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Abstract: To address insufficient multi-source data fusion, strong subjectivity, low quantification, and difficul-
ty in uncertainty quantification in traditional mineral exploration target optimization methods, this study con-
structs a probabilistic decision-making model integrating Hybrid Improved Fuzzy Analytic Hierarchy Process
(HI-FAHP), Monte Carlo simulation, and machine learning. The model aims to achieve systematic fusion of
multi-source information and probabilistic expression of results, improving the scientific reliability of explo-
ration risk assessment in the early exploration stage. Taking the Zushimiao polymetallic mining area in Lu-
anchuan County, Henan Province, as a case study, a HI-FAHP system is established by combining improved
AHP, principal component analysis, and fuzzy evaluation. Weights are objectively determined for geological in-
dicators (ore-bearing strata, fault structures, intrusive rocks, geophysical anomalies) and geochemical indicators
(four groups: Ag-Pb-Sb, Au-Mo-As-Bi, Cu-V-Zn, W). Monte Carlo simulation is introduced to randomly per-
turb membership degrees (perturbation coefficient 0.08, triangular distribution) and grade boundary values (uni-
form distribution), generating probability distributions and ranking probabilities for comprehensive membership
degrees of each target area. Three machine learning models—Decision Tree, Random Forest, and XGBoost—are
trained on 5,000 randomly generated score datasets based on HI-FAHP weights. XGBoost is selected via error
analysis to invert geological and geochemical weights and calculate the mineralization potential index. Five
prospecting target areas ( I —V') are delineated. Monte Carlo simulation yields comprehensive membership rank-
ings: Target 1 (79.55)>Target IV (76.70)>Target Il (74.50)>Target Nl (71.30)>Target V (67.20). XGBoost
shows the best fit (R’=0.90), with inverted weights of 0.25 for geological and 0.75 for geochemical features, and
consistent mineralization potential index ranking. Engineering verification confirms that Target I exposes galena
ore bodies, Target IV delineates copper ore bodies, while the other targets show weak mineralization, highly
consistent with predictions. The HI-FAHP-Monte Carlo-machine learning integrated model achieves objective
multi-source data fusion and uncertainty quantification. XGBoost effectively inverts physically meaningful fea-
ture weights. Verified by engineering results, the model is reliable and suitable for multi-source data integration
and exploration risk assessment in the early exploration stage.

Keywords: optimization of mineral exploration target areas; machine learning; Fuzzy Analytic Hierarchy
Process (FAHP); Monte Carlo simulation; information fusion; mineralization potential index; Luanchuan

mining area
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Fig. 1 Regional structure map of mining area
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Tab. 1 Rotated orthogonal factor matrix
TLH F1 F2 F3 F4 JLE F1 F2 F3 F4
Au 0.087 0.535 0.088 0.088 w 0.005 0.028 -0.026 0.945
Ag 0.950 -0.026 0.075 0.007 Zn 0.414 0.198 0.552 0.143
Cu 0.302 0.296 0.682 0.010 As 0.085 0.678 0.269 —0.290
Mo —0.040 0.585 0.260 0.256 Sb 0.930 0.147 0.106 -0.055
Pb 0.957 0.092 0.096 0.025 Bi 0.077 0.826 -0.116 —0.062
% —0.086 -0.014 0.897 —0.104
FRAEE 2.977 1.929 1.762 1.089
U5 2 TR % 27.060 17.533 16.020 9.902
BT 2 TR E% 27.060 44.593 60.613 70.515
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Tab.2 Secondary optimization target area model weight index in the Zushimiao mining area
Hir 2 W2 (— g8 4R)  AE (M) HWRZE(CHERE)  REG2)  RRZE (R ARELS)
TR # = (U,,) 0.105
R (U) 0260 e R A QU] 0.252
RAE(Uy) 0.173
WS (U) 0.470
Ag(Uy,) 0.333
Ag-Pb-Sb(U,,) 0.480 Pb(U,;,) 0.341
Sb (Us,3) 0.326
L IX (U) Au(Uy,) 0.151
Au-Mo-As-Bi(U,,) 0.234 Mo(Uy,) 0.217
=+ 4 b Bk Ak
R (Us) 0.731 As(Uy;) 0.286
Bi(Uy,) 0.346
Cu-V-Zn Cu(Uy,) 0.327
(Uy) 0.229 V(Uy,) 0.376
Zn(Uy;,) 0.297
W(U,,) 0.057 W(U,y) 1.000
WHEIX (& 3) .
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Fig. 3 Distribution map of prospecting target areas
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Fig. 4 Regional structure map of mining area
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Tab. 3 Scores of each indicator in the target area
X5 )2 ) & BRAE YIRS H Ag Pb Sb
IS5 5 X 95 90 95 95 95 90 90
5§ X 85 85 80 85 95 90 85
5§ X 80 80 90 75 75 50 80
V5 X 90 95 85 90 85 75 80
VS IX 75 75 75 80 50 75 75
Au Mo As Bi Cu \% Zn W
50 50 70 50 80 85 75 50
50 50 50 50 50 50 80 50
50 90 85 50 85 80 50 50
50 85 85 50 85 75 75 50
50 50 50 50 85 50 50 50
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Tab. 4 Geological indicators U1 score comment in I target area

&)= T A5 55 \ v, A v,
XA b )2 (U, 95 0.67 0.33 0 0
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Tab. 5 The grade membership degree of the target area
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Fig. 5 Box plot of scores from Monte Carlo simulation
(6=0.08)
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Tab. 6 Weight allocation of machine learning models
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Tab. 7 Comprehensive evaluation for the probability of miner-

alization in the target area
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