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12  Abstract

13 The Sioule regiom the northern partof the French Massif Centraif the Variscan belhosts the

14  Echassiéres complex, where a large$H quartz vein system was intruded by the Beauvoir raretal

15 granite (RMG)hosting disseminated S$SiNb-Ta and Li mineralization We combiné& whole-rock

16  geochemical data, zircon-BPb geochronology of migmatites and felsic igneous rotkse Sioule area

17  along withU-Pb dating of cassiterite, wolframite, and apaiitehe Echassiéres complaxreconstruct

18 theregionalmagmatic and metallogenievolution Results reveali)(early W mineralization at 351 +
19 9 Ma, coeval withperaluminousgranite magmatism (Chantelle and-Géervaismassifs)and N115

20  strikingdextralshear zons; (ii) a second Whineralizationphaseat 329 + 5 Malinked torare-metat

21 richrhyolitic dykesand the Colettes granitduring NWSE extensigrsynchronous with regional biotite
22  microgranites (Pouzebervant Massif) and trackdacitic tuffs and lavas; andii]i late-orogenic

23 emplacement of theBeauvoir RMGwith minor hydrothermal Sn and W ata. 20-310 Ma,

24 synchronous with biotite granitdsostingquartztourmaline orbicules (Champs Massif) and pyroclastic
25 flows. Our study reveals a 40 Mjong metallogenic wolution with hydrothermal W mineralization
26  precedng hydrothermal Sn and magmatic-&iNb-Ta. Each mineralization periodcoincided with

27 widespread crustal magmatism involvitlte anatexis ofate-Edacaranmetasedimentaryocksand

28 Cambran-Ordoviciarmetagranitesas shown byhe dating ofzircon inmigmatitesandinherited zircon

29 inVariscan igneousocks However rare-metalenriched magmas remained spatially confinedhe

30 Echassieresomplex suggesting a structural corridor that repeatedly focused magmas and fluids from

31 alocalizedfertile source
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Tirecal AYF GAAYS ONMzadrf Sd YAYSNIftAaldAaAz2zya Sy YSilc

métallogénique de la région de la Sioule (Massif central francais de la chaine varisque)

Résumé :La région de I&iouleau nord du Massifcentral francaisde la chéne varisqueabrite le

02 Y LX EchaSsierR oun réseaude veines deguartza W(-Sn) a été recoupé par le granite &

métaux rares de Beauvoitpntenantune minéralisation disséminéeld, Nb-Ta et SnDes analyses
géochimiquegrochetotale) et géochronologiques @@bsurzircon) dsroches magmatiques felsiques

et des migmatites de lazone dela Sioule ont ét&combinées ales datations gPb sur cassitérite,

wolframite et apatiteRdz O2 YLI SES afhQle @éohsttdek &illiBoa magmatique et
métallogénique régionale Les résultats mettent en évidence {i) un premier événement
minéralisateura2 @SNB opwm 5 ¢ al X O2yidSYLR Nlemagmdisndgzy OAal
granitigue peralumineux (massifs de Chantedtede SainiGervais) ;(ii) une seconde phase de
minéralisation & W & 329 + 5 Ma, associée@ A y (d&dagriagiofiesen LiSnhW (massifgranitique

des Colettest dykes rhyolitiques synchronesdQ dzgisode plutoniquevolcanique(microgranites a

biotite de PouzajServantet tufs trachydacitique$g, dans un contexte extensif®¢SE; (iii) la mise en

placedu granite & métaux rarede Beauvoir, accompaga® Qdzy' S YA Y SNI f Aal GAz2y K@
(et W) vers 320Ma, contemporaine déa cristallisation dgranites a biotite localement & orbicules de
quartztourmalined Y & & A ¥ R S &un YokdnivheJelsiqueSxiplosiRNbtre étude révéle une

évolution métallogénique étalée sur 40 M&haque phase de minéralisation coincide adec
magmatismecrustalA Y LI Aljdzt yi € Ql yI G§SEAS RSédidtRriorké&SEtdY Sl &4 ST
métagranitescambroordoviciens, commé Q A Y RlasljadeSiPH sur zircon de migmatiteset le
zircon hérité @sroches ignées varisques. Cependant, les magmas enrichis en métausonatressts
AL GALESYSyld O2yEDKi5aAsNBD2YEIHZBHSNRNGI f QSEAAGSYC
02y OSYiNB RS YIYyAsSNB NBLSGSS t£8a Yravra Sa f T

w
QX

Mots clés :magmatisme peralumineux, granite a métaux rareahe en lithium minéralisation

hydrothermale a WSn, connexion plutoniqueolcanique, migmatite, géochronologieRb
1. Introduction

Among orogenic mineralization,agmatichydrothermal St W deposits(e.g, quartz veinsgreisens,
skarng forming inboard of londived oceanic subduction zones or in continental collision zones are
generallylinkedwith reduced evolved crustagraniticmagmas/Romer and Kroner, 2016; Ma&o al.,

2019; Lehmann, 2021; Gardirefral,, 2024) Such SiW-fertile magmatism igssociatedo the partial
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melting of siliciclastic sedimesitpotentially pre-enriched inthose elementsthrough weathering
processegRomer and Kroner, 2015, 201@&lthough W and Sn ores are commonly found spatially
assocated, deposits exhibiting significant concentrations of both metalsalaivelyrare (Sinclairet

al., 2014)reflectingthe existence of processes able to fractionate fB(am W. Forinstance W and Sn
can have contrasting behavior at the magmdtidrothermal transition due togenerally higher
aqueous fluidmelt partitioningfor W compared to SfiSchmidtet al., 2020) Crustal melting processes
may also fractionate W from Sn due to higher Sn incorporation in restitic biatitecet al., 2022a)
Thiscould explain the temporal and spatial separation of Sn and W deposits in some metallogenic
provincessuggestinga relationship betweerthe thermal state oforogeniccrust and themetallic
signatureof magmatiehydrothermal deposk (Zhaoet al., 2022b; Harlawet al,, 2023; Caret al,
2026)

Peraluminous raremetal granites or pegmatites (RMGHR)sting magmatic disseminated Li,
Nb, Ta, and Sore also represent typical deposits hot orogens andform from leucogranitic melts
highly enriched irvolatiles andfluxing elements such as FandL? SNJ & | Yy R 9 NIDA {2
Cuney, 2005)Their emplacemendominantly occurs durinkate- to postorogenic tectonics, in relation
with extensional or transcurrent deformatigiCuneyet al., 2002; Melcheet al,, 2015; Hustoret al.,
2023; Silveet al,, 2023; Gardineet al, 2024; Caret al, 2026) The generation of rareetal enriched
melts is commonly ascribed to specific partial melting conditions and/or protoliths prevailing at the
end ofan orogen,typically,a high geothermal gradierduperimposed on aature crust that already
experienced anatetic event(s) Suggestedscenarios include(i) anatexis of unconventional
metasedimentary rockenriched in Li (e.gmetabauxitesHoranyiet al,, 2029, (ii) partial melting of
crustal material preenriched inrare-metal, induced by metasomatism from mantterived hydrous
mafic magmagSmithieset al,, 2025) (iii) lower crustal granulitéacies metamorphism inducing the
releaseof aqueous fluids enriched in biotideosted elements (LILE, HFSE and halogens) and enhancing
partial melting of the overlying crusCuney and Barbey, 2014) re-melting of meltdepleted and
rare-metal enriched lithologies at higtemperature (i.e. restite melting)Michaud et al., 202)] (v) a
combination of both previous scenarigs/olving thepartial melting of biotiterich residues induced
by raremetalFrich fluids(Simonset al, 2016) and (V) protracted crustal differentiation involving
repeated stages of anatexiand ramelting of peraluminougmeta)granitic rocks(Ballouardet al,,

2023; Koopmanst al,, 2024; Caret al., 2026)

Although, most granitethat havebeen genetically related to magmatiyydrothermal SAV
deposits lack disseminated rareetal mineralizationd 2 S Ktl)aE 2005) a spatial association is
commonlyobservedbetween magmatichydrothermalW-Snmineralizationand RM@ either at the

scale of a metallogeniild or a depositSuch associatiois, for example documented in theéArchean

H N T



98  North Pilbara Craton of Australidweetapple and Collins, 2002) G KS t NE G SNRT 2A 0 YI NI
99 of Central Africa(Hulsbosch, 2019)and the PhanerozoicEuropeanVariscan belt includinghe

100  CornubianBatholith (Putzoluet al, 2024Y G KS Y NHzOYy S | 2 MREekefeNd,A®6:A NHS N
101 Burischet al, 2025) the Iberian Peninsuléd_osantoset al., 2025)and the French Massif Central
102 (Marignac and Cuney, 1999%/hen magmatichydrothermalW-Snmineralizatiors and RMGRccur
103 together ina same deposibr district, they arecommonly perceived contemporaneous and cogenetic
104 resulting from a single main magmatic evéhitulsbosctet al,, 2016; Breiteet al, 2017; Leopardét

105 al., 2024) However, many deposits display complex crystallization sequences and/or fliid P
106 evolutions, indicative of prolonged and multiphase histofiesg.,Cathelineatet al., 2020; Harlauet

107 al, 2021; Meyeret al, 2025) Geochronological advances, notably thereasing use of {8b dating
108 on ore mineralge.g.wolframite and cassiteritg or skarnrelated garnetfurther reveal diachronous
109 ore-forming processeswith hydrothermal W mineralizatiocommonly precedindiydrothermal Sn
110 and RM5P emplacemenat both provincial and deposit scal@urischet al, 2019; Reinhardét al.,

111 2022; Harlawet al, 2023; Bermejet al, 2025; Caret al,, 2026) This highlights the need to better
112 resolve the temporal and genetic links between RMGP magmatism a@h \Wydrothermalism,

113 particularly in relation to regional tectacrmagmatic processes.

114 The Echassiéres complex (Sioule region) in the northern French Massif Central (FMC)
115 exemplifies such a complex mineralization history and stands as an archetypal metallogenic district of
116 the West European Variscan heln this areathe Beauvoir RMGtargeted for Limining hosts

117 disseminated kmicas (lepidolite) along with Sndassiterite)and NbTa oxides(columbite-group

118 minerals),andintrude, awolframite-bearingquartz vein system mineralizedth minor cassiterite(La

119 Bosse stockworkéubert, 1969; Cunegt al,, 1992. Although,the late-Variscan emplacement of the

120 Beauvoir RMBis well constrained at ca. 3Ma based ommultiple dating method (Duthou and Pin,

121 1987; Cheilletet al., 1992; Melletoret al., 2015; Rocheet al,, 2024; Estevest al,, 2025a) the timing

122  of W or Sn hydrothermalism remains controversidPbagesof the La Bosse stockwoakd other W

123  or Snveins from the regioneither obtainedon wolframite oron texturally associated minerals such

124  asmonazite andutile, rangefrom ca.330 to 310 MgHarlauxet al,, 2018; Caret al, 2021; Monnier

125 etal, 2021)with evenearlierW mineralization event suspected before 360 Weonnieret al, 2021)

126  Moreover, despite extensive research on the BeauvoilGRMcluding the1985dGéologie Profonde

127 RS f I dedpddriflicy$rogramGPFCuney and Autran, 19%and renewed interest driven by Li

128 exploratiort the timing and tectonic framework of granite magmatism across the Sioule region remain
129 poorly constrained, withonly sparseU-Pb dating available at the regional scale. This lack of
130 chronological control limits our understanding of the geological processes gové&hrgand RMGP

131 mineralizationat a crustal scale



132 This study presents new age constraiotsW-Sn and RMG mineralizatiom the Echassieres
133 complex based on b datingof apatite, wolframite and cassiteriteThese results were combined
134  with U-Pb zircon geochronology and whealeck geochemistry on felsic igneous and metasedimentary
135 rocks, including migmatites, from the Sioule region to clarify the links between tectmgmatic

136 events and the multiphase rammetal metallogenic evolution.

137 2. Geological setting

138 2.1.TheNorthern French Massitentral in the WestEuropean Variscan belt

139 The European Variscan bata hot orogerextending from the Bohemian massif@ntral Europe to
140 the Moroccan Meseta in North Africhat formed in relation with the latd®aleozoic collision between
141 the two main continental masses Laurussia and Gondwaisatinez Catalaet al., 2021; Schulmann
142 et al, 2022; Cocheliret al, 2025) The previously thickened, internal parts of the orogen host
143  voluminous, dominantly peraluminous, eafBarboniferous to earHPermian granites andelated
144  RMGP and W&ndeposits(Romer and Kroner, 2018h the western partof the belt(Fig. &), including
145 the FMGC andthe Iberian and South Armoricamassifs RMGP belong to theeraluminous highly
146  phosphorousfamily of rare-metal granites(Linnen and Cuney, 2006F the LFCsTa family of rare
147 metal pegmatiteso 2 S fl/ag, 2005) Theywere mostly emplaced between 320 and 300 Ma
148 (Gourcerokt al, 2019) The age of Sn and/or \Wiineralized quartz veins, stockwork, or skarn deposits,
149 are less well constrained but share a dominant{dgaiscan context of emplacement (from 340 to 280
150 Ma; Carret al, 2021, 208; Borrajoet al, 2024; Bermejoet al, 2025, generally associated to

151 extensional or transcurrent tectoni¢Schulmanret al., 2022; Cocheliet al, 2025)

152 In the FMC,most of the preVariscan crust consists dEdacaran to late-Paleozoic
153 metasedimentary rockalong with orthogneisseand (ultra)mafic rockef Cambrian to Ordovician
154  ages(ChelleMichou et al, 2017; Vanderhaeghet al, 2020; Laurenet al., 2023) The orthogneiss
155 protoliths correspond to former granitic plutons and felsic volcanic rocks of dominantly peraluminous
156 compositiondormed during two distinct tectonicnagmatic eventgMelletonet al, 2010; Ballevret
157 al.,, 2012; ChelldMlichouet al., 2017; Couziniét al,, 2017, 2022; Lotoutt al,, 2017; Vanderhaeghet
158 al, 2020; Couzinié and Laurent, 2021; Garoiaset al, 2024) The first event (ca. 55835 Ma)
159 occurredin backarc basins at thend ofthe CadomiarOrogeny and the second(ca. 508445 Ma)
160 relatesto the extension of the Gondwana margin coevatlhe openingofthe Rheidceanand possibly
161 other narrow oceanic basingn the North ArmoricarMassif,scarcemagmatichydrothermal SAV
162 mineralizationis found associated with undeformed equivalents of l&f@adomian metagranitefsom

163 the FMCChauris and Marcoux, 199%)ig. 1a)
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Early oceanicsubductionin the FMCis markedby highpressure (HP)netamorphism of
Ordovician(ultra)maficigneousrocksat 390-360 Ma (Lotoutet al., 2020; de Hoym de Mariest al,
2023) Related ative margin magmatisris notably expressedn the northern FMC from 370 to 354
Ma, with the emplacemenbf calkalkalinedioritic to tonalitic plutons(BernardGriffiths et al.,, 1985;
Bergeret al, 2024)and backarc basin bimodal volcanism(Pin and Paquette, 199.7Ths mantle
wedgederived magmatism was subontemporaneous withcrustal melting reflected by the
emplacementt 360-350 Maof cordieritebearing peraluminous gramitds (classification oBarbarin,

1999 such as theompositeGuéret Massif(Cartannazt al., 2007b; Marcowet al., 2021)

Theemplacement of the cordieritbearing granitoids, synchronous with early Nistfiking
dextral shear zone§Cartannazt al, 2007b; Gébeliret al,, 2007, 2009)marks the end of nappe
stacking tectonics that structured the FMC cr(istdruet al., 1989; Fauret al., 2009) The upper part
of the nappe stack, defining an inverted metamorphic sequence (see revigwniderhaeghe et al.,
2020), corresponds to the Upper Gneiss Unit (UGU). It dominantly consists of migmatitic orthogneisses
and paragneisses hosting relicts of HP eclegiteyranulitefacies metamorphic rocks. An Ordovician
OAY2RIEE YFAYFGAO aa20ALGA2Yy A GKYROSI ¥AOIAT TAFYY
occurs at the base of the UGU. This complex overlies parautochtonous teoaingosed of
metasedimentary and felsic metaigneous rocks devoid ofmdiamorphicrecordswhichinclude the
Lower Gneiss Unit (LGU), ahe lower grade Pardutochthonous Unit (PAU).

The nappe stack is crosscut by the Sittowiller crustal discontinuity ,)a N20striking
sinistral fault,recording polyphase tectonic evolutievith early ductilebrittle deformationbefore330
Ma and late brittle reactivation at ca. 305 Ma ) Ductile deformation along the Sillon
Houiller islocallysealed by volcan-sedimentary deposits (theegionally knowrtt ¢ dzF & | y G4 KNJ OA ¥
series), datedetween 3F £ 3 and 326+ 3 Ma

) The deposition of volcanic materiahs been attributed in the northeastern FMC to the

formation ofa N70 to N50trending graben ) Moreover,on the western side of
the Sillon Houiller Faulthe interbeddingof these volcanic rocksith limestone indicates deposition
in lagoonal environments sporadically invaded by the ($&& )

collectively pointing to major crustal extension at that time.

From ca. 335 to 300 Ma, granitic magmatism in the easEWCprogressively propagated

from north to south, possibly in relation to southward delamination of the lithospheric ménile
) During this period, the emplacemeat muscovite and cordieritebearing peraluminous
granites dominantly sourced from metasedimentary rocks and orthogneisgas,contemporaneous

with the intrusion ofMg-K-rich mafic igneous rocks (vaugneritegflecting the partial melting of



197 metasomatized mantle, and -t€ldspar porphyritic calalkaline granites of likely hybrid origin
198 ) Granite
199 emplacement in the northern FMC around33210 Ma was notably accommodated byS\striking
200 detachment and NWASEorientated dextral strikeslip faultsystems ) while in the
201 southern FMCextensional tectonickave controlledhe exhumation of domes cored by migmatites

202  until ca. 295 Md

203 In the FMC, mostf the ca. 315310 Ma RM® are locatedin the northern part of the massif

204 anddefine a ca. 156m long, approximately-Etrending beltincludng the Richemont raremetal

205 rhyolite dyke, theChédeville LCT pegmatites of the Ambazac pegmatite field as well as the Montebras,
206 Beauvoir and Chavence raneetal granites

207 ) Theore assemblagef RMPQGorimarily consist of lepidolite, LiAl-phosphates

208 (amblygonitegroup minerals), cassiterite and columbgeoup minerals. Although W and/or Sn

I+

209 magmatichydrothermal deposits show a more widespread geographic distribution, wolframite
210 cassiterite £ scheelitmineralizationsnostly dated between 320 and 310 Ma are particularly abundant
211 in the northern FMQ

212 ) Notable occurrencefclude the MoullinBarret and Vaulry quartz vein networks
213 near the Richemont dyke, the quartz veins of3®tssaut east dhe Chédeville pegmatites, the Puy
214 les'Vignes breccia pipéand suspected concealeBMQ and the stockworkand quartz veins of the

215  Sioule regior
216 2.2.Tectoniecmetamorphic and magmatic evolution of th&ioule region

217  The Sioule region is bounded to the west by the Sillon Hotglidr and to the easby normal faults of
218 the Ebreuil and Limagne grabesxscommodating theleposition ofOligocene sediments .In
219 the Sioule area, twanica * staurolite micachistswith mostly gently dipping foliatior crop
220 out in antiformal structure and are overlain by highagrade gneisses bearirgjotite, muscovite,
221 sillimanite, kyanite garnet and/orcordierite ZThe inverted

222  metamorphic gradienhas beeninterpreted as evidence for thrusting

223 ) with a nappe stack consistinigom bottom to top of PAU micaschists,LGU
224 unmolten to slightly migmatitic paragneisses, and UGU migmatitic paragnéisses

225 JInthis model, lenses of(ultra)mafic rocksmarblesand garnetkyanite granulitic rocks
226  within the gneisse$ matk the basef the UGU
227 ) The Sioule metamorphiocksrecord a complexultistage tectoniemetamorphic

228 evolution The dominant WNW-ESEstriking stretching lineationdevelopedin the foliation of most

229 units and associated with togo-the-WNW kinematic was attributed to nappe formation and
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exhumation ) The

minimum age of elated MRMT Barrovian metamorphism and partial melting (peak Bf ~10kbar

and 800 °C Jispoorly constrainedoy monazite chemical dating betweeti5and330Ma

and UPb dating of zircon from garnédyanite granulite from 340 to 330 M&

) Moreover,a later deformation evenat lower pressureotably expressed in the southern

part of the region andssociated with tofio-the-SE kinematic, waaither attributed to contractional
orextensional tectonics ) Biotite AFAr

ages of Sioule metamorphic rocks ranging from 335 to 330 Ma were interpreted as related to rock

exhumation and cooling occurring during this later deformation event

To the south, theN110-N120striking dextral SainteChristineshear zoneaffectsthe Sioule
metamorphic rocksincluding migmatitesand biotite + cordierite £ muscovitet amphibolebearing,
granitoidsof the Saint Gervais 8&sif . The
minimum age ofstrike-slip deformation is constrained b$fAr-*°Ar dating of biotitefrom mylonitic
granitoid at ca. 33835 Ma as well aghe unconformabledeposition ofvolcanic
sedimentary rockghat werel a aA 3y SR (2 (KS NB Idl2yi KNI GIAGF S NB@E

.JThe biotite granitoid of the Chantelle masdibcatednortheast of the region also show
evidenceof solid-state deformation and exhibit variably developedshallowly dippingoliation and

mineral lineation

The Sioule micaschists in the cemal part of the regionwere intruded bythe strongly K-
feldspar porphyritic, biotite microgranite of the PouZérvantMassif , as well asby the
granites of the Echagsesgraniticcomplex, which include thetrich K-feldspar porphyitic two-mica
and cordierite Colettes graniteend the Beauvoir RMG ) The RESr wholerock

isochron ages obtained on the PouB#rvant microgranite and Colettes granite are & 3% and 317

*+ 8 Ma, respectivelff irecalulated usin§’Rb decay constant of » Asreported
by ,the PouzolServant laccolitlis thrust over the Sioule miczhists on itsvestern side,
and suggested thathe rotation of subvertical magmatic fabrin the

Colettes granitaeflectsits emplacementluring snistral movementalonga N60strikingshear zone
In contrast, argued that theasymmetricabhape of thePouzoiServant andColettes
granites is consistentwith an emplacement during a regional NBE extension eveygimilarto that
documented in the Montmarault granitdocatedwest of the Sillon Houiller fault

) Such extension woultbe coevalwith felsic volcanism of théiTufs anthraciferes seriés
represented by the biotitec amphibole + clinopyroxene tracitacitc tuffs and lavas of the Manzat,

Bussiére, and Chateauneuf Formatiohs

8
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To the east, the biotite graniteof the Champs masgifated using the biotité°Ar-**Ar method

at 322.3 + 1.2 Maleveloped anetamorphic aureole in trachglacitic tuffs and lavas

) They have aequigranular to porphyritic texture anitdicludea leucocratic facies bearing

quartztourmaline orbicules

2.3.The Echassierasomplex

tKS 9O0OKIaaAsNBa

gAGK F fF GSNJI f

ING Yy
SEGSY

AGAO O02YLX SE KlILa 06S8SSy SaidAavl
G 2F dc 1 YZ aAHoakdkeOby)it e SE

dThevcomplekies at the center of a major field of quartz veins, accompanied by subordinate

microgranit, rhyolite

and are prominently oriented between N10 and N4@

and lamprophyredykes The veins and dykelip atlow to high angle

. Several veins are

mineralized with wolframite and, less frequently, contain cassiterite, topaz, arsenommiietibnite,

as well as Guand Pbbearing ore mineral$

) The main and most complex mineralized

system, the La Bosstockwork, located at the southern border of the Colette granitmnsists of

wolframite-bearing quartz veinghat are predominantly oriented suparallel to the gently dipping

mica schist foliation, and interconnected by steeper oblique vé&imns

crosscutby pegmatiteand aplie dykes

topaz Late hydrothermal overprintsinclude topaz = LiFmica veing pervasive topazification, and

) Ths network both intersects andis

, some of which are mineralized with cassiterite and

emplacement of greisefike veinscontaining a micar quartz+ apatite + topazassemblage

) Three generations of wolframite

characterized by distinct Fe/Mn ratidzave been identified within the stockwork and other vein

systems in the region, reflectirag least threeseparatehydrothermal episodes

U-Pbdating of monazitérom the alteration halo o&wolframite-mineralizedtopazvein inthe

stockwork yieldedhgesof 355 + 6 and 336 3 Ma, whereas \tich rutile and monazite fronthe halo

of the SnW-mineralizedSuchot veinlocatedat the contact between theColettes graniteand mica

schiss, returned age from 331 + 5to 307 + 3 Mal

crystallizationwas suggested by the authais have occurred prior to 355 M@nterpreted as the age

) The earliest wolframite

of micaschistmetamorphisn) while the ca. 330 Ma age, attributed to topazificatievasconsidered

as the main wolframite mineralizing evethh contrastaOl ® owmn al 38 41 &

activity associated with the emplacement of the Beauvoir RMG

stockwork wolframite by I8 L a {

later contestedby

instead proposedénl 3 S

2 ¥

e8ASt

) U-Pb dating of

fAY1S

RSR |y Hal&er¥ 2008 Thdagewasm ¢1  a l

l)who suggestedan inappropriate common Pb correctiand
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The LaBosse 12 O1 62N] 41 & G(K2dzaKG G2 065 NBil (SR
. 2aa&S =ZFNIlyakhduglEsucha unit was never intersected by the 900 m deep GPF1 scientific

drill hole ./The stockworkfor which the depth of formation is estimated
between 3.7 and 4.5 knjl.0-1.2 kbar)based on fluid inclusions analysés ) is
crosscut by both the Coletteand Beauvoirgranites . Mica schist

enclaves hostingvolframite + cassiteritebearing quartz veins are found as rafs in the Beauvoir

intrusiondown to the bottom of the GPFdrill hole . Theemplacement depth of the
Beauvoir RM@vas estimated to be-3km (0.8 kbar; JbThe Beauvoir RMG is a typical
example of an incrementalyonstructed pluton, as the three main magmatic units that

were originally recognized (from bottom to top: B3, B2 and B1;

) have been subdivided inteighteencompositionally different sill§ ) The
whole granite hosts lepidolite along with amblygonitgroup minerals, topaz, cassiterjtand
columbitegroup mineralsHoweverthe proportion of raremetal and Frich minerals increase toward
the apicalpart of the granite (B1 unityepresenting the most evolved, incompatible elememiriched
and Fedepleted, magma batchMoreover, lenses of microgranite witporphyritic texture, also
referred as Beauvoir porphyry enclavés ) occurin the B2 and B3 unit$

. The wholerock compositionandthe quartztrace elementsignatureof
the microgranie enclavess similar to the Colettes granite
) While the Beauvoir RMi@duced sodicmetasomatisnofthe Colettes granité

) the Beauvoir intrusiomand its host rocksire notably crosscut bya series of
mostly subverticaland NESWstriking quartz veins, associatedo greisen alteration and causing the
replacement ofmagmatic lepidolite and feldsparby a quartzmuscovite + apatite £+ cassiterite
assemblagée ’)This magmatic
hydrothermal eventdated in the Echassiéres complex betwed®.3+ 5.5 and307 + 3 Ma usingU-
Pb onapatite and monaziterespectivelywas subsynchronous with the emplacement of the Beauvoir
RMG ) The latteris notablyconstrained at 33.4 + 1.3 Ma
based oriD-TIMSU-Pb analysesf magmaticapatite )Several latdnydrothermal
episodesaffected the Beauvoir RMG duritige Permian and Mesozoi¢ ) before

intense weathering presumablyduring the Tertiaryled to pervasive kaolimtion of its apical zone

3. Samples and analyticahethods

Several samples of felsic igneous rocks veralyzedor whole-rockgeochemistryn =19)and zircon
U-Pb geochronologyn=12) . The new geochemical data are compared with those

compiled from the literature (mostly major element compositgpmeported in

2



330 ))In addition, we examinedthe U-Pb detrital zircon recordf three metasedimentary
331 samples:one quartzite from the micachist unit(ECH229) and two samples from the overlying
332 paragneiss unit, including a quartzite (ECH2B) and a paragneiss (ECHBRZ1)

333  SeveraW- and/or Snrmineralized samples from the Echassiétemplexwere alsocollected from the
334  GPFL1 drill coréor in situ U-Pbdating of wolframite, cassiteriteand apatite

335 ) Theyincludea quartzmuscoviteapatite-wolframite vein (GPF92.04, )
336  crosscuttingthe mica schiss above the Beauvoiintrusion, a micacassiterite veitet with minor
337 wolframite (P45b) hostedn a mica schist enclavavithin the Beauvoir RMGand the cassiterite
338 mineralizedB1, B2 and B3 facies of the Beauvoir RMG. 3f) Additionally, awolframite-cassiterite
339  bearingquartztopazmuscovitevein, crosscutting micachistsand occurringasaraft in anaplitic dyke
340 ofthe La Bosse stockwarikas samplecdhearthe top of the Beauvoir granitepen pit(LMONO4,

341 ). Finally both zircon and apatite 4Pb dating were performed otne Colettes granite (ECH22 for
342  zircon »and COLZor apatite, see ), along withapatite UPb
343 analyses of itgnicrograniticsub-equivalent found asan enclavewithin the B3 facies of thdeauvoir
344 RMG (P5ilsee ).

345 The GPS coordinates of the samples, along with detailed analytical protocols,-nebkle
346 geochemical data for the felsic igneous rocks, aAdbUsotopic datdincluding results obtained on
347 reference materiak) are provided inthe . Only a short summary of analytical
348 protocols is provided in the followingxior to dating, e internal textures of most minerals were
349 imaged using cathodoluminescence (GiX¢ept wolframite, imaged using backscattered electron
350 (BSE) imaging and enerdigpersive spectrometry (EDS) chemical mappiblgPb isotopic

351 compositions were determined by HERPMS using matrimatched reference materials. Raw data
352 were processed in lolite4 with the UPb Geochronology data reduction scheme
353 (DRS) for zircon and apatite, and VizualAge_UcomPbinE-BRS for wolframite

354 and cassiterite. A matrix correction factor was determined offline for apatite using three reference
355 materials( ). UPb diagrams and agegere producedusinglsoplotR

356 with uncertaintiesquoted at the 2 level Thelongterm reproducibility ofsecondaryeference

357 materials, combined in quadture is included Individualdatest NB& LINBaASy G SR F2NJ 02y C
358 dE:0 YR I NB RS NRKates whenfod® wandyl008 Ma) and xx witt odrteswiserh

359 younger.

360 4. Results

361 4.1.Petrographic and geochemical characteristiogfelsicigneous rocks from the Sioule region



362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

379
380
381
382

383
384
385
386
387
388
389
390

391
392
393
394

Voluminous bodies of migmatitic orthogneigat least several meterthick), previously mapped as
migmatitic paragneisses in the literatyreere identified within the paragneiss units, notably in the
southwestern (samples ECH28 and ECH230) and northern parts of the study area (sample ECH22
35; ). The biotite orthogneisses, whichalso contain minor, mostly secondary
muscovite hostsparseand partially resorbed perthitic-feldspar phenocrysts ) They
likely represent former porphyritic granites. Two main facies have been distingu{shigthatite
terminology according td ¥ (1) metatexiticbiotite-rich monzogranitic gneiss in the
northern area, characterized by relatively high+Rdg + Ti contents and a moderately peraluminous
composition; and (2) diatexitic, garnetsillimanitebearing leucogranitic gneisses in the southwest,
with low biotite content and felsic peraluminous compositioeensu

. Compared to the monzogranitic gneidsetieucogranitic gneissese also characterizelly
a more pronounced negative Eu anomaly in their chonedniemalized REE patterns
Moreover, they displaypnomalous fractionation of thégeochemical twis€ Nb-Ta and ZHf, with
relatively high Nb/Ta and low Zr/Hf ratios, comparedyfpicalperaluminous granite§

. The sillimanitebearingand garnetrich sampleECH2310 exhibits the highest

andevensuperchondritic Nb/Ta ratio (>2nd ischaracterized by atrongdepletion in LREE relative

to the otherorthogneisses, despite nearly identical HREE patterns among the three samples.

Variably deformed, non migmatitic, granitic rodkepresenta significant component of the
Sioule basemenilhese include decimeteto meter-scale(meta)granitoid bodies in the paragneiss or

mica schist units , as well aghe granitoid plutons of Chantelle and SaimGervais

Among the smaller granitic bodies ten-centimeter- to severalmeter-thick boudins of
muscovite granitoids interlayered within mica schists (ECHPZa; ) or migmatitic paragneisses
(ECH2243a) of the Sioule seriascontain minor biotite and locally sillimanitdhese bodies exhibit
pervasive and intense solgtate deformation. They are tonalitic to monzogranitic and felsic
peraluminous in compositions and exhibit a geochemical signature resembling that of gdékite

) Their REE patterns show a positive Eu anomaly and significant LREE/HREE fractionation (La/Yb
21-27) , and they are further characterized by Sr enrichment (~200 ppm) and elevated Sr/Y

ratios around 60.

The Chantelle biotitgranitoids(ECH226 and ECI23-30) exhibit a gently dipping foliation
marked by stretched biotite and dynamically recrystallized quartz, indicativecifiémt subsolidus
deformation ) They range in composition from granodioritic to monzogranitic and are

moderately to highly peraluminou$ . Their REE patterns are relatively smooth, i.e., lacking a
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Eu anomaly. Howevetthe sample ECH226, which contains sparse garnet, displays significant
enrichment inHREE . A meterscalebiotite-bearingmonzogranitic body exposed along the
Sioule Valley and containimgigmatitic paragneiss enclaves (ECHE3 ) displays
structural mineralogical, and geochemical characteristindistinguishable fromthose of the

ChantelleMassif granitoids, and is therefore interpreted as part of the same magmatic lineage.

Two samples of the San@ervaidMassif werecollectedalong the Saint&€hristine shear zone
where the graniteshows C/S fabrics indicative of dextsdlear . The mediumgrainedand
mesocratic sample ECH2B1 contains biotite fish, tourmaline porphyroclasts, and muscovite
aggregates interpreted asordierite pseudomorphs ) In contrast, sampld&eCH23)9 is fine
grained, leucocratic and hosts muscovite fish, along wi#met and tourmalin€ . The two
rocks one highly peraluminas and monzograniticand the other felsic peraluminous and
leucogranitic overlap in major element composition withther SaintGervaisMassif granitoids
reported in the literature ) althoughliterature samplesanreachhigher Fe+ Mg +
Ti concentrations . In contrast to he leucogranitesample showingweak LREE/HREE
fractionation andrelativelylow REE concentrationthe Sint-Gervais monzograniteas a REE pattern
similar to the Chantelle monzogranité . Overall, granitoids from the Saht@ervais and
Chantellemassifsexhibita major and trace element compositiahrangeclosely resemlahg that of
the archetypal cordieritdoearing peraluminous granitoidsf the Guéret Massif )

located west of the Sillon Houilléault

The PuzolServantporphyritic biotite microgranites (ECH22.6, ECI23-10; ) &s
well asthe biotite granites of the ChampsMassif (ECH224; ), including leucocratic facies
containing quartztourmaline orbicules (ECH228; ), do not show evidence for sufolidus
ductile deformation Except forthe Champs orbicular facighichis more felsic and REE depleted,
the Champs and Pouz8krvant granites share comparable moderately to highly peraluminous

compositionsalong with similar Fe + Mg Ti concentrations and REE pattefias

One sample of biotite trachglacitic tuff from the Manzat Brmation (ECH227; )
occurring asan enclavewithin the Champgranite Massif,and two sample®f altered (chlorite and
calcitebearing)trachy-dacitc tuffs from the Chateauneuf Formatipmnconformablyoverlyingthe
palecweathered SaintGervais granitoidECH237, 08; ), were collected All
samples display a banded texture with aligned feldspar microkiied contain broken crystals
suggesting asflow deposition ) The ignimbritic rockgand associatedavasreported in the
literature) are metaluminous to highly peraluminous, and ithmajor and trace element geochemical

signaturesincluding REE patterns and Nb/Ta and Zr/Hf raappear indistinguishable between the
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two formations( and see alsa for TAS diagram of volcanic rotkatthe regionalscale,
those compositions overlap with that of volcarsiedimentary rocksf the & ¢ dzF NI !|OAF § NB &
pandthe REE patterns of the Sioule ignimbsitéosely resembléhat of the Pouzal

Servant and Champs (micro)granités

The porhyritic granites of the Colettes Massif (EGBIR222202; ) contain zinnwaldite
commonly rimmed by kmnuscovite (se€ for mica compositions as well as
cordierite crystals partially replaced byrhicas (gigantolite;, ). In addition, secondary tourmaline

occurs as crack fillingsnd at mineral grain boundaries. The Coletteanites are generally felsic
peraluminous, relatively depleted in LR&Eh pronounced negative Eu anomabmd display low
Nb/Ta ratios (<5), a characteristic feature of granites genetically associatechydtiothermal Sn
and/or W mineralization ) A rhyolitic dyke sampled south of the
Echassiere€ompleXECH25)containsagglomerates of white and black micaesmmonlyprismatic

in shapejn whichrelics of cordieritehave been observe( . This strongly peraluminous
and felsic dyke has a similar major element composition to a microgranite fasrehclaven the
Beauvoir RMG ) and exhibits REE patterns nearly identical to the Colettes
granite ECH2P2

4.2.U-Pb geochronology of felsic igneous rocks from the Sioule region

4.2.1. Migmatitic metagranites

Two samples of migmatitic metagrarmteone monzograniti ECH225) and the other leucogranitic
(ECH23L8), were selected for zircon-Bb analysegsee for Tera Wasserburg ajramsand
for Representative CL images of zircon ghaiAgotal 0of69 spot analysesere performed on
42 zircon grains frorboth samplesin ECH2:35, a cluster of five analysesade onfour grains,with
generallywell-defined oscillatory zoning and U contents mostly betweef800 and 600 ppm
yields a concordiaate of 495.5+ 8.3 Ma (MSWD of concordance + equivalence = In63ample
ECH2318, nine analyses from eight zircon grains exhibiting blurry oscillatory z61#66-400 ppm U
define a concordiaate of 506.6 + 8.1 Ma (MSWD = 1.8Jesedatesare interpreted as the
crystallization ageof the granitic protolitls. One older concordant analggrom an oscillatory zoned

zircon corein sample ECH235 with a date of 579 + 12 Ma is interpreted as inherited

However, younger (sub)concordant analyses that lack distinctive internal textures and scatter along

the concordia without forming welllefined age clusters atgpically U-rich £500 ppm;corresponding
G2 NBtFGAOSToe KA IS af>2 RoD3) fFpagidara interpréed aslradlectiny P

a SN

loss. The remaining discordant analyses most likely result from a combination of Pb loss and common

Pb incorporation.
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4.2.2. Sioule Seriesuscovite netagranitoid

Among the58 analyses on 45 zircon grains fréne muscovitemetagranitoid ECH22L5a),deformed

in the Sioule Series mica schists, 21 are >90% concoidani =1 These includékelyinherited grains

with Paleoproterozoic to OrdoviciatatesfromH ny y tog yHon g , amdgenardlly weldefined

oscillatory zoning . Two concordant analyses afsingle grain exhibiting blurry oscillatory

zoning along the rinyield aweighted mean*Pb/®% date2 ¥ occ § T al Théa{25 T
remainingyounger analyses are too discordantbe interpreted reliablyand likely experienced Pb

loss
4.2.3. Chantelleand Sioule Series biotitganitoids

Seventynine analyses were performed on 48 zircon grains from the CHarietite granitoid (ECH22

46; dThes grains commonly show oscillatory zoning and frequently contain apatite inclusions
. A cluster offive concordant analyses from four grains yields a concouhde of

cnT®T B MHDPT al o6a{25 T dae@W0 D plmy R Mmyday Tt $ 27N A& K

inherited. Twelve younger concordant analyses fromelve grains define a concordidate of

opody p codn al o6a{25 ' MPHOS AYGSNILINBGISR I &

=N
A
w»

remainingdata, ore concordant and youngemalysig?°Pb/2® | 23S ' oigenricRedmld al 0
(1085 ppmf 2 3 6 h =1R B, &dnpared to other concordant analyses witt08®00 ppm and 2 3 6 b
dose)valuesof 14.915.1, andlikely reflects Pb lossihe othersanalysesare significantlydiscordant

due to common Pb incorporation and/or Pb loss.

Several zircon grains from the biotite granitoid contairémglaves of Sioule Seriparagneiss
(ECH2311), and geochemically attributed to the Chantelle granitoids (see ), exhibit
resorbed cores rimmed by newly grown zircén . Both cores and rims show weakly defined,
blurry zoning that is locally oscillatory or patcl@f the 40 analyses performed on 31 grairsgven
(includingfive rims clearly overgrowing older cores) are subconcordant to discordaetto variable
common Pb incorporationand definea discordia on aTeraWasserburgdiagram with a lower
interceptdate 2 F oo pdPT p y ®nC jad)PAlhabfh? this discowdit o/i€ldan initial
20PphPO%PR, NI G A2 2 7F ssignificaptly wen tham yhe model terrestrial value of ~0.86 at
onn (A /anhchoring the discordia to this model value increases the MSWD
to 3(with a lower interceptdateof347.0 £ 11.2 Ma). We therefore interpret the datecob gdT B Yy dPn 3
asa betterestimate for zircon rim crystallizatiand granitoid body emplacementwo zircon rims fall
to the right of thediscordig with high U contents (1068 c nn LJIJYO FyR f2306h R2&S$S
15.0 and 15.2ompared to the other analyses (U ~300 ppm andf 2 3 6 h = 18.81%.8) (Theyre

interpreted asbeing affected by Pb loss and excluded from age interpretation. The remaining 24



494  analyseswith concordance >90%lefine a wide range of inheritedlates from Archean to

495 Neoproterozoick p o H topp pHc 5 Mo al 0 YR S@Sy 5S@2yAlLYy 60 dn
496 4.2.4. SaintGervais C/S granite

497  Zircongrainsfrom the SaintGervais C/S monzogranite (ECHZB; Yare commonly

498 fractured, contain unidentified inclusions, and exhibit variably blurred oscillatory zofiimg 53U-Pb

499 analysesof 41 grainsreveal significant inherited component with two Paleoproterozoic dates

500 (My dn 5 Hp | AR andwelve Ngoproteroz@Cambrian dated S 6SSYy ccH 5 T
501 pwmT B genprallpdbtained on grairexhibitinga high, light bluish CL signdlwentysix analyses

502 with >96% concordance ard®Pb/% dateso SG6SSy oT1T B ¢ FYR Hdn B C
503 concordia but do not define a ogistentdate, suggesting a disturbance of theRb systemAnalyses

504 vyielding dates younger than 84 7al | N8 OKI N} OGSNAT SR o6& KAIKSNI |
505 dose) values (14-85.5), overlapping the metamictization threshqth.315.9;

506 ), consistent with radiation damage andlsequent Pb loss. In contrast, twelve analyses with

507 f 2306h 1R @& & weighted mead®®Pbl®U date of 360.2+ 7.1 Mainterpreted as the best

508 estimate for zircon crystallization, although the high MSWD of 7.6 indicates some heterogeneity

509 among the data.
510 4.2.5. PouzolServantiotite microgranite

511 Two samples from the Pouz8krvant microgranite were selected for zircoAPb dating.Sample

512 ECH23l0 containsnumerous inherited zircon grainkat generallydisplayhigh CL signal

513 and yieldsubconcordantlatesspanning the Archeah I £ S2 LINR G SNRBT 2A O O6HcTp 5
514 Ma), Neoproterozoic00 + 13 to 591+ 16 Ma) X | YR 5S @2 y AAolustad ofthree 5 o a |
515 concordant analyses gives ®rdovicianweightedmean?®Pb/~®Udate2 ¥ n 1 n ® MMSWDg Py al
516 1). Of the29further analyses on 20 graingpically showingn elongated shapayeaker CL signahd

517  blurred oscillatory zoninghe elevenmost concordant §07%) yield a concordidate of 332.6+5.7 Ma

518 (MSWD = 1.6) interpreted as tlage ofmagma crystallizationLess concordant data likely reflect

519 common Pb incorporation and/or Pb loZétcon graingrom the second sample, ECH28

520 , show a similar elongated shape with weak CL signal and numerous inclusitms 8@fanalyses

521 of 37 grains, 68ave a degree of concordane®2 %, reflecting disturbance of theRb systemAmong

522 the remaininganalysestwo concordanspotsona single graicoreyield aweightedmeandate of 356

523 + 8 Ma (MSWD =1l.1ljnterpreted as inherited Subconcordantdata, define two youngerdate

524  populatiors. The youngesgroup comprises norequivalent analysesf radiationdamaged zircon,

525 OKI NI OGSNAT SR o6& KAIK f236h . IRéarashthe@écondz§raup, 0 S 6 S S
526  returning aweightedmeanPb/®date2 ¥ o H c (MSWDE0.8)ircludes zircons with lower
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dose values (14-25.5).Thisdatethat is identical within uncertainty with the concordiate obtained

on ECH230 sampldikely reflecsthe magma crystallization
4.2.6. Champs biotite granite

In the Champs biotite granitehe only identified inherited component corresponds to a single
concordant analysis performed on a zircon core displaying a high CL signal and oscillatory zoning,
yielding a date of 462 + 29 Ma . The other 36 analyseBom 27 grainsare strongly
discordant to subconcordantThegrainscommoni host apatite inclusions andisplayrelatively weak

CL signaWwith an internal texturerangingfrom homogeneous to oscillatory zone@he nine most
concordantzircon graing88-99%concordancgyield a weightedmean?°°Pb/8U date of 311.0+ 8.4

Ma (MSWD = 1.7, n=8)terpreted as the age of magma crystallization.

4.2.7. Trachydacitic tuffs

Likethe Sioule granitoids, the trackgacitic tuffs of the Manzaf( ; ECH227) and Chéateuneuf
( « ECH23)78) formations contain a significant proportionof zircon grainsthat are likely
inherited, and generally characterized by high CL signal . INnECH227 samplethe date of

thesegrains(n=5)range fromPaleopoterozoic(2086+ 46 and 195% 50 Ma), through Neoproterozoic
(607 £ 15 to 582 + 1Ma) to Ordovician(464+ 11 Ma) In ECH2®7a sample, two Paleoproterozoic
grains (2313 + 34 and 1970 + 30 Ma), three Neoproterozoic graiightedmean?°®Pb/2%8U date of
563 + ¥ Ma) and one earkCarboniferous grain (363 + 12 Ma) have been identifibrlee analyses
ontwo grainsin sample ECH237 showinghomogeneous texture and blurred oscillatory zonirigld

a concordiadate of 335.4 + 6.2Ma (MSWD=1.8)In ECH23®7a, a cluster of 25 concordant to sub
concordant analyses (9400%)from grains with textures ranging from homogeneous, oscillatory
zoned to sector zoneylield aweighted mean?°®Pb/2%U date of 316.7 + 5.5 MgMSWD = 1.6)Both
dates likely record distinct magma crystallization events gatrtlypreceded eruptionThe remaining
discordant to sukconcordant analyse§46 in ECH227 and two in ECH2373) likely reflect post

crystallization disturbance of the zirconRb system.
4.2.8. Colettes granite and Beauvoir microgranite enclave

Seventy twaanalyses were performed on 44 zircon grains from the Colettes granite sample-BZH22
The majority (n = 53re discordant, affected by Pb loss and/or common Pb incorporation, and were
excluded from interpretation ) The remaining subconcordant to concordant analyses derive
from zircongrainsexhibiting a variety of internal textures, ranging from homogeneous and weakly
luminescent to oscillatory zoned . Eightsub-concordantanalysedrom eight grainsincluding

several zircon coreseturn datesinterpreted as inheritedThese include one Paleoproterozoic, two
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Neoproterozoic,and four Camban-Ordoviciandates (three o which define a weighted mean

206pp 238y date of 470.8 + 8.5 Ma; MSWD = 0.9@} well as one early Carboniferodate. Eleven

younger analysescatter along the concordia in concordant to sudncordant positionswith
20pphRY datesF NBY ooc F p (G2 onH gERINYE0I SR & AINSIP ydzRA AN HK
values between 15.3 and 15.9ieldsa weighted Y S| Yy  u x glate®k¥y umH o ®T with mn ®o

significant dispersionSWD=8.1).

To better constrain the timing of crystallization of the Colettes granite, apatid dating was

conducted on sample Col2 (a counterpart of ECHE3 and on the P51 microgranite enclave

geochemically equivalent to the main Colettes intrusioostedwithin the Beauvoir RMG

Analyses of subhedral to anhedral apatite graisse for representativeCL images)yariably

enriched in common PRlplot in discordant positionsn the TeraWasserburg diagramkor Col2,

excluding a single younger spot interpreted as affected by Pb loss, the rema@iagteeranalyses

define alower interceptdate2 ¥ ooT ®p 5 (PP al o6af{ 25 .Compositiov | YR

2F n Py y mimigr toh tthen maalel terrestrial Pb compositioat that time (~0.86) In the

microgranite enclave, 37 analyses of euhedral to subhedral apatite grainsayisier interceptdate

2F oHN®T K TPH al o6af{25 I nodcyvI A0GK

4.3.Zircon UPb record of Sioule metasedimentary rocks

I 02YY2Y

A total of 117 WPb analyses were performed on 87 zircon grains fiteerihree metasedimentary rock

samples of the Sioule Serig3fthese,we retrieved76 dates corresponding to individual

concordant

(>90%pnalyses or to weighted mean dateslculated from multiple concordant analyses of individual

grain domains. All three samplesdisplay two main zircon date populations: an

Archean

Paleoproterozoigroup(ca. 26001600 Ma)with peaksat ca. 2100 and 1900 Mand Neoproterozoic

group(mostly between ca.@ and 540 Mavith peaksat ca. 600 or 560 Ma&nly one grain yiela&td a

Mesoproterozoidate

The Neoproterozoic population accounts for ~75% of the detrital zircon component in the

guartzite samples ECHZ®b (mica schist unit) and ECHE2b (paragneiss unit). In contrast, this

proportion decreases to ~50% in the paragneiss sample EQB23lue to the presence of

a significant

t

"y

number of Paleoproterozoic zircon grains (n = 11). These define an upperintdete@ ¥ MdpH P B oC
Ma(MSWD =11, n=18) 2 SGKSNAff O2yO0O2NRALlF RAFINIYI gA0GK

consistent with Neoproterozoic Pb loss . The maximum depositional ages, based on the

youngestcoherent group ofircondates are indistinguishable within analytical uncertainty across the

0§KNBS &l YLIX S a WeightedmdadroRp/A 4P date; MSWD 9 1.9, n = 6) for
ppo®d pweiptedmean?Pid>U date; MSWD = 1.9, n = 6) for ECH22& 0 <

ECHED,
YR pcT ®H

E
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Ma (concordiadate; MSWD = 2.5, n = 4) for ECHZR, consistent with an Ediacaran sedimentary
protolith

4.4.U-Pb geochronology of rarenetal mineralization from the Echassieres complex

4.4.1. La Bosse stockwork

The La Bosse stockwork vein sample LMIOAL occurring as a raft within an aplitic dyke, records a
multiphase crystallization historyAn early coars@d N} Ay SR FaaSyofl3S o6dpnn
millimeters), composed of quartavith plastic deformation features (i.e., undulose extinctionand
subgrain developmentandwolframite, was partially overprinted by a fingrained assemblage (10s
2F >Y (G2 dm YYO AyOf dzRAy 3 | dzgNIh)Cassitérie blkaily Yeplacdzd O2 A |
wolframite, notably asveintlike infill, and occurs as crackll within the early quartzln the Tera
Wasserburg diagram, 30 wolframite analyses plot incoficordant to discordant positioris
Despite a relatively high MSWD of gtde discordiadefinesa lower interceptdate2 ¥ opndy 5 y ®p
andu x bt oI X0 2 F AZopreardam to suidonsordaht analyses of cassiterite yield
a significantly younger interceplate of 323.2+ 8.0 Ma (MSWD =2.20Pb/?°Ph.= 0.853+0.012)

that is similar to thedate of 318.7+ 6.6 Ma (n=39, MSWD =0.42/Pbl%Ph.= 0.87+ 0.15)
obtained from cassiterite of the stockwork vein sample P4fglourring in enclave in the B3 unit of the

Beauvoir RMG

In the La Bosse stockwork quartmiscovite vein sample GRR.04, millimeter-scale apatite
occurs in close association with wolframite crystglsto 300>m in size JThe limited quantity
of wolframite precluded direct datinhut apatite grainghat likely cocrystallized with wolframite,
yield a lower interceptiate2 ¥ 0 H ¢ ® (n=5%0, MBWH-1.8Pb/’%Ph.= 0.873+0.008; ).

4.4.2. Beauvoir raranetal granite

In the Beauvoir RMG, CL images of mounted cassiterite grains commonly reveal oscillatory
zonationlocallytruncated by highCLintensity zonespossiblyreflectinghydrothermal overprint
. Nonetheless, a total of 99 analyses from the B1, B2 and B3 units yield a coherent lower intercept
date of 312.5:6.7 Ma (MSWD=5.4Y"Pb/?°Ph.= 0.844+0.020; ), in agreement with published
crystallization ages of the granitindividually, cassiterite from the B1, B2 and B3 units yield lower
intercept datesindistinguishable within erroof 311.4+ 7.3 Ma (MSWD=2.2, n=38), 31%t8.2 Ma
(MSWD=7.7, n=28) and 31%07.8 Ma (MSWD=3.9, n=37), respectively, with the higher degree of

statistical dispersion occurring in the deeper B2l 83 units.

5. Discussion

5.1.PreVariscancrustalframework of the Sioule region



624  Detrital zircon UPb analysesf metasedimentaryocksdo not distinguish between the signatwwef

625 the mica schist and paragneiss uratsd suggest that thi protoliths were deposited at or after 550
626 570 Ma(seemaximum deposition ages in and in ). These siliciclastic
627 sedimentspredominantlyoriginatedfrom the erosion of Neoproterozoic igneous rocks (d20-840

628 Ma)and their sedimentargerivatives with variable contributiorirom ca. 26001600 Malate-Archean

629 to Paleoproterozoic basemergources . This zircon recordnatchesthat of Ediacaran
630 sediments largelgourcedfrom the erosion ofthe CadomiarAvalonianbelt

631

632 ) an Andeartype orogenthat developed alonghe active northern margin of
633 Gondwanaduringthe late-Neoproterozoic, and is now exposed, for instance, in the North Armorican
634  Massif( ) ) The> 1600 Ma
635  zircongrainssuggesietrital input from distinct domains othe cratonic hinterland of the Cadomian
636 orogen Based on previous studiés

637 ) the zircon component peaking at ca. 220000 Malikely originated from the West African
638 Cratm, with possible contributions from Eburnean basement relics in the North Armorican Domain
639 ) while the 1929 + 36 Maopulation may reflect contributions from the

640 Saharan Metacraton or the Arabidsubian ShieldAlternatively, the abundance of ca. 1930 Ma zircon
641 grains in the Sioule paragneiss sample ECGHHA3could indicatea proxima) yet unidentified

642  Paleoproterozoic source within the FMC.

643 Duringthe early-Paleozoicthe metasedimentary rocksr their protolithswere likely intruded
644 by (leuco)granitic magmas, now occurring as migmatitic orthogneisghim the Sioule Seriesand
645 dated between 506.& 8.1 and 495.5 8.3 Ma . Ths Cambran-Ordovician
646 magmatic event, well expressed and documented notably in the European Variscarelagdtsto
647 postCadomiarextensionalongthe Gondwana margiand predominantly involves the partial melting
648 of Ediacaran metasediments

649 ) In the Sioule
650 region, the occurrence of a ca. 580 Mla inherited zircon in onef the orthogneisssamples

651 along with their peraluminous compositions is consistent with derivation from such

652 metasedimentary sources

653 The two identified facies, one monzogranitic and the other leucogranitic, dmlithg tothe
654 same magmatic lineage, the latter being a more evolved equivalkntomparablerelationship
655 between metaleucogranitegleucogneissesand metaporhyritic granites(augen gneisses) hadso
656 been proposedor the ca. 540 M&/elay orthogneiss formatioim the southeastern FMC

657 ) In the Sioule regiorthis interpretation isnotably supported by the more pronounced
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negative Eu anomaly and lower Zr/Hf ratwisthe leucogranitic gneissegdicative of feldspar and

zircon fractionation respectively . Thehigher Nb/Ta ratio of the

leucogranitic gneisses is not consistent with such relationship as Nb/Ta should behave similarly as Zr/Hf

during fractional crystallizatiofi IHowever given that Nb is preferentially
retained in residual biotite during anatexis compared to (Ba ldve
attribute the anomalously high Nb/Teatios of the diatexitic leucogranitic gneisse®lative tothe
metatexitic monzogranitic gneist a higher degree of partial meltind@ his is in agreement with the
higher modal abundance of inferred peritectic garnet and sillimanite in the gneiss EOH&Bich
recordsthe highest Nb/Ta ratia . In addition, the strong depletion in LREE in this
sample may indicate that the temperature of partial melting was high enough to dissolve mgnazite

thereby mobilizing these elemenisto the melt.

The presencef migmatiticCambian-Ordovician metagranites, alongside anatectic Ediacaran
metasedimentary rockst depthin the Sioule region is supported by the significant proportion 0£510
450 Ma inherited zircon grains in Varisgaraluminousmagmatic rocks. Tisinherited componenis
rare in360-350 Ma,Early Variscgngranitoidsbut represens about 23% ofzircon inheritancefrom
granitesand tuffs younger than 340 Ma . Additionally five inherited graing~14%Yrom these
mid- to late-Variscan felsic igneous rocks ymfidevonian toearly-Carboniferous agedetween420
and 350 Mg alsoreflecting the magmatic recycling early-Variscan (meta)granite#\s documented
in other part of theEuropean Variscan belt such as #HdC )
the Armorican and lberian massifs the Cambran-
Ordovician orthogneissesind more locally earyariscarfelsic (meta)igneous rockbkely represent

a significantcomponent of the source region peraluminousnagmas
5.2.EarlyVariscan tectoniemagmatic evolution

The earliest Variscan felsic igneaosksin the regionmay be represented by the muscovigiotite-
bearing leucogranitic to leucotonalitic gneisseanded as boudingvithin the Sioule serie§

The 366 + 8.9 Ma date from a single zircon grain in one of these metagranitcidsc,) along with
the distributed ductile deformation in these rocks, supports an early Variscan emplacdtdoemver,
further geochronologicaanalysesare required to constraintheir crystallizationage, andadditional
investigatiors are neededto clarify the significanceof their adakitic geochemical signature, notably

marked bystrongLREE/HREE fractionation and Sr enrichrffent
¢KS / KFEYydSttS 3INFYAG2ARCONE adiftom & pdrafiRinolisi
granodioritic to granitic magma and shows a wealow dippingfoliation ,

broadlyconcordantwith that of its host rock consisting ahigmatitic paragneisses JA

opo
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small granitoid body intruding the Sioule Seriegth similar deformational, mineralogicaland

geochemical featuress the Chantelle granitojchosts paragneiss enclavethat display a more

pronounced, yet concordant, sthorizontal foliation

Jrcon UPbdating of this

body yieldedanag2 ¥ o0 o ¢ P 1oveglapping aonsidering uncertaintyith that of the Chantelle

granitoid, albeit less precisely constrained

.The ingipient subsolidus deformation

affecting these biotite£ garnet)granitoidspoints to a synto late-tectonic emplacementelativeto

the flat-lying foliation of the Sioule Seriegneisses which mostly developed duringBarrovian

metamorphism and related nappe tectoni@s

) Anatexis in the Sioule Seriesaynhave been synchronous with the emplacement of the

Chantelle granitoid at ca. 355 Ma andegdates340 Ma asalsodocumented by the WPb dating of

metamorphic monazite ithe Lower GneissUnit of the Pontgibaud area, tensf kilometers south of

the Sioule region

Despite significant disturbance of their-Rb system, possibly due to deformation and

associated hydrothermal activity along the Saiftieristine shear zonas recorded by biotité’Ar-Ar

datesdzy (i A £  Ol(Fabreas @.p200a)lthe least radiatiordamaged zircon grairfsom the Saint
Gervaisgranit@ A St R | ONBAGE Tt € AT oA 2yl 12 Tndszirédd UPb age i® H

b

similar to that of the Chantelle granitoids and, more broadly, to the emplacement age of the Guéret

Massif granitoids on the western side of the Sillon Houiller fault (ca-03p0n @afktan

)ITogether, the Chantelle granitoids and the S&arvais granitdargely
consistingof biotite-O2 NRA S NA& (i Seagng Yadigs QRPEN (HS ), with subordinate

Y dza 02 @A (i -Beanipg dlieds IMPG: ), show overlapping major and trace element

compositions with the Guéret CRG

Jofurther

supportinga comparable origin and timing of crystallizatigks well documented in the European

Variscan Belt, the C/S graniteemmonlyrepresentgranitic magmashat crystallized duringactive

shearing IT hissuggestghat dextral deformation along the Sainte

Christine shear zongas active at ca8860-350 Ma andpossiblypersisteduntil ca. 335 M, as suggested

by biotite “°Ar-*°Ar dating
trending vertical faultsaffectingl KS DdzSNBG [/t D

western FMGC

5.3.Mid-Variscan tectoniemagmatic evolution

. Similarly dextral transcurrent tectongalong N13eN110

I NB O2yadNrAYySR

The Limicacordierite Colettes granite pluton yielded apatite and zircoRlJdates of 337.% 9.9 and

323.7 £ 10.3 Ma, respectivelgnd its microgranitic sukequivalent occurring as enclave in the

Beauvoir RM@ielded an apatite UPb date of 320.7 + 7.2 Ma

JWhilewe cannotentirelyexclude

(0]

TC

S
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partialresetting of theapatite U-Pb systenin the microgranite enclave during the emplacement of the
Beauvoir RMG at ca. 313 Ma, the thre€’b dates overlap at ca. 327 Miherefore, we propose 380
325 Ma as the most representative range for the emplacement of the Colettes granite plutdikelnd
relatedmicrogranies JConsidering uncertaintyhtsrangeoverlaps with the Rb-Sr wholerock

isochron agefthe Colettes granitat 317 £ 8 Md 18’Rb decay constant of ).

The mid-Variscanperiod isalso marked by thecrystallizationof the Pouzo!Servantbiotite
microgranitewhich yielaed zircon UPb ages 0832.6+5.7 Ma and 32& 5.3 Ma similar to
the Rb-Srisochron age of 339 Ma .Like the Colettes plutonhtslaccolith
was emplaced in th&€ioule Seriemica schists below th&ansition with theparagneiss uniandlacks
evidence of pervasive subsoliddsformation ) However the rotation
of vertical magmatic fabric defined by-féldspar phenocrysts in the Colettes granite has been
interpreted as indicating emplacement within a papart zone controlled by NéBending sinistral
shearing 1Maveover, the PouzolServant
micrograniteis thrust over the Sioul&eriegparagneisses on its western contact J)The
structural featuresof both plutons together withthe presenceof N10- to N40O-striking extensional
guartz veins and granitic dykesoundthe Echassieresomplex 1 includingcordierite
rhyolites with a geochemicasignaturesimilar to the Colettes granité T are

compatible with theregionalNW-SE extensiodescribedoy

At ca. 335 MaN50 to N7CGtrending volcanic graben#n the northeastern part of the FMC
accommaodated the deposition of volcarsedimentary rocksincludngignimbrites and felsic lavasf
thedt dzF & ! y (0 K NI (OkiFugeNB 4993 Alikely &gaiiéalent of this regionally widespread
felsic volcanism in the Sioule area is represented bytrihehy-dacitc tuffs and lava®f the Manzat
Formation, laer intruded andthermally metamorphosed by the Champs grarfié . Although
G§KS O2y O2NRAI | abfinet for acsamplérom thys farndationisdased oronly two
zircon grains , the plutonic-volcanicconnectionbetweenthe PouzolServant microgranite and
those ignimbrites already suggested by ) is supported by theisimilar bulk rock

composition, notably their REE pattertis
5.4.Late-Variscan tectonienagmatic evolution

During the lateCarboniferous, a second plutoniolcanic event is expreed in the southastern part
of the Sioule region by thmtrusioninto Visean volcanisedimentary rock®f the Champs grani
pluton at ca. 326310 Ma yand by the eruption of trachydacitic tuffs and
lavas of the Chéateauneuf Formatiat 316.7+ 5.5 Ma . The younger age of the

Chéateauneuf ignimbrites relative to those of the Manzat Formatidartber supported bythe higher
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structural position of the latter as shown bgpographic profiles at the contact between both units
. In the leucogranitic facies of Champs pluton, the occurrence of qtiautmaline orbicules

near the contact with the Visean tufis suggestow pressure emplacemenassuch

featuresindicate boiling of Brich fluids or the exsolution of hydrous borosilicate melfgocesses

typicalof shallow intrusiorroof zones

The bulkrock compositions of the peraluminous to metaluminous volcaedimentary rocks
of the Manzat and Chateauneuf formations, as well as those of the R&exehnt microgranite and
the main tourmalinefree facies of the Champs granite, are indistinguishédblg . They also
Ot 2aSfte NBaSvyofS 20KSNJ GdzF¥a yR fl@gLa aair3aySR
western side of the Sillon Houill&ult . The
late-Carboniferous age obtained on those ignimbritic rocks during this study is similar to the zircon U
Pb age of 31& 2 Ma obtained on one rhyolite of the Montaédllon region in northeasterr-MC

) Therefore, the new geochronologicalata indicate that the seOl f £ SR & ¢ dzF :

Anthracifereg series encompasgs peraluminousto slightly metaluminoudelsic volcanic rocks of
different ages and should not be considerash single, regionally timequivalent marker level at ca.
33500n al ¢AGKAY GKS Cal o

In the Echassiéres completke lateCarboniferous period is marked by the emplacement of
the Beauvoir RMG &12.5+ 6.7 Ma(U-Pb on magmatic cassiterite] ). This agaotablyaligns
with the 313 + 1.3 Ma age obtained via-DATIMS UPb dating on apatité ) This
granite is crosscut by a dense network of NBEW to NESW striking quartzmuscovite veins (related
to greisen alteration), also dated at ca. 3@5v n  (Nok ) These
structures, interpreted as tension gashes, support tectonically controlled magimadiothermal

activity compatible witlregionalNW-SE extensiol

5.5.Variscan metallogenic odyssey the Sioule region

Three main mineralizing perisdvere identified in the Echassiéres complex, in relationship with
regionalfelsicmagmatic pisodes . At 350.8+ 8.5 Ma,an early magmatitydrothermal
eventtriggeredthe precipitation of afirst generation ofwolframite in the La Bosse stockwork

. This wolframite is partially replaced by cassiterite, topaz, and musc@vite 9a,) and occurs
within a vein crosscut by an aplitic dyke .) This ageis consistentwith the association of
wolframite with coarsegrained quartzexhibiting moderate plastic deformationfeatures such as
undulatory extinction and subgrain development, indicative of brittiectile transition condition$

. Furtherevidence for this hydrothermal event is provided bgnanaziteU-Pb date of ca. 355 Ma
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from the alteration halo of stockwork veiris ) This Wrich hydrothermalisnwas
contemporaneous with the emplacement of the Chantelle anthtSGervais plutonswhich, like the
wolframite-bearing quartz vein, generally exhibit only incipient ductile deformation, except along

major structural corridors such as the Sauihristine shear zong

Likethe Guéret CP® which they are geochemically affiliated, samples frihra Chantelle
and SainMGervaiglutons aredepleted in F and rare metals (Li, Sn, W, Nb, Ta) compared to Ediacaran
metasedimentary rocks of the Sioule Sendth a mean W concentration of 3 ppihi ) Upon
magmatic differentiatiom marked by decreasing concentrations of FeO + MgO zahiDcompatible
trace elements (Ba, Sr, @ethe granitoid rocks evolved towarelenlower concentrationof metals
and haloges JMoreover, the high Nb/Ta and Zr/Hf ratiasf these early Variscan peraluminous
granitoidssuggest limited metallogenic potential for magmatieydrothermaldeposits

) This highlights a major problem regarding th&ture ofparental granitic magmas at the

origin of this early W mineralization, the inferred La Bosse gramifgosedilying at depth of the
eponym stockwork .7Either, early | NB 2 y A T SiNGRatFaS NB NF BB
peraluminous granites remain yet to be discovered in the regiorthe W mineralizatiordoes not

stem froma typical orthomagmatic model involvirfluids exsolved from &V-rich graniticmagma

source but rather from alternative models involving, fomstance deep
metamorphic fluidg ) Another possibility is that, due to
the strong affinity of W for fluids at the magmagltydrothermal transition ) even

weakly evolved peduminous melts could generate-Yith fluids without extensive differentiation. In
this case, the presence of ¥dh granites might not be a prerequisite for forming significant

mineralization, as suggested by basal on geochemical modeling.

AnothersignificantW-mineralizing hydrothermagventlikely occurred around 3330 Main
the La Bosse stockwods suggested by the dating of apatite and monazite
intextural association with wolframite. This fluidculation episod@vascontemporaneousvith
the emplacement of the Colettes granied ca. 336325 Ma . In contrast to the
contemporaneously emplacdelouzolservantmicrograniteand associated trachglaciteswhichshow
weak concentrations in V&f ~2-4 ppm, the Colettes granitds significantly enriched in rametals
including W (20-40 ppm) . Therefore, thispluton, or its deeper equivalens that fed the
rhyolite or microgranitedykes south of the Echassiéres complepresens afertile magmatic source

for the stockworkmineralization

The interval from 325 to 310 Ma records one or several metallogenic eventadingthe

precipitation of hydrothermal cassiteritend a third wolframite generatioim the La Bosse stockwqrk
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as well aghe emplacement of the Beauvoir RM@hich hostsa disseminatednagmaticLi, Sn, Nb, Ta
ore . Followingits emplacement, the grani intrusion underwent intense magmatic
hydrothermalalterationinvolvingboth magmatic and surfacderived fluids andhotablyleadingto the
development of greisei ) During this
metasomatic process the Wich Limica lepidolite waslocally replaced byW-poor muscovite
generating metatrich hydrothermal fluid from which the third generation of wolframite in the
stockworklikely precipitated ) This wolframiteyielded aU-Pbage 0f316.5+5.3
Ma

The hydrothermal cassiterite in the La Bosse stockwork precipitated between 323.2 £ 8.0 Ma
and 318.7 £ 6.6 Mé . This timing overlaps with both the emplacement of therfgh Colettes
granite (ca. 33325 Ma) and the BeauvoRMG(ca. 313 Ma), preventing the exclusion of either
intrusiort or their deepseated equivalentsas a potential source for théwydrothermal Sn
mineralization. Nevertheless, the magmatic fluids exsolved from the Beauvoir RMG magma at ca. 313
Ma were strongly enriched in Sn (and likely (F} and were thus capable of

precipitating the topazassiterite assemblage observed in the stockwork.
6. Implications and conclusion

The Echassiéres complex experienced a protracted metallogenic evolspianning nearly0 Myr.
This evolutioris marked by &hiftin mineralizationstyles from magmatiehydrothermal Wat ca. 350
and ca. 33825Ma, to magmatiechydrothermal SAN and magmatic ESnNb-Ta (RMGat ca. 25-310
Ma JAlthough the tectonic framework of these mineraliziagentsis not fully understood
mid-Carboniferous marine transgression and near-continuous deposion
betweenca. 335330 and 32810 Maof volcanic material in graben(s ) indicate
that extensional tectonigsaccompanied by transcurrent deformatig 2
affected tre northern partofCa/ FNRBY OF ® (fogolp) al 2y g+ NR

A similar temporal evolution of mineralization types is observed at the scale of the western
European Variscan belt (FMC, Iberian Massif, Armorican Massif) when compiling available age data,
notably those obtained through dPb dating of orebearing minerals such as wolframite, cassiterite,
and columbitegroup minerals JSh mineralization events, particularly RMGP emplacement, are
confined to the lateVariscan period (32(B00 Ma), whereas hydrothermal W deposition occurred
throughout the Variscan orogeny (36800 Ma).In the SaintMélany depositlocatedin the southern
flank of the Velayextensionadomeof the FMChydrothermalW precipitationat ca. 320 Mareceded
Snmineralization by 4.0 Myr ) The mineralized veins were subsequently crosscut

by RMGdykesthat notably host magmatic cassiterite dated to ca. 305 (Ma ) A



856 temporal decouplingoetween W(ca. 346305 Ma)and Sn(ca. 32@295 Ma)mineralizationis also
857  observedin the Iberian Massifnotably the Mortinamor gneiss dom@&ermejoet al,, 2025) andthe
858 world-class W deposit of Panasqueinahere hydrothermal wolframite (313.8 = 6.9Ma) predates
859 hydrothermalcassiterite(297.9 + 6.1 Mp(Carret al., 2026) In the Erzgebirge province of the Variscan
860 Bohemian Massif, polymetallic magmakigdrothermal mineralizations also spata. 40 Myr,
861 beginning with Wdominated skarnst ca. 338 Mg ) This was followed by a
862 major SAW-(Li) mineralizationphasein skarn or greisen from ca. 327 to 310 Ma, and later by skarn
863 forming hydrothermal activity with limited metal endowment from 310 to 295 M&

864 ) At ca. 314
865 312 Ma,RMGof Atype affinityalong with associatedgreisentype LiSnW depositsvere emplacedn

866 transtensional putapart basing

867 Generally the temporal shift from W to Sn mineralizations #tributed to a change in the
868 thermal regimeof the underlying crustwith a transition from muscoviteto biotite-breakdown
869 dominated meltingof metasedimentary protolithsas spported by studies of migmatites and
870 geochemical modeling ) Additionally, as discussed above;

871 argued that Wrich fluids can beeadily produced from weakly evolvethnatectic)melts
872 derived from metapelitesvithout further differentiation, wlereasthe generation of Smich fluids
873  requires substantial magmatic evolution This contrast may explaithe dominance of Wover Sn

874  mineralizationduring the early stages of the orogeny.

875 However, thesénterpretations mainly appy to melts derived from metasedimentary sources
876 andthe change in partial melting conditiortd metapelitescan hardlyaccount for the lateorogenic
877 nature of RM5Rs. Indeed,many elements typically enriched in these granifieisand Whare expected
878 to be scavenged into the melt at low temperatures during metapelitic anatexis, whereas ¢fhansl
879 Sn)are releasednear biotiteout conditions ) Alternatively these authors
880 proposedthat the formation of RM®s requires the partial melting of peraluminous metagranites,
881 which can produce anatectic melts enriched in all ntioated rare metals due to the breakdown of
882  both muscovite and biotite within a narrow temperatungterval Asfurther suggestedy

883 , anincreasngmetafelsic componerin the late-orogenicmigmatitic cruswould naturally result
884  from the upward migration of anatectic fronts and the parmaklting of not only Cambria@rdovician

885 orthogneisses but also eaflyariscan peraluminous (meta)granites.

886 In the Echassiéres complex, the mineralization sequence was accomparaadrinreasenf
887 thed NIYNSHI I £ T SNI A A indgiaskom thelSodtet gizviite itz alZE325 Ma to the

888 BeauvoirRMGat ca. 3B Ma L)In contrast, the Pouz&dervantand Champs plutonic



889
890
891

892
893
894
895
896
897
898
899

900

901
902
903
904
905
906
907
908
909
910
911
912
913
914

915

916
917

918
919

volcanic systemghat were broadlycontemporaneousith the Echassiéregranitic magmatismni
, produced raremetaldepleted felsic magmas, with rapparent increase imagma fertility

between the twomainpulses at ca. 33330 Ma and ca.Z>310Ma

Thelocalized angbrotractedintrusion orpercolationof érare-metakfertile€¢ magmas and fluisl
in the Echassieresomplexsuggess (1) the presence of a loAyed crustalscalestructureand (2) the
existence of a specific deep crustal source capable of generating halagdraremetalenriched
granitic melts Asproposedby ; Adand
this sourcemaycorrespond to peraluminous (meta)granités.the Sioule region, the inherited zircon
recordis partly consistent witlthis hypothesisasboth Cambran-Ordovician and possiblyDevaian
Early Carboniferous, felsic metaigneous sources were recictpgeheratethe raremetalrich Colettes

granite whose composition approaches that of the Beauvoir RMG.
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Fig. 1.Geological features of the Sioule region within the Variscan Belt. faipDigon of peraluminous

rare-metal granites and pegmatites, and main hydrothermal Sn and/or W deposits in the western part

of the European Variscan béliased onGourcerol et al., 2021; Ballouard et al., 2024; Borrajo et al.,

2024). Abbreviations: SHSillon Houiller fault, RRichemont raremetal rhyol

ite, A- Ambazac rare

metal pegmatite field, M- Montebras raremetal granite, C- Chavence rarenetal granite. (b)
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Geological map and-@) cross sections of the Sioule region (bagerolier, 1971; Cuney and Autran,
1987, Feybesse and Teygey, 1987; Thiery, 2regional geological maps at the 1:50,000 scale, and
own field observations)The Echassiéreshear zoneis from Gagny and Jacquot (198 Mineral

abbreviations follow/arr (2021) Other abbreviation: RM&Raremetal granite.
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Fig. 2.Field and hand sample photographs of felsic (régaeous rocks from the Sioule region. (a)
Boudins of muscovite + biotite metagranitoid hosted by mica schist (Sioule Valley; WGS84 coordinates:
2.9897; 46.1250). (b) Paragneiss enclave within a reted body of moderately deformed biotite
granitoid (Sioule Valley; 3.0029; 46.1194). (c) Metatexitic biotite metagranite with scdetdsiar
phenocrysts, layered with granitic leucosomes bordered by biotite ribbons (Le Boulard quarry; 3.0313,
46.2324). The inset shows a diatexitic metaleucogranite with partially resorbéeldspar
phenaocrysts. (d) Saitbervais biotitecordieriteemuscovite granite displaying C/S fabrics with dextral
kinematics along the Saim&hristine shear zone (Sair@hristine; 2.8373; 46.0642). (e) Biotite
granitoid of the Chantelle Massif with roughly defined foliation (3.1522, 46.2435). (f) PSemant
K-feldspar porhyritic biotite microgranite (Sioule Valley; 2.9876, 46.1253). (g) Unconformable contact
between trachydacitic tuff of the Chateauneuf Formation and paleeathered SaintGervais granite

(Pont de Braynant; 2.9053, 46.0364). Note lapilli clast mostly consisting of devitrified glass in bedded
tuff ECH237. (h) Champs biotite granite (ECH2D including leucogranitic facies with quartz
tourmaline orbicules (ECHZIB; 3.1813, 46.1317). Mineral abbreviation from ) Other

abbreviations: & bedding, S foliation, C- shear plane, Llineation.
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Fig. 3Field and hand sample photographs of the Echassiéres complex. (a) Kaolinized apical zone of the
Beauvoir raremetal granite and its mica schist host (Beauvoir open pit; WGS84 coordinates: 2.9563,
46.1767). (b) La Bosse stockwork with quavtdframite veins and aplitic dyke crosscutting the mica
schists above the Beauvoir granite (2.9549, 46.1756). (c) Raft of qualftamite-cassiterite vein
(LMONO04) within an aplitic dyke of the La Bosse stockwork. (d) GPF drill core of Sioule series mica
schist with quartz + feldspar lenses parallel to the foliation, crosscut by a slightly folded -quartz
muscoviteapatite-wolframite vein (92.04 m). (e) Colettes-fédddspar porphyritic muscovite
zinnwalditecordierite granite (ECH222) as well as microgranitic and rhyolitic sedivalents. The
zinnwalditemuscovite porphyritic microgranite occurs as enclave in the B2 unit of the Beauvoir granite
(GPF drill core700m). The devitrified porphyritic rhyolite (ECH22) occurs as partially silicified dyke

to the south of the Echassieres complex. It hosts clusters of muscovite likely representing
pseudomorphs after cordierit& h(f) GPF drill core of the B1 (132.85 m), B2 (642.8 m) and
B3 (874.3 m) units of the Beauvoir RMG, illustrating disseminated cassiterite, magmatic layering and
the crosscutting relationship between the B3 Beauvoir granite unit and quastizamite vein in the

mica schist. Mineral abbreviation frovi ) Other abbreviation: Sfoliation.
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Fig. 4.Petrographic and textural features of studied felsic (mptmeous rocks. ¢a) Migmatitic
biotite-garnet * sillimanite metdeucogranites, with a perthitic -feldspar phenocryst corroded by
lobate quartz and plagioclase in (a)d)cModerately deformed biotite granitoid from the Chantelle
Massif (ECH230) and from a metesized igneous body in the Sioule Valley (EGH3(e) Biotite
muscovitetourmaline granite of the SGervais Massif displaying C/S fabrics and containing muscovite
agglomerates interpreted as pseudomorphs after cordierite. (f) Porphyritic biotite microgranite of the
PouzolServant Massif, displaying phenocrysts and glomerocrysts of feldspar, quartz and biotite +
chlorite within a microgranular groundmass consisting of quartz and feldspar {ooteszed light).

(g) Trachydacitic ash flow tuff of the Chateauneuf Formation consisting of locally broken phenocrysts
of quartz, feldspar and chlorite, vesicles (V) partially filled with mosaic quartz (possible devitrified glass
shards) and an altered ground mass hosting aligned microlitic feldspar. Flow bedglirgyr&ably
marked by altered, unidentified, black minerals. (h) Tiwicacordierite granite of the Colettes Massif.
Cordierite is partially replaced by gigantolite, an assemblage of zinnwaldite and muscovite, and
zinnwaldite commonly cores muscovite flakes. Secondary tourmaline occurs as crack filling. Mineral

abbreviation from
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(CPG) of the Guéret Massif and mvdriscantracilR I OA G A O (dzZFFa | yR I @I &
occurring west of the Sillon Houiller fault are also shawartannaz, 2006)Abbreviations: (a) te
tonalite, gd- granodiorite, ad- adamellite (monzogranite), grgranite, gl - quartz diorite, gmd -
quartz monzdiorite, gmz ¢ quartzmonzonite, gs quartz syenite; (b) fpfelsic peraluminous, Iplow
peraluminous, mp moderately peraluminous, hphighly peraluminous. Samples from this study are

shown in bold only when compared to those from the literature.
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(g) Pouzol- Servant microgranite - ECH23-10 (h) Pouzol-Servant microgranite - ECH22-16
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1435 Fig. 6.TeraWasserburg diagrams showing thedPd compositions of zircon from felsic (mgigneous
1436 rocks in the Sioule region. Diagrams displaying alpha dose véluésner et al, 2022)versus
1437 °Pb/?8U dates are presented for samples with stimcordant and/or norequivalent zircon data.

1438 The range of metamict state transition followghakoumakos et al. (1987Ellipses, error bars, and



1439 RIFGS&a FNB NBLRZ2NISR i -Fuarititgltive U bntehtiaiios. COlariesd dkE NS L.
1440 dashed ellipses as well as colorless dots, interpreted as reflecting common Pb incorporation and/or
1441 radiogenic Pb loss were not used for date calculations. Other indicationg?Pb/”°Pb date, #
1442  2°pPb/A8Y date.
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1447  calculations.
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Fig. 8.Histograms, Kernalensity estimates (KDE) and pie charts é?liJdates obtained on detrital
zircon from metasedimentary rocks of the Sioule Seried) @nd on inherited zircon from (e) eatly
Variscan (3650 Ma) and (f) micto late-Variscan (344810 Ma) felsic igneous rocks from the Sioule

region. KDEs and histograms were generated using bandwidths and bin widths of 50 Ma.
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