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troll ed by t he-dmag mattiedl idAefcflerfd rStiii antgi dm om t hat in cogerl
icating distinct Li enrichment pat hways between two mirt
potential tgpevblvdeponsot grRaaWiltea gghe ofcrhaecntiisotnrayt Feoond mo d e |
h muscovite grani t-misga adroaargi twa tihn bti lod | Mef wsnldan waor ea, r e
nmacgg matic evolution. Crystal fractionation is the key n
aration of at | east 75% of the melt to drive prseliminar
nificantly advance understasndahg ba&at molnierfad ., zptowvoindipm® c
i onal Li exploration.
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1 I ntroduction to the highly differentiated
al ., 1995, Huang et al ., 2002
With the rapid et eevcenl oipmeth@ L 4d fe SMaingeht a et al ., 2015)
(e. g., new ener gy vehiclsewsppl| s nat bbsrteharkat nmar gonuagthisc s nst e
controll ed nucl ear fusi onditfefcdhmen toigayt, i olni tdnfi umgr @i 9 i cha
become a strategically criftriaccatli ommianteiroanl (rMiscohuerlic eetf oal .g,
devel opment (Li et al ., 2WMB4 ;anldi uwiet 2&I11.7,) ,2xIr7Z;atXwmgeff
2018; Zhai et al . 2019; mvatnagl etmialer,al P8af) on Bxaad se6 ¢ v
i nvestigations have reachkeat hohet hcsonskovweuvser t h&tey tdiwee s
mineralization of rare meteaviosl ustucohn ame dhanissnesl oe &1 ymargen
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duringcladregédat holith for métiiglhd,y sdudhH eaenfi at Edr malgemat i
highly differentiated-sma$@ex\pietcd edr aoi tpeosbassa diagngief i ¢«
bat hol it h, wh at are the mait e ntoicxzlur { eoace@onc,ar0 les;s Band
enrichment thresholds of raalr.e, mxQ@lal;s Feanget lail) 72 D2o0els9)
stage have t he materi al mebhanssmborandi magpmandentevol u
mineralization? (ii) Do geqteadge rreelnaatiinon amicpse aexi shi hdet
intrusive bodies of differwemdereptiasmdiersg i mf thkebat hel at ¥
During which stage of-smagwmatitheeWMofusham bat haligteh.

mi neralization predominant |Basceodn coenntd eatt @idl?e dT hfeiseel diwsosr ke
have significantly impededLithehesmuabbivsbhmengt aofii tear & nme
mi neralizati on meschad rei sbmast hvoolditties .il me gmuscovite granite
Gl obally, substanti al prggress mas c beiehe aghaeved ({ &N
research on typical rare Terna@auwghgriamti @ @n alt ebda ahiorb-® ® h & a rJ
instance, the Yashan pl ut ogneoicmhrYinohwmgy, Cwenastdbbpbhays
compl et e evolutionary seqgencd onfiodarhme chLds ¢t bvioughogkani
continuous magmatic differgeaddlae miont r yvnaatp and cian gc obm poct Si
grani t-mi cat wgranite, muscdwiet eLi goaeoauteencandcdtates and
|l epidolite granite (Yang ettherdiLdh 2thtdco¥haneetgralni t e2 0 2as
carriers and enrichment meevhalnu tsinssn opfr orcaerses . meTthael sse wWii tnhdi
t his pl uton have beesmalcd meg i riescd,ar cvhi t bn |magmati c ac
mineralization cewnaclentiran eflde p &d d lhiet & tait ®n across di ffer
granite; notably, t-Ner a eMurfiucshhmaenn tb atohfol iltih, and- provi
mineralization i s explicidedpyt hc awmtdrealsiteach d ibryg noafg mah e c
fractional crystallizati onpr(olcie seste saslwiafl kR D@lddorode t msnnd Hi
2013; Fan et al ., 2024) . Similarly, the Beauvoir grani
bat holith i n t he French 2M&Regiifond&lenGeaallogi s alclSoestetliyng
associated with multistage magmatic activity and high
degr ee di fferentiation, anOhei tMufmistheamalgrzaantiitooni di shath
domi nat ed by magmatic difjffemenmitomt ioofn. HunmnanexhiHobtes , t h
mi neralization cHfarcaetereingttiecdi mefitcAmllytisi tuated within

with a top peak, 0 and the ldeasl einftmenérahniszai ooal stlzowm
positive correlation withCatthaeysdagbéeckof ( Fag.malalk. T
di fferentiation (Cuney et tathe, YaBg§RzeRainmbaulatn gemtanals.t,r
Collectively, these findingnsi tesmpshman rzieng htehei Pobaéer oood
magmatic differentiation iqysthemsentrda cthhimenNe oppr otagreo zaneitac
while simultaneousl y hi ghlwight itnhge tlLhoewep e rPsailsetoeznoti cg aCpasm
guantitatively constrainimgsméemer ahidz &tiilaum i amosgsstem,
di fferent stages. Theref orCr,etealcuecoiudsat s pgt ¢me M@iemedrzaliicz
mechani s ms of di fferent gQuaantietrincar yt sayess emn@Fidge.t alib)i.n
magmatic evolution procesdesngaiaxicr uGrioaulp, f opr eaddovna nncai nnt ¢
t he understanding of t heosehi ctadma mu dtewds i sotf, riasr el omat &l
mi ner al i z astciadne ibmtlhaorlget hs.t his complex batholith. The s
The Muf us han granitoid bnaat ghnod tiitch acnt i wentyrr alwi €hi nnau me
mai nly compri ses bi omi ¢ @&r o m& B z cegxrpaorsietde, Theo pr edomi na
monzogranite and muscovimedi-momdogrmanidi e gfrarrandgidds aardd
through homol ogous magma eaoildiitd o nd y(kLei erto cakls.., 2RCelgdi ;o nla
et al ., 2017, 2020a, Bral eommsncedowned hfeorNeiotps olt ar 9pe
mul tistage magmati sm and Jruaraess met alanadni peral sz adi oumn,t i
serving as a natur al | aboNeadprrot efroorzostcudwnitmgsimueéti gt la
granitic magmat i c activisouyt hwegdt ermmi neegil omatoifont he

mechani Cosr rent |l vy, rar e mectoav e r ininme raan i am e a o korh a rah [ rho xii ti
magma evolution characterilsittihcosl orgaleast edn ¢ lou dii g i tbe og i &
and -nbiwcoa granite stages hteoowmea | been Gepaortesd byom t he
predecessors (Xu et al ., Xok9acéioasgpeti atls, ar®?2dxt dns
al ., 2021b) . I n t he -srteaggieohni,c hhawev dro,r madch ebyl antuel t i st a
muscovite granite only occwrnsstas usmaltihe smaitn erbed ys toofc
li mited studies based on Igatolcdiriotnto,l owiyt ha ntdh ez ierhg @Tsheett f a
i sotopes have indicated itearstiyvm@e alliiztahtoiloongyagies i s rteldeo m
Cretaceoubor wind mateer i al smodnezroinvietde farmdn bheti te monzog
remelting of the LengjiaxistCapa pf sdtr@amiaca haw@amiy ¢t avail t. g .
Zhang et al ., 2024) Thougdt ange c o0 vsictaet tgerreendi t emuseprvesent
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Fig. 1. Location map (a) and geological sketch map (b) of
observed (Li, 2017; Zhangoebgahy, 20 2 0-)YraenrBdhignm@gh B in t eNsEC &
mainly distributed in thesopetheppsexdiesdtnrmgd N-EMWE ndiomg |
parts o f t he granitoid sbtartuhcotluirtehs., Bvehs e ch oesutlthed

characteristics of rare medteaplr emsisn eorna liinz astoiuanrh eirm pedmat

the region can be classifi®he i-thtEeon dfionugr s mecali eat isem vz
(i) Be mineral iFNebdfai onmi neoa&jongtriodn Beg structures, prec
zone; -NBTidii) miener al i zati-ongrzamiet e ame@g(ownys, Bevhi ch ar e !
N bT & iCs mi neralization zodevel Dypmend!l odeptolset sMuf ushan
include the Maishi pegmat aseocioamtcedt faul onst@areat urne st h
east, the D-damad edhgpsdsaint Bien 2018 ) no Malgmaamd empl acement i
the -ReahgbaiBeMBEimm ldbieposi t ifmr etqluee higta saitcdi dmmacg mat i sm and i ni
(Fig. 1b) generated significant rare me
The region has undergone mi rnercdloinz at ieovro | (ult @ Mo  estp aanin.i ,n ¢
the -CRAtedoni an tectonic aBsemblppti ot edn@®ir il andi stri bui
subduction convergence, Edamlty uvansbawi ami conker Ylahaseha
st rsilkiep, and Late Yawmlsihmp n(i Baani cdartstcarient ec csrtrraskppondence wi t
al , 2006 ; Wang et al ., P@iTer wan( leit, al0.1,7;2024ang @&he
structur al framework of- tHRhe adragdol st ldodiismaptl @ad sbya NEr
trending Yanshanian fault isystuemse amlda sae sc o heexrteemtdi mga if
eaweéest fold structure foraonentrdadr ianngd tweest Endo siermitaam s
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mining area also exhibits digniifniccantar ¢ emdtoali cmi aetriavi &z
zones: Be Tna tihne tehdddTrao riNibh ft ehkei oni ¢ upl i ft and t he for

cent eBeNBTlai i n t he sout h Muwldt i pbe otbevdtoaursi ¢ movements &
mineralization in the westgenreirgat eldb; ai S\Wterreentdsi anbgf , sNEO0LN5d, a
al ., 2017; Xiao et al ., 20QFi;gLid) etladdingodti8)ehapisfu
reflects mul ti phase magmhaprces diidMfse.r ehliée amagmat acandr oc
evolutionary processes. Sp aei fe acsatl e ryn, gfarotm wmfor tt hea sMu f
sout hwest, rare met al mi npramaciatyocompasnesdt obngpof pbm
singular focus on Be -Nbd aprtowgori ecsasi vred ryz ccgornmgpn ietxe ,Be and (
LiCs associations, whereas ntome ogggesidfe.t hTeh ecscer r grsgprointdd |
magmatic rocks progress fromuotl desymdoayoaxigiebi timgicatrtr
a gradual i ncrease i n macgrnyasttiacl | dz dfieoendi &f eorntanad i
evolution. orogenic granite (Zuo et al
granite is the most wi dely d
3 Geological CharacteristiwistmfahhexpMbeaediglAmrmeapeesead i
fi-sshge intrusions empl aced
3.1 Geology of the ShiniucYamghamieminca Tgvmwanit e, corres|
Shiniuchong in southern HWareshansi anociantterdu siino ntsh e sehaswse
Muf ushan granitoid bathol igdrpHhhyhriist irceghiomt iitse chaamaict er i
by -NeEnd -tNMENndi ng structur a(lGM@gGn ouprsh.ar abeesNiEagd bygcls mhbt
trending fault, situated omnl dshel yvaastsooi atde ovfi tBhilnii un
has a stri2ReD Aofan@70A768Approefdo®mioOMant | y occurs in the ¢
representing the most ext armsi vsetluyd yd eavreel ao,p eac cfuapuylitn gi na nt
Muf ushan area (Fig. 2) . Adknhamaddi nt ooditnog Qbhet emamai er
all uvi um, the primary deve( Pipgnendh)n ®deditegnahl ys a ulma
expanse of granitoid bat hdoelvietlthopddt wng hifm oprortphhe r iLtait @
Jurassic to Early CretacepuseservMag oof | irtahel orge teasl i mich &
porphyritic bi otnitcea moonnzzoogg aénni itibeenitea Wo t e .
and muscovite monzogranite.lli Poophgikesi czobiongite dewaal o
and -ntiwcoa granite are the tWwe fdioemi daottdridphoilogpesrl|ly e
cropping out in the sout hepaosrtp haynrdi tniocr t hiwetsit-g @d igrirdch i GG
respectively Muscovite mowhziocghr agnii ad @udlsl yc at cgmgiszicader d n
two typed:i-gmedned muscovi GEG.gr @ahéteoakd mass progressi
tourmaline muscovi tfei-ggrami@ede.ompheri enedbywyma significant
muscovite granite -maicmal ygr iamicikedeensd i altmi ttewo Meanwhi | e,
and porphyritic biotite growdarttez ide ctrheea sfeosr, m wohfe rveeisn sa,l b
are dispersed. I n contrasincteagemal nkidn édMG cioy igd R a rigas dat nel
( TMG) i s a | ater intrusi wehi phased s-6pphdap2dod olf®)&Em atl hbel
former by a distinct bound@2®m8v ¢ F %), 40 Rvrotl B G 2 dheveoutr¥st eo n(
smal |l er scal e, predomi nantalnyd armu sdciokvei t%)w.i (t IM8i rc a p ogrrpahi ynrsi t
biotite granite. 't is c¢cl|l cslemimy ianss®o®icz emnmg)dnawd it € Ir @y ien gne
mi neralization andf ehadismlay e W(lwelDd i &It s f lo& k eKs (Fi g. 4i ) . ;

25 0l %), &3I5badlt%) ,( 3qus ot %) ( 2g8anrdn e t and zircon (Ficp.arde).
muscovivtod %) 15 with accessogyamhedr &MBi t eecll wgfi®wigdtsiprag o fl
tour mal i ne, zircon,if)andTea@palk Wt ¢ 4OBD Ig %) ,(43a6BuCG ot %) ( 1 & nd
representative TMG veins immustchoev ivSohei 9%i luscMioma @O @@ar ie Xd € N

approxi matel ym 9wilOt hanad n6o0OrOt5hmemg st wtintédndaccessory mineral ¢
parall el to the Maishi Fauwlntd. zThicibohf d rFlitg. i 4] hypot hesi z
contr ol the spatial di stribution of mineralized intrus
Additionally, a dense pegmatS$Sdmplzeosneand Arhael ystoiud ale r Me tsh
area contains smal/l vei ns Soacntpul rersi nogf WiMGhiamd p@GM@ hwe i & i
biotite granite. These veionust caroep sc a mt rtdhlel eéSchi my ujchiomig g
for med during rock mass Hoangbbindai aog, ae®hi b(iXiiunsgh ui
variable orientations and Bieels amahdgumgl| f eoend s & &gmpdle s ma
to tens of meter s. The prmmgapd r-ar @ecaamatt gki snj nehBthzad s
includes Be, Nb, and Ta (Lihet Nalti,ona023Geol ogi cal Expe

Representative samples were |
3.2 Geology of the Huang!l osgxtiammgs afem petrographic anc
Huangl ongxiang in westerwitdhasgikm e §ist alnacagtioeadaenaat| ytsh e
eastern mar gin of t he Mud u simiaoma drhamiutgohi el bat hohi phob
Magmat i c empl acement i n thsesr radpilani ohnas | chwstidvely
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Fig. 2. Geological map of the Shiniuchong area, Mufushan
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Fig. 3. Regi onal geol ogi cal map of the Huangl ongxiang
Geol ogy Department, 1965) .
spectrombCRS) ,(LAespectivelly992FuRiomer mardaka Smetosed9dalr
t hePbU dating -todntcaolliunbi a®mdi zconon was
performed on both types-of muscovite granite using LA
| GMS. For TMGt arctéalnintbad e @al 4dmilneZidRlle odhatUi ng
for-PbU dating due to i ts hizgh c il CBRSAr-Rb t @apiem @t wraes, ¢ on
moderate U and | ow commonNaPb i hRormeomgahda Wy i Géol ogi cal
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Fig. 4. Hand specimens, field observations, and mica photor
TMG and Huangl ongxiang GMG.

(a) Hand specimen of TMG; ( b) -fiirgterau snievde nruosrctoavd tt éé egtr saenk Ik ee@ @manlclya f TG, ie u( rc
grown with albite and aiardommi c(@f )i nBSIBMGI; magge) ohfa nldr isghetci mamnm | pf b GMGi t € h
granite dk)d tGWMGi;cqli euhedral flake mica and albite of snagoapo<i toiromiinn
GMG. Ms : Muscovite; Qt £ el Qearatrz ; GAL: Alalrinted;; Kfrsn:: Kircon; Ap: Apatite;

Service Co. , Ltd., uti | i zcioongco Adi hempt ot890 6 neirnadtuicotn vwed
coupl edmesisassnaect r omet er i 0. @c o(ny iun ceti oanl .wi t2h0 1ab ) .
Resol uti on SE 193 nm deep ultraviol et | aser abl ation

sampling system. The beam4.s2p oGo Hdaimé radPdetre awa s g set at
4&m, and the ablation fHzequ&heylLOMAS -Rni dabi ngdibdmn tcoll wmt

Laser abl ation sampling wavascacrornideudc t ®eudt abty tshiengl eas fpiot

abl ation, and the contentsChifndJse PAcadaty Tl fweGeeo | coagliichar

with zircon NIST SRM 610 awntdi I16il2e ca-dl& p £ i @ ecrioda fesctit aonrd, a ridrs d

One NI ST 610 and one NI STc6Wlpl sdmagpsisa sshmescatmpd e tweerr ei n ¢

analyzed for every 10 sampNeew pWavne sUP A2 ga sl ddamkalbi ati0
I

was collected, and 74 0se wsidgeearh sipnoter diad meonier 3Mova B aat ab
empl oyed for data processifngequesmecypifesBgeabhdtciudbmt $ amp



