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Abstract

:

Soil is both an important sink and a source for contaminants in the agricultural ecosystem. To research the sources and ecological risk of potentially toxic elements in Xiangzhou, China, 326 soil samples from arable land were collected and analyzed for five potentially toxic elements: cadmium (Cd), mercury (Hg), arsenic (As), lead (Pb), and chromium (Cr). In this research, ecological risk assessment was used to determine the degree of contamination in the research area, the outcome of the Geographic Information System was as used to study the spatial distribution characteristics of potentially toxic elements, and random forest was used to evaluate the natural and artificial influencing factors. We surveyed the sources of potentially toxic elements through quantifying the indicators, which gave further opinions. The results were as follows: (1) The average contents of potentially toxic elements were 0.14 mg/kg (Cd), 0.05 mg/kg (Hg), 12.33 mg/kg (As), 28.39 mg/kg (Pb), and 75.21 mg/kg (Cr), respectively. The results compared with the background value of Hubei, neighboring regions, and countries for Cd, As, Pb, and Cr showed mild pollution. (2) The total evaluation of soil pollution via the comprehensive pollution index indicated slight contamination by Cd. Assessment by the potential ecological risk index indicated low ecological risk due to Cd and moderate contamination by Hg. Evaluation through the geo-accumulation index evinced the low ecological risk for Cd, As, and Pb and moderate contamination by Hg. (3) We found that in addition to natural factors (such as soil parent material, soil pH, etc.), long-term industrial pollution, mineral mining and processing, exhaust emissions from transportation, the application of manure from farms as farmyard manure, and sewage irrigation were the primary anthropogenic sources of potentially toxic element contamination in the soil.
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1. Introduction


Soil is the foundation of the agricultural ecosystem for it acts as a main reservoir of organic nutrients, inorganic nutrients, and potentially toxic elements (Cd, Hg, As, Pb, and Cr are the five potentially toxic elements commonly found in cultivated land). Due to their formidable toxicity, they are collectively consulted to as the “five poisons” or potentially toxic pollutants [1]. The most common symptoms for human health of the toxicity of each toxic element were analyzed, considering their concentrations. Ecological risk assessment is a significant section of environmental impact assessment [2]. Risk assessment integrates data from ecological risk assessment models, toxicology, and soil pollution research to assess the risks and harms that pollutants pose to the environment [3].



With the development of environmental surveys of production areas, the spatial distribution of potentially toxic pollutants in China’s basic farmland are essentially well characterized, and the source of potentially toxic element pollution has become one of the key issues that must be solved to prevent and control this pollution [4]. The sources of potentially toxic elements are complex and diverse, with contributions from parent material and contributions from anthropogenic sources are becoming more prominent, such as enterprises and factories that cause pollution to the environment, agricultural inputs, and non-point sources of atmospheric dust [5]. The complexity of sources and uncertainty in spatial variation complicate the study of the origins of potentially toxic elements [6].



Current research on developing the technology for potentially toxic elements’ source analysis is mainly focused on analysis of the sink variability and expert judgment of source characteristics to establish source–sink relationships [7]. The methods used mainly include principal component analysis and positive definite principal component analysis, geo-statistics, and mixed distribution models [8]. These methods have gradually clarified the reasons for the increase in potentially toxic element contents and their spatial variability [9].



However, the analysis of the reasons for the increase in the potentially toxic elements content in soil and the spatial variability has largely been based on the mastery of existing knowledge and expert judgments, and a true relationship between source and sink has not yet been established. In some cases, the uncertainty in expert judgment is large. Therefore, the further development of pollution source analysis technology requires combining the multiple tools, and their respective strengths, for the analysis of potentially toxic elements’ pollution sources in the production area [10].



Geographic information system, principal component analysis, random forest, and multivariate statistical analysis can be used to assess the dimensional allocation of potentially toxic elements and identify their source [11]. To make better use of these models, researchers are increasingly using them in combination.



In this research, from the view of the relationship between the content of potentially toxic elements in cultivated fields and the comprehensive source surrounding variables, we applied principal component analysis, geographic information system analysis, and random forest analysis, in conjunction with big data, to (1) compute indices evaluating the grade of pollution and environmental hazard of potentially toxic elements referencing three indexes (the comprehensive pollution index, potential ecological risk, and geo-accumulation index) and (2) explore and quantify the driving force of natural and artificial conditions on the content and spatial distribution of potentially toxic elements in cultivated soils; and the relative contributions of each source are expected to provide effective support for the control and environmental management of potentially toxic element pollution in the region.




2. Materials and Methods


2.1. Study Location


Xiangzhou belongs to Hubei Province, China. The research region has a subtropical humid monsoon continental climate with an annual average temperature of 15.3–5.8 °C and annual average precipitation of 800–900 mm [12]. The agricultural land is 202,807.25 hectares, accounting for 82.22% of the total land area. The main soil type is yellow-brown soil with 1.05–3.39% soil organic matter; these kinds of soils are rich in organic matter since they are usually found in the tropical areas [13]. The yellowish-brown iron oxide goethite forms comparatively stable complexes, the enrichment of goethite would then cause a yellowing of the top soil [14]. Moreover, the soil pH was recorded as 4.8–7.1, and 1.5–1.6 g/cm3 was the soil bulk density [15].



The four main industries in Xiangzhou include agricultural product processing, textile and clothing, equipment manufacturing, and automobile parts. This district has abundant agricultural resources, and modern agriculture that has distinctive characteristics with a strong comprehensive agricultural production capacity. The main food crops are rice, wheat, and corn. Xiangzhou has a convenient and open location for transportation, the whole district has superior railway, highway, and aviation facilities as well as huge potential water transport conditions. The population density in Xiangzhou is 406 persons/km2, thus it is a densely populated area.




2.2. Sample Analysis


Sampling points (at a depth of 0–20 cm) were arranged in the light of the distribution of arable land in Xiangzhou, 50 m apart from each other, covering the entire cultivated area via a designed grid system. From a total of 326 sample points, 255 samples were collected in August 2020, and 71 samples were taken around suspected pollution sources (livestock farm, mining areas, etc.) in September 2020. Of these, 79 sample points were in paddy fields, and 247 sample points were on irrigated land and dry land. The samples were evenly distributed in the cultivated land, and each sampling point represented an area of about 8–10 km2. The points were carefully designed—after considering the difficulty of sampling, the pollution sources around the sampling points, and whether they were evenly distributed, the points were arranged on drawings.



Surface soil samples were collected from cultivated land in August 2020. First, debris was removed from the soil sample sampling site and placed into a clean cloth bag. After air-drying at room temperature and further removing plant roots, rocks, insects, and other debris, a rubber hammer was used to break the pieces and pass them through a 20-mesh (0.90 mm) nylon sieve. The samples were evenly mixed and divided into quarters and then sent to the laboratory for analysis and testing. The soil’s physical and chemical properties—such as contents of potentially toxic elements, organic matter content, bulk density, available potassium, available phosphorus, and pH—were analyzed and tested in the laboratory, in strict accordance with the Ecological Geochemical Evaluation Sample Analysis Method and Technology Requirements DD 2005-03 and Regional Geochemical Sample Analysis DZ/T 0279-2016, which required control accuracy [16].



The pH of the soil was gauged with a 0.01 mol/L calcium chloride (CaCl2) solution (soil-to-liquid ratio of 1:5 mixed) for 30 min, then kept still for 1 h and measured with a pH meter [17]. The pretreated sample (1 g) was exactly weighed into a polytetrafluoroethylene receptacle, to which 20 mL of 0.005 mol/L diethylene triaminepentaacetic acid (DTPA), 0.01 mol/L calcium chloride (CaCl2), and 0.1 mol/L triethylamine (TEA) were subjoined, and then sealed with microwave chemistry equipment created in the United States. The reaction equipment, namely a MARS5 microwave digester (Guangzhou, China), was used to implement digestion and dissolution. The microwave digestion parameters were power 1600 W, 120 °C for 2 min; 150 °C for 10 min; and 180 °C for 20 min. Following the completion of digestion, samples were handled at 150 °C to drive away the residual acid until only a small amount remained, and the sample was conveyed to a 10 mL measuring flask, in which the digestion canister was washed with a 1% (volume fraction) nitric acid solution, the measuring flask was integrated, diluted to the mark, and mixed well for use [18].



For determination of soil pH, the selective ion electrode means was adopted. To survey and evaluate the total content of Pb and Cr, plasma spectrometry was adopted—this method has many advantages, such as high detection efficiency and accuracy and simple and easy usage procedure [19]. The flameless atomic absorption method was adopted for total Cd content determination. The benefit of graphite furnace atomic absorption spectrometry is that the graphite furnace can improve the extent of element atomization [20]. For determination of the total content of As and Hg, atomic fluorescence spectrometry was used. The certified reference sample for the quality command (GSS-8) was used to guarantee the result’s accurateness. Analytical exactness for sample replicates was ±10% with measurement uncertainties between the determined values and the certified values of <5% [21].




2.3. Environmental Variables


2.3.1. Natural Factors


Landsat 8 data in August 2020 was used in this study. Prior to image analysis, we performed remote sensing image preprocessing in ENVI software. The soil color index (SCI) reflects the content of humus in the soil, Figure 1a, humus can absorb potentially toxic elements in the soil [22], preventing possible harm caused by their continuous diffusion in the soil and thereby reducing pollution [23]. Iron oxide is an important component of soil, yellow soil contains more hydrated iron oxide. Red soil forms iron bauxite under the action of desiliconization and aluminum enrichment [24], Figure 1b. Clay minerals reflect the distribution and content of clay in the study area, Figure 1c; its adsorption has an important influence on the content of trace elements in the soil [25]. Carboxyl, hydroxyl, carbonyl, phenolic hydroxyl, methoxy, aldehyde, ether, amine, etc. are the most important functional groups of organic matter. It is these large number of functional groups that produce high reactivity, so they can interact with metals in the environment, Figure 1d. Frequent interactions of ions influence the content of potentially toxic elements in the soil [26]. Soil bulk density is an important indicator reflecting soil porosity and permeability, Figure 1e. Potential toxic elements will dissolve, precipitate, complex, and adsorb in the soil [27]. The pH value of the soil affects the effectiveness of potentially toxic elements, Figure 1f. Studies have found that when the pH value in the soil is higher, the reactivity of potentially toxic elements will be significantly reduced, making it difficult for them to be absorbed by plants [28].




2.3.2. Artificial Factors


The available phosphorus and potassium can reflect the cumulative impact of artificial fertilization on the levels of potentially toxic elements in soil, Figure 2a,b. The water system, roads, industrial enterprises, livestock farms, and mining areas were analyzed in ArcGIS software using the Euclidean distance to obtain the sample point, close to the water system and construction land, Figure 2c–g. The distances between them can illustrate the influence of human conducts on the soil environment, such as transportation, irrigation, and artificial breeding [29].





2.4. Methodology


2.4.1. Analytical Framework


A research framework with the association of multivariate statistical analysis, ecological risk assessment, correlation analysis, principal component analysis, and random forest model was built using five main steps: statistical summary, correlation analysis, principal component identification, source dedication calculation, and effect procedure analysis of important factors. Through statistical summary, the concentrations of each potentially toxic element in the study area would be revealed. Through ecological risk assessment calculation, the risk assessment integrates data from ecological risk assessment models, toxicology, and soil pollution research to assess the risks and harms that pollutants pose to environment [30]. Through correlation analysis and principal component analysis, in IBM SPSS Statistics 19 software, the main pollution sources could be determined for the study area. Then through random forest simulation, detailed sources’ contribution ratio could be acquired, and the key environmental variables would be selected to indicate the effect procedure of artificial and natural indicators on potentially toxic elements in soil.



Therefore, the effect contribution, effect factors, and effect procedure of artificial activities on potentially toxic elements contents in the soil of the study area could be indicated via the combined framework of the correlation analysis and principal component analysis and the random forest model. The models require lots of data for superior simulation manifestation. Numerous number and variety of data of this research could sustain the achievement of excellent model simulation representation. The primary procedures applied in this research are illustrated in Figure 3.




2.4.2. Ecological Risk Assessment


	(1)

	
Comprehensive Pollution Index







The revised formulae for calculating the comprehensive pollution index are given in Equations (1) and (2) [31]:


    P i  =  C i  /  S i    



(1)






   P =    (   P  i m a x  2  +  P  i a v e  2   )  / 2     



(2)




where     P i     is the single potentially toxic element pollution index,     C i     is the actual potentially toxic element content of the sample (mg/kg),     S i     is the soil pollution risk screening value of agricultural land (mg/kg),     P  i m a x      is the max of potentially toxic element pollution index, and     P  i a v e      is the average of potentially toxic element pollution index, as shown in Table 1.



The soil was divided into five levels according to values of the comprehensive pollution index, as shown in Table 2 [32]. It should be considered that the index evaluation method is a weighted multifactor environmental quality index that considers the maximum value and is easily affected by this maximum value [33].



    P  i m a x      is the highest potentially toxic element pollution index of the sample,     P  i a v e      is the average potentially toxic element pollution index of the sample, and   P   is the comprehensive potentially toxic element pollution index.



	(2)

	
Potential Ecological Risk Index







We calculated the widely used ecological risk index to evaluate the ecological risk of potentially toxic elements in cultivated soils of Xiangzhou [34]. The potentially toxic elements’ potential ecological risk index method considers not only the biological toxicity of potentially toxic elements but also the comprehensive combination of multiple pollutants [35]. Potential ecological risk is widely used, which adopts a toxic-response factor for a given substance and, thus, can be used to assess the synthesized contamination risk to an ecological system [36]. The calculations are as in Equations (3) and (4) [37]:


    E i  =  T i     F i  =  T i     C i     B i      



(3)






   R I =  ∑   E i    



(4)




where     E i     is a single potentially toxic element risk factor, and     T i     is a single potentially toxic element toxicity response factor. With reference to the relevant literature, the T values of the five potentially toxic elements were 30, 40, 10, 5, and 2, respectively.     F i     is a single potentially toxic element pollution factor,     C i     is the actual content of potentially toxic elements in the sample (mg/kg),     B i     is the background value of potentially toxic elements in the region (mg/kg), and    R I    is the sum of risk factors for the potentially toxic elements. The pollution levels and their thresholds are as shown in Table 3.



	(3)

	
Geo-Accumulation Index







The geo-accumulation index was used for assessing the potentially toxic elements’ contamination of farmland soil due to the comprehensive influence of anthropogenic pollution factors, geochemical background values, and natural diagenesis factors that cause the background values to change [38].



The earth accumulation index is calculated as in Equation (5) [39]:


    I  g e o   =   log  2   (     C i    k    B i     )    



(5)




where     I  g e o      is the geo-accumulation index,     C i     is the content of element i in the sediment (mg/kg),     B i     is the potentially toxic element background value of element i in the area (mg/kg), and   k   considers that diagenesis may produce potentially toxic elements. The coefficient for the change in the background value is generally 1.5. No pollution (    I  g e o      ≤ 0) indicates no pollution, 0 <     I  g e o      ≤ 1 indicates no-to-moderate pollution, 1 <     I  g e o      ≤ 2 indicates moderate pollution, 2 <      I  g e o      ≤ 3 indicates moderate-to-severe pollution, 3 <     I  g e o      ≤ 4 indicates serious pollution, and 4 <     I  g e o      ≤ 5 indicates extreme pollution.




2.4.3. Random Forest Modeling


To indicate the effect procedure of artificial and natural factors on potentially toxic elements in soil, a random forest model is a non-linear, non-parametric pattern proposed by Breiman [40]. The random forest model comprises many decision trees, and the dataset is recursively divided into increasingly homogeneous subsets regarding the response variable [41]. All prediction sets are examined at each split to decide which prediction sets and which result of the prediction sets best subdivides the dataset [42]. Each tree is trained by stochastically selecting a set of variables. The selecting technology is defined as bootstrap sampling. This technology could make the random forest model less prone to overfitting [43].



The random forest package that was used is from R Studio software (https://www.rstudio.com). The important parameters of the random forest model are ntree, which determines lots of decision trees, and mtry, which is the number of distinct variables used at each node [44]. Random forest could quantify the scale of the source’s influence on the contamination of the environment soil, this technique has high accuracy, and there is no longer a need to premeditate overfitting. It is an important tool used for solving source pollution sharing calculations and can effectively deal with missing data; therefore, it is extremely suitable for researching the sources of potentially toxic elements in soil [45].



The random forest package in the statistical software R program (version 3.6.3) was used. The setting of mtry is often the square root of the number of variables (p); in this study it was 4, and the parameter ntree was set to 1000 [46].






3. Results and Discussion


3.1. Spatial Distribution of Potentially Toxic Elements in Soil


To analyze the spatial distribution characteristics of the potentially toxic element soil content in the study area, the inverse distance weighting method was used in In ArcGIS software to draw the spatial distribution maps of the five potentially toxic elements, and it does not require the data to be normally distributed [47]. As shown in Figure 4, the spatial distribution of Cd is centered on the central old city, the Cd content in paddy fields near the northern waters of the study area and dry land near the hills and mountains in the south was higher than that in other areas; the Hg distribution is high in the surroundings and low in the middle, which presented a “basin” type distribution. The spatial distributions of As, Pb, and Cr are similar, all being high in the middle and lower in the surroundings.




3.2. Descriptive Statistical Analysis of Soil Potentially Toxic Elements


The descriptive statistical results of potentially toxic elements soil contents in the study area (Table 4), showed that the average contents of potentially toxic elements were 0.14 mg/kg (Cd), 0.05 mg/kg (Hg), 12.33 mg/kg (As), 28.39 mg/kg (Pb), and 75.21 mg/kg (Cr), respectively. The results compared with target values of neighboring regions and neighboring countries for Cd, As, Pb, and Cr showed mild pollution.



The average accumulation rate (mean/background value of Hubei [48]) for As and Pb were 1.01 and 1.06, respectively, and the research area was confronted with contamination caused by As and Pb. The ratio of the standard deviation to the average value is the coefficient of variation [49]. A descending order of the of the potentially toxic elements is: Hg (100%) > Cd (21.43%) > As (20.68%) > Pb (13.88%) > Cr (11.85%). The concentration of Hg ranged from 0.02 to 0.5 mg/kg, varied greatly, and the coefficient of variation was beyond 100%. Compared with the four other potentially toxic elements, Hg in the research area was extremely uneven, perhaps anthropogenic activity was the reason for the differentiation.




3.3. Ecological Risk Assessment Results


3.3.1. Comprehensive Pollution Index


According to the evaluation of the comprehensive pollution index, in paddy fields, dry land, and water-irrigated fields with a pH less than 5.5, Cd was within the range of the warning threshold, and the other elements were within safe levels. In paddy fields (Table 5), the degree of pollution in the surface soil collected from different plots due to the different toxic elements was of the order As (0.53) > Cd (0.42) > Cr (0.29) > Hg (0.28) > Pb (0.26). In dry land and irrigated land (Table 6), this order was Cd (0.56) > As (0.47) = Cr (0.47) > Pb (0.35) > Hg (0.16).




3.3.2. Potential Ecological Risk Index


The outcomes for the assessment of potential ecological risk due to pollution of soil with potentially toxic elements in the study area (Table 7) showed that the average value of the potential ecological risk coefficient was of the order Hg (25.83) > Cd (24.48) > As (10.02)> Pb (5.32) > Cr (1.75). The ecological risk level due to As, Pb, and Cr was considered slight. Cd was mainly determined to pose a slight ecological risk, though in some cases, the risk was medium. The ecological risk for Hg was mainly slight and partly medium and strong.



RI is explicitly applied to infer quantitatively the ecological risk of potentially toxic elements. The average value of the potential ecological risk index was 67.39, of which the level of slight ecological risk accounted for 98.77%, indicating that the potentially toxic elements in the research region soil were mainly at the slight ecological risk standard.



Among the 326 sampling points, 4 sampling points were classified as 150 <    R I    < 300, which indicates a moderate risk of ecological hazard; 4 sampling points were classified as 40 <    E  C d      < 80, which indicates a moderate degree of potential risk; 26 sampling points were categorized as 40 <     E  Hg      < 80, meaning a medium potential risk; 5 sampling points were categorized as 80 <     E  Hg      < 160, indicating a medium-to-high potential ecological risk; and 3 sampling points were at 160 <     E  Hg      < 320, indicating a high potential risk.



The contribution of various potentially toxic elements to the potential ecological risk index is equal to the ratio of its individual potential ecological risk modulus to the potential ecological risk index. The contribution rates of potentially toxic elements to the potential ecological risk index were 36.33% (Cd), 38.33% (Hg), 14.87% (As), 7.89% (Pb), and 2.60% (Cr), respectively, indicating that Cd and Hg were the main risk factors.



Inverse distance weighting interpolation was performed in ArcGIS software on the potential ecological risk coefficients of the sample points, as shown in Figure 5a–e, where the potential risk index of Cd is shown to be relatively high in the northeast, and the spatial distribution of the potential risk index of Hg is scattered from the center to the surroundings. The spatial distributions of the potential risk index of As, Pb, and Cr were relatively similar and successively decreasing, and these elements were all higher in the northeast and middle-east. The spatial distribution of the potential ecological hazard index is shown in Figure 5f. Strong–very strong ecological risk was found to be mainly distributed in the northeastern and central and western towns.




3.3.3. Geo-Accumulation Index Method


The evaluation results of the     I  g e o      (geo-accumulation index) of the five potentially toxic elements of the 326 sample points are shown in Table 8. There is a certain degree of pollution in some areas. Among them, 0 <     I  g e o      < 1 for Cd, that is, there were 2 points with moderate pollution. For Hg, 8 points had 0 <     I  g e o      < 1, that is, moderate pollution; 1 <     I  g e o      < 2 for 3 points, which is a medium pollution degree; and 2 <     I  g e o      < 3 for 1 point, which is extreme pollution. For As, there was 1 point with 0 <     I  g e o      < 1, which is a moderate pollution degree. For Pb, 5 points were 0 <      I  g e o      < 1, which indicates a moderate pollution degree.



Figure 3 shows the inverse distance weighting of     I  g e o      in ArcGIS software. The high-value area of Cd is mainly concentrated in the northwest region, Figure 6a. The spatial distribution of the geo-accumulative index of Hg is scattered from the center to the surroundings and then decreases in sequence, Figure 6b. The spatial distributions of the potential risk index for As, Pb, and Cr were relatively similar, being higher in the northeast, central, and eastern regions, Figure 6c–e.





3.4. Correlation Analysis of Potentially Toxic Elements in Soil


Spearman correlation analysis was performed on the data of the five potentially toxic elements in 326 soil samples using SPSS 22 software (Table 9 and Figure 7), and was chosen because it does not require normality of variables. The correlations between As and Pb and between As and Cr were found to be 0.393 and 0.466, respectively, indicating a greater likelihood of having common sources. The correlations between Hg and Pb, Cd and Hg, and Pb and Cr were 0.273, 0.215, and 0.184, respectively, indicating that they may have a common source.




3.5. Principal Component Analysis


The Kaiser–Meyer–Olkin and Bartlett sphere test were carried out in SPSS software. The Kaiser–Meyer–Olkin was 0.528 > 0.5, and P was 0.0000. That is, the related feasibility of the Bartlett sphericity test was 0.0000 < 0.05; therefore, the specimen data can be subjected to principal component analysis.



The Kaiser standardized orthogonal rotation method was used for principal component analysis, as shown in Table 10 and Figure 8. The multivariate was reduced to three factors (the characteristic root was greater than one). The first three components illustrated 69.88% of the total variable variance. The main variables of the first main factor (which explained 28.01% of the total variance) included Hg and Pb, indicating that these two elements have a high degree of homology; the second main factor (the increase explained 22.04% of the total variance) included Cd; the main variables of the third main factor (an increase of 19.84%) were As and Cr.




3.6. Random Forest Simulation


The random forest package in the statistical software R program (version 3.6.3) was used. The setting of mtry is often the square root of the number of variables (p); in this study it was 4, and the parameter ntree was set to 1000 [52].



In this research, the following means to using legacy data for training model was applied: the ratio of the training set (260 samples) and the validation set (66 samples) was set to 8:2, and the overall accuracy r2 (correlation coefficient) of the models for potentially toxic elements was 93.35%, 95.88%, 94.11%, 93.95%, and 93.20%, respectively, indicating high accuracy. The results of the variable importance measure are listed in Table 11.



As shown in Figure 9, the variable importance measure represents the weight of the anthropogenic influencing factors. The top four factors explaining Cd were factories and enterprises (6.03%) > water (4.61%) > soil color index (SCI) (3.12%) > available phosphorus (2.89%), Figure 9a. The top four factors explaining Hg were factories and enterprises (12.41%) > mining areas (10.77%) > available phosphorus (7.05%) > water (6.12%), Figure 9b. The top four factors explaining As were roads (11.11%) > iron oxide (10.21%) > factories and enterprises (8.94%) > mining areas (7.39%), Figure 9c. The top four factors explaining Pb were factories and enterprises (12.40%) > livestock farms (10.69%) > mining areas (8.25%) > organic matter (6.89%), Figure 9d. The top four factors explaining Cr were mining areas (7.10%) > roads (6.83%) > available potassium (6.80%) > factories and enterprises (6.73%), Figure 9e.



The random forest results showed that among the top four factors affecting Cd, factories and enterprises, agricultural irrigation, artificial fertilization, and road transportation were the most important factors, which demonstrated that the accumulation of Cd was primarily from human activities [53]. Potentially toxic elements from farm animals may enter the nearby agricultural land in the form of farm manure, once again verifying the accuracy of the results [54]. The long-term application of chemical fertilizers (such as phosphate fertilizer and potash fertilizer) in agricultural activities and farmland farming methods that use sewage containing a large amount of potentially toxic elements for irrigation will significantly increase the accumulation and contents of potentially toxic elements in farmland soil [55].



Correlation analysis and principal component analysis both demonstrated that the origin consistency of Hg and Pb was high. In the random forest analysis, the top four artificial factors affecting their distribution were found to be factories, enterprises, mining areas, and livestock farms. Industrial and agricultural production lead to mercury contamination in the environmental soil [56]. In this study, Hg was more affected by human factors, whereas Pb was affected by the combined influence of human activities and natural accumulation.



The results of various analyses in this study illustrated that the origins of As and Cr were highly consistent. The random forest regression model showed that roads, factories, and water system distance from mining areas and farms were the common cumulative sources, indicating that the accumulation of these two potentially toxic elements was strongly affected by human activities. In the light of a previous research, industrial manufacturing and processing, mining industry, metal smelting and transportation in mining region, and livestock fertilizer from farm can lead to the enrichment of As and Cr [57]. Industrial activities and transportation also affect the levels of potentially toxic elements in regional dust fall, further affecting their contents in the surrounding soil [58]. As and Cr are exhausted into the environment with the exhaust gas of cars, while the wearing out of vehicle parts during transportation cause As and Cr to pollute the environmental soil along with dust and dirt in the atmosphere [59].





4. Conclusions


These properties of potentially toxic elements not only worsen the quality of the soil circumstance and change the ecological function of the soil but also directly or indirectly affect human health [60]. Carrying out environment risk assessment research can provide a basis for the scientific evaluation of potentially toxic element pollution of soil, pollution treatment, and reasonable soil redevelopment [61].



The three calculation methods used in this paper all showed that the soil was Cr-pollution-free (low pollution); however, ecological risks of As, and Pb still exist, with obvious differences [62]. Cd and Hg were the main risk factors, with imminent health and environment risks.



Long-term industrial pollution, mineral mining and processing, exhaust emissions from transportation, the application of manure from farms as fertilizer, and sewage irrigation are the main anthropogenic sources of toxic elements pollution in the cultivated soils [63]. In response to the pollution results from this investigation, in addition to continuing to control the production and processing of polluted gases and waste emissions in factories, it is also necessary to control the excessive introduction of potentially toxic elements from livestock manure into farmland soil environments to avoid further pollution, and potentially toxic elements in feces should be processed before being discharged into soil [64]. Inorganic passivating agents can be added to the feces, such as: fly ash, calcium bentonite, phosphate rock, or zeolite, which can effectively adsorb potentially toxic elements, thereby reducing their biological effectiveness [65].
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Figure 1. Natural accumulation in the study area. The spatial distribution of (a) soil color index (SCI), (b) iron oxide, (c) clay minerals, (d) organic matter, (e) bulk density, and (f) pH. 
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Figure 2. Human activities in the study area. The spatial distribution of (a) available potassium, (b) available phosphorus, (c) water systems, (d) roads, (e)f and enterprises, (f) livestock farms, and (g) mining areas. 






Figure 2. Human activities in the study area. The spatial distribution of (a) available potassium, (b) available phosphorus, (c) water systems, (d) roads, (e)f and enterprises, (f) livestock farms, and (g) mining areas.



[image: Sustainability 13 01214 g002a][image: Sustainability 13 01214 g002b]







[image: Sustainability 13 01214 g003 550] 





Figure 3. Schematic diagram of research ideas. 
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Figure 4. Spatial distribution of potentially toxic elements in soil in the study area. (a) Spatial distribution of Cd; (b) spatial distribution of Hg; (c) spatial distribution of As; (d) spatial distribution of Pb; (e) spatial distribution of Cr. 
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Figure 5. The spatial distribution of the potential ecological risk coefficient in the research region shown individually for (a) Cd, (b) Hg, (c) As, (d) Pb, (e) Cr and (f) IR. 
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Figure 6. The spatial distribution of     I  g e o      (geo-accumulation index) in the study area shown individually for (a) Cd, (b) Hg, (c) As, (d) Pb, and (e) Cr. 
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Figure 7. Correlation analysis of potentially toxic element concentrations in research area. 
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Figure 8. The results of principal component analysis. 
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Figure 9. Plots of the variable importance measures in Xiangzhou. Variable importance measure results for (a) Cd, (b) Hg, (c) As, (d) Pb, and (e) Cr. 






Figure 9. Plots of the variable importance measures in Xiangzhou. Variable importance measure results for (a) Cd, (b) Hg, (c) As, (d) Pb, and (e) Cr.



[image: Sustainability 13 01214 g009]







[image: Table] 





Table 1. The soil pollution risk screening value of agricultural land (mg/kg).
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Element

	
Risk Screening Value




	
pH ≤ 5.5

	
5.5 < pH ≤ 6.5

	
6.5 < pH ≤ 7.5

	
pH > 7.5






	
Cd

	
Paddy field

	
0.3

	
0.4

	
0.6

	
0.8




	
Irrigated land, dry land

	
0.3

	
0.3

	
0.3

	
0.6




	
Hg

	
Paddy field

	
0.5

	
0.5

	
0.6

	
1.0




	
Irrigated land, dry land

	
1.3

	
1.8

	
2.4

	
3.4




	
As

	
Paddy field

	
30

	
30

	
25

	
20




	
Irrigated land, dry land

	
40

	
40

	
30

	
25




	
Pb

	
Paddy field

	
80

	
100

	
140

	
240




	
Irrigated land, dry land

	
70

	
90

	
120

	
170




	
Cr

	
Paddy field

	
250

	
250

	
300

	
350




	
Irrigated land, dry land

	
150

	
150

	
200

	
250
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Table 2. The grading principle of the synthesis pollution index (  P   ).






Table 2. The grading principle of the synthesis pollution index (  P   ).





	Level
	Comprehensive Pollution Index
	Comprehensive Pollution Degree





	1
	≤0.7
	Safety



	2
	0.7–1.0
	Cordon



	3
	1.0–2.0
	Light pollution



	4
	2.0–3.0
	Moderately polluted



	5
	>3.0
	Heavy pollution
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Table 3. Classifying the standards of the potential ecological risk index and pollution degree of potentially toxic elements.
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	Level
	Potential Ecological Risk Index
	Degree of Risk
	Level
	Comprehensive Potential Ecological Risk Index
	Degree of Risk





	1
	≤40
	Low potential risk
	1
	≤150
	Minor ecological hazard



	2
	40–80
	Medium potential risk
	2
	150–300
	Moderate ecological hazard



	3
	80–160
	High potential ecological risk
	3
	300–600
	Strong ecological hazard



	4
	160–320
	High potential risk
	4
	>600
	Very strong ecological hazard



	5
	>320
	Very high potential risk
	-
	-
	-
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Table 4. The summary statistics of the soil potentially toxic elements concentrations for 326 points in Xiangzhou.
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Element

	
Minimum

	
Maximum

	
Mean

	
Standard Deviation

	
Coefficient of Variation

	
Background Value




	
Hubei, China

	
Jiangsu, China

	
South Iran [50]

	
European Mediterranean Area [51]






	
Cd (mg/kg)

	
0.06

	
0.28

	
0.14

	
0.03

	
21.43%

	
0.17

	
0.12

	
0.17

	
0.3




	
Hg (mg/kg)

	
0.02

	
0.5

	
0.05

	
0.05

	
100.00%

	
0.08

	
-

	
-

	
-




	
As (mg/kg)

	
6.54

	
19.8

	
12.33

	
2.55

	
20.68%

	
12.3

	
10.0

	
7.65

	
-




	
Pb (mg/kg)

	
20.1

	
47.1

	
28.39

	
3.94

	
13.88%

	
26.7

	
26.2

	
10.8

	
23.0




	
Cr (mg/kg)

	
52.9

	
96.7

	
75.21

	
8.91

	
11.85%

	
86.0

	
77.8-

	
74.5

	
27.0




	
pH

	
8.23

	
4.20

	
5.74

	
0.92

	
0.16%

	
-

	

	

	




	
Available potassium (mg/kg)

	
46.90

	
4.70

	
17.08

	
8.49

	
0.50%

	
-

	

	

	




	
Bulk density (cm3)

	
1.61

	
1.49

	
1.55

	
0.02

	
0.01%

	
-

	

	

	




	
Organic matter (%)

	
3.39

	
1.05

	
1.97

	
0.40

	
0.02%

	
-

	

	

	




	
Available phosphorus (mg/kg)

	
46.90

	
4.70

	
17.08

	
8.49

	
0.50%

	
-

	

	

	




	
Soil color index (SCI)

	
15,971.00

	
−1038.00

	
5377.78

	
1886.50

	
0.35%

	
-

	

	

	




	
Iron oxide

	
1.04

	
0.89

	
0.96

	
0.02

	
0.03%

	
-

	

	

	




	
Clay minerals

	
1.20

	
1.05

	
1.12

	
0.02

	
0.02%

	
-
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Table 5. The results for evaluation of comprehensive pollution index (paddy fields).
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	pH
	Cd
	Hg
	As
	Pb
	Cr





	<5.5
	0.73
	0.42
	0.50
	0.40
	0.34



	5.5–6.5
	0.38
	0.11
	0.47
	0.30
	0.34



	6.5–7.5
	0.34
	0.14
	0.59
	0.23
	0.27



	>7.5
	0.21
	0.45
	0.54
	0.10
	0.19



	Ave
	0.42
	0.28
	0.53
	0.26
	0.29
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Table 6. The results for evaluation of comprehensive pollution index (dry land and water-irrigated fields).
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	pH
	Cd
	Hg
	As
	Pb
	Cr





	<5.5
	0.71
	0.41
	0.39
	0.53
	0.57



	5.5–6.5
	0.64
	0.07
	0.36
	0.35
	0.55



	6.5–7.5
	0.60
	0.12
	0.48
	0.32
	0.41



	>7.5
	0.27
	0.03
	0.66
	0.19
	0.34



	Ave
	0.56
	0.16
	0.47
	0.35
	0.47
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Table 7. The evaluation results of the potential ecological risk index.
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Statistical

	
Cd

	
Hg

	
As

	
Pb

	
Cr

	
     R I     






	
Potential ecological risk index statistics

	
Min

	
11.29

	
8.00

	
5.32

	
3.76

	
1.23

	
38.01




	
Max

	
49.41

	
250

	
16.10

	
8.82

	
2.25

	
292.56




	
Ave

	
24.48

	
25.83

	
10.02

	
5.32

	
1.75

	
67.39




	
Distribution of the potential ecological risk index (%)

	
≤40

	
98.77%

	
89.57%

	
100%

	
100%

	
100%

	
98.77%




	
(40, 80]

	
1.23%

	
7.97%

	
-

	
-

	
-

	
1.23%




	
(80, 160]

	
-

	
1.53%

	
-

	
-

	
-

	
-




	
(160, 320]

	
-

	
0.92%

	
-

	
-

	
-

	
-




	
>320

	
-

	

	
-

	
-

	
-

	
-
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Table 8. The evaluation results of the geo-accumulation index method.
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	     I  g e o      
	Cd
	Hg
	As
	Pb
	Cr





	Min
	−1.99
	−2.91
	−1.50
	−0.99
	−1.29



	Max
	0.13
	2.06
	0.10
	0.23
	−0.42



	Ave
	−0.91
	−1.46
	−0.62
	−0.51
	−0.79
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Table 9. Correlation analysis of potentially toxic elements concentrations in research area.
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	Element
	Cd
	Hg
	As
	Pb
	Cr





	Cd
	1.000
	
	
	
	



	Hg
	0.215 **
	1.000
	
	
	



	As
	0.107
	−0.044
	1.000
	
	



	Pb
	0.228 **
	0.273 **
	0.393 **
	1.000
	



	Cr
	0.006
	−0.223 **
	0.466 **
	0.184 **
	1.000







** Significantly correlated at the 0.01 level (bilateral).
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Table 10. The results of principal component analysis.
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Factor Load (Orthogonal Rotation)




	
Metals

	
Principal Component 1

	
Principal Component 2

	
Principal Component 3






	
Cd

	
−0.16

	
0.78

	
0.29




	
Hg

	
0.79

	
0.13

	
−0.01




	
As

	
0.05

	
0.06

	
0.91




	
Pb

	
0.79

	
−0.11

	
0.01




	
Cr

	
−0.28

	
−0.66

	
0.39




	
% Variance contribution rate

	
28.01

	
22.04

	
19.84




	
% Cumulative contribution rate

	
28.01

	
50.05

	
69.88
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Table 11. Results of the variable importance measure in Xiangzhou.






Table 11. Results of the variable importance measure in Xiangzhou.





	Variable Importance Measure
	Cd
	Hg
	As
	Pb
	Cr





	pH
	0.79
	2.58
	1.19
	1.27
	1.41



	Bulk density
	1.31
	3.93
	3.15
	5.99
	1.57



	Organic matter
	0.93
	5.06
	1.82
	6.89
	1.99



	Soil color index (SCI)
	3.12
	4.39
	5.44
	2.30
	2.56



	Iron oxide
	1.81
	1.43
	10.21
	3.47
	2.61



	Clay minerals
	1.44
	3.80
	2.92
	4.99
	3.25



	Available potassium
	0.64
	4.34
	2.51
	3.78
	6.80



	Available phosphorus
	2.89
	7.05
	4.93
	4.59
	0.68



	Water
	4.61
	6.12
	6.11
	3.94
	4.30



	Mining area
	1
	10.77
	7.39
	8.25
	7.10



	Factories and enterprises
	6.03
	12.41
	8.94
	12.40
	6.73



	Livestock farm
	1.50
	5.84
	5.75
	10.69
	5.88



	Road
	1.53
	5.12
	11.11
	1.35
	6.83
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