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Coal mining areas are prone to hazardous element contamination because of mining activities and

the resulting wastes, mainly including Cr, Ni, Cu, Zn, Cd and Pb. This study collected 103 samples of
farmland tillage soil surrounding a coal mine in southwestern Shandong province and monitored the
heavy metal concentrations of each sample by inductively coupled plasma mass spectrometer (ICP-MS).
Statistics, geostatistics, and geographical information systems (GIS) were used to determine the spatial
pattern of the potentially toxic metals above in the coal mining area. The results show that the toxic
metal concentrations have wide ranges, but the average values for Cr, Ni, Cu, Zn, Cd and Pb are 72.16,
29.53,23.07, 66.30, 0.14 and 23.71mg Kg—?, which mostly exceed the natural soil background contents
of Shandong Province. The element pairs Ni-Cu, Ni-Zn, and Cu-Zn have relatively high correlation
coefficients (0.805, 0.505, 0.613, respectively). The Kriging interpolation results show that the contents
of soil toxic metals are influenced by coal mining activities. Moreover, micro-domain variation analysis
revealed the toxic metals in the typical area of the coal transportation line. These findings offer
systematic insight into the influence of coal mining activities on toxic metals in farmland tillage soil.

As a global environmental issue, soil contamination has been increasingly recognized as a problem' owing to the
importance of soils for agricultural production as well as the maintenance of the health of plants, animals and
human beings*’. Nationally, soil is used at an overshoot rate of 16.1%. Higher overshoot rates can be observed in
mining areas, and in China’s 2014 Soil Pollution Condition Investigation Communique, which was released by
the Ministry of Land and Resources combined with Ministry of Environmental Protection, a typical plot reached
an overshoot rate of 33.4%*. Soil pollution is one of the main environmental problems in the European Union. It
is estimated that more than 2.5 million sites are potentially polluted, 60% of which are likely affected by hydro-
carbons or trace elements’. Heavy metals generally refer to metals and metalloids that have densities greater than
5g/cm?, such as lead (Pb), zinc (Zn), cadmium (Cd), mercury (Hg), chromium (Cr), arsenic (As) and so on®.
Enrichment of heavy metals in soil may cause carcinogenic and mutagenic effects, which pose severe threats to
the health of animals and humans exposed to the soil environment”?®.

Coal mining and consumption play a significant role in the economic and social development of China.
Long-term intensive mining activity has severely disturbed the natural environment via subsidence, soil erosion,
pollution and the deterioration of the water quality’. It is well known that various toxic elements exist in coal
refuse and fly ash, and these toxic elements can be released and enter the soil through coal industry activities,
including production and accumulation of a large amount of gangue, discharge of sewage, and emissions from
coal-fired power plants and coal transportation', all of which are a challenge to agricultural security as a result'".

From a recent literature review, it was shown that numerous studies of soil heavy metal pollution caused by
mining activities have been carried out over the past few years. For instance, Ge et al.!? analyzed and assessed
the ecological risk from seven heavy metals, namely, Cd, Hg, As, Cu, Pb, Cr and Zn, that were present in soils
surrounding a coal waste pile at Naluo Coal Mine, Liupanshui, Guizhou, China. The results revealed that the
heavy metals mentioned above were strongly elevated, if which Cd had the maximum single pollution index'2 In
a separate report, Niu ef al.'* analyzed the heavy metals (Cu, Zn, Ni, Pb, Cr, Cd, and Hg) found in 33 surface soil
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samples from coal-mining land restored for use as cultivated land in Xinzhuangzi, China. The results showed that
the selected elements were elevated, especially Cd'*. In addition, Chen et al.’? collected 90 soil samples from dif-
ferent depths (0-20, 20-40, 40-60 cm) and 120 plant samples based on a grid sampling method in the coal-refuse
reclaimed areas of Huainan, China, to investigate the concentration and distribution characteristics of toxic ele-
ments in soils and plants. The results showed that the concentrations of toxic elements (As, Cd, Cu, Ni, Pb and
Zn) in the soils were elevated following coal refuse reclamation. Toxic element tolerance was observed in all of
the selected plant samples, and the concentrations of toxic elements in underground tissues were higher than
those of above ground tissues, with the concentrations varying from highest to lowest at depths of 20-40 cm,
40-60 cm, 0-20 cm’. Numerous studies of the enrichment content of heavy metals in crops related to mining
activities have also been carried out. For instance, Tao et al. (2017) reported that the heavy metals concentrations
(Pb, Cd and Cr) in mature rice in a coal mining area in Guizhou were 2~8 times higher than those of national
health food safety standards limits'%. In a separate report, Cheng et al. (2016) suggested that the contents of Cu,
Cd and Pb exceeded the standard limits in some vegetables. The total risk from exposure to the multiple metals
in vegetables exceeded the acceptable levels for both adults and children'®. Moreover, a few studies on the enrich-
ment content of heavy metals have focused on coal mine waste water'® or on dust surrounding a coal-fired power
plant!’. The studies mentioned above and many unmentioned studies show that attempts have been made to
gain a broader understanding of the effect of coal activities on soil toxic metals, mostly by applying geostatistical
methods. However, few studies have investigated how these activities interact with each other, as the distribution
of soil toxic metals result from the combined impact of the above activities. Knowledge of the spatial distribution
of toxic elements in soil in the entire mining area is necessary. Furthermore, the influence of coal transportation
on heavy metals distribution has been ignored. Further research is needed in this regard.

Knowledge of the spatial distribution of toxic elements in soil, especially in farmland tillage soil, is necessary
to assess the environmental hazard and strategy for dealing with this hazard. The concentrations of toxic metals
must be monitored and assessed to determine the level of soil toxic metal pollution and prepare for remediation.
Sampling analyses have to be performed to evaluate the concentrations of toxic elements due to geogenic (natural,
background) or anthropogenic phenomena in special areas, such as a coal mining area'®!°. However, soils have
spatially variable characteristics, for which standard statistical methods are not applicable, and therefore, a set of
statistical tools need to be used to describe these characteristics. A model of spatial dependence can be used to
comprehensively determine the complex relationships between soil properties. These methods are accurate and
well documented by researchers?. A few studies have been conducted to evaluate toxic element pollution and to
explore the toxic element spatial distribution characteristics of coal mining areas in China over the past few years
(2013-2017). The results show that in different coalfields, the amount of pollution from different heavy metals is
quite different. The heavy metals most affected by coal industrial activities are Cd, Hg, Mn, Cu, Zn, Ni and Cr2l-24,
Thus, a comprehensive heavy metals pollution assessment of the Yanzhou coalfield is urgently needed.

Ren et al. believe that there are 22 types of harmful toxic elements in coal®. As is known, Hg has become the
primary toxic element of concern in coal in China, as it is present at higher average concentrations than in the rest
of the world. Much research has been performed to describe the release and distribution characteristics of Hg*-25.
Thus, this paper investigates toxic elements (Cr, Ni, Cu, Zn, Cd, and Pb) in farmland tillage soil samples, which
has been studied in relevant references of this area?”~>2. The main objectives of this study are 1) to investigate and
determine the toxic element concentrations and evaluate the soil heavy metal contamination levels of a mine in
Yanzhou coalfield; 2) to explore the spatial variation and distribution characteristics by applying a geostatistical
method; and 3) to reveal the micro-domain variation of heavy metals in the periphery of a coal transportation
road. It is expected that these findings will be used as management tools and environmental remediation strate-
gies at coal mine sites.

Results and Discussion

Concentrations of toxic metals in soils. A statistical description of the elements in the research area
is presented in Table 1. The background value of Shandong soil was used as the reference value. The arithme-
tic average concentrations of Cr, Ni, Cu, Zn, Cd and Pb were 72.16, 29.53, 23.07, 66.30, 0.14 and 23.71 mg/Kg,
respectively. Compared to the background value, the soil in coal mine area had elevated concentrations of Cd, Cr,
Ni and Zn. The maximum concentrations of Ni, Zn, Cd, and Pb were 62.08, 124.85, 0.7 and 57.34 mg/Kg, which
were 2.7, 2.0, 8.3 and 2.2 times greater than the background values, indicating that these metals were derived from
anthropogenic sources, particularly Cd, which had a mean concentration 1.7 times greater than the background
value. We compared the toxic metal concentrations in soil from coal mine areas to those reported in previous
studies. The mean concentrations of the six toxic metals in this study were slightly lower than those in Lianyuan®.
The comparison between data in this study and other areas were shown in Table 2.

To compare the variability of the soil toxic metals concentrations in the study area, the coefficient of variability
(CV) was calculated and categorized into four classes according to previous studies***. CV < 20% was regarded
as low variability, 21% < CV < 50% indicated moderate variability, 51% < CV < 100% as regarded as high varia-
bility, and 100% < CV was considered very high variability. According to Table 1, the toxic metals of Cu, Zn, Cd
and Pb showed moderate variability and CV values in the range of 21% to 50%. Cd had a CV of 30.77, which was
the highest value among the toxic metals. The results further show that Cd-bearing soils in this research area are
attributed to anthropogenic sources®. The CV values of Cr and Ni showed low variability, further indicating low
anthropogenic import of these metals.

The skewness coeflicient and kurtosis were used to describe the symmetry and shape of the toxic metal distri-
butions. The skewness coefficients of Cr and Cu were near zero (the value of the standardized normal distribution
of skewness is zero. Skewness >0 means the center is shifted to the left, while skewness <0 means the center is
shifted to the right), while the other elements had high skewness, indicating disordered high values. The kurtosis
of Cd was much greater than zero (the value of the standardized normal distribution of kurtosis is zero. Kurtosis
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Number of sample point 103 103 103 103 103 103
Mean value (mg/Kg) 72.16 29.53 23.07 66.30 0.14 23.71
Maximum (mg/Kg) 97.05 62.08 39.48 124.85 0.7 57.34
Minimum (mg/Kg) 45.80 14.76 6.87 33.75 0.04 14.84
Media value (mg/Kg) 72.73 28.98 22.86 64.35 0.13 2291
Background Value in Shandong (mg/Kg) 65.20 23.00 24.00 63.50 0.084 25.8
Average concentration in coal of this mine (mg/Kg) 68.28 134.68 121.93 684.11 0.40 | 225.75
Average concentration in coal gangue of this mine (mg/Kg) 88.40 40.4 48.65 768 2.50 65.5
SD 13.63 6.38 5.63 14.19 0.07 6.43
Skewness —0.24 1.18 0.27 0.88 4.57 2.65
Kurtosis —0.92 597 0.96 2.39 31.66 9.50
Coefficient of variation CV/% 19.44 19.09 24.71 22.39 30.77 23.24
Kolmogorov-Smirnov Z 0.729 0.886 0.98 0.774 1.645 2.113
Asymptotic significance (double side) 0.662 0.412 0.292 0.587 0.009 0

Table 1. Descriptive statistics and basic testing for soil toxic metals content.

Anhui(China) — — 36.8 62 — 25.4 9
Xinjiang (China) 48.83 24.18 36.97 62.48 1.09 — x
Guizhou (China) 20.89 — 46.61 60.07 0.43 9.09 12
NeiMonggolAutonomousRegion (China) — 27.32 17.06 56.74 0.06 12.21 52
Shanxi (China) 275 94.5 55 — 0.8 54.2 37
Yunnan (China) 148.27 110.59 191.05 2273.77 — 1117.47 53
Henan (China) 50.97 — 26.97 109.63 0.61 70.10 4
Beijing (China) 48.56 30.98 — — 0.29 — 5
Rostoc Oblast (Russia) 200 40 20 50 — 10 56
Chhattisgarh (India) 567.4 — 218.3 426 — 311 7

Table 2. Heavy metal concentrations (mg/kg) in coal mine area in China and other countries.

Pearson correlation 1
cr Significance(double side)
| Pearson correlation 0.319" 1
N Significance(double side) 0.001
Pearson correlation 0.296™ 0.805" 1
Cu Significance(double side) 0.002 0.000
Pearson correlation —0.046 0.505™ 0.613™ 1
Zn Significance(double side) 0.642 0.000 0.000
Pearson correlation 0.048 0.208" 0.176 0.146 1
cd Significance(double side) 0.631 0.034 0.074 0.139
Pearson correlation —0.058 0.271" 0.290" 0.380" 0.064 1
bd Significance(double side) 0.561 0.005 0.003 0.000 0.518

Table 3. Correlation table of toxic metal elements. **Significant correlation was found at the 0.01 level
(bilateral). *Significant correlation was found at the 0.05 level (bilateral).

>0 means the distribution has a towering shape, while Skewness <0 means the distribution has a flat shape). The
hypotheses that the concentrations of Cd and Pb were subject to normal distributions were refuted because the
asymptotic significance (double side) of the Cd and Pb distributions were both less than 0.1.

Correlation pairs for all elements were investigated, as shown in Table 3. Positively high correlation coefficient
of variations for Ni and Cu were observed because their Pearson correlation was 0.805 (a significant correlation
was found at the 0.05 level (bilateral)). Ni-Zn and Cu-Zn also had positive correlation coeflicients. The results
indicate that both elements have a similar behavior or arise from a similar source.
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Cr —1.09 —0.01 —0.47 0 0
Ni —-1.23 0.85 —0.26 19 0
Cu —2.39 0.13 —0.69 2 0
Zn —1.50 0.39 —0.55 3 0
Cd —1.74 2.48 0.01 52 2
Pb —1.38 0.57 —0.75 4 0

Table 4. Geoaccumulation index. *I,,, <0 means the soil was practically uncontaminated; 0~1 means the
soil was uncontaminated to moderately contaminated; 1~2 means the soil was moderately contaminated; 2~3
means the soil was moderately to heavily contaminated; 3~4 means the soil was heavily contaminated; 4~5

means the soil was heavily to extremely contaminated; >5 extremely contaminated.

Transformation Logarithmic / / / Logarithmic Logarithmic
Model K-Bessel Gaussian Stable K-Bessel Exponential Stable

Co 0 11.821 7.411 115.227 0.035 0.001
C+GCy 0.043 53.260 28.03 233.263 0.099 0.056
Co/(C+Co)(%) 0 22.19 26.44 49.13 35.35 2.3

Range variation (m) 2665.1 768.7 1504.8 1872.3 415.9 955.6

Mean Standardized 0.0004 —0.0076 0.0029 0.0067 —0.0845 —0.0781
Root-Mean-Square Standardized 0.9416 1.0908 1.0630 1.0616 1.1310 1.2613

Table 5. Theoretical models of semivariance and relevant parameters based on Kriging.

Pollution assessment and geostatistical analysis. The geoaccumulation index of toxic metals is shown
in Table 4. The Igw average values for Cr, Ni, Cu, Zn and Pb in samples were generally less than 0, indicating
that the levels of the toxic metals were insufficient to qualify as contaminated. By contrast, the soil Cd level was
between 0 and 1, suggesting that these soils were uncontaminated to moderately contaminate. The I, values of
soils were variable, with the maximum greater than 0 except for Cr, indicating that the toxic metals were present
at different enrichments. According to abovementioned results, the contamination levels of these toxic metals
decreased in the following sequence: Cd, Ni, Cr, Zn, Cu, and Pb.

The semivariograms of Cr, Ni, Cu, Zn, Cd and Pb matched the K-Bessel, Gaussian, stable, K-Bessel, exponen-
tial and stable models, respectively, as determined by semivariance analysis and the spatial distribution technique
(Table 5). The prediction accuracy was acceptable, for all of the mean standardized (MS) values, which were close
to 0, and for all of the root-mean-square standardized (RMSS) values, which were close to 1. All of the toxic met-
als met the condition of Cy/(C+ Cy)(%) < 75%, which indicated strong or moderate horizontal spatial depend-
ence. This pattern was especially evident for Cr, Ni and Pb, which had values < 25%.

The spatial variations of the toxic metal contents in soils are shown in Fig. 1. The average value and high-
est value of Cr were 72.16 and 97.05mg/Kg, respectively, and the highest values were located in the middle of
industrial square and the coal transport station. Overall, the spatial distribution trend for Cr in soils was low in
the north and southwest of the study area but with obvious accumulation, continuous development and strong
diffusion south of the gangue dump, south and east of the coal storage yard and the industrial square, and on
both sides of the coal transfer station and coal transportation road. This result indicated that the high content of
Cr mostly coincided with the coal mine and was mostly transported by surface water rather than atmospheric
deposition, as surface water predominantly flowed from northwest to southeast, but wind was from the southeast.
There have been a number of statements about Cr from coal mining*>*%. Many studies have identified the enrich-
ment of Cr in coal dust or fly ash in the coal mining area®*’. For example, it has been well documented that the
Cr concentrations in leachates of fly ash in Sarigkiol basin*! accounted for more than 96% of the total Cr. Through
this result, we can recognize that the soil Cr content in coal mine areas has a strong dispersal potential. The soil Cr
concentrations were partly enhanced by coal mine activities, but not strongly.

The spatial variations of the Ni and Cu concentrations were consistent. The average value of Ni was 29.53 mg/Kg,
and the average value of Cu was 23.07 mg/Kg. Both of their highest values were found near the coal transportation
road. The Ni and Cu hotspots were south of the gangue dump, south and east of the coal storage yard and industrial
square, and on both sides of the coal transfer station and coal transportation road. The spatial variations of these
two elements were approximately the same as that of Cr. The only difference was the obvious accumulation on both
sides of the coal transportation road in the northern area as the road passed through residential areas. This result
indicates that the high contents of Ni and Cu mostly coincided with the coal mine and the discharging of domestic
waste and that the transportation characteristics were similar to those of Cr. In addition to coal mining sources*,
there have been a number studies that showing that Ni and Cu come from domestic waste****. Through this result,
we can recognize that the soil Ni and Cu contents in coal mine areas have a strong dispersal potential. The soil Ni and
Cu concentrations were enhanced by coal mine activities and domestic waste, but not strongly.
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Figure 1. Spatial distribution maps of the toxic metals (Cr, Ni, Cu, Zn, Cd, and Pb) concentrations ©@Coal
gangue hill, @Coal storage, @Industrial square, ®Mineshaft, ®Transfer station, ®Main route for coal
transportation.

The average content of Cd was 0.14 mg/Kg, with the highest value of 0.70 mg/Kg located between the industrial
square and coal transportation transit station. The Cd hotspots were highly concentrated around the industrial
square. The soil Cd contents were high at the south of the gangue dump, south and east of the coal storage yard,
eastern edge of the study area and on both sides of coal transportation road. On the contrary the Cd contents were
low at the southwest edge of the study area. This result indicates that the high content of Cd mostly coincided with
the coal mine and was partly affected by other human activities®*. In contrast to Cr, Cd was transported by both
surface water and atmospheric deposition®.
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117.49 | 98.45 74.83 158.14 | 0.83 108.98
115.11 | 98.16 74.28 156.22 | 0.79 108.83
102.33 | 93.12 63.22 151.13 | 0.81 105.11
88.98 | 74.94 42.01 14355 |0.73 73.06
86.16 | 69.07 40.38 13496 | 0.75 70.04

@ e e

Table 6. Soil toxic metals concentrations in the typical area of coal transportation line.

The average content of Zn was 66.30 mg/Kg, which was slightly higher than the soil background value of
Shandong Province. The maximum value of the Zn content was 124.85 mg/Kg, located at the north side of the
north coal transportation road. The Zn hotspots included areas south and east of the coal storage yard and indus-
trial square and on both sides of the coal transfer station and coal transportation road. This result indicates that
the high content of Zn mostly coincided with the discharge of domestic waste rather than coal mining activities.
It was identified that high Zn loads were attributed to vehicular emissions and the wide use of Zn-coated building
materials?. The Zn transportation characteristics were similar to those of Cd, with Zn transported by the com-
bined actions of surface water and atmospheric deposition.

The mean value of Pb was 23.71 mg/Kg, and the highest value was 57.34 mg/Kg, which was located at the north
side of the north coal road. The Pb hotspots included areas south and east of the industrial square and on both
sides of the coal transfer station and coal road. The spatial variations of Pb were similar to those of Cu. This result
indicates that the high content of Pb arises from several sources, including discharge of domestic waste, coal mine
activities and road transportation*®. The similar pollution sources of Zn and Pb, determined their similar spatial
distribution characteristics. According to previous studies, the pollution of heavy metals such as Pb and Zn pro-
duced by vehicles is generally 150 m on both sides of the road**°. The spatial distribution characteristics of Pb
showed low diffusion levels, and the transportation characteristics were similar to t hose of Cd, with Pb primarily
transported by the combined actions of surface water and atmospheric deposition.

Micro-domain variation of toxic metals in the typical area of the coal transportation line. There
are drains on both sides of the coal transportation road. A sprinkler sprays the road continuously to reduce road
dust. Sewage from these drains is dumped directly onto roadside fields, which may increase the concentrations of
toxic metals in soils. Figure 2 shows samples spaced 2 m away from the road, and Table 6 presents the values of toxic
metals concentrations in the samples. The concentrations of soil toxic metals tend to gradually decrease from points
(D-3 and @-(® and sharply decrease from points 3-@). It is observed that the soil is darker and wheat straw is pale
yellow at points (1D-(3). The wheat straw is sparse, with basically no weed growth, at point (D. The soil toxic metals
concentrations are higher near the road than at other points far away from the road and are even higher than the
concentrations in coal gangue, except for Zn. From points @) to (), the wheat stalks are more consistent, increas-
ingly more weeds appear, and the toxic metal concentrations slightly decrease. Wheat straw become bright yellow
and dense at points (‘% and (®. The soil toxic metals concentrations decrease slightly, but are still higher than those
in coal, especially for Cu and Pb. It is observed that the soil toxic metal concentrations decrease from the roadside to
farmland, where grows better. This result shows that there are obvious micro-domain variation characteristics in soil
on both sides of the road due to the influence of coal transportation.

Conclusions

The conclusions of this study are that the average concentrations of Cr, Ni, Zn, Cd and Pb are higher than their
background contents in soils in Shandong Province, but the average concentrations of Cu and Pb are lower than
their background levels. Additionally, the maximum concentrations of toxic metals are far above the background
contents in soils in Shandong Province, particularly for Cd and Ni, which had maximum concentrations 8.3
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Figure 3. Location and sampling points distribution diagram @Coal gangue hill, @Coal storage, @Industrial
square, ®Mineshaft, ®Transfer station, ®Main route for coal transportation.

and 2.7 times greater than their background values in Shandong Province, respectively. The soil concentrations
of Ni and Cu have a positive and high correlation coefficient. Meanwhile, Ni-Zn and Cu-Zn also have positive
correlation coefficients. Through geoaccumulation index analysis, the contamination levels of these toxic metals
are shown to be low, though Cd and limited areas for other metals reached moderately contaminated levels.
Generally, the contamination levels of toxic metals except for Cd can be regarded as practically uncontaminated.
Through spatial distribution analysis, the six toxic metals were shown to have different levels of accumulation
around the coal gangue dump, industrial square, and coal transfer station and transportation roads. This result
indicates that the soil toxic metal contents are influenced by coal mine activities. In addition, Ni and Cu partially
source from domestic waste, Cd partially comes from other human activities at the eastern edge of the study area,
a majority of Zn sources come from the discharge of domestic waste, and Pb comes from domestic waste and
road transportation sources. Through micro-domain variation analysis of toxic metals in a typical area of the coal
transportation line, contamination by toxic metals is very serious on the sides of the coal transportation road. The
abovementioned results are useful for the prevention and reduction of toxic metal contamination in soils and for
providing a reference a for similar mining areas.

Materials and Methods

Soil sampling and analysis. The coal mine sampled is located in Zoucheng and Yanzhou, southwest of
Shandong province, China. Its total area is 46.25 km?, and its designed annual capacity is 3.0 Mt. The mine has a
warm temperate monsoon climate, where the average annual precipitation is 712.6 mm, and has a southerly pre-
vailing wind. The mining site is low-lying, with a mean altitude of 40 m-46 m and gentle slope that decreases from
northeast to southwest. The soil is rich regarding its ability to preserve water and nutrients and is dominated by
meadow cinnamon soil, followed by lime concretion black soil. This site has experienced 31 years of mining activ-
ity that began in 1986. This site has complex topography, including plains, wetlands, rivers, and ponds because of
coal mining subsidence and other human activities. According to satellite remote sensing images, a large amount
of remediation has been performed. For example, drains around the coal gangue dump were added before 2010,
and recycling activities had been gradually carried out until 2017. In addition, many reclamation projects of min-
ing depressions have been performed.

One hundred-three soil samples were collected from surface soil (0-20 cm depths) according to the distance
(10m, 50 m, 200 m, 500 m, 1000 m, 2000 m) for potential pollutant sources (gangue mountain, mine wellhead
and coal transportation line) to assess the contamination potential and explore the spatial variation of the toxic
metals. The sampling points were arranged in four directions from the gangue mountain and wellhead along
both sides of the transport line and evenly distributed in the other areas!>?. The actual samples needed to be
adjusted to avoid residential areas, reservoirs, rivers and villages and so on; two-thirds of which were arranged
on the south side of the site, but the overall arrangement was also centered on the pollutants (Fig. 3). In addition,
15 soil samples on three lines were designed to be collected from surface soil (0-20 cm depths) according to the
distance (0m, 2m, 4m, 6m, 8 m) from the coal transportation line to study the micro-domain variation at the
typical area’!.

Soil samples were collected following a five-point mixing sampling method and selected according to the
quartering method. First, soil was dug out with a spade, and the portion that had not been exposed to the spade

SCIENTIFICREPORTS| (2018) 8:14925 | DOI:10.1038/s41598-018-33132-4 7



www.nature.com/scientificreports/

was placed in sample bags with disposable wooden spades. Second, all soil samples were dried naturally, and then,
rocks and plant matter were removed. We broke clods using an agate ball mill to pass through a 200 mesh screen
and mixed the soil completely and homogenously for later use. We measured the concentrations of Cr, Ni, Cu, Zn,
Cd and Pb using a Nexion 300X inductively coupled plasma mass spectrometer (ICP-MS) (Perkin Elmer, USA)
after a series of ‘Aqua regia’ digestions and acidification while maintaining a constant volume, which has been
widely used to characterize trace elements concentrations in soil pollution studies®*2.

Descriptive statistics. The standard deviation, coeflicient of variation, mean value and media value were
used to estimate the variability of the soil metal concentrations (Cr, Ni, Cu, Zn, Cd and Pb). The
Kolmogorov-Smirnov (K-S) test together with asymptotic significance (double side), skewness, kurtosis values
and a QQ-plot were used to determine the normality of the data. If B,_, > 0.05, the hypothesis of the
Kolmogorov-Smirnov (K-S) test that the data were normally distributed would be considered true. Correlation
analysis was performed to identify the correlations between soil indicators and identify the interactions between
soil indicators and distances to different pollutant sources. All data were entered into Microsoft Excel 2010
(Microsoft, Washington, USA), and statistical parameters were calculated using SPSS 16.0 (IBM SPSS Inc.,
Chicago, USA) for Windows.

Contamination assessment and geostatistical analysis method. A pollution index, a geoaccumu-
lation index I,,,, was calculated to assess the contamination level of heavy metals in soil according to equation (1).

j— 1
feeo 1ng[l.S x B; (1)
where C; is the concentration of the examined toxic element in soil and B, is the background value of the element.
In this study, we chose to use the soil background value in Shandong province as the background value.

Geostatistics were used to examine spatial autocorrelation and provide the input parameters for the spatial
interpolation of kriging, which uses the semivariogram as a basic tool. The geostatistics approach consists of two
parts, and more detailed information can be found in many monographs!®-2.. The first step is the calculation of
the experimental semivariogram under the theory of intrinsic hypothesis using equation (2):

5(h ! N(h)z VA g
ol )—ME[ (x) — Z(x; + h)] )

where §(h) is the value of the semivariance for the lag interval #; N(h) is the number of pairs separated by a dis-
tance h that are used in the calculation of semivariance; z(x,) and Z(x, + h) are the values of the property at
locations x; and x, + h, respectively.

There are different fitting models for the semivariogram, including Gaussian, stable, exponential, K-Bessel
model and so on. The fitting model was chosen as the model that had the minimum sum of the squared deviations
between the experimental and theoretical semivariograms. Cy and C, 4+ C in the fitting models represent the
nugget and the sill or total variance. The range variation is the range of spatial dependence. The nugget to sill ratio,
Cy/(C + C,)(%), mainly represents the extent of spatial dependence, with values of <25%, 25-75% and >75%
representing strong, moderate and weak spatial dependence, respectively.

The second step: Ordinary Kriging interpolation was applied to produce spatial distribution maps based on
the spatial interpolation method. This method uses linear interpolation to estimate data from unknown sam-
plings by the linear optimal unbiased estimation using equation (3). The w; parameter can be determined using
equation (4).

Z'(x) = Zwi - Z(x;) )
i=1

where the Kriging interpolation result Z’(x,) is the value of Z(x,) at x, as a sum of weighted values of the known
sampling points Z(x;).

> w; - Clx;, yj) + 1= Cylx;, yj), G=12...,mn), [Zwi = 1]

i=1 i=1

4)

Data Availability Statement
We confirm that the data supporting the findings of this study are available within the article and its supplemen-
tary materials.
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