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Fig. 1- A) Location of the copper mine, B) spatial distribution of the collected samples and the ac-
tivity zones of Sarcheshmeh, and C) drainage network with the location of surface water samples in
the watershed
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Table 1. Statistical indices of the toxic elements in the Sarcheshmeh copper mine water and their
maximum limits according to Department of Environment of Iran standard

3 luibew! ws Flos Jrigres RV T ez S S
Element DEIstandard Minimum Maximum Average Skewness Kurtosis
As (mg/l) 0.10 0.20 443 27.35 4.46 18.73
Al (mg/1) 5 12 10886050 326069.02 6.37 39.80
Cd (mg/l) 0.10 0.03 6717.58 234.85 6.40 40.17
Co (mg/l) 1 0.02 40728.33 1414.26 5.99 40.85
Fe (mg/l) 3 5 2381746  64168.42 6.48 40.75
Mn (mg/l) 1 1 570671.1  43150.88 4.01 16.83
Mo (mg/1) 0.01 0 3786.3 407.9 2.25 3.92
Ni (mg/l) 2 0.20 24009.3 1575.29 3.94 16.36
Zn (mg/l) 2 1.20 438479.4  24221.36 4.73 23.66

Table 2. Spearman correlation coefficients between investigated heavy metals
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Table 3. Calculation of BRI, for some sample points

XTRE Olaizeo 9y wdale RYSTISTY cdall 09,5 BRI
Zone bl Zn concentra- Baysian Concentration Zn
Geographical tion (pg/l) weight group
coordinates
e Job
Longitude Latitude
1 55.8653 29.9472 2500 0.179 2 2.179
1 55.8770 29.9499 71918.6 0.386 2 2.386
1 55.8581 29.9714 5829 0.179 2 2.179
2 55.8750 30.0333 995 0.179 1 1.179
2 55.8663 30.0233 516.8 0.179 1 1.179
2 55.8723 30.0017 5507.7 0.179 2 2.179
3 55.8416 30.0875 86.1 0.465 | 1.465
3 55.8444 30.0894 122000 0.999 2 2.999
3 55.8502 30.0886 187000 0.386 2 2.386
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Table 4. Variogram parameters for the fitted models

Al e o2 e lazks Sl S U gl s
Parameter Best model Nugget effect Threshold C,/C,+ C Influence radius £
MSS error
((SH) (€, +0O) ()
BRI, Spherical 0.058 0.199 0.291 0.085 0.055
BRI, Spherical 0.105 0.172 0.610 0 0.206
BRI, Spherical 0.198 0.038 5.210 0 0.079
Zn Spherical 3.509%x10° 1.016x10" 0.345 0 0.418
Mo Cubic 1.577x10° 1.736x10° 0.091 0.090 0.330
Fe Spherical 9.471x10"  2.078x10' 4.557 0.032 0.500
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Fig. 5- Variogram models fitted on points of selected heavy metals
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Fig. 6- Histogram plot of toxic elements and related BRI produced for uncertainty analysis using
ordinary kriging and sequential gaussian simulation models
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Table 5. Percentage of zones' area according to water pollution risk
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Risk class Percentage area in different maps
BRI, Zn BRI, Mo BRI, Fe

°,lﬂ5 20.64 11.43 20.40 25.55 16.27 8.48
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o~ 21.08 3.44 2137 4.02 24.18 0
Low

M (e 58.28 85.13 58.23 70.42 59.54 91.52
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Introduction: Industrial and agricultural activities resulting in the production of toxic heavy metals may en-
danger water quality, public health, and the environment. Therefore, determination of areas that are affected by
heavy metals and spatial uncertainty of pollution risks are considered as an important and sensitive issue, which
are less studied. The main aim of this study was to combine Bayesian network analysis with Sequential Gauss-
ian Simulations (SGS) to evaluate the pollution risk of heavy metal and toxic elements in the surface water of

Sarcheshmeh copper mine.

Material and methods: In this study, a dataset of 924 water samples from 82 locations from three different
zones including the surface water of Shour River, tailing dam, and also the main mining site of Sharcheshmeh
copper complex, as well as nine heavy metals were used. The information was classified into two risk classes
of low and high according to the standard of the Department of Environment of Iran. A Bayesian analysis and
learning algorithm were applied to investigate the characterization of heavy metal correlations and Bayesian
weights extraction. Based on the obtained Bayesian network structure, important metals were chosen as key
pollution parameters. For these metals, the conditional probability was dedicated to every observed point and
then the Bayesian Risk Index (BRI) was calculated as a linear rating of the weighted risk classes. Finally, the
geostatistical modeling and SGS were applied for generating pollution risk and standard deviation maps of BRI

were used as an uncertainty measure of SGS based on BRI elements.

Results and discussion: Based on the results of Bayesian analysis, three elements of Zn, Mo, and Fe were iden-
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tified as the most important parameters of pollution risk in the studied zones, which were derived by the MW St
Bayesian network. The highest risk existed in the main mining zone and sedimentation dam. The results of
BRI, BRI, ,and BRI declared that areas in north and south of zone 1 and all of zone 2 had high pollution risk,
which requires appropriate treatment operations. The results also showed that the high-risk cluster was mainly
located within the main mining and tailing dam zones. Also, 19% and 22% of zones’ area was classified as high
and low risk of water pollution, respectively. Zoning maps of risk and heavy metals showed that there are high
standard deviation and great variation in copper complex and distilling dam. The results of the uncertainty risk
assessment showed high concentrations of heavy metals in the surface water arose from the transportation of
heavy metal from copper mine to distilling dam, which requires treatment operation on the output water of the
factory.

Conclusion: Based on the results, the pollution of heavy metal and toxic elements in water resources near
Sarcheshmeh copper mine and downstream water resources was high and this will increase the pollution risk of

Rafsanjan aquifer. These indicate the inadequate treatment of heavy metals in Sarcheshmeh copper mine water.

Keywords: Geostatistics, Geographical information system, Sequential Gaussian simulations, Spatial uncer-
tainty, Risk class, Sarcheshmeh copper mine, Variogram.
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