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Abstract

Potentially toxic elements (PTE) pollution in soils has become a major global environmental 
problem, and their spatial distribution and risk assessment are essential issues of concern to human 
beings. To analyze the distribution characteristics and the pollution levels of arsenic, cadmium (Cd), 
chromium, copper, mercury, nickel, lead and zinc in soil, 573 surface soil samples were collected from 
the karst region (karst area, K; denudation monadnock with solutional cap rock, KSC; non-karst area, 
NK) in Mashan County, Guangxi Province. The pollution load index (PLI), potentially ecological risk 
index (RI) and Nemerow composite pollution index (NCPI) were employed to assess the pollution 
levels of PTE. The PLI and RI results revealed that the soils have undergone relatively low-moderate 
contamination due to the high geological background. The average concentration of PTE in different 
soils were in the following decreasing order, K>KSC>NK. The concentration of Cd in 75.74%  
of samples exceeded the risk screening values of GB 15618-2018. The relatively high pollution level  
of PTE was mainly distributed in K soil, rich in calcium, magnesium and an alkaline  
environment. Therefore, there is a higher risk of pollution in areas with high background of heavy 
metals in karst areas. The clean-precaution and light pollution levels in the NCPI risk assessment 
were distributed in NK and KSC areas, respectively. However, metal ores and human activities caused  
the deviation of the clean-low risk and lithological distribution in the NK and KSC areas. The adjacent 
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Introduction

Heavy metal pollution in geoponic soils is an acute 
environmental concern owing to its toxicological 
effects on biological and ecological systems [1-3]. 
Once heavy metals enter plants, and animals, most of 
them will accumulate there for a long time, resulting 
in various complications. For example, heavy metals 
can damage the roots, leaves, cell components and 
other organs of plants, and even interfere with critical 
biochemical processes, such as photosynthesis and 
minerals absorption [4]. Also, they can damage the 
essential organs of the animals’ bodies, such as the 
kidney and liver, even causing cancer [4]. Plants on soil 
contaminated by heavy metals threaten the health of 
animals and people who eat meat from grazing animals 
[5]. Although there are many influencing factors for 
heavy metals to enter the body of residents through 
diets, such as pH and the bioavailability of the elements 
in soil, the total amount of elements is still the first 
factor to be considered. Scientists from Asia, Europe, 
America and other regions have been increasingly 
concerned about the source apportionment of heavy 
metals in soil [6]. 

Around one-fifth of farmland has been reported to 
be contaminated with potentially toxic elements (PTE) 
in China [7]. High concentrations of Cd and Pb were 
found in south, southwest, and northwest China [8]. 
Eight provinces in southwest China have approximately 
0.51 million km2 of exposed carbonate rock areas, 
accounting for 5.8% of the total land [9]. The karst 
area is one of the main areas with a high geological 
setting of PTE. Due to the secondary enrichment 
of PTE during the process of carbonate weathering 
and pedogenesis, the resulting soil has a significantly 
high concentration of PTE [10-11]. The first national 
pollutant survey reflected that the concentration of 
arsenic (As), cadmium (Cd), chromium (Cr), copper 
(Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc 
(Zn) in the surface soils of Guangxi were 2.0, 4.5, 1.6, 
1.1, 2.6, 1.3, 1.4 and 1.4 times than that of the surface 
soils of China, respectively. However, part of croplands 
with high heavy metal geological settings were used to 
culture crops owing to the finite arable land per capita 
in China, especially the karst area in Southwest China 
[12].

Parent material determines the heavy metal content 
in soil [13]. At present, there is a lot of research on soil 
heavy metal pollution in karst areas [10, 12-14]. In karst 
areas, carbonate rocks intercalated with clastic rocks or 
interbedded between the two are common. They vary in 
mineral composition, weathering mode and degree. But 

comparative studies on PTE between karst areas and 
non-karst areas are even rarer. The spatial distribution 
characteristics and risk assessment of the heavy metals 
of soil in carbonate rocks and non-carbonate rocks, as 
well as the denudation monadnock with solutional 
cap rock, are particularly critical. Furthermore, human 
activities, such as mining, smelting and improper 
disposal of wastes, expose heavy metals to the surface 
at a higher rate than natural processes, resulting in 
high risk of heavy metal pollution [15-16]. Pollution 
caused by human activities makes the prediction of 
heavy metals in the soil much more difficult. Therefore, 
the objectives of this study were 1) to investigate the 
concentration and distribution of 8 PTE (As, Cd, Cr, 
Cu, Hg, Ni, Pb and Zn) in soils; 2) to assess the risk 
of heavy metal pollution in K and NK, and their 
relationship with lithology and human activities.

Materials and Methods

Study Area

Mashan County is located northwest of Nanning 
City, Guangxi Province, China (Fig. 1). The annual 
average precipitation is 1722.5 mm, and the yearly 
average temperature is 21.8ºC in this area [17]. Karst 
areas are distributed in the western and eastern of 
Mashan County, which contains thick limestone layers 
and dolomitic limestone intercalations. Soils developed 
in the karst area are dominated by brown rendzina. 
There are mainly shrubs in karst mountainous areas 
and abandoned cultivated land in depressions. Non-
carbonate rocks comprise sandstones and mudstones, 
which are distributed in the west, south, and central part 
of the study area, and the land uses include secondary 
forests and reservoirs. Between the karst and non-karst 
areas, the denudation monadnock with solutional cap 
rock (KSC) among clastic mountains had formed owing 
to the tectogenesis and favourable water catchment 
conditions. The KSC is surrounded by Quaternary 
sediments of varying thicknesses, overlying diamicton 
that is dominated by loamy and clayey sediments, 
and the land uses include paddy fields, drylands, and 
construction land.

Samples

The surface soil samples (0-20 cm) were sampled 
every km2 in 2016, covering the main land uses and 
soil types in the study area. The sampling sites were 
arranged in the middle of the grid where the terrain is 

NK and KSC should also pay attention to the dangers of heavy metal pollution caused by mining and 
human activities.
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flat, and slopes is gentle, or low-lying areas between 
mountains where the soil is congregated easily from 
hilly and mountainous karst areas. At each sampling 
site, three sub-samples were collected within 50 m 
and combined into one soil sample. When sampling, 
the litter of ground plants was scraped off, and weeds, 
roots, gravel, bricks, and other debris were removed. 
The sample drying and processing site was free from 
pollution. Samples were lightly tapped with a mallet to 
their natural size, and gone through a 2 mm nylon sieve. 
Then, four soil samples of even-numbered kilometre 
grids were combined into a composite sample for 
laboratory analysis. A total of 573 composite samples 
data (K, 321; KSC, 114; NK, 138, respectively) were 
obtained in this study. Field sampling was carried 
out under the Specification of multi-purpose regional 
geochemical survey (DZ/T0258-2014) [18].

Laboratory Analysis

Major elements of soil were measured by an X-ray 
fluorescence spectrometer (Rigaku Corporation, 
Japan, ZSX Primus II) using fused glass beads.  
The concentration of Cd, Cr, Cu, Pb, Ni and Zn were 
measured using ICP- mass spectrometry (Perkin Elmer 

Inc., USA, NexION 300) after digestion of the soil 
samples with <0.074-mm particle size with an HCl – HF 
– HClO4 – HNO3 mixture. As and Hg was determined 
by atomic fluorescence spectroscopy after the soil 
sample was digested with aqua regia, and reducted with 
Potassium Borohy. The pH values were measured by 
a PHS-3C pH meter at a ratio of 1:2.5 (soil: CO2 free 
water). The soil organic matter (SOM) was determined 
through titration using the potassium dichromate 
oxidation–ferrous ammonium sulphate method.  
And 12 national reference materials such as GBW 
07447–GBW 07449, GBW 07451, GBW 07455, and 
GBW 07385–GBW 07391 were selected to test the 
accuracy and precision of the analysis. The technical 
parameters met the “Specifications of the Multi-purpose 
Regional Geochemical Survey” (DZ/T0258-2014).

PTE Contamination Assessment

Single Pollution Index (Pi)

The Single pollution index (Pi) used to assess heavy 
metal pollution in the soil is calculated as follows [19]. 
The Pi values of PTE in soil were calculated by the 
following formula:

Fig. 1. Map of sampling site and geological background. 
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                            (1)

where Ci  and CRefi is the concentration of PTE “i” 
(mg/kg) in the soil and background value in the study 
area.  Correspondingly, the pollution degree of single 
element is divided into five levels: clean (Pi<1), low  
(1≤Pi<2), moderate (2≤Pi<3), equivalent (3≤Pi<5) and 
extremely high (Pi>5).

Nemeiro Comprehensive Pollution Index

The Nemeiro Comprehensive Pollution Index 
(NCPI) is commonly used for comprehensive pollution 
evaluation of heavy metals, and expressed as:

                (2)

where Pimax and Piave represent the maximum and average 
Pi value of PTE, respectively.  According to NCPI, the 
pollution degree of PTE is divided into five levels: clean 
(≤0.7), prevention (0.7~1.0), light pollution (1.0~2.0), 
moderate (2.0~3.0) and heavy pollution (>3.0) [20]. 

The pollution load index (PLI) was proposed to 
represent the total pollution of all PTE in the soil, which 
was calculated as follows:

                (3)

The pollution degree is divided into four levels for 
a single heavy metal and group-PTE: clean (PLI≤1), 
low (1<PLI≤2), moderate (2<PLI≤3) and high (PLI>3), 
respectively.

The Potentially Ecological Risk Index (RI)

The potentially ecological factor (PEF) has been 
widely applied to assess the ecological risk of toxic 

PTE in soils [21-22]. The PEF values are calculated as 
follows:

           (4)

where Tri is the biological toxicity coefficient for heavy 
metal i (10, 30, 2, 5, 40, 5, and 1 for As, Cd, Cr, Cu, 
Hg, Pb and Zn, respectively ) [21-23]. The potentially 
ecological risk index (RI) can be calculated by the 
following function:

                           (5)

The contamination degree is further grouped 
into low (PEF<40, RI<90), moderate (40≤PEF<80, 
90<RI≤180), considerable (80≤PEF<160, 180<RI≤360) 
and high (PEF>160, RI>360), respectively.

Data Analysis

Descriptive statistics and normal distribution tests 
were performed using PASW statistics 18 (SPSS Inc., 
Chicago, IL, USA). The spatial distribution maps of 
PTE in the soil were drawn in ArcGIS 10.2 (Esri, USA). 
The correlation diagram and boxplots were plotted by 
RStudio and Origin 8.5 (OriginLab, USA), respectively.

Results and Discussion

Concentration of PTE in Soils and Geochemical 
Distribution

The statistical analysis of PTE and pH was shown in 
Table 1. The average concentration of As, Cd, Cr, Cu, 
Hg, Ni, Pb and Zn in soil were 22.15±13.27, 2.35±2.52, 

Table 1. Descriptive analysis of the heavy metal concentration in soil.

Item As Cd Cr Cu Hg Ni Pb Zn pH

Min 3.06 0.05 27 10.81 0.05 0.28 12.7 23.6 4.21

Max 56.3 9.97 380.1 77.78 0.52 176.69 106.4 601.2 8.45

Mean 22.15 2.35 138.65 39.89 0.20 60.43 44.39 197.90 6.14

SD 13.27 2.52 85.06 12.78 0.11 39.73 22.03 144.10 0.98

CV(%) 59.91 107.31 61.35 32.05 55.46 65.76 49.64 72.81 16.00

Skewness 0.54 1.22 1.05 0.22 0.65 0.68 0.40 0.67 0.31

Kurtosis -0.84 0.53 0.15 -0.33 -0.38 -0.59 -1.18 -0.59 -1.13

Background value 22.15 2.38 140.39 40.13 0.20 60.43 44.43 199.48 6.14

Topsoil of Guangxi 8 0.144 50 18 0.083 15 24 43 /

R 2.77 16.32 2.77 2.23 2.41 4.03 1.85 4.60 /

CV is the coefficient of variation, CV = 100% × SD/mean; R is the ratio of the background values of this study to Guangxi [24]; 
elements are in mg/kg, pH is dimensionless.
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consistent with the percentage of the karst distribution 
area. Karst covers an area of 1629.35 km2 or about 
69.48% of Mashan County, which is 1.7 times more 
than that of Guangxi’s 40.9% [25].

The coefficient of variation (CV) of the PTE in 
the soil followed the sequence of: Cd (107.31%), Zn 
(72.81%), Ni (65.76%), Cr (61.35%), As (59.91%), Hg 
(55.46%), Pb (49.64%), and Cu (32.05%), respectively 
(Table 1), indicating that the concentration of the PTE 
varied fairly. The CVs of Cd were greater than 100%, 
showing an extremely variable with uneven distribution. 

138.65±85.06, 39.89±12.78, 0.2±0.11, 60.43±39.73, 
44.39±22.03 and 197.9±144.1 mg/kg, respectively. 
The soil pH values disclosed strong acid to alkaline 
status, with values in the range of 4.21-8.45. The ratio 
of the background values of the study area to that  
in Guangxi [24] was calculated and recorded as R 
(Table 1). Cd had the highest R value of 16.32, followed 
by Hg, with the R-value of 4.60. All PTE in topsoil had 
higher concentrations than Guangxi, and the lowest Cu 
and Pb in the study area were also 2.22 and 1.85 times 
more than that of it. The R-value in the study area is 

Fig. 2. Boxplots of PTE’s concentration in soil in the study area.
K, KSC, and NK represent the karst area, denudation monadnock with solutional cap rock, and non-karst area, respectively.

As Cd Cr Cu Hg Mn Ni Pb Zn Si Al Fe CaMg pH

As 1 0.407 0.486 0.473 0.493 0.459 0.498 0.704 0.552 -0.541 0.504 0.568 0.316 0.413

Cd 0.407 1 0.835 0.371 0.700 0.618 0.537 0.635 0.773 -0.533 0.489 0.582 0.263 0.539

Cr 0.486 0.835 1 0.432 0.788 0.542 0.673 0.670 0.807 -0.604 0.564 0.657 0.317 0.585

Cu 0.473 0.371 0.432 1 0.492 0.614 0.744 0.545 0.649 -0.562 0.537 0.608 0.298 0.379

Hg 0.493 0.700 0.788 0.492 1 0.618 0.762 0.710 0.855 -0.653 0.603 0.703 0.382 0.667

Mn 0.459 0.618 0.542 0.614 0.618 1 0.677 0.612 0.664 -0.513 0.445 0.595 0.275 0.500

Ni 0.498 0.537 0.673 0.744 0.762 0.677 1 0.650 0.882 -0.651 0.600 0.693 0.405 0.619

Pb 0.704 0.635 0.670 0.545 0.710 0.612 0.650 1 0.816 -0.847 0.812 0.854 0.478 0.656

Zn 0.552 0.773 0.807 0.649 0.855 0.664 0.882 0.816 1 -0.778 0.728 0.806 0.456 0.711

Si -0.541 -0.533 -0.604 -0.562 -0.653 -0.513 -0.651 -0.847 -0.778 1 -0.972 -0.965 -0.621 -0.643

Al 0.504 0.489 0.564 0.537 0.603 0.445 0.600 0.812 0.728 -0.972 1 0.954 0.452 0.517

Fe 0.568 0.582 0.657 0.608 0.703 0.595 0.693 0.854 0.806 -0.965 0.954 1 0.478 0.588

CaMg 0.316 0.263 0.317 0.298 0.382 0.275 0.405 0.478 0.456 -0.621 0.452 0.478 1 0.714

pH 0.413 0.539 0.585 0.379 0.667 0.500 0.619 0.656 0.711 -0.643 0.517 0.588 0.714 1

All coefficients are significantly correlated at p <0.01.

Table 2. Correlation coefficients of elements and pH in soil. 
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In addition, the Kolmogorov-Smirnov normality test 
results showed that the concentrations of all elements 
were skewed.

The concentration of PTE in K was higher than that 
in KSC and NK (Fig. 2). The high concentrations of 
soil As, Cd, Cr, Cu, Hg, Pb, Zn, TFe2O3, CaO, and pH 
were distributed in the eastern region and northwest of 
Mashan, were mainly covered by carbonate rock. The 
low-value PTE was primarily distributed in the central 
area and the southern part of Mashan County, where the 
soil parent material is mainly non-carbonate rock. Cu 
and Ni showed high background values in the central 
area, mainly affected by manganese ore. 

The pH values in K were higher than NK and KSC. 
62.83% of the soil sample in the study area was acid 
(5.0≤pH<6.5)-strong acid (pH<5.0). Strong acid soil 
accounted for 36.82% of the total samples, which were 
mainly distributed in the NK area, and acid soils were 

concentrated in KSC. While neutral (6.5≤pH<7.5) and 
alkaline (7.5≤pH<8.5) soils accounted for 25.13% and 
12.04% of the study area, respectively, and which were 
mainly distributed in the K area.

Correlation Analysis for Source Identification 
of PTE in Soil

The correlations between the concentration  
of metals and pH in soil were demonstrated in Table 2. 
The concentration of As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, 
and pH in soils was a significant positive correlation 
with each other (p<0.01). All the studied PTE were 
significantly positively correlated with Al, Fe and 
Mn, suggesting that PTE in soils may be affected  
by ferromanganese oxide and aluminium-rich clay 
minerals [26]. The distribution and speciation of PTE 
in soil and aquatic systems are controlled by Fe-Mn 

Fig. 3. Contamination and risk assessment of PTE in the soils:
a) pollution load index (PLI) and single pollution index (Pi). The sparse, loose, and dense dotted line distinguish the level of clean, low, 
moderate, and heavy pollution; b) potentially ecological risk index (RI) and potentially ecological factor (PEF), the dotted line has the 
same meaning as (a).
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oxide minerals through physicochemical mechanisms, 
involving adsorption, incorporation, and electron 
transfer [27-28]. Al is mainly influenced by geology 
background, and elevated in clay areas [29]. The 
soil Corg is not related to all PTEs, except that it has  
a low significant correlation coefficient of 0.156 with 
Pb, which is inconsistent with most previous research 
results [30]. Due to the diversity of types and sources 
of natural organic matter, and the complexity of their 
structure and properties, there is a certain degree of 
uncertainty in the interaction between organic matter 
and heavy metals [31].

Various degrees of soil pollution of PTE were 
reported in the karst regions [32-34]. The high content 
of heavy metals in carbonate rocks and the secondary 
enrichment in weathering form soils with a high 
background of heavy metals [11-32]. The concentration 
of PTE in lime soil is high, but in a relatively stable state 
under the background of calcium-rich geochemistry 
[35]. Cd in the karst areas of southwest China exceeded 
the standard rate of 95.83% in the previous study, but 
the water-soluble and exchangeable Cd concentration 
only accounted for 0.14% and 1.68%, respectively [36], 
and the Cd concentration in food crops does not exceed 
the edible safety standards [37]. However, 95% of rice 
grains harvested from limestone soil in Guangxi had 
a Cd concentration over the maximum permissible 

concentration [38]. Therefore, risk assessment of heavy 
metal pollution in karst areas is needed to prevent 
harmful effects on human health.

Risk Assessment of PTE

According to GB 15618-2018, the concentration 
of Cd in the most soil sample was above the risk 
screening values, with a percentage of 75.74%, followed 
by Zn, As, Cr, Ni, Cu and Pb, with a percentage of 
38.74%, 31.94%, 22.51%, 22.16%, 10.12%, and 0.52% 
of soil samples higher than the risk screening levels, 
respectively. The contamination levels of PTE in the 
soil were low or slightly moderate (Fig. 3). The Pi value 
was below 2 in almost all sampling sites (Fig. 3a). The 
average PLI value was 0.88± 0.52, the maximum value 
of PLI reached 2.28. High PLI values were distributed 
in K, while low PLI values were distributed in the NK 
and KSC areas (Fig. 4a). The comparatively low and 
moderate PLI value proved that the soil underwent 
relatively slight-moderate contamination caused by high 
geological background. 

The PEFi was 10.00±5.99, 29.65±31.82, 1.98±1.21, 
4.97±1.59, 39.79±22.07, 5.00±3.29, 5.00±2.48, and 
0.99±0.72 for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn, 
respectively (Fig. 3b). It showed that the soil was at 
a low pollution level, except for Cd and Hg in some 

Fig. 4. Spatial distribution of PTE pollution risk assessment and land uses
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samples. The RI values ranged from 23.22 to 258.60, 
with an average value of 92.95±58.95 (Fig. 3b).  
The spatial distribution of RI was the same as PLI,  
the high value was distributed in K, and the low value 
was distributed in NK and KSC (Fig. 4b).

The mean NCPI for soils was 1.47 at the light 
pollution level, and the contamination of Cd (mean Pi>1) 
should be taken into account. The spatial distribution of 
NCPI was the same as that of lithology (Fig 4c). The 
light-moderate polluted areas were distributed in K, 
the prevention polluted areas were mainly distributed 
in KSC, and the clean areas were distributed in NK 
area (Fig. 4c). Consistency of light level in the NK and 
heavy polluted in KSC in some areas may be disturbed 
by the distribution of metallic ores and human activities 
(mining, agriculture, etc.) (Fig. 4d). 

Mine drainage and the transportation of fine 
tailings led the average concentration of Cu, Zn, As, 
Cd and Pb in the surface soil of the farmland in the 
mining area 7 times higher than the corresponding 
background value, causing moderate to severe pollution 
[39]. Although mining activities in karst watersheds 
have been regulated for more than 30 years, the high 
geological background value of heavy metals in lime 
soil and the adverse ecological effects in the history of 
mining are still visible [40]. Land use also affects soil 
organic matter and aggregate particle size, and then 
immobilizes heavy metals through adsorption and so 
on [30]. Farmers have become heavily dependent on 
applying chemical fertilizers in poor soils, explaining 
the high Cd concentration in cultivated land [41]. The 
input of anthropogenic pollutants and fertilisers leads to 
the release of geologically caused Cd [42], which should 
focus on in future investigations and monitoring.

Conclusions

The average concentration of As, Cd, Cr, Cu, Hg, 
Ni, Pb and Zn in soils were 22.15±13.27, 2.35±2.52, 
138.65±85.06, 39.89±12.78, 0.2±0.11, 60.43±39.73, 
44.39±22.03 and 197.9±144.1 mg/kg, respectively. 
The soils were undergoing relatively low-moderate 
contamination except for the concentration of Cd 
exceeds the risk screening values of GB 15618-2018. 
Concerning the spatial pattern, most areas in K had 
high PTE concentrations, which were characterized 
by high concentration of Ca+Mg, Al, Fe, and high 
pH. Cd has a higher risk of contamination in the karst 
area. Pollution caused by PTE should be considered for 
farming in karst areas. Future studies should focus on 
speciation analysing and source apportionment of PTE 
in limestone soil.
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