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Abstract. The aim of the present study is to evalu- 1 Introduction

ate the potential ecological risk and trend of soil heavy-

metal po||uti0n around a coal gangue dump in Jilin Coal is the main fossil fuel in China and it provides more than
Province (Northeast China). The concentrations of Cd, Pb70 percent of total energy. The considerable growth of the
Cu, Cr and Zn were monitored by inductively coupled mining industry in China over the last decades has resulted
p|asma mass spectrometry (|CP_MS) The potentia| ecojn a Iarge number of mining waste accumulated in waste-
logical risk index method developed by Hakanson (1980)lands. This waste in addition to its land use impact cause
was emp]oyed to assess the potentia| risk of heavy-metawater and soil pollution as well as soil erosion and other en-
pollution. The potential ecological risk in the order of Vironmental problems (Querol et al., 2008). Mining indus-
ERr(Cd)> Er(Pb)> ER(Cu)> ER(Cr)> Er(Zn) have been try generated 265Mt tailings, 130 Mt gangue, and 107 Mt
obtained, which showed that Cd was the most important facSmelting slag in 2002 (Querol et al., 2008). Among which,
tor leading to risk. Based on the Cd pollution history, the the one of most concern is coal gangue, which as the di-
cumulative acceleration and cumulative rate of Cd were esrect outputs of coal mining has substantially generated and
timated, then the fixed number of years exceeding the stanaccumulated around coal mine area. Currently, the cumula-
dard prediction model was established, which was used tdive amount of coal gangue in China was estimated to be
predict the pollution trend of Cd under the accelerated accumore than 5.0 billion tons given the large coal production.
mulation mode and the uniform mode. Pearson correlatiorPespite its economic and social benefit, the generation and
analysis and correspondence analysis are employed to ide@ccumulation of coal gangue has brought a variety of envi-
tify the sources of heavy metals and the relationship betweefionmental and social problems. Among which heavy-metal
sampling points and variables. These findings provided som@ollution is the most concern (Gong et al., 2008). Exposed
useful insights for making appropriate management strateto weathering, leaching and decomposing, water containing
gies to prevent or decrease heavy-metal pollution around &€avy-metal elements will be emitted into the soil. Heavy-

coal gangue dump in the Yangcaogou coal mine and othefnetal pollution in soil around coal gangue dumps is a threat
similar areas elsewhere. to human health because it can be easily transferred into the

human body through ingestion via the hand—mouth pathway,
inhalation and dermal contact. Moreover, the long-term input
of heavy-metal elements could result in decreased buffering
capacity of soil, threatening the ecological environment.
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In recent years, heavy-metal pollution caused by the con2 Materials and methods
siderable growth of the mining industry and the effects
of human activity has called for extensive concern world-2.1 Study area
wide. Many researchers have performed related researches o )
on mineral composition in coal gangue (Zhou et al., 2012; Yangcaogou coal mine is located in the eastern part of
Fernandes, 1997), chemical speciation of heavy metals ifffangchun C'fy’ /J|I|n Provmce; C/:/hma. It lies between
coal gangue (Dang et al., 2002), pollution characteristics oi’at't“d‘?S /4335 59'N and /4355 44'N, and longitudes
heavy metal in soil (Dragogiet al., 2008; Luan et al., 2008), 1253458" E and 1283820"E, with an area of over 16 kfn

and potential ecological risk assessment of soil heavy-metal§i9- 1)- It is a major coal production base in Jilin Province
contamination around coal gangue piles (Abdu et al., 2011ywth over 20 years of mining history. The climate in the study
Krishna and Govil, 2008; Zhao et al., 2012). However the area is characterized with continental monsoon climate. The

poliution trend of heavy metal in soil around coal gangue @"nual average temperature of the region is°@.@nd the

dumps has received less formal attention than it should haveAverage annual rainfall is 569.6 mm. The geology of this
Yangcaogou coal mine is a large state-owned coal mine if€9i0n COI’]SIStS. of quaternary d(_eposns and the n_atural soil

Changchun, Northeast China. Since the coal mine was Iouttypes, black soil, dark brown soil and meadow soil are the

into production, the average annual emission of coal gangu@“ain geological formations according to the classification
is about 20300/ and the coal gangue is mainly accumu- and codes for Chinese soil. The land contains cultivated land,

lated within the industrial square. Without taking any pro- Planting corn and soybean. The prevailing wind direction is

tection and treatment measures, soil around the coal gang&°m the southwest tgroughout the year. The mean annual
dump has been polluted to a certain degree. It is particularlyind sgeed is 5-6nTs, and the maximum wind speed is

significant to evaluate the potential ecological risk and pre- Oms
dict the pollution trend of heavy metal in soil around the coal
gangue dump in order to carrying out a targeted control o
prevention measures. However, few studies could be found i, 5 Sampling
literature about this area. This work presents a study on the

heavy-metal pollution analysis, potential ecological risk as-A 15-year-old and highly weathered coal gangue dump in

sessment and prediction of soil heavy-metal pollution aroundyangcaogou coal mine was selected for this study. This coal
a coal gangue dump with the Yangcaogou coal mine as thgangue dump is a cone with a diameter of 40 m and a height
study area. The present work was performed via investigapf 15 m.

tion, field sampling, laboratory experiment and mathematical Generally, the heavy metals in coal gangue are emitted into
analysis. the soil environment two ways: (1) coal gangue dust by wind

In this paper, pollution index (PI) and Nemerow integrated erosion suspended in the atmosphere land in the soil around
pollution index (N|P|) methods were attributed to evaluate the coal gangue dump, and (2) the contaminants formed by
the degree of heavy-metal contamination. Pearson correlahe atmospheric precipitation eluviations move into the soil
tion analysis and correspondence analysis were employed t@ith runoff. The dissolution transport by the atmospheric
address the source of heavy metals. Single and integrategrecipitation eluviations, weathering, wind-driven solid par-
ecological risk index were calculated to reveal the pOtentia'tide, and soil retention are the expected contaminant trans-
risk of heavy metals. In addition, the fixed number of yearsport processes. The wind-driven contamination is one of the
exceeding the standard prediction model was established tprocesses, but the active weathering related to chemical re-
predict the pollution trend of Cd (the key influence factor to action processes is more relevant in terms of contamination
cause the risk) in soil around coal gangue dump in the futurepotential.

The objectives of the present study were (1) to determine The prevailing wind direction is from the southwest
total concentrations of heavy metals (Cd, Pb, Cu, Cr and Znkhroughout the year, and the slope is in the northeastern di-
in soil around a coal gangue dump, (2) to evaluate the extentection in the study area. Considering the wind direction and
of heavy-metals pollution in soil based on Pl and NIPI, (3) to the local slope direction, along the center of the coal gangue
identify the source of heavy metals by Pearson correlatiorqump, three sampling lines (L1, L2 and L3) were designed,
analysis and corresponding analysis, (4) to evaluate the pawith each sample having a mass of approximately 1.0 kg. The
tential ecological risk and predict the pollution trend of heavy different depths (0.15, 0.4, 0.8, 1.2, 1.6, 2.0, 2.5 and 3.0 m) of
metal Cd in soil around the coal gangue dump. The contri-soil samples were collected through drilling, and the samples
bution of the present study is to provide useful insights for had much moisture. The coordinates of the sampling loca-
seeking appropriate management strategies to prevent or dgons were recorded with a GPS receiver, and sample char-
crease soil heavy-metal contamination around a coal gangugcteristics were described during the fieldwork. The location
dump in the Yangcaogou coal mine and other similar areas. distribution of drilling holes (sampling points) is shown in

Fig. 1.

r2.2 Sampling design and analysis procedure
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Figure 1. Location of Yangcaogou Mine and soil sampling points around the coal gangue dump (the red lines represent sampling lines).

Coal gangue is a heterogeneous material, and the toté2.2.2 Detection and analysis methods
concentrations of heavy metals (Cd, Pb, Cu, Cr and Zn) in

e e o ke s 7B anyses vere completd i e Experinentl Cener

samples to be representativ.e four samples from differenq—(?‘Stlng Science of Jilin Umversﬂy, which is a resgargh n-

depths (depth=2 3. 4 and 5’ £ th | d LStitute that passed the national metrology authentication of
epths (dep » 3,4 and 5m) of the coal gangue UMRchina. The prepared soil and coal gangue samples were

We_;ﬁ;?ﬂ”:gﬁgis of coal ganaue samples were mixed rock passed through a 0.075 mm sieve for heavy-metal measure-
gang P ment experiment. For each sample, a 0.1 g sample was di-

e o gestd using 3L HNS(G8% GR) L HF (405, GR)
. postl gangue w 1olinie, -~ and 1 mL BO; (30 %, GR), for measuring the heavy-metal
tains a small amount of quartz. The soil textures are mainl

yconcentrations. The concentrations of Cd, Pb, Cu, Cr and Zn

silty clay and silt loam. The materials of some soll samplesWere determined by inductively coupled plasma mass spec-
were mixed with some coal gangue. The soil and coal gangu?rometry (ICP-MS, Aglient 7500a, USA)

samples were dried and ground in laboratory, and then were For each sample, 10g of 1mm sieved sample was

sieved using a 1 mm sieve for pH measurement eXpe”mer\}Veighted using a electronic balance for measuring the pH

?nnedn:).075mm sieve for heavy-metals measurement EXPETt the soil or coal gangue. Values of pH were measured in

.25 mL of deionized water (DI water) with a soil/ solution ra-

in Se'nfgnhZ?]\éy;jrzrer;a;lcggﬁgpm'?;‘er';f)tot hgr:l]i_r:: Qﬁfl.tnh t\;]':tio of 1:2.5 (nyv), using the glass electrode method (GL,
ingesti ! 1S € most signitl n pHS-3C, REX, Shanghai, China) according to the agricul-
topsoil, the main research object in this paper was topsaoil

However, most of the soil surface has been covered with co ural sector standard (NY/T 1377-2007) of the People’s Re-

) lic Chi Eidukevici ., 2010E&T l.
gangue, and the thickness of the cover was about 0.2m. Co ggéc K(i:m";?a(l |381§Y$;enngee$;|a z,oog)OIzﬁcar et al.,
sequently, soil from a depth of 0.4 m was chosen as topsoi ' Y ' ) )

: . : Descriptive statistics, including the range, mean, standard
for heavy-metal pollution analysis based on field survey (Seedeviation (SD) and coefficient of variation (CV) were per-
the Supplement).

formed. The SD and CV were incorporated to represent the

www.nat-hazards-earth-syst-sci.net/14/1599/2014/ Nat. Hazards Earth Syst. Sci., 14, 159899 2014



1602 X. Jiang et al.: Assessment and prediction of soil heavy-metal pollution

degree of dispersion distribution of different heavy metalsTable 1. The adjusted grading standard of potential ecological risk
and to indirectly indicate the activity of the selected elementsof heavy metals in soil.
in the examined environment (Han et al., 2006).

Ek Pollution ~ RI Risk  Risk
2.3 Methods of heavy-metal pollution assessment degree level  degree
o . EL<30 Slight RI <40 A Slight
To assess the degree of heavy-metal contamination, pollution 3p< Efy <60 Medium 40<RI < 80 B Medium
index (P1) for each metal and Nemerow integrated pollution 60<Ef <120  Strong 86 Rl < 160 C  Strong
index (NIPI) (Yang et al., 2011) for the five heavy metals 120<Ep <240 \Verystrong 166&RI<320 D  Verystrong
. . 1
were attributed to each sample. The Pl was defined as fol- £r=240 Extremely  RE 320 -
lows: strong
Pl=Ci/Si, ()

) _ WhereC,"D is the measured concentration of heavy metal in
where(C; is the mea;ured congentranon of each metal .(Cd’each sampling pointCé{ is reference value, here the back-
Pb, Cu, Cr, Zn) in this stud; is the background value in  gyynd value of each heavy metal in soil is useps Ci /CL
this paper, the PI of each metal is classified as non-pollutlor]S the pollution of a single element factdrg is the potential

(P|”< .1)’ IOZW IS\I/eI gf poIIutioln (1IPIf< 2)” mOde;a;i gevel gf ecological risk index of a single element; Rl is a comprehen-
pollution (2= P1 < 3), strong level of pollution ( )an sive potential ecological risk index; ari, is the biologi-

very strong _Ievel of pollution (P15) (Yang et 6.“" 2011). The cal toxic factor of a single element, which is determined for
NIPI of the five metals for each sample is defined as follows: | _ 1 ~ =2 cu=pPb=5and Cd=30 (Hakanson, 1980)

Classic PERI method considers eight pollutants, including

P2 1 pP2 PCBs, Hg, Cd, As, Pb, Cu, Cr and Zn. However, we did not

NIP| = ,/ —iave '~ imax 2) consider PCBs, Hg and As in this paper. Due to the differ-
2 ence in pollutant types and quantity, the present study ad-

justed the grading standard of heavy metals’ ecological risk
: indices based on the types and quantity of pollutants (Li et
and Pf,, is the mean Pl value of each heavy metal. They| '2012). We made the maximum value T as the low-

NIPI is classified as non-pollution (NIR10.7), warning gt jevel limit of EL, and the remaining level limits followed
line of pollution (0.7<NIPI<1), low level of pollution

(1 <NIPI <2), moderate level of pollution (2NIPI<3) by doubles. Making the rounding digit 9F 7§, as the low-

and high level of pollution (NIP+ 3) (Yang et al., 2010).  est level limit of RI, and the remaining level limits followed

The calculated results are summarized in the Results sectioBy doubles (Li et al., 2012). The adjusted grading standards

at the end of this paper. of potential risk of heavy metals in soil were summarized in
Table 1.

where P}max is the maximum PI value of each heavy metal

2.4 Methods of potential ecological risk assessment

2.5 Prediction methods of heavy-metals pollution
This research employed the Potential Ecological Risk Index
(PERI) proposed by Hakanson (1980) to evaluate the potenk is a well-recognized opinion that when heavy metal is emit-
tial ecological risk of heavy metals. This method compre-ted into soil, it will experience a series of complicated phys-
hensively considers the synergy, toxic level, concentration ofical, chemical and biological reactions. In the view of the
the heavy metals and ecological sensitivity of heavy metalsdynamic equilibrium, the concentrations of heavy metals in
(Nabholz, 1991; Singh et al., 2010; Douay et al., 2013). PERIsoil can be predicted when the flux of input and output heavy
is formed by three basic modules: degree of contaminatiormetals within a certain period of time is clearly known. How-
(Cp), toxic-response factoffR) and potential ecological risk  ever, the flux of input and output heavy metals in the future is
factor (Er). According to this method, the potential ecolog- usually unknown, so it is very difficult to quantitatively fore-
ical risk index of a single eIemenEQ) and comprehensive cast the pollution trend of heavy metals using the dynamic
potential ecological risk index (RI) can be calculated via theequilibrium model. In view of this, Fan et al. (2005) and Yan

following equations: et al. (2007) developed early warning methods to forecast
. S the pollution trend of heavy metal in the future through rea-

Ct = Cp/Cr (3)  sonable default of future scenarios, and it has achieved good
Eli? = TFie X cfi (4) results in practical application. Due to a lack of series histor-
m ical data of heavy-metal concentrations in soil in this area,

Rl = Z EL, (5) a regression prediction model to forecast the future situation

i-1 can not be established. Therefore, the early warning method

mentioned above was employed to predict the pollution trend

Nat. Hazards Earth Syst. Sci., 14, 159961Q 2014 www.nat-hazards-earth-syst-sci.net/14/1599/2014/



X. Jiang et al.: Assessment and prediction of soil heavy-metal pollution 1603

of the heavy metal Cd in the soil around coal gangue dumpwherec is the value of soil environment quality standard
in this paper. (national primary and secondary standard GB 15618-1995),
Some soil scientists think that the higher industrialization mg kg 1; « is the concentration of heavy-metal elements in
degree, the greater “contribution” to the soil pollution (Yan soil, mgkg?, ¢ is fixed number of years exceeding standard,
etal., 2007; Fan et al., 2005) and the pollutants accumulationthe unit is year; and the notations af Vy and Q are the
in the soil is not uniform but with an accelerated speed. Theysame as in Egs. (6)—(8).
are suggesting that increased industrial development will not
change the impact on soil quality if strong environmental ) ,
protection methods are implemented and hence the accume  Results and discussion
lation of pollutants in soil will remain uniform as opposed to
develop with an increasing speed (Yang et al., 2010).
The history of soil pollution caused by coal gangue in the

study area can be traced back to 1989, when it was put int§-here were four samples from different depths (depth=2, 3,
operation. Since 2012, thorough investigation and research 4.4 5m) of the coal gangue dump were collected. Eight

on heavy-metal pollution in soil were conducted. Based on,otarence “background” samples (depth=0.15, 0.4, 0.8, 1.2
the above analysis, the present study intended to use 20124 5 2.5 and 3.0m) were taken at the pla,lce where the
as a benchmark year, the 23years (from the year of 1989 {@jstance from the coal gangue dump is more than 600 m and

2012) served as a accelerating stage, using the measured Vigjs pjace is not affected by coal gangue. However, the main

lues of heavy metals in 2012 to calculate cumulative acceler;agagrch object in this paper is topsoil (depth=0.4m), so

ation rate and cumul_ative rate (for 2012). The present study, o chose the heavy-metal concentration in the“background”
set 2013 as the starting forecast year. _ sample at a depth of 0.4 m as the background value. The anal-
The formula of heavy-metal element accumulation peryis results of heavy metals in coal gangue and the back-
unit in soil (Q) can be written as ground values of soil in Yangcaogou coal mine are listed in
Q=a—b (6) Table 2.
A2 2 The average of pH values in coal gangue samples
=209/T (7) was 8.63, showing a strong alkaline property. Compared
Vo=AXxT, (8)  with the Environmental Quality Standard for Soils in China
published by National Environmental Protection Agency of
China (NEPA, 1995), the mean concentrations of Cu, Cd
and Pb in coal gangue were lower than the national primary
standard of agricultural soil, and the mean concentrations of
Cr and Zn were lower than the national secondary standard.
However, the mean concentrations of the five types of heavy
metals in coal gangue were all higher than background va-
lues of soil in the study area, with excessive multiples with

2.5.1 Accelerated accumulation mode order of Cd> Zn> Cr> Cu> Pb.

3.1 Characteristics of heavy-metal concentrations in
coal gangue and the background values

wherea is heavy-metal concentration in each soil sample
(measured concentration of heavy metal in soil in 2012),
mgkg1; b is the background value of heavy metal in soil,
mgkg1; A is cumulative acceleration rat& is cumulative
rate (the year of 2012); ariti= 23 (the total heavy-metal ac-
cumulation years since the coal mine was put into produc
tion).

If social environment protection consciousness is poor in the3-2  Characteristic analysis of pH value and
future, with a lack of environmental protection measures, the ~ concentration of heavy metal in soil
accumulation of heavy metals in the soil will be speed up.
The computation formula of the fixed number of years ex-
ceeding standard is as follows:

The pH value of soil was usually divided into five grade, that

is, slightly acidic (pH< 5.0), mildly acidic (5.0~ 6.5), neu-
tral (6.5~ 7.5), mildly alkaline (7.5~ 8.5) and the strongly

= Jy2_ 2A(c — a)/A. 9) alkaline (pH > 8.5). The pH values of soil around the coal
0 gangue dump ranged from 5.48 to 7.91, which implied a
2.5.2  Uniform mode gradual change from mildly acidic to mildly alkaline. The

change trend of pH value in each sampling line is similar,
If social environment protection consciousness is strengthinyersely proportional to the distance from the coal gangue
ened in the future, increased industrial development will notgymp.
change the impact on soil quality according to the environ- - compared with Environmental Quality Standard for Soils
mental protection strategy. In other words, the pollution ve-iy china (GB 15618-1995), the mean concentrations of Cd,
locity of soil heavy metals will stay constant. The computa- 7 pp, Cu and Cr in topsoil were lower than the national pri-
tion formula is as follows: mary standard of agricultural soil. However, the mean con-
t=Q/Vo, (10) centrations of Zn, Cd and Pb were higher than background

values, and the mean concentrations of Cu and Cr in most

www.nat-hazards-earth-syst-sci.net/14/1599/2014/ Nat. Hazards Earth Syst. Sci., 14, 159899 2014
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Table 2. The statistical analysis of heavy metals in topsoil samples, the background values and coal gangue samples.

Topsoil samples Background Coal gangue

Element Sampling Minimum  Maximum Mean SD (4Y values Mean Median SD Ccv
line  (mgkgl) (mgkgl) (mgkgl) (mgkg™l) (mgkgl) (mgkg?)
L1 59.75 77.43 66.48 8.2 0.12

Cr L2 57.11 80.54 69.69 9.01 0.13 71.22 92.29 88.71 27.21 0.29
L3 65.02 80.54 7288 7.76 0.11
L1 18.82 21.46 2052 1.25 0.06

Cu L2 20.63 22.58 2157 0.83 0.04 20.39 24.81 25.55 324 0.13
L3 21.83 23.02 226 0.67 0.03
L1 59.36 68.81 64.45 3.94 0.06

Zn L2 61.27 68.73 64.51 297 0.05 51.07 107.89 111.6 20.34 0.19
L3 61.11 72.27 67.55 5.77 0.09
L1 0.13 0.18 0.16 0.02 0.14

Cd L2 0.12 0.17 0.15 0.02 o0.11 0.06 0.18 0.18 004 021
L3 0.13 0.17 0.16 0.02 0.15
L1 19.54 20.16 19.92 0.29 0.01

Pb L2 19.42 23.7 2085 1.8 0.09 19.35 21.3 21.67 325 0.15
L3 19.29 23.64 2215 248 0.11

soil samples were higher than background values, indicatTable 3. Statistical results of pollution index (P1), Nemerow inte-
ing that coal gangue dump had polluted the soil around coagrated pollution index (NIPI), potential ecological risk index of a
gangue dump. The concentrations of heavy metals in the topsingle element £g) and comprehensive potential ecological risk
soil around coal gangue dump and their descriptive statisticalndex (Rl).

results are listed in Table 2. The concentration distribution
contour maps of pH, Cd, Pb, Cu, Cr and Zn in the topsoil PI NIPI
around the coal gangue dump are showed in Fig. 2. Cr Cu Zn Cd Pb

Maximum 0.8 092 1.16 2.05 1 1.71
Minimum 113 1.13 1.42 284 122 224
Mean 098 105 1.27 243 108 197

3.3 Heavy-metal pollution assessment

Based on the monitoring data of soil quality in the study
area, a quantitative analysis of heavy-metal pollution in Ef RI
soil around the coal gangue dump was conducted using the
method of Pl and NIPI (Yang et al., 2010). The PI values
varied greatly among heavy metals. The Pl values of Cr Maximum 226 5.64 142 8512 6.12 98.61
and Cu in soil around coal gangue dump ranged from 0.80 Minimum 1.6 462 116 6146 4.98 75.07

to 1.13 and from 0.92 to 1.13, respectively, indicating that ~Mean 196 524 127 7292 539 86.79

the soil was uncontaminated to slightly contaminate by Cr

and Cu. The PI values of Zn and Pb in soil around coal

gangue dump ranged from 1.16 to 1.42 and from 1.00 to 1.22tical results of Pl and NIPI of heavy metals in soil around the
respectively, indicating that the soil was slightly contami- coal gangue dump are listed in Table 3.

nated by Zn and Pb. The PI values of Cd in soil around coal

gangue dump ranged from 2.05 to 284, indica‘ting that th@4 Concentration distribution of Cd on the soil prOfi|e

soil was moderately contaminated by Cd. The analysis re- ) .

sults showed that the average of P descended in the order fompPared with the background value of soil in the study

Cd(2.43)> Zn(1.27)> Pb(1.08)> Cu(1.05)> Cr(0.98). area, the soil around the coal gangue dump was the most
The NIPI values in soil around the coal gangue dumpseriously enriched with heavy metal Cd, and the number of

ranged from 1.71 to 2.24. Eight units of soil samples Weresampling points in L2 got the maximum. In addition, L2 is lo-
lightly polluted (NIPI ranged from 1.0 to 2.0), and other cated in the downwind direction. Therefore, the present study

units of soil samples were moderately polluted (NIPI rangedchose the L2 sample profile to analyze the vertical change of

from 2.0 to 3.0). In all, 61.54 and 38.46 % of samples wereN€avy metal Cd (Fig. 3).
affected by light and moderate pollution, respectively. Statis-

Cr Cu Zn Cd Pb

Nat. Hazards Earth Syst. Sci., 14, 159961Q 2014 www.nat-hazards-earth-syst-sci.net/14/1599/2014/
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Figure 2. The contour maps of pH, Cr, Cu, Zn, Cd and Pb in the topsoil around the coal gangue dump (the red triangle represents the coal
gangue dump).

From Fig. 3, we can see that the concentration of Cd Distance from the coal gangue dump(m)
clearly decreases with increasing distance from the coal o =
gangue dump and with increasing vertical distance from the
soil surface.

Color scale
160

3.5 Pearson correlation analysis

Usually the content of heavy-metal elements originated from
the same or similar source tend to have a significant correla-
tion (Hirschfeld, 1935; Rodriguez et al., 2008), so the corre-
lation between the heavy-metal content in soil can be consid- ..

ered as an indicator of whether the source of heavy metal was. ] o
the same or not. The current study used the Pearson Correl%gure 3. T_he concentration distribution map of heavy metal Cd at
tion analysis method embedded in SPSS to analyze the corré™® L2 profile.

lation among the different heavy metals and the pH values in

soil samples around the coal gangue dump. The correlation

Distance from the soil surface(m)

| S
-2. : 1 0.06
!
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Figure 4. Correspondence map of the relationship between heavy metals and sampling points.

coefficient was defined as follows: Table 4.The results of the Pearson correlation analysis between the
NS xv — S x: . different measured indicators.
r = DoXiVi— Do Xi ) i ' (11)
\/N Y2 (X xi)z\/N Y2 - (X y,»)z Correlation  pH cr Cu  zn Cd Pb
Positive correlation between heavy metals suggests that thesePH 1
heavy metals have common sources, mutual dependenceCr *ggg 1258 1
and identical behavior during transport. Negative correla- Zrl: _5'42 “eor 418 1
tions suggest that they do not share th(_a above—menti.oned cd 670  _598 155  846* 1
metal traits with each others. The analysis results are listed pp 368 —.088 .58% .768* .654° 1

in Table 4. From Table 4, we can observe that pH and Cd, Correlation s significant at the 0.05 level (wotalled)
") * Correlation is significant a e 0. evel O-talled).

Cu and Pb, and Cd and Pb are posmvely correlated at the- Correlation is sgignificant at the 0.01 level (two-tailed).

0.01 level, and Zn is positively correlated with Cd and Pb

at the 0.05 level, while Cr is negatively correlated with Zn

and Cd at the 0.01 level. Moreover, there were significantly

positive relationships between pH, Cd, Cu, Pb and Zn. Baseﬁﬁellationshipsfbetween sl,arpplingdpoir}ts ?nq vaﬂgblel)s, under-
on the above analysis, we can infer that the levels of Cd, cu, N9 R type factor analysis (study of relationships between

Pb and Zn in topsoil mainly originate from the coal gangue variables) and type factor analysis (study of relationship

dump, while the concentration of Cr appears to be controlleqbe’tween samples), and it can reveal variables and samples

by natural sources, and the influence of the coal gangue dum\ﬁ1 t,he same plane. Using th's, method, many complicated
on the Cr levels was generally low. variables can be compressed into two principal component

variables. Subsequently, the relationships between sampling
3.6 Correspondence analysis points and variables can be easily analyzed and explained;
also, the main variable(s) can be found at the same time
Corresponding analysisREQ type factor analysis), pro- (Dillon and Goldstein, 1984; Rodriguez et al., 2008; Uceda
posed by Hirschfeld (1935) and later developed by Benzécret al., 2013; Armand et al., 2013). Figure 4 shows the corre-
and Bellier (1976), has been applied to indicate the main polspondence map of the relationship between different heavy
lution factor in each soil partition of the study area consider-metals and sample points.
ing the variable load size and the relationship between vari- From the distribution trend of sample points, 13 points
ables and the sampling point partition. Correspondence analwere divided into three zones. Zone |: ZK10, ZK11, ZK12,
ysis is a robust multivariate statistical method of studying theZK13 and ZK14; zone II: ZK01, ZK04, ZK07, ZK08 and
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ZK09; zone lll; ZK02, ZK03 and ZK06. The sample points
in the three zones were polluted by heavy metals to a differ-
ent degree_ Medium ecological damage
Cr was found to have a close relationship with the sam-
ple points in zone |. Samples in zone | were located in the
outermost of the three sampling lines, relatively far from the £
coal gangue dump, thus the soil in zone | was less affected by

the coal gangue dump. However, the content of heavy metal RO G T R
Cr in many soil samples in zone | was higher than the back-
ground value, long-term crops in this zone may also affect A Coal gangue dump
crops. . : : :
Pb and Cd were closely related to the sample points in 0 50 100 150 200 250 300

zone Il. Among them, the sample point ZK8 closely associ- “w

ated with Pb, and the load of Pb was the largest in the positiverigure 5. The map of potential ecological damage distribution of
direction of the F2 factor axis, demonstrating that this samplesoil around the coal gangue dump (the red triangle represents the
point being to a large extent of Pb pollution. The relationship coal gangue dump).

between sample points ZK01, ZK04, ZK07 and ZK09 and

heavy metal Cd was close, demonstrating that those sample

points being to a large extent of Cd pollution. In addition, the . 1N€ Scope of Rl was 75.0798.61 (Table 3), demonstrat-
sampling points (ZK01, ZK04, ZK07 and ZK08) were close N9 that the soil potential ecological risk Iev_els around the
to the coal gangue dump; therefore, we can infer that theyr@l gangue dump were level B and C (Fig. 5); the cor-

were mainly severely affected by the heavy metals releasefSPOnding ecological damage degrees were moderate and
through leached process of the coal gangue dump. strong, respectively. Strong ecological risks have been esti-

Cu and Zn were closely related to the sample points inmated to gxistin?he region near the coal gangue dump, while
zone III. Zone 1l was located in the negative direction of the 2t the region a bit farther from the coal gangue dump, there

axis of F1 and F2, and the distance between sample points ixisted moderate ecological risk. The researches showed that

zone I1l and the coal gangue dump was close proximity, sothe soil around the coal gangue dump had been polluted

we can infer that zone Il was also mainly affected by coal to d|ffe_rent degrees. Appropriate engineering measures and
gangue dump. ecological measures should be taken to control the concen-

trations of soil heavy metals, and it is also necessary to con-

3.7 Single and comprehensive potential risk assessment duct ecological restoration for the polluted area.

of heavy metal ) ) )
3.8 Predicted results and discussion

With regard to the Hakanson assessment method, the o )
potential ecological risk index of a single element Cd was the main influence factor to cause the risk based on

(Eée) and comprehensive potential ecological risk in- the above results. Therefore, Cd was chosen as the key ele-

dex (RI) were calculated, and the results are shownMentio predictthe poliutiontrend. _
in Table 3. From Table 3. we can observe that the Based on the heavy-metal pollution history of Cd in top-

scopes of the potential ecological risk indices of the soil around the coal gangue dump, cumulative acceleration
five types of heavy metals areig (Cr)1.60~2.26 Eé and cumulative rate of heavy metal Cd were estimated. The

(Cu)4.62~5.64, EL(Zn)1.16~ 1.42, EL(Cd)61.46~ 85.12 fixed number of years exceeding the standard prediction
and E,’Q{(Pb)4.9£3~ Fé_lz_ In terms ’othhe mean potential model was also established to predict the pollution trend of

ecological risk indices of the five types of heavy met- tppsoil by heavy metgl Cd under the accelerated accumul.a—
als, the potential ecological risk arrayed is in the ordertion mode and the uniform mode. The results were shown in

of Er(Cd)> Er(Pb)> Er(Cu)> Er(Cr)> Er(Zn). Cdwas  1ebles. - _
the key influence factor to cause the potential ecological risk, 1€ Predicted results indicated that under accelerating ac-
and its mean value df’, was up to 72.92. All of the sampling cumulation mode, the concentration of Cd in each sampling

points have strong potential ecological risk of Cd, whereagP?int around the coal gangue dump will be higher than pri-
other heavy metals only showed slight potential ecologicalMary standard and secondary standard in 10 and 20years,

risk to the environment. In addition, Cd is the most severef®Spectively. Under uniform mode, the concentration of Cd

heavy-metal element exceeding the background value in codl’ €ach sampling point around the coal gangue dump will

gangue. Therefore, Cd was the key element to be furtheP® higher than primary standard and secondary standard in
studied. 12 and 30years, respectively.
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Table 5. The fixed number of years exceeding the standard of Cd in soil around the coal gangue dump (year).

Sampling line  Sample number Fixed number of years exceeding standard
Accelerating accumulation mode Uniform mode
Primary Secondary Primary  Secondary
standard standard standard  standard
1-05 6 15 6 19
2-07 3 11 3 13
L1 3-07 2 10 2 12
14-2 10 20 11 28
4-07 6 15 7 20
8-08 3 11 3 14
L2 6-06 7 16 8 22
12-2 10 20 12 29
111 10 20 12 30
7-05 3 11 3 13
L3 9-02 2 10 3 13
10-2 9 20 11 28
4 Conclusions The results of potential ecological risk assessment indi-

cated that the potential ecological risk was arranged in the or-

This work presents a study on the heavy-metal pollution analder of Eg(Cd)> Er(Pb)> Er(Cu)> ER(Cr)> Er(Zn). Cd
ysis, potential ecological risk assessment and prediction ofvas the key influence factor to cause the risk, and its mean
soil heavy-metal pollution around the coal gangue dump withygjye of ngas up to 72.92. All of the sampling points
the Yangcaogou coal mine as the study area. The preserfemonstrated a strong potential ecological risk of Cd, and
work was performed via investigation, field sampling, labo- gther heavy metals in soil around the coal gangue dump only
ratory experiment and mathematical analysis. The conclupresented a slight potential ecological risk. The range of RI
sions can be summarized as follows: was 75.07-98.61, demonstrating that the soil ecological dam-

The assessment results of Pl indicated that the SOibge degrees around coal gangue dump were moderate and
was moderately contaminated by Cd, slightly contami- strong. The potential ecological harms decrease with increas-
nated by Zn and Pb, partly slightly contaminated by Cuing distance from the coal gangue dump. In conclusion, the
and Cr. The pollution degrees descended in the ordefesearch showed that the coal gangue dump polluted the soil
of Cd>Zn> Pb> Cu>Cr. In terms of NIPI, 61.54 and around the coal gangue dump. Appropriate engineering mea-
38.46 % of samples were affected by light and moderate polsyres and ecological measures should be taken to control the
lution, respectively. concentration of soil heavy metals, and it is important to con-

The results of Pearson correlation analysis indicated thagjuct ecological restoration for pollution area.
there were significant positive relationships between pH, Cd, The predicted results imply that soil pollution by heavy
Cu, Pb and Zn, while Cr was negatively correlated with Zn metal Cd in the study area have a tendency of deterioration
and Cd. Based on the Pearson correlation analysis, we cafithin the next few decades. Under an accelerated accumu-
infer that the source of Cd, Cu, Pb and Zn in topsoil mainly |ation mode, the concentration of Cd in each sampling point
originate from coal gangue dump, while the concentration ofaround the coal gangue dump will be higher than the pri-
Cr appears to be controlled by natural sources. The results Ghary standard and secondary standard in 10 and 20 years,
corresponding analysis revealed that the sample points wergspectively. Under a uniform mode, the concentration of Cd
divided into three zones. Cr, Pb and Cd, Cu and Zn werein each sampling point around the coal gangue dump will be
found to have a close relationship with the sample points inhigher than the primary standard and secondary standard in
zone |, zone Il, zone llI, respectively. In addition, the soil 12 and 30 years, respectively.
in¢ii zone was less affected by the coal gangue dump, while The findings from the present study can provide useful in-
zone Il and zone Il were mainly affected by the heavy met-sights for developing a precautionary strategy in the study
als released through the leaching process of the coal gangugea, and also will be most important in order to begin eco-
dump. logical restoration of coal mines due to the improper treat-

ment of coal gangue during coal production.
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