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Q0 A A7H BAZY AN 202 o), U, SuE, s 7ol 5 SyERe 207t 345 2715k TR 2o
o] 5hElo] et AT FALE 915 N UBHA AT 2] ol 2ol glrk. =TS Sl BAE Slak At P
W A2 5 UETh (2 SR A0S B2 AAUS 489 43 TN 7 BAE 5 % Atk 5
2 A7 shshe wo) oAl 719, 2 ofF, AVSH e hS B fA-oh AEAES 2 Heh o] YeET. A2E}
A A F3F Al7Ik AE A9 AIRMA BAE fFEshe A Etoln, FRAASH S4B, Hd, 53, 4 €4
7} FEgA 9l o) JAE Alolshe S vl bl 7|ogitth 53] I0CG (iron oxide-copper-gold) & FA4F Aol A=
MIAC (metasomatic iron and alkali-calcic) F& A|A® /ES 53l FASHE B3128, &da]-Z24 WA, Sl EF s 43}
£ HEN2T BN BeelEs AR} o 2o olrk. olajet ot AT WATE WA 49l REE TEsjelR
A 23 A AR =S ol o A 7] Aot

FRO|: HAZE, T4 5O, BA, BE ALY, TR B2

ABSTRACT: Driven by global carbon neutrality initiatives, the demand for critical minerals-such as lithium, nickel, cobalt, rare earth elements
(REEs), and copper-has surged rapidly, intensifying supply chain instabilities. Consequently, geological research for critical mineral
exploration is being actively conducted. This review covers recent trends and geological approaches in critical mineral exploration. Notable
emerging approaches include mineral system-based interpretation and artificial intelligence (Al)-driven exploration. Stable isotope
geochemistry is utilized to trace the origins of host rocks and mineralizing fluids, element mobility, redox reactions, and fluid-rock interactions.
Geochronology and petrochronology serve as key tools for defining the temporal relationships between mineralization epochs and geological
events, while structural geological interpretation contributes to elucidating how faults, shear zones, folds, and fracture systems control the
transport and precipitation of mineralizing fluids. Particularly in studies of iron oxide-copper-gold (IOCG) and related deposits, attempts
are being made to integrate iron oxide mineralization, alkali-calcic alteration, and REE-uranium mineralization from a mineral system
perspective using the metasomatic iron and alkali-calcic (MIAC) mineral system concept. Such multidisciplinary approaches will significantly
contribute to refining the genetic models of critical mineral deposits and enhancing the reliability of exploration targeting.

Key words: critical minerals, ore genesis, exploration, mineral systems, multidisciplinary approaches
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1.1, HAZE M0I U EN} 91710] BN

|, A AlA 19671=0] Zofste] A dg s @A
= AV12 g2 e Sode UsH %3 AT 3
1 2& e JAsHE BT FAo] 2440w
FAEAT o]of wet A7) A5}, oAb A], T, A
HEYA 5 FAQoNUA| 7wl 2ot BEY 871 5
A3] F716IHAL, HE o] dEsHA] oA I
A717F == A o2t Y7100 th8517] fIsll =5, vl
At 5 AA Z2e A7) BE 270 FLET B
LGEES HAFE(critical minerals) 2 XA 511, Qg F Q1
S A2FS nfE skl QIthMudd et al., 2018; Hammond
and Brady, 2022; Kerr, 2023). tjgtd= AFF £t 2023
4, 357 §171 24 7FeAdol w3 = 4k " Al
mAE gael 2 335 B AUYER APt
(Ministry of Trade, Industry and Energy of the Republic
of Korea, 2023). o|%&, A7|x}, o]x}A ], HI=H| Hof X
a9 st LAF o= dagt g, YA, IUE, YL
593 JER sF(ULYE, HAZ2w, HE, Al 99
2 109 A HAFEZ AASFATHMinistry of Trade,
Industry and Energy of the Republic of Korea, 2023).

AR 2= A= A Bo et Ak S s AE
Aoz HHFES AGStL AT 78 HHFEY F
Y 7= =7 HEshL 3 EAeE A4 2 EA=
T} SAUR]ZIFHIEA) ] 20243 B 314 (International
Energy Agency, 2024)0]] tf2H, HAL-E Q2 2023
| tijH] 203092 200-300%, 20502 250-400% =718k
Aoz Ayt EZL FANUAZ = o] BaLAofA
TR 7SR, @7 AR E, A7) AR 1 F, AA 74
A5, BAANAA Bl mX= FFE THHLE 3
7¥ste] 2040971219 35 P =E A4St 1 2
i, 2, e, ZLE, IR, 54, UA ¢oE 3%
A= =2 Aoz ARSI o237t 33 fde
7t 28 AAEE] 9= SR et tigt A7 $A1F
oz faPEofof she, IFY 7|0 S vA= oY
g HE aEste A&l RUER T} o) A npA
o] Zas}}.

AAFEY Y H7100 tHlsky] S8l ohdRt =ok
oAl A7F Basttt. AAEE I G 7198
UE AT Boks A HHFE A= FEE AT FAt
Amo| 7hg W AL 9ok 84 Hopm Ltk A7 %
Wol we} A Hobrh FREIA, HAL Hofo} 24 Hop
9] §3 A7} o]FoRX] 7| = gtth(Lee ef al., 2024a). 3
A= A AT A AT AL Tt AT AT

Pabal Ak 7E FRET 53, BAFE 4 a1t
shRAQ) Fagme ohet gal] 28T A
A8 AT GTL Atk webd BAFE YA DG
A ATE 9 SRS 913 F A% yoln, o2 B3 9
BH FFYL FH3H o) 71978 4 gk 2 =FoA
AR AT WS ol 8T AUTE Y L HAk

A7 ohRaA} .

L 4

T 2 (Mao et al., 2016; Gregory et al., 2019; Wilkinson
et al., 2020; Nie et al., 2023), BE0] EOJYUAE o] g3}
o5t 'FH(Barker et al., 2013; Hough et al., 2019), 3=
W FAZRE Assr &4 A+ #H(Wilkinson, 2001;
Seo et al., 2017; Schmidt ef al., 2019), A=A U b4
AdishS o83t Bt 4 & A+ #H(Chiaradia et
al., 2013; Large et al., 2020), 2R AsHA FA} 54 9
FAFR(Cox, 2005), AIE o83t ALY 522 745
g 4= ok(Xiong et al., 2018; Zuo, 2020; Yang et al.,
2024). B8], 22 WL A7} olLolAIT Y U],
WHEAALE o83 AT AT WL AU
o] 505 WA 54 2 Ex AL B4 of A4
= wre] 54 FEo) B8 vl da YEANLE
aalo] Fato] BT BT TS BoRNT A A
AARE =&6te= A+ 2aso| W3Eal Jrk(Barker et
al., 2013; Mao et al., 2016; Beinlich ef al., 2019; Gregory
et al., 2019; Wilkinson et al., 2020; Nie et al., 2023). TF
& A HIHE 5 THULE o83 A+ ¥,
AdiEd 9 dAAshS o83 A W, A g
A A RS 247} 2, 3, 470l A A4A| 3] e

FE W s B4 T 3 348 B E '@t
AANAF B A= A, Aotdd, 54, Ui 5
SholE U vl A(Ag, As, Au, Bi, Cd, Co, Cr, In, Ge,
Mn, Mo, Ni, Sb, Se, Sn, Ti, Tl, V 5)9] sl=F ¥l 2

S &4, WA 5 A WA TS YoRT B A
A E=&3= A (e.g., Gill et al., 2016; Mukherjee and
Large, 2017; Conn ef al., 2019; Xiong et al., 2022), A4
N, HEAT} e ASRE W vl g 2Ry
APeREE A9 2S ol FAF AAARE EEShe
&t (e.g., Dare et al., 2014; Chen et al., 2020), T2 4]
oA EAAFEE S0l 274 29 3y EAA
oot n|Feass TR 5 e Q1A WY mFgda
ERE B B S doaL FAF AXAE =E5)
= d3k(e.g., Bouzari et al., 2016; Mao et al., 2016), H3Z



oA 2 A2EE SE8A U v|gdd 3 HIE o]
&t AR AR ANESEALA} She AFEC] SR E S
th(e.g., Baker ef al., 2020; Wilkinson et al., 2020; Plouffe
etal.,2022).

Z|Z el ¥R &(artificial intelligence, Al)= 0|83t 7]&
o] rdgto] Wt AFAF &= ol &5t HHUF=E =
Aol HgoHe AT TS olSolA T YTk Yang e
al., 2024). AAFE FAM| AR 89 5+ U= F
= FAP = 2 (mineral prospectivity mapping, MPM)
< A1 A (explicit) A= 2F A & (implicit) AA=E F9sH
of BRG] WAl B NS 3G & YL A=
£ W== o=, 1980t FEAY FAM] -85t
7] 13l A= o] O H(Agterberg, 1989), AME- 75t
A7 0] ol F7IRte) wet AT &85t Tt ARE
Tl FE AL EE Aot A7 R E L o
(Xiong et al., 2018). AIZ ZASH F-&E AR =& vl o
2 AA vt S BZoA YARSHE S H=
HAZF ZE2E W2 (KoBold Metals)oll 23 =33 v} 3l
tHGoldman and House, 2023). ZWo A= 31d EFE
Apsfet 4 RE viere AIZ olgelo] elE W)
BolE9] BE F154o] 8 W4 fo AUES £29
T, B4 A%L o) 7120 BEIR kS 2 F Tl
& s antetolEet 413 2 RE o] L vant
o] ESS AT A7 U3 (Lee et al., 2024b),
A4, AFeel, ATED 5 HAEY ARERE =5t
S719 ol W geid U Ao ) 1
£A8 AZeT AUZAE F) AF) A 94 A

TIZstH 2y 3 S8 573

7} B YTh(Pak et al., 2025).

ST ] 49 U B ATE Ao Haol %
E A|2®(mineral systems) 7]'g-S 283t A7} wol o]
Sojx 3 k. B2 A28 AL 1990% T F5 49 A
2"0) o2 RE AFAQ F Bdo] = A=
&SI Bl A1 X AsHy wigtol| ] FE HES AT
3= Aol A =% 9l (Wyborn et al., 1994; McCuaig
et al., 2010), FA4 TAF Hof AZ=Q] SA FE A~
g dS 53 B4 34 7S WEAIZIHA 2010
FHHLE AR gt 24402 A-8x| ¢l th(Hagemann
etal.,2016).

FE A" o] 71 4 a4 AEH A WA
84 39 FH9Y Y, oF, JAAE op7lsk= BEAl
(i.e., hydrothermal fluids)S A sHAL}, o] E5l= ga+-S
gz ovR Yo s, WERRE O I, viavt &5, 2|7}
Hedy e 7o) xdEthHronsky and Groves,
2008). = WA Q4= 5457 fA1G FEULE, 359
7| ot Ao} o5 24t A1 E4o] F2% 9
e gtk B BRUL ohant 25 3, Wl A
7 ) AE 9, 223 413 e So) B % ek A
AR Q4= A9 o5 F2olth 345 TP FAl=
ST Y P28 et ol Fotol, B, wae, Felent
22 F2A Q450 Fa3 T2 TS ArKOliver et
al., 2006). Y] 14| 24 A SH o=, F50] s}
PAbS Bots Bl 2ust i) wisk, Sshy ut
2. 979 B o] 23 80102 2§k Goldfarb
et al., 2001). B}R|9} Q@ 4= WE3l B3} wo|t) FAEH

2. Architecture (fluid pathways)

|- = maa by — A A AR A e R R R R 1
1.Energy ! : . N !
i Ore-forming time window re :
e I ——— A

GE, rgy 4.0re depositional

= nel
= massand® gradients (BT,X)
‘ 3.Sources of metals, fluids,
ligands, sulfur
( Craton Province District Deposit Micro )
Scale

Fig. 1. Conceptual diagram of a mineral system (modified from Dulfer et al., 2016).
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Bago] 2 AABHA A E FAET, A BAL o]
218 23 4L AX AAROR B2 74K Gl e
H3le 4= QIth(Frimmel et al., 2005). FAro| HEE]7] 9
A= R MY 2go] Z|adtE ook st £ 2
ol B0 352t 23} 2ol SayE 4 oo
olefet e Aadle] 4 a5e AW Az
b 2ALAF2-AEA )N LA S A7
AL (LA} FS] FE-A 93 7HA] theFgt 2o A I
VL2 chekeh AT AALOIN A 9 B 9 7
A& olsfstr] fgt A7 Bastthad 1). 78, =
% 5 RES Tk, gTE P B4 AP
IOCG (Iron Oxide Copper Gold) 3FARS TE A|2H] 7Y
© 2 A3} A4S Metasomatic Iron and Alkali-Calcic
(MIAC) Al&Hof| et A4 T s] o] FojR|u
STt MIAC A28lo] tfgt @7 S3& SgolA A3

f

2 [ of

= 54 3o ARl £ 299 %
= 34 ol 23S AFAAN, Het {2 225k bl
B 1A ke A9 Wt FE Al e
22 BSR4 Bo] ohel, ot s
A o) A A AEE TS AEH
S th(Huston et al., 2016). FAlo] AL = 1AL o>
B9 A Ao, okt AWk R4lo] Bl &
&5t7] el Tttt A Rdvte 2 FES A9l
ofFITh Watd BE A2W HTHS £ VE B4 B
dH RE Relg FHoR BAST olsshe Aol B
93}t (McCuaig and Hronsky, 2014). A5 2]l FAF 4]
T} 6| ), B ALT L of2l 1A ol 7}
Aok ABA B v Ao 5L B4 P 59
(oll: Wi Fel-Belel- WAL 2P 2 B4, 9
A B EEF A B 5ol B AE el A
SokaL, FAAY] I 24 IA A AHH] B F
Aoz ZAsk, FEA 0 A4S A HH o= st

[e:

0:

& TS A8 WS AR St e AlLEE 0
S AU A7 SR NE Rl obd, BE
B9 A9l A Ao T (e.g., vhLHE B, B4 ©l
5 B 24 Wst 5= 245, FEe e

FwolH AW BAW FB RE e BAS @73
of FB FAL WIS S B Gk ol Hol 2 4l

-0,

I F
oft
FfF

3 FE A" HIHE B FS Hoh AXA
oA o]siet= Tl FEtH, =L B F3S o
o 4L 7 Groves et al., 2022). BE A2
|3 42 A= o 22 AR ol itk 71E9 B
92 ojn] &I Fd B 7|vte = FARE 3514
9k FE AlLE HEHE AT B 24 2ds
4510 Q= FAF AFS A&t b B2 &
(Huston et al., 2016). SU3 TR 7oA chefst 4
gl BE & o= st FAF AR ek
ItHMcCuaig et al., 2010). 3F&E A|2EH HIHL X 7L&F
o), A7SE, 97 B 5O HAl 7145 Aol Bt
T84S =49 4 3l er(Hagemann et al., 2016), 7| & 33
A Belo] AEEA g AAHE N FBE B
7FsAd o] AR THGroves et al., 2022). ¥, F&E A|AH]
& &83 A th 22 o] EAET 7|1E B
meEo o g2 XA bol(X e, Aq-Ed, T
z A4 57t Bast, o] FEer EANst=H =
L ABEA o] Q=T Muller et al., 2025). §-& He] o)A
ATE FAMoF stE R, 27| AL vH]-Eo] F7HE 4= Qloh
71&0 2 AHE A 2da g2, FE A2 JIHe
54 Y] A3t AR o= A B8 e &
Aotz Aol B2, gAY oA B0 2 4 itk =
WollXe F= A" o]t GHES Hesta +8
AHFE PSS FE ALE 8 E R At "FAL
a3t AL vhs] g A7t 2Eick(Lee et
al., 2025).

ri
o

@,
> o
e

2. SHAA T|HeketS 0|Sst HyE=E ¢
2.1. HE SR 2E 20F

E AL A Fekeke] 7|2 dEe Helaser 2H
<ol A3f AE AAHHALH, o]E2 A EEM T4
Z9¥4 vH]&9 XolE Ao 7 AEPcH(Briscoe and
Robinson, 1925). 35 Aol AAE 814 el ot
&t Aphase) o] A|LHoA = FHE7F oo wiet
28(fractionation) =8|, shL}e] Afo] Th A 1]
3 BRAG Thue Solss duFos Tgvis
Aoltk. oleigt FHIAL BAE BIULE EF ot
olApe] Ate] Aak W Aofsb E4o) nllet o]z <l
HLYEHH, o) W& (equilibrium) A 18] /ELe LEE
Z(kinetic) g Bl A YT (Hoefs, 2015; Werner
and Cormier, 2022). 9|5 59, E°] Z3}A] ¢ 27|
2 ZUshe B33 A F olsikar) maEe 7
4o 2 B9s BUg i wleAel $Eu

Ipgolct. Hhd, 2o A o] 2 g3t FEe] A2t



A o 2o Foele BUS St LBy B g
o), AY zolx e B9 BEL el AL
T2TH Young ef al., 2002). AZZQ] F9€4 B4 A|AH]
2 dutzl o7 FH4A AFEA7|(IRMS, Isotope Ratio
Mass Spectrometry) S E-83F A7} &= A Ut o] 7
HZ &2x(0), +4(H), 4H4(0), Aa(N), ZHS)2H 22 =
2 9259 92402 4ok 8 AFEET IRMSE
7t fae] EAAL 1SS Ul AU BAT 4 9o
b2 g, s, st 9 XA} A F, Tt ool A
-2 =t Brenna ef al., 1997; Krouse, 2006). ©|&]3t A&
2l Y B 249 7Y, ol A= H ¥E
FAsH= ol §-83 =42 AT B3 T EA V)
<9 Wdof et HIAFA % T U4 A7 2Es] o] &
X1 Qieh. 53], A E =23 Stz A4
(MC-ICP-MS, Multicollector Inductively Coupled Plasma
Mass Spectrometry)2] SR 2 T2 A w3st HA4o] 73]
FthRehkamper et al., 2001; Albaréde and Beard, 2004).
MC-ICP-MS+= I =9} £2 Eals= AlFsto], Fea
(light elements)oll X F&ULE 3ot F-Ua(heavy
elements)o]] ©]27]71X] thoFet YAE0] T4 v &S
AT 4 Q= Ao AT H 2). o] 22 i stoll, #

TR B2 U 53 575

2.2. QHESHRAA X|Seteti} sals 31

T HEE AT FAFES T ZHA
(host rock)®] B4 7149, FE& Tk F8 Y49 o
T AR Y 54 78S gk 1 18t =2 28
I ok AEAR] T ALR AT F2 C,
H, O, N, S2 tiEE= til 7HA] 949 g5 vl
oA TS HolE Tt g S0, B ZUA
7hHe HA s, WAdE sk 1A gE &
o gl F2 FoES T3l F4€ 23 BE Tl
A BEE AAEE B, Be I ARAIE =
T FHEE 2 B4 A dHEES Atk EF

o] EX 9} o] F J2E FA5h H TR DMEA

el

Fo Aol HHE PHEAAL B4 5 Y
LES FASH= 92 Y4(e.g, Li, Ni, Fe, Cu, Mg, etc.)
o] FHYANE EEFo 2N, A4 FE Fo2E 1Y
S A FARE & 5 QA =)ok

AAA AN dojuts FHEE BB AR OE 4te}
el e dasThe] S8t 29 4R Rpolof A ARt

Inydrogen

[nefium

E - 24t 0l 0|40 S9IYLE JHAID, O|F SOIULS B AL A, He
; . | - Sogle ol el B Yaix Qlon, EE A2 (12 SO SEHita HSYOR Listd, J .
B T - AL S04 040 SRIAAE JEAN, OIS SAYATH B ANY B 7|0fE. [soozeory |
o beryiium | | - S3i8s0| ZEE URNS A AEfo Al HEBIAID, IUPACO] 2o} T2 teiel boron carbon irogen en|[fuorine | [neon
Li Be T Aetgtaretotgte Holsix| ke, B C N (o} F Ne
3 “ 4 . 5 6 7 8 9 10 »

- fAE BER QAYS AYOIE O] ABEIE SRLT SILIT 2SR BR UYL B

98,605 ||o0121831(5) l | - 47| 0|92 ARZES |UPACO] OJ6h T7IE SLAAS Suls Cel Zto 2 Tslg 110.805, 10.621] _| 1120086, 12.0116] | 114005 43, 14007 2} 11590000, 1599971 | 18.998 403 1636) || 20.17976)
sodium magnesium aluminium siicon phosphorus | |sulfur chlorine argon
Na o Mg J - AL BE 2AYS AR GG, 01 BE S9I2147H WAHOIo], A1 Aoy 2T Al Si P ) Cl Ar
n @2 SolA BRCE o1 BoIATL SARA 20l B SAE SEE 4 Ul U2Y. s @ Qs @ ] 7 @
22.989769 28(2) ||[24 304, 24.307) 26.981 5385(7) [28.084, 28 086] 30.973 761 998(5) | |[32.059, 32.076] [35.448, 35.457] [39 792, 39.963]
lpotassium ‘calcium scandium ftitanium vanadium chromium manganese | [iron Icobalt nickel zinc gallium germanium | arsenic ‘selenium bbromine Krypton
K Ca Sc Ti \'4 Cr Mn Fe Co Ni Zn Ga Ge As Se r r {
19 0 20 ‘ 21 22 23 24 25 . 26 0 27 28 30 31 , 32 “ 33 . 34 35 l 36 ,
5 ) wossaan ||y o |sossi o ||sssorey || seosmoiser ||sssasy o ||seosnreah |[sacesse ssn) sy O ||z |msszrsosr ||msrie . ||esm. sosnn |07y
frubidium Strontium yttrium Zirconium niobium ruthenium | rhodium palladium silver cadmium naum _ [[in xenon
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sh Te I Xe
77 J 38 ’ 39 40 ‘ 41 42 e 43 O 44 “45 46 F 47 48 49 ‘ 51 , 52 53 54 '.'
caesium barium hafnium tantalum ||tungsten rhenium osmium iridium platinum gold ‘mercury thallium lead bismuth polonium astatine radon
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Pb Bi Po At Rn
551 56 72 “ 78] "74 ‘ 75 ’; 76 ~ i , 78 ‘ 79 80 81 82 83 . 84 O 85 O 86 O
francium radium rutherfordium | dubnium 'seaborgium bohrium hassium meitnerium darmstadtium | roentgenium | copernicium | nihonium flerovium moscovium livermorium tennessine oganesson
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og
87 O&S O 104@105@106@107@ 108@1090 110@11101120113@114@ 115@1160 1170118©

lanthanum

La
An — 57 .
s

actinium
s —

QfQ

Y+ —1.008
el P
EZRQAAZ —[1.007.84, 1.008.11] T

cerium [praseodymium| [neodymium _||promethium [samarium
Ce \Pr Nd Pm Sm

58 ‘59 ‘eo '61 Osz e
140.118(1) | 140 907 66(1) 144 242(3) 150.36(2)

thorium i uranium plutonium
" ) iy ® o [y 2‘3"0 !L”Q é"‘o EJ"Q 5’7"@ S‘JQ QESQ Z’Z‘Q %f’Q ?ffz’o 1%’30

europium | gadolinium | ferbium dysprosium | [olmium

erbium [thulium yiterbium | [lutetium 1
Eu Tb Dy Ho Er Tm Yb Lu
63 ) 64 ' 65 66 '67 ‘68 ’1‘69 70 '71 ‘

americium | curium berkelium californium | einsteinium | fermium mendelevium | nobelium lawrencium

[ Jusorzseias [ | uuE ddsaes [ ] A7 HIHUE HHSAYL

Fig. 2. Periodic table of elements and isotopes (modified from IUPAC, 2022).
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o} o]4t3lekax(CO,) e} WITH(CHa) AtolollA Ueht= &
2FHEs 2, FeE(sulfide)d FH4tH(sulfate) 7+
FEHAA B, GRENH)T GFRUOHNH;) Aol
ollAe] AaEUa o] thEAOITKLI er al., 2012;
Sharp, 2017). T4 £H2 594 A7F ztole] 7]l
gtk 71 YR ARkE 7 YA FAR YaEol vls)
T9YL Ao Hol7t Ak o5 Fof “C-cet 00
o] T o1 A H|- L 7+zE 8.3%, 12.5%21 BhH, ¥Sr-%Sr
9] HI&-Z 1.2%°] E}sit). 53], F4(D)eF 4(H) 9
A g 2t A9 100%0) 7tk 1 A} 4 59
o Bl J=e o2 45 vl oF 108 o Aok
(Sharp, 2017). o|H ¥ FH YA &Y zlolg EAFS
22X, B FE HollA UL e Bug 2451, 1 ¢
Eo] FA4E Aol 7149, B 3 HSHE gheld 4=

EH4FE H(carbonate rocks) T AFA| 2 A2 & AFA A
7W27} v, 2, JER, vtavled 22 S8 AYE
EZ3F3E 4= Qlti(Swart, 2015; Barker and Dipple, 2019).
weba], ohFRt XA g oA gtgEdE A
o}t Ak T 54 wpol2 dHFEY #3xe)
B B2 oldfist= H 783 FEE AlF K Talbot,
1990; Kump and Arthur, 1999). o|& E-9], vt} 37 of| A
A3k Aot B o 3FY &oliE FEAHHCOS)
o|nf, Bhatg 3} FERAL o] & 7ko] F 9] BH(A Cay
azep< 2F 1-2% A= WAt Rubinson and Clayton,
1969; Emrich et al., 1970). B[t} 7ol A 4] 8 €-(TDC;
Total Dissolved Carbon)®] B4 §C ZF2 F 1%< o]
= "bA(Kump and Arthur, 1999), & vlth 4o A=
Y234 PZ(biological pump) BF-0= QI3 1-2f =&
b4 591941E Uehick(Kump and Arthur, 1999; Prokoph
et al., 2008). WA EA] ok-2 3 erAtAe] HF §°C &
§"%0 ZF2 0% 0l 7FdtH(Keith and Weber, 1964; Hudson,
1977). SA] 7oA BHAFE-L2 A4~(meteoric water)2}2]
3 Aol A FAHER 670 gho] Wt g et
2 &£ BE7[84(DIC; dissolved inorganic carbon)} T
7] CO29] gL vtgst 4~ rk(Cerling and Quade,
1993). DIC7} afj%F TAFE 2] E3fjolA FaiFiThd, 6°C
7HE 09 77k Ao]th(Keith and Weber, 1964). ¥HH, &
71&9] AkslatAg of| A AR DICE -3 E A9 6°C
72 oS A gEETHHudson, 1977). 1 A3}, @4 43
9] 6°C e 7129 71 F=of wah 29 g3 U

ERdIth ARG Sl BArEYe] 60 gre wEr

Al
il

(Hudson, 1977; Allan and Matthews, 1982; Marshall,
1992). §°C = £A2H4 B3t Wolx|= o] AT,
1 G AbaF 4] HakETh F5151R] Ytk Marshall,
1992; Swart, 2015). o= &/d2rg-of Bojst= FA7F &
< &S A 23R ¢k 71EY Y HAERR
g g7 A9 7 FF%7] dzolth(Hudson, 1977;
Swart, 2015). EEA, wlgk BT ol A 7hH-g g7} A
Age| wet 2b7 o]AkstekAot vkt gAYl & 6
BC Zke Uehdti(Mozley and Burns, 1993). A7) 59
2 Hlg B4 AT gAY 343 ol 34l
FE FANA Fo 8 22 gA R A 3 A
3% AR E A3 4= th(Barker and Dipple, 2019).

2.4. 0|284Y o|ER T4 A SAURAHI EY
0]- 2524 }AN(ion-adsorption type deposits, IADs)<
% o]0 HEU thE A YA} FEY ¥ S
o] FHHE F= HLAE Yuiettt. o|HT FAE FE F
A} 3FAAY] TS ol BAAEN, gaFes
7 g5 A FoA JERE Z3st= i 1ADs (e.g.,
Zudong, Longnan, etc.)7} 7W= 32 QIth(Li et al., 2017).
A EA(e.g., (NHs)2SOs, NH4Cl, NH;HCO;) 1} 22
A23RES S3HE SPolA FAE FEFEY 24
315 717 ZHSO| S JERE FE5k= dl g A
£5o] giti(Moldoveanu et al., 2012). 15=9 d2 5
(NHy") 0|22 HEZES] HTo 24 n3t 71s3t
BB o] 2(REET)E 4A diAF 4 7] Weolch &
2w FE O da AFo] A Xstet A4S Abo]o
ANA 23 TS vt AMZ o7 AolA] Bl
E)9JtHFischer ef al., 2005). ¢EEQ] 0] ¥H74(1.45 A)&
ZeRE(1.38 ATt AR 244, 227, K- A4/ 5
I 22 2RFES AR WeollA] XgHE 4= Stk (Mahler
and Persson, 2012; Sidey, 2016). ©]&gt 12} F=F0] B¢
At F3}F S AowA FLEa EEo] dojdtt
(Hall, 1993). 2U4A| oA S| EF7} FHI B-5, 49 &
o ud 9 33 S 53l EF daso] YA W g
ESFERZRE A&H I, 23 EFE A of
oA dRE FE o A A IEF s 24
gt #A 7} dth(Jo et al., 2023). £3]|, pH 5-62] 9FAHA] 3
Aode davt F2 dEE FHE A AEFE
Woll Sttt 1 23, SERe AEZ =04 d2s
o APAE Wl g, SAl0), ok Beol A
27} SRR} ) HE A W) ZHEE e AoE
slglav] S4o2 720, 62 Sol, IR} 2
s7etol By 9 FSTHS 2 B LE0f pH B
32 Qs FE W dEET AEYoL Alolof A AF FHj



7F GojuaL, o] et A AaFea EHo] WAL
et al,, 2012). HHE9] dot Y= GREY AoFTALE
e F3t 1y F A o2 7k No| FRe oy
of 7}20] LA WER s, ol HAEY] T Yan|
£ PNo| Rotd BAL AL ErkPitcaim e al,
2005). E3, SEF7F FRE A 6°N e =et
Ao EAE AAAE AR vkav 7|93} {71E0] TF
T 7ET 22 AR OE S0 EE 2aete
FEAg 7]QIstER dRE-AL FE W FHEL =
4 AAA WMot 234 0 2 FAHHE 7hed OF FE
o] 4 712 At T8 2 B E IADs F3HAE

45 oldfste ol 8T AEEATE = AUk

2.5. HIME CHE S AQ HYES

T AFEA 7e0 T FYo, g2 d
TRl o8 HiE L Ql= v HE HEE
#MALE(e.g., Li, REE, Cu, etc.) 7} B ZAro] A9l 3
o] et XA JRE AT, FA ALY XA
A2 A E8E FAAYo| & A Rokr FEEA Qlth
qd& &°, & AYE A FEF(brine type), 43P
(pegmatite type), HEF(clay type) &= EZ3l=t], &
ko] 94 712 AFolA] 2E FAULHELiE 4B
o 7|93} B B L oldfste Hl 2T HEE A
Fakh §7Li S4L k2ot 8 @ Sol A BAshs o
Fo] o7} Bumat ohfa AL VAN §A-A
HEAGe 2H} dol= 248 + IckPogge von
Strandmann et al., 2019). & Eof, FE U & =o] 9}
4 Zlgol F=Hol fAl U &EHUA 2lF Tl S71
sk FAlo 25 F9igan o] wygtkParkinson
et al., 2007). o]2|3t 2l& £ Al 2% W3} XJulE
o2 BE S9Aaue] AT $A0] ol AR 24 U
Sksht3-2 oAkl & 4= Qlth(Parkinson ef al., 2007). Al
AT WE 71 @AY Li T9E4 24 v Ag
5 WIS Holw, 1 A4 N-MORBE] % 5'Li g2 o
+3.4 & 1402 HuEo] 4R WEo &2 247 &
A¥sltH Tomascak et al., 2008). B, &Atf 3)4=2) 6'Li gk
S 31002 WE D AN ARGHEY @A) =2 7t
< vEebdith(Jeffeoate ef al., 2004). 3| oA & HALS
& ARIE ot W AN FoAsToz
FAE sl 7199 Lis E5dtel wet A4S dFdR
o 2 6'Li 3h2 Uebd 5= glod, o]2gt Mk s
FAZ Atel9] Li gk 3y WEF3tH(Chan er al,
1992; Chan et al., 2002). 3+H, AFE | &X|Z}9] H+ 8'Li
ZHe OF 0% 2 AR WE(F +4 + 2%)Hth Won o]=
iS5 x)2zto] A7)t et skeka] Foh gl A Lizk A

o L
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oz $AIR olEelR shule Lisk F8 g 4
HAog By Aug JAEckTeng ef al., 2004). o]
2B S92 B 5L GBS TT AT B
7} ohnt 23], A4, fA-9H4 WS U Esjel e
AR BHE ANE B 72T B 0|59 oj2g
243 5 Y 203 BAE AT
E3H §Mg, §"Ca, 6°Fe EAJS 2 ERAIE O 2 o]F
oA sHA¢el sHd-3 & 71U Elo| E(carbonatite)
T+ &opoll A ZH A &85 o] grH(Antonelli et al., 2021;
Sun et al., 2021; Zhang et al., 2021; Yang et al., 2023). §
“Mge} §%Cate B|EF FEI I A2EE HIAFE
(e.g., dolomite, calcite, etc.)] A TA o A /3t A
o 7|93t 7 QA9 A5 AEL B Aro AE B4
& 7YY= 93 XS AZstHAmsellem et al.,
2020; Sun et al., 2021). £3], Fex= +27He.g., ilmenite;
FeTiOs, pyrrhotite; Fei,S)e} +37H(e.g., hematite; Fe,O;,
goethite; FeO(OH)) &2 ZA51, A4 4 (magnetite; Fe* Fe,™
04)°| A= Fe**9} Fe*' 7} 3&3tct. watA, JE4E §%Fe
24 -5 Fhu el E BAS BAAIZ SH)
719k ohih Wkt 5 WA AB-BH g
A 7 sy 25 B el ol 24 & 9l
thSun et al., 2013). BjEF 02 22 WE5-Z ARG 9
7t HlokH 2 (Bayan Obo)e} A5 Z0] 9123 nhes 4
=(Mount Weld) AHS tA0 2 1] 4% F92 477}
&4 A UtH(Sun et al., 2013; Yang et al., 2023; Santos et
al., 2026). FZole 6°Cu B o4t vitE A
(porphyry copper deposits)e] AlQl 47} Bt
(Zheng et al., 2019; Sarjoughian et al., 2024; Babazadeh
et al., 2025). Cue L& AR} oA +17} T-& +2712 &4
StE 2 FoLARE Fet pRbE = 4SS WS, A
9] 7|11} o] FAHRE FH = AXNAR &-8H 5=
& 01, §7Cuk F3l2tgo| dojd FA|9| B 3}e}
2 270 WIZtsHA Whgot Fola RES dovjus
T ] Aol ZAsI] FA| 9 FAdof it mpamt
719& 58 4= Jti(Zhang et al., 2024). HEZ] O 2 0|
o AlZvHKerman) ¥HIEd4< thye= 3 v|HF
S U4 A7 <A Qh(Sarjoughian ef al., 2024).
FE Y A} Ao Tt FHEaAY
s Ajo] MF27]Eeh Li, Mg, Fe, Cu 5 H|AE 59
H4:9} C-O-H-S-N ¥4 A=E 3 &85t J3}
A9 714, FA-HA WS, Alel-gh 2 HSE B9t
Ao g A dart ok B3t FY F WA= F=
3 Foda 20 tEA 71EE ¢ Y eEE,
FETH A, nlgda 24, iRtz Attt o F
AUA A7t ZstE| ook gt} olEgt T2 AAEE

&
o ¢

o

ro,
oX
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el B4 BAL B AUstA FEsk, B gl
A g FPss F9 A4 NS AR B 7ol
Aolet.

g1 A
3.1. GIHE JI0] 1|0 HE MOl SHY
Aty AT 3

=9 Ad] Ad)j(absolute age)S 2
SHKthermal history) ¥ #HE X]&AsHA AFA(geological
process)= FA T = 3lom, o] & F3l FE BT H A
3t S el b SR ARE AT s Utk A2 &
A 71719 g = Qs Aol 7hsit F=S 77t
=]l aL, F3E-E Bt B89 FAFE diE J
ARl £A o] 7Fsslzlel et ool it AEA 2
NS -3t A7 S| Y E AL Qo) ookt A
A 5 U-Pb 5994 2435 o83 AdiS8H
2 A o]Z(zircon)T} EUA}Lo| E(monazite)E AL
SHd e, WSl 283l EA o] 34, WA R EA A
71& 5] 9l Wol E-&E o] gt FZole £4 7]
7] 4 7)) Wga ookt £#5 FEol tig A7 F4
Al 3gol et A= ohdt FE(ZE A (allanite), Q1
3] X (apatite), B3l 4 (calcite), A4(cassiterite), ZEH}loO|E
-EtEo]| E(columbite-tantalite, coltan), A5F-4)(garnet), &
B A(rutile), AE7HEA (wolframite)) 50 th3s] U-Pb A )
S AT 5 Jlom, o5 FEZ FI A 8 el B
HsHA &85 It Chelle-Michou and Schaltegger,
2023). 3], oA A =A% Set=nt AgEAY
(LA-ICP-MS) 9] o2 g4 A4 &3] AEEe=
WA ah 22 gAEEE] gt U-Pb AdiSA0] 7k
SHAHEA, A2 dA L FIEEY A71E A Aok
4= Q1= Zo] dHTHRoberts et al., 2020). E3L U-Pb &
SAH 2oz Fl=A 4 (molybdenite)©] Re-Os A=
AL FAFE AAY A& A7IE AR ARE 5 QU=
HAQ e g2, npank- g4 FAFe] 33 A7) 89
YA &= 3L Jtk(Stein er al., 2001). T A= 5
B2 HH Y S e E fAZRE a7
A PAr-PAr AdiEHo] s = o] ulank-d4 Falhg
O] A|717} -8 € HF ATKSeo et al., 2017). o] A A&
o] 7hset FEY FF7F SiE B3R Fetol B
A FAFEl gt AHAQ £40] 7HssiRl el whe
AAFEY] FA BAS olsfsty] AT Adag 34 2
s AT o2 &gote A7 25| 3E Ut

K rlo oW
L </

Rl

Al
il

3.2. [k= LS CI[EXMS £ SHAIZS TAL MO jHA
Al

Lu ef al. (2011)& %= XHAJ(Jilin Province) Honggqiling
magmatic Ni-Cu Z4}0 2 8E| SHRIMP #o]Z U-Pb ¥
ID-TIMS pyrrhotite Re-Os Aj&A-S 343}t At
AE2 A2 A2 RE Honggiling Ni-Cu o] &
7] #1€7] Hulan Group WHAAEZ Y2 EZH(272.2 + 4.3
Ma, zircon U-Pb), $7] Egto|otA 7|0 nuf1ol-d4 28
(208 £ 21 Ma, pyrrhotite Re-Os)o]] 2J3t Ni-Cu F3}2-&
9] &A= 3}t YR Xiong ef al. (2020)2 &
FHoA 7P 2 S g Bl antEe]E Fai = gl
Renli F7dol|l A 24t 3t 3|5 #Hnteto| 29 A
= mjots}r] 915 LA-ICP-MS Holx, murto|E, T8|1
coltan U-Pb A&AL 43519t o] A A ¥9]
sy W Bsgo] AVlE FeE BRI B
(154.1 £ 2.5 Ma, zircon U-Pb), W12 ZZ35L7}0F 9]
(141.0 £ 2.4 Ma, zircon U-Pb; 140.7 + 2.2 Ma, monazite
U-Pb), 18]17 & Nb-Ta #|Lotelo]E Q)(140.2 £ 2.3
Ma, coltan U-Pb)S.2 H 3}t ¢ Yoy} Adi&A 2
o} A 7okekA EAS @) melste] Renli B4ke] Yot
Zgo] wler Baszol UHT BN S 7
stglon, EEar Ao BEst= 27] Welrlo] 44
uLe B EXI7ISME No-Ta A BHA}S] .0 B cjaro.
= w3l & ZASIAT} Lentz ef al. (2020)e 7Lt
o} FEHZYF Lake George Sb-Au-W-Mo 334He] AQl
= 71785}7] I8l U-Pb, Ar-Ar, Re-Os AthS78s 35t
Aok ol FHYAE o83 AUSA ALE &85t
Lake George FARE 317 29F0] #¢9(419.6 = 1.4 Ma,
LA-ICP-MS zircon U-Pb), &It (lamprophyre)2] <]
(419.4 £ 1.4 Ma, Ar-Ar &2 step leaching), W-Mo 3%
SH2F8(417.5 £ 1.7 Ma, 416.1 £ 1.7 Ma, 35984 594
4 34 Fol23) ATFE A (isotope dilution thermal ion-
ization mass spectrometry)), 12|31l F(Au)-2tE] 2 Y(Sb)
5124141 £ 1.3 Ma, 325 Ar-Ar step heating) 2] <=
© 2 A3}3192-S g3 th McCauley and Bradley (2014)
£ AA ZA ol BES= 37770 2| <2 ¥ 1ufeto] Eof o
gt AUiEA S TSt HanteelE A4 A7
Fokahg-o] IAES YRl v Stk 0|52 Ao, BuAL
o]E, ¢13]4], Z&t Sof th3t U-Pb, Rb-Sr, “Ar/’Ar, 22|21
Re-Os A& 235 A5kt o] & 53 Lithium-
Cesium-Tantalum (LCT) H|1ulelo]Ex AT EE
A7) o] 27|7kR] theket A/ A171(2,638, 1,800, 962,
529,485, 371, 309, ¥ 274 Ma)°]] FA =] A]9t, Niobium-
Yttrium-Fluorine (NYF) #|1ulelo]|EX= 2F 1,000 Maoj
FHo2 FHEYLS WA o Yo} B 934
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#1uteto| B9l A Al7|= 2UE 34 2 o9 AR
wrz 53 4% T dSE FH? vh Qrh
Partington ef al. (1995)= A|A o 729 2§ WAA]
Z% 3¢l Greenbushes #|1r}lelo| Eof thal] 3AHe] A
3 3F3HRRg-0] A71E 5] flsl A, Ao, 18|
g wo) gt AA AN A5 =B vt itk ol
2 B4 23S TFH O 2 314 3}to] Greenbushes | 10k
Elo] E7} AIAJAT (2,527 Ma, SHRIMP #o]& U-Pb)9]
e, LAY (2,430 Ma, Z1QF Pb-Pb)<] H<= &3} 22}
B, 12| A4 T(F 1,100 Ma, B35 Rb-Sr)]]
WY 9 3FE AolsS AFSS HFh ©15 53l Greenbushes
#| 1ateto] E= gl nkant B35} 4hgo] ofum 7|7k
o] A& NS AA FAE BT FAUS A
HE7E Qlow, | anteto] & 34te] Al At Sagt 7]
Z A=E ATt

3.3. M A[HPetrochronology) | W&t X Al
ol galsh QA 190 ATFEt A7
TR BE5to] Ao Fu HE B ol gt Al
204 o} shta] 278 AAste] AFSHE FhHAhet
(petrochronology) 2] B 8 AJo] thFx| il ok A Acshe-
A=A ATFE T 44 Aol ohiet 54 94l 9
4 oY 9 1 5 3k 211} AAsk sfjAlshe W
©7 Aolg]m, AR}HuEA(Electron Probe Micro-Analysis,
EPMA), Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS), Secondary Ion Mass Spectrometry
(SIMS) T theFet £4] 71 o] WA} oA w=A) st
31 9l A7 Hobo|cHEngi eral. 2017). SHAIITkare]
MEA Aol 5] FBHE AL FUT B2 vl4d
oA A R3lst FHE Ao E55t= 7MY 5
Zrolt}, Yo A Atel 2g & E(laser-ablation split-stream,
LASS) 242 Tl go]#] Ao 2 wale A28 5
o WYFRA7]Z o] U-Pb A3t v]epils 2S5
Al EARsh= 7IHe R, BRI A1 olgE HAT o4
oA A 4 Fi(growth zone)ot A|3}eHa] 2A&
213 dAAst sjAd 4= A sHtH(Kylander-Clark et
al., 2013). E3L, Ao|&o] A Ti e 0|83 243t
2% FA(Ti-in-zircon thermometry), S| &5 A4 e 1}
Ce @ Fu oA E B3t Asiatel A 247 4Rz}
HUAE 5 F& FE02 da Julf A S o83 4
& 2 aAo] ke, dA¥ AR SAEHH Wzt
(petrologic context)S Fojdt= gjF 3¢l FA A e =
T2 A2 Z9kthRubatto, 2017). 37 A A st Zof2
AT o) st Ay AdE AASHE B FE Aol
URE A= 22 FA AN ot dd Ahw 28,

=231 " x oo

g3 9 23154 22k A glojE e gt S 2
e F) vhore A WEH Bgel = W A4 S
Fakomu AT o 9l 719 B, W 9 s} 7k
5 299 A4 870 WA 3L delt ol $-88
Fupolch ol S Wi 49 9 Aok B e B
shod] 2497 2455 glonl, AwET Beie el
A AAE 7S] A EH oh33} 2t} Chelle-Michou
et al. (2014)2 9] Coroccohuayco Bt 5 FARS T
AF0 2 LA-ICP-MS$}HID-TIMS A o2 U-Pb df&4 2
I}, o] Hf 39 P8} nda 24 #4538 v
TE(Cu) B4 BT A5 71 vpaatof gk A1z
AS TSI AT 23k, viek 5 Bako) BRE vl
Aplo] obd Fz: 5008 Wol 22 B7)2el vh1o} 28k
3790) xolu], o @ 27 (thermal peak)oll 4 ¥kt
) % B3} 2Hgol WAITS STt E, v1n} A
T (rejuvenation)o] HH A I o = 2H-E-5HH, A 22
nt1ute] f-9lat 7)E vhanke] Z|-8-§(remelting)S 53l
=5 w0l w85, oF vpanprt W2 EEA fA ¥
S F3pRHgo] WS A= AT #oj2 9 Ce
o] &A](Ce anomaly) #41-& F8f nk1nke] AFsL Ael= A
5 A|Zko] opd Al FoA AR ESE Felstglen, o= vt
& FE(Cu) Fdo] =2 A3 oA FAHE A=
B3}t SHH, Garber ef al. (2017)2 HAAZE-S 33
g3 W ElEhto] E(titanite) S tFS= U-Pb At
A} mjged BAS agste], WG9 A7HA A|of
I FE B Y S A=) A A, EEht
o2 9] njeele Zgo] WA L} 4 240 vt
oha 4 918 mojzglon, ol WA Bare 42l 8
W2 P e 5 UE T Au 49
Poletti et al. (2016)2 u]=+ Z42]3Z1 o} Mountain Pass A]
o 9] 231 ZEREZ(ultra-high potassic) I BHAFE Y ]
o EA A AolE, EEho|E, HURO|ES TS
2 U-Pb A5} 5994 £4& $5193L, ol 5§
3, o5 o] FUS WE TUS AT AR TE &
+ % 23 S AFSS Hedlol, B ER 34 4
iAo 2%t JEE AFstAt ole dA7=2 oA
AdishE ol-&sto] HHFES] FA AI71< X Ao
et s A oL AU 2T 5 S HolEth

il
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o ¥a
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o}E H2}& % (closure temperature)E 7}A] 2 2Z(Dodson,
1973), TL% oA e 24 thd FE et 2R
A= (apparent age)o] GEH 4= l.oH, o]:= U-Pb, Ar-Ar,
Re-Os At Ato]9] EYUX| 2 U7 = it} 53] WieF
F AT o) Fpatgo] ANt | o o] 2 ARt F
Sk wHER o= A= Al2FloAE, 4 F9EaA9
4 A=} Hal2 e 2ol E BshA| groH FIAE
O] A&ATe Tl S a7 4= Yl Aol A1F
% v} 9lth(Chiaradia et al., 2013). wabA] A o], HL3A};
o|E, B, PN 5 Tkt BBE BB A2
et B Ak OINE o2 wAle) okt 2
 HAE, 9] olFo] AA| oS AWHHEAE ®
Qs £AE 5 Aok B4, 9S4 oleres
BE B4 A9 Belsery 84S exs) Hela]
Ros Holt). Atlag soleieh g nRs o
Eol9ls 243 BAHOE HNsHE, B2 FA Ao
LErE 2B ozt g9 719, BEI 2, A
3} el 50) s FAlo] g4 glo] A3l AT 3
Helg 2 AT S Aok A, U TS gew
@ AW QS ATE ol Ao Aol
(c.8. Seo er al., 2017), B} BATE BAFel 49l

L2 r Lo e

Structures
intersection

Riedel shear

HAF AA R ZES feiAE the e AdSE 2
ATt Ate] Aol He] Lt got
o AiEA 71R(U-Pb, Re-Os, Ar-Ar 5)2] 'L oA,
FEY A3t EAS AFH o= grtd = e 714
s 2 jgols] 24 7ve] EHo=A, thret A1
SHFollA FE Y E3E HAUESS ot Bt
FHT 4 9le Ao Al 55 i34 L gHa
g A7 E FE A|2E(mineral system) @4 |41}
2gste] B3 A7|, A&AITE EY-3eHE 20
FA 0.2 AR ATE WURE WA ANA Ed]
HgH oz 7)o 4 g A% S8 AT el 2 A
ot}. oo} §A that &2 HA| 5o Ao & A
2wttt AR, g, A4, AgEA 5 MEA A
W& el | FEES Aol vls| U o] WL
HHAE7 ] € H(common Pb) 2] H]&o] o} HojZl dw 9
Azl Fotwrt AlgtE = 497 Bt o]lE S5517]
A8l FEE H2%H FFEZ (reference material) @] 7f&}t
AR TF IS A A F-=0] A3 | ojof FTHRoberts
et al., 2020; Chelle-Michou and Schaltegger, 2023). 4,
LASS 2493} go] A2} A3k} 2.2 FAlo] 5ot
71HE FAEE 9 AE FEol g F&5te, IS

‘
=
o,

en echelon
emplacement

Fold axial
plane

Pegs parallel to
shear zone strike

A
17
L5
o
=0
8.
]
Em' @
3| | e
£ 5 »
£z ‘2»
- [
ol |8
Tk
sw =
o -
= o
we

Crustal basement

g Pegmatite @ Leucogranite ~— -mp=

[ ] Amphibolite [ ] Metasediment

Mafic to
intermediate melt

#¢ Strike-slip

J Water-fluxing
f f Heat input

Ry Anatexis

—A__ Thrust fault

Fig. 3. Schematic model of anatectic pegmatites showing the generation, migration, and crystallization/stalling of pegmatitic melts,
and the major structures controlling these processes (modified from Silva et al., 2023).
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o) 2 WA S AR-LE-fA) 24 B o4 Bedst

7+ Bastch A, FolA ZHE 7 gl P
PAgEd 4 Astet Awg EEE doleuo| AR
TFHIIL, o1F VA Ve Fg 4% deg,
Yang et al., 2024)9] S5 AR 2 BEITHA, AhS o
Adnfst A7 A FAe] 49 8L dol FHH 9
ABE I AF FYellE A Ve g o B
Ttk

% Lo

2R &

-

g Fdo] B4E AEA 21S AAF R EAEHL
|45l I o|the.g., McCuaig et al., 2010). E3] L=
A Qe |9 thFdt AR} O HEY RS o

oF

W, A7 Y, B, 53, 29 5O F2H 0450
gl WAL GFL ol o F0T TS B}
(e.g., Pirajno, 2009; Fossen, 2016). 0|23t AF= 2L 9]
BES ol2ela, Bae] el B4 Anele o U
9] =& Al F3HHe.g., McKinstry, 1948; Robb, 2021).

FRA N BN Bl B4 BEL S
gk ok, halel MY HEo2 P BE AL
g1} o]of] 2hg-5k= S8 Y] AuaA W E2F E49 9
A= ZAEKe.g., Cox et al, 2001). W A} S5O
/Y (epigenetic) 02 EFH™, 349 4 B0l A
At zo) o) AlojHrta g A QtHe.g., Vearncombe,
2023). A& S0, WIE F(An) B S8 T 73
o2 71 QoA Qon, oleis T4 AYT2 o
gt Aloj= EA|(basin)g A-oFA(Pb-Zn) F/gol| A = Lre}
Jth(Sangster, 1996).

FA/d(syngenetic) B/ HA| AFFx, & 4,
o] Aol 9l A=, o] HESt= FFL= HE
4% (epithermal) FA37} siA T4 2 FF3HEFH(VMS)
& & 4 AtH(Vearncombe, 2023). AT YZ(Ni)
B2 3719 e 2 FAEAR, T8 -T2 AoE
WAL olof 93 ol7 abh wAE 4 UckPerring,
2015). 2(Fe) B4 A F2 T84 H27| P02 B4
U, 38 &5 94 FEHE 53 1A olFel osf ojz} F
S} 9tASl 4= QJth(Hagemann et al., 2016). BFbE 2]
gl Bk vhanhe] A3 Blo] oje) wee 4
A1z2E met P4 oh(Skarmeta, 2021). o] A9, A&+

£ 9] 22 Aol 29 F shfolu], 7R Wst

N

< FAY HH - Hrb B4AQl shEe R A ujz]
3t Qch

=231 " x oo

SATE BAE 98 gEd PR A
Hozgl tfe | 7IXE & 4 the.g., McCuaig and
Hronsky, 2014). AA= A= 2 221X s)4o]c}. o]
S AR CCECEPEEEE TR LR
WolT FE RE S1540] £ X selss o W
o]t Brimhall ef al., 2006). SR 3D 1z mggo]
o} o2 ol AT} Akl B S BASIT, §
Aol 35 5445 olgho2x FAe] 2ol A 4%
g 4= )t (Caumon et al., 2009; Gloyn-Jones and Kisters,
2019). AR = &5 L & E EHo|ot. &g g2 3}
FAI7E ol 53t AFE = U= BEE, o|& 55l B3
b RET 540] £ A =T 4 UtCox er
al., 2001; Kim et al., 2004; Yang et al., 2022). YIA= &
o BAolth A7 ) 92 BEF Bjojo] BEgo) &
A 7HsA0] w2 A 9E A5t HHOItHGroves et
al., 1998; Sibson, 2001).

4.2, FXT| 2t AR H

= O A

QA7) 7ok 250 54
Z9F JAE dIS5te Hl Ta3 GAE AlFs, 559
QA FEa e 2= i o] FA4E 7hsAdol
=2 IS AASH = $HH(Cox et al., 2001; Goldfarb
and Groves, 2015). 0|33t 123 Aol AA| thekst 33
A 93 B2 BRI Selslo] gon, o] AojAk 1
FAH Ale 2 AT B AvEc,

o8 slaotelole) Tt 9 e A2 B ¥k o
A A7 A o] A A Bl ES IR ol | A A7
29| 407 55194 1 F840] 98 ANT o,
olof we} 2lF Hanteto] B A 9 Frof thgt A
7F 8'05] o]Fo|A]aL Qlthe.g., London, 2005). @A 2
& H2rteto]| Eof #et A= tiFE akehE £ A8
o 2782 wm glon, santee|E7l melgerom s
g 3ok 7Pgst= A7 Wk v 2t
s]1utelo] £ oo 7 BAlZL aalA] ke A gl
o|ggt 7P o] gAlof Rt} o] Hgk o] F2 X Silva
et al. (2023)2 7iukch o EvKManitoba) 9] gJFAT &
Z(Wekusko Lake) 3] 10}ebo] & B4} 178 53] oftd]
Al 2 dl(anatectic model) & A|ASFATHLE 3). o] =d
2 35hA B A8 4 Y 71E s T 2, 7] 449
8§ AT 889 o5 FHE Aol AYFZ] 5
E3ro 2 2ol Tanteto| E 7 A4 WA)7 EEE
o A2 AT 5 Qe theby L AN

T2E Z83 B AT Al v E 55 3=
goldt) 201299 weHp-E- A (Nova-Bollinger) Ni-Cu
Bgol WAH o]F, | o]x] E(Fraser Zone)Zt HHY-

010
2=
=
b=
O

ot
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Fig. 4. Nova-Bollinger Eye structure in the central Fraser Zone (Standing and Munro, 2022).

1.95-1.90 Ga Orogenesis Orogenesis-related Co enrichment

Fold and thrust system

Deformation of
arc-related sediments

Passive margin Basin sediments .
sediments deformation Accretionary wedge
deformation /

|:| Ore body

Fig. 5. Structural deformation history of the Dahenglu Cu-Co mineralized belt and mineralization controlled by thrust and fold
structures (modified from Tian et al., 2024).
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Zgo]#A] A (Albany-Fraser Orogen) 2 & oj| A thakst
ofzzo} Aol )8 B4 Ni-Cu S| Sluie}
A2 4; Standing and Munro, 2022). 0|5 A}
A 2E714 TUAE TF5HLE, XY &5 A7] FA
A A A== BHE Cotol(eye) FERY A AT W
of 3t} o]2gt ‘ofo]’ FEj= o7 MO 5F 72 4
Fd Z-&(boudinage)o] FHE ol FAHE A2z MY
o, thF-E9] FAo] o] FEo FFH] Ut A= o]
T2 EAS BA ARE Eg3tozn FA Edo 4
S5k

5= Ao 1A A It F5-HEE
B3 A AHo A= FARE 22 HJo]7} ER1E ). Tian
et al. (2024)2 t}& Z(Dahenglu) Cu-Co L3}t o A €4
FAIY 24 Aolet HF IS F85H] sl ARt
T2 74, A5 o] @n I, TESCAN AKGi) 9] &
WFEEA7] E4S Y6tk I 2T, 2AAE EF
(thrust fault)o] 34 P4 5 FAY ol AT =8
TE A¥S Pon, 2P AE et 530 SAE, T83
o} 531 Aol 9] Hadi7t AHUE F4= 74|19 A
oA IS AT 2ES =SSR 9).
ol A9 olF TER(AHEE T3¢ IH FHEFT
FHF-Ad)o] M= ohE . 840 osf 2tz AlojE
T e HojEr

A& GufeK(Pilbara) A Fof X3t T} L] FAF
(Woodie Woodie Mine)9] W7t AR 27] 4= 7199
I EF A0 E(pyrolusite), B -$-1}0] E(braunite), AHE
e 2l cryptomelane) 52 A8tgEo] F7] A7 94 7]
Ao AsHEd 34 S == S48 HeltkJones er al.,
2013). 3FAE FE £of| Q)= Jewel-Southwest Tt 7} &+
WA AAY 78 T2 JES T AR A EH, o]
St FSoll dFEe B3t FA o] AFEH Ut F
SHaHg-2 A B¢t SA-EE Wke s XgE g 9
A AT Bl slow, Ut FIAg2 74 F4
I e AR DS wEt A F93E o] §lal, Fx(main)
A &S0l 71 Ee 129 2233} 2 E wet F3)
Zh-g-o] F35HA HFE = P HAtHTH 6).

1980t XAt a4l Foll F3F 749 o]
& BkS, Ao olfste ol S8 St v EH e
o (Fyfe, 1985), o] % 7 FAL 7]&2] WA} A 24
2ok gal B E3F 13} $tthe.g., Sabins, 1999). 9]
A AT EY 7S S8 FANE UiHE X199 AE
T2E AE3HA wtotd o A siF3len, GISe 22
dlojg B4 == B33 A4 HolEeE &40 = A
23l A1tk b 24 715k

B AS 93 M2 FRAYE AT FFL o}

=231 " x oo

=0 2ok (1) AFASADT HAlZY 7lesol A5
3 Qlth(Cracknell and Reading, 2014). (2) Z3A= 3D
T2 29 EE Feote] P AW PEE A8
o 45t thitm A5t 3D B o) B A2w
27 B4L AU Baso s FA4 At Bl
A A ee ek HPE 2] M43 glrhCaumon ef
al., 2009). (3) &5 9 FH| ddd) B4 2HS W&
A7} S glon, RS BAIA Uehte A
3288 RA}| 3| FEA LS Holeie} skt
24 gole s ARt WA Bl FaF 724 54
< glo}st= ALy} o]F o] x| 2L QUtk(Schirra et al., 2024).
4) EE2(UAV) 7|sS 83 AE =AM F2AETH
glolg Ao A& 4273 YrkBemis et al., 2014).
HonE FRAATA gAY S &Aooz T A
O 2 AYEY, AT S A HIHL B A
ol B84 4 AEAHS IA FIAZE AR qitEn
(Kreuzer and Etheridge, 2010).

W pEAALA WY ATNNE AE 7= 9
N3} A% 7o) B2 7R AR, A3kt oL, A2
A ARE 339 Lol BRI A7 HS Fad)
A Aolch. S5 T} Auhr} St 44 o) B2
A, AR B4 R GES FRA Bk W BRI
TR e P2 ake] B4 A7leh Boh A7
W Aokt Q77 aslth. o] % 919 72 514, <)
74, AEFE A3 fAZRE B dEe s 4
T7F 7 et ojok st o] gt T2 A F W T B4t
A 225 Bk AUsHA AAshs bl 71o1E 4= ek

5. Metasomatic Iron and Alkali-Calcic (MIAC)
AAE! OloHE ot sl HE A

=2 O Oo T

5.1. MIAC A|IAEIR

A AAe FEske 3 3 5 S99 H(Olympic
Dam) AL BN Ex BP0 T2 AFHE 209
4 WA RO WS T TE A2E oA
A7F == o] YtH(McPhie et al, 2011). 239 9 &
AES AA A 7 & A Q] IOCG (Iron Oxide Copper
Gold) #o =2, F2|(Cu), (Au), $2HEU), 2(Ag)=
EZ3e= v PAro|tiHayward and Skirrow, 2010).
S 9 B2 FAeHE(Fe-oxide)at 4 F-2](Cu)2t
T(Au)o] FESH= 2L 139 ez dA=0A
& IS gken, o] FAo| AE F3l I0CG 34 &
do] FHEL, o]F A AAFSE AR Fieg.,
Iron Oxide Apatite; [OA)S HH5H= F9 FAX]7} &0
SFtH(Hitzman et al., 1992). S92 ] JAL 7|&29 F9



584 Olgdst -

) el Wery Tl porphyry Cu) R FEY T
2] FA(stratiform Cu)} H|wsPd HASIELS E3H3t ¥
A 2482 9l Bt AFEe 5HS HAhWilliams
et al., 2005).

53], AANT o] e FEE ZAstu], 7
(Cu), F(Au), $2hs(U) % S| EF(REE)7F A AEH=
Aol WMok TR 2 329 TR 51 ol S
Ueldth(Reeve ef al., 1990). E3t, F3l7F AP @A &
AgkEo] Sa%t A2 o, XFx2 WA tiE Al
) FAR L S A2 DS Aol Qe e &9
T FFe T3 54 F sholt). of2[7t Ao E

Rising hydrothermal fluids tend to be focussed towards
topographic highs (e.g. horsts o relay 2ones)
Deposils typically farm in hangingwall due to greater
porasity from abundant accommodation structures

n'alte
dolomite

<99 9 FAY A+ 53 10CG 34 2do] AA =
L #7)7} =l%{tHHitzman et al., 1992). T2} I0CG %
AFe W N2 R0l BR vhnh 28, AR A%
A Sol Ao g S v|X= Aoz HolAvh A
et T4 Sadoll sl o8 A77F 2A = o Aok dF
AtollA= olfgt FAdel A s B¥o] Qltkx
ZASFA| T Williams ef al., 2005), TH2 ALoA s g4
£ Z3 d4 FAVE 8 98-S vkal Basa Qo
(Corriveau and Mumin, 2010). 3 [OCGE BE&F5=
FE2 AAREEY Cu-Aus 38328 $HlsHHAE, U
o} REES] §% Bl 52 3432 ZqoI4 AT Ao)2

Intersection zones
between major and minor
normal faults

Relay zones

- Austin Pit d

Fig. 6. Distribution of the main mineralized zones, schematic diagram of controlling faults, and field photographs of the Woodie

Woodie manganese deposit (modified from Jones et al., 2013).
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Btk AR FAOHE Fol FR0iA AZEE v o)
2 BN TPk $AISHR B A0) AT R 5
IE AT FJA B o] theFslti(Groves et al., 2010).
ol2] g T 100G A Bl 4l mavko 2 4
Wal7] ofgths We woiwn, Ysioh WAL v} Yo
B2 A5 BN ST By A7Is
100G #4e 374 9 Aoz e toket 27
oM WAHH o5 PAHS BT Bz Ao et
A gron], Tiopg Ao} TR BolH FAHK Y
7). tiEZ¢l IOCG FAFE dm|, &F, ofzg7}, 22 5
o Ao LAE, 2+ XA | F4d Al7]9} 33 248
o] =4 yehdtt. o9& 501, €F 10CG 342 17 =
A& E TSt FHHE Ao Ho|AT, ThE B
Ajx oz e ey B42-gTt Belo] JekWilliams
et al., 2005). wr2bx] £ Ao} X Hof| g F= A28
o] BasiA|ul ARt REFoZ LT S gl
@ P2 R ER] A3UTh
olg|gt I0CG RH 9| FAE Hebstal, HASHE 33}
of oof putE= FGA e WA W ozt 349 FHE
shtel A|AHloA o]dlEl7] Ya MIAC (Metasomatic
Iron and Alkali-Calcic) A|2#l 7igo] A= AT 2 H §;
Corriveau et al., 2016). IOCG ZE o A= FAASIEE o]
Qlof| F2J(Cw)¢} FH(Aw)2] 7]Hof| tigt EZ4gdol EA
sh, 4713t viel o] Y7 A= miamtel A, thE A+

2 Q.Q
Lac Clnquante

' Central Mineral Belt .'-
5 Romanet
Bondy

East Arm 4
AN i3

Idah: 3
EID C‘:.,Moonllght 5% < ‘

% SE Missouri:
= » X

P

=231 " *x oo

= =8sh= g4 (brine) FANA 71 DRk A b
(Williams et al., 2005). E3}, I0CG FAL tlf 2 T35}
Atth(shear zone)2t T o] JYAIT, FLT F+24] 24
oM B o] eba, Tt Bak B Tlkoz 4
B3l7] oJPth= A7 A}ATHCorriveau and Mumin,
2010). MIAC A|AEHI2 o] thFAd-& B4 B4 39
ol =Rt Aty Kk, d wojatgat dde-de ¥
4, §A9) o5 W 34 H3lo] T AH o2 AAE
shtel W= A2go R At MIACE 7|Z I0CG
Hdo] E4 A 730l A5 A 2, B | He
o o} k-9 BB AAUL A AdoR, sER
(REE), $-2h&(U), JAHA(P), &2 2d(Mo), FIEHE(Co)
59| §A }A71A] E3FStcH Corriveau et al., 2016). 3L,
MIAC 2d-2 A AslEnt gzha]-Z+ ¥ 2 (alkali-calcic
alteration)o] T<=38t I0CG AlE FAHET ofY g}, ¢ Y2
#1910 o}k g A|AEO]H FEH02 WARITh 714
St (Corriveau et al., 2007). WA MIAC 7J'g-2 I0CG
£ dAlste 9 4 A Bdolgir|H, 7]& 10CG
2ez Ags] ofsld W Hiel ke vl
FH o2 el fig e AAEA Haow ofsa
4= QJtK(Corriveau et al., 2016).

5.2. MIAC A|AHR EF
oA AFEH ute} o] MIAC AJ2gle] 3412 I0CGS}

Guelb Moghrem ‘ *!‘ [

6, o
/LA ¢

Central’Andes

l!m AL
P E Laco

A7

Ve
» 1
# :
1
)

‘e

== e
Cloncurry -Mt Isaje
Tennant: Creek )

Johnnies Reward
A0 Cumamona

Olymplc Cu-Au’ t
-Savage.River 5

Fig. 7. Global distribution of [OCG and IOA deposits (Corriveau and Montreuil, 2025, Minerals, CC BY 4.0).
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MIACS] jo]2 whE A o2 TRsHE § ql7|=eh, vk
mhet g A1) 2 GA-gh4 W Ul Auialo] AaekE
Yoio} Tkt B9 o5 AW oA AAEAZ
| A5= o QQti(Corriveau et al., 2016). MIAC ZE-2

Renewed
fluid circulation

6b
6a

5¢
5b

Ba

HT

e
LT

Ingress of external fluids or heat to the main fluid plume

Ascent of hypersaline fluid plume and metasomatic path

Remobilization

LT veins and
breccias —

Epithermal
<150°c

LT Si-COp, —
LT K-CO,

LT (Ca,Mg)—
K,Na)-Si—Fe

LT (K,Ba,
Ca,Mg,Na)~-—
(CO,,F,H*)-Fe
250-350°C

K felsite

Kskarn —

HT K-Fe
350-450°C

s

HT Ca-K-Fe "
400-500°C

K in system =

HT Ca-Fe — Mag, Amp + Ap, Cpx, Ttn; MIr

400-1000°C

Fe-rich skarn
(HT Ca-Mg-Fe) =
<865°C

HTNa-Ca—Fes Ab, Amp, Mag, Scp + Ap, Cpx

Skarn
(HT Ca-Mg-Fe})

HT Na-Ca —
Na (albitite) —
300-600°C

Alteration facies Assemblages

Reactivation or waning
stage of primary MIAC with
varied gangue and ore
assemblages

Phyllic, sericitic, advanced
argillic

Qz, Cb (Sid, Dol, Cal), Kfs,
Ms. Brecciation,
replacement, veining

Qz, Cb (Dol, Cal), Chl, Ab,
Kfs, Ms; Au-, Co-, Cu-, Mo-,
Re-, REE-, Th-, U-, Zn-min.
Brecciation, replacement,
veining

Hem, Kfs, Ms, Ank, Fe-Dol,
Sd, Cal, Chl, Mag, Ep, Amp,
Fir, Brt, Py, Pyh; Cu-Sulf, Au,
LREE-min., Urn £ AsS-, As-
min.

Brecciation, replacement,
veining

Kfs, minor Mag and Hem
Cpx, Grt, Kfs; Cu-Sulf, Gn,

Sp, Urn
Brecciation, replacement

Bt, Mag, Kfs + Amp, Grt, Cal,
Sid; Cu-Sulf + As-, AsS-,
Co-min.; Urn * Sulf
Brecciation, replacement,
veining

Amp, Bt, Mag + Kfs, Grt;
Apy, Py, Po £ As-, AsS-min.
Replacement, veining + brec-
ciation

Mag, REE-Ap, Amp + Cpx,
Ttn; Bri, Kno, Mnz, Xtm

Replacement, vein
Ductile to brittle + brecciation

Mag, Cpx, Grt, + Amp

Fe-Cpx, Fe-Grt + Mag, Fe-
Amp; Sch; Replacement

Cpx, Grt + Mag, Amp, Ep
Decarbonation of carbonates

Ab, Scp, Olc, Cpx, Amp
Ab, Scp, Zrn, Rt, relict Qz

Increases T regionally, creates

porosity, mobilizes metals
Superimposed breccia

CENE - U

chorgh are] 94 ol nhnt, 4, W 2go] of
WA zx2or JEa NG AR At
10CG Rent} ¥ EBAQ) AQshd, g7b4, A7He
A& AT Aol EAoltt.

Fe consumed

Fe unstable Fe precipitates

’
b

Deposit class

(MI, MAC) and types
Five-element, Ag, Au,
Ba, F, REE, U, etc.
Polymetallic
Albitite-hosted orogenic
Au, Au-Co, U

Some unconformity U?

MAC-Au, Cu, Mo, U
deposits

Can be albitite- or
skarn-hosted

MI-Fe, inc. (Ox) (Hem)
MI-Au, inc. (Ox)-Au,
(Sia)-Au

Can be albitite-hosted
MI-U, inc. (Ox)-U
(Hem), MI (Sia)-U,
Can be albitite-hosted

MI-Cu inc. Hem-gp
IOCG, ISCG, (Sia)-Cu

Host to veins and |IOCG

Polymetallic K-skarn

MI-Cu, inc. Mag-gp
IOCG, ISCG, (Sia)-Cu
MI-Co, inc. (Ox)-Co,
(Sia)-Co

MI-U, inc. (Ox)-U (Mag)
can be albitite-hosted

MI-Co, inc. (Ox)-Co,
(Sia)-Co, (Sulf)-Co
MI-Ni, inc. (Ox)-Ni,
(Sia)-Ni, (Sulf)-Ni
Can be albitite-hosted

MI-REE, inc. IOA-REE
MI-Ni, inc. IOA-Ni,
(Sulf)-Ni

MI-Fe, inc. I0zA, |OA,
Mag. skarn

MI-W, inc. W skarn
(variable 10)

Incipient Fe

Ao

E
=

5 B4 7198 B vt

Examples

GBMZ  Olympic Cu-Au
K]
NS

w0
=z

o 28

N
©
o]

E6 Cu-Ag

N
I

N5U

K3-5 Cu-Au
B5ISCG

N5 Au
O,W510CG OS5 barren

15 (Hem—-Ch|-Cb-FIr-Brt-Qz)

N4
barren
M4 Cu-Pb-Zn

D west

C3 Cu-Au; S3 U
B3-5 Cu-Au
0310CG

>

12-3 (Act-Bt-Mag)
B2-3
(Mag—-Amp) (Amp-Bt—Py)

N2-3

N2,52
barren
0,A2 I0A -~

B2

N1-2 W

barren
D east

N1-2
B1-2 skarn, 2-1
(Mag-Cpx)

E”‘” barren
D barren

B1 (Ab)

&? 1,1-2 Na-Ca—Fe, 1-2 skarn M,P2 REE, V

Fig. 8. Deposit types associated with MIAC systems related to alkali-calcic alteration (Corriveau and Montreuil, 2025, Minerals,

CC BY 4.0).
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“1ofol $g8l7] BERe BhIekA AR of e} B
7190 Q14 9 17k 4 5 cheke 719e] §A7) s
o] gt 715AS 74 L3 gch(Barton, 2009; Groves
etal.,2010).

o|2gt §-Al= H20, CO2, F, C1 59 3 B8 =
Wstel, A1) e, e, 24 % melvtel g Ao
e HE de a4uEn WARE zUs Fen
(Corriveau et al., 2016). W2tA MIAC A|AElo)| A w9
2o WA PP A2 SYH AHOR BuThs
SLbe] €4 A Aglo] WStk TN Lehts dd
Q) WAt Pojo] AHEE ajHg o BT vl
2 MIACOA = 34 Aol 7]ofsh= 949 %=, oH,
24 So| Q57 Hgo] wgdsly] tRo] B4z =
A& olsishe Aol Fastu, 0|2 gis) 5w 54
T} e Agslsle A3 E A3PE T Qok(Corriveau et
al., 2022).

AL T2 dABHE(Fe-oxide)y} AdEw, Hit
T8, 7, JEF, $eh 5ol A JA " (Hitzman et
al., 1992). upampol A W2 12 fAl= 9 ot vt
gato] AsbE(HEA, HEA)e] AL fEdh, ol
A2sgle] AkaEel (ke ) B0l ZATA Fa 2
& zpolego] galE A PHEE sldo] waw
(Williams ef al., 2005). Z7] T& Aejol A HAlsHzo] A
AotEH, T2t 52 H3HC)ole EdA| = &3fE o] o]
St o)% A% gAle) L9} kA Bl Wjsh
A T, &, JERF TY aH] JAHH, olet 1A
X B3 7 felo] FYECHI 8). vjeby BAE
of Y47} Bashe ARAel Boleb| L 24 4]
O] Yzt Atsh-2hd e R 3lsk/d wistel wet A4
o= AYHL HHoR B 4 ok

obzba]-Zh4s W3 (alkali-calcic alteration)2 MIAC A]
2gloA Fa3% EAY R Agst=t|, ol= G FAlel
ZE 2F(Na), ZEHEK), Z4(Ca) TY 271 44
W FE3} vkgshH A EAgcH(Corriveau et al., 2007).
A5 W& (sodic alteration)2 UHHZ © 2 AFA}FA (albite)
e FEY S =5, - FE A st
A e, o] 304 354 (chalcopyrite) 3 2L B
Fejago] YAE 4 gloml, ol 100G Fake] 28 =
A & slo|ti(Porter, 2010). el WA (potassic alter-
ation) K-34, S5, ALH 59| FEo| A==
goz Fu 7ele) A WY Dol Ik of WY
e F2 B L& WglolA WAsls, Teist o] &
5= FE3 S A5k O 8% 9ES Bt o]
o} Zo] 2F-Zw 9 Zekg HAS A2 B8 ¥ &

o2, A9 Jstel fA-oH whgol wet 7t

=231 " x oo

A A7H R S 5 glov, ol nae) REs
MIAC Al2gle] wolsh s} FARE uske Fag
A28k A %7} e,

57] €4 HZ(late-stage hydrothermal alteration)2
MIAC A|&Ho|A S &R/, $2hE, JAFT 22 das
9] =t #Ho] Jlrh. 7] vpant &Fo] Ed &, A2
329 9% AP} RIS B3} BAL vfet ol
A SERe} $ehgo] o|Fol, ST 3 Ws} o
oJU= X Yoj|A A AF tH(Corriveau and Mumin, 2010).
o]F3t A oA HELER}O]E(monazite), 213]4(apatite),
F-2hto] E(uraninite) 59| FE°] A4, o= 10CG
B3 94 meat v wsko] MIAC Al2dol Bgha oz
A sH= EAJo| Fth(Williams et al., 2005). $7] €4 Z+
o] Gt X Hof A= CO,, F, Cl 5] 3 JEo] F
3 QL 5k, ol I EFRO fehEol &lE oF
3l= 34 o) 7] &gtk (Hitzman et al., 1992). £35], - &
7oA Sehgo] Solle AR Qs JAEHEA FAH L
£ 9% fehw Bl 489 4 AUtKGroves et al.,
2010). o]&dt T7| F3= MIAC A|AE]o] Fe-Cu-Au £
Al9] sl ohje} REE, U @ P} 22 si4la2o] o]
3} 330714 sppe] Kske G4 A2 SN e 5
SITHs W& BolEth webd MIAC Al2do]A B
Ao ge B WslE ujak Aol ofzh, 4]
o] o5 Azo} el SatA W3, 1e)n B P49 o
T JAE 7185k @4 842 E 4= §ltK(Corriveau
et al., 2007). vpIubol A HEE GAE 7] WY BHS
ol AAEET g 345, 3] g9 A A
AHA B ERo} ek Lot BEAQ FA S
ZAJBIH(Williams et al., 2005). o] &3t A]-5-7F 5
MIAC A28 Uoll A A2 T 34 2] 45
Q12 ojsfal EAl0] BB 57 AN
o] 383 A7 Ao} d4euEe EA% 25, o,
82 2719] Wsle] et FE B4 WS oh=A yehh
o, 33740 2ot BAA 7HAE 2As= 8% a4
Z-251HcH(Porter, 2010).

MIAC 292 37+ TA7IA] Argohs A2 HE 2 A,
7]1& 10CG R49] 37+ EAE Bt} 7|& 10CG
EdofA= thE T(faults), AHtl(shear zones)Q} -
24 9250 Faol FEIANL, FAT 7= o]
A B 240] th2A) e %97 Bk Comiveau
et al., 2016). MIAC AJ2812 o]2j3t 2jo|2 A} 33}
o] It R = A stH, FAF SAFOlA FHER o]
oAZ]= A 9 F4 23 WskE 53 AA FE AL
<= gefstarzt gtk gl 5o, 45 (core zone)oll A=
Fe-oxide7} £-Al8t 27] H2], & FAo] HFEaL, HE

r
[0}

2 oo
i &
e

oX
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Y(alteration halo)o| A= &Z2|(Na, K)@} Zh<5(Ca) HZE
o] 7514 YERdth(Barton, 2009). FHE(distal zone)o| A
L §7] B4 F8oR A8 SERREE), $2Rs(U), <
(P) 59 €27t 559 7FsAdo] 2, ol ¥7] F=3t
Z-g-o] 2135 -2-2 AJABHCH Corriveau ef al., 2016). w
2hA] o] 23t A F-HA - TR Y] F7H BA|= MIAC
2wl T B 0 B3 Y] Ah S HolRl
EAloll, 4 A 7oA Fe-Cu-Au 3319} REE-U-P
5 AR E RES o2t | 88 5 ok

5.3. MIAC A|ARIO| X1 S5k

MIAC A|AEI9] /g2 7|29 F4f HdE B3 ¥
4 ez BE 2L olsksk] s At S5
10CG WAkt 712118 A4 9 A2 JER Sk B
Ao WBHoR AR B BEEYe, ofF
AN FEH LR DAL M 8o FU /|UL
7V 71540] A7) A MIAC Al2sglo] 28] A2
W Corriveau ef al., 2022). 71&9] A 298 nf1uo}
2hg, B4 2k Ee A Al 8l iEd o R FAE
ol A E AR MIAC A|2FloA= i d4 ¥
A} g4 929 o]Fo] F=3 A Fagt g
Shehs A& AFx3 o] A|ARE 53] WEA ffet
ARBHE §AI7F A2 R 2 G A, AR, & 2
Zgo| TR TS AL, o] I ollA TRt FE
724 Uavh SEHE WAom el F4echn A
ek Tebd MIAC Al48e S4a A2 8ol 1
B W o BEEo R AYeh Yaes A
Ak ok

Z| o] Ak MIAC A A"l tfste] 712 10CG =4
I vt At7F AP Jlon, thaa 22 Ftol
Al 8 SHEA =97F A ik A, MIAC AJ2H]
o] shte] YAl F &7 AA= BHE o+ =7t st
£ Aolth. 71& 34 2dojA= I0CG F4, 71%UE &
B, AER 4 S S ERe R ERsigle,
MIAC A|2Hlo] o]2j3t Ak 2 o2 AHE = IeA
7} 9 =R 9] tjito| Har ok Skirrow, 2022). MIAC
Al&a"lE EA B djde FRshke e A= =
o = ok HollA shte] 82 REZA AA =L
QAT 7]&0] B B} v wste] dupt PEkt FAE
AR = =R o it 27} dF7}F 2 a8t Corriveau
et al., 2022; Skirrow, 2022). Y& AJLRELE MIAC A|X
dlo] FE3F oA FARE EAS 71 B 4T
ke 8% =t FEske vH, e dAES
MIAC A|2glo] thefst 2|8 2Hg oA Yehd o= Q= B
A S e o] JRY Hoju, A FA Hd 240 g

Hot

. OFM
o=

. HFAFE
— o

MM
M

FAJo] BES 4 QIttar XAk ¢Iti(Normandeau et
al., 2024).

A, MIAC A|2"T o2 34 13 o 4
A, A7FE B 5) 7] HA g ZJoleof tigh =27
A &=L itk MIAC A|ARo] B4 WA vAUYESS 7
Z8h= HH, YR Aol A= o] HEo| FAF Aol T+
Al 947} obd 4= Qi Wy e A2 2 ulant
A FAZE Fa3% 98E oh, 1 IFollA ZeRE(K)T}
ZH(S)o] FFEE e o] 2AJETh ¥, MIAC A|AE]ofA
Zdzxote W 9E 2F(Na) Z5(Ca)2] 552t AAt
3= FAdo] EAA oI o]Hg Afol= F ALl T
ke 840t APHEE QA4S YEs| RSk Ao 34
S AARRIE GR Ato| A= MIAC A|&8]a) 7)1& 33
A 2 7k W wfe-E FFH 0 R vwste], ofH HA
Hgo] B4 B f3 o AYAE EAskL Slok
(Skirrow, 2022).

AA, MIAC A|A”19] A8 997} 2| A ek gH7of o
g2 g = Utk A= 3435 =AYt MIAC AlA
do] EA% X724 oA FAEE=A, 2 o F
gt A4 g oA H-8d 5 A=A HEsHA A8
=7 gt} Al E =01, MIAC A|2H”]0] IOCG 34 9 7]
Sy A 22 AR AT 2 ddEte He
HEetA| ek, AR Aol A= o] AlAFlo] Kot gt
AN e HEE 4= Urial FAZTH(Normandeau
et al., 2024). MIAC A|AH]o] BIEA] EAF} 22 3140
ARk Ueth= Ao] ofue), theet g4 WA A=
Ueld 5= otk o33 AFE2 MIAC AlAH9] Z& 7}
58S FFE = e ZAE AFSHEAT, 19 ik AA
SHA, A L3kekA A7) B HEks] AAE vt o

T A= MIAC A|2Hlo] ©ed] 4 34 =4
< A5k 7lide] ot} 71E RET AT Bebdo R
285} 4~ Ql=XE HF3}aL Qtk(Corriveau ef al., 2022;
Skirrow, 2022). £3] MIAC A|A=lo] Thofst 2 379
A e 5= itk ol HA o B2 EHA, o] A|Ajo]
71E B4 EF AA o189 A s&E = A=A FE 4
T Fa3 Yo = AAEIL ik MIAC AJAH9 &
A2 B2 A 9] el 3 SHAE H7tskE A7t Ee
2 6 dast Aoz B3tk &3 MIAC AlAH A9
A JA 739 FHolu ERE Hol, AikskE F3hE
£, ¢ZE|-Zs HE, REE-U-P P57} A2 oJH A-37k
A IAE H=A] A5k Aol Fasitt o) 8 ¥E
o] FEZFT A A2}, AHEA- QIS4 HURjo|E
T AAEEY vEde 24, FYAL Y AdAREE T
7 &85t 33 sfAo] Basitt EF MIAC A|AEl0]
I0CG, 10A, ¥I9tg 2] 34, &718 34 5 718 34
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93} o)A FEE AL AdEEAo] tig vl A7
2| 5|ojof g}, ol2jet ATE MIAC 719 e) 18 ¥
£ W8] b, AISHE T SRS Bare] A A4

S FAgtskE © 712 Aelth

SRS a7t F23) F7He hed, B by
AR A REAF S BB 1 Glek. olefat 2700
o ol Ad B 39 AR SR At
37 ofeh. BE A2W AL hFoR WP
e BPHOR sk, of7]of mlAs
o191 A 7oK}, ANSHT A, T

> (o
fr
Wi

4
ot o

[¢]
0,
ox
offt o
o/
i

ol =

Mgl X oA mE
r

Ak, A% 71 A B2t 5 A AT g
2 B A RS ARSI A B 4]
e
AT YR ATE B A AN Ausk o
H AR B, BB ALY AL AR e

A B ST Qlek A 2 EEe] 28
9ot A Fag AHOE ot Ik FF BUFE A
T A g Estel 30, A2 12U e} B 7
$9) 9AE BFTHe FFOR A&olof k. 53 v
Fioh UL AR, ANSH 23, T2AWHA
A, A2 QAR RS FAT B ALY E o]
A B, olF B A=A AR 4FOR AAs
L 77t Fasith B3 AR VI A DS Bt
o2 Zuke) AXol TXX) Y, AWEH 0 A TR
B T ANAE BESH WO R WS} Gt
ol AT WYY B PA A ek olshE
AL, Tt A2 AR ES ol 7ol B o]t

A =

o] =B W RFAR FEESAAQ T=A
AZ P ALY 7)1 EAFY(GP2025-003) 2] 2| Y& Hlo} 24
HAsUTE =89 S AeFA Ao g
s HEFA 734 2, YA waed, AlAsH
Al AAFFAL M E e g of HAEA 2ol

A=Y,
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