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Abstract
Purpose Heavy metal soil pollution in the coal chemical industrial area has attracted increasing attention with the rapid devel-
opment of the coal chemical industry. The spatial distribution and the source of heavy metals in the soil in coal chemical industrial
areas should be investigated to help prevent further heavy metal pollution in industrial areas, and reduce heavy metal exposure to
factory workers.
Materials and methods A coal chemical factory in northwest China was studied. A chessboard sampling method was used to
collect 153 soil samples. An inductively coupled plasmamass spectrometer (ICP-MS) and a mercury vapor analyzer were used to
quantify five heavy metals (Pb, Hg, Cd, Cr, and As). The spatial distributions of these five heavy metals were simulated using
several statistical methods and the spatial maps of the five heavy metal concentrations were obtained.
Results and discussion The mean concentrations of the heavy metals excluding Pb were higher than their respective soil
background values in Ningxia Hui Autonomous Region (Ningxia). The concentrations of Hg, Cd, Cr, and As were 4.00, 4.00,
1.50, and 1.08 times of their background concentrations, respectively. In contrast to the production flow chart, the soil on both
sides of the trunk road and the coal transport corridor at the factory had relatively high Pb and Cd concentrations. The slag dump
of the gasification residues had the highest Cr concentration because of the local prevailing winds. Concentrations of Hg, Cd, and
As in the downwind direction of the prevailing winds from the coal combustion unit chimney were significantly high.
Conclusions In this study, the spatial distributions of five heavy metals (Pb, Hg, Cd, Cr, and As) in the soil at a coal chemical
factory were obtained. The respective sources of heavy metals in the soil were determined. The present study provides a
theoretical basis for the prevention and treatment of heavy metal pollution in coal chemical factories.
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1 Introduction

In recent years, the modern coal chemical industry, which
utilizes coal gasification technology, has rapidly developed
(Huang et al. 2015; Zhao 2011). During the production pro-
cess, heavy metals in raw coal undergo physical and chemical
changes and enter the environmental media including water,

air, and soil (Zhao et al. 2014). Heavy metals accumulation in
the soil results in exceeding the environmental standards in
China and poses great risks to human health due to the expo-
sure to the soil environment (Wang 2012; Wang et al. 2012).
Heavy metals may cause carcinogenic and mutagenic effects.
Heavy metals and other chemical carcinogens (Andersen
1990; Fan 1983; An et al. 2016) cause about 90% of human
cancers. The B12th Five-Year Plan on Comprehensive
Prevention and Control of Heavy Metal Pollution^ of China
clearly listed lead (Pb), mercury (Hg), cadmium (Cd), chro-
mium (Cr), and arsenic (As) as prevention and control targets.
Therefore, knowledge of the heavy metal pollution character-
istics in the soil and their spatial distributions in the coal chem-
ical industrial areas can help to decrease the occupational risk
of coal chemical factory workers.

Kriging interpolation is a geostatistical spatial interpolation
method, which is mainly used to study spatially distributed
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natural phenomena with certain structure and randomness
(Hou 1998). Compared to the conventional analysis methods,
which combine heavy metal migration models with classical
probability statistics, geostatistical methods are less dependent
on pollutant migration and diffusion mechanisms. In addition,
the relative position between sampling points is taken into
consideration in geostatistical methods, which is a unique ad-
vantage in determining the uncertainty in the pollutant spatial
distribution (Wang and Qin 2006; Wang et al. 2008; Yang
et al. 2009). The geostatistical analysis software has been
widely used to simulate and predict heavy metal distribution
in the soil. A previous study used the geostatistical software
GS+ and geographic information systems (GIS) to calculate
the spatial variation in the concentration of seven heavymetals
in a 1019-km2 site (Zhang 2007). An indicator krigingmethod
was used to analyze the heavy metals in the soil and their
sources in a mining area in northeast India (Reza et al.
2015). Up to date, many researchers used kriging to calculate
the spatial distribution of heavy metals in the soil of general
urban or agricultural areas. Only a few studies focused on the
industry, particularly, on the spatial variation of heavy metals
in coal chemical industrial areas. Few studies combined the
spatial distribution with the production units to determine the
sources of heavy metals.

In this study, concentrations of five heavy metals (Pb, Hg,
Cr, Cd, and As) were studied in 153 surface soil samples
collected in a coal chemical factory in northwest China. The
geostatistical analysis tool in ArcGIS 10.0 was used to simu-
late the spatial distribution of heavy metals in the soil and
analyze the concentration variation of the heavy metals in
the entire factory.

2 Materials and methods

2.1 Overview of study site

The study site is located in the eastern part of the Ningxia Hui
Autonomous Region (Ningxia) (Fig. 1a). The coal chemical
factory was tested at the end of 2010 and became fully oper-
ational by the end of 2011. The surrounding terrain of the
factory is relatively flat, with a gentle slope in the southeast-
northwest direction and a gradient lower than 10°. The loca-
tion is in a continental hinterland and has a typical continental
monsoon climate, with low precipitation, high evaporation,
abundant sunshine, and large day and night temperature dif-
ference. The prevailing winds are from the northwest direction
with a strong transportation capacity. The secondary prevail-
ing winds are from the south-southwest direction.

An aerial view of the study site was obtained via remote
sensing technology (Fig. 1b). The aerial map was divided into
ten units compared with the factory layout (Fig. 1c). When the
factory is in operation, coal firstly enters the power unit and

then the gasification unit via the coal transport corridor in the
southeast corner. Temporary individual slag dumps were set
up to the north of the gasification and power units. Three
chimneys were built in the southeast corner of the power unit.

2.2 Sample collection

A 50 × 50 m systematic sampling design method was used to
sample the soil due to the flat and complete terrain and the
variation in pollutant concentrations at different production
units (Liu 1987) (Fig. 2). The sampling point, which fell in
the reservoirs, the factory plant, slag, or other inaccessible
areas, was shifted or skipped. A global positioning system
(GPS) was used to obtain the geographical coordinates of
the sampling points (Fig. 2).

The surface (0–20 cm) soil samples were air-dried at 25 °C.
Big particles like stones and animal residues were manually
removed from the samples. The soil samples were then ground
and sieved with a nylon sieve (2 mm in diameter).
Subsequently, an agate mortar and a pestle were used to grind
the samples and the ground samples were sieved again to the
size less than 100 mesh. The screened samples were stored in
bottles for analysis.

2.3 Sample testing

The United States Environmental Protection Agency
(USEPA) standard method was used to quantify Pb, Cd, Cr,
and As in the soil samples (Chen 2011). Samples were
digested with a microwave digestion system (Milestone,
Milano, Italy). An inductively coupled plasmamass spectrom-
eter (X series II ICP-MS, Thermo Scientific Xseries 2,
Thermo Fisher Scientific, Waltham, MA, USA) was then used
to quantify the samples. Mercury quantification was carried
out using a DMA-80 mercury analyzer (Milestone Srl, Italy).
Each sample was measured in triplicate and the mean value
was calculated.

2.4 Kriging interpolation method

Kriging interpolation is also known as local spatial interpola-
tion. Based on spatial autocorrelation, kriging interpolation
uses the structure of the raw data and the semivariance func-
tion of the regionalized variables to interpolate unknown sam-
pling points of regional variables using linear, unbiased, and
optimal estimation (Tang and Yang 2006). The equation of
kriging interpolation used in this study is the following:

Z x0ð Þ ¼ ∑
n

i¼1
λiZ xið Þ

where Z(x0) is the concentration of the heavy metal to be
tested, n is the number of sampling points, Z(xi)is the heavy
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metal concentration at the ith sampling point, and λi is the set
of weight coefficients. The selection ofΣλi = 1; λi ensures that
the estimation of Z(x0) is unbiased and the estimated variance
is the minimum.

Several types of kriging interpolation methods can be used
on different conditions or for different purposes. For example,
ordinary kriging is used when the data are normally distribut-
ed and spatially auto-correlated with unknown expected value
(Tang and Yang 2006).

2.5 Software platform

SPSS Statistics 19.0 was used to calculate descriptive statistics
and perform multiple stepwise regression analysis. ArcGIS
10.0 was used for semivariance analysis, interactive
semivariance analysis, kriging, spatial autocorrelation

analysis, map digitalization, mapping and cropping of inter-
polation results, and cross-validation.

3 Results and discussion

3.1 Heavy metals in the soil of the coal chemical
factory

The measured heavy metal concentrations (Pb, Hg, Cd, Cr,
and As) at the study site are shown in Table 1.

Except for Pb, which had a lower concentration than the
background value, the concentrations of other four heavy
metals in the soil were higher than their background values
in Ningxia (Table 1). In addition, the concentrations of Hg and
Cd were three times higher than their background values, the

Fig. 1 Image and schematics of
the study site: a geographical
location of the study site, b
remote sensing aerial map, and c
schematic diagram of the factory
layout
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Cr concentration was 1.5 times of its background value, and
the As concentration was 1.08 times of its background value.
Therefore, heavy metal accumulation in the soil was caused
by coal chemical production.

The variations in Pb, Cr, and As concentrations were weak
(coefficient of variation < 0.1) and the data were less disperse,
indicating that there were no significant differences in the
concentrations of the three heavy metals in the soil from var-
ious parts of the factory. Hg and Cd showed moderate varia-
tion (0.1 < coefficient of variation < 1) indicating significant
enrichment of the two heavy metals and the enrichment was
concentrated.

The five heavy metals excluding Pb exceeded the respec-
tive Ningxia background values by more than 80% in all the
samples, indicating the accumulation of the four heavy metals
throughout the site.

3.2 Normality testing and spatial autocorrelation
analysis

SPSS 19.0 was used for Kolmogorov-Smirnov (K-S) normal-
ity testing. The spatial autocorrelation tool (Moran I) in the
ArcGIS 10.0 spatial statistics toolbox was used for the auto-
correlation analysis (Table 2).

The K-S test of the interpolated point series of five heavy
metals showed that five data sets were all normally distributed
(P > 0.05, confidence level 95%) (Table 2). According to the Z
value and P value of the spatial autocorrelation, five data sets
showed significant positive spatial autocorrelations (Cai et al.
2012; Fei et al. 2013). The results of the integrated analysis
showed that ordinary kriging can be used for further data
analysis.

3.3 Spatial variation structure analysis

Semivariance analysis is a key to the analysis of the spatial
variation structure of variables and plays an important role in
controlling the number of sampling points and increasing the
accuracy of interpolated values. The accuracy of a
semivariogram model depends on the standard error of the
mean of the cross-validation (should approach zero as possi-
ble), and the root mean squared error (should approach 1 as

Table 2 Results of normality testing and spatial autocorrelation analysis

Heavy metal P value of K-S
normality testing

Moran’s I Z value P value

Pb 0.208 0.843 12.457 0.000

Hg 0.351 0.907 13.426 0.000

Cd 0.196 0.814 12.072 0.000

Cr 0.630 0.799 11.850 0.000

As 0.179 0.955 14.161 0.000

Table 1 Heavy metal concentrations of soil samples and statistical analysis results

Heavy metal Concentration
range (mg kg−1)

Mean (mg kg−1) Standard deviation Coefficient of
variation

Ningxia soil background
valuea (mg kg−1)

Percentage
exceeded

Pb 14.810–19.210 17.087 1.104 0.065 20.600 0

Hg 0.000–0.160 0.092 0.038 0.413 0.021 96.7

Cd 0.400–0.690 0.553 0.065 0.118 0.112 100

Cr 73.800–107.080 93.432 8.663 0.093 60.000 100

As 10.480–16.010 12.840 1.174 0.091 11.900 81.0

a Chinese environmental monitoring station, 1990

Fig. 2 Distribution of sampling points on the factory layout
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possible) (Wang and Wu 2014). Table 3 shows the
semivariogram fitting and analysis structure of five heavy
metal concentrations at kriging interpolation points.

The ratio of nugget value C0 to the sill value (C0/Sill)
of the interpolated values of five heavy metals was be-
tween 0 and 37.076%, which is far lower than 75% (Li
and Ma 2008). Therefore, the variation of five heavy

metal concentrations caused by regional factors was sig-
nificantly higher than that caused by non-regional factors
(i.e., random factors).

The R2 of the cross tests (Fig. 3) for all the five metals were
all above 0.93 and there were no outliers in the data, suggest-
ing the predicted results were reliable to be used to analyze the
actual distribution of the heavy metals.

Fig. 3 Cross test charts: a Pb, b
Hg, c Cd, d Cr, and e As

Table 3 Semivariance models of different heavy metal concentrations and parameter fitting results

Heavy metal Model Nugget constant C0 Sill value (C0/Sill) /% Variable range/m Standard error
of the mean

Root mean
squared error

Pb Circular 0 0.297 0 112.349 − 0.004 0.900

Hg Circular 0 8.263 0 159.448 − 0.002 0.976

Cd Gaussian 0.002 0.006 33.3 103.856 − 0.004 1.007

Cr Gaussian 2.219 5.985 37.1 430.478 − 0.003 0.951

As Circular 0.024 0.139 17.3 173.723 0.017 0.862
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3.4 Spatial distribution of heavy metal concentrations

3.4.1 Spatial distribution of Pb and Cd in the soil

Figure 4 shows that the areas with high soil Pb and Cd
concentrations were located on both sides of the coal
transport corridor and the surrounding personnel entrance,
with concentrations showing a stepwise decrease from the
coal transport corridor and both sides of the road. A series
of studies were carried out on the soil-wheat system and
found that the wheat plants on both sides of the road were
severely affected by Pb pollution (Li 2005). The heavy
metals on both sides of the road were proposed to come
from the combustion of leaded gasoline, lubricants, and
wear and tear of vehicle tires and mechanical equipment
(Zou 2008). A study found that the main pollutant in the
soil near to the roads in Beijing was Cd, which was main-
ly from vehicle emissions, wear and tear of tires, and dust
produced during braking (Wang 2014). Based on these
previous results and the spatial distribution of Pb and
Cd concentrating on both sides of the highway and the
coal corridor in our study, we infer that traffic had the
greatest effect on soil Pb and Cd concentrations and the
source of Pb accumulation on both sides of the coal trans-
port corridor was the wear and tear of mechanical equip-
ment, the burning of lubricating oil, etc.

Figure 4a shows that high Pb concentration also oc-
curred at the flue gas outlet and in the downwind

direction besides the traffic and transportation corridors.
Thus, flue gas emission had an effect on soil Pb accumu-
lation, which was supported by the previous study that the
Pb concentrations in raw coal and gasification residues
were far lower than that in the flue gas emission (Zhang
et al. 2017). In addition, the year-around prevailing wind
in the area also played an important role, making the
distribution of Pb on the right side of the road broader
than the left side.

Figure 4b shows that the high Cd regions were along
the transportation routes and near the flue gas outlet. A
high concentration area formed in the downwind direction
of the flue gas outlet. In addition, a study found that Cd
was relatively easy to be volatilized during coal combus-
tion (Xu et al. 2004). Moreover, the Cd content of the flue
gas was higher than that of raw coal and gasification res-
idues (Zhang et al. 2017). Therefore, flue gas emission
was supposed to play a role in the Cd in the soil.
However, the spatial distribution of Cd along the traffic
and coal transport corridor was wider than that of Pb
(Fig. 4a), indicating the traffic had a greater impact on
the distribution of Cd than Pb. In addition, the northwest
dominant wind followed by the southwest southerly wind
shifted the spatial distribution of Cd to the northeast.

For the prevention and control of Pb and Cd in the plant
area, we should strengthen the control of traffic sources and
the management of flue gas emissions. Staff working in the
dynamic unit, total variation unit, and production units on

Fig. 4 Spatial distribution of a Pb and b Cd concentrations in the soil of the coal chemical factory
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both sides of the traffic line should be protected particularly
from Pb and Cd.

3.4.2 Spatial distribution of Hg and As in the soil

Figure 5 shows that the highest Hg and As soil concentrations
occurred in the area to the south of the power unit and showed
a drop-shape with south-north distribution longer than the
east-west distribution, and the southern coverage was greater
than the northern coverage.

A study showed that under the high temperature in the
coal combustion boilers, almost all Hg was converted to
Hg0, more than 90% of which was emitted with the flue
gas (Sun and Bai 2008). When the temperature reached
815 °C, almost all Hg in the coal was released (Zhang
et al. 2003). In addition, As was mainly converted into
fly ash and gaseous oxides during coal combustion (Lu
et al. 2003). The distribution of Hg and As in this study
mainly concentrated around the flue gas outlet and in the
downwind direction of the power unit (Fig. 5). Therefore,
flue gas discharge was the main source of soil Hg and As,
which was also influenced by the dominant northwesterly
wind followed by the southwest southerly wind.

To prevent and control the pollution of Hg and As, it is
necessary to strengthen the control of flue gas emissions. It
is suggested to strengthen protective measures for workers in
the power unit, near the entrance of the logistics and in the
south of the gasification unit.

3.4.3 Soil Cr simulation results and analysis

Figure 6 shows that sampling sites with high soil Cr concen-
trations were located to the northeast of the gasification unit

Fig. 6 Spatial distribution of Cr concentration in the soil of the coal
chemical factory

Fig. 5 Spatial distribution of a Hg and b As concentrations in the soil of the coal chemical factory

2050 J Soils Sediments (2018) 18:2044–2052



and power unit. The soil Cr concentration in the entire factory
showed a stepwise distribution with highest concentrations at
the slag dump of the gasification and power units and a de-
crease towards the four corners of the site. The decrease was
slower in the northwestern and southern directions. A previ-
ous study found that Cr concentrations at the gasification slag
during coal chemical production were significantly higher
than those of raw coal and flue gas (Zhang et al. 2017).
Another study found that the volatilization temperature of Cr
was greater than 1500 °C and the volatilized amount was low
(Li 2011). Therefore, the slag dumps of the gasification and
power units were the main sources of Cr, which was further
spread by the prevailing wind (Fig. 6).

For the prevention and control of Cr, it is recommended to
strengthen the management of heap dregs in the plant area and
strengthen the protective measures in the gasification and pow-
er unit as well as in the southern area ofmethanol synthesis unit.

In summary, integrated prevention of these five heavy met-
al pollution can be achieved by the source control at the gas-
ification and power units and by the control of the motor
vehicle within the factory.

4 Conclusions

The major sources of the five heavy metals in the soil were
determined. As and Hg mainly came from flue gas emissions,
Cr from the slag dump, and Pb and Cd mainly from traffic
emissions followed by the flue gas. The spatial distribution of
the heavymetals in a coal chemical factory ismainly affected by
the source and the prevailing wind. The key areas for the pre-
vention and control of the five heavy metals are as follows: the
gasification unit, the power unit, and the coal transport corridor.
Compared to the conventional methods for source apportion-
ment and characterization of heavy metals in the soil, the meth-
od used in the present study is more intuitive and accurate.
Future research should focus on the factors that affect the dis-
tribution of heavy metals, the ability of heavy metals to diffuse
in the soil, the location of emission sources, and the factors that
affect flue gas deposition, all of which can providemore instruc-
tive guidance in the prevention and protection of metals.
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