 %o) and
the shallowest Bl unit (mean ~ 5.8 + 0.4 %o; Fig. 10a). Intra-grain
variation range in apatite I increases from the B3 unit (ca. 1 %o), to
the B2 (0.5-3 %o) and B1 (4-6 %o) units. In the B1 unit only, a systematic
core to rim trend is noticeable, with brighter-CL magmatic growth rims
(Figs. 4f, g) commonly exhibiting heavier O isotopic signatures
compared to cores (6'%0yim values up to 3 %o higher).

The 5'80 values of altered zones observed in apatite I fall into a wide
range of —3.7 to 8.3 %o in the B1 unit and of —14.8 to 12.2 %o in the B2
unit. A single value of 5.2 + 0.3 %o has been obtained for an altered
domain of apatite I from the B3 unit. Altered zones (mean ~ 3.7 £ 0.4 %o
and 4.9 + 0.3 %o for the B1 and B2 units, respectively) overall show
lower 580 values compared to unaltered magmatic micro-domains.

15

Apatite II is associated with significantly scattered O isotopic compo-
sitions, ranging from —6.7 to 7.5 %o for apatite Ila, —8.8 to 13.4 %o for
apatite IIb, and —7.5 to 12.5 %o for apatite IIc (Figs. 10b, c). Among all
analysed apatite IIb, two apparent end-members can be distinguished:
(i) the quartz-apatite greisen vein (sample 704.2), for which 5'80fallintoa
narrow negative range of —3.3 to —1.0 %o (mean ~ —2.1 £ 0.2 %o);
(ii) the greisen-altered zones, with apatite being partially replaced by
kaolinite and crandallite-groupe minerals (samples 642.7, 789.7 and
801.0), in which the O isotopic signature of apatite is notably heavier (—1.2
to 13.4 %o; mean ~ 10.8 + 0.2 %o). The two other samples (i.e., 816.5 and
819.5) are representative of pervasive greisen alteration and exhibit
significant scatter in O isotopic compositions between these two
end-members, their 5180 values ranging from —3.7 to 8.6 %o (mean ~ 5.3
=+ 0.2 %o) and from —8.8 t0 12.7 %o (mean ~ —0.8 + 0.2 %o), respectively.

A noticeable systematics exists between O isotopic signature,
elemental chemistry and apatite CL-signal, when the grain distinctly
exhibits darker-CL primary replaced by brighter-CL secondary zones, as it
is the case for apatite Ila (Fig. 5b) and apatite IIb from sample 816.5
(Fig. 5d). The darker-CL primary zones tend to exhibit heavier O isotopic
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Fig. 10. O isotopic composition of the distinct apatite generations from the
Beauvoir PRMG system: (a) Magmatic generation; (b-c) Early hydrothermal
generations; (d) Late hydrothermal generations.

signatures, higher Mn and total REE contents and lower Sr concentrations
than the brighter-CL micro-domains. For instance, dark-CL primary
areas within apatite IIa exhibit O isotopic compositions of 2.7 to 7.5 %o
(mean ~ 5.9 + 0.2 %o), average MnO and Sn concentrations of 4.1 wt.%
and 43 ppm, respectively, an average REE total content of 870 ppm and
SrO content essentially below the detection limit (i.e., < 0.1 wt.%). In
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contrast, bright-CL secondary areas are characterised by a distinctly
lighter O isotopic signature, with 580 values ranging from —6.7 to 3.7 %o
(mean ~ —-3.5 £ 0.3 %o), lower MnO (mean ~ 3.0 wt.%), Sn
(mean ~ 3 ppm) and total REE (mean ~ 320 ppm) concentrations and a
higher SrO (mean ~ 0.3 wt.%) content (see sections 5.1 and 5.4 for further
discussion).

The O isotopic signature of apatite III is typically heavy (Fig. 10d).
Apatite ITla shows scattered 5!%0 values ranging from 3.4 to 14.4 %o
(mean ~ 9.2 + 0.2 %), while apatite IIIb has the heaviest O isotopic
signature, with 80 values varying between 13.6 and 17.0 %o
(mean ~ 15.6 + 0.2 %o).

4.6. U-Pb geochronology

Tera-Wasserburg diagrams for the main supra- and sub-solidus stages
(i.e., magmatic, early hydrothermal and late hydrothermal stages) are
presented in Fig. 11, and additional plots for the distinct magmatic and
early hydrothermal apatite sub-generations are presented in Fig. S2
(Supplementary Material 1). The U content of the different apatite
generations from the Beauvoir PRMG shows a wide range, from less
than 1 ppm to ca. 1000 ppm. Apatite I is relatively enriched in U
(ca. 140-790 ppm) compared to typical apatite from other felsic igneous
rocks (ca. 1-100 ppm; O’Sullivan et al., 2020). Apatite II shows lower U
concentrations (ca. 0.04-140 ppm), except for the dark-CL primary
zones of apatite Ila and for apatite IIb overprinted by kaolinisation,
which yield similar values to apatite I. Moderate to high U concentra-
tions characterise apatite III, with U content reaching up to ca. 1000
ppm in apatite IIIb.

Apatite I from the B1, B2 and B3 units plot relatively close to the
concordia curve in the Tera-Wasserburg diagram due to their high U and
relatively low initial Pb contents (Fig. 11a). Lower intercept dates of
315.0 +£ 6.8 Ma (n = 16; MSWD = 1.7), 312.0 + 18.3 Ma (n = 23; MSWD
=1.2)and 313.6 - 5.0 Ma (n = 22; MSWD = 1.3) obtained for the B1, B2
and B3 units, respectively, are identical within uncertainty (Figs. S2a, b, c
in Supplementary Material 1). Apatite I from the B1 unit is characterised
by the highest 2°7Pb/2%Pb and lowest 238U/2%Pb ratios, reflecting a
relative enrichment in initial Pb (Fig. S2a). The combination of all data for
magmatic apatite define a lower intercept date of 314.6 + 4.7 Ma (n = 61;
MSWD = 2.2) and the discordia line returns an initial 2°’Pb/ 206Pb(i) ratio
of 0.80 + 0.02, reasonably close to the model isotopic composition of
terrestrial lead at 310 Ma (i.e.,2°7Pb/2°6Pb(310 Ma) ~ 0.86; Stacey and
Kramers, 1975) (Fig. 11a).

Three subsets can be distinguished within the early hydrothermal
generation (i.e., apatite Ila, IIb and IIc). Data from apatite Ila yield a
lower intercept date of 314.3 + 5.5 Ma (n = 27; MSWD = 4.0) and a
2O7Pb/2°6Pb(i) composition of 0.83 + 0.01, which is similar to the
common Pb value defined by magmatic apatite (Fig. 11b). A significant
spread along the discordia is observed, with bright-CL secondary zones
enriched in common Pb compared to the darker-CL primary zones.
Three samples have been analysed for apatite IIb, and represent: (i)
pervasive greisen alteration, (ii) vein formation during the greisenisa-
tion episode, and (iii) greisen-alteration overprinted by kaolinisation.
Data from apatite IIb associated with pervasive alteration define a
relatively well-constrained isochron with a lower intercept date of
315.8 + 7.2 Ma (n = 54; 297Pb/2%®pb; = 0.85 + 0.01; MSWD = 2; Fig.
S2d in Supplementary Material 1), whereas U-Pb analyses of apatite
from the greisen-related vein result in an imprecise date of 301.0 + 20.2
Ma (n = 35; 27Pb/?%pPb;, = 0.84 + 0.01; MSWD = 2.3; Fig. S2e in
Supplementary Material 1). Two clusters in the Tera-Wasserburg plot
can be identified from the analysis of apatite IIb overprinted by kaoli-
nisation, especially differing by their U content (Fig. S2f in Supple-
mentary Material 1). No date can be unambiguously assigned on the
basis of these data, given that the two clusters are sharply separated and
appear to belong to distinct discordia trends. As all apatite IIb, except for
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Fig. 11. Tera-Wasserburg diagrams for the different apatite generations from the Beauvoir PRMG. (a) Magmatic apatite; (b-c) Early hydrothermal apatite — types Ila
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et al. (2017); [20] Merceron et al. (1987).

apatite IIb overprinted by kaolinisation, produce similar U-Pb dates and
207pp,/206ph;) compositions within uncertainty, this subset is presumed
to have precipitated over a relatively short period of time. Therefore, all
data, except for apatite IIb overprinted by kaolinisation, were pooled to
obtain an overall date of 311.7 + 8.1 Ma, with a 2”Pb/2%pby;, ratio of
0.85 + 0.004 (n = 90; MSWD = 3.2) (Fig. 11c). Due to the lack of
exploitable signals, no date could be obtained for apatite Ilc.

Finally, U-Pb data from the two late hydrothermal generations yield
distinct dates of 268.3 4+ 20.4 Ma (n = 59; MSWD = 4.6) for fluorite-
related apatite (apatite Illa; Fig. 11d) and of 148.5 + 26.6 Ma (n = 20;
MSWD = 1.5) for colloform apatite occurring in the porosity of a quartz
vein with a Mn-oxide selvedge (apatite IIIb; Fig. 11e). While both apatite
subsets show a dominant common Pb proportion of total Pb, which re-
sults in imprecise dates, they are still significantly younger than the
Beauvoir PRMG.
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5. Discussion

5.1. Timing of magmatic and hydrothermal episodes for the Beauvoir
peraluminous rare-metal granite

The Beauvoir PRGM is marked by four major apatite generations,
which are respectively characteristic of the magmatic, early hydro-
thermal and the two late hydrothermal stages. Based on textural evi-
dence, apatite I is related to the crystallisation of the Beauvoir magmas
and represents an early mineral within the magmatic paragenetic
sequence (section 4.1; Fig. 2). Analyses of apatite I from the three main
magmatic units together yield an age of 314.6 + 4.7 Ma (Fig. 11a).
Considering the magmatic origin of apatite I, this date likely represents
the crystallisation age of the Beauvoir PRMG, which is consistent with
previous studies that suggested emplacement ages identical within
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uncertainties, i.e., 304 + 9 Ma and 317 + 8 Ma by Rb-Sr dating of whole
rock samples from the B1 and B2 units, respectively (Duthou and Pin,
1987; ages recalculated with the 8Rb decay constant of Villa et al.,
2015), 308 + 2 Ma by *°Ar-3°Ar dating of lepidolite (Cheilletz et al.,
1992) and 317 + 8 Ma by applying the U-Pb method on columbite-group
minerals from the B1 unit (Melleton et al., 2015) (Fig. 12). From 325 to
310 Ma, the axial part of the Variscan belt experienced lithospheric
extension, leading to crustal melting and widespread granitic magma-
tism (e.g., Vanderhaeghe et al., 2020; Schulmann et al., 2022). The
emplacement of the Beauvoir PRMG at ca. 315-310 Ma marks the end of
this event. In the FMC, it is contemporaneous with the emplacement of
other PRMGs and pegmatites, as well as peraluminous leucogranite-
related W + Sn hydrothermal deposits, within transcurrent or exten-
sional tectonic structures (Cuney et al., 2002; Bouchot et al., 2005;
Melleton et al., 2015; Harlaux et al., 2018; Carr et al., 2021; Monnier
et al., 2021).

Early hydrothermal apatite II and late hydrothermal apatite III
generally display intergrowth textures with hydrothermal assemblages
and occur as pervasively distributed alteration minerals, or are found
within veins. Those characteristics supports their precipitation from
hydrothermal fluids. The early hydrothermal generation is associated
with quartz + muscovite + topaz + cassiterite and is characteristic of
greisen alteration (Monnier et al., 2019) (Fig. 2). The complex and
irregular textures in early hydrothermal apatite observed in CL (Figs. 5b,
d, f, j) suggest dissolution-reprecipitation processes during metasomatic
alteration. In some apatite II occurrences, grains distinctly exhibit
darker-CL primary replaced by brighter-CL secondary zones, which
correlate with systematic changes in elemental and O-isotopic compo-
sitions (section 4.5). Consequently, the overprint of the initial chemistry
appears predominantly restricted to brighter-CL altered zones, whereas
the darker-CL unaltered zones potentially preserve the signature from
the primary fluid circulation. This modification in apatite chemistry is
also reflected in the U-Pb data, as the altered zones are typically char-
acterised by higher proportion of initial Pb relative to radiogenic Pb
compared to primary zones. (e.g., Fig. 11b for apatite IIa). Yet, for most
samples, U-Pb analyses from the altered and unaltered zones lie along
the same trend between initial and radiogenic Pb, indicating that they
formed within a timespan shorter than the obtained uncertainties
(2s = 5.5 and 8.1 Ma for apatite Ila and IIb, respectively). Considering
that the Beauvoir magmatic-hydrothermal system probably cooled over
a time scale of the order of ca. 10* years due to the small size of the
intrusion (~ 0.21 km3; Raimbault et al., 1995) and its shallow
emplacement (~ 3 km; Cuney et al., 1992) (e.g., Coulson et al., 2002;
Ingebritsen et al., 2010; Andersen and Weis, 2020), apatite U-Pb dating
does not allow to assert that metasomatic processes recorded in most
early hydrothermal apatite (apatite II) are temporally linked to greisen
alteration. However, petrographic observations support a genetic link
between the precipitation of apatite II and greisenisation. The textural
and compositional variability observed in early hydrothermal apatite
likely results from changes in greisenising fluids properties (e.g., tem-
perature, composition), leading to destabilisation and (re-)crystal-
lisation of apatite.

The two main ages determined for the early hydrothermal stage
(i.e., 314.3 + 5.5 Ma for apatite Ila and 311.7 + 8.1 Ma for apatite IIb;
Fig. 12) are consistent with a preliminary age of 307 + 3 Ma for the
greisenisation event related to the Beauvoir PRMG emplacement, ob-
tained by U-Pb dating of monazite from the alteration halo of a quartz
vein formed from greisen-related fluids within the Echassieres complex
(Monnier et al., 2021). These ages are indistinguishable within uncer-
tainty from those of magmatic apatite and, conversely, significantly older
than the Permian-Triassic estimate derived from K-Ar dating of muscovite
(273 + 6 Ma for pervasive greisen alteration and 225 + 5 Ma for the
formation of greisen-related veins; Merceron et al., 1987) (Fig. 12).
Therefore, our new geochronological results support a strong temporal
and genetic relation between greisen alteration and Beauvoir PRMG
magma emplacement, as proposed by many authors for the Beauvoir
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PRMG (e.g., Cuney et al., 1992; Monnier et al., 2020). Such temporal
relationship between granite intrusion and greisen alteration has been
documented for other similar systems (e.g., Breiter et al., 2017; Launay
et al., 2021).

To date, there is limited data available to constrain the timing of the
fluorite mineralisation episode within the Beauvoir intrusion. An
external origin of mineralising fluids has been emphasised based on
fluorite REE patterns (Raimbault, 1988). Previous authors also sug-
gested that a conceivable origin may lie in the widespread hydrothermal
event affecting western Europe and resulting in the formation of large
veins and stratiform F-Ba-Pb-Zn ore deposits (Merceron et al., 1987;
Raimbault, 1988). Although the genesis of these hydrothermal deposits
occurred over an extensive period spanning from the Early Jurassic to
the Early Cretaceous (ca. 210-100 Ma; Joseph et al., 1973; Baubron
et al., 1980; Soule de Lafont and Lhegu, 1980; Davaine, 1980; Nigon,
1988; Sizaret et al., 2009; Boiron et al., 2010; Cathelineau et al., 2012;
Gigoux et al., 2015; Lenoir et al., 2023), the geochronological data
available for the FMC, the Morvan, Vendée and Poitou regions (Fig. 1a)
emphasises a well-documented F mineralisation period between ca. 165
and 140 Ma (Fig. 12). A similar observation has been made by Burisch
et al. (2022) on a broader scale, highlighting a major F deposition
episode between ca. 185 and 140 Ma when taking into account most of
Europe’s major fluorite provinces. Considering the close textural rela-
tion between fluorite and apatite Illa in the Beauvoir PRMG, fluorite
precipitation likely occurred around 268.3 + 20.4 Ma (Fig. 12). Despite
the large uncertainty of this age, it significantly contrasts with previous
assumptions suggesting a Liassic mineralisation event. Nevertheless, it
supports its temporal dissociation with the magma emplacement and
related early hydrothermal stage (ca. 305-315 Ma) (Fig. 12), thus
necessitating the involvement of external (non-magmatic-hydrother-
mal) fluid circulation.

The Variscan belt (e.g., Bohemian Massif, Black Forest, Massif Cen-
tral and Armorican Massif) is characterised by important hydrothermal
uranium mineralisation, mostly deposited between 300 and 260 Ma
(e.g., Wendt et al., 1979; Carl et al., 1983; Eikenberg, 1988; Cathelineau
et al,, 1990; Hofmann and Eikenberg, 1991; Kribek et al., 2009;
Velichkin and Vlasov, 2011; Ballouard et al., 2018) (Fig. 12). The
mobilisation of U from fertile peraluminous leucogranites, syntectoni-
cally emplaced along extensional faults or strike-slip shear zones during
the late Carboniferous, derives from sub-solidus alteration via surface-
derived low-salinity oxidising fluids, with possible contribution of
Permian basin-derived fluids, at temperatures ranging from ca. 250 to
350 °C (e.g., Cathelineau, 1982; Turpin et al., 1990b; Barsukov et al.,
2006; Kribek et al., 2009; Dolnicek et al., 2014; Ballouard et al., 2017;
Dusséaux et al., 2022). Rare occurrences of U-rich fluorite, also referred
to as antozonite, have been documented in late Carboniferous to
Permian U deposits, such as the Retail mineralised vein (Vendée;
Ruhlmann et al., 1980), the Ecarpiere deposit (Vendée; Sarcia et al.,
1958), or the Bauzot mineralisation (Burgundy; Carrat, 1956). Fluorine
mineralisation recognised within the Beauvoir intrusion is proposed to
be related to this widespread hydrothermal event, thus recording brittle
reactivation of Variscan shear zones during the Permian post-orogenic
evolution (e.g., Cathelineau et al., 1990; Ballouard et al., 2017, 2018).

No clear intergrowth texture has been observed between apatite IIIb
and other minerals. However, precipitation of colloform apatite IIIb in
the porosity of a vuggy quartz vein exhibiting a Mn-oxides selvedge
suggests a late precipitation, Fe- and Mn-oxides being thought to derive
from weathering during the late hydrothermal evolution of the Beauvoir
PRMG (Merceron et al., 1987, 1992; Monnier et al., 2019). Supergene
kaolinisation, known to affect Variscan RMGs during the Eocene (e.g.,
Estéoule-Choux, 1967; Gaudin et al., 2015), represents the last pervasive
alteration episode of the Beauvoir PRMG (Merceron et al., 1987). The
main P-bearing mineral precipitating during supergene kaolinisation of
the Beauvoir PRMG consists of crandallite-group minerals typically
replacing greisen-related apatite (Figs. 5i, j; Monnier et al., 2019), thus
precipitation of apatite IIIb most likely predates this event. Apatite IIIb
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yields a lower intercept age of 148.5 + 26.6 Ma, which, albeit imprecise,
overlaps the precipitation age of illite within the Beauvoir PRMG esti-
mated at 151 + 4 Ma (K-Ar on illite; Merceron et al., 1987) (Fig. 12). As
previously mentioned, F-Ba-Pb-Zn ore deposits formed across Western
Europe from the Jurassic to Lower Cretaceous period, with a
well-documented mineralisation event occurring between ca. 140 and
165 Ma in the FMC and adjacent regions (i.e., Poitou, Morvan and
Vendée). At this time, metals from the Variscan metamorphic rocks and
granites were leached by basinal brines and redeposited below or above
the unconformity between basement and Liassic sediments. The circu-
lation of such fluids at temperatures up to 200 °C, was notably condu-
cive to illite precipitation (e.g., Cathelineau et al., 2012), and likely
resulted from far-field deformation during the Tethys-Atlantic-
Caribbean rift evolution (Burisch et al., 2022) and the onset of the
opening of the Bay of Biscay (Bouat et al., 2023). The precipitation of
apatite IIIb and illite within the Beauvoir PRMG suggests that the Sioule
region might have been partially covered by the Paris basin sediments at
the end of the Jurassic and fluid infiltrations during reactivation of
ancient basement faults may reflect the influence of the Pangea breakup
on the FMC.

5.2. Apatite as a proxy for magmatic evolution in PRMG systems

Cathodoluminescence imaging of magmatic apatite from the Beau-
voir PRMG commonly reveals growth zoning, as well as resorption
textures, and distinctly secondary zones resulting from dissolution-
reprecipitation processes, possibly related to the greisen alteration
event (Figs. 4c, d, f, g, i). The greenish blue colour of magmatic apatite
reflects high Mn content (Ribeiro et al., 2005) (Figs. 3a-c, 4b), which is a
distinctive feature of apatite crystallising from highly evolved
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peraluminous melts (e.g., Sha and Chappell, 1999; Belousova et al.,
2002; Broska et al., 2004; Roda-Robles et al., 2022). The decreasing
proportion of magmatic apatite from the B2 and B3 units to the B1 unit is
proposed to derive from the higher degree of magmatic evolution of the
latter, P being preferentially concentrated into feldspars with increasing
differentiation (London, 1992). Another possible explanation is the
higher abundance of amblygonite-group minerals scavenging P from the
melt in the B1 unit compared to the B2 and B3 units (Raimbault et al.,
1995).

Considering the typical plots used to identify the parent rock type
from apatite chemistry (e.g., Sha and Chappell, 1999; Belousova et al.,
2002; O’Sullivan et al., 2020), magmatic apatite from the B2 and B3
units exhibit partial overlap with the “S-type granites” field as depicted
on the Sr/Y vs XLREE biplot proposed by O’Sullivan et al. (2020)
(Fig. 13). The remaining data points from these two units, as well as
magmatic apatite from the B1 unit, fall within the fields corresponding
to apatite from leucosomes/partial melts from high-grade metamorphic
rocks and low-grade metamorphic/metasomatic rocks. Given that the
Beauvoir PRMG exhibits a chemistry that is highly distinct from typical
S-type granites, it is very likely that the chemistry of its magmatic
apatite is also unique, which may account for the observed discrepancy
from the “S-type granites” field. This is supported by the particular
composition of igneous apatite from highly differentiated peraluminous
granites and Li-rich pegmatites from the Variscan Iberian Massif (Spain;
Merino Martinez, 2014; Roda-Robles et al., 2022) and Nb-Ta-(Li-Be-Cs)
pegmatites from the Mufushan Complex rare-metal ore field (South
China; Madayipu et al., 2024), exhibiting similar to even higher Sr/Y
and lower LREE content compared to magmatic apatite in the Beauvoir
PRMG. As illustrated in Fig. 13 and also in Fig. 9d, the transition from
the less evolved B3 unit to the intermediate B2 unit, and most



O. Rocher et al.

differentiated B1 unit is associated with an overall depletion in REE and
an increase in the Lay/Yby as well as Sr/Y ratios. This evolution could be
ascribed to magmatic differentiation processes for PRMGs, as REE
typically behave compatibly in low-temperature peraluminous magmas
(e.g., Montel, 1993).

The chondrite-normalised REE distribution of magmatic apatite from
the Beauvoir PRMG also slightly differs from typical patterns of apatite
from S-type granites or other highly differentiated leucogranites (e.g.,
Sha and Chappell, 1999; Hsieh et al., 2008; Chu et al., 2009; Belousova
et al., 2002; Roda-Robles et al., 2022). As previously described, apatite I
is associated with a systematic LREE enrichment, a strong to moderate
negative Eu anomaly (Eu/Eu* ~ 0.01-0.75), and a slight depletion in Nd
only observed in the B2 and B3 units (Fig. 9a). REE patterns of apatite
from typical S-type granites from the Lachlan Fold Belt, exhibiting up-
ward convex profiles, pronounced negative Eu anomaly and frequent Nd
depletion, resemble those of magmatic apatite from the Beauvoir PRMG
(Sha and Chappell, 1999). However, apatite from those S-type granites
differ from Beauvoir PRMG’s apatite by a significant LREE depletion that
has been ascribed to the crystallisation of monazite, which tends to
reach saturation earlier than apatite in reduced and peraluminous
magmas (Sha and Chappell, 1999). Due to the high concentration in
fluxing elements, such as F and Li, within the Beauvoir melts, monazite
saturation was likely not achieved (Raimbault et al., 1995). This could
account for the LREE-enriched feature observed in both the whole-rock
and igneous apatite REE patterns of the Beauvoir PRMG (Fig. 9a).

As expected for highly peraluminous granites, apatite I displays a
pronounced negative Eu anomaly, its amplitude decreasing from the
least differentiated B3 unit and intermediate B2 unit to the most evolved
B1 unit. As Eu®* is much closer to Ca®* in ionic radius than Eu®" at the
two Ca nonequivalent sites in apatite, Eu>t is preferentially incorpo-
rated in apatite structure compared to Eu?' that is concentrated into
feldspars (e.g., Budzinski and Tischendorf, 1989; Sha and Chappell,
1999). The partition coefficient of Eu between apatite and melt is
thought to increase with increasing oxygen fugacity (fO2), decreasing
melt aluminosity and Eu?t/Eu®t ratio (Sha and Chappell, 1999).
Therefore, the relative Eu enrichment observed with increasing differ-
entiation may derive from the increase of oxidation degree character-
ising the transition from the B3 and B2 units to the B1 unit within the
Beauvoir PRMG, which was interpreted by Cuney et al. (1992) and
Pichavant (2022) as a primary magmatic feature.

Moreover, magmatic apatite exhibits an important tetrad effect, with
estimated tetrad effect degrees (TE;_3) ranging from 1.05 to 1.73 and
mostly exceeding the significance threshold of 1.1 (Fig. 9a; Irber, 1999).
This feature is commonly observed in highly evolved granites and asso-
ciated metasomatic rocks. It has also been documented in melt inclusions
(Peretyazhko and Savina, 2010) and minerals, such as zircon (Yang et al.,
2014), columbite-group minerals (Badanina et al., 2015) and apatite
(Chuetal., 2009; Roda-Robles et al., 2022). Although some recent studies
suggested that the tetrad effect could be inherited from monazite and
xenotime fractionation (Duc-Tin and Keppler, 2015; Shuai et al., 2021), it
has been widely attributed to the selective complexation of REE by F or Cl
during metasomatism, or fluid and melt exsolution (e.g., Bau, 1996; Irber,
1999; Jahn et al., 2001; Veksler et al., 2005; Monecke et al., 2007; Per-
etyazhko and Savina, 2010; Dostal et al., 2015; Ballouard et al., 2020b).
As monazite and xenotime likely did not reach saturation from the
Beauvoir melts (Raimbault et al., 1995), the pronounced tetrad effect
observed in magmatic apatite REE distribution could reflect the exsolu-
tion of F-rich and Cl-rich magmatic fluids during magma crystallisation,
which has been emphasised by the study of fluid inclusions (Aissa et al.,
1987).

From these data, apatite I has essentially preserved its original
magmatic signature, but its chemistry also reveals signs of metasomatic
overprint, in particular its O isotopic signature (Fig. 10a). In the absence
of O isotopic data for apatite from other strongly fractionated highly
peraluminous rocks, we suggest comparing the bulk rock 5'80 values of
other Variscan peraluminous leucogranites and the Richemont rhyolitic
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dyke, which represents the subvolcanic equivalent of the Beauvoir
PRMG, with the calculated oxygen isotopic composition of the Beauvoir
melts. The latter can be estimated from 5'80 data obtained for magmatic
apatite using the crystal-melt temperature-dependent fractionation fac-
tor of Zhao and Zheng (2003) for rhyolitic melt. For a crystallisation
temperature of ca. 670 to 550 °C (emcompassing liquidus to
solidus temperatures determined by Pichavant, 2022), the oxygen
isotopic fractionation between apatite and the parent melt is limited
(Alsoapatite-melt ~ —1.3to —1.0 %o; Zhao and Zheng, 2003). For unaltered
zones of magmatic apatite, 5'%0 values for the corresponding Beauvoir
melts range from 7.3 to 9.8 %o (median ~ 8.9 %o), 4.9 to 11.2 %0 (median
~7.2%o0), and 3.0 to 17.1 %o (median ~ 6.4 %o) for the B3, B2 and B1 units,
respectively. More than half of these estimates are significantly lower
than the bulk rock §'%0 compositions of other Variscan peraluminous
granites, which are typically above 11 %o when their magmatic signature
is preserved (~ 10.7-13.6 %o; Bernard-Griffiths et al., 1985; Turpin et al.,
1990a; Tartese and Boulvais, 2010; Ballouard et al., 2017), and are also
below the single whole-rock 580 ratio of 9.0 %o obtained for the Riche-
mont rhyolitic dyke (Raimbault and Burnol, 1998). Such discrepancy
possibly indicates a partial reequilibration of apatite O isotopic compo-
sitions with external hydrothermal fluids, resulting in relatively low and
highly variable §'%0 ratios. This O isotopic exchange might have been
more intense towards the surface (i.e., from the B3 to B2 and B1 units),
thus explaining the observed variability between magmatic apatite from
the distinct units. Relatively low §'80 values have been reported for other
igneous minerals within the Beauvoir PRMG, including quartz, feldspar
and lepidolite, and were interpreted to record meteoric water incursion at
supra-solidus conditions and subsequent melt-fluid interactions (Fouillac
et al., 1987; Fouillac and Rossi, 1991). Such hypothesis cannot be fully
excluded and could explain the light isotope signature of magmatic
apatite from the Beauvoir PRMG. However, apatite is sensitive to meta-
somatism (Harlov, 2015) and a subsolidus isotopic reequilibration with
hydrothermal fluids remains plausible.

Overall, although the oxygen isotope signature of magmatic apatite
was possibly partially reequilibrated during supra- to sub-solidus alter-
ation, we argue that its elemental composition, at least its content of
immobile elements (e.g., REEs and Y), was mostly preserved, thereby
recording the evolution of the Beauvoir granitic melts. A comparable
finding was observed in magmatic apatite from the Black Mountain
porphyry deposit (Philippines; Cao et al., 2021). In this case, hydro-
thermal alteration resulted in modifications to the CL characteristics,
fluid-mobile element concentrations (including Cl, Mg, Fe, Sr, Pb), and
Sr-O isotope signatures of apatite, whereas other components (REE, Y, U,
Th, and Zr) and the Nd isotope composition were preserved. Although
Mn is generally considered as fluid-mobile, its concentration in
magmatic apatite (Fig. 7) decreases from the B3 to B1 unit, mimicking
Mn bulk rock concentrations, which could be ascribed to magmatic
differentiation processes (Raimbault et al., 1995).

5.3. Apatite as a proxy to trace nature and dynamics of hydrothermal
systems in PRMGs

The isotopic and elemental chemistry of apatite are currently
considered as valuable tools in deciphering hydrothermal evolution in
diverse geological environments, particularly in ore-forming systems
(e.g., Seo et al., 2015; Bouzari et al., 2016; Mao et al., 2016; Ballouard
et al., 2018; Cave et al., 2018; Pochon et al., 2018; Andersson et al.,
2019; Melfou et al., 2023). For example, the 5'80 value in apatite is
derived from the parent fluid and governed by temperature-dependent
fractionation (Zheng, 1996), making the apatite O isotopic signature a
recorder of fluid origin. The halogen (i.e., F, Cl, Br, and I) composition of
apatite is also distinctive, as major terrestrial fluid reservoirs exhibit
characteristic halogen chemistry generally preserved through most ore-
forming processes (Lecumberri-Sanchez and Bodnar, 2018 and refer-
ences therein). Although the anion site in apatite is dominated by F, Cl
and OH, additional trace elements are typically incorporated, including
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Fig. 14. Mn, Sr & S ternary diagram showing the geochemical evolution of hydrothermal apatite from the Beauvoir PRMG with colour scale representing 5'0
values. Data are from EPMA. When an element was not detected at an analysis spot, half of the detection limit was assigned as the concentration. Detailed trends
between Sr and S content and O isotopic signature of apatite are illustrated on Fig. S3 (Supplementary Material 1). The early evolution of the Beauvoir magmatic-
hydrothermal system is associated with mixing dynamics between isotopically heavy Mn-rich magmatic fluids and isotopically light oxidised Sr-rich meteoric fluids,
partially reequilibrated with mica schist and paragneiss country rocks, at relatively high temperature. Progressive cooling and oxidation of the system concomitant
with an increase of meteoric fluid contribution and degree of fluid-host-rock interaction led to an increase of §'0 along with Mn depletion and S 4+ Na enrichment in
apatite. The enrichement in S indicates partial reequilibration of the fluids with the counstry rocks. [1] Aissa et al. (1987); [2] Harlaux et al. (2017); [3] Monnier

et al. (2020).

Br and I (Pan and Fleet, 2002), with possible minor fractionation be-
tween Br and I during apatite precipitation (Andersson et al., 2019). The
Br/I ratio of apatite could thus be used as a proxy for the Br/I ratio of the
melts and hydrothermal fluids, providing insights into their origin.

O isotopic composition, major and trace elements content in the
successive hydrothermal apatite generations of PRMGs, as exemplified
by the Beauvoir case study, is a powerful approach to decipher the
complex hydrothermal history that affected such type of magmatic
system through time. Dark-CL primary micro-domains of apatite Ila
(Fig. 5b) are characterised by significant MnO and Sn concentrations
(2.7-4.8 wt.% and 24-65 ppm, respectively) (Fig. 14). Their REE dis-
tribution also shares similarities with magmatic apatite (i.e., comparable
total REE concentrations and LREE enrichment), yet differing by a
distinctive positive Eu anomaly (Fig. 9b). The latter may reflect the
destabilisation of igneous feldspars during greisen alteration, which
preferentially incorporate Eu in felsic magmas (Sha and Chappell,
1999). These dark primary micro-domains also exhibit Br/I molar ratios
varying between 2.6 and 15.9, which largely overlap the range observed
for apatite I (1.1-39.1), and fall in the range of fluids exsolved from S-
type intrusions (3-20; Andersson et al., 2019) (Fig. 15). Furthermore,
the co-precipitation of apatite Ila with cassiterite (generation II) in a
vein highlights significant transport of Sn by hydrothermal fluids
(Figs. 2, 5a). All of these characteristics combined suggest that apatite
IIa primarily precipitated from hot and saline magmatic fluids, capable
of transporting a significant amount of metals including Sn and REE
(e.g., Candela, 1995; Bai and Van Groos, 1999; Audétat et al., 2008;
Pirajno, 2009; Audétat and Edmonds, 2020). Dark primary micro-
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domains most likely recorded the circulation at high temperature
(ca. 490 to >600 °C) of magmatic fluids exsolved from the Beauvoir
melts (Alssa et al., 1987; Harlaux et al., 2017), which are proven to be
relatively enriched in Sn (ca. 1000-40,000 ppm; Harlaux et al., 2017)
(Fig. 14). At such elevated temperatures, oxygen isotopic fractionation
between fluids and apatite is minor (i.e., Alsoapatite_ﬂuid ~ —0.1 to
—0.5 %o; Zheng, 1996). The §'80 value of dark primary zones in apatite
IIa varying between 2.7 and 7.5 %o, the O isotopic composition estimated
for the parent fluid (i.e., 2.8-8.0 %o) essentially falls in the expected
range for magmatic fluids (i.e., 5.5-9.5 %o; Sheppard, 1986). The lowest
580 values probably derive from metasomatic alteration of apatite Ila,
resulting in precipitation of the bright secondary micro-domains
(Fig. 5b).

Apatite IIb exhibits heterogeneous O isotopic (Fig. 10) and elemental
signatures (Figs. 7, 8, 9), with a trend between two end-members,
excluding apatite IIb overprinted by kaolinisation (Fig. 14). The first
end-member corresponds to magmatic fluids, as identified through the
chemistry of apatite Ila. The second end-member, essentially repre-
sented by the analysed quartz-apatite vein, displays low MnO and high
SrO contents (<0.1-1.0 wt.% and 1.0-4.7 wt.%, respectively), negative
5180 values (—3.3 to —1.0 %o) and a significantly different REE distri-
bution from that of apatite Ila (i.e., MREE enrichment, with low Lay/Yby
ratios, flat HREE signatures, and no distinct Eu anomaly). The following
information can be deduced from these observations:

- Due to the preferentially incorporation of Mn?* over Mn®** and Mn**
in apatite from direct substitution with Ca%*, Mn content in apatite
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not only depends on magma or fluid compositions, but also on oxy-
gen fugacity (fO2) within the system (e.g., Belousova et al., 2002).
Within the Beauvoir PRMG, apatite Mn content progressively de-
creases over time, with the magmatic generation exhibiting signifi-
cantly higher Mn concentrations compared to the early and late
hydrothermal generations (MnO ~ 3.7 wt.%, 1.7 wt.% and 0.4 wt.%,
respectively). Manganese depletion upon alteration has been docu-
mented in apatite from U deposit-related leucogranites of the
Variscan belt and interpreted to reflect an interaction with oxidised
meteoric hydrothermal fluids at subsolidus conditions (e.g., Bal-
louard et al., 2018).

Strontium behaves compatibly during peraluminous magma differ-
entiation, due to feldspar fractionation. Consequently, differentiated
granitic intrusions typically exhibit very low whole-rock Sr contents.
Experimental work has confirmed that Sr should have been depleted
in the Beauvoir residual melts upon crystallisation (Pichavant,
2022). Despite its strongly differentiated nature, the Beauvoir PRMG
is paradoxically rich in Sr, with whole-rock concentrations reaching
up to 1000 ppm (Raimbault et al., 1995). To explain this unexpected
particularity, Charoy et al. (2003) suggested the introduction of
external Sr at the magmatic-hydrothermal transition by meteoric
fluids partially equilibrated with the host mica schist. This high
temperature hydrothermal event is presumed to have significantly
affected both the chemistry and mineralogy of the Beauvoir PRMG,
notably by inducing the recrystallisation of primary feldspars in
albite (Pichavant et al., 1987a; Charoy et al., 2003; Pichavant, 2022).
However, since the host mica schist is relatively Sr-poor (34-144
ppm, Table S9 in Supplementary Material 2), the Sr-enrichment
observed in the Beauvoir PRMG may more likely originate from
the leaching of the structurally overlying (Fig. 1b) and Sr-richer
paragneiss units (112-259 ppm Sr; Fig. 8) by meteoric fluids. This
incursion of Sr-rich meteoric fluids may also account for the Sr
enrichment observed in apatite IIb (up to 4.7 wt.% SrO; mean ~ 1.15
wt.%), except in cases where apatite IIb has been overprinted by
kaolinisation.

- Oxygen isotopic fractionation between fluids and apatite is minor at
high temperature (e.g., Alsoapatite_ﬂuid = —0.5 %o at 600 °C; Zheng,
1996). At temperatures lower than 480 °C, 5180 values of the parent
fluid are shown to be systematically lower than those of apatite (i.e.,
Alsoapaﬁte_ﬂujd > 0; Zheng, 1996). Consequently, the negative 5%
values of several apatite IIb imply an equilibrium fluid with even
more negative 5'80, strengthening the interpretation of a meteoric
origin (Sheppard, 1986).

This second end-member finally displays low total REE concentra-
tions (< 26 ppm), MREE enrichment compared to LREE and HREE,
with low Lay/Yby ratios (0.26-1.50), flat HREE profiles, and no
distinct Eu anomaly. These characteristics are typically associated
with a decrease in pH, temperature and fluid salinity, along with an
increase in fO,, which tend to result in an increased speciation of
LREE within the fluid as highly stable and soluble chloride com-
plexes, inhibiting their incorporation into apatite (e.g., Krneta et al.,
2017). LREE depletion in apatite could also result from the co-
precipitation of LREE-rich minerals, such as secondary monazite,
as observed in Fig. 5c.

All these features indicate the influx of external fluids, mostly of
meteoric origin, which underwent partial chemical equilibration and
likely oxygen isotopic exchange with the country rocks during the
greisenisation episode at ca. 310-315 Ma. At this period, the infiltration
of meteoric fluids in the upper continental crust through strike-slip and
detachment shear zones was previously highlighted in the Limousin
region (north-western FMC) (Dusséaux et al., 2021). The distribution of
apatite IIb data between the two end-members suggests mixing dy-
namics between magmatic and meteoric fluids (Fig. 14). Incursion of
external fluids, concomitant with magmatic fluid circulation within the
Beauvoir PRMG at high temperatures equal or above 400 °C, was
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previously emphasised by the study of fluid inclusions (Aissa et al.,
1987; Harlaux et al., 2017), and confirmed based on O isotope analyses
by Fouillac et al. (1987) and Fouillac and Rossi (1991).

Greisen-alteration affecting RMGs is proposed to be mainly caused
by the circulation of magmatic, acidic fluids, exhibiting low to moderate
salinities (up to 10 wt.% NaCl eq) and a broad range of circulation
temperatures (ca. 200 to 500 °C; e.g., Burt, 1981; Stemprok, 1987,
Shepherd et al., 1985; Taylor, 1988; Schwartz and Surjono, 1990; Halter
et al., 1998; Dobes, 2005; Monnier et al., 2020). Mixing of magmatic
fluids with fluids of external origin, in particular meteoric water, has
however been emphasised in many ore-forming systems. This is for
example the case for the Piaotang W-Sn deposit (Jiangxi, China), where
meteoric fluids infiltrated the Piaotang granite from the earliest stages of
its hydrothermal evolution (Legros et al., 2016, 2018 and references
therein). Moreover, in the Cornubian Batholith (SW England), fluids of
meteoric origin mixed with acidic and B-(Fe-Sn)-saturated magmatic-
hydrothermal fluids and were responsible for muscovitisation (Putzolu
etal., 2024). In the Beauvoir PRMG, meteoric fluid incursion is proposed
to have been facilitated by fracture formation during greisenisation, and
could have contributed to the progressive cooling of greisenising fluids
from ca. 400 °C to 190 °C (Monnier et al., 2020).

Further evolution of the early hydrothermal fluid circulation, as
recorded by apatite IIb overprinted by kaolinisation and apatite Ilc, is
characterised by a more pronounced depletion in MnO (<0.1-4.3 wt.%),
an enrichment in SO3, Na0, and, to a lesser extent, Al;03 (<0.1-4.1 wt.%,
<0.05-1.4 wt.% and <0.05-3.5 wt.%, respectively), along with heavier O
isotopic signatures (mean ~ 8.2 + 0.2 %o) and highly variable Br/I ratios
(~ 0.8-842) (Figs. 14, 15 and S3b in Supplementary Material 1). The S
enrichment of the involved fluids most likely derives from similar pro-
cesses to Sr enrichment, i.e., interactions with surrounding mica schist or
paragneiss. Incorporation of the high-valence oxidised S®* into the apatite
structure also indicates that the hydrothermal system was relatively oxi-
dising (i.e., high fOg; e.g., Mao et al., 2016; Wang et al., 2022). The
observed increase in Na content is probably a result of the co-substitution
of S with Na to maintain charge balance (Pan and Fleet, 2002). The heavier
O isotopic signature may originate from the combination of: (i) low-
temperature fluid circulation inducing important oxygen isotope frac-
tionation between fluids and apatite, and (ii) isotopic reequilibration of
fluids with the host mica schists/paragneisses. While partial reequilibra-
tion of meteoric fluids with organic matter during their circulation within
the country rocks may explain the relatively low Br/I ratios observed
(ca. (30) (Kendrick et al., 2011), another hypothesis could be the
involvement of low Br/I sedimentary formation water (Worden, 1996)
(Fig. 15). The first hypothesis seems more conceivable, as the Sioule region
was likely not covered by a sedimentary basin at ca. 310-315 Ma. Higher
Br/I ratios are mostly observed for apatite IIb overprinted by kaolinisation,
and may result from a major contribution of high Br/I sedimentary for-
mation water, possibly deriving from Mesozoic basins, and/or seawater
(Worden, 1996)(Fig. 15). In summary, the early hydrothermal stage is
initially dominated by the circulation of magmatic fluids, which mixed at
high temperature (> 400 °C) with meteoric fluids partially reequilibrated
with the host-rocks (Fig. 14). Meteoric fluids became progressively pre-
dominant (and cooler), inducing an increase in fO,, and a subsequent
decrease in Mn content and increase in S content and 5'%0 in apatite II
(Figs. 14 and S3b in Supplementary Material 1).

Two late hydrothermal events are temporally disconnected from the
intrusion of the Beauvoir PRMG and result from the circulation of
external fluids related to the regional tectonics. Apatite Illa co-
precipitated with fluorite at ca. 270 Ma and is essentially charac-
terised by high As;O3 concentrations (0.4-5.3 wt.%) (Fig. 7), variable
Br/I ratios (7-542; Fig. 15), a relatively heavy O isotope signature
(61 80 ~3.4-14.4 %o) (Fig. 10h), as well as a LREE depletion compared to
MREE and HREE (Layn/Yby ~ 0.06-0.51), and a moderate negative Eu
anomaly (Eu/Eu* ~ 0.38-0.71) (Fig. 9¢). The high As content of apatite
Illa reflects a high fO; within the system, as apatite preferentially in-
corporates its high-valence oxidised state (i.e., As®H) (e.g., Mao et al.,
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2016; Wang et al., 2022). Arsenic mobilisation from minerals depends
on many parameters, including fluids temperature, pH and redox con-
ditions (Smedley and Kinniburgh, 2002). Oxidising conditions will
trigger As release from sulphide species, such as arsenopyrite (FeAsS)
and arsenian pyrite (Fe(S,As)5). Elevated As concentrations between 130
and 170 ppm, likely hosted in sulphide minerals, were measured for the
Sioule mica schists (Table S9 in Supplementary Material 2) and hydro-
thermal alteration of such rocks at oxidised conditions could have
liberated significant amount of this metal. Although Br/I ratios pre-
dominantly fall within the range of magmatic fluids, some values reach
up to ca. 542. This may reflect halogen introduction from an external
source, and more precisely, the possible circulation of sedimentary
formation water derived from the overlying Permian basins (Fig. 15;
Worden, 1996). Uraniferous deposits from the European Variscan belt
were emplaced following the circulation of surface-derived oxidising
aqueous fluids able to leach U from uranium oxides in the leucogranites
(e.g., Cathelineau, 1982; Turpin et al., 1990b; Barsukov et al., 2006;
Kribek et al.,, 2009; Dolnicek et al., 2014; Ballouard et al., 2017;
Dusséaux et al., 2022) and As-rich apatite, dated at ca. 290 Ma, was
found in a U-mineralised episyenite from a leucogranitic massif of the
Variscan Armorican Massif (Ballouard et al., 2018). The circulation of
such oxidised fluids within the Echassieres complex may have mobilised
As from the Sioule mica schists, and the F component of fluorite could
directly originate from the destabilisation of F-rich igneous minerals
such as lepidolite, topaz (and apatite) during interaction with hydro-
thermal fluids, without the need for external input of F.

Finally, the last hydrothermal stage affecting the Beauvoir PRMG, as
identified in this study, led to the precipitation of apatite IIIb. Apatite
IIb exhibits a similar chemistry to the apatite characterising the end of
the early hydrothermal stage, i.e., enrichment in SO3, Na;O and Al,O3
(<0.1-16 wt.%, 0.2-0.6 wt.% and <0.05-1.10 wt.%, respectively)
(Fig. 7), LREE depletion compared to MREE and HREE (Fig. 9c), as well
as the heaviest O isotopic signature (~ 13.6-17.0 %o) (Fig. 10d).
Therefore, the corresponding hydrothermal event likely originated from
external fluid circulation at relatively low temperature in an oxidising
environment. Apatite IIIb precipitation appears contemporaneous to
illite precipitation in the Beauvoir PRMG (Fig. 12), and involved fluids
that might have circulated at temperatures of ca. 200 °C (Merceron
et al., 1987). As discussed in section 5.1, the precipitation of apatite IIIb
may be linked to the widespread hydrothermal event affecting Western
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Europe from ca. 210 to 100 Ma, leading to the genesis of F-Ba-Pb-Zn
mineralisation (Fig. 12). F-Ba-(Pb-Zn) vein-type deposits have been
attributed to the circulation of moderately to highly saline, CaCl,-NaCl-
rich brines derived from seawater and/or meteoric water at tempera-
tures ranging from 70 to 200 °C (Sizaret et al., 2004; Boiron et al., 2010;
Sanchez et al., 2010). Assuming negligible fluid-apatite fractionation,
the variable Br/I ratios observed for apatite IIIb, ranging from ca. 3 to
122 (Fig. 15), are consistent with such fluid origins.

5.4. Apatite as a window into mineralising processes within PRMGs

The decrease of Eu anomaly from the B3 to B1 unit (Fig. 9a) has
important metallogenic implications as it confirms an increase in oxygen
fugacity conditions during Beauvoir granitic magma differentiations
previously recognised, based on the decrease in the Fe>*/Fe?" ratio of
Li-micas from the B3 to the B1 (Cuney et al., 1992) and crystallisation
experiments (Pichavant, 2022). Crystallisation experiments were car-
ried out on powder samples from the Beauvoir B1 and B2 units and
demonstrated that, to achieve the mineralogical and geochemical
characteristics of the Beauvoir PRMG, the melts crystallised under un-
expectedly oxidising conditions compared to the reduced conditions
typically characterising highly peraluminous granitic magmas
(Pichavant, 2022). Oxygen fugacity has been shown to have a dramatic
influence on SnO, solubility in granitic melts, with cassiterite crystal-
lisation (Sn®** — Sn** transition) being favoured under oxidised condi-
tions (Linnen et al., 1996; Bhalla et al., 2005; Pichavant, 2022).
Therefore, in the Beauvoir PRMG, magmatic oxidation concomitant
with increasing differentiation may have enhanced cassiterite crystal-
lisation at the magmatic stage notably in the B1 unit (Cst I; Fig. 2). The
causes of such oxididation remain unclear. It may reflect the “self-
oxidation” of the melt due to the exsolution of HF™ as a vapor compo-
nent (Pichavant et al., 2016). However, open-system mechanisms
including the impact of external fluids still deserves to be evaluated in
the context of the Beauvoir PRMG, considering that the oxygen isotope
analyses of igneous minerals including quartz, lepidolite (Fouillac et al.,
1987; Fouillac and Rossi, 1991) and magmatic apatite (this study)
suggest incursion of oxidised meteoric fluids at high temperatures and
possibly suprasolidus conditions.

Vein apatite Ila is characterised by a complex CL texture, featuring
bright secondary zones replacing dark primary areas (Fig. 16a). It
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represents the only hydrothermal apatite subset within the Beauvoir
PRMG that notably co-precipitates with rare metal-bearing minerals, in
this instance cassiterite (Fig. 16b). Apatite IIb has also been found in
association with wolframite within greisen-altered quartz veins of the La
Bosse stockwork (Fig. 5¢; Table 1; Monnier et al., 2019).

The two distinct textural micro-domains of apatite Ila differ by
specific elemental and O isotopic chemistries, as illustrated on Figs. 16¢
and d. The dark-CL primary zones show high Mn and low Sr contents, as
well as relatively heavy O isotopic signatures. In contrast, bright-CL
secondary zones exhibit lower Mn but higher Sr concentrations and
negative !0 values. While the characteristics of dark-CL primary zones
can be attributed to their precipitation from magmatic fluids exsolved
from the melt, the precipitation of bright-CL secondary zones is unam-
biguously related to the circulation of meteoric fluids (section 5.3).
Another interesting discrepancy between both micro-domains is their Sn
concentrations, which are relatively higher in dark-CL primary zones
compared to secondary ones (ca. 23-65 ppm and 0-3 ppm, respectively;
Fig. 16c¢). This observation is consistent with the significant Sn content
of magmatic fluids emphasised through the study of fluid inclusions
(ca. 1000-40,000 ppm; Harlaux et al., 2017).

In Cl-F-bearing magmatic fluids, SnOy solubility decreases with
increasing oxygen fugacity (fO2) and decreasing fluid acidity (muci,aq)
(Taylor and Wall, 1993). The early incursion of meteoric fluids high-
lighted in apatite Ila and their mixing with magmatic fluids would thus
likely trigger cassiterite precipitation (Cst II; Fig. 2). This process could
explain the preferential localisation of cassiterite within the luminescent
secondary zones or at the transition between dark- and bright-CL zones
(Fig. 16b).

Mixing dynamics between magmatic and meteoric fluids thus appear
to have significant implications for the precipitation of metals, partic-
ularly Sn, during the hydrothermal stage within the Beauvoir PRMG.
Although the necessity of oxidising agents for cassiterite precipitation
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was questioned by Liu et al. (2023), the prominent role of meteoric
water influx in the crystallisation of cassiterite is well-established in Sn
(-W) hydrothermal deposits associated with granite intrusions (Witt,
1988; Heinrich, 1990; Audétat et al., 1998; Karimzadeh Somarin and
Ashley, 2004; Fekete et al., 2016; Liu et al., 2020; Chen et al., 2023; Peng
et al., 2023). Therefore, although the majority of Sn mineralisation de-
rives from Sn saturation at the magmatic stage, leading to the crystal-
lisation of cassiterite I, meteoric water influx also appears to be inherent
to the hydrothermal ore-forming processes (Cst II) of the Beauvoir
PRMG, and could probably play a major role in other PRMGs.

The majority of current genetic models proposed for PRMGs, and
more broadly RMGs, involve closed systems of isocomposition domi-
nated by purely magmatic processes (e.g., Kovalenko et al., 1970;
Groves and McCarthy, 1978; Raimbault et al., 1995; Pichavant, 2022).
Yet, some studies highlighted the necessity to consider the exsolution of
magmatic fluids (or hydrosaline melt) and subsequent fluid-rock in-
teractions to fully explain the formation of rare-metal deposits (e.g.,
Thomas et al., 2011; Badanina et al., 2015; Ballouard et al., 2016,
2020a; Araujo et al., 2023; Pfister et al., 2023; Putzolu et al., 2024), and
in some rare cases, the interactions between melt and external fluids to
trigger metal precipitation (London et al., 1996; Linnen et al., 2019;
McNeil et al., 2020). Beyond the already well-established role of mete-
oric fluids in Sn precipitation, some authors have suggested a significant
contribution of external fluids to the Fe and Mn content of columbite-
group minerals (Linnen et al., 2019). In the Beauvoir PRMG, the crys-
tallisation of columbite- and pyrochlore-group minerals is thought to
have been influenced by fluid circulation of meteoric origin, especially
in the most evolved B1 unit (Ohnenstetter and Piantone, 1988; Fouillac
and Rossi, 1991). Therefore, RMGs genesis involving open systems,
potentially characterised by interactions between melts and external
fluids, seems to require more serious consideration.
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perposition of CL and BSE images highlighting cassiterite preferential precipitation in bright-CL secondary zones or at the transition between dark- and bright-CL
zones; (c¢) Oxygen isotopic signature plotted against Mn content in apatite, with the size of the data points representing the Sr content; (d) Sn contents of the
two distinct micro-domains of apatite IIa. The composition of magmatic apatite I from the B3 unit of the Beauvoir PRMG is shown in (c¢) and (d) for comparison.
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Fig. 17. Simplified cross-sections illustrating a schematic evolution of the Beauvoir magmatic-hydrothermal system, as revealed by apatite chemistry and U-Pb
geochronology, along with corresponding regional geodynamic events: (a-c) Magmatic to early hydrothermal evolution and (d-g) Late hydrothermal evolution.
Crustal scale cross-sections (c-f-g) are modified from Monnier et al. (2021). The age mentioned in Figure b corresponds to the overlap of ages obtained for apatite Ila
and IIb (i.e., 314.3 + 5.5 Ma and 311.7 + 8.1 Ma, respectively). Temperatures of melts, fluid circulations and greisen alteration within the Beauvoir PRGM (a-b-d-e)
are from Aissa et al. (1987); Merceron et al. (1987, 1992); Harlaux et al. (2017); Monnier et al. (2020); Pichavant (2022). Temperatures of external fluid circulation

(d-e) are from Ballouard et al. (2017) and references therein, Cathelineau et al. (2012) and references therein.

6. Summary and conclusions

The study of apatite within the Beauvoir PRMG unravel a complex
and polyphased magmatic-hydrothermal system (Fig. 17):

- Magmatic apatite (apatite I) formed at 314.6 + 4.7 Ma, consistent
with previous estimations based on other geochronometers. The
LREE enrichment observed reflects the absence of monazite satura-
tion during crystallisation, while the decrease in the Eu anomaly
amplitude may record the increase in fO, from the root to the apical
zone of the granite upon differentiation, which may have facilitated
the crystallisation of the predominant cassiterite generation (i.e.,
cassiterite I) at supra-solidus conditions. The exsolution of magmatic
fluids also affected the signature of magmatic apatite, especially
from the deeper facies, by inducing a pronounced tetrad effect in its
REE patterns.

- The exsolution of magmatic fluids, evidenced by apatite I and IIa,
initiated the early hydrothermal stage at 314.3 + 5.5 Ma. It is
characterised by magmatic fluid exsolution followed by mixing dy-
namics between magmatic and meteoric fluids during greisenisation,
which contributed to a gradual decrease in temperature and further
increase in fO; of the system (Mn-depleted apatite reaching negative
5180 values). Meteoric fluids were partially reequilibrated with the
country rocks, resulting in a progressive introduction of Sr and S
within the Beauvoir PRMG. Apatite chemistry shows that meteoric
fluids play an important role in greisenisation processes within the
Beauvoir PRMG. The early incursion of meteoric fluids most likely
resulted in a sudden shift in redox conditions towards a more oxi-
dising environment, triggering precipitation of cassiterite from
magmatic fluids. Further constraining the timing and temperature
conditions of meteoric fluid incursion in the Beauvoir magmatic-
hydrothermal system is crucial, as it might have major implica-
tions for understanding the crystallisation mechanism of rare metal-
bearing minerals in PRMG environments.

Two later hydrothermal events, post-dating granite emplacement at

ca. 310-315 Ma and the circulation of magmatic-hydrothermal

fluids, have been identified from apatite U-Pb ages and chemical
characteristics, providing insights in the influence of regional tec-
tonic events on the evolution of the Beauvoir PRMG. The first event
took place at 268.3 + 20.4 Ma (Permian-Triassic). It resulted in
fluorite mineralisation in the Beauvoir PRMG, and is possibly related
to Europe-wide post-ororgenic extension-related circulation of basin-
and surface-derived oxidising fluids that mobilised U from fertile

Variscan leucogranites between 300 and 260 Ma. The second event,

dated at 148.5 + 26.6 Ma (Jurassic-Cretaceous), is proposed to be

linked to widespread extension-related F-Ba-Pb-Zn mineralisation
affecting Western Europe from ca. 210 to 100 Ma.

As demonstrated in several studies, apatite represents a powerful
mineral to decipher magmatic and hydrothermal processes within
various environments, and this study showcases its usefulness in granite-
related rare metal deposits. The PHP-RMGs typified by the Beauvoir
granite are specifically marked by high P concentrations which favour
apatite crystallisation throughout most of its magmatic and hydrother-
mal evolution. As such, studying the distinct apatite generations in such
context thus provides major insights for the magmatic and hydrothermal
processes that have affected them through geological history and
controlled their metal endowment.
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