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Table S1. The equations and classification of Igeo, PLI, EF, CF (Fei et al., 2022; Gong 
et al., 2024; Hakanson et al.1980, Tomlinson et al., 1980, Huang et al., 2021, Müller et 
al.,1969).

Index Equation Category Degree
CF < 1 Non-pollution
1 ≤ CF 
< 2

Low pollution

2 ≤ CF 
< 3

Moderate pollution

3 ≤ CF 
< 5

High pollution

Contamination factor 
(CF) 𝐶𝐹 =  

𝐶𝑛

𝑆𝑛

CF ≥ 5 Extremely high pollution

Igeo<0 Non-pollution
0≤Igeo<1 Slight pollution
1≤Igeo<2 Moderate pollution
2≤Igeo<3 Moderate-heavy pollution
3≤Igeo<4 Heavy pollution
4≤Igeo<5 Heavy-extreme pollution

Geo-accumulation 
index (Igeo) 𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2( 𝐶𝑛

1.5𝑠𝑛
)

Igeo≥5 Extreme pollution
0 < PLI 
< 1

Unpolluted

1 < PLI 
< 2

Moderately polluted to 
unpolluted

2 < PLI 
< 3

Moderately polluted

3 < PLI 
< 4

Moderately to highly polluted

4 < PLI 
< 5

Highly polluted

Pollution load index 
(PLI)

𝑃𝐿𝐼 =  𝑛 𝐶𝐹1 × 𝐶𝐹2 × ⋯ × 𝐶𝐹𝑛

5 < PLI Very highly polluted
ER < 40 Low
40 ≤ 
ER< 80

Moderate

80 ≤ ER 
< 160

Considerable

160 ≤ 
ER < 
320

High

Ecological risk 
coefficient ( )𝐸𝑅 𝐸𝑅 =  𝑇𝑖

𝑟 ×  𝐶𝐹 

≥320 Very high
Potential Ecological 

𝑃𝐸𝑅𝐼 =
𝑛

∑
𝑖 = 1

𝐸𝐹
<150 Low



150–300 Moderate
300–600 Considerable

Risk Index (PERI)

≥600 High

Where, Cn is the concentration of PTE ‘n’ in the soil, and Sn is the Indian natural 

background value of the PTE ‘n’ in soil (mg/kg).  is the biological toxicity factor,  𝑇𝑖
𝑟

values differ for each metal: 30 for Cd, 2 for Cr, 10 for As, 40 for Hg, 1 for Zn, 5 for 𝑇𝑖
𝑟 

Cu, 5 for Pb and 5 for Ni and Co (Huang et al., 2018).

Geostatistical analysis 

The spatial distribution of PTE concentrations in study area was evaluated using 

ordinary kriging interpolation to generate continuous prediction maps (Fig. 3). This 

approach provides optimal estimates at unsampled locations by integrating spatial 

autocorrelation and distances between sampling points, complementing the stratified 

random sampling design. The predicted value at an unmeasured point was calculated 

using Eq.:

𝑍 ∗ (𝑥0) =
𝑛

∑
𝑖 = 1

𝜆𝑖𝑍(𝑥𝑖)                                                                                    

Where Z∗(x0) is the calculated value at the unobserved point , Z(xi) is the measured 𝑥0

value at the known location , λi is the weight assigned to Z(xi), and ‘n’ is the total 𝑥𝑖

number of known data points used in the interpolation process.

Source apportionment

Positive Matrix Factorization (PMF, EPA PMF v5.0) was applied to identify potential 

PTE sources, following USEPA guidelines. Data preprocessing included outlier 

removal using histograms and interquartile ranges. The PMF model decomposes the 

original concentration matrix as shown in Eq.:

𝑋𝑖𝑗 =
𝑝

∑
𝑘 = 1

𝑔𝑖𝑘𝑓𝑘𝑗 +  𝑒𝑖𝑗                                                                                                          



Where,  represents the concentration of PTE j in sample i,  is the contribution of 𝑋𝑖𝑗 𝑔𝑖𝑘

source k to sample i, and  is the fraction of PTE j in source k. The model minimizes 𝑓𝑘𝑗

an objective function Q, which measures the overall difference between the observed 

data and the model’s predictions, ensuring an optimal fit. The objective function Q is 

defined by Eq.

𝑄 =
𝑛

∑
𝑖 = 1

𝑚

∑
𝑗 = 1

(
𝑒𝑖𝑗

𝜎𝑖𝑗
)2                                                                                                        

Where,  is the uncertainty associated with each data point. If the value of ‘j’ exceeds 𝜎𝑖𝑗

or is below the corresponding method detection limit (MDL), then uncertainty is 

estimated using Eqs.

𝑈𝑛𝑐𝑖𝑗 = (𝑆𝑖𝑗· 𝐶𝑖𝑗)2 + (0.5·𝑀𝐷𝐿𝑗)
2                                                              

𝑈𝑛𝑐𝑖𝑗 =
5
6

 ·𝑀𝐷𝐿                                                                                                  

is the uncertainty for PTE j in sample i,  is the measured concentration (mg/kg), 𝑈𝑛𝑐𝑖𝑗 𝐶𝑖𝑗

is the error fraction, and  is the method detection limit for PTE j. 𝑆𝑖𝑗 𝑀𝐷𝐿𝑗

Table S2. Uncertainty concentrations (mg/kg) of PTEs in land uses around 
Sathupalli coal mine.
PTE Probabilistic 

distribution
Parameters
(mean, SD)

Reference

Hg Log normal LN (0.9,0.6) This study
As Log normal LN (8.2, 4.8) This study
Zn Log normal LN (392.6, 175.8) This study
Pb Log normal LN (191.9, 83.2) This study
Co Log normal LN (46.9, 14.3) This study
Cd Log normal LN (3.2, 1.9) This study
Ni Log normal LN (148.1, 51.1) This study
Cr Log normal LN (167.76, 96.0) This study
Cu Log normal LN (147.9, 80.1) This study

(MATLAB (2025b) was used to fit the probabilistic distribution of the uncertain 
concentrations of PTEs)



Table S3. Parameters and their detailed information for the health risk assessment 
(USEPA, 2011; Zhang et al., 2024; Liu et al., 2013)
Equation Parameters Information Adults Children Units

IRing Ingestion rate 100 200 mg/d
IRinh Inhalation rate 15 7.5 m3/d
SA Exposed skin area 5000 1600 cm2

AF Adherence factor 0.2 0.2 mg/cm
2/d

ABS Dermal absorption 
factor 0.001 0.001 unitles

s

PEF Particle emission 
factor 1.36×109 1.36×109 m3/kg

EF Exposure 
frequency 365 350 d/a

ED Exposure duration 30 6 a

BW Average body 
weight 55.9 15.9 kg

Non-
carcinoge

nic
365×ED 365×ED

AT
Avera

ge 
time Carcinoge

nic 365×70 365×70

d

𝐴𝐷𝐼𝑖𝑛𝑔 =  
𝐶𝑛 × 𝐼𝑅𝑖𝑛𝑔 × 𝐸𝐹 × 𝐸𝐷 × 𝐶𝐹

𝐵𝑊 × 𝐴𝑇

𝐴𝐷𝐼𝑑𝑒𝑟 =
𝐶𝑛 × 𝑆𝐴 × 𝐴𝐹 × 𝐴𝐵𝑆 × 𝐸𝐹 × 𝐸𝐷 × 𝐶𝐹

𝐵𝑊 × 𝐴𝑇

𝐴𝐷𝐼𝑖𝑛ℎ =
𝐶𝑛 × 𝐼𝑅𝑖𝑛ℎ × 𝐸𝐹 × 𝐸𝐷 

𝑃𝐸𝐹 × 𝐵𝑊 × 𝐴𝑇

CF Unit conversion 
factor 0.000001 0.000001 kg/mg

Table S4. Parameters for the exposure risk calculations of PTEs in soil with Mote Carlo 
simulation.
Description Parameter Unit Type Children Adult Reference

Exposure 
frequency

EF day/year Triangular TRI (180, 345, 365) (Huang et 
al., 2021)

Ingestion rate 
of soil

IRing mg/day Triangular TRI (66, 
103, 161)

TRI (4, 30, 
52)

(Yang et 
al., 2019)

Skin adherence 
factor

AF  𝑚𝑔/𝑐𝑚2 Lognormal LN (0.65, 
1.2)

LN (0.49, 
0.54)

(Chen et 
al., 2019)



Inhalation rate IRinh 𝑚3/𝑑𝑎𝑦 Point 7.5 14.5 (Han et 
al., 2020)

Exposure 
duration

ED years Point 6 24 (Han et 
al., 2020)

Particle 
emission factor

PEF 𝑚3/𝑘𝑔 Point 1.36 × 109 1.36 × 109 (Huang et 
al., 2021)

Average body 
weight

BW kg Point 15 55.9  (Han et 
al., 2020)

Average time 
of exposure to 
contaminated 
soils

AT day Point 365 （non-× 𝐸𝐷
carcinogenic）
365 （carcinogenic× 70
）

(Han et 
al., 2020)

Exposed skin 
area

SA 𝑚2 Triangular TRI(0.076, 
0.086, 
0.382)

TRI(0.076, 
0.153, 
0.382)

(Huang et 
al., 2018)

Dermal 
adsorption 
factor

ABS - - 0.001（non-
carcinogenic）
0.01（carcinogenic）

(Huang et 
al., 2021)

Table S5. The reference doses (RfD) and slope factors (SF). (RfD for noncarcinogenic 
PTEs and SF for carcinogenic PTEs). 

RfD (mg/kg·d) SF (kg/d·mg)PTE
RfDing RfDinh RfDderm SFing SFinh SFderm

As 3.00E-04a 1.23E-04a 1.23E-04a 1.50E+00a 1.51E+01a 3.66E+00a 

Cd 1.00E-03a 1.00E-05a 1.00E-05a 6.10E+00a 6.30E+00a 3.80E-01b 
Co 2.00E-02c 1.60E-03c 5.71E-06c N/A N/A 9.80E+00c 
Cu 4.00E-02a 4.02E-02a 1.20E-02a N/A N/A N/A
Ni 2.00E-02a 2.06E-02a 5.40E-03a 1.70E+00e 9.00E-01e 4.25E+00e 
Pb 3.50E-03a 3.52E-03a 5.25E-04a 8.50E-03a N/A N/A
Zn 3.00E-01a 3.00E-01a 6.00E-02a N/A N/A N/A

Hg 3.00E-04 8.57E-05d 2.10E-05d N/A N/A NA

Cr 3.00E-03e 2.86E-05e 6.00E-05e 8.50E-03f 4.20E+01f 2.00E+01g

N/A, Data not available, a(Huang et al., 2021), b(Wang et al., 2017), c(Han et al., 
2020), d(Lei et al., 2022) e(Tong et al., 2020; ), f(Zhou et al.,2022), g(Wang et al., 
2020).



Table S6. The classification of HI and TCR (CR) (US EPA, 2001)

Category Degree
HI <1 No risk of adverse health effects
HI ≥1 The occurrence of non-carcinogenic effects.
CR ≤ 1.00E-06 A mild risk
1.00E-06 ≤ (CR) ≤ 1.00E-04 Acceptable risk
TCR (CR) ≥ 1.00E-04 Unacceptable risk





Fig. S1 Contribution of PTEs to each factor.











Fig. S2 Fitting coefficients (r2) between soil PTEs observed concentrations and 
predicted concentrations by PMF model.



Fig. S3 Factor profile of four factors (i.e., pollution sources) from the PMF model 
to eight PTEs is shown. The minimum and maximum displacements are shown in 
the boxes, and the factor contributions obtained in the base displacements are 
shown as filled blue boxes for comparison, red square was % of species (i.e., PTE). 



Fig. S4. Based on DISP analysis, the variability of the percentage contribution of 
four factors (i.e., pollution sources) from the PMF model to eight PTEs is shown. 
The minimum and maximum displacements are shown in the boxes, and the factor 
contributions obtained in the base displacements are shown as filled blue boxes 
for comparison.



Fig. S5a. Based on Bootstrap (BS) analysis, the variability of the percentage 
contribution of four factors (i.e., pollution sources) from the PMF model to eight 
PTEs is shown. The box represents the interquartile range (25th to 75th 
percentile), and values outside this range are represented as crosses. The 
horizontal green line represents the median, and the percentage factor 
contribution obtained in the base test is shown as a filled blue box for comparison.



Fig. S5b. Based on Bootstrap-DISP analysis variability in species contributions to 
PMF Factors 1–4. The bars represent the range of percent contribution for each 
metal, while blue squares indicate the base-run values. This plot reflects model 
stability and the robustness of species–factor associations.



Table S7. Non-Carcinogenic and carcinogenic health risk assessment of potentially 
toxic element in different landuses around SCM.

HQ by PTEs – Adults
Land 
Use

Hg As Zn Pb Co Cd Ni Cr Cu  HI

CM 7.70E-03 4.72E-02 3.10E-03 1.18E-01 1.46E-01 1.17E-02 1.71E-02 3.38E-01 9.30E-03 6.83E-01
RD 5.60E-03 2.42E-02 1.60E-03 9.05E-02 1.84E-01 1.33E-02 1.37E-02 2.61E-01 6.40E-03 5.97E-01
AG 6.00E-03 3.53E-02 2.00E-03 9.24E-02 1.62E-01 1.12E-02 1.13E-02 2.07E-01 4.20E-03 5.32E-01
FT 4.40E-03 8.89E-02 2.60E-03 7.67E-02 1.50E-01 8.20E-03 8.50E-03 1.94E-01 3.90E-03 5.38E-01
RS 1.30E-03 7.20E-02 1.90E-03 1.19E-01 1.31E-01 1.26E-02 1.10E-02 2.25E-01 5.50E-03 5.73E-01
HQ by PTEs – Children
CM 4.64E-02 3.12E-01 2.01E-02 7.53E-01 1.80E-01 4.55E-02 1.12E-01 1.63E+00 6.07E-02 3.10E+00
RD 3.40E-02 1.60E-01 1.06E-02 5.78E-01 2.27E-01 5.20E-02 8.97E-02 1.26E+00 4.18E-02 2.44E+00
AG 3.60E-02 2.33E-01 1.31E-02 5.91E-01 2.01E-01 4.36E-02 7.36E-02 9.99E-01 2.78E-02 2.22E+00
FT 2.67E-02 5.87E-01 1.71E-02 4.90E-01 1.86E-01 3.21E-02 5.58E-02 9.38E-01 2.53E-02 2.36E+00
RS 7.60E-03 4.76E-01 1.24E-02 7.60E-01 1.62E-01 4.91E-02 7.22E-02 1.08E+00 3.62E-02 2.65E+00

Cancer Risk (CR) by PTEs – Adults
Land Use As Pb Co Cd Ni Cr  Total CR

CM 9.10E-06 1.41E-06 3.39E-06 1.52E-05 2.46E-04 6.13E-05 2.14E-03
RD 4.67E-06 1.08E-06 4.28E-06 1.74E-05 1.98E-04 4.73E-05 1.74E-03
AG 6.82E-06 1.10E-06 3.79E-06 1.45E-05 1.62E-04 3.75E-05 1.43E-03
FT 1.72E-05 9.17E-07 3.50E-06 1.07E-05 1.23E-04 3.52E-05 1.29E-03
RS 1.39E-05 1.42E-06 3.05E-06 1.64E-05 1.59E-04 4.07E-05 1.50E-03
Cancer Risk (CR) by PTEs – Children
Land Use As Pb Co Cd Ni Cr Total CR

CM 1.20E-05 1.90E-06 7.32E-07 2.05E-05 3.25E-04 1.62E-05 5.74E-03
RD 6.17E-06 1.46E-06 9.24E-07 2.34E-05 2.61E-04 1.25E-05 4.75E-03
AG 9.00E-06 1.49E-06 8.17E-07 1.96E-05 2.14E-04 9.88E-06 3.95E-03
FT 2.27E-05 1.24E-06 7.56E-07 1.44E-05 1.62E-04 9.28E-06 3.41E-03
RS 1.83E-05 1.92E-06 6.57E-07 2.21E-05 2.10E-04 1.07E-05 4.10E-03





Fig. S6: Feature importance plot showing the relative contribution of 
physicochemical properties, PMF factors, soil texture, and land-use categories in 
predicting PTE concentrations. Higher OOB-permuted importance values 
indicate stronger predictive influence of each variable.

(e) (f)

(g) (h)



Fig. S7. Factor contributions of PTEs derived from the PMF model.

 



Table S8. Performance metrics of the RF model for predicting potentially toxic element 
concentrations, including R², Q², and RMSE (mg kg⁻¹) for each element. 
Element R2 Q2 RMSE (mg kg-1)
Hg 0.95 0.95 0.14
As 0.74 0.73 2.78
Zn 0.75 0.59 35.7
Pb 0.91 0.92 5.03
Co 0.74 0.74 23.92
Cd 0.87 0.82 1.16
Ni 0.78 0.70 44.02
Cr 0.80 0.81 38.38
Cu 0.86 0.87 25.6

Table S9. Semi-variogram parameters of the fitted models for selected PTEs.

Element Model type Nugget (C₀) Sill (C₀ + C) Range (m) Nugget/Sill (%)

Hg Spherical 0.22 0.52 870 42

As Spherical 0.06 0.20 670 30

Zn Spherical 0.11 0.42 700 26

Pb Spherical 0.27 0.82 1080 33

Co Spherical 0.46 1.30 980 35

Cd Spherical 0.09 0.30 800 30

Ni Spherical 0.14 0.38 850 37

Cr Spherical 0.03 0.08 520 38

Cu Spherical 0.11 0.42 820 26
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