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Abstract: The concentrations of Cu, Zn, As, Pb, Cr, and Cd in soil were analyzed in a mining area
in the Inner Mongolia Autonomous Region, China. The average metal concentrations in the soil
samples were 204.07 mg/kg, 88.15 mg/kg, 14.47 mg/kg 88.52 mg/kg, 56.45 mg/kg, and 0.235 mg/kg,
respectively. Based on the evaluation standards, background values of the soil heavy metals, multiple
soil pollution assessment indices, such as the single factor index (P;), the geological accumulation
index (Ige), the Nemerow index (Py), the ecological risk index (ER), and the health risk index (HI)
were applied to evaluate the soil environmental risks in the study area. It was found that in different
soil layer depths (0-10 cm, 10-30 cm, and 30-50 cm), the evaluation result of each index showed that
there were significant spatial differences in soil pollution levels, and the focus of different indices
differed greatly from each other. The P; put 18.14% of the area at high risk of soil contamination levels,
due to the fact that this index highlights the Cu pollution factor more than other indices and relatively
amplifies hazards in some high-risk areas. While the P, indicated that 61.36% of the study area was
at a safe level of soil contamination, it can underestimate the regional soil heavy metal pollution
risk. In order to scientifically carry out soil-pollution-risk prevention and control, it is necessary to
comprehensively compare and analyze the information disclosed by different indices.

Keywords: soil heavy metals; pollution risk assessment; mining area; uncertainty of indices; Inner
Mongolia Autonomous Region

1. Introduction

Currently, heavy metal pollution is one of the major concerns of society [1,2]. It can
lead to unfavorable effects on soil quality and productivity, endangering the health and
well-being of animals and humans via the food chain [3]. As the main soil pollutants, heavy
metals’ toxicity, non-biodegradability, enrichment, and mobility cause great harm to the
agro-environment [4-6]. Zhang et al. (2018) found that mining activities usually produce a
large number of heavy metals and potentially toxic elements with high pollution [7], such
as copper (Cu), zinc (Zn), lead (Pb), cadmium (Cd), and chromium (Cr), which seriously
harm the surrounding soil utilization and vegetation growth [8]. Patra et al. (2021) have
emphasized that heavy metals in the soil of mining areas can be enriched in regional
animals and plants [9], and can then pose potential risks to human health through the food
chain [10]. The risk identification and evaluation of soil pollutants based on heavy metals
has become a major concern of worldwide focus [11,12].

A large number of geochemical studies have contributed to providing a comparative
database for investigating heavy-metal enrichment and pollution in different regions.
Parameters such as background value, screening value, and control value can now be used
for the evaluation of soil environmental quality [13,14]. Nevertheless, it is not sufficient
to simply or directly use the total contents of heavy metals for evaluation [15,16]. Metals,
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such as Pb, arsenic (As), Cu, Cr, Zn, and Ni [17], are mainly concentrated in tailing
ponds, mining areas, and slag yards [18,19]. Soil depth, potential of hydrogen (pH),
electrical conductivity (EC), and soil texture can affect the migration and dispersion of
heavy metal contaminants [20,21], and analysis of depth trends of soil-metal concentrations
allows the tracing back of the influence of mining activities especially the processes of
beneficiation in the past [22,23]. In order to objectively and reasonably assess the level
of soil heavy-metal contamination and pollution-risk indices, such as the single factor
index (P;), the geological accumulation index (Ige), the Nemerow index (Py,), the ecological
risk index (ER), and the health risk index (HI) are efficient tools that have become widely
accepted [24-27]. The indices of pollution risk evaluation are mainly based on the actual
monitored or detected contaminant content, the background values, and the limit values of
their national standards.

In the Inner Mongolia Autonomous Region, the mining industry has experienced a
long period of disorderly and rapid development, and it occupies a large proportion of
the local economy. As a result of these improper mining activities in the past, hundreds
of various metal tailings have been generated [22]. In order to explore and solve the
problem of soil heavy-metal pollution in mining areas, it is necessary to systematically
conduct risk assessment using different evaluation indices. Commonly, one or more
pollution risk indices can be applied, the pollution level is determined, and corresponding
treatment measures are introduced [28,29]. There is no doubt that different indices all
have uncertainties, however, most previous studies have not investigated the uncertainty
in the mine-contaminated area; in fact, the evaluation results per different indices have
often lead to huge differences. It is important to objectively understand and analyze the
uncertainty before carrying out preventive measures. Using multiple indexes to evaluate
a large number of sites and different soil layers will more scientifically and reasonably
describe the pollution situation of the mining area. Therefore, comparing the characteristics
and differences of different evaluation indices and seeking a scientific and reasonable
pollution index in a specific area of mining or affected tailings, has benefits for both the
cost of pollution control and the land economy [30,31].

2. Materials and Methods
2.1. Study Area

The study area was located in Bayannur, Inner Mongolia Autonomous Region, at
latitude 40°40'—42°22" N and longitude 105°14'-107°36" E. The area was once a natural
grazing area, but at the end of the 20th century it became the copper flotation area of the
Xinxing Copper Mine. Previous investigations have shown that beneficiation using copper
sulfide and copper oxide as raw materials and the relevant processes involve grinding,
classification, slurry mixing, and flotation (roughing, cleaning, and scavenging), etc., have
caused heavy metal pollution of the surrounding areas.

2.2. Sample Collection and Treatment

Soil sampling was conducted with the requirements of the Technical Specification for
Soil Environmental Monitoring (HJ /T 166-2004) and related specification documents [32].
The sampling sites are shown in Figure 1. The surface soil was collected after removing
debris and vegetation by shovel, then, the soil under-surface was collected using a soil
auger. Two samples of each different soil layer were taken at each point (soil layers at
0-10 cm, 10-30 cm, and 30-50 cm were recorded as S1, S2, and S3, respectively).



Minerals 2022, 12, 1074

30f16

Figure 1. Soil sampling sites in the evaluation area.

The soil samples were packed in marked plastic bags, sealed, stored away from light,
and brought back to the laboratory for testing. Before testing these samples, the processing
procedures were as follows: the soil samples were dried naturally; plant roots, rocks, and
other impurities were picked out; and 0.1000 £ 0.0010 g samples were accurately weighed
after passing through a 20-mesh sieve. The other preparation work before testing was
according to Aydin and Soylak (2007) [33]. The soil sample testing parameters included pH;
EC; and the concentrations of Pb, As, Cd, Cr, Cu, and Zn, etc. The pH was determined using
composite electrodes (HI8424, Hana (China) Co., Ltd., Shanghai, China). The electrical
conductivity (EC) was measured using a conductivity meter (using a 1:5 soil:extractant
ratio, CD-5021A, Asone Corporation, Osaka, Japan. The total content of such metals were
determined using an axial view inductively coupled plasma spectrometer (SPECTRO
ARCOS, SPECTRO Analytical Instruments, Kleve, Germany). Detection limits for Cu,
Zn, As, Pb, Cr, and Cd were 0.010 mg/kg, 0.010 mg/kg, 0.010 mg/kg, 0.005 mg/kg,
0.010 mg/kg, and 0.005 mg/kg, respectively.
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2.3. Methods of Pollution Assessment
2.3.1. Pollution Index

The single factor index was used to evaluate the pollution degree of the soil. The
calculation formula was as follows:

P’ =G/ S 1

where P;0 is the pollution index of number i pollutant in soil; C; is the measured concen-
tration of the number i pollutant, mg/kg; and S; is the evaluation standard of number i
pollutant, mg/kg, selected the screening values of the agricultural-land soil.

For each site with multiple pollutants in the study area, the maximum value of P;
calculated by various pollutants was chosen as the evaluation value.

P; = max (Pl-o) )

2.3.2. Geological Accumulation Index

The geological accumulation index (Ige), also known as the Muller index, and is a
parameter to determine the degree of pollution by calculating the ratio between measured
concentration value and background value of the pollutant [34]. It is described below:

C.
Lgeo= Logz()u;) 3)

where C; represents the detection concentration value of the number i heavy metal; B;
represents the background value of the number i heavy metal; and A is the correction
coefficient, usually equal to 1.5.

2.3.3. The Nemerow Index

The Nemerow index (P,) is widely applied to assess the level of the water or soil
pollution. It was first proposed by Professor N.L. Nemerow. The P, can be calculated by
the following equations:

Py = \/05 X (Pazve + Pr%mx) 4)
Pae = 3P, ®)

ave = ne i
Py = maX{Plz p2,p3 ... pn} (6)

where Py, represents the maximum value of pollution index, P,y represents the aver-
age value of the pollution index corresponding to each evaluation factors, P; represents
each pollution index of the evaluation factors, and n represents the number of different
evaluation factors.

This index greatly amplifies the effect of the pollutant that seriously exceeds the
standard, in order to avoid such a subversive impact of a single factor on the evaluation
results, and thus more objectively and reasonably reflect the pollution risk generated by the
comprehensive influence of various pollution factors in the evaluation area. A modified
method based on the traditional Nemerow index method has emerged. Its formula is

as follows:
P, =4/0.5 x (Pﬂzvg + P2) ?)

Pe = 0.5 X (Pyax + Po) )
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where, P, refers to the maximum value of pollution index, and Py, is the pollution index of
the factor with the highest weight in the improved evaluation system [35]. The weight of
different factors in the modified Nemerow index is calculated as follows:
N.
W= — 9)
N;

T

L
Ni = %/ Lomax = {Lt)l/ Lo2, L03 cee Lon} (10)
o1
where Lo; represents the standard value of each factor, N; is the correlation, and W; is the
weight of each evaluation factor after normalization.

2.3.4. Ecological Risk Index

The ecological risk index (ER) was first introduced by Hakanson (1980) [36]. It can
combine contaminant content, ecological effects, environmental effects, and toxicology
to classify the potential ecological hazard level of heavy metals from a sedimentological
perspective [37,38]. It is calculated as follows:

n .
ER=)E (11)
i=0
E, =T} x Cj (12)
. C;
1

where, C} is the pollution index calculated by number i pollution factor, C; is the measured
content of Cu/Zn/As/Pb/Cr/Cd, C) is the soil environmental background value of corre-

sponding heavy metals, E! is the potential ecological hazard index of heavy metal i, and T}
is the toxicity response parameter of the number i heavy metal.

2.3.5. Health Risk Index

The health risk index represents the possibility of human health damage in the pres-
ence of pollutants. A toxic or hazardous substance must reach a minimum dose (i.e.,
threshold) before it causes harm to the human body [39]. It can expressed using the haz-
ard quotient (HQ), which is the ratio of the average daily human exposure dose (ADD,
mg/kg/day) to the reference dose (Rpp, mg/kg/day).

Cx IR x EF xED

ADD; = —p@ = AT (14)
HQ; = R,D, % 10 (15)

n
HI =Y HQ (16)

i=1

where ADD; refers to the daily average exposure of pollutants, mg/(kg-d); C is the con-
centration of pollutants in soil, mg/kg; IR means daily average intake of soil, mg/d; EF
is exposure frequency, d/a; ED is the continuous exposure, a; AT is the average exposure
time, D; BWA is body weight (adult), kg; HQ); is the exposure risk from single factor; and
HI is the total exposure risk index under the action of multiple heavy metals [40].
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2.4. Methods of Pollution Assessment

SPSS 20 software (SPSS Inc., Chicago, IL, USA) was used for data verification. The
Grubbs test was used (significance level was set at 0.05) to eliminate outliers. Analysis of
variance (significance level was set at 0.05) was to confirm whether the data had statistical
significance (p < 0.05).

According to the environment characteristics of the Xinxing copper mine and its
influencing area, the study area conforms to the agricultural land standards stipulated in the
Classification of Land Use Status (GB/T 21010) [41], and belongs to the natural grassland,
then based on Soil Environment Quality Risk Control Standard for Soil Contamination
of Agriculture Land (GB 15618-2018) [42], which has been officially implemented since 1
August 2018. We obtained the control standard for soil heavy-metal contamination, which
is shown in Table 1.

Table 1. Soil environment quality risk control standards (mg/kg).

Standard Items pH Cu Zn As Pb Cr Cd
pH <55 50 200 40 70 150 0.3
Risk screening 55 <pH <65 50 200 40 90 150 0.3
values 6.5 <pH <7.5 100 250 35 120 200 0.3
7.5 <pH 100 300 25 170 250 0.6
pH <55 - - 200 400 800 1.5
Risk intervention 55<pH <65 - - 150 500 850 2.0
values 65<pH<75 - - 120 700 1000 3.0
7.5 <pH - - 100 1000 1300 4.0

Note: “-” means not given.

The evaluation results were spatially interpolated using Surfer 15, and the relevant data
were fed into the two-dimensional plane. In the meantime the evaluation area boundary
file was created. We chose this area to analyze the risk level of soil heavy-metal pollution
and to obtain a distribution map of soil heavy-metal risk levels. Then, the grid data of
different risk areas were analyzed by using ArcGIS 10.7 (Esri, Inc., Redlands, CA, USA)
vectorization function to obtain the risk levels of different soil areas.

3. Results
3.1. Descriptive Statistics of Heavy Metal Concentrate in Soil

Based on the test result of soil samples, the heavy metal concentrations in the study
area were analyzed in detail. As shown in Table 2, the average Cu concentration in the
soil samples was 204.07 mg/kg, with a standard deviation of 302.73; the concentration
values between 3.77 and 751.60 mg/kg accounted for 95% of all the samples. The average
Zn concentration was 88.15 mg/kg, with a standard deviation of 54.24. The samples
with concentration values between 8.46 and 202.80 mg/kg accounted for 95% of all the
samples. The average concentration of As was 14.47 mg/kg, and the standard deviation
was 13.90. The samples with concentration values between 0.13 and 38.85 mg/kg accounted
for 95% of all the samples. The average Pb concentration was 88.52 mg/kg, with a standard
deviation of 152.39. The samples with concentration values between 1.04 and 275.00 mg/kg
accounted for 95% of all the samples. The average value of Cr concentration in the site soil
was 56.45 mg/kg, and the standard deviation was 23.86. The samples with concentration
values between 11.60 and 93.49 mg/kg accounted for 95% of all the samples. The average
Cd concentration was 0.235 mg/kg, with a standard deviation of 0.176. The samples with
concentration values between 0.028 and 0.581 mg/kg accounted for 95% of all the samples.
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Table 2. Test results of soil heavy metals in the study area.
Metals Layers Max (mg/kg) Min (mg/kg) Median (mg/kg) Mean (mg/kg) SD CV (%)
S1 2954 12 131 272 362.39 133.39
Cu S2 1917 5 76 189 292.19 154.21
S3 1122 4 53 151 224.09 148.35
S1 350 16 82 102 57.69 56.45
/n S2 355 9 67 86 56.13 65.41
S3 282 8 65 76 44.64 58.42
S1 89 0.2 12 18 15.45 84.57
As S2 139 0.3 10 13 13.42 104.86
S3 85 0.1 10 12 11.74 95.10
S1 1134 6 53 103 130.07 126.72
Pb S2 1945 4 41 97 205.36 211.35
S3 821 1 39 66 98.37 149.63
S1 193 12 53 56 23.38 42.11
Cr S2 187 13 60 58 25.26 43.21
S3 121 15 54 55 22.69 40.99
S1 1.60 0.05 0.20 0.25 0.18 69.80
Cd S2 1.08 0.03 0.18 0.24 0.18 77.03
S3 1.12 0.03 0.16 0.22 0.17 77.57

Note: Max = maximum value, Min = minimum value, Median = median value, SD = standard deviation,
CV = coefficient of variation.

The pH values were between 2.870 and 9.195, 2.505 and 9.035, and 2.245 and 9.645 for
51, 52, and S3, respectively, and the average values were 7.965, 7.996, and 8.079, respectively.
The EC values were between 0.034 and 24310 us/cm, 51.28 and 9703 us/cm, and 59.48
and 11050 us/cm for S1, S2, and S3, respectively, and the average values were 3638.966,
1904.617, and 1636.660, respectively.

3.2. Evaluation Results of Different Indices

The evaluation results of a single factor index were divided into four levels from high
to low, according to the P; value: severely polluted (>5), polluted (3-5), lightly polluted
(1-3), and not polluted (<1).

Based on the results of single-factor index evaluation, the distribution of the severely
polluted points evaluated by the single-factor index were more dispersed under the action
of different pollution factors (Figure 2). In the 0-10 cm soil layer, 41.40% of the sampling
points were at non-pollution level, while the number of severely polluted points accounted
for nearly one fifth. This proportion changed with the increase in soil depth—in the 10—
30 cm soil layer, the number of points at a non-pollution level increased significantly to
60.00%, while the number of the soil points at severe-pollution level decreased to 11.63%.
With further increase in soil depth, the number of pollutant points also changed, but
the magnitude of change slowed down. The same situation also occurred with heavy
pollution—compared to the surface soil, in the 30-50 cm soil layer the proportion of non-
pollution points rose by 22.79% and the number of points with heavy pollution decreased
by 7.44%. The changes in the evaluation results of the first and second soil layers far
exceeded the changes in the second and third soil layers.
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P; i
Not Lightly Polluted Severely
polluted polluted polluted

Figure 2. Distribution of P;-values in the study area. S1: 0-10 cm soil layer; S2: 10-30 cm soil layer;
53: 30-50 cm soil layer.

We selected 15 points within two kilometers of the study area as the background-value
sampling points, and standardized methods were used for data processing. Taking the
average concentration of heavy metals in different soil layers as the background value
(Table 3), according the standard of the geological accumulation index method, Igeo <0
indicated no pollution (the pollution degree was I); 0 < Ige, < 1 indicating light to moderate
pollution (the pollution degree was II); 1 < g, < 2 indicating moderate pollution (the
pollution degree was III); 2 < Ig, < 3 indicating medium-high pollution (the pollution
degree was IV); 3 < I¢, < 4 indicating high pollution (the pollution degree was V); 4 < I¢,,
<5 indicating high-extreme pollution (the pollution degree was VI); and I, > 5 indicating
extreme pollution (the pollution degree was VII).

Table 3. Background values of soil heavy metals in the study area (mg/kg).

Soil Layers Cu Zn As Pb Cr Cd
S1 101.89 78.44 12.42 58.37 57.94 0.23
52 75.18 54.54 8.83 44.84 57.69 0.19
S3 63.98 60.52 7.33 42.18 50.66 0.17

On the whole, using I, to evaluate the risk of heavy metals in the soils of the study
area, most of the points had no pollution (Figure 3), with only a small number of points
having moderate pollution or a more serious level of pollution. Comparing the evaluation
results of pollution levels of different soil layers, showed that the number of non-pollution
points in the study area decreased with increase in soil depth, which was mainly due to
the fact that the decrease in soil heavy-metal background values with increasing soil depth
was greater than the decrease in heavy metal concentrations with increasing soil depth
in the copper-mine-impacted area. The low background value of heavy metals in deep
soils can be used to disturb the deep-soil environment through vertical migration for the
more migratory heavy metal contaminants. Thus, this index focuses more on reflecting the
dynamic change results of pollutant content in the evaluation area rather than the pollutant
content level itself.
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Figure 3. The results of pollution degree base on Ig,. S1: 0~10 cm soil layer; S2: 10-30 cm soil layer;
53: 30-50 cm soil layer.

The evaluation results of the Nemerow index method are shown in Figure 4a. The

maximum and minimum values of P, for the 0-10 cm, 10-30 cm, and 30-50 cm soil layers
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were 14.15 and 0.21, 10.72 and 0.16, and 8.51 and 0.17, respectively, which corresponded to
the risk level of highly contaminated and clean.

15— 2500 =
-
(a) . (b)
124 b 2000 =
L ]
@
9 =— °
. ; 3 1500 = .
= ¢ s . =4
ar 6 s . . =
] H 1000 —
3—
P()“llf(‘d" .. .o .. .o 500—
0—
Risky o -
T

Low Moderate High Extremely high
risk risk risk risk

Figure 4. Evaluation results of P, and ER in different soil layers. (a): Evaluation results of the
modified Nemerow index. (b): Evaluation results of the ecological risk index. (c): Distribution map
of heavy metal ecological risk index in the evaluation area. S1: 0-10 cm soil layer; S2: 10-30 cm soil
layer; S3: 30-50 cm soil layer.

With increase in soil depth, the potential ecological risk of heavy metals in the study
area decreased continuously and the sites with medium ecological risk, high ecological risk,
and very high ecological risk all decreased to a certain extent (Figure 4b). Conversely, the
proportion of soil sites with low ecological risk level increased—79.07% of the sites in the
0-10 cm soil layer were in the medium ecological risk level or above, with the highest RI
value being 2263.45, and the lowest being 57.96. The highest ER value was 2263.45 and the
lowest was 57.96; 66.05% of the sites in the 10-30 cm soil layer were at medium ecological
risk or above, with a maximum ER value of 1647.45 and a minimum value of 59.24, while
only 55.81% of the sites in the 30-50 cm soil layer were at medium or higher ecological risk
(Figure 4c).

Considering the actual study area situation, we used the exposure risk (non-carcinogenic
risk) to characterize the human health risk. Referring to the guidance document of
USPA [43], the maximum and minimum values of HI in the 0-10 cm, 10-30 c¢m, and
30-50 cm soil layers were 6.35 0.45, and 7.60 and 0.35, 5.87, and 0.45, respectively, with
mean values of 1.94, 1.76, and1.61, respectively. As shown in Figure 5, 14.42%, 19.53%, and
22.33% of the area was maintained at the no-risk level in the three soil layers from shallow



Minerals 2022, 12, 1074

11 0f 16

to deep, and the rest was at the low-risk level. All soil sites were at limited risk without the
evaluation result of high non-carcinogenic health risk. In general, the human health risk in
this area was low.

: o 4
HIE s
No Low High
exposure risk exposure risk exposure risk

Figure 5. Evaluation results of HI in different soil layers. S1: 0-10 cm soil layer; S2: 10-30 cm soil
layer; S3: 30-50 cm soil layer.

3.3. Comparison of Different Evaluation Indices

Taking the average values of several parallel samples, correlation analysis was carried
out for different detected parameters as well as for the evaluation indices. As shown
in Figure 6, except for Cr, various heavy metals showed significant correlation with the
calculated values of different indices, among which the correlation between the Cu and
other heavy metals was prominent, with the correlation coefficients of 0.91, 0.91, 0.85, and
0.94 with P;, Py, Igeo, and ER, respectively, while the correlation coefficient with HI was
relatively low at 0.62.

For the different indices, the evaluation values generally showed a positive correlation,
especially between P; and P, with a correlation coefficient as high as 0.99. The correlation
between Leeo and ER was also prominent with a correlation coefficient of 0.9. In addition, the
results of different evaluation indices had high correlation, but this was relatively limited.
For example, the correlation coefficient between HI, P; and P, was at a low level, and
there were different degrees of variability and uncertainty of evaluation results between
different indices.

Different indices have different emphases when applied to the soil pollution assess-
ment, and there are great gaps among them. Taking P;, Py, I¢, ER, for example, and
reclassifying all evaluation results into four degrees, “unpolluted”, “mildly polluted”,
“moderately polluted”, and “severely polluted”, the “no pollution” in the evaluation result
of Ige and the “light-severe pollution” are regarded as “unpolluted”; the degrees of “mod-
erate pollution” and “medium-high pollution” are regarded as “moderately polluted”;
the “high pollution”, “high—extreme pollution”, and “extreme pollution” are regarded
as “severely polluted”. The original four risk levels for ER correspond to “unpolluted”,
“mildly polluted”, “moderately polluted”, and “severely polluted”. In order to determine
the area occupied by different evaluation results, ArcGIS was used to measure the area
by geostatistical methods. First, the file of the evaluation area boundary was read and
recorded directly. The area was found to be 440,005.66 m?. A contour map rasterized in the
China Geodetic Coordinate System 2000 (CGCS2000) coordinate system was then drawn,
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and the interpolated values of each raster in the area were obtained by rasterization and
calculation, the dates were exported to Excel, and the number of interpolated values in
different contamination degrees was counted and divided by the total number of raster
points to get the proportion of the area of different pollution levels under each applied
index, as shown in Figure 7.
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Figure 6. Results of correlation analysis of metal concentrations, soil parameters and evaluation
indices. X: Parameters of correlation analysis; Y(left): Parameters of correlation analysis; Y(right):
correlation coefficient.

For the 0-10 cm soil layer, the evaluation result of P, had the most points in the risk
level of “unpolluted”, accounting for 61.36%, while the ER had the lowest percentage,
accounting for only 20.93%. The former proportion was about three times that of the
latter, while the proportion of the points for P, and ER at the “severely polluted” level
was 13.02% and 18.89%, respectively, at the high-pollution-risk level. This difference was
not significant. The proportion of “severely polluted” points in the evaluation result of
P; was relatively high compared with other methods, reaching 18.14%, and the lowest
proportion of “severely polluted” points evaluated by I¢,, was only 6.51%. The results
of the ER showed that the highest percentage of “mildly polluted” was 41.86% and the
lowest percentage of “severely polluted” was 14.88% in the top layer of the study area.
For the 10-30 cm soil layer, the sampling points with highest percentage evaluated as
“severely polluted” was still by the P; (11.63%), followed by ER (9.30%), and the lowest by
the P;, (7.44%). The P, brought the highest percentage of “unpolluted” points in the surface
soil, and the lowest was the I, with the proportions of 71.63% and 24.19%, respectively.
With further increase in soil depth, the number of points at the “unpolluted” level for
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Figure 7. Comparison of the results of several evaluation indices (S1, S2, and S3, Ave represent
0-10 cm, 10-30 cm, and 30-50 cm soil layers and the mean values of the three soil layers, respectively).

4. Discussion

Among the multiple metals detected in the study area, Cu, Zn, As, Pb, Cr, and Cd all
have adverse effects on human health when exposures exceed the tolerable dose levels.
The percentage of sampling points for Cu exceeding the screening value was the highest,
with 57.21%, 39.07%, and 33.95% sites in the three soil layers in S1, S2, and S3. Pb and As in
the surface soil also exceeded the screening values, with 19.53% and 18.14%, respectively.
Comparison between the detection and screening values of Cr showed that there was no
Cr contamination in any soil-sampling sites in the study area. There was a clear correlation
between soil depth and screening results, with the number of sites exceeding screening
values for Cu, Zn, As, and Pb decreasing with increasing soil depth, while Cd showed
a similar number of soil contents exceeding screening values in the second and third
layers, but there was a significant decrease compared to the surface soil. In addition, pH
also had an influence on the results of soil heavy-metal pollution-risk screening. As, due
to the toxicity of acidic conditions is neutralized by ions, leading to relatively low limit
values. Therefore, the second layer of soil did not exceed the standard. Moreover, 9.77% of
the surface-soil samples had Cd levels between the screening and control values, which,
according to GB 15618-2018, means that the site is at risk of soil contamination and should
be monitored. Pb was the only measured heavy metal that exceeded the control value, and
the number of points above the control value for the three layers of soil were 4, 5, and 3,



Minerals 2022, 12, 1074

14 of 16

in order, from shallow to deep. Although soil environment quality risk control standards
serve as the official system for evaluating soil quality, they are not very useful in practice
because they are each for only for one metal, and no clear guidelines are given for the
synergistic effect of multiple pollutants. Therefore, the evaluation of different indices based
on these standards has a large value space.

According to the comparison of the evaluation results, the emphasis of the different
indices differs, with P; emphasizing the reliance on the most dominant pollution factor
and the modified P, effectively diminishing the decisive role of this major pollution metal
on the evaluation results. The g, is a tool similar to the enrichment factor, and it always
depends on the difference between the measured concentration and the soil heavy-metal
background values. The ER can narrow the gap between soil heavy-metal pollution and
biological health risks and evaluate the potential ecological hazards of soil pollution, and
HI provide a scientific reference for human health. Therefore, it is necessary to carry out a
comprehensive evaluation system of soil contamination risk in typical tailing areas and
take corresponding measures for contaminated soil of different risk levels. In this way we
can effectively control regional soil ecological risks and provide condition-friendly land for
agricultural and human activities in mining areas.

5. Conclusions

Through the detection and analysis of soil heavy-metal concentrations in the affected
area of the Xinxing Copper Mine in the Inner Mongolia Autonomous Region, and compari-
son with the national standards, it was found that the content of heavy metals Cu and Pb
in many sites exceeded the national standards—the peak value of Cu content exceeded the
national standards by 37 times and the peak value of Pb exceeded the national standards by
19 times. It was also found that with the increase of soil depth, the content of heavy metals
except Cr decreased significantly, and a large number of heavy metals were enriched in the
surface or shallow soil.

Moreover, multiple indices were applied to distinguish the pollution risk, and it
was found that the evaluation results were significantly different under different indices.
Comparing the results of different evaluation indices, it was concluded that, overall, P;
occupies a higher risk level than other methods, such as the Ige, or the modified Py,. On the
other hand, P, weakens the dominant role of the main pollution factor (Cu), while leaving
more areas at a safe degree of contamination risk, a result that needs to be alerted to in
order to avoid over-optimism in further soil-pollution treatment and land management.
Additionally, it is better to adopt appropriate pollution risk indices according to the sit-
uation of the assessment area, such as heavy metal background value and land type. Of
course, a scientific and reasonably comprehensive evaluation system is also worth looking
forward to.
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