doi:10.3799/dqkx.2025.227
RERE SR RETUNIRIL . HiES L
B2, BORT L2, X2, BRaE L2, X L2, Tk 12
1. A s B TIN5 M 5 5 M 2 A A TSI, R KA MR R SR B E R, IR
Kb 410083
2. AOGIE S R ERAE IR A E AR, WE Ky 410083
WE: 7/l ERXET 225 TR R OCHEIREE . BB R MR IR H a5k, £
L PR S PT 2 B BRI ROy DR IR B 2 A R b AR R SR, DR T I A7 B . B
FED . AR RIS R R, TR R R AR ANE IR AR R
(1) T S A B2 K S5 SR B R AR R, AR ™ 7 Bt s B T 7 vk HE LA A TRk — 4 7 [ R
TENL TR A, ARG IR R = — 4R Re TR 5 5 vk R kAR . e 5T
LU RGFBEERL A EI e T, VIR T 0 PRI EE = 4R 454 B 1 M BT - BR )
PR LA L T PRUR S = GRS B A A 1) 7€ A A LA R S B Rt 1) R
TR T “HL TR BT A A A - = 4 A RE T 7 JTVENESE, ST T DA RIR AR EE 1 — 4
FEAE . ARG LT b« IRFRAT AR =458 A0 8 RE TN A% O I B TR HEROR
R HAOHEREHE: (1D T 2R R RS DU HERT T R = 4E 4518
MEE;  (2) a2 HMERE S B I R R = 4E 45 ) L - 5t ™ {5 B B Ae S B
(3) NLFIVREERRZEMZS . ok B B b RS 2% ) S5 N TR RESOR TR B 1R = 4R e 2 1L
T o X — BRI TSI TR A M B B S AL SRR AR R E B AL S A E AL
TR AR REAL, JRAEIRIEIRAR . G S 4R X /F X (R IR B 4R S B b IS (2 25 K
AR SCHR Je RS = 24 2 e s A J A 22 VB R o 2 1) 5 R — AT 0 Jo R 5 ™ 5 SR 3RALE
KV 5 BT SR B IR AT A = 4 58 S0 TTI S5A0 A PR DT 1 IR A7 = 4R RE T A AR SR Pk
RIETTIR),  VAIIHE— (R R R A TR0 R P RE AL R
R YRR TN SRS, R BRI BT R RTINS B R
FEPIRT: P6I2 Y5k H91: 2025-10-30
Intelligent 3D Prediction of Deep Mineral Resources: Theory, Methods, and
Challenges
Mao Xiancheng! 2, Duan Xinming"?2, Deng Hao'2*, Chen Jin"?, Liu Zhankun'-2, Huang

Jixian'2

HEWE: HEARREIEETH (No.42030809 Fl No.42472363) 5 HERHLE KL TR (No.2024ZD1001904) ; A F
FAIHriHE (No.2021RC4055)

BrEERN: B (1963—) , 5, Hid, R, TEAE G B S SRR T4 T R T e AR
E-mail: mxc@csu.edu.cn, ORCID: 0000-0001-5624-351X

SEWRAEEE A A (1983—) , 5, M, EIEE, REAE =M gAY O TIN5y KR T AR, E-

mail: haodeng@csu.edu.cn, ORCID: 0000-0001-9417-6629


https://faculty.csu.edu.cn/denghao1/zh_CN/kyxm/34677/content/26409.htm#kyxm
https://orcid.org/0000-0001-5624-351X
https://orcid.org/0000-0001-9417-6629

1. National Key Laboratory of Metallogeny and Prediction of Critical Minerals, School of Geosciences and
Info-Physics, Central South University, Changsha 410083, Hunan, China

2. Hunan Key Laboratory of Nonferrous Resources and geological Hazard Detection, Changsha 410083, Hunan,
China
Abstract: Mineral resources are vital for national economic security and industrial development.
As shallow resources become increasingly depleted, the exploration of alternative resources in the
deeper parts of mines has become an inevitable strategy to ensure resource security. However, deep
mineral prospectivity mapping faces significant challenges, including great depths, limited direct
observations, and weak indirect information. There is an urgent need to overcome key technical
challenges, including unclear deep ore deposit structures, obscured deep ore-controlling patterns,
and significant difficulties in spatial positioning of deep ore bodies. Traditional quantitative
prediction methods for mineral resources struggle to meet the demand for precise 3D spatial
positioning of deep resources. To address these issues, this paper proposes novel theories and
methods of 3D intelligent prediction of deep mineral deposits. Guided by the metallogenic system
theories and data science, these theories and methods have preliminarily broken through two key
scientific issues: “geological-geophysical-geochemical constraints on the 3D reconstruction of deep
ore deposit structures” and “the controlling mechanism of deep 3D ore deposit structures on the
spatial positioning of mineralization”. It has established a methodological framework of "geological
analysis - refined modeling - 3D analysis - intelligent prediction", and innovatively developed a
theoretical, methodological, and technical system centered on the 3D refined reconstruction of deep
deposit structures, 3D geometric-material analysis of ore-forming space, and intelligent 3D
positioning prediction of deep ore bodies. The core technologies include: (1) refined 3D
reconstruction of deep deposit structures based on multi-source heterogeneous data assimilation and
Bayesian inference; (2) intelligent extraction of 3D spatial geometric and material mineralization
information using coupled simulation of multi-level structural styles and metallogenic processes; (3)
intelligent 3D positioning prediction of deep ore bodies applying artificial intelligence techniques
such as deep neural networks, domain adaptation, and multi-modal learning. These theories and
methods have realized the automation of refined deep structure reconstruction, the quantification of
deep ore-controlling patterns representation, and the intellectualization of orebody positioning
prediction, and have achieved significant breakthroughs in deep ore prospecting in major mineral
concentration areas in China, such as the Jiaodong Peninsula and the Jinchuan. Finally, this paper
discusses the future challenges and development directions of 3D intelligent prediction of deep
mineral resources from the perspectives of multi-source data assimilation for refined 3D modeling
of deep structures, characterization of mineralization information based on the coupling of spatial

structure and metallogenic materials, and large language model-driven 3D positioning prediction of



deep ore bodies, aiming to further promote the development of in-depth intellectualization of deep
mineral prospectivity mapping.

Keywords: three-dimensional mineral prospectivity mapping; three-dimensional geological
modeling; mineralization information extraction; intelligent mineral prospectivity mapping; deep

mineral resources
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Fig.1 Methods for refined reconstruction of deep 3D ore deposit structures using Bayesian data assimilation
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Fig.2 Methods and techniques for 3D geometric and material analyses of deep ore deposit structures and for

extraction of mineralization information
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Table.1 Ore-forming geological factors and indicator sets for different ore deposit types
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o RAR Wi, FRNAH S R B REE
PR R R b35S FIIE A IR IS 14 il
BEZZ A B R & B 2% i N 1 575 S AR B 5
Cu. Ni f&f7
i FACERIE . R AR
Cu. Ni &J@&
ENEAE=S: FRBERRAAIE R R G
A EBBEET R &R G RRW ] ERE
AR EE Al
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JEABTEAET R &R Rty EE L] 5 A 4 1 ) Pl P SRR
WrZPE B R & F4 i B RS 0 25 JRAB 78 15 )

2.2 TRESERA M - F- TR A A

AR BAS 5, REAERE s HUBRAE R e Je s R AR & R AR, R R IR A
T2 GRS S o SRTAT, 4 HTEE XA B AL IE - TR R GE ORI U7 iR 2 M T 52 A X
SR, 3 AN R ST IE 37 s R R KT B e LA S5 G BE AT 1R A AT
FEME RIS .

NEWH PRI RS S B J g R S0 Az T i DR 2 1 AR el 1
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Y. B, ETAVEEE CFLBRIARED RN EE GAMERD | ESE
(R ESE) BRSSPI (GARE-RARShEE) « ShEsFE (M S-RAR) K -#-Ril &7
T, BRI RS =48 )RR . AR RS SR R L, kAR A
RO RS RIS H, R FLAC3D S BR 25 0 P2 5 S Se BB R (R i, %
AR IR DI i BOIAE R, BURF XSS By = YE e RE TN Ak AN
IR FIEHE RS (Shan et al., 2023; Mao et al., 2024d; Xie et al., 2025)
2.3 MANEREE=SEN S ER

VR J BT Bl AR 0T I JFAH B AU PRI BGOSR, Faom i AR e o B S
Mo SR, BT AR M IRAK 25 P S5k SR Al Vi A i3 B SR, (H R TR
HOER AL S B PR B, M USRI RS SEAR IO RRTE B BCE AR B A%, QA oL SR i
TG BB B IR IE B AR, TR TR = -4 57 45 ¥ 20 Wt v AR A e F) S ) R

N HRIR B IR RS BB FE B AT, A4 G A RORT SE IR B IR AR S B B
TWENERAR, R TR DR KRB (HMM) (350 4% J s A3 R S 720 3 W 2 1
575 (Dengetal., 2024; Huang etal., 2024b) o iZAE B AR TOH A0 25 0] 43 AR HFAE Coq,e, 0,)
VERWLIEAE , A HK SRR IR TCALE (s, 50 TERNBRIUIRAS, JEIE # YT ER
(P(s1)) « ¥REMEE (P(si|si—1)) FRUBAREZRE (P(o;ls;)) =MEOSEL, FHZER ] ) 3
B SR R AL 8. HMM (1) 58 82 5 56 M5 R I8 50N :

n n
1
PGy sulon00) = 2P | | PGsilsio | [Peorlso 1)
i=2 i=1

Hrp, ZRHE—FEE BRERIA KRB R ERIBENLE, FIFH AR v -5 B e 5 2R F IR 18
ZA AT R BRI E (Medved etal., 2020) , TRREBMELETTLIFIEN:
p(Xk' t|le tO)

,Vr € N(v;
M&=qu=w%:zmmmm&ﬂ&@)k (%) (2.2)
0, otherwise
p(Xe 1%, ) = —————exp | — (= —ve—w) 23)
o JAmD(t — t5) 4D(t — t5)

Sk, N () RAR T, HIARATEEE 2, v N () ISEAMAZ, X X X IR TED,

v v RN E . XA SRR ALY IR, AT LRFIE N0 = (Ni;, Cuy, Cuy/Nip)T, H
HIN;, Cuy 73 3 A TCw A Ni AT Cu B Lo 57 PRI BLS2 22 310K 22 B BB 1 R 28 2 1)
Fo™ s A7 3 A 7 22 BRSO N A0 3 e CAniOon 20 J5, AT ULl A TEZS 70 A SRedii ik
(Sagaretal., 2018) . Plitt, F:TH M EZ IO BOIES AT —BAERB KiP(o;]s;)E X
N2 TN BOER AT, HRIEHON:

P(ojls; = vy) = |exp(_(5i_'ﬂ)TZ_1(5i"ﬂ)) (2.4)

1
V@2m)PE
Horp, Ry NResRZH, 73RN 2 TR AT I BME A 7 2580, 6, 0, ON AL e
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FERRBEH IR, B RS R R BME T AR H] . BRI, CRAMIESHE (R WA (g -
FERIERE (rp) KWIZIEE (d) ) Mgy AR (my) fEfahn R BCX e R AR AH T
S, B RINANGR AT LA i 9 -

P(o;ls; =v;) = P(ogl.|si)P(oTi|si)P(odi|si)P(omi|si) (2.5)
XFFARREAR, HIIMRE L Gibbs A, &Ik .
(010 = 5id)2>

2.

P(ojalsi =v) = %exp (
Hbid € {9, 7, d;, mi}s 01q, 03 70 AR NARFR IR IR RAB AT 22, Zig NIH—AH 3L
PA T8 BN 18R IR S RGP IR h BRI s #8812, (5
SRR Tl S (0 B AT /775 (Deng et al., 2024; Huang et al., 2024b)

3 REH =4 A G B Re R T

JH” R G e IR AR R G, 1R F B 2R AR ZR 30 71 L A 5250, 1994)
XA AR LIS D) AL, SRS AR S5 AR B AR R AR U R R
R, RG22 0450 1R S B 9F e ERIA S A8 A 25 0] A0 i R AR 2R I DR B VR A
R = e AT, & = 4E R TN A% oD BRAN GRS . BEEBARAL AR R, Hlas5 2]
FESRFN R = 4 e AL T b s R K I BER 238 5 @A Re 7, W 5 50 2 2 B 4

(Liuetal., 2021a) . tFRERFEHRF (XGBoost) #iyk (Zhangetal., 2022) . SZFFFIEML
(Fuetal., 2021; Gaoetal, 2024) . BREEHGsEML (Lietal., 2023a) FIBENLARM (Zhou et
al., 2024; Zhangetal., 2024) &, ITHk, TREES: 2] 7 VEAMEET N T = 4E R Tl 7%,
KB FFBEL =B MEM B NTE (Xiaoetal,, 2021; Lietal., 2023) , FlIf =45
W28 10 2 )2 A, R 5 AT PR G A G 1 = 4 e 25 ({5 5., AR TS Y . BRARTR P
207l 2 R AR 2R AR e B B2 ST BUAIE K73 R, RS AT AU ST K R N A 1) =
MR KR AME I, (H2 T R =GB SHON S IR &R, B ATE = 4R
TIN5 T R AT SR SZ IR o 4t T TRERA A = 4t s A T 7 vk IR A 78 0 B AR ] i
BEVEFIAE AN RO RS  Z AR5 B AR 1058 Rl « R0 FUER 22 S R AR A5 R AR
XFRME LS R 22 Gt oA G B R F R Getk s Rk 0 2 R GURFIE S, X P 2 T IR
SYEFRET TN A e A R RERE . NS 3000 K DURIR ST SR IR SRR AR TN, 2 EIE
JEH RIR ARG HI L S e A ARG e, 7 7 T 2 IE BRG]
W7 23 AR . 222 2T L R BEIE I 3 IV 2% 2] A Transformer MR 407 18] & AL Tl 7732 (&
3) o IREETTVELEREL R I B A 5] 3, BT RIS = 4E S50 J U - P s i 15 8
FI R BEARE W 4, ZRIE (5 2 21052 7 K 52 JR AR R M QTG S BRI T A 2R (L e i
IRE . SRR R R SRR O R4 E A S HEAL S5 R Re AL .
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Fig.3 Deep learning models for spatial mineralization patterns recognition and 3D prediction methods for deep

mineral resources

3.1 ZBEBHREE R LML

TEMZIRE S SR, BRMA R4 (CNND 7EIR ISR . AR = 437 5 1) 25 TR
ﬁﬁﬁﬂ%?ﬂ%&%(&mmaaa,mm;nma&,mw;“mgaa,mm)cﬁ
It, CNN 0] DLA TH248 =4 A b ) = (a5 5, A= 4u30 il A M E M 2% . S8,
FE =2 B T Hh is B R BE S AR 22 N 2 1 G = J7 TPk : (1) CNN 7 ZER0
WHE, ﬁ#%ﬁﬂm# JOLBRAF IR S5 A RFAEAE L T0v2: ELHEAE 9 CNN I (2) IR
JE 5 SIHESL TR RGO i, {3 CNN RBAE A = 4RI o 2 5] 5 Rl AH DG HIARAE: - (3) CNN
R AR B A . BAR =4 CNN SEATIE H T = 4E Rl 8, {2 HAE R Pl B o
FFAEF JE . —J71H, BRBRIZI @ PR s AR FEON AR T R ER R, ™4k
M AR SZ TS ROAS; 55— 07T, SR IRAEA NIl ZR =4k CNN 06 Z5fs AR/ B4k 7T
RFTR =YY, X N2 S B LR T 2 A5 B 2k . T R E A B
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b A5 THIAE SR A S5 B T 4RI R, X 15 —4E CNN 5@ FH T 4R B o 45 44 THI 1)
TG ARG R, T RE E A A BRI = e R FE T, FRATIR HOK = e T A5 4
AN @EE R, BT E 2 EE R IR B M 2, DLNGS € ) = 4 7 45
RS RY rpr 2 S i R AE o IX ARG B T2 I VE AR M SR S LT Rk, R vr R A
CNN HE B G H A TR Y

TG, B =R SRR K R TR G B TR RS B E AR R AT . X 2
TR 3 R EHE B8 7 1 - DUR R ORRFAE B AR o TRV v S 0 T TR PE 2 o 8y 30 DR R
PR TR TR R s LR Ak, HRIESON:

Af = V- (Vf) (3.1
Horp, VEBEHE T, V-RBUEHE T W RPZE T RE S, 19 BRE(EFIRFE SR 5L
X LSRR SR AR BT R TR FA T, H A =R:
Ap = Ag (3.2)

HrbA, @ MARHEAEFURHE R4 PR HARATT, W IREUR TR TR £ 425 0 2 8 18
BIE, XSGR T =25 25 M T ARRFAE, JFRAE T BARR T s 42w ER . K H
FRAR TCHEAR 2 22 330 B3 — DN B 4k CNN rh, B B 5 g 100 2% T2 1) %
EEHRIE, T BARATTI R R MR o AR N T RS B AR B E AL R
ZRIEDCIE, SBT3 Sl L L SR S A 0 I 5 SRR TR Bk, TG S TE 7R N
W E TN AR B [ = 4E 2 GE PRI A% Y (Deng et al., 2022b; Liu et al., 2024b; Mao et al., 2024b;
Chen et al., 2024a) -
3.2 Mo s s

UHT LR AR BIRG 7%, RGNS IR T BIRE S 217, W
S DA e M R PT A REE (R 1) R, i 2 R SR R 06 A B T AR 1 1 (R TSR, (I A
AR R 1 TRTAGAR e RO R M AL B A5 G B B S DA AR e 2 RN B AR R, b
TR A 5 BARTEAL AR LR MR R P E R E RS, RE @I MR R 4P
TR, (HFRIIE R A A R, T tHAE R, S BUSE AR A N B A Bk A
PRI, ] [ F e YT A 2R (g A etk R RT RE ,  R 7 Tl  A T fs 11  2

BEX o o) R, AT G (A 55 S B O, ) P D e 47 BT RS TR A s A H
WAL B RE R OGO RIEAT HE S RIS, SR T DU 20 A S A 22 o 2 HE SR AE CRUE T A5
BB AR MRS RN, (REE TR BT R . Bk B, DU o) e AR
F T 436 2 AR o 15 5, TET SR S 0 R4 T X TN AR B 44 4 FEREAT 20 e o SR
B G—4E TS &, JFECT AR B ELR AR, SRIERE BAT RIFI T M Re . i
J&, ARG 1A DL 2 oo RV AT 24 A R T OR RIS L AR T e, 7 AR TS A ik
T AT DA RRORE IR FE 2 31 05 50 = e 5 R 22 X 484t N 31 DU 43 R e AEAE B o o [RTTTG,
I 3077 7 AR R AL 1 FOUI A AR (R AR etk AR e 1, T DU S TR RE SR T AR LT . W]
FEVE 0 SR e OO, I B G b R 2% T AN P v B KU K BRI 3BT 7 B R
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Bh#r (Mao et al., 2023b; Wang et al., 2024) .
3.3 ZEE¥S

KEFTCRY], B 5GSBS E IR G KR, KFEEIZET RN
TS5 45 (Coxetal., 20015 Grovesetal., 2018) o 7E =4/ T A, Hom 454418
W R P 4 BB A AT SRAE, DR T 3RS FAE 8 (s A ety W2 A 1550 .
NBE— 2 FE AT RIS R ROV 487 AR A 3 - R0 AR 54 R FAB RS I A2 A 52
FaoK H R 5 /7 A BB A ) = ZEHE R & 2 PN AR b o AR, PR AR S5 A AR h
RAELAAERZZR, B8 L 4ERUE PR IE I, A0 e ) D=2 kA A RS 1 X
HZ A, XPREERAEMRE BE R LR TARMENE: — K8 T H SR LA
FRAE, 55— 2RNEEADL 1 Bl il R h B30 0 2R s RH 0T T 8 SE T T iR 7 B AR R B A A
B, 5 R AH S LRI RS T s 1 = 4E b o B 2 v (RIS M S A TR A
W8 15 R AT BEAFAE SCHK, (E45 Ry Bl MU B AE A ot EAT B AHE OGS B, B
B R T IR A 22 5] B B IR TP BUA 1 =48 5h™ P00 g AR 7 72 22 Sk H i 51 B 55
oy G I B A SRS R SE BN 2 S E R B B A A (Wang et al., 2020; Liu et al., 2021a; Mao et
al.,2023b) , X TACHZHEBIE K ZRNEA R EMEZESERN, CHER
RETE 70 7% FE A I 45 ) 5 Sh S B I AR R & 4 55 A .

BEXF A B R, FEIRIE S SIHEZRIER b, 52 tH AR AR5 1 BT A5 A B a5 = 4R
S5 2 PR BN = R TIN5 0 o 3K AL T IRAE = AE S SR rh R A R B B A 2
5 JPRHAMONIE U 2SR G HAE. e IR RS E R RS 22 7, sl (s RS &
PES B AME, @i 456 F 05 5 RS SRS A0 £ W T RERD & = 4R PR S = 4R Rl
BN 7 AU EHE B [F) SC IR ARFAIE (1) 2 AL Rl G X 2 A o 7 I 286 ABE 280 o 5] N L RS A 5G40
(Canonical Correlation Analysis, CCA) PhlE#Eb, HFREAXN

CCA = Corr(fMXM; W), FS(XS; W5))

\/A_l 1 (3.3)
= trace ( ZM%ZMSZE%ZLSZM%V[>
o, XM, XS5 3R = A ot 25 A6 B AR E BRI TS N R AR, MO 3R AIE 5
SENIBHERE BRI N 2%, S SR BB RFIE 1 2 AL, WM, WS 735 A%t B
ML BH, Syums Dss M S ps 73 BN = 4 AR RURRAE 5 Bl 30 77 2 BN R RE A
W7 ZEFE M S EAT T TR 28 SV T 2256 i o 1% 07V RERE S R A TA] (45 B OC1E, adk =
2 i SRR S A KR AR R AR BRI, HE s b 5T 4 5 B AR B OGIRAR 5T, DASE
W2 AR B RS, AR TR [ 2 A Rl G B BRERAT = 4E RE TASE AY
(Zheng et al., 2024) .
3.4 RESEEMNITIBE

BT ORI CRAAESE, 2004) , FEANFERIR IREES, WIRMIVIRAE R 25 R 45
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WLEAN AL T AT RE ™ A AL, AR MR T B BA B ARREE AN AR
I HAEER pHy Eh SR ZAVE T, AT SR AN R RIR T 7 e (™ 1A T A
TASTE ) AT 2% A A BILA o AN TRIR B T — 4 b 65 R 42 ™ AR AE R4k 5 S AL 11 22
P, BTSRRI AN, BT A T B RIR I, AR B AR
MIERER 5915 SIABET, W AR ™5 S AR TR B A B A s e AR PR BRI
] B R R P R 2 S AR B 55 45 B A A, ST =2 R O AR PR, T IR
A RE AU B = 2 TN AR R AT T R v R AR A R ) A

BEXRFR 55 ¥R A 22 Sk v AL, 78 L A ST T % ) SR ISR 3k ML PR 2 T 2 2T 1Y
SRR DL O Ids  TRAR D9 H bmdslie KRB =4k el SN AU 98k 5 3 I I A 2 > ) il
AL T LR AR AR F AL e AL R 2 S 1) 2 TR] SR IR R K B TB] [ ( Spatial associated
maximum mean discrepancy, SAMMD) A%, HIKIELN:

2

dsammp (P, Q) = (3.4

=N g = > (x)eu(z)
i=1 j=t Hp®Hy,

Horb, x ARTTEA S BARHE, z A AAER, mAIng ml IS B bRl i o4, PAIQ
I3 9 IR S H AR IO B AE L 23 73 AT, H o ANH, 73 591 9 P AN Q B PR A A% A 2R AE e 45 1)
(RKHS) , ‘EATTRRLRFAE RS 3 70 e () Flp (2) » iz pREuE T FHA R RKHS, A%
JE B R AR FIAR I S B AT 22 e o SRS, BESEA A8 A AT 97 2 =) R B o 2% A
A, Hodr, R 3.3.1 @20 2 @E B IR E B S M 2% RAEMIE T A0 EH, TiRiE
T VER KRN 2 2500, /£ SAMMD 515 F, FIH WX RIE 112 )2 52 UM
FEIRBLA, 12D R IO AR L = 1 e 2 BT 5 B, 58 B A ™ (5 8 BB AT 15 B
() IE [, AT SR ELBRGE T B A S HE TR SO0 2% B 2 = J38 1 36 7 R AAE Y e e R
HRH R ESHR (Zheng et al., 2023; Chenetal., 2024a; Huangetal., 2024a) .

3.5 RS

BEE KT LRI TR, KR En 7= = 4E R R TN BRI U735, T H i &)1 144
B AR PEAL S 4RI (B KT B, A =1L B En) S ),
TER XA SR X VR R LRI R IR B K W O, BUR T IRk B 58 (B
%, 2024) o Wi 4 BOR, TEWZREER SN T RH R &) AT, S SRAFIRE = 4k rT AL
SERL SER . ST RTINS R SRR ARE X B g R RIRES VR RIS, SRS
TH IR A FE R 8 X RUBE VR 2% ) = 4k 25 K A R 400 76 2 SRR MR AL TR A R AE 1)
SE RS B R R S TR R s A RS AL 5 8 e AL o



K 4 () ILAREZREN WM (b) &)IHIEN IR = 4E TS5 B SRRy CARSEX E (S
SRS, 2024 BH0D

Fig.4 3D prediction results of deep mineralization and identified stereoscopic deep-

prospecting targets for (a) the Jiaojia gold belt in Shandong, and (b) the Jinchuan Ni—Cu sulfide
deposit (modified after Mao et al., 2024a).

4 PhRAEE

TRARE = 4ER BT, LA =E Rt TN r f) “ PRAR S5 A4 = ZE R P — = 4 plely™ 15 2 52 L
—ERIBY R = GEFN 7 Y FEAD AR I . BRI TTVE S BORIE MR R
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SRR ) LS BN R BB EE R, B RATIR B KT I T A PhAR . X ekl ul
I R EAREAE =GR N = A EE A, B (D SR =4S MR gn g i
SEEL T MR AN SRR RS, (H R R SIS B S AT AR R A S5 R )
FHIR I AR I R4 (2) B Bl 5 BRI B R 78 77 7% 18 2 A - AR # & /E 1)
SO, HAHSHROBUENIRBR SN 1 E B 3k Rk, AR SCEEER - Fn R XORS) T B e A RIS
FAE: (3D BAAKIEFEAEAFGROR N B R OCURA ., 2 @A s E O AtErge /), O
IR H R BR85S PR 27 ) T3 VAT 7, AH 21X — DR AR A = 4 5 A Tt 45 52 2% 3t
AR Z 4 v AR AT 2 BRI

XA AR S, CUREEAT BAR T, FRERI R AT RERIBIE 7T 8 BE AT AR B4
4.1 ZHEEIEFICIRS =R LR

SR T 2 Y5O (R O TR P8 = A 5 R R A A LA B 35 e, DT 7 = 4
RTINS A 1 2 SRR LR, ARRATIIR T BEAE LRl b — 2D B B ) AN e i, S
I 5 RS S B L S PR R = AR A AR DR R HE SR O B S R 2 R
AR 5 5650 RN IR AR AL T R SE I EC R, JRIE IS 51N 5 S E 240 A A 2k i 1 A 1) 7 ]
AN EERHE . ITAER, ST IZAMEZR I IR = 2 45 M A R D il A M . MR . s
YRR, SEIL TR = ARG M T SEME AR A, R, RO S oS RRE BAR R G
AN HESS, WIRESFEURA B IMERELI R A E (Kongetal.,, 20215 Rongetal., 2021; Yao
etal., 2022) , HETSZHH R IRAT RS A I R BE— Db Bbdt, AKFEETTIE EARRE
8 FE N R ) PP R R KR R BT 25, E Pl TR b o 5 A 1) v B2 AR X B 5 R 2
KPR RIBERE T R AE Tt o AR AT Re 7 AR T R R 2 Ak X, SBORMERE, IF B3
FE T B HIAR o 0 5 g 45 SR HE DA R B AR AT A AGRAE P b o 85 A 1T A
Wi Z ), S BCEE R T S IE S T A /E A 2 (Isakovaatal., 2011; Lietal.,
2016, 20200 , AJa LRI R BB K TR R E R, 4 TR =R E A
TS5 Ry St 5 — Bk

BExt BaR PR, ARG =LA MRE AR, R AR R —Fh 5 B PO 5 8 R AL
B R ERBHESE, SCEHh AT . MR (HBFE. FE . WL, W |« HUBREG AR
A TR S, T RN PR = 4E G5 M R4 JR 200 5 4075 1, AT 3R THAR BB = 4k 45 KRG 20 5
HORERE 5 &t fERHEZE T, A BEH) S NA BEITE) “HLERZ 0N HRa A e 8
#530 (Nawazand Curtis, 2019; Nawazetal., 2020) , ZHEIEEIL 51 NMET IR & H AL
SRR, B 2 URAF MR L R R & B ISR & N RIS = 4E S5 M AT SRR Ik
(Huangetal., 2019; Chenetal., 2025) , FfRARIRIG—IGH HIG N TAER 73 HR 10 =4k
SERIBERY, RAHAL Gt = YL A S AU SR R, SEIERERARAT | SELE . ik I RIA . R,
NLERETTVE, Fenl R 2] A A Sl 2 =), AR S AR AN S 56 S IR SR
HORFESCREVE R, JEAE DU SE N SEI B 3K 3 5 SR IR Sh R R 5 . VAT S, Aok
TRES = AESE MRS AN AU TR X2 R Z9RE W ENELL R 5k, IERAETT
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= (S B, BTV . MU S HEA BT LR T SR,
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HE, AR A L AE S SRR 5 RO L 5 A e R o R, Aok
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e, SRR TURRE T 0 2R 5 R T A o BB R SRl A A
TR P U ) SRR . &7 A5 5 R M SRt 76 S Rt b5
SIS TREIRECATIRD RGN MBI AR, A0, RLR RS
TR B RIAAE, SRR AL A XA TG R UTR I . SR AR
FUIAL “ 2600005 FROBERAG 7 W0 “HLIRS1 5 PR REARIN” HMNBL, AR SR
VR P BRI B B BB B X (5 AR
43 KB BB FO IR b = S S BT

U VR = 2 o 5 R 2 5 O U3 DL SG TR R SRR 0 AL TR 55
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W B R KBTS 210 LAVRIE 51 9 PR MO B 7, RS (R Lt
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=B AR R EIRE T o iz R i R RO A FTREI R L 2R
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BHEGHHREIE” o CIRAMNRE EEST G ) AL T TR
T SURF S S ORI, WTI R B TN N 58 S ) B 22 PR JE i

SR, O S AR = e (A5 20 IR REI AN . DRIE, O pbERAE TR
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