S ARERS RS KRB F AR
WMEEREZHE—UUFHE ST HH
XIEB 1 B

Lo EMR S RO, HUsTERE S el P 4 [ mses s, BRI 430074
2. EHFRY: GRJBO ER ST 2R, WHEE 430074

TR : B0 b o 80 7 U B A 5 A A 5 HE LA 8OR H B A8 F AR B A A
“CHSEZ) S TP ARET = A )R, AR MRS AR B ((KG) 5RER
WA R (RAG) (128 B AT B A2 IR HESE , DL [ B4 16 5 5 36 [l N 4
TR X R S R I 4 R EORIE T R BIEAT T IRAE . 1%, MR T
T AL E DeepSeek-32B 1) RAG F eI E R4, it R EAR 5S4 MR
DEEE, SR VAR RS IR S S ) ek, R A OB
(SFT) R, WECE hr 25 544 5T SR P s 80 i 7 RGN =118 . 1l
) e AR 2 (A DX S IR G . SRIR A5 R, 1% R G L HE
ERZFMLT GPT-4o, 7ETMAN RGBS 58w WlENE, %0k ok
2w ) BT BIESR A B 0 i AOE B T LB 1 A R R, B s AL
TS AR S B ERAG 22 T R S I BB R B AR, IESE TR IR
YRR R R IR T o AT SEI T M AESE M SO B S5 M AL R R 3 e e A S5 TR
FEFZIR, N g S0 O . RV R SRR T R B AR

—

KA AL KIBESHA, FiRERE, R AR
F IS P628; P618.51 RS H B 2025-12-30

HEETH. EREERLHEFFER RIS (2024ZD10019007) , SN & HEY 7 FRs BHFH H (%
HpTRERE (2025) 01 %), HORERFEARINES HLWHZEEREINE (GUG-DMX2025-01) , EZRHEK
2EAE BB R R 9 BI T H (202510491034)

fEZRIA XEK (2004-) , 5, AR, FEZNFEREERYH TME, ORCID:0009-0003-1518-6258
E-mail:liuguoqing@cug.edu.cn.

SEREE BREEC1988-), 55, BF90 I, E TN FHEHIRE AR #FHT, ORCID: 0000-0002-6785-9675,

E-mail:gxchen@cug.edu.cn
1



Geological Knowledge Extraction and Information Mining via the
Fusion of Knowledge Graphs and LLMs: A Case Study of
Carlin-type Gold Deposits

Guoging Liu'*?, Guoxiong Chen'"

1 State Key Laboratory of Geological Processes and Mineral Resources, China University of

Geosciences, Wuhan 430074, China

2. School of Earth and Planetary Sciences, China University of Geosciences, Wuhan 430074,

China
Abstract: To address the challenges in effectively utilizing massive unstructured data within
geological exploration and the issues of hallucination and lack of specialized logic in general large
language models (LLMs), we propose an intelligent knowledge mining framework for vertical
domains that integrates Knowledge Graph (KG) and Retrieval-Augmented Generation (RAG).
This framework is validated through a case study of Carlin-type gold deposits in the Southwest
Guizhou, China, and Nevada, USA. Firstly, a RAG-based intelligent question-answering system
was constructed using a locally deployed DeepSeek-32B model. Through vector retrieval and
generative reading comprehension, the system achieves precise traceability of professional
knowledge and highly reliable Q&A. Secondly, leveraging Supervised Fine-Tuning (SFT)
techniques on the LLM, a cross-regional metallogenic knowledge graph systematically covering
stratigraphy, structure, alteration minerals, and ore-controlling factors was efficiently built from
hundreds of multi-sources, heterogeneous geological documents. Experimental results
demonstrate that the proposed system significantly outperforms GPT-40 in terms of objective
accuracy. For subjective content generation, it exhibits high faithfulness and full traceability,
effectively mitigating the hallucination problem. Analyses based on graph topology not only
quantitatively reveal the macroscopic similarities and differences in mineralization between the
two regions but also quantify the cascading indicative pathways—from orebody entities and
alteration assemblages to geochemical element anomalies. This confirms the system’s capability
to discover implicit clues for mineral exploration. This study realizes the intelligent transformation
and in-depth mining of knowledge from unstructured text to structured representations. It offers a
novel technical pathway to address the dilemma of "data-rich yet knowledge-poor" prevalent in
the geoscience domain.
Key words: Carlin-type Gold Deposit; Large Language Model (LLM); Knowledge Graph;
Retrieval-Augmented Generation (RAG); Knowledge Extraction
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PARHEHE 5 N TR BE AR AIE B BRSNS L HT R i it
RARZNA . M T AR S (B 3 AR AR 2, b B s dle . S, 4
UL KB BAE AR 5 4 AT O Z U G I LR S GRS K, 2019; A 7k 2 4%,
2021a). AT, T HEKMA RN EREREEE, KE S EETTE
TOCHR s A2, SECT g REGE . R S R B (RORK A, 2025).
T IX — PR5E, AR E R 32 B A A7 o P s T et B SCmk i T ah i 5
. fEG0E B R T AR O RR UL S, JLTE S U =5 HEFRAE ) M 4
A AR T THD PR T A SR A FE A DU SR 2R 15 Rt o B SR OCBE RR . SRR
KRR FRAT B AT, Tovi 2 S Hoeh RS HE A U298 5 8 REHERE H 25 K 1o 75 22
(E7KFEE, 2021b; # TS, 2025; DIFGEEE, 2025).

HbER, KiE S MM (Large Language Models, LLMs)7ETE X FRMR . SCA
A RS R RN AT TR T AR Ty, IR IE B eRl. BT RS
T4 (Raiaan et al., 2024). fHICHH 7L LT ARIR R LLMs 7807 HTHR B AR 5 ]
RfE P N T 77(Hu et al., 2023; Zhang et al., 2024). RE M, 78X
Hb TR AY 5 7 IR S5 S A R B 3% S 8 DK S R AT T i
R Bk . — 7T, MRS AR R RS E A R RGEK B B A, s
TR HE LAHE R AT L S S B ZHOR Ry T — U7, BT B2 TH R E AT 51
R S AR I B ), ALY A A A I R SEA) N L TR SRS S8 Rk
SR I L, e DA A 4 R R R R 2 VR B i) 2 1) 52 B 7 SR (T % 5 Rl A
27, 2025; 5KE—%5,2025).

DA IE AR AE Tl e . IO S AT SR D TR R BR R R 4 o A
(Retrieval-Augmented Generation, RAG)F AR NI EE =20 w5 FATUH AR AR 45 &
GiERAL T B4 (Lewis et al., 2020). RAG HEZZE I AP AR R 518 5 A2 ip
PR, RERI THEAN E USRS SRR, AREM T B
LI MG SR, RAG HEZSE E B A &2 (a1 e X0 UL, 38 Ji PR
TR A SCAS Fr BOIRER, 3 DA $i2 b 50 S5 4k 1R 325 SCRY 1) 52 2% G TG . i i ]
(Knowledge Graph, KG)EA—Fh&i ML IITE XML, BEGELL «SLfk-O6 K-S0k
1 2R T 21 U & S FL SR 2 I I FE B R, 72 SR I S R VR RE 298 5 5 W
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BA FUAR L4 ) B T A (Ma, 2022; 5K —4%, 2025). {EMIZAAUR, fla AR
P R e R 48 IS W) 25 R R . B, Fu et al. (2025) A K GeoMinLM £ 4t,
IS AT AR SR TR B, SRTE T ER R 2 s AR
S (2025) FElGeth o s 288 IR A SR Tk, £ T GraphRAG A
LLMs, & 7 —ANH KRS N RIER RS .

SR, ) S v oA 1 R LA T v 28 6 R H (K nowledge Extraction,
KE)B A (7 H 4, 2024). KE HARCANEIARMN S50t 5%, K EFIL
BERT-BIiLSTM-CRF X3 [1)3R B 7 SRR s BAL GRiR B2 2 21 7 1200 v T S Am i
HAE e iR, 2 ARe 7159, BAEALTE G 400 RN BE 712 BR(GEZ &b i AR, 2024
TR, 2024; BIEEEEE, 2025). AR, Kif 5 A(LLMs)7E4b F iy & 45
A AN SCA B b SR B T 512 T T V2 008, RO 2 35 (1) B FH 7% 77 (Sutanto
ctal., 2024), {3 BIAAE FREARBUDFEA AT, AT AE DA™ M 80 52 2% (1 3
Jot BT AR S S, I SRS TR VR I B R SO RV 55 ) /(L et al., 2023;
Zhang et al., 2025). 4TIk, WEHUH(Supervised Fine-Tuning, SFT)H AR N T
PR — S G EE . SFT Refgidid /b & R = 98 280, #1554
OB “TEN” RIS H o, A AR DR R R R RE TR, R T
1T 2 TG 5 2 M A S B T, AT A DR o A1 B A R s s 4 e R 3
FAt T H 5 (Xin et al., 2025; Zhao et al., 2025).

R Eh R AR BN S0 A2 —, I LA E Py ARIE I X A A5 7T
i o LA (AT RS, 2007; WS, 2019). IX P RH 8 X fEHL B RFAE 3%
I AR, i &35 DL S s &% RAE TS s 2k b, B IR @ T
KRR 52 2 103E (L SR IR EE, AR T H R AR A R Wi E 441 (Wang and
Groves, 2018). ZRTMT, &t B A VLA R AR G 1) 50 28 5 A = AR AET
ZHUL A EEINRIEE T ALY “ R (Carlin-type)” 17 53— B3 WA
I LU N R AR (Carlin-like) 7 %2 “ 1% 111 8 (Orogenic) 44 (Deng and Wang,
2016; Pi et al., 2017). XEEI3IE ERYFL AR T X BB AR RIE R
Ky EHFKBARTAKD) Sl WA B R B35 7 B (Hu et al., 2017,
Goldfarb et al., 2019). ZJHFEX LG, WACKH 2 RERX 77, W
B X R B B PR R BEXS T 26 P R R IXHEAT R GunT Ll o ORI, BEXEE ROBEXT i



— b, A IR FAEAL R IR T e VEA IR, X AR R A4S B b R G
H BETSAT R X I AN IR PRI SE A SR BE A FE AR o BEAh, SCHEEXMOT EE i Bt 5t
e, H AT ™ E AR 28, AT (TR AR 00 S I v R A ARy
ik —J7 M, RO TESCREIRAE P9 SCAR RIS S R R S8R E T, sh=4t
—E s SIS G - Jr, B AT T IR AT AL G IR 7] R S AR
5 0 B TN 5 1 % 8 3 (Cao et al., 2025) A% Gu it N T SCHRARIE T30 2 X i
. ZI ISR OIRE IR OR, BRI G A e & RE SRR 5 R
TS R R R RE R 48, RS0 IO SCHESE R3S v SE PR B X ) 15 BB AT 454
A S HERE.

M anew BEEIZAEZRO
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a

Bl 1 WAERHIX (a) SHTLEM (b) RARBEH K346 Wang et al.,2018 12240

Fig. 1 Distribution of Carlin-type gold deposits in (a) Nevada and (b) the Youjiang Basin

(modified from Wang et al., 2018)
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Fig. 2 A dual-driven architecture for knowledge extraction and information mining based on large

language models (LLMs) and knowledge graphs (KGs)



1.1 EESEXESHREAE

NS R ARG A Ak STHR A B SRR, R AT R b T 3 S b )
BRG, ARUHIGEFAACTE G SHA T % b B R 2RI (1)
HOERL S RGP HE 1 AH AL HE Ao VRS b TR ST 1 22 TR S A B Cn s
KA« BRI S #ATIR R SHINIA S KRG EMK, #% T EH =
Ui S T TE AL BRARE & B BRI I R R s QARG md A I 5,
AR B L bR A T4 98 W = APL. BRI T -

B, BT ES TR RS X AR O S, ARSI AGTERLEE R
W 2.2.1 75 ik 13 200 R s iR AZ O EARSCER, FFA A PDFMiner 55 T H
BEATRE e, MR T D mE SURTIER AT AR ZJEE RTX
4090D *2 [ F1CHE T, K RAGFlow HESE, iZAHESLEEA T SUAMRMT« S0
M. RN RSS2 AN AT 1K Qwen3-Embedding-8B 1E &t
Rem R, FBEMINECAKELER AR RS R
DeepSeek-R1-Distill-Qwen-32B {F 4 BN A, J8id Ollama HELL AT A Hifk,
& ME T BRAE RS, BN RAETEBERNAE BT, HAwmALL
)RS, RGeSk R A, I ) B AR PR s R RSO B, AR
JE R LS B By bR S TG e fE— [RDR N AR ORISR, B A A e L AT
5 FLIH 22 SCRROR IR [ 8F, WA 17 iR o v B b AN T S

1.2 BEXEANAE EE

NRGE RS 50 HE A BR T RACRAE AR S0 G X R R, AR Sixt
THFSEIL 7 — B 5 B DR R B A 2 AR . iR SRR R L A
PRBETE . FIIR S R A i D A Lo B B

1.2.1 FEGHLIERI DR

IR % (0 Bt 2 bR 1 T A A S A A STk - A S S 1EAT T R GMERI S
WA AR, S AR B 1 IR o [ B U R O [ N RRIA PN L IX R SRR S AT A
TFIRHU I 3l 5 25 55 405 D QB Bkt M b EAL I AR S5 /AL TE R
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2ol TUE. T S5 3CORPIR L ESRT 555, JFREHCARS . X —it
RERf DR 1 5 SRR 75 TR R 2l 5 5 R

1.2.2 WEXEEEIT

AR ZAEFIR B A EUZ B ST RS M RIS SO o D9 iR
BARE A LMV PR R J 1, ARSI T (BT IRSE) BRI & RS 1
RS R BTE R B TSR AR R (B 3) o BRMIE T 9 M
OSRARRAY, R R “HIE e . IR R, AR “ A
“DOEH” e RN, ONIR SRR R IR R, BE T 12 R AR
KA, n “frF7 CERZRR)  FF7 GBAFRARD 2Lz (R
KEF) A B (HMRR) 5o XEARRIN N 581 A F AL RR I A
ERGLILiN N EPE AT uE
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Fig. 3 Ontology layer architecture of knowledge graph for Carlin-type gold deposits in

SW Guizhou and Nevada



1.2.3 ETHRERIER IR

SRR IR B A AR D BOR IR, AR I 28 ¥ 6 B He s i B0 o =
Sk, ASCERALERM B, ST ER 7T T /KA. L BERT-
BiLSTM-CRF AR HIML SR B 5 21 7 58, B AE fi 44 SEAR VRN (NER)E 55 LR I
J, ABAELE RN A S IR R PR Ho—, BRid oA B, AR 7™ AR 2 1)
FiA 2 (Token-leve)Fg4ibriE (W1 BIO A R) , ¥Ry K=, BEFIRS
XFFRESIAE , GG Z i — (1E SCRAERE /T, ANOUEESRER ) 58 30Tk 4>
AN ZREE AT ISR, HAS RIS 58S i) 524k 5 9C R DAAE [F) — 1
SO SEI s R S S R, BRI TR ) R (AR GE BT M (Xin et al., 202
5; Zhao et al., 2025).

TG TT RRIR PR, AR SCHE ) T G S A R A2 o A SO SV
57 AR A FE B AL (40 Qwen2.5-7B (Base)) , W g:EREVRAL (& 4)
TR, R TE SR A S A T TGV v B B AR e O UK P A o AR &, R
kg AOREL . R BIBN, F1ERMC. SUHAExy, T KBRS (SF
THIT ZIRLH B35 25 503 (Zhang and Soh, 2024). 1% /7 & FIEHE 4 8 i A
IR, AT “I54-2 R (Q&AFEAR, TR T 4 & token ZUbRiE (1A
(Jiang et al., 2024; Tian et al., 2024), FEEENE, SFT T 7 k1T
55 RAENE, 8 FLREWERE 1 B AR 2 T PR L BETIUE SLIK) TSON # U H: 25 i 1 45
R, MERETINEEEAEARTR. Fi, SGAEEHIERAR . B3R
PESHIRERE, AR SR L E K FH 1R 2 00 (SFT)E A AT IR 2 AR B 42

B, BTFEIFHAKE, FIH Easydataset TEMIEREH N THET —
MIE 1126 MR E “HR - E-E R (Q&A) MR EWEE . ZEUEE Orpi
s fr) BEEESITA U LM SHR SR KA. 5, iEH Qwen2.5-7B
NFEEEERERL, FEFIH LLaMA-Factory HEZE 5 FiR 1126 %% Q&A i X AL 347
TR0 o LI R 15 7R (SRR RS v B b T L M ARE P M AT 25 46 A AT
%o HERVIN SFT MG Rk, ARSCAGERHE R TIRE 10% 0 SCRRE il 4
BAT N TR B 4 Fos, o JE 09 Qwen2.5-7B BEAL )4 U R AH T 25 e
BRI T RERT. &5, EMERRIIEER SFT SRR b, 45A4enia T
T2, P4 405 4 TAL B SCHRIFAT B B B B A HHL, BRI T “ SEfAR-O0 -5
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Fig. 4 Performance comparison of the knowledge extraction model before and after fine-tuning
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Fig. 5 Examples of fine-tuning dataset (Q&A pairs)
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21 BPUR -SRI R S R B S iR ok RS
Table 1 Statistics of entity relations in the knowledge graph for Carlin-type gold deposits in SW

Guizhou and Nevada
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Fig. 6 Knowledge graph of Carlin-type gold deposits in Southwest Guizhou and Nevada (partial)
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1.3.1 T FR#HX AR AT X

N T e B R AN PRAE RO 2251 B AR RIS RIS, AT TRyt
HIRR G SR A S5 4, SR E R R BE N B PRIEAT 1AL R I M. BAR
IRl WIRFS I

AR FAR B P A SR AL 55, AU Jaccard AL R AR Y
TR PR [B) b S5 AR AR AR AR B AZ D 4B B o Jaccard SRECELL TSR RAE
PARG R E AT 0 . CAICE IR 12 . 07 HiG . Bl M sy A 4D
FIELl, MR el A SR R EERREE . A A08:

INCA)NN(B)|
A,B) =
J(4,B) IN(A)UN(B)|

He, N@) FNB) 3ARENTR A FIWR B AEERE R AR ETT SRS

FEMLIER b, MyEPE SRS (Distance = 1 - J) , FFRAFHEREHRAT
BT ERRG IR, AR RA A 2R ] o X b T AR s B 50 1)
JIERES H B B = AR R I T IR A & (I3, M AEZ W L
N TETE IR R AR5 5 BRI R

(D

1.3.2 B REKIETREEHTH

Y R 2R AN [ b R R A HR AR RS, A SO T IR R N G E X
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Horb, o A smE, M=ol ¢ VLR ATR Sk RSN REUE S 1, BN
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Fig. 7 Dataset and sample items for performance evaluation of objective question answering

R 2 T B AR A RO AP A

Table 2 Objective evaluation of domain-specific large language models

ERIZFR Partl Part2  Part3 Part4 Part5 259
Gemini2.5-Flash 0.85 0.9 1 1 1 0.95
Gemini2.5-Pro 0.95 0.95 1 0.95 1 0.97
Qwen3-Max 0.92 0.95 0.93 1 1 0.95
Qwen2.5 0.65 0.75 0.84 0.95 0.96 0.81
Deepseek-R1 0.85 0.95 0.92 1 1 0.94
Deepseek-V3 0.80 0.80 1 0.95 0.91
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Table 3 Subjective performance evaluation of domain-specific large language models
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Table 4 Knowledge graph-based comparison of key metallogenic factors of Carlin-type gold

deposits in Southwest Guizhou and Nevada
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Table 5 Clustering characteristics and metallogenic system division of Carlin-type gold deposits in
Youjiang Basin based on knowledge graph
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Fig. 8 Cluster analysis results of ore deposit community detection based on

knowledge graphs
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Fig. 9 Knowledge graph tracing of Getang and Nibao gold deposits
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Fig. 10 Indicative relationships between typical deposits, wall-rock alterations, and geochemical

anomalies in Southwest Guizhou.
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