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Abstract: Taking a typical mining area as an example, statistical methods and Positive Matrix Factorization (PMF) were integrated to
qualitatively and quantitatively identify key regional pollution sources and their contributors. A spatial model was further constructed,
considering the spatial heterogeneity of soil heavy metal pollution and its dominant environmental drivers, with the best
environmental variables and spatial scale being selected. The results revealed that the sources of soil heavy metal pollution were
natural sources, exhaust gas emission sources, slag emission sources, wastewater emission sources, and transportation sources, with
contributions of 8.40%, 9.55%, 1.73%, 55.37%, and 24.99% of the total pollution, respectively. Notably, atmospheric deposition (g =
0.113) and soil leaching (¢=0.097) were identified as the primary input and output pathways for heavy metals. Among various spatial
modeling strategies, the model that integrated both spatial pollution source characteristics and environmental variables demonstrated
the highest predictive accuracy, outperforming the model based solely on dominant environmental factors or pollution source
characteristics. The importance of incorporating spatial information to enhance model performance was highlighted by this finding.
In particular, the Geographically Weighted Regression Kriging (GWRK) model was found to achieve superior predictive accuracy
(mRadius=0.2916) when multiple data sources were integrated. Overall, a scientific foundation was provided for identifying
high-risk soil pollution zones in mining regions, the understanding of ecological and environmental interactions between influencing
factors and heavy metal contamination was enhanced, and valuable insights were offered for spatially targeted pollution control
strategies.

Key words: soil heavy metals; key pollution sources; geographical detector; spatial prediction
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Table 1  Statistical description of soil heavy metals
L3 TG FE K E (mg/kg)
Cd As Zn Ni Hg Cr
IS YN} 15.743 19.057 1841.744 54.306 1.477 130.329
f/MiE 0.074 2.698 24.637 0.590 0.173 0.648
e 1.357 8.706 176.715 21.574 0.630 64.454
SEEIME 2.727 8.796 314.062 20.946 0.664 62.664
FrAf 22 3.515 2.608 375.681 9.792 0.231 23.074
A RHU(%) 128.902 29.647 119.620 46.749 34.851 36.822
Gyl 0.13 15 94.4 24.9 0.12 573
Ji A 0.3 30 250 100 24 200
A 3.0 120 — — 4.0 1000
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Fig.3 Correlation matrix analysis of soil heavy metals
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Table 3 Ranking of dominant factors affecting soil heavy metals in mining areas

SES q iy 5B S q Hev
SOC 0.044 20 PM, 5 0.094 13
N 0.048 18 P 0.141 3
- TP 0.080 17 N i} 0.144 2
R TK 0.111 8 K AR 0.139 4
CEC 0.081 16 IF T % P Y 0.046 19

pH 0.018 24
bR 0.044 20 FERRK 0.120 6
e ?@?%ﬁﬁ 0.018 24 ﬁﬁﬁﬁ% 0.100 11
T YLIETTIR 0.147 1 R 0.109 9
AEAIRERRGUIR L 0.102 10 Raes N7 TWI 0.022 23
R LU 0.095 12 o Ty A 0.116 7
A AR R 5 1 0.024 22 LR 0.089 15
3T b T M35 0.091 14 L ERR O 0.121 5
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Fig.6 Correlation coefficients and interaction detection results

of environmental factors
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Table 4 Optimal scale analysis of heavy metals in mining soils

BNSES 30m 60m 90m  120m  150m
SOC 0.041  0.036  0.038 0044  0.052
™N 0.053  0.060  0.047 0.048  0.052
TP 0.077  0.083  0.068 0.080  0.084
TK 0.103  0.101  0.095  0.111  0.100
CEC 0.097  0.094 0.091 0.081  0.080
pH 1t 0.029  0.024 0.020 0.018  0.011
LucCC 0.011  0.008 0.011 0044 0.028
NPP_VIRS 0.030  0.032  0.021 0.018 0.025
15 YR TR A 0.160  0.138  0.120  0.147  0.152
RSEI 0.104  0.104 0.110  0.102  0.110
PM, 5 0.093  0.089  0.096 0.094  0.094
WIND 0.136  0.153  0.152  0.141  0.133
TEM 0.128  0.139  0.143  0.144  0.133
RHU 0.133  0.136  0.138  0.139  0.142
LT I 0.028  0.034 0.025 0.046  0.032
PRE 0.120  0.121 0.120 0.120  0.126
RERTIR/ N 0.110  0.116  0.098 0.100  0.107
DEM 0.102 0109 0.102 0.109 0.114
TWI 0.026 0.015 0.017 0022 0.022
T IEWR A 0.119  0.099 0.119 0.116  0.105
LSRR A L 0.070  0.089  0.055  0.089  0.068
TAER L A 0.123  0.125  0.119  0.121  0.119
tagEe Rt K A7 0101 0.088  0.091  0.095  0.117
FVC 0.027  0.029  0.031  0.024 0.051
LST 0.098  0.098  0.094 0.091  0.091
q 11 90% 57 % 0.1310 0.1372  0.1308 0.1402 0.1330
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Fig.7 Prediction accuracy evaluation based on pollution source spatial distribution model
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Fig.8 Prediction accuracy evaluation based on dominant driving factor model
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