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Abstract

:

In this study, the agricultural soil around Zhuzhou Smelter in Zhuzhou district, Hunan, China and Huludao Zinc Plant in Huludao district, Liaoning, China was selected as the research area to discuss the current situation of heavy metal pollution in the surrounding agricultural soil caused by different smelting plants for soil environmental management and sustainable development of soil resources. Eight elements’ (Cd, Pb, As, Hg, Cr, Ni, Cu, and Zn) contents were measured to assess their pollution risk level and spatial distribution distinction. Correlation analysis, the positive matrix factorization (PMF), and Pb isotope ratio method were employed to analyze the sources of soil heavy metal pollution in the research area. The contents of Cd, Pb, Hg, and Zn in the soil of the two research areas were seriously polluted, and the changes of their spatial content were related to the migration and sedimentation of the smelter waste gas. Four types of pollution sources, including the smelting source, agricultural sources, natural sources, and mixed sources of industrial activity and traffic were identified in both areas by PMF, and the contribution rates of the four pollution sources in both areas were similar. Taking the agricultural soil around Huludao Zinc Plant as an example, the contribution rates of the different pollution sources analyzed by Pb isotope ratio method were the lead smelting source (43.7%), followed by the agricultural source (34.6%), traffic source (14.2%), and natural source (7.5%), which were basically consistent with that of PMF analysis, verifying the reliability of the two methods. The results above showed that the smelters were the main cause of heavy metal pollution in agricultural soils around the two research areas, and the analysis results of element content ratio and smelting source characteristic element contribution rate ratio could provide reference for the analysis of heavy metal pollution in agricultural soil around smelters for soil pollution control decision making.
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1. Introduction


Human activities such as mining production, metal smelting and sewage irrigation lead to heavy metal pollution in a huge amount of soil in agricultural areas [1,2,3]. Studies have shown that about 82% of contaminated agricultural soil in China contains excessive heavy metals (e.g., As, Cd, Hg, and Pb) [4]. It is clear that high heavy metal contamination of agricultural soil poses a threat to food safety and human health [5,6,7]. The causes of heavy metal pollution in soil have two sources: natural sources and human activities; the natural sources are influenced by the parent materials in the soil, while human activities are becoming more complex with increasing urbanization and industrialization [8]. Therefore, the issue of heavy metal pollution related to human activities is even more complex. Although the pollution status of heavy metals in agricultural soil has worsened due to industrial modernization and human activities, the source and transformation mechanism of heavy metals in agricultural soil are still not clear. To provide a basis for efficient and scientific prevention and control of heavy metal pollution in soil for soil environmental management and sustainable development, it is necessary to analyze the sources of heavy metal in agricultural soil to clarify the pollution path and contribution rates of different pollution sources. Positive matrix factorization (PMF) and isotope ratio method are commonly used in soil heavy metal source analysis [9,10]. PMF can simplify the high-dimensional variables by using the correlation matrix and covariance matrix and transform them into several comprehensive factors, which does not need detailed source component spectrum information; it can also deal with missing and imprecise data and makes non-negative constraints on the factorization matrix, so that the source component spectrum and source contribution rate will not be negative [11]. Dong et al., (2015) applied the PMF model to explore the main sources of heavy metals in farmland soil in the suburbs of Nanjing and concluded the four pollution sources as the dust source (33.0%), agricultural source (30.8%), industrial source (25.4%) and natural source (10.8%), respectively [12]. The isotope ratio method, which measures specific isotopic composition in different pollution sources, is also successfully used to identify sources of pollution due to its stable physical and chemical properties [13]. Among them, the Pb isotope ratio method is considered reliable for source analysis [14,15,16] due to the fact that Pb source has its own specific isotopic composition [17,18]. Han et al. (2017) analyzed the riparian soil samples of four different land use types, i.e., woodland, grassland, recreational land, and wasteland by 208Pb/207Pb and 206Pb/207Pb ratio, suggesting that the Pb value of soil was approximate to that of coal combustion, thus determining that coal combustion was the main manmade source of Pb [19].



Zhuzhou Smelter and Huludao Zinc Plant are both important local economic smelting enterprises. According to statistics, Zhuzhou Smelter emitted about 34 tons of toxic heavy metals such as Hg, As, Cd, and Pd per year, accounting for more than 90% of the whole toxic heavy metal emissions in Zhuzhou, and it also accumulated about 2 × 106 tons of smelting waste [20]. Huludao Zinc Plant emitted about 747.66 tons of Cd through soot, which is equivalent to the annual Cd average of 24.12 tons [21]. These emissions spread through atmospheric migration with the pollution source as the center, which could cause heavy metal pollution in agricultural soils around the Zhuzhou and Huludao smelters. The agricultural soil around Zhuzhou Smelter was polluted by Cd, Pb, and Zn, among which Cd pollution was the most serious [22], and for agricultural soil around Huludao Zinc Plant, Zn, Pb, Cd, and Hg pollution were more serious [23,24]. A number of previous studies on soil heavy metal pollution at Huludao Zinc Plant mostly focused on the spatial distribution and risk assessment of heavy metals. Li et al., (2006) analyzed and explained the spatial variability of soil Pb around Huludao Zinc Plant [23]; Chang et al., (2017) studied the pollution level of major heavy metals in the soil around Huludao Zinc Plant and used the potential ecological risk index method and the geoaccumulation index method to assess the risk of heavy metal pollution [25]. There are few studies on the sources of heavy metal pollution in the soil around Zhuzhou Smelter and the conclusions are contradictory. Zhang (2019) classified the traffic source as the main pollution source of Pb in farmland soil around Zhuzhou Smelter by PMF [26], while Zhao et al., (2020) found that the main pollution source of Pb in farmland soil around Zhuzhou Smelter was smelting flue dust by using 206Pb/207Pb and 208Pb/206Pb ratios [27]. Herein, eight elements’ (Cd, Pb, As, Hg, Cr, Ni, Cu and Zn) contents in the agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant were measured to analyze their pollution level and spatial distribution distinction, and the sources of heavy metals were preliminarily determined by Spearman’s correlation coefficient analysis [28]. After analyzing the soil heavy metals in the research areas by PMF and the Pb isotope ratio method, the main pollution sources and corresponding contribution rates were explored. The element content ratio and the smelting source characteristic element contribution ratio were also obtained to provide a reference basis for the pollution characteristics of heavy metals in agricultural soil around the smelter.




2. Materials and Methods


2.1. Research Area


Zhuzhou Smelter (113.017° E~113.055° E and 27.527° N~27.878° N), built in 1956, is located in the southwest of Zhuzhou City, which has a total area of 1.73 × 106 m2. As one of the largest smelters in China, its scope of business includes the production of Zn, Pb, and their alloys; recovering of rare or precious metals such as Cu, Au, and Cd and producing high purity metal products; using zinc hydrometallurgy; and zinc and lead smelting with a closed blast furnace. The climate of the research area is a subtropical humid monsoon climate, which has an annual average temperature of 16–18 °C, four distinct seasons, abundant rainfall, and sufficient light and heat. The predominant wind direction in winter is northwest, while in summer, it is due south. The soil types there are red loam and purple soil, which are suitable for the growth of many kinds of crops; at present the main crops grown in this area include wheat and rice [29].



Huludao Zinc Plant (120.877° E~120.937° E and 40.728° N~40.857° N), built in 1937, is located in the southeast of Huludao City, about 8 hm2. As the largest zinc smelter in Asia, with an annual output of 33,000 t [30,31], its business scope includes the production of heavy metals such as Cu, Zn, Pb, and Cd, using vertical pot zinc smelting, zinc hydrometallurgy, zinc smelting with a closed blast furnace, etc. The climate is a warm temperate subhumid monsoon climate, which has an annual average maximum temperature of 14.3–15.1 °C, an annual average minimum temperature of 2.3–4.0 °C, and four distinct seasons. The predominant wind direction in winter and autumn is northeast, while in summer and spring, it is south. The soil types here are cinnamon soil and meadow soil, and the main crops are peanut, corn, and rice.




2.2. Soil Sampling


A total of 100 surface soil samples (0–20 cm) were collected in the Zhuzhou research area in October 2018 and the Huludao research area in September 2018 using the grid point method, of which fifty were collected in each research area (Figure 1). The Zhuzhou Smelter is surrounded by mountains, so the agricultural soils around the Zhuzhou Smelter were collected in blocks. At each sampling site, 4 topsoil (0–20 cm) samples were collected from the four corners of a 2 m × 2 m grid using a stainless-steel shovel and mixed to a composite sample of 1.0 kg by the quartile method.



Four types of samples were collected in the Huludao research area in September 2018, namely: (1) smelting, with 2 samples collected from factory soil (0–20 cm) and refining slag produced in the production process; (2) fertilizer, with 1 sample collected from the most commonly used fertilizer in the area; (3) vehicle exhaust dust, with 2 samples collected from particulate matter at the exhaust pipe of motor vehicles using a brush; and (4) soil parent materials, with 2 samples collected from the soils (40–60 cm).



The collected samples were placed in polyethylene plastic bags for transporting and storing and labeled with the sampling location, date, number, and person collecting the sample. After air-drying at room temperature, the samples were screened by a 100-mesh sieve and kept in polyethylene plastic bags for subsequent analysis.




2.3. Analytic Methods and Quality Control


Soil pH was measured using a PH meter with a glass electrode, according to NY/T 1377-2007 [32]. The concentrations of Pb, Cr, Ni, Cu, Zn, Cu, Fe, Mg, K, and Al in the samples were measured by an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES 5100 KS-64, Perkin Elmer Corporation, Shelton, CT, USA). Soil samples were digested using triacid (HNO3 + HF + HClO4). The analytical method was similar to that described by CEPA [33]. The concentrations of Hg and As in soil samples were measured by an Atomic Fluorescence Spectrometer (AFS-9700A KS-38, Beijing Haiguang Instrument, Beijing, China). The soil samples were digested with a solution of 1:1 HCl:HNO3 (v/v), according to GB/T 22105.1-2008 [34] and GB/T 22105.2-2008 [35]. The analytical method was similar to that described by Chen et al. [36]. The concentration of Cd in the samples was measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, NEXION 300X/KS-26, Shelton, CT, USA). The soil samples were digested by a mixed-acid solution (HNO3 + HF), according to DZ/T 0223-2001 [37]. The analytical method was similar to that described by Chen et al. [38]. Quality assurance (QA) and quality control (QC) were carried out by using the Chinese standardized reference materials (GSS-14 and GSS-16 for soil samples) and duplicate samples. Results were accepted when the relative standard deviation (RSD) was within 5%.



Pb isotopes of the soil samples were measured by a Multi-Collector-Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS, Nu Plasma HR, Nu Instruments, Wrexham, UK). Pb isotopes of the soil samples were separated and purified according to DZ/T 0184.12-1997 [39]. Quality assurance (QA) and quality control (QC) were carried out by using the Pb standard substance (NBS981, American National Standards Institute) and duplicate samples. The analytical method was similar to that described by He et al. [40].




2.4. Methods


2.4.1. The Pollution Index


Single pollution index (Pi) is often applied to assess heavy metal contamination of soil, which can judge the main pollution factor in the environment and reflect the pollution degree of a pollutant. To assess contamination level of the heavy metals, a Pi for each metal was calculated using the following equation [41]:


   P i  =    C i     S i     



(1)




where Pi is the pollution index corresponding to each sample, Ci (mg·kg−1) is the measured concentration of each heavy metal, and Si (mg·kg−1) is the standard value of screening risk of soil pollution in agricultural land, according to GB 15618—2018 [42].




2.4.2. The Nemerow Integrated Pollution Index


As a widely used comprehensive evaluation method, the Nemerow Integrated Pollution Index (NIPI) can comprehensively reflect the contamination degree of heavy metals in the environment [43]. The NIPI was calculated using the following equation [44]:


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



(2)




where NIPI is the Nemerow Integrated Pollution Index, Piave is the average pollution index of element i, and Pimax is the highest rate of element pollution index i.



The classification standards of soil heavy metal pollution [45] in this study are shown in Table 1.




2.4.3. Positive Matrix Factorization Model


The positive matrix factorization (PMF) model was used for soil pollutant source apportionment. According to the EPA-PMF 5.0 User Instructions, the equation is as follows:


   X  i j   =   ∑   K = 1  P   g  i k    f  k j   +  e  i j    



(3)




where Xij is the concentration of element j in sample i, gik is the concentration contributed by source k to the ith sample, fkj is the content of the jth element in the source, and eij is the residuals matrix that is not accounted for by the model.



In order to obtain the best concentration matrix and source distribution map, the objective function Q is minimized. Q is expressed by the followed equation:


  Q =   ∑   i = 1  n    ∑   j = 1  m     (     X  i j   −   ∑   k = 1  p   g  i k    f  k j      u  i j      )   2   



(4)




where uij is the uncertainty of element j in sample i.



uij is calculated as:


       U  n c   =  5 6  × M D L  (  c ≤ M D L  )         U  n c   =      (  σ × c  )   2  + M D  L 2    (  c > M D L  )      



(5)




where σ is the relative standard deviation, c is the content of every element, and MDL is the corresponding method detection limit.




2.4.4. Isotope Ratio Method


This model is based on the binary and ternary mixing model, using the principle of conservation of mass and repeated calculation rules to produce a combination of multiple source ratios. According to the EPA-IsoSource user instructions, the equation is as follows [46]:


  Q =    [   (    100  i   )  +  (  s − 1  )   ]  !    (    100  i   )  !  (  s − 1  )  !    



(6)




where Q is the number of combinations, i is the source increment, s is the number of pollution sources, and ! is the factorial.




2.4.5. Data Treatment and Statistical Analysis


To identify the relationships among heavy metals in the soil samples and their possible sources, descriptive statistics analysis, regression analysis, Spearman’s correlation coefficient analysis, Shapiro-Wilk (SW) normality testing, Least Significance Difference (LSD) analysis, paired t-test, and one-way ANOVA analysis were performed using Statistical Product and Service Solutions (SPSS 22.0, IBM Company, Chicago, IL, USA). Data analysis was performed using Excel 2013 and Origin 2020. The PMF software (Ver.5.0, USEPA, Washington, DC, USA) and the Pb isotope ratio method software (EPA-IsoSource, Washington, DC, USA) were used for source apportionment.






3. Results and Discussion


3.1. Heavy Metal Pollution Analysis


3.1.1. Heavy Metal Concentrations


The descriptive statistics of the concentrations of soil heavy metals in the agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant are shown in Table 2.



In the Zhuzhou research area, the mean concentrations of As, Ni, Cu, Cr, Zn, Pb, Hg, and Cd exceeded the background values of Hunan Province soils [47] by 0.9, 1.1, 1.6, 1.7, 2.7, 3.2, 4.0, and 17.8 times, respectively. Moreover, the proportion of sample content in which Cd, Pb, Zn, and Hg exceeded the soil background values was 100%, 100%, 98%, and 92%, respectively, indicating that the pollution of the four metals was severe, which is consistent with the conclusions of previous research [48,49].



In the Huludao research area, except for Cr and Ni, the mean concentrations of Hg, Cd, Zn, Pb, Cu, and As were 76.3, 47.6, 6.4, 3.9, 2.6, and 1.3 times the background values of soil in Liaoning Province [47], respectively. The contents of Cd, Hg, Zn, and Pb seriously exceeded the standard [47] with all samples exceeding the background value.



From the discussion above, both research areas were polluted by Cd, Pb, Hg, and Zn. This could be due to the main smelter mineral i.e., lead−zinc ore, of which Cd is the main companion product and which also contains a small amount of Hg [50,51]. These emissions spread through atmospheric migration, which could cause heavy metal pollution in agricultural soils around Zhuzhou and Huludao smelters.




3.1.2. Heavy Metal Pollution Assessment


Both research areas are agricultural soils, and the average pH of agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant was 5.84 and 6.11, respectively. Therefore, the soil pollution risk screening value of agricultural land (flood and drought rotation land, 5.5 < pH ≤ 6.5) in the soil environmental quality-risk control standard for soil contamination in agricultural land (GB 15618–2018) [42] was adopted to assess the pollution of heavy metal. The standard values of Cd, Hg, As, Ni, Pb, Cu, Zn, and Cr are 0.4, 1.8, 40, 70, 100, 150, 200 and 250 mg·kg−1, respectively. The pollution index (Pi) and the Nemerow Integrated Pollution Index (NIPI) for all soil elements in the research area were calculated with the above Formulas (1) and (2) (Figure 2).



As shown in Figure 2a, the mean value of the Pis for the heavy metals in the Zhuzhou research area descended in the order: Cd (5.78) > Zn (1.29) > Pb (0.95) > Ni (0.51) > Cr (0.49) > As (0.39) > Cu (0.29) > Hg (0.27). Heavy metal pollution was observed in the research area, among which Cd pollution was the most serious concern, with approximately 86% of the sampling points moderately or highly contaminated with Cd, and all sampling points over standard. As shown in Figure 2b, the mean value of the Pis for the heavy metals in the Huludao research area were, in descending order: Cd (13.08) > Zn (2.05) > Hg (1.69) > Pb (0.83) > Ni (0.39) > Cu (0.34) > As (0.29) > Cr (0.22), indicating that the pollution of Cd was the most serious concern, with all the 50 sampling points classified as high contamination, and that the pollution of Zn was also serious, with approximately 86% of the sampling points classified as moderately or highly contaminated.



Heavy metal in the soil is considered high contamination when NIPI > 3, while the mean values of NIPI for the topsoil in the Zhuzhou research area and Huludao research area were 3.56 and 8.6, respectively, indicating that most of the samples in both research areas were heavily contaminated by heavy metals.



The above data showed that the topsoils in the two research areas were contaminated by Cd and Zn to varying degrees. Cd was a high contaminant in both areas. However for Zn, the pollution contamination status in the Zhuzhou research area was slightly contaminated, while it was serious in the Huludao research area.



Table 3 compares the mean value of the pollution indexes (the ratio of heavy metal mean content to the background value) for the heavy metals of this study with other smelting areas in China. The soil surrounding the lead mining and smelting plant in Yongzhou, Hunan Province accumulated more Cd and Zn, which is similar with the results of Huludao Zinc Plant in this study. The mean value of the pollution index of Cd in the soil surrounding the lead−zinc smelter in Shaoguan, Guangdong Province was 95.7, while that of zinc was only 4.93. Similarly, the Henan lead smelter also had a larger accumulation of Cd and a significantly slight accumulation of Zn, which is consistent with the results of the Zhuzhou research area in this study. The difference in the degree of Zn accumulation in the soil may be a distinction between the lead-based smelting contaminated soil and the mining and smelting contaminated soil.




3.1.3. Spatial Distribution of Heavy Metals


The spatial distribution of heavy metal concentrations is a useful aid to explore the effects of smelters on the properties of heavy metals in surrounding agricultural soils and the difference between the mean concentrations of heavy metals between the two research areas. The mean concentrations of heavy metals in sampling sites at 2.5–5 km and 10–35 km from Huludao Zinc Plant and Zhuzhou Smelter, respectively, were proposed to form a three-dimensional histogram (Figure 3 and Figure 4). The regression relationship between heavy metal content and distance from sample site to smelter is shown in Supplementary Table S1 (Supplementary Materials).



The results of Zhuzhou research area (Figure 3 and Supplementary Table S1) showed that the distribution of Cr and Ni had some similar features, with the content of Cr and Ni in topsoil rising with the increase of distance to a maximum increase of 37.45% and 16.41%. However, with the increase of distance, the content of the other six kinds of heavy metal gradually decreased. The largest decreases of heavy metal concentrations were as follows, in declining order: Zn (72.65%) > Pb (64.29%) > Cd (22.97%) > Hg (21.88%) > Cu (18.47%) > As (15.36%). As for the results of Huludao research area (Figure 4 and Supplementary Table S1), the contents of all eight heavy metals decreased with distance. The largest decreases of heavy metal concentrations descended in the order: Zn (93.82%) > Hg (87.19%) > Cu (40.64%) > Cd (28.67%) > As (26.15%) > Pb (19.34%) > Cr (16.95%) > Ni (6.35%).



By comparing the spatial distribution of the serious pollutants Pb, Cd, Hg, and Zn between the two research areas, different distribution rules were observed for different elements in each area. The change of the Zn content varied greatly with distance in both research areas and that of Cd was relatively slight. As for the content of Pb, in Zhuzhou research area, it changed greatly with distance, while in Huludao research area, the change was small, and Hg and Pb were just the opposite. This was probably due to the characteristics of the migration of pollutants from the smelter in the surrounding soil [54,55]. Zhuzhou City is located in a subtropical humid monsoon climate with a humid summer, which is negative to the migration of pollutants, while the winter is dry with a northwest monsoon, which is conducive to the migration of pollutants with the atmosphere [56,57]; thus, the Cd, Pb, Zn, and Hg spatial distribution showed a NW trend [27]. The climate of Huludao research area belongs to a warm temperate subhumid monsoon climate, which has four distinct seasons. The predominant wind direction in winter and autumn is northeast, while in summer and spring it is south. The study of Liu et al. (2003) showed that the Cd content distribution in the farmland soil around Huludao Zinc Plant was related to the orientation with an order of South > Southwest > North > Northwest > West [21]. The rainfall and wind force were also considered as potential factors for the pollution diffusion area in the research area [23], which explained the difference of Pb and Hg content between the research areas in Zhuzhou and Huludao. In the process of atmospheric migration, with the increase of migration distance, the difference of the mean concentrations of the easily diffusible heavy metals could become smaller [52]. The results above indicated that Cd diffused more easily into a larger area than Zn, and the farther away from the smelter, the more uniform the distribution of contaminated elements in the soil.




3.1.4. Correlation between Heavy Metals


The Spearman’s correlation coefficient analysis was used to measure the correlation relationship between different heavy metals in the agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant, in order to provide some information on the homologous relationship of the heavy metals [58,59]. Table 4 shows the correlation matrix of the heavy metals.



Significantly correlated means that there is a greater than 95% or 99% chance that the variables are correlated. In the Zhuzhou research area, Cd, Hg, Pb, and Zn were significantly positively correlated (r > 0.600) with each other at 0.01 level, suggesting that the sources of these four heavy metals are closely related. In comparison, Cr showed weak correlation with the other six heavy metals, which indicated that the source of Cr may be different from the sources of the other heavy metals. The significant correlation was found between Cr−Ni (r = 0.701) at 0.01 level, suggesting that Cr and Ni were closely related, which is consistent with Section 3.1.3. In the Huludao research area, a significant correlation was found between Cd−Pb (r = 0.847), Cr−Ni (r = 0.852), Cd−Zn (r = 0.882) and Pb−Zn (r = 0.890) at 0.01 level, suggesting that these heavy metals had similar pollution sources. However, Pb−Ni (0.281) and Ni−Cu (0.293) had no significant correlation, which implied different influential factors. From the discussion above, Cd, Pb, and Zn were significantly positively correlated with each other at 0.01 level in both research areas.





3.2. Source Apportionment by PMF


In this study, PMF was performed with the EPA PMF software (Ver. 5.0, USEPA, Washington, DC, USA) to analyze the sources of heavy metals in the research area. Four factors were identified, and their contributions are presented in Table 5.



For the research area in Zhuzhou (Table 5a), the first factor was loaded predominantly on Zn (74.7%), Cd (69.7%), and Pb (66.6%). Moreover, concentrations of Zn, Cd, and Pb were significantly positively correlated (p < 0.01, r > 0.6), indicating similar sources. Many related studies have shown that Cd, Pb, and Zn are generally associated with medium and high temperature hydrothermal mineralization [60,61]. When mining and smelting lead and zinc ores, volatile oxides are generated [51,62] and spread away through atmospheric migration with the pollution source as the center, which could ultimately pollute surrounding soils. Therefore, the first factor was identified as the smelting source.



The second factor was weighted heavily on Mg (47.7%), Ca (42.5%), and Fe (24.5%). Mg is mainly composed of magnesite and dolomite, Ca is generally considered the most abundant element in the crust and the major element in limestone and gypsum [63], and Fe is mainly derived from rock weathering products [64], indicating that these heavy metals above were probably predominantly present at natural background concentrations controlled by the parent material. Based on this analysis, the natural source was determined to be the second factor.



The third factor was predominated by K (69.9%), As (56.5%), Al (43.8%), and Cr (40.2%). Considering that most of the samples came from the agricultural soil around the smelter and that irrigation and fertilization are essential steps in the actual agricultural production process, the high K contribution rate may be related to the application of potassium fertilizer in the soil. Additionally, chemical fertilizers contain large amounts of Cr [65]. Large-scale use of agricultural chemicals (such as manure, fertilizers, and pesticides) caused the enrichment of heavy metals in the cropland. These heavy metals in fertilizers would eventually accumulate in the topsoil. In view of the above, the third factor was interpreted as the agricultural source.



For the fourth factor, Hg received prominently higher weighting than other elements, accounting for 88.8%. Hg was easy to migrate with the atmosphere [66,67], which led to the intricacy of the Hg pollution sources in the research area. Coal burning and nonferrous metal smelting are the main anthropogenic Hg emission sources in China, accounting for about 80% of the total annual Hg release [68,69], which had significant impacts on Hg accumulation. Additionally, the high concentrations of Hg in the soil was also linked to traffic emissions [70]. Therefore, the fourth factor could be a mixed source of industrial activity and traffic.



From the discussion above, four sources were apportioned, including the smelting source, agricultural source, natural source, and mixed source of industrial activity and traffic. The calculated results of the PMF indicated the contribution rate of heavy metals in agricultural soil around Zhuzhou Smelter was, in descending order: smelting source (37.6%) > agricultural source (26.9%) > natural source (22.4%) > mixed source of industrial activity and traffic (13.1%). Therefore, heavy metal pollution in agricultural soil around Zhuzhou Smelter was mainly affected by the smelting source, although the impact of the agricultural source, mixed source of industrial activity and traffic could not be ignored.



Table 5b showed that the main identification elements on each corresponding source identified by PMF in the agricultural soil around Huludao Zinc Plant were basically the same as those in the Zhuzhou research area, resulting in little difference in the discrimination of source types, so similar source identification results were obtained. The contribution rate of heavy metals was as follows, in declining order: smelting source (34.1%) > agricultural source (29.4%) > natural source (24.3%) > mixed source of industrial activity and traffic (12.2%).



Based on the results of PMF, the differences and similarities between source identification and apportionment of heavy metals in agricultural soils in the two research areas were compared and explained. Firstly, similar source identification results were obtained among the two research areas. Meanwhile, the contribution rates of the four sources in the two research areas analyzed by PMF were examined by small sample Shapiro−Wilk (SW) normality testing. The results showed that the p values of the research areas in Zhuzhou and Huludao were 0.983 and 0.707, respectively, which suggested that the data were regarded to follow normal distribution (p > 0.050). Therefore, the comparison of differences between two samples was investigated using the paired t-test. The result showed that p was 0.998 (p > 0.050), indicative of the similarity between the contribution rate of heavy metals in the two research areas.




3.3. Source Apportionment by Pb Isotope Ratio Method


Taking the agricultural soil around Huludao Zinc Plant as an example, the source of heavy metal pollution and apportionment analyzed by Pb isotope ratio method was performed to compare the source analysis results with that of PMF.



The mean concentration of Pb in the research was 83.33 mg·kg−1, 3.9 times of the soil background value in Liaoning Province [47], indicative of the obvious external intrusion of a Pb source in the soil. The isotope ratio scatter diagram (Figure 5) was made to analyze the Pb isotope compositions of the recipient soil and the potential pollution sources. For soil Pb pollution, each Pb source has its own background concentration and its own specific isotopic composition. By comparison of the measured Pb isotopic compositions of the receptor soils and the four end-members (vehicle exhaust dust, smelting, fertilizer, and soil parent materials), it is possible to identify the sources of soil Pb pollution [18].



The prerequisite for using the isotope ratio method is that a significant difference occurred for at least two end-members of the isotope ratios. The result of one-way ANOVA analysis was a significant difference in Pb isotopic compositions for at least two members in the smelting, fertilizer, soil parent materials, and vehicle exhaust dust (F > 1, p < 0.050). Therefore, the posthoc analysis between the isotope ratios of Pb analyzed was investigated using the Least Significance Difference (LSD) analysis. The result showed the significant difference in Pb isotopic compositions for soil parent materials and vehicle exhaust dust (p < 0.050). Based on these end-member samples with obvious Pb isotopic compositions, the source of heavy metal Pb in agricultural soil around Huludao Zinc Plant could be effectively traced and identified. A good linear relationship is very important to ensure the accuracy and reliability of the source identification and apportionment. The results showed that the good linear relationship between 206Pb/204Pb and 208Pb/204Pb was 0.920 (when R2 > 80%, it is highly correlated). Therefore, the diagram of 206Pb/204Pb-208Pb/204Pb ratio in different sources was drawn to analyze the potential anthropogenic Pb sources in agricultural soil (Figure 5).



The Pb isotope ratio of recipient soil fell between the smelting, vehicle exhaust dust, and fertilizer. However, the Pb isotope ratio of receptor soil is quite different from the soil parent materials. In view of the above, analysis indicated that Pb from smelting, vehicle exhaust dust, and fertilizer might be the main input pathway for anthropogenic Pb to the soils, not soil parent materials.



The contribution rates of each pollution source analyzed using EPA-IsoSource software according to the Pb isotope ratio of different potential pollution sources (Figure 6) were the lead smelting source (43.7%), followed by the agricultural source (34.6%), traffic source (14.2%) and natural source (7.5%).



The pollution sources of Pb using PMF in the soil of the Huludao research area were the smelting source, agricultural source, mixed source of industrial activity and traffic, and natural source with contribution rates of 52.9%, 28.5%, 11.3% and 7.3%, respectively. The p values for the contribution rates of Pb analyzed by PMF and the Pb isotope ratio method calculated by the small sample Shapiro−Wilk (SW) normality testing were 0.459 and 0.562, respectively. Both p values were larger than 0.050, which suggested that the two groups of data were regarded to follow normal distribution. Therefore, the comparison of differences between the contribution rates of Pb analyzed by PMF and the Pb isotope ratio method was investigated using the paired t-test. The result showed that p was 0.989 (p > 0.050), indicative of the similarity between the contribution rates of Pb by two different methods that confirmed that the two source analysis methods can be reasonably used to identify the source of heavy metal pollution and apportionment.



The Pb isotope ratio method is a chemical analytical method through isotope ratio identification, which is successfully used to identify sources of pollution due to its stable physical and chemical properties but requires predetermination of isotope ratios in end-member, while PMF is a mathematical method to find the solution through correlation matrix−covariance matrix, which does not need to determine the original spectrum but requires a large amount of data. Both methods have their own advantages and disadvantages in heavy metal source analysis. By complementing them to form a multisource analysis system, the results of heavy metal source analysis could be more reliable.




3.4. Analysis of Pollution Types in Smelter


The results above have shown that the two smelters were the main cause of heavy metal pollution for the surrounding agricultural soil, which was consistent with the previous studies by Zhao et al. [71] and Li et al. [72]. Huludao Zinc Plant adopts the production mode of mixing ore and intermediate oxidizing materials, while Zhuzhou Smelter adopts the production mode of burning mixed ore with zinc concentrate and intermediate materials, and both modes produced heavy metal wastes such as Cu, Zn, Cd, and Pb. Due to the lack of environmental protection measures, these heavy metal oxides or salts spread into the atmosphere with the smoke and dust, which could ultimately pollute surrounding soils [21,73,74].



3.4.1. Element Content Ratio


The content ratios of Cd, Pb, As, Hg, Cr, Ni, Cu, and Zn in 50 samples of the Zhuzhou research area and the Huludao research area were randomly selected to establish the heavy metal element fingerprint in order to discuss the differences and similarities of element pollution characteristics between the two smelters. The results are shown in Figure 7.



Overall, the element content ratio in the two research areas showed a similar and regular wavy distribution with Cd/Zn, As/Zn, Hg/Zn, and Ni/Zn in low peaks and Pb/Zn, Cr/Zn, and Cu/Zn in steep peaks, which is mainly consistent with the overall profile of the agricultural soil around other smelting areas summarized in previous studies [75,76], proving the reliability of our results. Therefore, the establishment of the heavy metal element fingerprint (Figure 7) can provide references for the analysis of heavy metal pollution characteristics of agricultural soil around the smelter.




3.4.2. Element Contribution Ratio


The contribution rate ratios of characteristic elements from the smelting source identified by PMF and the isotope ratio method in the Zhuzhou research area and the Huludao research area were selected to establish the contribution rate fingerprint of characteristic elements. The distribution law of characteristic element contribution rate ratio of the smelting source in two research areas is shown in Figure 8. The contribution rate ratios of agricultural soil to Cd/Zn, Cd/Pb, and Pb/Zn were 0.933, 1.047, and 0.890 in Zhuzhou Smelter and 0.904, 1.374, and 0.657 in Huludao Zinc Plant, respectively. The p values for the contribution rates of the two groups in the two research areas calculated by the small sample Shapiro−Wilk (SW) normality testing were 0.512 and 0.661, respectively, both larger than 0.050, which suggested that the two groups of data were regarded to follow normal distribution. Therefore, the comparison of differences between the contribution rate ratios of the two groups was investigated using the paired t-test. The result showed that p was 0.907 (p > 0.050), indicative of the similarity distribution trend between the ratio of characteristic element contribution rate of the smelting source of the two groups in the smelters. By using the ratio as the sample statistical number for sampling distribution, the confidence interval of the population mean ratio was estimated, meaning the possible range of parameters under a certain probability guarantee. According to the non-negative principle to set the confidence level at 85%, the values of Cd/Zn, Pb/Zn, and Cd/Pb fall at (0.858, 0.978), (0.288, 1.259), and (0.529, 1.892), respectively. Wei et al., (2018) analyzed the sources of heavy metals in agricultural soil around Shuikoushan Lead−Zinc Mine in Hunan Province using PMF, which showed that Cd/Zn and Cd/Pb in the smelting source were 0.873 and 0.880, respectively [77]. Xue (2013) analyzed the main sources of heavy metals in agricultural soil around the polluted site by PMF, and the Pb/Zn of industrial source was 0.783 [78]. These results were in consistent with this work, proving the reliability of our results. The contribution rate fingerprint of characteristic elements from the smelting source provide references for the analysis of heavy metal sources in agricultural soil around the smelter.






4. Conclusions


Based on the study of the pollution characteristics of Zhuzhou and Huludao smelters with serious metal pollution, the following conclusions can be made:




	(1)

	
The soils in the two research areas were both polluted by Cd, Pb, Hg, and Zn. The pollution contamination status of Zn in the Zhuzhou research area was slightly contaminated, while it was serious in the Huludao research area. In terms of spatial distribution, with the increase of the distance, the largest decreases of the main pollution elements concentrations in Zhuzhou research area were as follows, in declining order: Zn (72.65%) > Pb (64.29%) > Cd (22.97%) > Hg (21.88%). In the Huludao research area, the largest decreases of heavy metal concentrations declined in the order: Zn (93.82%) > Hg (87.19%) > Cd (28.67%) > Pb (19.34%). The difference in content reduction of Pb and Hg in the two research areas was related to the migration and sedimentation of smelting waste gas from the smelter with the atmosphere. Correlation analyses have shown that Cd, Pb, and Zn were significantly positively correlated with each other at 0.01 level in both research areas.




	(2)

	
Based on the results of PMF, the contribution rate of heavy metals in agricultural soil around Zhuzhou Smelter was, in descending order: smelting source (37.6%) > agricultural source (26.9%) > natural source (22.4%) > mixed source of industrial activity and traffic (13.1%), while in the Huludao research area, it was as follows, in declining order: smelting source (34.1%) > agricultural source (29.4%) > natural source (24.3%) > mixed source of industrial activity and traffic (12.2%), indicative of the similarity between the source identification and apportionment of heavy metal in the two research areas. The contribution rates of the different pollution sources analyzed by Pb isotope ratio method were the lead smelting source (43.7%), followed by the agricultural source (34.6%), traffic source (14.2%) and natural source (7.5%), which were basically consistent with that of PMF. By complementing PMF and the Pb isotope ratio method to form a multisource analysis system, the results of heavy metal source analysis could be more reliable.




	(3)

	
The results of the analyses using PMF and the Pb isotope ratio method have shown that the two smelters were the main cause of heavy metal pollution for the surrounding agricultural soil. By establishing the heavy metal element content ratio fingerprint and the contribution rate fingerprint of characteristic elements of the agricultural soil around the two smelters, it is suggested that the element content ratio in the Zhuzhou and Huludao smelters showed a similar and regular wavy distribution, and the contribution rate ratios of characteristic elements from smelting source to Cd/Zn, Pb/Zn, and Cd/Pb showed a similar distribution trend in the two research areas, with a ratio interval of (0.858, 0.978), (0.288, 1.259), and (0.529, 1.892), respectively. This may reflect the characteristics of heavy metal pollution in the surrounding agricultural soil around the smelter for soil pollution control decision making.
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Figure 1. Location of the sampling sites in the Zhuzhou research area (a) and Huludao research area (b). 
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Figure 2. Pi of heavy metals in the Zhuzhou research area (a) and Huludao research area (b) (n = 50). Note: Pi: single pollution index. 
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Figure 3. Spatial distribution of heavy metal concentration in the Zhuzhou research area. Note: (a): Spatial distribution of Pb, Cr, Cu and Zn concentration in the Zhuzhou research area; (b): Spatial distribution of Ni, As, Hg and Cd concentration in the Zhuzhou research area; The concentration of Zn was 0.1 times the actual concentration, and the concentration of Hg was 10 times the actual concentration. 
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Figure 4. Spatial distribution of heavy metal concentration in the Huludao research area. Note: (a): Spatial distribution of Pb, Cu, Cr and Zn concentration in the Huludao research area; (b): Spatial distribution of Ni, Hg, As and Cd concentration in the Huludao research area; The concentration of Zn was 0.1 times the actual concentration, and the concentration of Hg was 10 times the actual concentration. 
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Figure 5. 208Pb/204Pb—206Pb/204Pb in soils and potential sources. 
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Figure 6. Source contribution for different sources by the Pb isotope ratio method in the Huludao research area. 
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Figure 7. The heavy metal element content ratio fingerprint in the agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant. Note: Content ratio to Zn: Ratio of contents of Cd, Pb, As, Hg, Cr, Ni, Cu, to Zn. 
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Figure 8. The contribution rate fingerprint of characteristic elements from the smelting source in the agricultural soil around Zhuzhou Smelter and Huludao Zinc Plant. 
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Table 1. Grade standards for the pollution index (Pi) and Nemerow Integrated Pollution Index (NIPI).
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	Class
	Pi
	NIPI
	Quality Value





	1
	Pi ≤ 0.7
	NIPI ≤ 0.7
	Practically uncontaminated



	2
	0.7 < Pi ≤ 1.0
	0.7 < NIPI ≤ 1.0
	Relatively uncontaminated



	3
	1.0 < Pi ≤ 2.0
	1.0 < NIPI ≤ 2.0
	Low contamination



	4
	2.0 < Pi ≤ 3.0
	2.0 < NIPI ≤ 3.0
	Moderate contamination



	5
	Pi > 3.0
	NIPI > 3.0
	High contamination










[image: Table] 





Table 2. Descriptive statistics of soil heavy metal concentrations (mg·kg−1, n = 50).
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Element

	
Cd

	
Pb

	
As

	
Hg

	
Cr

	
Ni

	
Cu

	
Zn






	
Zhuzhou

	
Min

	
0.51

	
32.20

	
4.98

	
0.08

	
56.10

	
26.40

	
18.50

	
72.50




	
Max

	
9.25

	
307.50

	
23.70

	
2.37

	
212.40

	
48.80

	
85.40

	
922.50




	
Mean

	
2.31

	
95.10

	
15.44

	
0.48

	
121.28

	
35.38

	
43.96

	
257.30




	
SD

	
2.58

	
69.78

	
3.45

	
0.40

	
36.49

	
5.49

	
14.62

	
226.26




	
BVHP

	
0.13

	
29.40

	
15.70

	
0.12

	
71.40

	
31.90

	
27.30

	
94.40




	
Percent of over BVHP%

	
100.00

	
100.00

	
50.00

	
92.00

	
98.00

	
70.00

	
96.00

	
98.00




	
Huludao

	
Min

	
0.96

	
22.50

	
3.60

	
0.07

	
41.00

	
19.00

	
19.80

	
92.30




	
Max

	
22.50

	
210.30

	
27.70

	
20.00

	
77.50

	
37.60

	
151.70

	
1268.20




	
Mean

	
5.23

	
83.33

	
11.66

	
3.05

	
55.10

	
24.78

	
51.21

	
409.40




	
SD

	
3.18

	
36.58

	
4.69

	
4.74

	
6.31

	
3.32

	
25.91

	
247.71




	
BVLP

	
0.11

	
21.10

	
8.80

	
0.04

	
57.90

	
25.60

	
19.80

	
63.50




	
Percent of over BVLP%

	
100.00

	
100.00

	
82.00

	
100.00

	
24.00

	
92.00

	
100.00

	
100.00








Notes: SD: standard deviation; BVHP: background values of Hunan Province; BVLP: background values of Liaoning Province.
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Table 3. The mean value of pollution indexes for Zn and Cd in this study and other smelting areas in China.
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	City
	Type
	Zn
	Cd
	Reference





	Henan
	Pb smelting
	1.22
	78.1
	[52]



	Shaoguan
	Pb−Zn smelting
	4.93
	95.7
	[53]



	Yongzhou
	Pb mining and smelting
	10.09
	5.38
	[20]



	Zhuzhou
	Pb smelting
	3.2
	17.8
	This work



	Huludao
	Zn mining and smelting
	6.4
	47.6
	This work
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Table 4. Spearman’s correlations matrix of the heavy metal concentrations.
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Element

	
Cd

	
Pb

	
As

	
Hg

	
Cr

	
Ni

	
Cu

	
Zn






	
Zhuzhou

	
Cd

	
1.000

	

	

	

	

	

	

	




	
Pb

	
0.675 **

	
1.000

	

	

	

	

	

	




	
As

	
0.758 **

	
0.573 **

	
1.000

	

	

	

	

	




	
Hg

	
0.714 **

	
0.718 **

	
0.677 **

	
1.000

	

	

	

	




	
Cr

	
0.436 **

	
0.490 **

	
0.326 *

	
0.342 *

	
1.000

	

	

	




	
Ni

	
0.141

	
0.176

	
−0.032

	
0.043

	
0.701 **

	
1.000

	

	




	
Cu

	
0.273

	
0.364 **

	
0.111

	
0.245

	
0.592 **

	
0.725 **

	
1.000

	




	
Zn

	
0.708 **

	
0.691 **

	
0.469 **

	
0.652 **

	
0.558 **

	
0.398 **

	
0.485 **

	
1.000




	
Huludao

	
Cd

	
1.000

	

	

	

	

	

	

	




	
Pb

	
0.847 **

	
1.000

	

	

	

	

	

	




	
As

	
0.356 *

	
0.306 *

	
1.000

	

	

	

	

	




	
Hg

	
0.422 **

	
0.551 **

	
0.382 **

	
1.000

	

	

	

	




	
Cr

	
0.028

	
0.198

	
−0.464 **

	
0.103

	
1.000

	

	

	




	
Ni

	
0.126

	
0.281 *

	
−0.245

	
0.340 *

	
0.852 **

	
1.000

	

	




	
Cu

	
0.627 **

	
0.734 **

	
0.239

	
0.335 *

	
0.182

	
0.293 **

	
1.000

	




	
Zn

	
0.882 **

	
0.890 **

	
0.376 **

	
0.364 **

	
0.081

	
0.131

	
0.785 **

	
1.000








Note: * correlation is significant at p < 0.05 (two-tailed); ** correlation is significant at p < 0.01 (two-tailed).
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Table 5. Source contribution for different elements by the positive matrix factorization (PMF) in the Zhuzhou research area (a) and Huludao research area (b).
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Element

	
(a) Contribution Rate (%)

	
(b) Contribution Rate (%)




	
Factor 1

	
Factor 2

	
Factor 3

	
Factor 4

	
Factor 1

	
Factor 2

	
Factor 3

	
Factor 4






	
Cd

	
69.7

	
11.8

	
6.1

	
12.4

	
72.7

	
8.7

	
6.3

	
12.3




	
Zn

	
74.7

	
19.2

	
0

	
6.2

	
80.4

	
11.6

	
1.3

	
6.7




	
Pb

	
66.6

	
18.4

	
8.4

	
6.6

	
52.9

	
7.3

	
28.5

	
11.3




	
Cu

	
61.6

	
23.5

	
9.1

	
5.7

	
51.7

	
20.4

	
21.4

	
6.5




	
Ca

	
17.1

	
42.5

	
9.5

	
30.9

	
12.6

	
45.7

	
11.7

	
30.0




	
Fe

	
34.8

	
24.5

	
37.0

	
3.7

	
24.4

	
32.2

	
40.2

	
3.2




	
Mg

	
36.7

	
47.7

	
15.6

	
0

	
27.3

	
49.8

	
22.9

	
0




	
Al

	
33.8

	
18.0

	
43.8

	
4.4

	
19.5

	
28.3

	
49.2

	
3.0




	
K

	
19.0

	
1.6

	
69.9

	
9.5

	
20.9

	
0.3

	
72.7

	
6.1




	
Hg

	
10.8

	
0.6

	
0

	
88.6

	
1.0

	
10.7

	
3.5

	
84.8




	
Ni

	
32.7

	
22.7

	
39.6

	
5.0

	
23.2

	
26.5

	
45.9

	
4.4




	
Cr

	
33.0

	
23.0

	
40.2

	
3.7

	
25.5

	
24.9

	
46.4

	
3.2




	
As

	
34.1

	
0

	
56.5

	
9.4

	
32.6

	
6.7

	
58.3

	
2.4




	
Total

	
37.6

	
22.4

	
26.9

	
13.1

	
34.1

	
24.3

	
29.4

	
12.2
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