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Abstract

:

To investigate the distribution characteristics and hazard levels of eight heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn) in karst soil with a high geological background of heavy metals, 32 and 40 surface soil samples were collected from limestone and clastic rock areas, respectively, in the northern part of Mashan County, Guangxi Province, a typical mountainous county dominated by primary industries in China. Geostatistical methods, Pearson’s correlation analysis, the geo-accumulation index, and the potential ecological hazard index were applied to explore the influencing factors of those heavy metals and evaluate their potential contamination risks. The results show that (1) the levels of the eight heavy metal elements in the surface soils of karst areas exceeded the background values of soil for Mashan County, the background value of soil (layer A) in China, and abundance value of upper crust. According to the soil pollution risk screening values specified in the Soil Environmental Quality: Risk Control Standard for Contamination of Agricultural Land, the proportions of heavy metals in the soils of karst areas were ranked as Cd (100%) > As (90.6%) > Cr (84.4%) > Zn (68.8%) > Ni (37.5%). Meanwhile, the heavy metals in the soils of non-karst areas did not exceed the overall values for Mashan County, and Ni, Pb, and Zn did not exceed the overall national soil values. One-quarter of Cd in non-karst samples exceeded the risk-threshold screening value. There was a high degree of variation and a significant difference in the contents of heavy metal elements between karst and non-karst areas. (2) The element combinations of As-Cd-Cu-Hg-Ni-Pb-Zn and Cr in karst areas were characterized by the influence of carbonate rock parent material. The non-karst areas were characterized by Ni-Cu-Pb-Zn, As-Cr-Hg, and Cd assemblages, which were mainly influenced by the mixture of laterite parent materials, sand shale parent materials, and basic-rock residual materials, and that may be affected by element migration caused by soil erosion and anthropogenic activities. (3) Analysis of the geo-accumulation index showed that karst areas were generally found to be at the clean to light pollution level, except for in the areas whose samples exhibited medium/high pollution levels for Cd and Cr, with the Cd pollution being the more serious of the two. Small amounts of Cd and Cu were present in the non-karst areas at a light contamination level, while other elements were at the level of no pollution. (4) The results of the potential ecological risk index showed that Cd and Hg were the main ecologically hazardous heavy metal elements in the soils of the study areas. The potential ecological risk level in karst areas was much higher than in non-karst areas, especially for Cd, and was mainly influenced by the carbonate rock parent material.
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1. Introduction


Soil provides the substrate for terrestrial plants and animals to live on and is a natural resource for human survival and development. In environmental terms, the Environmental Protection Agency (EPA) lists eight elements as toxic heavy metals: arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn) [1]. As a source and sink of heavy metals circulating in the environment, soil directly or indirectly affects ecosystem health. Excessive soil Cd and As can lead to plant growth disruption and crop yield reduction [2]; heavy metal infiltration in soil threatens groundwater quality [3,4] and enters the food chain, thus affecting human health. In recent years, with investigations and research work such as multi-target regional geochemical surveys and detailed soil pollution surveys, the soil with high geological background of heavy metals and other harmful elements formed by the enrichment under the natural environment has been gradually revealed [5,6,7,8]. Karst area composed of carbonate rocks is one of the typically high heavy metal background values areas that are affected by local geological structure. Previous studies have found that through carbonate rock area development, due to bedrock weathering processes triggering calcium, magnesium, and other elemental leaching, heavy metals show a certain inheritance or superimposed concentration effect. Heavy metals tend to be retained in the residue, with a consistent relative increase in the volume and content of heavy metals, meaning these can be found in areas with low bedrock contents, even after the development of the soil [9,10,11,12,13]. Compared to heavy metal pollution in agricultural fields caused by anthropogenic activities, soil pollution in areas with a high geological background of heavy metals is often characterized by high contents of heavy metals, large scales, and difficulty in intercepting and controlling pollution sources due to the influence of soil-forming parent material [14,15].



The elemental content of naturally occurring soils is mainly controlled by parent materials and processes of soil-forming. Due to the large area of Mashan County comprising carbonate rocks [16,17], the average content of heavy metals in soils is much higher than that in other regions of China [18,19]. The enrichment, spatial distribution and occurrence status of heavy metals affect human health at all times, as well as their ecological risks, are controversial and widely concerning. Some studies have concluded that although there is a high content of heavy metal elements in soils of carbonate rock areas, the proportion of effective states such as the water-soluble state is small and not greatly harmful to nature [20,21,22]. However, some related studies have also shown that effective states such as ion exchange and carbonate binding of heavy metal elements such as Cd can be high in carbonate rock areas and have high bioavailability [21,23]. According to recent studies, soils developed from different parent materials in the same carbonate background area are significantly different [11,15,24] and have a higher ecological risk under soil acidification [11], so type differences in parent material may be one reason for the differences in risk. Recently, more studies have been performed on the geochemical characteristics of the migration and enrichment of elements in weathering profiles or spatial distribution in karst areas [18,25,26,27,28], with an emphasis on the importance of studying the environmental risk aspects of soils in the high heavy metal background value areas that are affected by local geological structure. However, the scope of previous studies regarding the risk posed by heavy metals has been dominated by administrative divisions, but little consideration is made to the impact of different parent materials. It is necessary to study the healthy risk of soil heavy metals in karst and non-karst areas to accurately identify the current state of contamination and implement remediation measures.



There are numerous methods widely used to evaluate heavy metal pollution; for example, the Nemero integrated pollution index [29], the geo-accumulation index [30], and the potential ecological risk index [31]. To be able to accurately assess potential ecological risks, the specificity of the region and the applicability of the assessment methods should be considered first. The geo-accumulation index, which systematically takes into account the variation in background values for geological reasons and the influence of anthropogenic disturbance on the elemental content, can quite objectively assess the situation of excessive rate of heavy metals in soil and accurately reflect the accumulation degree of elements. The potential ecological risk index integrates the contamination levels of single heavy metal elements with heavy metal toxicity response coefficients in order to obtain the potential ecological hazard index after a weighted calculation, which can effectively characterize the impact potential of soil quality and heavy metals [32] and is therefore meaningful for health guidance. Liu et al. (2013) used the geo-accumulation index and the potential ecological hazard index to effectively reflect that Cd is the main ecological risk element in agricultural soils near sewage treatment plant in Guangzhou, China [33]. Zhao and Wang studied the enrichment characteristics and potential ecological risk characteristics of relevant heavy metals in the karst area of Yunnan, Guangxi, and Guizhou provinces, pointing out that Cd and Hg present the highest ecological risk [34].



In this study, we collected typical soils from the northern area of Baishan Town, Mashan County, Guangxi, China. We analyzed the content characteristics and influencing factors of heavy metals in soils under different soil-forming parent material conditions and applied the geo-accumulation index [30,35] and the potential ecological risk evaluation method [31] to evaluate the soil environmental quality, which are more reliable for the heavy metal content in sediments. Two evaluation methods were used to quantify the level of potential ecological risk of heavy metals, aiming at (1) improving the objectivity of soil environmental quality evaluation in karst background areas and (2) providing a scientific basis for the prevention and control of soil heavy metal pollution and ecological environmental protection.




2. Study Area


The study area is located in the north of Baishan Town, Mashan County, Guangxi (E 108.09°~108.02°, N 23.73°~23.85°) (Figure 1). The geomorphology of the area is characterized mainly by peak cluster depressions and poljes, the terrain is undulating, and the vegetation is dominated by natural broad-leaved forests. The annual temperature range is −0.7–38.9 °C, the average annual average is 21.3 °C; the annual frost-free period is 300–360 days, with the average being 343 days; rain is abundant, with the average annual rainfall being 1722 mm; and the distribution of the four seasons is uneven, with spring and autumn more arid and the summer flooded. Mashan is a typical mountainous county dominated by primary industries. The main income of the economy is agriculture, followed by forestry, animal husbandry, and fishery. The grain crops in Mashan County are mainly rice and corn, and the economic crops are mainly sugarcane, fruit, and peanuts. Therefore, soil erosion and excessive use of chemical fertilizers and pesticides may be the main exogenous import pathways of heavy metals in soil.



The stratigraphy and lithology of karst area mainly comprise the Carboniferous Maping Formation (C2mp), dominated by light white thick layered limestone, with siliceous bands interspersed locally; the Permian Maokou Formation (P1m), including a lithology of mainly gray limestone with a small amount of shale, and the lithology of the Qixia Formation (P1q) comprises striated limestone and argillaceous limestone. The non-karst area comprises macker, iron bauxite, sand shale, and argillaceous limestone in Permian Heshan Formation (P2h) and the Triassic Luolou Formation (T1l), which contains limestone, siltstone, and shale [36,37,38]. The karst area is located on the east and west sides of the study area. The parent material is mainly limestone and its weathering residues or alluvial materials. The land use in karst area is mainly shrubs, dry land, and paddy fields. Conversely, the non-karst area is located in the middle part of the study area, and the parent material is comprises sand shale, sandstone residues, and alluvial deposit, and the land use is mainly forest and reservoirs.




3. Materials and Methods


3.1. Sample Collection and Processing


In this study, soil samples in karst area and non-karst area were collected in June 2017, and processing was carried out with reference to the specifications of the Land Quality Geochemical Assessment (DZ/T 0295-2016) [39]. The karst area (mainly limestone) and non-karst area (including mudstone, shale, and alluvial sediments) were selected as the research objects, surface soils (0–20 cm) were collected, an “X” or checkerboard shape was used to radiate 20–50 m, and 3–5 aliquot samples were collected to form a mixed sample. A total of 32 soil samples were collected in the carbonate rock area and 40 soil samples in the non-carbonate rock area; the sampling point distribution is shown in Figure 1. Soil samples were brought back to the laboratory to be naturally air-dried, and gravel, plant roots, and leaves were removed; then, the samples were poured into a 2 mm pore-size nylon sieve in a sample bag for testing.



The elemental content was tested after wet digestion and 5% HNO3 volume fixation. The contents of As and Hg were measured using atomic fluorescence spectroscopy (AFS) after the soil sample was digested with aqua regia and reducted with Potassium Borohy. Cd, Cr, Cu, Pb, Ni, and Zn were determined by ICP mass spectrometry (PerkinElmer Inc., Waltham, MA, USA, NexION 300) after digestion of the soil samples with <0.074 mm particle size with an HCl-HF-HClO4-HNO3 mixture. The soil pH and organic matter were determined by a PHS-3C pH meter at a ratio of 1:2.5 (soil: CO2 free water) and the potassium dichromate oxidation–ferrous ammonium sulphate method, respectively. Data quality monitoring was strictly controlled according to the specifications for a multipurpose regional geochemical survey (1:250,000) (DZ/T 0258-2014) [40]. Standard materials of soil (GBW07404 and GBW07406) covered all studied elements and were tested among every ninth sample, revealing that the average analytical errors were about 5%.




3.2. Evaluation Methods


3.2.1. Geo-Accumulation Index


The geo-accumulation index (Igeo) was first proposed by Müller [30,41]. It fully considers the changes to background values caused by natural geological diagenesis and other factors. Igeo is a quantitative indicator reflecting the degree of heavy metal pollution in a substance. It is calculated as


   I  g e o   = l o  g 2     C i    k ×  S i     



(1)




where    C i    is the measured value of the heavy metal i;    S i    is the background value of element i; and K is the correction coefficient, which is 1.5. In this study, the background value of soil heavy metals in Mashan County, Guangxi Province, was used as the geochemical background value for calculation. The grading criteria were as follows [42,43]: Igeo ≤ 0, uncontaminated; 0 < Igeo ≤ 1, uncontaminated to moderately contaminated; 1 < Igeo ≤ 2, moderately contaminated; 2 < Igeo ≤ 3, moderately to heavily contaminated; 3 < Igeo ≤ 4, heavily contaminated; 4 < Igeo ≤ 5, heavily to extremely contaminated; Igeo > 5, extremely contaminated.




3.2.2. Potential Ecological Risk Index


The potential ecological risk index was proposed by Swedish scientist Lars Hakanson [31]. It combines the content, properties, and environmental behavior characteristics of soils, and comprehensively considers the synergy of multiple elements. It is calculated as follows:


  R I =   ∑   i = 1  n   E r i  =   ∑   i = 1  n   T r i  ×  C f i  =   ∑   i = 1  n   T r i     C s i     C n i     



(2)




where    E r  i       is the one-factor pollution index;    T r i    is the toxic response coefficient of the individual pollutant (Zn = 1, Cr/Mn = 2, Cu/Ni/Pb = 5, As = 10, Cd = 30, Hg = 40);    C f i    is the pollution index of a certain metal;    C s i    is the measured value of a heavy metal in the soil; and    C n i    is the reference value of a heavy metal. In this study, the background value of soil heavy metals in Mashan County was used as the reference value. RI is the total potential ecological risk index. The grading criteria for    E r i    and RI are shown in Table 1.





3.3. Data Analysis


The data analysis for the heavy metal content in the soil of the study area (maximum, minimum, mean, standard deviation, coefficient of variation) and Pearson’s correlation analysis were performed using the software packages Excel 2010 (Microsoft, Redmond, WA, USA), Origin 2018 (OriginLab, Northampton, MA, USA), and SPSS 25 (IBM, New York, NY, USA), and ArcGIS 10.2 (ESRI, RedLands, CA, USA)was used for geostatistical analysis.





4. Results and Discussion


4.1. Soil Heavy Metal Content and Distribution Characteristics


Statistical analysis showed that the mean contents of heavy metals As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in the topsoil of the karst area were 42.1, 9.32, 372, 44.3, 0.259, 76.1, 66.2, and 306 mg/kg (Table 2), respectively, which exceeded the background values of the elements in Mashan County [44] and the background value of soil (layer A) in China [45] (Figure 2). The mean contents of the heavy metals in the topsoil of the non-karst area were 14.6, 0.25, 96, 35.3, 0.098, 18.2, 25.5, and 63 mg/kg, respectively (Table 2). Compared with the karst area, the average heavy metal content in the non-karst area did not exceed the background value of each element in Mashan County, except for As, Cd, Cr, Cu, and Hg; these also exceeded the national soil background value, while the other elements did not (Figure 2). According to the data presented by Wedepohl (1995), the contents of eight elements in the karst area are all higher than abundance value of upper crust [46], indicating that the soil elements in karst area have been significantly enriched during the soil-forming process. In the non-karst area, the contents of Cr, Ni, and Zn are lower than those in the upper crust, while the contents of other elements are higher than those in the upper crust. In the karst area, the content of various elements was significantly higher than in the non-karst area, especially for Cd, the average level of which was 36.9 times that in the non-karst area. The minimum values of As and Cd in karst area both exceeded the background values of Mashan County, with average levels of 1.93 and 21.41 times the background values, respectively, while the average levels of Cr, Cu, Hg, Ni, Pb, and Zn were 1.69, 1.21, 1.65, 1.98, 1.69, and 2.34 times the background values of Mashan County, respectively. According to the Soil Environmental Quality: Risk Control Standard for Soil Contamination of Agricultural Land (GB 15618-2018) [47], there were some samples exceeding the risk screening values of soil As, Cd, Cr, Ni, and Zn in the karst area; the proportions of samples exceeding the standard were 100% (Cd), 90.6% (As), 84.4% (Cr), 68.8% (Zn), and 37.5% (Ni), of which 90.6% of the sample Cd exceeded the risk control value. A quarter of samples in non-karst area had Cd contents exceeding the risk screening value, and there were no samples over risk intervent values. The analysis showed that the average level of heavy metal elements in the soil of the karst area was much higher than that of in the non-karst area (Figure 2). The pH values in the soils of karst and non-karst areas ranged from 7.95 to 5.44 and 6.06 to 4.14, respectively, with mean values of 6.72 and 4.67, respectively, which indicated that the non-karst soils were more acidic than the karst. Since the parent material of the karst area mainly comprised carbonate rock, and the weathering of carbonate rock produces calcium ions that increase the soil pH, the overall level of pH was higher than that of non-karst areas. The average organic matter contents of the soils of the two areas showed that the karst area (23.8 g/kg) contained slightly less organic matter than the non-karst area (25.8 g/kg), with ranges of 12.1–34.8 g/kg and 15.4–38.0 g/kg, respectively.



The variability and uniformity of elements in soil can be reflected by the coefficient of variation (CV) [48,49,50]. We found moderate variations in As, Cr, Cu, Cu, Hg, Ni, and Pb in karst areas, with high variation in Cd and Zn, then moderate variation in Hg, Ni, Pb, and Zn in non-karst areas, with high variation in As, Cd, Cr, and Cu. The contents and CV of heavy metal elements were combined to reveal the anomalies in the elements and indicate the unevenness of the spatial distribution of heavy metals in the soil in the study area, which may have been affected by the parent materials. Elemental enrichment during migration may also lead to an uneven distribution [13,14]. The CV of elements in non-karst areas was higher than that of karst areas; the anomalies elements of samples were mainly distributed in depressions, which may be affected by the topography. Elemental migration to low-altitude areas or exogenous inputs such as fertilization may have resulted in the dotted high-value areas noted among the overall study area [44].




4.2. Correlation of Soil Heavy Metals and Physicochemical Property


The relationship between elements indirectly reflects whether the elements have the same source; the higher the correlation between the elements, the more likely they are to have the same source [51,52]. Pearson’s correlation coefficient analysis of eight heavy metal elements (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn) from the survey area (Table 3 and Table 4) showed that there was a very significant positive correlation between most of the heavy metals in the soil of the karst area; for example, As and Cd, along with Cu, Ni, Pb, and Zn, were significantly correlated at the 0.01 level, and Hg at the 0.05 level, indicating that these elements have strong spatial correlation and similar migration characteristics and homology within karst areas [53]. Cr is mainly significantly related to Cu and As, while it is weakly related to other elements. In the soil of the non-karst area, there was a significant positive correlation between As, Cr, and Hg (p < 0.01); Cu, Ni, Pb, and Zn were significantly correlated; Cu, Zn, and other elements were significantly correlated; and Cd was mainly related to Ni and Zn. Overall, multiple groups of heavy metal elements showed a strong correlation between elements in the non-karst area, indicating multi-channel sources. On the basis of correlation analysis, the between-groups linkage was applied for systematic clustering analysis (Figure 3), and by judging the intergroup distance in the spectral graph, the combined characteristics of As-Cd-Cu-Cu-Hg-Ni-Pb-Zn and Cr were determined in the karst area, indicating that the probability of elements in the combination having the same source was high. The combined characteristics of Ni-Cu-Pb-Zn, As-Cr-Hg, and Cd were also shown in the non-karst area.



Since there are only a small number of grain deep-processing plants (sugar and alcohol) in the study area, there are no reports of heavy metals exceeding the standard in the atmospheric deposition of the county. Therefore, the heavy metals in this area mainly come from the enrichment of parent materials and agricultural activities. Inappropriate fertilizers and pesticides may also cause heavy metal pollution to the soil [54]. In the karst area of the study area, the soil mainly comprised the carbonate matrix and its residue matrix. Studies have shown that the enrichment of Cd in soils where carbonate rocks develop is mainly related to the adsorption of organic matter, ferromanganese oxides and hydroxides, and clay [55,56]. However, the low correlation of Cd with organic matter and pH in this study indicated that Cd mainly combined with ferromanganese oxides and carbonates [10], and elements such as Cu, Ni, Hg, Pb, Zn, and Cr were mainly related to clay adsorption, competing with Cd for adsorption. Relevant studies have shown that as lattice substitution in carbonate rocks enters the Ca and Mg lattices [25], enrichment occurs with the loss of soluble components such as calcium carbonate and adsorption of iron oxides and clay minerals during weathering. However, there were large differences in the sources of the matrix in the non-karst area. We found a laterite matrix and bedrock residues in the non-karst area, and studies have shown that the bedrock contains plentiful Ni, Cu, and Zn elements, which are released into the soil in the epigenetic environment [57,58]. As, Cr, and Hg have strong combinatorial relationships in non-karst areas and may be related to the sand shale matrix [59,60]. The results also showed that the As and Cr contents were affected by the soil organic matter, and relevant studies have shown that the influence of organic matter on the migration of elements in the soil is very complex [61,62]. In addition to improving the fixation and accumulation of heavy metals in the soil, organic matter may also improve the bioavailability of the elements [62], thereby increasing the migration or plant uptake, showing a negative correlation. Li (2018) reported the enrichment of Cd in soils developed in the limestone, sand shale, and Quaternary laterite matrix in Guangxi (mean contents of 3.45, 2.40, and 0.69 mg/kg, respectively) [63], and our study showed that the Cd content was not significantly affected by soil factors such as pH or organic matter; instead, Cd content may be attributed to the mixed influences of the sand shale and laterite on the matrix.




4.3. Evaluation of Heavy Metal Pollution in Soil


Table 5 and Table 6 show the evaluation results of the heavy metal Igeo of the topsoil in the karst and non-karst areas. From Table 5, it can be seen that the order of the mean Igeo in the karst area was Cd > Cr > As > Pb > Zn > Hg > Ni > Cu. The soil Cd pollution in the karst area was relatively serious; the percentage of medium to heavy pollution, medium pollution, and light pollution levels accounted for 18.75, 43.75, and 25% of the total number of samples, respectively, while the proportion of non-polluted samples was 12.5%. Ni, As, Hg, Pb, Cr, Zn, and Cu were mainly light polluters, with the proportions of 31.25, 81.25, 12.5, 53.13, 75, 56.25, and 10.34%, respectively. The proportion of pollution with Cr was 21.88%. In addition to two samples of Cr and three samples of Cu in the non-karst area, the Igeo of the heavy metal elements As, Cr, Hg, Ni, Pb, and Zn was generally pollution-free. In contrast, the pollution level and risk of heavy metal in karst areas was significantly higher than that of in non-karst areas. Due to the large difference in heavy metal content, a small contribution of karst areas to non-karst areas may have caused heavy metals in non-karst areas to exceed the heavy metals in the soil, indicating that it is necessary to focus on prevention and control.




4.4. Assessment of Potential Ecological Risks of Heavy Metals in Soils


The evaluation results of the potential ecological risk level of soil heavy metals in the karst area are shown in Table 7, with Cd as the main risk element in the area. Its single pollution index ranged from 24.89 to 328.09, and the proportions of low, medium, raised, high, and extreme high ecological risk were 9.38, 25, 43.75, 18.75, and 3.13%, respectively. The Hg single pollution index ranged from 36.2 to 84.56, and 90.63% of the samples showed medium risk. The rest of the elements posed low risks. Other heavy metal elements (As, Cr, Cu, Ni, Pb, and Zn) all showed less than 40 indices of single-factor potential ecological risk, which indicates a slight ecological risk. In contrast, all samples of As, Cr, Cu, Ni, Pb, and Zn from non-karst areas were at a slight ecological risk (Table 8). Meanwhile, three and one samples of Cd and Hg, respectively, presented moderate ecological risks, accounting for 7.5 and 2.5% of the total sample size, respectively, with no strong ecological risks. In summary, Cd and Hg were the main ecologically hazardous heavy metal elements in the soil of karst and non-karst areas, and the potential ecological risk level of karst areas was much higher than that of non-karst areas.



The heavy metals composite potential risk index (RI) increased with the increase in the degree of heavy metal pollution in the topsoil. The comprehensive potential risk index of heavy metals in the surface soil of the karst area ranged from 108.01 to 436.74 (Table 7) in the karst area, and there were slight to strong ecological risks, mainly medium risks, accounting for 59.38%, while the proportions of slight and strong risks were 21.88 and 18.75%, respectively. The range of RI in non-karst areas was 26.09 to 72.01, presenting a slight ecological risk. Related studies have shown that topographic landforms may play a role in terms of barriers and thus affect the spatial distribution of heavy metals [64,65,66]. The effects of elevation and slope on the RI in this study area can be expressed as RI = 0.1739 × elevation + 81.91 (R2 = 0.0047) and RI = 2.1286 × slope + 90.223 (R2 = 0.0758), respectively. The results show that elevation and slope did not cause a significant increase or decrease in RI, so topography and geomorphology were not the main influencing factors.



In summary, the higher ecological risk was mainly distributed in the western karst area, indicating that there are more heavy metals in the soil where the carbonate soil matrix is developed.





5. Conclusions


The heavy metal element contents in samples of surface soil from the karst area investigated in this study exceeded the background values for Mashan County, the background value of soil (layer A) in China, and the abundance value of the upper crust; Cd levels were the most significant. The contents of eight heavy metals in the non-karst area of the study did not exceed the background values for Mashan County, and the elements besides As, Cd, Cr, Cu, and Hg did not exceed the background national soil values. According to GB 15618-2018, the high-risk samples in karst areas contained Cd (100%) > As (90.6%) > Cr (84.4%) > Zn (68.8%) > Ni (37.5%), and only Cd (25%) in non-karst areas. The degree of variation of each element in the study area was above moderate, indicating the unevenness of the spatial distribution of heavy metals in the soil of the study area, and there were significant differences in the heavy metal contents of the karst and non-karst areas.



The correlation and cluster analyses showed that the karst area was characterized by As-Cd-Cu-Hg-Ni-Pb-Zn and Cr, which were mainly affected by the carbonate parent materials, while the non-karst area was characterized by Ni-Cu-Pb-Zn, As-Cr-Hg, and Cd, which were affected by the mixture of the matrix (with laterite, sand shale, and residue), and to a certain extent, by the migration of elements due to soil erosion or anthropogenic activities.



The average Igeo in karst areas descended in the order of Cd > Cr > As > Pb > Zn > Hg > Ni > Cu. Except for the samples in the presence of medium pollution and above in Cd and Cr, the remaining elements were generally at the level of no to light pollution in the non-karst area. However, the pollution level of Cd was relatively serious. In the non-karst area, except for a small number of samples of Cd and Cu, other elements were at the level of pollution-free, but due to the contribution of the karst area, the pollution level of the non-karst area may have been elevated. Between the non-karst areas, the soil was found to be acidic; its potential to cause harm needs to be further studied.



The analysis of the potential ecological risk index of heavy metals in the soil of the study area showed that Cd and Hg were the main ecologically hazardous heavy metal elements in the karst and non-karst areas. The potential ecological risk level of the karst area was much higher than that of the non-karst area, especially for Cd. There were slight to strong ecological risks in the potential risk index of surface soils in karst areas, mainly medium risks, showing as minor ecological risks in non-karst areas. In addition, this study has shown that elevation and slope have little effect on potential ecological risks; instead, the ecological risks are mainly affected by the carbonate soil matrix.
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Figure 1. Location of the study area and distribution of sampling points. 
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Figure 2. Comparison of soil heavy metal content between karst and non-karst areas. 
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Figure 3. Cluster analysis of soil heavy metals in the study area. 
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Table 1. Hakanson potential ecological hazard assessment index.
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Index

	
Potential Ecological Risk Level




	
Low

	
Medium

	
Raised

	
High

	
Extremely High






	
    E r i    

	
<40

	
40~80

	
80~160

	
160~320

	
≥320




	
RI

	
<150

	
150~300

	
300~600

	
600~1200

	
≥1200











[image: Table] 





Table 2. Characteristics of heavy metal content in surface soil of study area.
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Elements (mg/kg)

	
pH

	
Corg

(g/kg)




	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn






	
Karst area

	
Max.

	
65.7

	
25.7

	
758

	
86.5

	
0.33

	
113

	
103

	
491

	
7.95

	
34.8




	
Min.

	
24.4

	
1.95

	
183

	
20.9

	
0.14

	
28.4

	
37.5

	
104

	
5.44

	
12.1




	
Mean

	
42.1

	
9.32

	
372

	
44.3

	
0.26

	
76.1

	
66.2

	
306

	
6.72

	
23.8




	
CV

	
0.25

	
0.58

	
0.34

	
0.30

	
0.17

	
0.31

	
0.24

	
0.38

	
0.11

	
0.26




	
Non-karst area

	
Max.

	
27.7

	
0.95

	
225

	
73.9

	
0.24

	
40.0

	
37.3

	
124

	
6.06

	
25.8




	
Min.

	
6.21

	
0.07

	
33.2

	
8.60

	
0.05

	
8.77

	
13.6

	
33.4

	
4.14

	
15.4




	
Mean

	
14.6

	
0.25

	
95.5

	
35.3

	
0.10

	
18.2

	
25.5

	
63.0

	
4.67

	
38.0




	
CV

	
0.42

	
0.80

	
0.42

	
0.47

	
0.34

	
0.34

	
0.22

	
0.33

	
0.10

	
0.22




	
Background value of soil in Masan County [44]

	
22.2

	
2.38

	
140

	
40.1

	
0.2

	
60.4

	
44.4

	
199

	
/

	
/




	
Background value of soil (layer A) in China [45]

	
11.2

	
0.10

	
61.2

	
22.6

	
0.07

	
26.9

	
26.0

	
74.2

	
6.70

	
/




	
Abundance Value of Upper Crust [46]

	
1.7

	
0.1

	
126

	
25

	
0.04

	
56

	
14.8

	
65

	
/

	
/
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Table 3. Pearson’s correlation analysis of heavy metal elements and basic physical and chemical properties of soil in the karst area.
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	As
	Cd
	Cr
	Cu
	Hg
	Ni
	Pb
	Zn





	As
	1
	
	
	
	
	
	
	



	Cd
	0.47 *
	1
	
	
	
	
	
	



	Cr
	0.11
	−0.12
	1
	
	
	
	
	



	Cu
	0.54 **
	0.28
	0.46 **
	1
	
	
	
	



	Hg
	0.37 *
	0.30
	0.09
	0.48 **
	1
	
	
	



	Ni
	0.59 **
	0.49 **
	0.25
	0.73 **
	0.65 **
	1
	
	



	Pb
	0.63 **
	0.74 **
	0.18
	0.52 **
	0.42 *
	0.51 **
	1
	



	Zn
	0.68 **
	0.76 **
	−0.15
	0.43 *
	0.61 **
	0.74 **
	0.80 **
	1



	pH
	0.13
	0.26
	0.38 *
	0.27
	0.28
	0.48 **
	0.05
	0.19



	Corg
	0.18
	0.19
	0.26
	0.47 **
	0.35
	0.46 **
	0.07
	0.24







Note: * and ** represent significant (p < 0.05) and extremely significant (p < 0.01) correlation, respectively.
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Table 4. Pearson’s correlation analysis of heavy metal elements and basic physical and chemical properties of soil in the non-karst area.
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	As
	Cd
	Cr
	Cu
	Hg
	Ni
	Pb
	Zn





	As
	1
	
	
	
	
	
	
	



	Cd
	0.44 **
	1
	
	
	
	
	
	



	Cr
	0.80 **
	0.25
	1
	
	
	
	
	



	Cu
	−0.46 **
	−0.04
	−0.45 **
	1
	
	
	
	



	Hg
	0.68 **
	0.31
	0.77 **
	−0.32 *
	1
	
	
	



	Ni
	−0.18
	0.34 *
	−0.20
	0.64 **
	−0.02
	1
	
	



	Pb
	−0.33 *
	0.13
	−0.57 **
	0.52 **
	−0.16
	0.62 **
	1
	



	Zn
	−0.16
	0.47 **
	−0.20
	0.39 *
	0.03
	0.81 **
	0.63 **
	1



	pH
	−0.10
	0.07
	−0.08
	0.09
	0.25
	0.51 **
	0.50 **
	0.52 **



	Corg
	−0.49 **
	−0.14
	−0.45 **
	0.14
	−0.26
	0.07
	0.39 *
	0.13







Note: * and ** represent significant (p < 0.05) and extremely significant (p < 0.01) correlation, respectively.













[image: Table] 





Table 5. Igeo classification statistics for heavy metals in surface soil of karst area.
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Heavy Metals

	
Average

	
Number of Graded Samples




	
Igeo ≤ 0

	
0 < Igeo ≤ 1

	
1 < Igeo ≤ 2

	
2 < Igeo ≤ 3

	
3 < Igeo ≤ 4

	
4 < Igeo ≤ 5

	
Igeo > 5






	
As

	
0.30

	
6

	
26

	
0

	
0

	
0

	
0

	
0




	
Cd

	
1.15

	
4

	
8

	
14

	
6

	
0

	
0

	
0




	
Cr

	
0.76

	
1

	
24

	
7

	
0

	
0

	
0

	
0




	
Cu

	
−0.51

	
29

	
3

	
0

	
0

	
0

	
0

	
0




	
Hg

	
−0.24

	
28

	
4

	
0

	
0

	
0

	
0

	
0




	
Ni

	
−0.34

	
22

	
10

	
0

	
0

	
0

	
0

	
0




	
Pb

	
−0.05

	
15

	
17

	
0

	
0

	
0

	
0

	
0




	
Zn

	
−0.08

	
14

	
18

	
0

	
0

	
0

	
0

	
0
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Table 6. Igeo classification statistics for heavy metals in surface soil of non-karst area.
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Heavy Metals

	
Average

	
Number of Graded Samples




	
Igeo ≤ 0

	
0 < Igeo ≤ 1

	
1 < Igeo≤ 2

	
2 < Igeo ≤ 3

	
3 < Igeo ≤ 4

	
4 < Igeo ≤ 5

	
Igeo > 5






	
As

	
−1.28

	
40

	
0

	
0

	
0

	
0

	
0

	
0




	
Cd

	
−1.68

	
40

	
0

	
0

	
0

	
0

	
0

	
0




	
Cr

	
−1.86

	
38

	
2

	
0

	
0

	
0

	
0

	
0




	
Cu

	
−0.83

	
37

	
3

	
0

	
0

	
0

	
0

	
0




	
Hg

	
−1.34

	
40

	
0

	
0

	
0

	
0

	
0

	
0




	
Ni

	
−1.75

	
40

	
0

	
0

	
0

	
0

	
0

	
0




	
Pb

	
−1.23

	
40

	
0

	
0

	
0

	
0

	
0

	
0




	
Zn

	
−1.70

	
40

	
0

	
0

	
0

	
0

	
0

	
0
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Table 7. Classification statistics of potential ecological risk index of heavy metals in the soil of the karst area.
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Index

	
Range

	
Number of Graded Samples




	
Low

	
Medium

	
Raised

	
High

	
Extremely High






	
Eir

	
As

	
11.02~29.66

	
32

	
0

	
0

	
0

	
0




	
Cd

	
24.89~328.09

	
3

	
8

	
14

	
6

	
1




	
Cr

	
2.64~10.39

	
32

	
0

	
0

	
0

	
0




	
Cu

	
2.61~10.80

	
32

	
0

	
0

	
0

	
0




	
Hg

	
28.60~66.80

	
3

	
29

	
0

	
0

	
0




	
Ni

	
2.35~9.35

	
32

	
0

	
0

	
0

	
0




	
Pb

	
4.22~10.60

	
32

	
0

	
0

	
0

	
0




	
Zn

	
0.53~2.48

	
32

	
0

	
0

	
0

	
0




	
RI

	
108.01~436.74

	
7

	
19

	
6

	
0

	
0
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Table 8. Classification statistics of potential ecological risk index of heavy metals in the soil of the non-karst area.
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Index

	
Range

	
Number of Graded Samples




	
Low

	
Medium

	
Raised

	
High

	
Extremely High






	
Eir

	
As

	
2.80~12.51

	
40

	
0

	
0

	
0

	
0




	
Cd

	
0.86~12.13

	
40

	
3

	
0

	
0

	
0




	
Cr

	
0.48~3.25

	
40

	
0

	
0

	
0

	
0




	
Cu

	
1.07~9.23

	
40

	
0

	
0

	
0

	
0




	
Hg

	
10.62~47.00

	
39

	
1

	
0

	
0

	
0




	
Ni

	
0.73~3.31

	
40

	
0

	
0

	
0

	
0




	
Pb

	
1.53~4.20

	
40

	
0

	
0

	
0

	
0




	
Zn

	
0.17~0.63

	
40

	
0

	
0

	
0

	
0




	
RI

	
26.09~72.01

	
40

	
0

	
0

	
0

	
0
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