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The intracontinental-extensional full-temperature metallogenic model: application to the prospecting
breakthroughs at the Shuikoushan ore field

Abstract: [Objective] The central Nanling metallogenic belt is a representative region of intracontinental magmatic-hydrothermal
mineralization in South China. Large Pb-Zn-Fe-Cu-Au-Ag deposits like the Shuikoushan ore field are concentrated in this belt but largely
exhausted at shallow levels after a century of mining, making the succession of deep resources increasingly difficult. [Methods] To guide
deep drilling in those old mines, this study systematically analyzes the metal sources, ore-controlling factors, temperature-dependent
hydrothermal zonation, mineralization styles, and metal associations as well as their spatiotemporal coupling relationships across the
material, structural, thermal, and metallogenic domains. [Results] The material domain reveals that magmas derived from different
crustal levels and undergoing variable differentiation processes carry distinct metal inventories. Highly differentiated S- and A-type granites
are enriched in W, Sn, Li, Be, Nb, and Ta, whereas weakly differentiated and oxidized I-type granodiorites are enriched in Fe, Cu,
Au, Pb, and Zn. The structural domain shows that the intersections of deep faults and reversed folds, together with the calcareous-
siliceous interfaces, provide the principal conduits and traps for ore-forming fluids. The thermal domain indicates that ore-forming metals
are unloaded sequentially with decreasing temperature away from the intrusion. Tungsten, tin, molybdenum, and bismuth precipitate in
the high-temperature proximal zone, together with iron and copper in the medium-high-temperature zone, lead, zinc, and gold in the
medium-temperature zone, and gold and silver in the low-temperature distal zone. The metallogenic domain integrates the above three
domains into a coherent framework, which can be summarized as one center, two structures, three systems, and multiple metals. This
framework explains why distinct mineralization styles are superimposed within a single ore field. [Conclusions] On this basis, we propose
an intracontinental-extensional full-temperature metallogenic model. This model emphasizes that magmas from different crustal levels and
with variable differentiation were collectively emplaced at the intersections of deep faults and reversed folds. They successively formed
high-temperature pegmatite-greisen Li-Be-Nb-Ta (400~600 °C), medium-to-high temperature skarn-porphyry W-Sn-Fe-Cu (250~550
°C), medium-temperature skarn Pb-Zn (200~450 °C), medium-low-temperature hydrothermal vein-type Pb-Zn-Au-Ag (150~350 °C),

and epithermal Au-Ag (100~300 °C) mineralization. Distinct metallogenic systems can overlap at the same period. Application of this
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model to the Shuikoushan ore field achieved three prospecting breakthroughs, including the discovery of the IV-3 orebody cluster to the
east of the F», fault at Kangjiawan via the "anticline + N faults" model, the recognition of high-temperature Cu-Au mineralization to the
south of the Kangjiawan anticline based on the development of full-temperature mineralization along each concealed intrusion, the
identification of skarn-porphyry type Cu-Fe-Au mineralization in the deeper Laoyachao—Yagongtang area guided by the concept that
mineralization in different temperature domains serves as mutual prospecting indicators. [Significance] These results suggest that South
China still holds extensive exploration potential for nonferrous and rare metals. The intracontinental-extensional full-temperature

metallogenic model can provide new exploration strategies and target directions within mature mining districts.

Keywords: Intracontinental-extensional setting; Full-temperature metallogenic model; Nanling; Shuikoushan; Prospecting

breakthrough
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Fig. 1 Simplified tectonic and geological map of the Nanling metallogenic belt showing the distribution of typical mineral deposits

(a) Simplified tectonic map of South China showing the location of Nanling metallogenic belt; (b) Simplified geological map of the

Nanling metallogenic belt showing the distribution of typical mineral deposits (modified after Xu et al. 2021).
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Fig. 2 Simplified geological map of the Shuikoushan ore field and Laoyachao, Kangjiawan deposits

(a) Simplified geological map of the Shuikoushan ore field (after Li and Peng, 1996); (b) Geological map of the Laoyachao deposit at mine

level 11; (c) Geological map of the Kangjiawan deposit at mining level 12
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Fig. 4 Magmatic episodes and intrusion composition diagrams of the middle Nanling belt (See Appendix Table 1 for reference)

(a)The summary of zircon U-Pb ages of mineralized granites; (b) SiO,-(Na,O+K,0) diagram; (c) Rare Earth element pattern; (d)
Si0,-Zr/Hf diegram
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Fig. 6 Diagrams showing the decoupling of Hf-Nd isotopes and zircon isotope indicators for mineralization potential in the middle Nanling

belt (Wang, 2024; Wang et al., 2025)

(a) zircon age-eHf(t) diagram; (b) intrusion age-eNd(t) diagram; (c) whole rock Si0,-8"***Zripcr diagram; (d) zircon W-8"***Zripge diagram
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Fig. 7 The cross-section map showing the surface-wave velocity and inferred paleo-plate section between the Qionglai Mountains and

Dongshan Island (after Rao et al., 2012)
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Fig. 8 Simplified tectonic framework of the middle Nanling belt and geological section of the Baoshan Pb-Zn deposit (after Li and Peng,
1996; Tan et al., 2016)

(a) Simplified geological map of the central Nanling belt showing the location of typical mineral deposits; (b) Representative geological

section map of the Baoshan Pb-Zn deposit in Hunan
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Fig. 9 The summary of the mineralization temperature ranges of typical commodities and deposit types (See Appendix Table 2 for

reference)
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Fig. 10 The comparison of Mesozoic metallogenic systems in South China (modified after Wang, 2024)
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Fig. 11 Conceptual model of the intracontinental-extensional full-temperature metallogenic system (modified after Wang, 2024)

A A A B iR BEIURR H, REIS I IXAS R SRR AT AR A — R (R SESEHBL, ARG 4l
EHAERY RS TIZM, EaEEmn RS L3 “LEEHTE” S5 RS0 R B INk 7L
AR R, B2 R RIRE IV e R LG R R A RRR TR R R IR
BRR - SARIR GRS “ 2R R SRR Fdl G, IREEH Z B R a-BUa BRI L 71, ekl
EIERBR R B RESRAT AN, A BEATR AT R B AT DR BORRIASERY 5 B -PEA TR L B2 &R AT IR
AR W S A A I AT AL, A T RER B RMREBRS 2 SR . Ry TR BT X R s b
R RG . SRR, ATAERT LRI SRR DR R SO DL H R B, 1R RTR AR IR BT

3 KOLWLFA TYFsCi,

FIUSHBIX D2 FUAREED P20 A, 280 LR TR . fE2d 2R E TAE R M LIRS, PR3k
RPYBEIE Al  AXE R 5 K DR SR L R AT 70, F T BA 2R 48 e A5 7K 11 L™ B iy pAY e FR IR T
S BRI, WU Mg IR 3 AN EE R R AR, DB I AR, BRI
RENE B SRS . MR, K ELeT ™ B — R AT A (B e i L Sl v s, “ BT Rt
PG RETUA FE I R RIS MG RS AT, B 2 A M A 8. WFORIE S, T H R TR
FEOR A SRR R R AL BUE AR &R, ATTE K Fe-Cu-Pb-Zn-Au-Ag Z @i 4l & . 7y
R, KRERBEFRPCE KRB AR F 5 B IR 731 A [RIR B I0E KA RS A AT BN 3A bR

—+

it o

P, BB KO LA H “BERHNJ]” 2 EARMOLRE B R, SRR TN bR
B OCHYEEZ AMRENS AR o RFE IR B HE IR SRR 5 = 4 b o AR O B R S R A IR E, A
GTEEY. B & . W B2 EEr I E RIS Rk,
31 N “BR+1 777 8 “BRNTT

FEFR ISR EARD R H 1976 SER IR (Wpteas, 1985) , FHBhEEERE KA E A8 DU S 15 AL Fay il
MR B — S RE R “E R ) R b RIREERER I, FL Wi R & R Y AR A SE
YBRIR 352 2 TR R 2 VR AR A B 5 R DX PN B R B A 25 (0], Y Foo W SR ) AR PRI REE A A R A v T 448
e AL T SR R (B 20) o P WiZHE AR XA IR RGN SO MWiE, B0 By S
[IAZ OO H

SR, Bl G DA TARNY Fo I R G, B IX [ b K PR B 15 RN 8 T SRR A, B FLA% BB B A R AR
AR MPEZERARRL)ZESHL, CIHPRESEETG R 20 FE TS5 A Fa ik HE
WHK . BT R —W R R 7)) B S R AT T R



=900+
11004
-1500
1700

-19(

=23

-2500

0 200 600 800 1000 1200 1400 1600 1800 2000 2300 2400 2600 2800 3000 3300 3400 3600 3800 4000
FEBY (m)

a—AHHTHH- RS RE; b— LB L ERE BARNRALHTREE
B 12 ZKOWE BHESHSIEse SHEEIE SFBMAREE ( Z=RERSE | 1996 ; ENTHE | 2024)

Fig. 12 The Fold-and-fault framework of the Shuikoushan ore field and wide-field electromagnetic interpretation of a typical section
(modified after Li and Peng, 1996; Wang, 2024)

(a)-Representative cross-section geological map showing the fold-and-fault framework; (b) the interpretation of a typical section from

Laoyaochao to Kangjiawan area through wide-field electromagnetic method
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Fig. 13 The drilling work confirming the prospecting space in the inverted limb of the Kangjiawan deposit

(a) representative cross-section geological maps showing the distribution of different mineral assemblies in various temperature range; (b)

the drilling cores of typical Cu-Zn ores; (c) typical skarn sample

SCEE A IR BEIBORAT B ) AR B 45k 2 AN B I — AR TR AR (B 13D o RGURAE T
TR, BRSO E R B AL IR KRR, R CR 2 Pb-Zn-Ag-Au HIIE R FA, FEA AR
IR A - A G B I PO R AR A - Rk S (813D . Xl e, i



PRI LB E A S 28 -0 A 5 P M ARFUEIT R e "R — A 5 AR S, FR s BRI
REAAAE USSR AR e . BRI ozt . R ZBIR K B I e 80 b 4y, E3E m) 723 8] _EORAE T NSy R 5 2k 4
FIMRIR AR AR BRI 541 o AR IX — T, RIS RER (4R T 0] A R PR T8 R AL M iR
i —RIEL R RS A, IR DARRAR S AR G, ) N R R A R 2 i o A A e R

TRILEBIRA™ TAE B 2023 FH 45 FIZE RS 100 WL E 108 ML I R I AR . 7E-500~-900m #r =i 4L,
AL E T AR TAWRE. BEA. A BT AR iR -1 s, SESElm
WRE P — KR W H BTN T 25 B R Hh, W-RAEFRAR A AL U-Pb 468 159
Ma, [NEEH ) Rb-Sr 55 468 9 155~152 Ma, iR sy -~ 25 5 — (R IR Tk AL A 22 I8 1) 7 471 14
BB I E S AL FE (Wang etal., 2023; EH#E, 2024)

113B ML 2 117B M2k 2 (A1 5T 0 31 7% 15 R AR me 3B (SR TAEE— P3R4 7 &80 Pl & 1 AR kb4 . {514
RARBEWER T, BYEEIL AR AR AR & S AL 2 T, MU IR BB 12.42m R EE AR S ARETE (Pb i
18 03% Zn 7R 2.32% Cu fbfiN 0.24% Au fh i 0.88 g/t Ag i 43.69 g/t) F1 6.55m JE ST
S B (Au i 2.49 g/ts B 13) o B Je s 4G WEYEE N M AVEE I S AR A AR, 5 4 i BRIl
AR TR FAY 95 30— IR S A Dk 2R ™ DR ) S350 v — iR Sy R 5 T R R A ) & . R EL S B Y
AYET X -RAR R4, RIS NGBS B (I 102004 , A gesCAZK FHli B 55—
A 34 < B IR A AR X
3.3 MIRERSRSERIR P ek SR

2 SRS A 55 2 /K LA TR P s K i) 2 M X e DATRET LR 2 rh T 0 N KA SR #h
Fefiy, PR R A E R R A R BRI R (B 2b) , IR —ROANEE 500m. X T
P 7] VRS A R S AL R SR BRI T 7, DRIk =2 SR 4 (R VR B PRI B R T R A5 3 78 0 1A

XF EE A U B AT R B A, K DILAE R N KA T8 T2 e 5%k 7ol iRIR I 1 AUE Koo,
FEAREFRAR (Ce*/Ce*) M, A diBkib2H R B A RIBRIATWRRIE (FIKA %, 2022; Wang et
al., 2023) o fERRFEEIREN R T, HWRES 7 ITRER S &S S/A B AR L@tk bR E %=
7, & Fe-Cu-Pb-Zn-Au-Ag [T A EH BEE K, BRGNS & T8 K -t BRI EiR b B, 215 8-
G 0 JEAE B N KB AR R AR FE IR, ARIRI R AR T8 0 A 2 -l it A8, TRy R 55 BT B B A %
SR KL, R ORI R AR AR DR 2 R TR B ) R — R 4

BT ERIIRIAR,  BIBAR T I AR v R 0T 22 S S-S A S R R R (AR AT T 2 (& 14a; T
JHE, 2024) , FEZASE -G AGEH X AR5 H 2 A 5 RSB AR A AT A AT B I il e i X o R ) ) S AT
55 T RITHAE B DA AR ) R A A 3 — B, R A 1 T T MR 3 KT 500 mo T ekl AR R AR NI 7R
S PRI AR X SRR RS PR 5 B A 5 PO IR BEL SR 5, A il 2 AU ARV SR S L R A R 23 ]

o] —

90—

+-1000

-1600] 1200

BE i

20004 -1500

0 400 ] 400 300 1200 1600
49 30 20 ;u {f‘-F'\'Aﬂ (m)
VL T | T ) (42 ) [N T IR
[ o MG Lo MR | [ AR ] A A g o || IR AN
R e | fE R e Kd Kl [(Pdl] R | [ s T
[Pd]Wppgl  SKfyEEe  Tg | fgid [Codh) TERIE| | [BsA

A
ik

a— X BE-BNE SRR AR EAFE; b— 2B E-ARE 204 L HHE



14 BFEE-RERYE X SFBEHE SRR EE

Fig. 14 The wide-field electromagnetic interpretation and the geological map for the typical cross-section from the Laoyachao—Yagongtang

arca

(a) the interpretation of a typical section from Yagongtang to Laoyachao area through wide-field electromagnetic method; (b) the cross-

section geological map of line 204

BEER TAEXT EIR 2 HEAT 7RG (& 14b) , FETU AT ZK2041 B FLIR AL A i E 220 7 1 8 KRS
RA AR . WA AU AR AR N, WA A BRI A S R A Y. B
WS EEEE L 200m, A b i L 3%, AEAEBRANG . FEZIS Y IXRTE R N KSR, BiR TiEW R 74
TR R AL P AR MU S TRAL Y ARk, AT LSRR S AR BRI AR GORIBAE T A K (e b IR T RSB IR AT
G0 Fe ST OB AR A o K IR s BRI R AL, RIS P B 2 5 R, fRR X
BAS ) 2 ANEAH FHAT SR 71, TR SETT IR Y™, A 8 S o [ o 2 0 e DXV Bl 6 % B
PRI SE T o
3.4 U RS ME

WRFTI A A 58 il FE IO BB AR, Ty B B iR SR B ALE K il s B0 EE. B 1S 22
WL AR SEE,  H 2016 DUORES:IAG R EE R, R0, & B IE KM R 3 £,
WL 25, Bk KB, BAEEBRR. RO BER RS 70 JIMERIE Y 2 TR Sy BF L R i 45 A
RS T WS BRI S

4 2REEAE SRR R XA HRIS

KT LA™ FE AT S, 2 Xof ity Py e o 4 Ui P8 ket RO AN EE VR T 1) AR I AIE Y R GEAG B, 36 UE T ki Y i 2
B HCF R H A 2 FE R 23 () 2 i MR, i3 — 2D R R R R L DX AR BT 4R 25 1)

AU FE R B CLE K L b X SEE A IR A S R R R . BEAEF R CGEE PSR, 20200 %
BB RS 28 PGSR — 2k VL R L R R “ S 7 o SX SEBUB g &G, EMARIL—H i
XAt — RIVRD LR ERPER NS o IX S8 A 22wl (o7 T 1887 B 72 1 55 mp A AR BB 73 1 B 25 1) 8 — L B 4 o
LR R £ T A Ay B & R B W R BUR S LI G RIS, IR A R v REORAF B 1k, R4ErE
) 4 R R A () S S TT 1A

e —KEE &L B &N, EEET AT ARAE SR EAEHEZE 2T &M
WK R4, AERALKFENBARERE. 8. 85, &, K SHE. DRy ARE& LR T R
R RHEE R B4 4 X (Huand Zhou, 2012; #AFGESE, 2016) o X— X EA 4R RN B h—(K
BRI MR R, IS WS B0 R R e B HIE R . UGS B, MK 4R
FE IR AT BEAR 5 H RIS AN RO, B TN L 21227 R, TERE G- R G IR
AHREAL, ) DL AR R LR FR e 2 A] .

AR PESR R B T — D SRR SRR R . IR ZER, SRR ETEEN eSS eE- Wk
BRI R UTE R, B . BRI A SR, 5SmSR R AR RS A R A . A BAAE BE R AL
X A s b, AR HE AR AR VR A SRR TS B b I R T R SR A A R, B T2
B REThERSE, Br T EEAE SR SEEIEN ST (B, 202600 o X—RIEH, Mg
W CERIRNE MBS L L, HE G WE &EEh&EE .

5 &ANE

SCEE PR AR Bl P AR R R IR B AR AR I, R R U s DX BT ST (O i - s T s T B R AR



WRA ARG R B -1 R A BRI G IR . AR By SR RN R AR R IR
MLEES, BT F 2 RALRE M e IR UG R . AR AR FE O I 0 22 i B 26 A T AR A AL B A 3L ]
PUE T Bl AR I T HOH A SR A AL S 5 R . BT AR B AR s PIRIE
=R, e R, KO HES “HRAN T R FEA, SRR — IR O R GEA R,
Ph R B A 1 R, TFRE VIREREE AR BARZ AR S, K EL . YRR, BT LRSS
TR R, B IRERZ A I B A B R o [ A o e 4 P B ™ A e g AT A T o) 12 FH
S, IR IR 2R LA R R P A R4 i S 2 K L SR R e A, TR A DX e RO R IR AR A
RGRITTRER I E 20 KM, Bl o s RS M R G2 TR B M ATRM A S8 . RATF
J AT TR RE IO BT 4R S B, A N 22 LRI AR IR AR T 1A

BEARATRE: B 1L BEER 2 hEE SR, Hdm msetE e & i,

EZTTBAAERR: EMOE ST 8, B, Y. BRASERICEBE S B4 TR, (8 CRERIERE
T fF RPN R R -

Author’s Contributions: WANG Jionghui was responsible for full-text writing, data collection, revision, processing,
and figure compilation. The author has read and approved the submission and publication of this manuscript.

FERRERR: AT EE B IAHT AR A 28 v 5

Conflict of Interests:  All authors declare no conflict of interests.

SE 3wk

AKINFIEV N N, ZOTOV A V, 2010. Thermodynamic description of aqueous species in the system Cu-Ag-Au-S-O-H at temperatures of 0-600°C and pressures of 1-
3000 bar[J]. Geochemistry International, 48(7): 714-720.

AKINFIEV N N, TAGIROV B R, 2014. Zn in hydrothermal systems: thermodynamic description of hydroxide, chloride, and hydrosulfide complexes[J].
Geochemistry International, 52(3): 197-214.

BAID Y, HUANG J Z, L1J D, et al., 2007. Multiple geological elements constraint on the Mesozoic tectonic evolution of South China: apocalypse of the Mesozoic
geological evolution in southeastern Hunan and the Hunan-Guangdong-Jiangxi border area[J]. Geotectonica et Metallogenia, 31(1): 1-13. (in Chinese with English
abstract)

BAID Y, TANGF P, LI B, et al., 2022. Summary of main mineralization events in Hunan Province[J]. Geology in China, 49(1): 151-180. (in Chinese with English
abstract)

CHEN D Q, WU J S, 1990. The mineralization mechanism of ion-adsorption rare earth deposits[J]. Journal of the Chinese Rare Earth Society, 8(2): 175-179. (in
Chinese)

CHEN HY, WU C, 2020. Metallogenesis and major challenges of porphyry copper systems above subduction zones[J]. Science China Earth Sciences, 63(7): 899-918.
CHEN J, WANG R C, ZHU J C, et al., 2013. Multiple-aged granitoids and related tungsten-tin mineralization in the Nanling Range, South China[J]. Science China
Earth Sciences, 56(12): 2045-2055.

CHEN Y C, PEIR F, ZHANG H L, et al., 1989. The geology of non-ferrous and rare metal deposits related to Mesozoic granitoids in Nanling region[M]. Beijing:
Geological Publishing House: 508. (in Chinese)

CHEN Y J, 2013. The development of continental collision metallogeny and its application[J]. Acta Petrologica Sinica, 29(1): 1-17. (in Chinese with English abstract)
CHEN Y X, LI H, SUN W D, et al., 2016. Generation of Late Mesozoic Qianlishan A>-type granite in Nanling Range, South China: implications for Shizhuyuan W-Sn
mineralization and tectonic evolution[J]. Lithos, 266-267: 435-452.

CHENG Y Q,CHEN Y C, ZHAO Y M, 1979. Preliminary discussion on the problems of minerogenetic series of mineral deposits[J]. Bulletin of Chinese Academy of

Geological Sciences, 1(1): 32-58. (in Chinese with English abstract)



CHUY, LIN W, FAURE M, et al., 2011. Tectonic evolution of the Early Mesozoic Xuefengshan belt: insights from structural analysis and geochronological
constraints[J]. Chinese Journal of Geology, 46(1): 146-160. (in Chinese with English abstract)

FUSL,HUR Z, PENGJ T, et al., 2023. A comprehensive genetic model for the world’s largest Sb deposit (Xikuangshan, China)[J]. GSA Bulletin, 135(3-4): 1074-
1088.

GAO X D, 1995. Main types of gold deposit in Shuikoushan ore field and the prospective areas for Au-searching[J]. Hunan Geology, 14(4): 220-225. (in Chinese with
English abstract)

GONG XD, LIY S, GONG F Y, et al., 2011. Geological characteristics of the Laoyachao lead-zinc-gold deposit in the Shuikoushan area, Hunan Province[J]. Acta
Mineralogica Sinica, 31(S1): 20-21. (in Chinese)

GUO C, LU Y J, OUYANG Z Q, et al., 2023. Geological characteristics and genetic analysis of Laoyachao gold deposit in Shuikoushan, Hunan Province[J].
Northwestern Geology, 56(5): 294-307. (in Chinese with English abstract)

HOU Z Q, 2010. Metallogensis of continental collision[J]. Acta Geologica Sinica, 84(1): 30-58. (in Chinese with English abstract)

HU R Z, 1990. A possible metallogenic model for granite-type uranium deposits[J]. Chinese Science Bulletin, 35(7): 526-528. (in Chinese)

HU R Z, MAO J W, FAN W M, et al., 2010. Some scientific questions on the intra-continental metallogeny in the South China continent[J]. Earth Science Frontiers,
17(2): 13-26. (in Chinese with English abstract)

HU R Z, ZHOU M F, 2012. Multiple Mesozoic mineralization events in South China: an introduction to the thematic issue[J]. Mineralium Deposita, 47(6): 579-588.
HUR Z, FU S L, XIAO J F, 2016. Major scientific problems on low-temperature metallogenesis in South China[J]. Acta Petrologica Sinica, 32(11): 3239-3251. (in
Chinese with English abstract)

HUA R M, CHEN P R, ZHANG W L, et al., 2005. Metallogeneses and their geodynamic settings related to Mesozoic granitoids in the Nanling Range[J]. Geological
Journal of China Universities, 11(3): 291-304. (in Chinese with English abstract)

HUANG G L, WU L Q, DENG P, et al., 2006. Prospecting potential and direction for granite uranium deposit in north Guangdong, China[J]. Uranium Geology, 22(5):
267-275, 280. (in Chinese with English abstract)

HUANG J Z, SUN J, ZHOU C, et al., 2020. Metallogenic regularity and resource potential of gold deposits of Hunan area in the Jiangnan orogenic belt, South
China[J]. Acta Geoscientica Sinica, 41(2): 230-252. (in Chinese with English abstract)

HUANG X D, LU J J, SIZARET S, et al., 2017. Petrogenetic differences between the Middle-Late Jurassic Cu-Pb-Zn-bearing and W-bearing granites in the Nanling
Range, South China: a case study of the Tongshanling and Weijia deposits in southern Hunan Province[J]. Science China Earth Sciences, 60(7): 1220-1236.

Inglis E C, Moynier F, Creech J, et al. 2019. Isotopic fractionation of zirconium during magmatic differentiation and the stable isotope composition of the silicate
Earth. Geochimica et Cosmochimica Acta[J], 250: 311-323.

Kirkpatrick H M, Harrison T M, Ibanez-Mejia M, et al. 2023. Temperature and co-crystallization effects on Zr isotopes. Geochimica et Cosmochimica Acta[J], 352:
69-85.

JIANGXI BUREAU OF GEOLOGY AND MINERAL RESOURCES, 1984. Regional geology of Jiangxi Province[M]. Beijing: Geological Publishing House: 921. (in
Chinese)

LIN Q, PENG C, 1996. Shuikoushan lead-zinc-gold-silver Orefield, Hunan, China[M]. Beijing: Seismological Press: 107. (in Chinese)

LIS H, 2015. Ore-forming mechanisms and prospecting models of typical granite type rare metal deposits in South China[D]. Beijing: China University of
Geosciences (Beijing). (in Chinese with English abstract)

LIY S,ZHEN SM, GONG F Y, et al., 2011. Identification of the ore-forming geological body of the Kangjiawan lead-zinc-gold-silver deposit in Hunan Province and
its significance[J]. Acta Mineralogica Sinica, 31(S1): 964-965. (in Chinese)

LIY S,ZHEN SM, GONG F Y, et al., 2012. A discussion on the source of ore-forming materials in the Shuikoushan lead-zinc-gold-silver ore field, Hunan
Province[J]. Mineral Deposits, 31(S1): 571-572. (in Chinese)

LIY S,ZHANG B L, GONG F Y, et al., 2021. Genesis of the giant Kangjiawan lead-zinc ore deposit in Hunan Province: evidences from fluid inclusion, H-O and S
isotope[J]. Acta Petrologica Sinica, 37(6): 1847-1866. (in Chinese with English abstract)

LIAO Y Z,ZHAO B, ZHANG D H, et al., 2021. Evidence for temporal relationship between the Late Mesozoic multistage Qianlishan granite complex and the
Shizhuyuan W-Sn-Mo-Bi deposit, SE China[J]. Scientific Reports, 11(1): 5828.

LIU G C, 1946. A geological discussion on the Shuikoushan area, Hunan Province[J]. Geological Review, 11(S1): 29-38. (in Chinese)

LIU X C, YU P P, XIAO C H, 2023. Tin transport and cassiterite precipitation from hydrothermal fluids[J]. Geoscience Frontiers, 14(6): 101624.



MAO J W, XIE G Q, GUO CL, et al., 2007. Large-scale tungsten-tin mineralization in the Nanling region, South China: metallogenic ages and corresponding
geodynamic processes[J]. Acta Petrologica Sinica, 23(10): 2329-2338. (in Chinese with English abstract)

London D. 1987. Internal differentiation of rare-element pegmatites: Effects of boron, phosphorus, and fluorine. Geochimica et Cosmochimica Acta[J], 51(3): 403-420.
PAL'YANOVA G, 2008. Physicochemical modeling of the coupled behavior of gold and silver in hydrothermal processes: gold fineness, Au/Ag ratios and their
possible implications[J]. Chemical Geology, 255(3-4): 399-413.

PETERSEN U, 1999. Magmatic and metallogenic evolution of the central Andes[ M]//SKINNER B J. Geology and ore deposits of the central Andes. Littleton: Society
of Economic Geologists: 109-154.

QIN Z W, FUJ M, XING G F, et al., 2022. The petrogenetic differences of the Middle-Late Jurassic W-, Sn-, Pb-Zn-Cu-bearing granites in the Nanling Range, South
China[J]. Geology in China, 49(2): 518-541. (in Chinese with English abstract)

RAOJR, XIAOHY, LIU Y R, etal., 2012. Location of the Yangtze-Cathaysia plate convergence zone in Hunan[J]. Chinese Journal of Geophysics, 55(2): 484-502.
(in Chinese with English abstract)

REED M H, PALANDRI J, 2006. Sulfide mineral precipitation from hydrothermal fluids[J]. Reviews in Mineralogy and Geochemistry, 61(1): 609-631.

SHANG L B, WILLIAMS-JONES A E, WANG X S, et al., 2020. An experimental study of the solubility and speciation of MoOs(s) in hydrothermal fluids at
temperatures up to 350°C: a reply[J]. Economic Geology, 115(8): 1872-1873.

SHIJ K, WANG Q H, 1988. Discovery of a Diwa-type Paleokarst uranium-gold deposit in the Shuikoushan mining district, Hunan Province and its prospecting
significance[J]. Carsologica Sinica, 7(S1): 115-125. (in Chinese)

SHU L S, ZHOU X M, DENG P, et al., 2006. Principal geological features of Nanling tectonic belt, South China[J]. Geological Review, 52(2): 251-265. (in Chinese
with English abstract)

STEFANSSON A, SEWARD T M, 2003. Experimental determination of the stability and stoichiometry of sulphide complexes of silver(l) in hydrothermal solutions to
400°C[J]. Geochimica et Cosmochimica Acta, 67(7): 1395-1413.

SUN W D, HUANG R F, LI H, et al., 2015. Porphyry deposits and oxidized magmas[J]. Ore Geology Reviews, 65: 97-131.

TAN S M, LIU B D, ZHOU L T, 2016. The geological survey report on the mineral deposits in Baoshan area, Hunan[R]. (in Chinese)

WANG D H, TANG J X, YING L J, et al., 2010. Application of "five levels + basement" model for prospecting deposits into depth[J]. Journal of Jilin University
(Earth Science Edition), 40(4): 733-738. (in Chinese with English abstract)

WANG D H, WANG Y, QIN J H, 2022. Geology of mineral resources in China: volume of Nanling[M]. Beijing: Geological Publishing House: 1060. (in Chinese)
WANG J H, L1'Y, HUANG D M, et al., 2013. Reserves estimation of the Nihe iron deposits in Anhui based on ordinary kriging[J]. Geology and Exploration, 49(6):
1108-1113. (in Chinese with English abstract)

WANG J H, MA X H, L1Y, etal., 2014. Petrogenesis of granitic complexes and implications for the W-Mo mineralization: a case study from the Youmapo pluton,
Guangxi Province[J]. Acta Geologica Sinica, 88(7): 1219-1235. (in Chinese with English abstract)

WANG J H, ZHANG X, CHEN D G, et al., 2015. Influence of during south ion-absorbed-type rare earth deposit mining on groundwater and it’s monitoring[J].
Science & Technology Review, 33(18): 23-27. (in Chinese with English abstract)

WANG J H, ZHANG Y, ZHANG C X, et al., 2019. Exploration progress and prospecting orientation at depth of Huangshaping lead-zinc polymetallic ore deposit,
Hunan[J]. Mineral Exploration, 10(4): 835-844. (in Chinese with English abstract)

WANGJ H, DU Y L, ZHANG F H, et al., 2023. Deeply derived magma controlling the polymetallic mineralization at Shuikoushan, South China: constraints from
mineral U-Pb dating and whole-rock geochemistry[J]. Minerals, 13(12): 1508.

WANG J H, 2024. The metallogenic process of magmatic-hydrothermal Pb-Zn polymetallic deposits in Nanling Range[M]. Beijing: Geological Publishing House:
232. (in Chinese)

WANG J H, ZHANG X, ZHU Z X, et al., 2025. Zirconium isotope evidence for crystal-melt segregation during high-silica granitic magma differentiation[J]. Earth and
Planetary Science Letters, 655: 119251.

WANG J H, 2026. Finding beryllium in tungsten: discovery of quartz-vein-type W-Be mineralization in Nanling and its exploration implications[J]. Earth Science, 1-
21, doi: 10.3799/dqkx.2026.136. (in Chinese with English abstract)

WANG X S, WILLIAMS-JONES A E, HU R Z, et al., 2021. The role of fluorine in granite-related hydrothermal tungsten ore genesis: results of experiments and

modeling[J]. Geochimica et Cosmochimica Acta, 292: 170-187.



WILLIAMS-JONES A E, HEINRICH C A, 2005. 100th anniversary special paper: vapor transport of metals and the formation of magmatic-hydrothermal ore
deposits[J]. Economic Geology, 100(7): 1287-1312.

WILLIAMS-JONES A E, BOWELL R J, MIGDISOV A A, 2009. Gold in solution[J]. Elements, 5(5): 281-287.

XUJX,ZENG Z L, WANG D H, et al., 2008. A new type of tungsten deposit in southern Jiangxi and the new model of "five floors + basement" for prospecting[J].
Acta Geologica Sinica, 82(7): 880-887. (in Chinese with English abstract)

XU X B, LIANG C H, CHEN J J, et al., 2021. Fundamental geological features and metallogenic geological backgrounds of Nanling tectonic belt[J]. Earth Science,
46(4): 1133-1150. (in Chinese with English abstract)

YANG C Y, 1985. Discovery and genesis of the Kangjiawan lead-zinc deposit, Hunan Province[J]. Geology and Exploration, 21(5): 1-7. (in Chinese)

YANGJ H, KANG L F, PENG J T, et al., 2018. In-situ elemental and isotopic compositions of apatite and zircon from the Shuikoushan and Xihuashan granitic
plutons: implication for Jurassic granitoid-related Cu-Pb-Zn and W mineralization in the Nanling Range, South China[J]. Ore Geology Reviews, 93: 382-403.

YIN J Z, WANG M C, 1993. Geological characteristics and genesis of the Longwangshan gold deposit in the Shuikoushan ore field, Hunan Province[J]. Gold
Geology(3): 46-50. (in Chinese)

YUH C, QIUK F, SIMON A C, et al., 2023. Telescoped boiling and cooling mechanisms triggered hydrothermal stibnite precipitation: insights from the world’s
largest antimony deposit in Xikuangshan China[J]. American Mineralogist, 108(7): 1213-1223.

YUH X, LIUJ Y, 1997a. The characteristic and petrogenesis of the granitic subvolcanic complex in the Shuikoushan Orefield[J]. Geotectonica et Metallogenia, 21(1):
32-40. (in Chinese with English abstract)

YUH X, LIUJ Y, 1997b. The granitic subvolcanic complex and polymetallic mineralization in Shuikoushan Orefield[J]. Contributions to Geology and Mineral
Resources Research, 12(4): 35-44. (in Chinese with English abstract)

YUAN S D, PENG J T, SHEN N P, et al., 2007. **Ar-*Ar isotopic dating of the Xianghualing Sn-polymetallic Orefield in southern Hunan, China and its geological
implications[J]. Acta Geologica Sinica-English Edition, 81(2): 278-286.

Yuan Y, Guo J-L, Zong K, et al. 2022. Stable zirconium isotopic fractionation during alkaline magma differentiation: Implications for the differentiation of continental
crust. Geochimica et Cosmochimica Acta[J], 326: 41-55.

ZENG L P, ZHAO X F, SPANDLER C, et al., 2024. The role of iron-rich hydrosaline liquids in the formation of Kiruna-type iron oxide-apatite deposits[J]. Science
Advances, 10(17): eadk2174.

ZHAL'Y S, WANG J P, PENG R M, et al., 2009. Research on superimposed metallogenic systems and polygenetic mineral deposits[J]. Earth Science Frontiers, 16(6):
282-290. (in Chinese with English abstract)

ZHANG W, ZHANG F Q, DILEK Y, et al., 2022. Basin response to the Jurassic geodynamic turnover from flat subduction to normal subduction in South China[J].
GSA Bulletin, 134(7-8): 1681-1700.

ZHANG'Y Z, 1957. The Shuikoushan Pb-Zn deposit in Hunan[J]. Geological Review, 17(3): 310-323. (in Chinese)

ZHAO P D, ZHANG S T, CHEN J P, 2004. Discussion on prediction and appraisement of replaceable resources of crisis mine[J]. Journal of Chengdu University of
Technology (Science & Technology Edition), 31(2): 111-117. (in Chinese with English abstract)

ZHAO S T, MAO S D, ZHANG W G, et al., 2025. Stibnite solubility and precipitation in hydrothermal fluids: constraints from thermodynamic modeling[J].
Geochimica, 54(3): 379-389. (in Chinese with English abstract)

ZHAO Z, WANG D H, CHEN Z H, et al., 2017. Progress of research on metallogenic regularity of ion-adsorption type REE deposit in the Nanling Range[J]. Acta
Geologica Sinica, 91(12): 2814-2827. (in Chinese with English abstract)

ZHAO Z, CHEN Y C, WANG D H, et al., 2022. Transformation of Mesozoic dynamic systems and superposition of metallogenic series of W-Sn-Li-Be-Nb-Ta-REE
mineral deposits in South China[J]. Acta Petrologica Sinica, 38(2): 301-322. (in Chinese with English abstract)

ZHENG Y F, 1986. An investigation of genetic model for a certain granite-type uranium deposit in southern China[J]. Bulletin of Nanjing Institute of Geology and
Mineral Resources, Chinese Academy of Geological Sciences, 7(1): 51-59. (in Chinese with English abstract)

ZHOU T F, FAN Y, YUAN F, 2008. Advances on petrogenesis and metallogeny study of the mineralization belt of the Middle and Lower Reaches of the Yangtze
River area[J]. Acta Petrologica Sinica, 24(8): 1665-1678. (in Chinese with English abstract)

Zhu Z, Zhang W, Wang J, et al. 2023. Magmatic crystallization drives zircon Zr isotopic variations in a large granite batholith. Geochimica et Cosmochimica Acta[J],

342: 15-30.



ZUO C H, 2015. Study of the Kangjiawan lead-zinc deposit genesis and relationship with surrounding magmatism in Changning City, Hunan Province[D]. Nanjing:
Nanjing University. (in Chinese with English abstract)

ZUO Z, 2021. Metallogenic study and prospecting direction of Shuikoushan ore field[J]. World Nonferrous Metals(3): 83-85. (in Chinese with English abstract)

Bft o 30 825 SOk

MR, TR, FEA, %, 2007, AR ARG EGT R M 2RI R A AR R A X A A AR R S R R[], KR I S R
31 (1) & 1-13,

MBI, JEEL, M, S5, 2022. IR RO MR RN ED]. R EMER, 49 (1) ¢ 151-180.

WRpares, SEHRL 1990, 7R R BUH L PRI B HLARILT). T ARG LA, 8 (2) 175179,

MRAEEs, S, 2020 M BEA SN RGN VIS FZEHRD]. PERFE: HIREEE, 50 () 865-886.

VRS, THOR, K&, %, 2014. B S EHRIER A MR E RE (R, hE RS HEREE, 44 (1D« 111-121

BRATSE, 2013, KEERER S 2GRS D]. B A%, 29 (D« 1-17.

MRl 35, KER, %, 1989 MISHLX 5 i A ARIE R A 28 R (U R SR PRI (M. JL5t: BT HHARAL: 508,

TR, BRI, B —N8, 1979, MR PRI R 50 inl B[] o R 22 e bedf, 1 (1) = 32-58.

*#, M, FAUREM, etal, 2011, FUd ) R A AMIEEL: Wil AERE A H ). HBRRE, 46 (1) @ 146-160.

R, 1995, KT H BB G R R IR J7 1], IR, 14 (4) : 220-225.

JUNGR, 2K, AREE, 45, 2011 HTF/K O 208 S B B PRITURFAELT]. B 02441, 31 (S1) + 20-21.

i, SRR, BEHER, 55, 2023 WIEK LR G R M SRR AE K R AT (T]. PEAEHLE, 56 (5) - 294-307.

BERGHE, 2010, KFERERE S B[I]. HUBER, 84 (1) : 30-58.

WSS, 1990. T8 & BLANE PR — M ] RER B A aR[T]. BRI, 35 (7) : 526-528.

WA, BROC, YRE, &, 2010. R RERRE P9 R A RO — SRR R R ). TR, 17 (2) ¢ 13-26.

RS, ARhbe, EnTE, 2016, HETCHUBRIR B H 2R RUE D] 4R, 32 (11D« 3239-3251.

ARG, BREESR, 5koC2s, 45, 2005, BIs 5 o AR ARTE B A SR SR A R LR 5 5 (0], SR 2A4i, 11 (3D« 291-304.

WEJE, REE, B, 4, 2006. EACTER A AL HATVE ) KA T ). SR, 22 (5) - 267-275, 280.

BEET, PN, RE, 5, 2020 LRGE LAY CEIREED S0 R MR 5 RIS JI0]. hEREFAR, 41 (2D« 230-252.

VLA 775, 1984, YLPG 4 X st i S (M. ALt M AR AL: 921

PResk, S, 1996. WIRE/K LA EE AR RIM]. dbat: R ARAL: 107.

ZERERR, 2015, SR SUALIE B A AURE SR PR R HLA] S 4RF BB 50D, Jbst: A B R Cbs .

KM, B, AU, 4, 2011, IR RHEK TS YRR SR R A AR s S LR ) AR, 31 (S1) - 964-965.

PN, BRI, AU, 55, 20120 IR K YR G BT D BORIE R T (). 5T RMUT, 31 (S1D : 571-572.

A, KA, AU, M, 2021 IR RERTE KA R B PR R S E A SR RN R R BRFC RIS B AR, 37 (6) 1847
1866.

XIE &, 1946, 1R /K LSRR I]. HURBIE, 11 (S1) : 29-38.

B|HOL, WHETT, FEW, 55, 2007. B XN 2 SRR (E . I BR B BRS04 0] A AR, 23 (10D« 2329-2338.
ZERA, VRN, JMOGAR, A, 2022, MU RO R — MR LR D SRS . . BUETEE (B JERUE IZE SRR AL ]. BT, 49 (2) : 518-541.
RER, HilEs, MR, &, 2012.45 7. RE GRS RN ED]. IR, 55 (2) : 484-502.

A, I, 1988, IR K LA X Y o A U-Au 5 R ILR R BT, hEE T, 7 (SDD) « 115-125.

FERA, B, B, 4, 2006. BUSHIIET R A RARAET]. BB TR, 52 (2) - 251-265.

AL, XFE, HSLE, 2016, MR E X B A SRR (R YD: TR 4 U5 A A

FHLL, R, ROLAR, &, 2010, “TUEHEHHL T %7 $0A RS IR0 A B OO R AT A= ST). FAROR 4R GBERBEMO 40 (4) + 733-738.
TR, T, FEE, 2002, B E PR IR M]. JbaT: MU A 1060.

ENEE, gk, HAME, 5, 2013 BT8R EEGARIYR IR IR B IR GG R A ST ). U SR, 49 (6) @ 1108-1113.

EE, DEMK, R, 5F, 2014 FEREEREHRE LILE W-Mo Sl I 5. BT PG IMBRICA A9 B[], B4R, 88 (7) : 1219-1235.



T, Bk, BRIEST, &, 2015 M5B AR LA TR T OK K e R IR R0 BHBUSAR, 33 (18) « 23-27.

FHRE, TS KA, A, 2019. WIRS VIR 2 IR ARSI SR ARG T D] A, 10 (4) : 835-844.

TN, 2024. BEUS BT I R BRI 2 R A R M. LT MR AR 232,

N, 2026. 55 TP — RIS £ SR BL S B AL R R B R LR SCT]. SR, 1-21, doi: 10.3799/dqkx.2026.136.

VPERE, WEOK, B4, 55, 2008, SEEYHIEAK CHEHAH R E RYBURI. R AR, 82 (7) : 880-887

moeke, WAdE, BREYD, %5, 2021. RIS RS BRI RRAE S M Y SLT]. HERALSE, 46 (4) ¢ 1133-1150

Mifkai, 1985, BEREHYEEN R AR I AR AT, iR 58, 21 (5) : 1-7.

REVE], EEYI, 1993, WIF A /K FILE™ B2 E L G0 RIBFRHE KR [J]. 38 E iR (3) @ 46-50.

MR, XSKEE. 1997a. /K 1A FHAE 5 BT K LU 2% B R RFAE (D). KRG S5 AT 2, 21 (1D = 32-40.

WEAE, XIZKEE. 1997b. /K LT HIFE R TS Kl 2t 5 2 R B [J]. HUB R E A, 12 (4) « 35-44.

AL, ER, WHR, 5, 2009. NN RS 2 BB R[] H2ET4, 16 (6) : 282-290

KA IE, 1957 WK LSRR B IR HUFTETE, 17 (3) « 310-323.

RS, TKARE, BREEST, 2004, AU LL AT R SR TN PAN 45 T BRI (0], BB LR R CEARBRERD » 31 (2) ¢ 111-117
AL, B, skoCw, &5, 2025 MR PRI SYUENLE]: Ok B HJ SRR HuRIEAE, 54 (3D : 379-389
BRIE, BRENL, EXA, 25, 2022. 4R AARE) J) i b A B R ARG L PR R AR BN AL [T]. A AR, 38 (2) ¢ 301-322
B, EEA, WA, 5, 2017. B0 E TR AR LR BURRT SR HE R D] 2R, 91 (12) - 2814-2827.

H &, 1986, HRGFAL KA TN PR LU FU[0]. o R R R B e SR PR TR, 7 (1) ¢ 51-59.

JAVER, Y0, FElE, 2008, KIL ARG G B E OB R[T]. B AR, 24 (8) : 1665-1678

FEEFE, 2015 WIRGH T RESTEH N R UE I 5 R A S AR IR RIFAU[D). Bt BRI

ZEg%, 2021 KNG S B I SR T R 0] R A e R (3) - 83-85

F

R EE R

ImE, #RR, HLERW, RYELT ROGARASEELELE, AT HEFLARAGANEEK. 1987 F RV TRAHRF
e s f R L0k, 2025 FRHKAE T ARFEAMFAAFRESIK, AEFEET EREALTR. PEHT LHEA2EI 2K,

Fr#eERRerEZReTEAER, AAERRREAENLRAZR. THERSKANEXEHET R EHEAT =
HAAMAF LA, QEHRFRT HNF “RAER” o “FEERX” , QIHFBAFRIELEESRT EX, ELETHLT L
HENESHERT EARH, RTRI 16 ERE AT K; B “FHAT &7 KBER, EodifdaRmERRAN
ZWWEEY, BATHRY . Pl FIHARSCHN, ERTLFERANREE-E 27 L. SEBEAEPSL. GSAB F A KM FI X
RFEARLO0RE (EF, SCI 22K, EI 3K) , HREF 1M, BRNAHALF 3T, MPARKEHABFEAL-FL 25
(2RD) . Z%RT7T (6R1. 1R2) , EAFRIMEEZRMEAMAAL TR “FBARHRT QHAN” ek &R, BXERH
AR ERBFR, FLEFREMEREE, KeEFTHELRENT,






