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Heavy metal pollution from various industrial activities has raised global concern. The present study collected 71 surface and 67 subsurface soils from the area with intensive industrial activities in South China. The typical heavy metals, including Cd, As, Hg, Cu, Ni, Pb, Zn, and Cr concentrations, were detected for studying their spatial distribution patterns. Sources apportionment and risks were analyzed using geographical information system and combined approach, including principal component analysis (PCA), positive matrix factorization (PMF), and geo-accumulation index. The concentrations of Cd, As, Hg, Cu, Ni, Pb, and Zn (except Cr) were higher than relevant background levels while exhibiting different pollution degrees in surface and subsurface soils. The PMF results showed that agriculture, industry, transportation, and nature were the four primary contributing sources of heavy metals in soils from the study area. In general, anthropogenic activities were the dominant factors, significantly influencing heavy metal distributions in surface and subsurface soils. Health risks of heavy metals in soil to the population via soil inhalation, skin contact, and ingestion indicated the non-carcinogenic and carcinogenic risks were at an unacceptable level. Each exposure route contribution is higher for adults than for children, whereas there is a relatively high risk of cancer for adults than for children. Therefore, increasing attention shall be needed for monitoring the heavy metal pollution in soils in the areas with dramatic economic development, e.g., South China.
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INTRODUCTION
Due to the increasing economic development, industrialization, and urbanization in China, it is confronted with a variety of environmental issues (Wang et al., 2020; Zhao et al., 2014). Increasing human activities such as industrial developments release heavy metals into the environment. These pollutants eventually accumulate in the soil, especially in places with rapid industrialization, like in China (Jin et al., 2019; Liu et al., 2020). According to the Chinese bulletin on the State of China’s Ecology and Environment published by the Ministry of Natural Resources of China and the Ministry of Ecology and Environment of China in 2018, soil pollution in the south part of China is heavier than that in the north, soil pollution in the Pearl River Delta and Yangtze River Delta is more prominent and higher than the national related standards (Ministry of Environmental Protection of China, 2018). Because of their significant toxicities, bioaccumulation, and persistence, some heavy metals such as Cd, Cr, As, Hg, Pb, Cu, Zn, and Ni have been identified as priority control contaminants by most countries including China. Soil is a critical element of the Earth’s ecosystem and the physical foundation for human survival and development. It plays a significant role as a sink for polluting heavy metals (Li et al., 2014). Accumulation of heavy metals in soil may result in deteriorating soil quality, reduce soil fertility and crop production, and even threaten human and animal health (Zang et al., 2017; Fei et al., 2020). Thus, it is important for protecting and improving the soil environment.
In the past few decades of research on heavy metal pollution in soils, scholars from all over the world have reported related studies in different regions (Nabulo et al., 2010; Radziemska and Fronczyk, 2015; Rivera et al., 2016) and even in China (Luo et al., 2012; Zhao et al., 2014; Wang et al., 2020). Thanks to scientific and technological advances, methods for assessing heavy metal pollution have become more precise and diverse. Multiple methods, such as geographic information system (GIS), principal component analysis (PCA), and positive matrix factorization (PMF) were used to find the distinct distributions and sources of heavy metals in soils (Zhang et al., 2018; Dong et al., 2019; Jin et al., 2019). Moreover, multiple indicators such as geoaccumulation index (Igeo), potential ecological risk index, and human health risk (non-carcinogenic and carcinogenic risks) have been employed to comprehensively evaluate the heavy metal pollution in soils (Peng et al., 2017; Shi et al., 2018; Tian et al., 2020).
Generally, the heavy metal contaminants in soils often originate from two significant sources, including natural (soil parent materials) and various anthropogenic sources (transportation, industrial activities, and agricultural activities). Therefore, it is crucial to qualitatively and quantitatively discriminate pollution sources for protecting the soil environment (Dong et al., 2019; Fei et al., 2020; Zhao et al., 2021). There are two primary methods for determining soil sources of heavy metals: qualitative source identification and quantitative source distribution. Qualitative identification used in previous studies has included multidimensional statistics. However, there are still limitations on the quantification of contributions from multi-sources in this method (Sun et al., 2013). Thus, the quantitative apportionment of sources has been used extensively in more recent studies because of its capacity to quantify the contributions of various sources of contamination. PMF is a simple and useful multivariate receptor analysis model. Although many publications adopted the PCA and PMF methods, few comprehensive types of research have been conducted for combining qualitative source identification and quantitative source apportionment (Xue et al., 2014; Yadav et al., 2014).
In this study, geostatistical analysis, PCA, and PMF were used to evaluate the spatial distribution pattern, accumulation characteristics, and source apportionment of soil heavy metals, then Igeo, potential ecological risk index, and health risk (non-carcinogenic and carcinogenic risks) were adopted to assess pollutions in soils collected near intense industrial activities from South China. The primary purposes of this study were as follows: 1) to analyze the content and basic properties of heavy metals in soils; 2) to characterize spatial distributions of soil heavy metals; 3) to quantitatively identify potential various heavy metal sources in soils; and 4) to evaluate the potential risks of heavy metals accumulation in soils.
MATERIALS AND METHODS
Study Area
The selected study area is near a region with intensive industrial activities, in the southern coastal area of China, with an investigated area of 957.03 km2 (Figure 1). As a typical alluvial plain, the study area has a subtropical monsoon climate zone with an average annual temperature of 21–28°C and annual precipitation of 1747.4 mm, respectively. There are various land uses in the study area, such as impervious surface, cropland, water, forest, grassland, and wetland zones. The principal crops cultivated here are rice and vegetables. The area is characterized by lateritic red soil and slightly acidic soil. It is worth noting that this area is one of the largest electronics manufacturing centers in China and an area with many chemicals, printing, and dyeing. There are 98 electroplating factories and other industrial enterprises allocating the study area with high population density and high development levels.
[image: Figure 1]FIGURE 1 | Distribution of sampling sites in the study area.
Sampling, Processing, and Analysis
According to the principle of randomness and equivalence, surface soil (0–20 cm depth) and subsurface soil (20–40 cm depth) samples were collected at 16 regions inside the survey zone (Figure 1) following a stratified random to represent sampling across the entire area. In total, 71 surface soils and 67 subsurface soils were collected with the aid of a global positioning system receiver in 2018. The range of 50 m × 50 m grid was extracted 5 soil sub-samples from each sampling location after being mixed thoroughly, and then using the coning and quartering method to obtain a representative sample. All samples are collected with stainless steel shovels, then placed in polyethylene plastic bags, labeled relative to each other, and transported back to the laboratory. Finally, each sample was air-dried at room temperature. Afterward, the samples were gently crushed and ground in a mortar to sieve through 10-mesh and 100-mesh powder for soil pH and heavy metals determinations.
The soil samples referenced to the national standard (HJ803-2016) were digested with aqua regia to determine heavy metals. Cu, Cr, Ni, Zn, Pb, and Cd were detected using an inductively coupled plasma-mass spectrometer (ICP-MS), while As and Hg were measured by using atomic fluorescence spectrometry (AFS). In this study, standard quality assurance and quality control were rigorously maintained throughout the experiment. Recovery rates for heavy metals varied between 70 and 125%, and the results of the experiments are consistent with the quality control standard. In addition, the method detection limits (MDL) for Cu, Cr, Ni, Zn, Pb, Cd, As, and Hg were 0.05, 0.05, 0.02, 0.15, 0.08, 0.001, 0.03, and 0.003 mg/kg, respectively.
Sources Identification of Heavy Metals
Principal Component Analysis Model
PCA is a multi-statistical technique commonly used to reduce the dimensions of many tedious data indicators to obtain a relatively small amount of useful data, performed to identify relationships between heavy metals in the soil and to the analysis of possible sources of a variety of heavy metals (Tian et al., 2020). It provides both qualitative and quantitative information about the source of metal contaminations. Account for relationships between different variables, PCA is used to extract source identification for varied factors whose value is greater than 1 after variant rotation (Liu et al., 2020). PCA has been widely used for studying the sources of contamination in a variety of environmental matrixes around the world (Yadav et al., 2014; Barzegar et al., 2017).
Positive Matrix Factorization Model
PMF is a simple and useful variable receptor analysis model that the USEPA recommends as a general apportionment modeling tool for quantifying contributions based on compositions (Jiang et al., 2017). The PMF model decomposes the data matrix into two matrices: factorial assessments (G) and factorial profiles (F). PMF runs the model using concentration data (including 8 elements) and uncertainty data files and does not require a source profile. In this study, PMF 5.0 was adopted to distribute heavy metal sources into soils (Paatero, 1997). The PMF model can be represented using the formula listed in Supplementary Table S1. The concentration and uncertainty data are first imported into the software during the PMF model in operation. To ensure data analysis accuracy, we minimize the Q value, select varied factors (3, 4, and 5), and run the program 20 times until the model stabilizes. Finally, the results of multiple models run show that when the number of factors is 4, the difference between Qtrue and Qrobust is minimal and relatively stable, with signal-to-noise (S/N) ratios for all heavy metals ranging from 0.6 to 2.4, with prediction residuals normally distributed within between −1.5 and 1.5 and a prediction R2 greater than 0.39.
Assessment of Contamination and Risk
Geoaccumulation Index (Igeo)
The Igeo is the indicator used for assessment of the level of pollution and enriches by heavy metals in sediments and soils (Müller, 1969), and was derived from heavy metal data and conventional laboratory analytical data to assess the accumulation of heavy metals in soil. The Igeo values were calculated according to the formula listed in Supplementary Table S1. In terms of the qualitative scale of pollution intensity, Igeo values are classified as unpolluted (Igeo ≤ 0), unpolluted to moderately polluted (0 < Igeo≤1), moderately polluted (1 < Igeo ≤ 2), moderate to strongly polluted (2 < Igeo ≤ 3), strongly polluted (3 < Igeo ≤ 4), strongly to extremely polluted (4 < Igeo ≤ 5), and extremely polluted (Igeo > 5) (Müller, 1969).
Potential Ecological Risk
The potential ecological risk index (RI), which was proposed by Håkanson (1980), was used to evaluate the overall state of sediment pollution and has been used to assess ecological risk in different fields of research effects on the environment with toxicology (Wang et al., 2018). The RI can be determined by the formulas listed in Supplementary Table S1. Wherein [image: image] is a reference value for a given corresponding heavy metal, determined by the background value of the metal in the local soil. Background values for corresponding metals can be obtained from books and related articles (CNEMC, 1990; Liu et al., 2020), the adjusted evaluation criteria for RI are listed in Supplementary Table S2.
Human Health Risk
The human health risk evaluation model proposed by USEPA was used which is both non-carcinogenic and carcinogenic (USEPA, 1996; USEPA, 1997; USEPA, 2002) and it establishes a relationship between contaminant levels in the environment and the likelihood of toxic effects to a human population. People have been subjected to heavy metals from the ground, primarily contact through skin, inhalation of dust particles, ingestion directly through the soil, and indirectly through consumption of homegrown produce (Jiang et al., 2017). Exposure risk can be calculated by daily dose, with different daily doses for each heavy metal, and the risk of each exposure pathway can be calculated using a formula listed in Supplementary Table S1 (Li et al., 2015; Ma et al., 2018; Ning et al., 2021).
The Hazard Quotient (HQ) was used to calculate the impact of heavy metals in soil on human non-carcinogenic risk (Zhao et al., 2012). HQ summation over multiple paths gives a corresponding hazard index (HI) (USEPA, 2009; Zhao et al., 2014). Carcinogenic risk (CR) was used to estimate the incremental likelihood of personal exposure to carcinogenic hazards (Zhao et al., 2021). The CR of the three different pathways adds up to the total cancer risk (TCR) listed in Supplementary Table S1. Supplementary Table S3 provides details on the parameters and input values that were used to estimate ADD in the non-cancer risk evaluation. The corresponding reference doses (RfD) and cancer slope factor (SF) values of eight metals are shown in Supplementary Table S4. All variables and their values refer to the USEPA (2016) guidelines, but specific parameters have been adjusted according to the real situation of Chinese residents in this study (Li et al., 2020).
Statistical and GIS Analysis
Statistical analysis software SPSS 26.0 (SPSS, United States) and Microsoft Excel 2016 were used to analyze the data. ArcGIS 10.2 software (ESRI, United States) was used to map the sampling sites and project the spatial distribution of heavy metals. Geostatistical model and ordinary Kriging interpolation were adopted for characterizing the spatial distributions. Source analysis of heavy metals used the PMF model (USEPA PMF 5.0).
RESULTS AND DISCUSSION
Descriptive Statistics of Heavy Metals in Soils
The statistical analysis of heavy metal levels in surface and subsurface soils is shown in Table 1. Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg concentrations in surface soils were 3.78–84.62, 1.53–56.00, 3.80–125.05, 20.80–201.39, 4.30–89.92, 0.02–0.92, 15.29–160.07, and 0.01–0.41 mg/kg, with the mean of 40.00, 33.65, 46.98, 119.82, 20.49, 0.44, 43.85, and 0.12 mg/kg, respectively. In comparison to the soil background value (BV), the mean concentrations of most heavy metals (except Cr) were higher than their BVs and the contents of Ni, Cu, Zn, As, Cd, Pb, and Hg were higher than their BVs by approximately 2.34, 2.76, 2.53, 2.30, 7.86, 1.22, and 1.54 times, respectively. This indicated a tendency of metal accumulation in the soils. The heavy metals with the highest multiple, which was for Cd, indicated that Cd would be enriched in the surface soil through human activities (Fei et al., 2020). Based on the analysis using the coefficient of variation (CV), the large CVs for Hg (61.00%), As (63.41%), and Cd (39.34%) suggested that these three elements had relatively high spatial variation, possibly industrial or agricultural activities (Jia et al., 2018; Tume et al., 2018).
TABLE 1 | Summary of statistical result characteristics of heavy metals in surface and subsurface soil in the study area.
[image: Table 1]As for subsurface soil, the variations of Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg were 8.73–75.14, 3.79–71.58, 4.56–99.87, 41.45–296.94, 3.45–65.67, 0.04–1.00, 11.10–77.25, and 0.01–0.41 mg/kg, respectively. The relevant means were 38.89, 34.51, 45.76, 119.46, 18.30, 0.46, 39.12, and 0.13 mg/kg, respectively. Compared with the corresponding soil BVs, the average levels of most heavy metals (except Cr) are higher than their BVs (Table 1). The Cd in surface and subsurface soils was the dominant element and much higher than its BVs. Compared with the risk screening values of agricultural land defined by the National Environmental Quality Standards for Soils in China (GB 15618-2018), all heavy metals except Cd were significantly less than their corresponding risk screening value.
Spatial Distributions of Heavy Metal in Soils
The spatial distribution of metal concentration is a useful way to identify hotspots with high metal contaminations and thus to define the potential sources. The spatial characteristics of all metals were explained using the ordinary kriging within the ArcGIS 10.2 software (Figure 2). The Cd, Cr, Hg, and Zn in surface soils showed a remarkably similar spatial pattern. The contents decreased significantly from northwest to southeast, wherein Cd was a regional pollutant with the highest level of pollution and coverage (concentration higher than 0.49 mg/kg). The intense industrial and agricultural activities may be the main reasons for the high metal level in surface soils from the northwest area (Wang et al., 2020). In spatial distribution, the levels of Pb and Hg are similar, with higher concentrations mainly distributed in the regions C13, C15, and C16, and significant low levels at junctions of C04 and C07. The high Pb levels in this field can be due to urban traffic. The hotspots of As were to the east and southwest of the C06, C07, C14, C09, and C10, some chemical industries were located around these locations. For Ni, compared with other metals, the degree of pollution is not obvious. To a certain extent, urban soil pollution is becoming more and more serious partly because of more and more industrial activities.
[image: Figure 2]FIGURE 2 | Spatial distribution of heavy metal concentrations in surface soils.
The distribution pattern of heavy metals in subsurface soil was clear through spatial analysis. The subsurface soil had higher contents of Cd similar to the surface soils, with high values mainly located in C02, C03, C04, C05, and C07 (Figure 3). The Cd hotspots were associated with human activities, such as agricultural and industrial activities. Yang et al. (2018) summarized the state of heavy metal pollution in China and demonstrated that Cd plays a leading role in heavy metal pollution of industrial soil. The concentrations of Cu and As are similar in spatial distribution mode through the spatial analysis results. It was found that the area with high concentration of heavy metal is mainly distributed in C9, C10, and C11, whereas significant low concentrations of heavy metal were found in the junction of C06 and C07. The high concentrations in these areas may be caused by the role of associated differentiation of parent material in soil formation. Zn hotspots were to the east and northwest of the C03, C04, C10, and C16. The contamination hotspots of Cr located in C10, C11, and C16 are probably due to human factors (Lv et al., 2013). Hg was also a major contributor to higher levels of heavy metals in C13, C15, and C16, which may be caused by untreated sewage sludge or effluent discharge from industrial activities (Teng et al., 2014; Chen et al., 2015). The concentrations of Pb in soils were lower, with elevated concentrations primarily localized within C10, C15, and C16, which automobile emissions may cause. Ni was extremely focused in the east and southeastern part of the study area, which may be caused by fertilizer use.
[image: Figure 3]FIGURE 3 | Spatial distribution of heavy metal concentrations in subsurface soils.
Source Apportionment of Heavy Metals in Soils
Source Identification Using PCA
As previously mentioned, the PCA was used to analyze heavy metal relationships and sources for two series of variables: heavy metal levels in surface and subsurface soils. The Kaiser-Meyer-Olkin (KMO) measures of sampling adequacy for the above variables were 0.783 and 0.795, respectively. The KMO values were all well above the threshold of 0.5, showed a remarkably close correlation between them, and PCA produced good and convincing results (Field, 2009). The rotated factors obtained from the PCA are listed in Supplementary Table S5. The four principal components (PCs) were extracted by PCA and cumulatively explained 88.740% and 90.942% of the total variance in surface (PC1: 52.562%, PC2: 14.254%, PC3: 13.797%, PC4: 8.127%) and subsurface (PC1: 59.462%, PC2: 12.466%, PC3: 10.351%, PC4: 8.663%).
PC1 was dominated by Cr, Ni, Cu, Zn, and Cd and accounted for 52.562 and 59.462% of the total variance in surface and subsurface soils. In China, Cu and Zn are widely used in agricultural activities. For example, previous studies found that Zn is a very efficient ingredient of certain bactericidal substances that are used in food and cash crops (Chen et al., 2008; Komarek et al., 2010; Liang et al., 2017; Wang et al., 2020). In particular, the irrigation of wastewater and the application of fertilizers could cause significant Cd contamination in agricultural soils (Wei and Yang, 2010). Therefore, PC1 broadly reflects an anthropogenic source due to agricultural activities on soils.
PC2 accounted for 14.254% of the total variance and was dominated by As (0.955) and Cr (0.639) in surface soils. Moreover, it should be noted that the loadings of As and Cr in PC2 in surface and PC3 in subsurface soils are remarkably similar, suggesting that the PC2 and PC3 in the study area originate from similar sources. The study area is situated in an economically developed region with its intense industrial area and road network. Previous studies indicated that high levels of As in soil might be related to human-made waste and industrial operations, including wastewater sludge and industrial emissions (Zhao et al., 2014; Ma et al., 2018). Emissions from industrial facilities within the study area, such as chemical plants, printing workshops, and an electroplate factory, could contribute to soil pollution. Therefore, the component PC2 on surface and PC3 in subsurface soil were regarded as industrial activities.
PC3 loads heavily on Pb (0.980), and accounted for 13.797% of the total variance in surface soil, while PC2 dominated by Pb (0.889) accounted for 12.466% in the subsurface soil. According to previous studies, Pb may mainly come from the chemical industry and transportation emissions related to human activities (Sun et al., 2010; Zhao et al., 2014). Although Pb gasoline has been banned in China since 2000, tetraethyl Pb is added to gasoline as an anti-knock agent and still discharges Pb into the environment (Komarek et al., 2010; Dong et al., 2019). Furthermore, enormous quantities of emissions and inadequate waste disposal may have been responsible for Pb pollution around the study area as well. For these reasons, the component PC3 on the surface and PC2 in the subsurface soil were considered transportation activities.
PC4 accounted for 8.127% of the total variance in the surface and subsurface soil, and Hg had large loads on PC4 (0.965 and 0.958 in the surface and subsurface, respectively). As far as descriptive statistics are concerned (see Supplementary Table S1), the average values of Hg were close to the soil background values. Combined with the spatial analysis results, the concentrations of Hg at most locations were less than their BVs, showing that the accumulation of this metal was not obvious in the study area. Thus, PC4 represented a natural source, indicating that Hg is mainly derived from the process of soil formation.
Source Apportionment by PMF
To further analyze and quantify the sources and contributions of heavy metals in the soil of the study area, the PMF analysis was completed (Figure 4). Intriguingly, the PMF results corresponded well to the PCA results (Supplementary Table S6). Factor 1 contributed to 9.30% of the heavy metals in the surface soil and included a higher contribution for Pb (39.40%) and Zn (14.40%), respectively. Previous studies found that a large amount of Pb in the human environment comes from traffic emissions, and coal burning is an important manufactured source (Huang et al., 2015; Shi et al., 2019a). Pb may be produced not only in vehicle emissions but also in particulate matter in agricultural activities. Some scholars have found that Pb in atmospheric particulate matter may come from the emission of coal burning and the particulate matter generated by agricultural activities (Huang et al., 2018b; Tao et al., 2018). Similarly, the accumulation and enrichment of Zn in the soil are inextricably linked to the transportation industry. For example, the use of automotive tires has proven to be an important non-point source of Zn accumulation in urban surface soils (Radziemska and Fronczyk, 2015). This result strengthens the Pb and Zn accumulated due to transportation activities. Therefore, Factor 1 can be attributed to transportation.
[image: Figure 4]FIGURE 4 | Source apportionment of heavy metals in surface (A) and subsurface (B) soils.
Factor 2 accounted for 30.56% of the total contribution with As (73.10%), Cr (60.60%), Cu (36.40%), and Ni (26.10%). Chemical, printing and dyeing, electroplating, sewage treatment, and other industrial enterprises were located in the study region, causing the coal-burning emissions from industrial activities (Amir et al., 2020). Similar to the statement above, Cu and Ni were mainly caused by coal-burning emissions from industrial activities. Industrial plants emit enormous quantities of dust containing As, Cr, Cu, and Ni, which causes the soil to be polluted by these elements. Thus, Factor 2 can be associated with industrial activities.
Factor 3 contributed 28.73% of the heavy metals and demonstrated high contribution levels of Cd (55.20%), Cu (30.80%), and Ni (29.20%), and a moderate level of Zn (37.44%). Of note, the contribution of Cd in Factor 3 was 55.20%, indicating that Factor 3 had significant importance on Cd accumulation. Lu et al. (2015) found a positive correlation between the use of chemical fertilizer and the concentration of Cd in grain (including rice, wheat, and corn). In agricultural production, sewage irrigation, fertilizer application, pesticides, and organic fertilizers cause serious pollution to agricultural soil. These agricultural production activities all produce heavy metal pollution element Cd to a certain extent. Therefore, Cd is generally considered as a reference element in agricultural production. According to previously published studies, Cd was derived mainly from anthropogenic activities (Wei and Yang, 2010; Shi et al., 2019b). Hence, Factor 3 represented agricultural activities and significantly affected the accumulation of Cd, Zn, Cu, and Ni.
Factor 4 contributed 31.43% of the heavy metals and was predominated by Hg, Ni, and Zn with loadings of 68.90, 44.50, and 37.40%, respectively. According to the above data analysis results, the average Hg content in the surface soil of the study area is 0.12 mg/kg, close to the local background value (Table 1). Thus, we can infer that Hg is mainly affected by natural geological background except for human factors (Fei et al., 2020). Therefore, the fourth factor may represent natural sources, such as soil parent materials.
Likewise, Factor 1 contributed to 40.01% of the heavy metals in subsurface soil and included a higher contribution for Hg (80.80%) and Cu (64.00%), respectively. The mean value of Hg content in subsurface soil in the study area was 0.13 mg/kg which is close to the local background value (Table 1). Therefore, the first source factor may represent natural sources, such as soil parent materials and pedogenic processes. Factor 2 accounted for 13.56% of the total contribution with Pb (40.60%), As (19.10%), and Zn (14.40%). Pb was distributed along the road in farmland, and the exhaust gases from motor vehicles and agricultural machinery and equipment contain Pb, which caused pollution to the soil (Luo et al., 2015; Jiang et al., 2017). Thus, Factor 2 is associated with transportation.
Factor 3 contributed 19.84% of the heavy metals and demonstrated strong contribution rates of Cd (43.30%), Zn (36.10%), Pb (30.30%), and Ni (19.00%). When growing and developing crops, fertilizer (mineral fertilizers, organic fertilizers, and/or manures) was applied, it not only provided nutrients for crop growth but was also a significant source of Cd, Pb, and Zn in agricultural soils (Sun Q. B. et al., 2013; Hu et al., 2018; Shi et al., 2019a). Hence, Factor 3 represented agricultural activities. Factor 4 contributed 26.61% of the heavy metals and was predominated by Cr, As, and Ni with loadings of 73.20, 49.60, and 31.30%, respectively. Men et al. (2018) found that fuel combustion and industrial products contributed the most to the concentration of Cr in soil. Therefore, Factor 4 may represent industrial activities.
Assessment Risk of Heavy Metals in Soils
Geoaccumulation Index (Igeo) Based Risks
The Igeo assessment was used for estimating the level of pollution from metals and assessed the degree of cumulative heavy metal contamination in soil. Supplementary Table S7 shows the categorical distribution of heavy metal geoaccumulation indices based on the classification system. The Igeo values of Cd, Cr, Ni, Cu, Zn, As, Pb, and Hg ranged from −1.91–3.45, −4.32–0.16, −3.82–1.37, −2.75–2.29, −1.77–1.51, −1.63–2.75, −1.82–1.57, and −4.18–1.79 in surface soils, respectively. The mean Igeo of Cd (2.18), Cu (0.70), Zn (0.66), Ni (0.42), and As (0.37) was greater than zero, while other heavy metals (Cr, Pb, and Hg) were less than zero, suggesting that these metals were related to the possible contamination in the surface soil in the study area. The Igeo values show that all sampling sites for Cr were below class 2, with nearly 99% falling into class 0. More than 70% of the sampling sites are lower than class 2 for As, Ni, Zn, Pb, and Hg (Supplementary Table S7). However, the Igeo values for Cd were above class 2 in about 80% of the study area, indicating moderate contamination of Cd in the surface soil. The Igeo for heavy metals in surface soil was illustrated in Supplementary Figure S1A. The lowest contamination levels were found in Cr, Pb, and Hg, with most Igeo below 0. Meanwhile, the Igeo of Cd, As, and Cu shows higher than other heavy metals. It is noteworthy that the Igeo of Cd was higher than all other heavy metals in the topsoil.
As for subsurface soils, the Igeo of Cd, Cr, Ni, Cu, Zn, As, Pb, and Hg was −0.90–3.57, −3.12–(−0.01), −2.51–1.73, −2.48–1.97, −0.78–2.07, −1.95–2.30, −2.28–0.52, and −3.76–1.80, respectively, (Supplementary Table S7). The mean Igeo of Cd (2.32), Cu (0.68), Zn (0.67), Ni (0.54), and As (0.26) was greater than 0, implying these metals were associated with the likely contaminant in the subsurface soils. Therein, Cd was the worst polluter among all heavy metals because it had only 1% of unpolluted, 19% moderately polluted, and 70% moderate to strongly polluted. Pb belongs to class 1, or uncontaminated to moderately unpolluted in terms of other heavy metals. It can be seen from Supplementary Figure S1B, Cr and Pb, most of which had values less than 0, indicate that these metals were unpolluted at most subsurface sites in this area. The Igeo of Ni, Cu, and Zn was greater than 0 in half of the total subsurface sampling sites, indicating that half of the sites were in a polluted status.
Potential Ecological Risks of Heavy Metals in Soils
The potential ecological risk assessment was performed by comparing relevant regional soil background values as an evaluation reference. The evaluation criteria for the ecological risk index RI and single metal ([image: image]) are listed in Supplementary Tables S8 and S9. The RI for Cr, Ni, Cu, Pb, and Zn in surface soils showed that ecological risk was not high. The [image: image] values for Cd in the surface soil varied from 12.01 to 490.72, with approximately 69% of samples at high risk. In addition, As showed a wide range of variations of the[image: image] values (4.83–101.03) in the surface soils, most of the samples posed a low ecological risk. [image: image] of Hg ranged from 3.31 to 208.12, where approximately 2.8% of the samples were considered high risk, and 73.3% of samples showed moderate to considerable risk. Cd posed a high risk in the 62% subsurface soils as well, while the ecological risk was low for Cr, Ni, Cu, Pb, and Zn (Supplementary Table S9). [image: image] deriving from As ranged from 3.88 to 73.78, showing low ecological risk. The results indicated that other metals were likely free from environmental risks, except Cd.
RI represents the sensitivity of various biomes to toxic substances and demonstrates the ecological risks that heavy metals can pose. In terms of RI spatial distribution, sites with moderate or considerable RI values occupied most of the area in surface soils, wherein C03, C04, C05, and C06 represented very high risks (Supplementary Figure S2A). The RI comprehensive index values gradually reduced from northwest to southeast in surface soils. On the other hand, compared to surface soil, high ecological risks were observed in the C09 and C10 in subsurface soils (Supplementary Figure S2B). RI values were associated with the degree of anthropogenic disturbance and differed significantly through the sampling sites.
Health Risks Assessment of Heavy Metals in Soils
The health risks (non-carcinogenic and carcinogenic risks) were calculated for adults and children from heavy metals in soils from this area through different exposure pathways, including dermal contact, inhalation, and ingestion (Supplementary Table S10). The total hazard index (THI) and the TCR values were shown in Figure 5. Their carcinogenic risk indices were not evaluated because of the lack of corresponding SF values for Hg, Pb, Cu, and Zn. The THI values were 2.63 and 2.09, the TCR was 1.70E-03 and 1.63E-03 for adults and children, respectively. When 1.00E-06 < CR ≤ 1.00E-04, it means acceptable risk, CR > 1.00E-04 means the risk is unacceptable, while CR ≤ 1.00E-06 represents no significant risk. All hazard indexes (HIs) are greater than 1, indicating the potential for significant non-cancer effects to the public health risks associated with heavy metals (Ma et al., 2018). At the same time, the HI and CR values of Cd are shown in Figure 5. The relevant HI values were 2.54E-02 and 2.41E-02, the CR was 3.56E-06 and 3.03E-06 for adults and children, respectively.
[image: Figure 5]FIGURE 5 | Health risks of heavy metals in surface soils.
The HI values were in the following order: As > Pb > Cr > Cd > Ni > Cu > Hg > Zn, showing that As was potentially highly deleterious to health (Supplementary Table S10). The As total exposure HI values for different population groups (adults and children) were 1.52E+00 and 1.51E+00, indicating that the public may experience significant non-carcinogenic health risks. It is well known that As in the ambient environment was mainly attributed to industrial activities. Moreover, the non-carcinogenic risks of heavy metals in this area were all lower than 1, except for As. As resulted in the highest HQdermal (Supplementary Table S10) for children and adults, and HQ values greater than 1 suggested that As had the highest non-carcinogenic risk. Among Ni, Zn, and Cu, only Zn had the lowest inhalation HQ values for children (2.61E-06) and adults (1.91E-06), HINi and HICu for children and adults based on total contents of metal were lower than the safe levels (HI ≤ 1). The HQs for all heavy metals in humans exposed to soil reduced in the order of dermal contact, ingestion, and inhalation. It suggested that dermal contact of soil was the most important exposure pathway, which was in line with a recent study (Li et al., 2017; Li et al., 2020).
Based on the current USEPA cancer slope factors, As, Ni, Cr, and Cd (considering ingestion, inhalation pathways, and dermal absorption) were estimated deeply (Supplementary Table S9). The CR toward adults and children was in the following order: Ni > Cr > As > Cd, and dermal absorption is higher than ingestion and inhalation pathways. The inhalation CR was below the reference value of USEPA (1.00E-04) (US EPA, 2002). However, the results of CR for single metal illustrated that ingestion exposure was mainly attributed to Cr, Ni, and As, even higher than the acceptable level. The CR of Cd (3.03E-06 for children and 3.56E-06 for adults) was generally higher than 1.00E-06 (accepted level), but lower than 1.00E-04, implying that carcinogenic risks could be considered acceptable. The total CR was several folds higher than the acceptable level (1.00E-06 < CR ≤ 1.00E-04) reaching 1.70E-03 for adults and 1.63E-03 for children. Therefore, people living in the study area were likely under higher carcinogenic risks.
CONCLUSION
The Cd was much higher than its BVs and national risk screening values for agricultural land, indicating that Cd would be enriched in the soil through human activities. Cd would pose contamination in soils with Igeo value and showed strong enrichment characteristics.
The areas of Cd concentrations that exceed the national risk screening value (0.3 mg/kg) in surface and subsurface soils were 833.17 and 903.06 km2, respectively, indicating up to 87% of the study area was contaminated by Cd.
Based on PCA analysis, the four PCs were cumulatively explained as 88.740% and 90.942% of the total variance in surface and subsurface soil. Four possible sources were determined and identified by the PMF model including natural sources, industrial activities, agricultural activities, and transportation.
The non-carcinogenic risks were all below the risk threshold for eight detected heavy metals. While total cancer risks for adults and children were 1.70E-03 and 1.63E-03, exceeding the acceptable limit. Therefore, there may be potential health risks associated with soil to the residents living in the study area.
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