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Abstract

:

A better understanding of anthropogenic trace metal accumulation in farmland soils is crucial for local food safety and public health, especially for a rapidly industrializing region. In this study, soil samples at two depths were collected from a typical county in East China and analyzed for total concentrations of Fe, Al, Pb, Cd, Cu, Zn, Cr, and Ni. Results showed that trace metals like Pb, Cd, Cu, Zn, Cr, and Ni have accumulated in the regional farmlands, with average topsoil concentrations 1.62–1.77 times higher than their background concentrations in subsoil. However, they were still much lower than the limits of the Chinese Environmental Quality Standard for Soils. By the proper calculation of enrichment factor (EF), it was found that the accumulations of trace metals in the topsoil have been impacted by anthropogenic activities, which could contribute up to 40.83% of total metal concentration. Two principal components were extracted according to the results of principal component analysis (PCA) for EF values, which indicated two important anthropogenic trace metal sources. With the help of spatial distribution maps based on geographical information system (GIS), the anthropogenic sources of Pb, Cr, and Ni were determined to be mostly associated with atmospheric deposition from the central urban area. However, Cd, Cu, and Zn were further confirmed to originate from different agricultural sources. The anthropogenic Cu and Zn inputs were mostly related to pig manure application in the rural northern and southeastern areas, while extensive fertilizer application was identified as the major contributor to anthropogenic Cd accumulation in this region. Overall, the integrated application of EF, PCA, and GIS mapping is an effective approach to achieve the spatial assessment of anthropogenic impact on trace metal accumulation in regional soils.
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1. Introduction


The accumulation of trace metals in farmland soils is of increasing concern in China due to its potential threat to food safety and public health [1,2]. Under natural conditions, the trace metals in soil are mostly related with parent materials, which thus have limited mobility [3]. However, those originating from anthropogenic sources are believed to be more active and easier to transfer from soil to human through the food chain [4]. Therefore, serving the effective reduction of environmental and human health risk, a key question we must make clear is how the anthropogenic activities have actually increased trace metal concentrations in the farmland soils.



Although undesired, the trace metal concentrations in farmland soils would increase gradually due to continuous anthropogenic inputs [5]. Such anthropogenic inputs usually include fertilization, manure application, sewage irrigation, and atmospheric deposition, among others [6,7,8]. It was estimated that animal manure application accounted for approximately 55%, 69%, and 51% of the total Cd, Cu, and Zn inputs to farmland soils in China, respectively, while atmospheric deposition was responsible for 43–85% of the total Pb, Cr, and Ni inputs [9]. In general, these data provide very valuable information for soil conservation at a national scale. Nevertheless, there will be uncertainty in terms of a small or specific region. The reason for such uncertainty is rooted in the fact that trace metal sources and their impact may vary greatly at different spatial scales [10]. To date, numerous methods including enrichment factor (EF), principal component analysis (PCA), and spatial distribution analysis based on geographical information system (GIS) have been well developed for regional soil monitoring purposes, which can help to identify and apportion the trace metals from anthropogenic sources [11,12,13].



Tancheng County is an important grain production base of Shandong Province in Eastern China. This county is rich in land resources and agriculture developed over a long time. Over the past 10 years, it has begun to experience a rapid transition from an agricultural-based economy to an industrial-based economy. The rapid industrialization may put strong pressure on the regional soil environment. Recently, the elevated trace metal levels in soil had been reported in some regions of Shandong Province, which generally indicated a close association with local anthropogenic activities [14,15]. However, there are very limited studies conducted in the traditional agricultural regions experiencing a rapid transition to an industrial-based economy. A better understanding of anthropogenic trace metal accumulation in these regions is crucial for local sustainable agricultural development. Rapid industrialization has occurred in Tancheng County, but its impact on anthropogenic trace metal accumulation in the farmland soils is still unclear.



In this paper, soil samples at two depths were collected from the Tancheng County and analyzed for Fe, Al, and trace metals Pb, Cd, Cu, Zn, Cr, and Ni. Three methods including EF, PCA, and GIS mapping were integrated to achieve the spatial assessment of anthropogenic impact on trace metal accumulation in soil. The specific objectives with this study were: (1) to discriminate between natural and anthropogenic trace metals in the farmland soils of this rapidly industrializing region; and (2) to identify the major anthropogenic sources and their spatial impacts.




2. Materials and Methods


2.1. Study Area Description


Tancheng County is located in the south part of Shandong Province, East China, which covers 1195 km2 and has a total population of 0.97 million (Figure 1). This region is characterized by a typical temperate continental climate with the average annual temperature of 13.90 °C. The average annual rainfall is 919 mm, most of which occurs between June and September. Due to a huge alluvial plain in the central part, this region is generally flat and has an average elevation of 38 m. The fluvo-aquic soil, developed from river alluvial sediments, is the main soil type in this region. As an important grain production base of Shandong Province, Tancheng County has a long history of wheat and maize cultivation. All the irrigation water comes from natural rainfall, surface water, and groundwater. With the aim of regional economic structure adjustment, a rapid transition from an agricultural-based economy to an industrial-based economy has occurred in the last decade. Currently, it has established a preliminary industrial system containing chemistry, metal manufacture, paper production, and so on, most of which are located in the central urban area (see the Tancheng Government webpage: http://www.tancheng.gov.cn).




2.2. Soil Samples Collection


Based on grid cells, a total of 122 soil samples including 97 topsoil and 25 subsoil samples were collected from the regional farmlands in April 2017. The topsoil samples were collected from 0–20 cm in depth, with a density of 25 km2. At each sampling site, four to six subsamples near the cell center were taken and fully mixed to obtain a composite sample. The subsoil samples were collected at between 100 and 150 cm depth with a density of approximately 100 km2, which represent the natural background levels of the surrounding four topsoil samples. Geographic coordinates of all the sampling sites were recorded by a global position system (60CSX, Garmin, Olathe, KS, USA) (Figure 1).




2.3. Trace and Major Metals Determination


After transportation to the laboratory, all soil samples were air-dried, ground, and passed through a 0.149 mm nylon sieve. For analysis of the total concentrations of Pb, Cd, Cu, Zn, Cr, Ni, Fe, and Al, the dry samples were digested with an acid mixture of HNO3-HF-HClO4 (5:2:3, v/v/v) in Teflon tubes at 160 °C for 6 h and they were determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; SPECTRO ARCOS EOP, SPECTRO Analytical Instruments GmbH, Kleve, Germany). The analytical data quality was assessed by simultaneously using the certified reference material GBW-07402. Comparisons between the measured and the certified values of the reference materials showed good agreement, with overall recoveries ranging from 97.12% to 104.78%. Furthermore, a sequential extraction procedure proposed by the European Community Bureau of Reference (BCR) was employed to determine the concentrations of Fe and Al associated to different chemical fractions in the 25 subsoil samples. The BCR procedure is described in detail elsewhere, which separates a metal into four operationally defined chemical fractions of acid-soluble, reducible, oxidizable, and residual [16]. By comparing the cumulative concentration of four chemical fractions with the concentration of the bulk sample, the overall rates ranged from 98.74% to 107.15%.




2.4. Enrichment Factor Calculation


The concept of “enrichment factor” (EF) was proposed in the 1970s to discriminate between natural and anthropogenic trace metals [17]. As a normalized index, it was originally applied to atmosphere and gradually extended to continental environments, such as soils or sediments [18,19]. The EF is defined as the ratio of a considered metal concentration to a reference metal concentration in a given sample, divided by the same ratio of their baseline concentrations.


  EF   =       ( X / Y )   sample         ( X / Y )   baseline          



(1)




where X is the total concentration of the considered metal and Y is the total concentration of the reference metal. Previous studies have suggested that the local soil background values can provide a more meaningful basis for calculating EF than that of the average crust values [20,21]. Therefore, concentrations of the considered and reference metals in the subsoil were adopted as the baseline values in this study. With the EF value for each trace metal, its anthropogenic contribution can be obtained as follows:


    % X   anthropogenic     =      X  sample       −   Y   sample       ×   ( X / Y )   baseline      X  sample       ×   100 =     EF   −   1   EF     ×   100    



(2)








2.5. Statistical and Spatial Analysis


In order to select the best reference metal for EF calculation, the Spearman correlation analysis was conducted to evaluate the relationships between Fe, Al, and trace metals in the subsoil. Based on EF values, the PCA method was performed to identify the major anthropogenic sources for trace metals in the topsoil. According to the results of 97 topsoil sites, a spatial distribution map was established with ArcGIS (Version 10.0, ESRI Inc., Redlands, CA, USA) using ordinary kriging interpolation, which can help to assess the anthropogenic impact on trace metal accumulation in the whole region.





3. Results


3.1. Total Concentrations of the Trace Metals


A descriptive statistical summary of total Pb, Cd, Cu, Zn, Cr, and Ni concentrations in the topsoil and subsoil samples was presented in Table 1. In general, these trace metals have accumulated in the farmland soils of this rapidly industrializing region. The increases in Pb, Cd, Cu, Zn, Cr, and Ni were 77.19%, 72.73%, 62.03%, 70.43%, 68.34%, and 62.92%, respectively, when comparing their average concentrations in the topsoil with their concentrations in the subsoil. Among these metals, Zn exhibited the largest concentration both in the topsoil and subsoil. In addition, it was found that Zn had a larger variation coefficient than other trace metals in the topsoil, which was different from the case in the subsoil.




3.2. Enrichment Factors of the Trace Metals


3.2.1. Selection of Reference Metal


Before EF calculation, it is essential to assess and select the best reference metal. Both Fe and Al are the most common reference metals when calculating EF. In this study, we selected Al as the reference metal according to a combined analysis of Spearman correlation and BCR chemical fractionation (Table 2). By comparison, it was found that Al exhibited a stronger positive correlation with those trace metals than Fe in the subsoil. Moreover, appropriately 84.13% of Al was observed in the residual fraction, which was far more than the residual Fe fraction and can therefore confirm its natural origin and conservative character.




3.2.2. Calculation of Enrichment Factor


By selecting Al as the reference metal, the EF values of Pb, Cd, Cu, Zn, Cr, and Ni in the topsoil were calculated relative to their background concentrations in the subsoil. As shown in Figure 2, the EF values varied among different trace metals, but they were all greater than 1.00. Because Pb had the highest average EF value (1.72), it was more enriched than other trace metals in the topsoil. The enrichment level of Cu was the smallest, which had an average EF value of 1.58. In general, the enrichment levels of these trace metals decreased in an order of Pb, Cd, Zn, Cr, Ni, and Cu.




3.2.3. Estimation of Anthropogenic Contribution


With EF value, the anthropogenic contribution value was further estimated for each trace metal according to Equation (2). For Pb, its anthropogenic contribution values ranged from 30.37% to 57.60%, with an average value of 40.83%. Cd ranged from 38.09% to 42.49%, with an average value of 40.38%. Cu ranged from 28.56% to 49.38%, with an average value of 36.02%. Zn ranged from 29.06% to 51.56%, with an average value of 38.56%. Cr ranged from 31.08% to 52.11%, with an average value of 37.72%. Ni ranged from 25.86% to 54.02%, with an average value of 36.29%. For all the trace metals, the average contribution values of anthropogenic sources did not exceed their natural contributions.





3.3. Principal Component Analysis


The PCA method was performed to identify the major anthropogenic sources of trace metals in the topsoil. The input data were the EF values, which can provide more reliable information regarding anthropogenic impact than the total concentrations. The Kaiser-Meyer-Olkin (KMO) and Bartlett’s test results were 0.712 and p < 0.001, respectively, suggesting that PCA is effective in reducing the data dimensionality. As presented in Table 3, two principal components (PC1 and PC2) with eigenvalues greater than 1.000 were extracted, which explained 92.584% of the total data variance. As a result, all the trace metals can be well expressed by these two components. The first principal component PC1 explained 53.182% of the total data variance and was heavily loaded by Pb, Cr, and Ni. However, the second principal component PC2 was mainly dominated by Cd, Cu, and Zn, which accounted for 39.402% of the total data variance.




3.4. Spatial Distribution Maps


Ordinary kriging method was used to map the spatial pattern of anthropogenic contribution to trace metal accumulation in the topsoil. Before this, a semivariogram analysis was conducted to select the most appropriate interpolation model. As shown in Table S1, different semivariogram models were selected according to trace metals, which generally satisfied the requirements of ordinary kriging interpolation because all the mean standardized prediction error (MSE) and root-mean-square standardized prediction error (RMSSE) values approached 0 and 1, respectively. The spatial distribution maps of anthropogenic contribution values are displayed in Figure 3. With regard to Pb, Cr, and Ni, they showed a similar spatial pattern, with high anthropogenic contribution values mainly distributed in the central urban area. However, such a distribution pattern was generally different from those of Cd, Cu, and Zn, which had higher anthropogenic contribution values in the rural northern and southeastern areas. By comparison, both Cu and Zn were observed to exhibit a larger spatial variability of anthropogenic contribution than that of Cd in the topsoil.



The spatial distribution patterns of the first two principal components were also displayed in Figure 4. It was found that the spatial distribution of PC1 was generally characterized by high values in the central urban area, which coincided with the spatial patterns of anthropogenic contributions to Pb, Cr, and Ni accumulation in the topsoil. However, higher scores of PC2 were mainly located in the northern and southeastern areas, where anthropogenic activities had an important impact on Cd, Cu, and Zn accumulation in the topsoil.





4. Discussion


4.1. Assessment of the Anthropogenic Trace Metal Accumulation in Regional Soils


Previous studies have indicated that anthropogenic activities are the major cause for excessive trace metal accumulation in soils, even on a regional scale [11,30]. It was found that trace metals like Pb, Cd, Cu, Zn, Cr, and Ni have accumulated in the farmland soils of Tancheng County, with average topsoil concentrations 1.62–1.77 times higher than their background concentrations in subsoil. However, they were still much lower than the limits affecting agricultural production and human health according to Chinese Environmental Quality Standard for Soils [29]. Some outliers existed; Zn concentration was found to display a larger variation coefficient than that of Ni concentration in the topsoil, which was different from the case in the subsoil. This difference partially reflected the impact by anthropogenic activities, implying that more anthropogenic Zn may have been introduced into the regional soils. In fact, soil pollution by trace metals has long been a widespread and serious problem in China [31]. It is interesting to note that the average topsoil concentrations of most trace metals in Tancheng County were much lower than those observed in megacities such as Shenyang, Wuhan, and Guangzhou (Table 1). This can be explained by the fact that long-term industrialization and urbanization have resulted in a distinct accumulation of trace metals in urban soils [32]. The relative lower levels of trace metals in some other small counties or towns further supported our explication. However, trace metals also exhibited variable concentrations among those counties or towns, even though they were analyzed on a similar spatial scale (Table 1). In general, the above comparisons reflect the complexity of trace metal sources and their impact on trace metal accumulation in soil.



Although the knowledge of total concentrations gives us an integrated view of regional soil pollution, it cannot provide any information on the quantitative discrimination of natural and anthropogenic trace metals. By calculating EF values, the anthropogenic impact on trace metal accumulation in the topsoil was further assessed quantitatively. EF calculation is constrained by some requirements, and the proper selection of reference metal is especially important [18]. In this study, Al as a reference metal was properly tested by a combination of two independent analyses, which guaranteed the reliability of the quantitative assessment (Table 2). Results showed that the EF values were varied among different trace metals, but they all had an average value greater than 1.00 (Figure 2). Evidently, these results could be interpreted by an existing anthropogenic impact. With these EF values, the anthropogenic contributions to trace metal accumulation in the topsoil were further estimated. For Pb, Cd, and Zn, the estimated average contribution values were much higher than our previous reports for a rural region in Northeast China [33]. In general, this finding well supports the conclusion that soils in industrial or urban regions tend to receive higher trace metal inputs from anthropogenic sources than do soils in rural regions [34]. However, lower anthropogenic contribution values were still obtained for Cu and Ni. A possible reason for this is that both Cu and Ni in the rural region of Northeast China have lower soil background concentrations than those in the present study area, which therefore are more sensitive to anthropogenic impact and have higher anthropogenic contribution values. According to Figure 3, the anthropogenic contribution values of Pb, Cr, and Ni were observed to display a similar spatial pattern in this region, but they were generally different from those of Cd, Cu, and Zn. The spatial distribution maps strongly implied that these trace metals may have different anthropogenic sources, which will be discussed more in the subsequent section.




4.2. Identification of the Major Anthropogenic Sources and Their Spatial Impacts


With the quantitative analyses, it can be found that the accumulations of Pb, Cd, Cu, Zn, Cr, and Ni in the regional soils have been impacted by anthropogenic activities, although the impacts still do not exceed their natural contributions. Based on EF values, two principal components were extracted by applying the PCA method, which indicated two important anthropogenic sources for these trace metals (Table 3). The first principal component PC1 was primarily dominated by Pb, Cr, and Ni, indicating that these three trace metals may have a common anthropogenic source. This conclusion was well verified by spatial distribution maps. Previous studies have suggested that the PCA combined with GIS mapping can be an effective tool for source identification [35]. It was found that the spatial distribution pattern of PC1 was generally characterized by high values in the central urban area, which coincided with the spatial distribution patterns of anthropogenic contributions to Pb, Cr and, Ni accumulation in the topsoil (Figure 4a). The urban area is the most densely populated and industrialized area in Tancheng Country. Industrial activities in this area emit large amounts of dust containing Pb, Cr, and Ni, and can result in soil pollution with these trace metals through subsequent deposition. In addition, emissions from transportation and coal combustion have proven to be significant contributors of atmospheric Pb deposition in urban environments [36]. Therefore, it is reasonable to infer that the anthropogenic Pb, Cr, and Ni sources were mostly associated with atmospheric deposition from the central urban area. Although the preliminary industrial system was established only in recent years, its impact on anthropogenic Pb, Cr, and Ni accumulation in the regional soils has exceeded the long-term agricultural practices.



The second principal component PC2 mainly included Cd, Cu, and Zn, which thus can be defined as an anthropogenic source, specifically related to the agricultural practices occurring in the region for a long period. Long-term agricultural practices can exacerbate the trace metal accumulation in soils due to excessive applications of fertilizers, pesticides, and manures, which contain a variety of trace metals as impurities [11]. Also, sewage irrigation is another important anthropogenic source of trace metals entering Chinese farmland soils, especially in water-limited regions [31]. However, it cannot be a main source in this region because all the irrigation water comes from natural rainfall, surface water and groundwater. By comparison, both Cu and Zn were observed to exhibit more obvious spatial variability of anthropogenic contribution values than that of Cd in the topsoil (Figure 3). This observation further revealed that the three trace metals may originate from two different agricultural sources, although they were grouped into one principal component by PCA. For Cu and Zn, they are the typical marker elements of animal manure application. The two metals are supplemented as feed additives to promote animal growth and control diseases, but approximately 90% of them are excreted by animals, resulting in metal-rich manures [37]. It was reported that animal manure application represented up to 69% and 51% of total Cu and Zn inputs into Chinese farmland soils, respectively [9]. According to our investigation, there were indeed some pig factories located in the rural northern and southeastern areas of this county. In most cases, the pig manure produced by these factories would be directly transported to nearby farmlands, where they were applied for a purpose of improving soil quality. By contrast, the application of chemical fertilizers is much more popular in this region. In particular, the application of phosphorus fertilizer has already been highlighted as a significant contributor to Cd accumulation in farmland soils [38]. Fertilization tends to be regionally similar [39], and the low spatial variability of anthropogenic Cd contribution was most likely attributed to the extensive application of chemical fertilizers in this region. As a result, fertilizer application can be identified as a major anthropogenic source, which has an important impact on Cd accumulation in the topsoil. This result was different from a national-scale study by Luo et al., who presented that manure application was the major source of anthropogenic Cd input into Chinese farmland soils [9]. Such a difference reflects the fact that trace metal sources and their impact can vary greatly at different spatial scales. In the present study, Cd generally had a higher anthropogenic contribution value than other trace metals, except for Pb that was mainly contributed by atmospheric deposition. With continuous improvement in pollution control devices, energy conservation, and the usage of clean fuels, the anthropogenic contribution to trace metals by atmospheric deposition is expected to decrease; contrarily, the trace metal inputs from phosphorus fertilizer will most likely increase due to continuous depletion of high quality phosphorus rock around the world [39].





5. Conclusions


The integrated application of EF, PCA, and GIS mapping is an effective approach to achieve the spatial assessment of anthropogenic impact on trace metal accumulation in regional soils. Results obtained in this study showed that the accumulations of Pb, Cd, Cu, Zn, Cr, and Ni in the farmland soils of Tancheng County have been impacted by anthropogenic activities, which could contribute up to 40.83% of total metal concentration. The anthropogenic sources of Pb, Cr, and Ni were mostly associated with atmospheric deposition from the central urban area. However, trace metals like Cd, Cu, and Zn were further confirmed to originate from different agricultural sources. For Cu and Zn, their anthropogenic inputs were mostly related to pig manure application in the rural northern and southeastern areas. The extensive application of chemical fertilizers, especially the application of phosphorus fertilizer was the major contributor to anthropogenic Cd accumulation in the region. Overall, this study provided a valuable reference for the local government, which will be helpful in designing optimal soil pollution control policies and guaranteeing sustainable agricultural development.








Supplementary Materials


The following is available online at http://www.mdpi.com/1660-4601/15/9/2052/s1, Table S1: Semivariogram models for anthropogenic trace metal contribution values and principal component scores.





Author Contributions


Conceptualization, W.J. and R.L.; Data curation, W.J.; Formal analysis, W.J., Y.N. (Yong Niu), and Y.N. (Yuan Niu); Investigation, W.J. and H.H.; Writing–original draft, W.J.




Funding


This study was financially supported by the National Natural Science Foundation of China (Grant No. 41601515) and the Natural Science Foundation of Shandong Province, China (Grant No. ZR2016DB20).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Niu, L.L.; Yang, F.X.; Xu, C.; Yang, H.Y.; Liu, W.P. Status of metal accumulation in farmland soils across China: From distribution to risk assessment. Environ. Pollut. 2013, 176, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.Y.; Chang, Q.; Yuan, X.Y.; Li, J.Z.; Ayoko, G.A.; Frost, R.L.; Chen, H.Y.; Zhang, X.J.; Song, Y.X.; Song, W.Z. Cadmium transfer from contaminated soils to the human body through rice consumption in southern Jiangsu Province, China. Environ. Sci.-Process Impacts 2017, 19, 843–850. [Google Scholar] [CrossRef] [PubMed]

	



Ghrefat, H.A.; Yusuf, N.; Jamarh, A.; Nazzal, J. Fractionation and risk assessment of heavy metals in soil samples collected along Zerqa River, Jordan. Environ. Earth Sci. 2012, 66, 199–208. [Google Scholar] [CrossRef]

	



Hu, Y.A.; Cheng, H.F. A method for apportionment of natural and anthropogenic contributions to heavy metal loadings in the surface soils across large-scale regions. Environ. Pollut. 2016, 214, 400–409. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, F.A.; Smith, S.R.; Alloway, B.J.; Carlton-Smith, C.; Chambers, B.J. An inventory of heavy metals inputs to agricultural soils in England and Wales. Sci. Total Environ. 2003, 311, 205–219. [Google Scholar] [CrossRef]

	



Benke, M.B.; Indraratne, S.P.; Hao, X.Y.; Chang, C.; Goh, T.B. Trace element changes in soil after long-term cattle manure applications. J. Environ. Qual. 2008, 37, 798–807. [Google Scholar] [CrossRef] [PubMed]

	



Atafar, Z.; Mesdaghinia, A.; Nouri, J.; Homaee, M.; Yunesian, M.; Ahmadimoghaddam, M.; Mahvi, A.H. Effect of fertilizer application on soil heavy metal concentration. Environ. Monit. Assess. 2010, 160, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, W.; Ouyang, W.; Hao, F.H.; Wang, F.L.; Liu, B. Long-term cultivation impact on the heavy metal behavior in a reclaimed wetland, Northeast China. J. Soils Sediments 2014, 14, 567–576. [Google Scholar] [CrossRef]

	



Luo, L.; Ma, Y.B.; Zhang, S.Z.; Wei, D.P.; Zhu, Y.G. An inventory of trace element inputs to agricultural soils in China. J. Environ. Manag. 2009, 90, 2524–2530. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhao, Y.C.; Wang, Z.G.; Sun, W.X.; Huang, B.; Shi, X.Z.; Ji, J.F. Spatial interrelations and multi-scale sources of soil heavy metal variability in a typical urban–rural transition area in Yangtze River Delta region of China. Geoderma 2010, 156, 216–227. [Google Scholar] [CrossRef]

	



Mico, C.; Recatala, L.; Peris, A.; Sanchez, J. Assessing heavy metal sources in agricultural soils of an European Mediterranean area by multivariate analysis. Chemosphere 2006, 65, 863–872. [Google Scholar] [CrossRef] [PubMed]

	



Shan, Y.S.; Tysklind, M.; Hao, F.H.; Ouyang, W.; Chen, S.Y.; Lin, C.Y. Identification of sources of heavy metals in agricultural soils using multivariate analysis and GIS. J. Soils Sediments 2013, 13, 720–729. [Google Scholar] [CrossRef]

	



Kara, M.; Dumanoğlu, Y.; Altıok, H.; Elbir, T.; Odabası, M.; Bayram, A. Spatial distribution and source identification of trace elements in topsoil from heavily industrialized region, Aliaga, Turkey. Environ. Monit. Assess. 2014, 186, 6017–6038. [Google Scholar] [CrossRef] [PubMed]

	



Jia, L.; Wang, W.Y.; Li, Y.H.; Yang, L.S. Heavy metals in soil and crops of an intensively farmed area: A case study in Yucheng City, Shandong Province, China. Int. J. Environ. Res. Public Health 2010, 7, 395–412. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.Y.; Hu, K.L.; An, Y.; Chen, C.; Li, G.D. Spatial distribution and source apportionment of the heavy metals in the agricultural soil in a regional scale. J. Soils Sediments 2018, 18, 852–862. [Google Scholar] [CrossRef]

	



Rauret, G.; Lopez-Sanchez, J.F.; Sahuquillo, A.; Rubio, R.; Davidson, C.; Ure, A.; Quevauviller, P. Improvement of the BCR three step sequential extraction procedure prior to the certification of new sediment and soil reference materials. J. Environ. Monit. 1999, 1, 57–61. [Google Scholar] [CrossRef] [PubMed]

	



Chester, R.; Stoner, J.H. Pb in particulates from the lower atmosphere of the eastern Atlantic. Nature 1973, 245, 27–28. [Google Scholar] [CrossRef]

	



N’guessan, Y.M.; Probst, J.L.; Bur, T.; Probst, A. Trace elements in stream bed sediments from agricultural catchments (Gascogne region, S-W France): Where do they come from? Sci. Total Environ. 2009, 407, 2939–2952. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ye, C.; Li, S.Y.; Zhang, Y.L.; Zhang, Q.F. Assessing soil heavy metal pollution in the water-level-fluctuation zone of the Three Gorges Reservoir, China. J. Hazard. Mater. 2011, 191, 366–372. [Google Scholar] [CrossRef] [PubMed]

	



Blaser, P.; Zimmermann, S.; Luster, J.; Shotyk, W. Critical examination of trace element enrichments and depletions in soils: As, Cr, Cu, Ni, Pb, and Zn in Swiss forest soils. Sci. Total Environ. 2000, 249, 257–280. [Google Scholar] [CrossRef]

	



Zhou, F.; Guo, H.C.; Liu, L. Quantitative identification and source apportionment of anthropogenic heavy metals in marine sediment of Hong Kong. Environ. Geol. 2007, 53, 295–305. [Google Scholar] [CrossRef]

	



Pan, L.B.; Ma, J.; Wang, X.L.; Hou, H. Heavy metals in soils from a typical county in Shanxi Province, China: Levels, sources and spatial distribution. Chemosphere 2016, 14, 248–254. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.Y.; Jia, Z.M. Heavy metals in soils from a representative rapidly developing megacity (SW China): Levels, source identification and apportionment. Catena 2018, 163, 414–423. [Google Scholar] [CrossRef]

	



Jiang, Y.X.; Chao, S.H.; Liu, J.W.; Yang, Y.; Chen, Y.J.; Zhang, A.C.; Cao, H.B. Source apportionment and health risk assessment of heavy metals in soil for a township in Jiangsu Province, China. Chemosphere 2017, 168, 1658–1668. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.X.; Yu, Y.; Yang, Z.F.; Shen, Z.Y.; Wang, X.; Cai, Y.P. A comparison of metal distribution in surface dust and soil among super city, town, and rural area. Environ. Sci. Pollut. Res. 2016, 23, 7849–7860. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.Y.; Liu, L.J.; Wang, Y.G.; Luo, G.P.; Chen, X.; Yang, X.L.; Hall, M.H.P.; Guo, R.C.; Wang, H.J.; Cui, J.H.; et al. Heavy metal contamination of urban soil in an old industrial city (Shenyang) in Northeast China. Geoderma 2013, 192, 50–58. [Google Scholar] [CrossRef]

	



Qu, M.K.; Li, W.D.; Zhang, C.R.; Wang, S.Q.; Yang, Y.; He, L.Y. Source apportionment of heavy metals in soils using multivariate statistics and geostatistics. Pedosphere 2013, 23, 437–444. [Google Scholar] [CrossRef]

	



Lu, Y.; Zhu, F.; Chen, J.; Gan, H.; Guo, Y. Chemical fractionation of heavy metals in urban soils of Guangzhou, China. Environ. Monit. Assess. 2007, 134, 429–439. [Google Scholar] [CrossRef] [PubMed]

	



SEPAC (State Environmental Protection Administration of China). Environmental Quality Standard for Soils (GB 15618–1995); State Environmental Protection Administration of China: Beijing, China, 1995. [Google Scholar]

	



Yang, Y.; Christakos, G.; Guo, M.W.; Xiao, L.; Huang, W. Space-time quantitative source apportionment of soil heavy metal concentration increments. Environ. Pollut. 2017, 223, 560–566. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.P. Heavy metal pollution in China: Origin, pattern and control. Environ. Sci. Pollut. Res. 2003, 10, 192–198. [Google Scholar] [CrossRef][Green Version]

	



Pan, L.B.; Wang, Y.; Ma, J.; Hu, Y.; Su, B.Y.; Fang, G.L.; Wang, L.; Xiang, B. A review of heavy metal pollution levels and health risk assessment of urban soils in Chinese cities. Environ. Sci. Pollut. Res. 2018, 25, 1055–1069. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, W.; Ouyang, W.; Hao, F.H.; Lin, C.Y. Anthropogenic impact on diffuse trace metal accumulation in river sediments from agricultural reclamation areas with geochemical and isotopic approaches. Sci. Total Environ. 2015, 536, 609–615. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, W.; Ouyang, W.; Hao, F.H.; Liu, B.; Wang, F.L. Geochemical variability of heavy metals in soil after land use conversions in Northeast China and its environmental applications. Environ. Sci.-Process Impacts 2014, 16, 924–931. [Google Scholar] [CrossRef] [PubMed]

	



Hou, D.Y.; O’Connor, D.; Nathanail, P.; Tian, L.; Ma, Y. Integrated GIS and multivariate statistical analysis for regional scale assessment of heavy metal soil contamination: A critical review. Environ. Pollut. 2017, 231, 1188–1200. [Google Scholar] [CrossRef] [PubMed]

	



Luo, X.S.; Xue, Y.; Wang, Y.L.; Long, C.; Xu, B.; Ding, J. Source identification and apportionment of heavy metals in urban soil profiles. Chemosphere 2015, 127, 152–157. [Google Scholar] [CrossRef] [PubMed]

	



Dach, J.; Starmans, D. Heavy metals balance in Polish and Dutch agronomy: Actual state and previsions for the future. Agric. Ecosyst. Environ. 2005, 107, 309–316. [Google Scholar] [CrossRef]

	



Grant, C.A.; Sheppard, S.C. Fertilizer impacts on cadmium availability in agricultural soils and crops. Hum. Ecol. Risk Assess. 2008, 14, 210–228. [Google Scholar] [CrossRef]

	



Jiao, W.T.; Chen, W.P.; Chang, A.C.; Page, A.L. Environmental risks of trace elements associated with long-term phosphate fertilizers applications: A review. Environ. Pollut. 2012, 168, 44–53. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 15 02052 g001 550] 





Figure 1. Location of the study area showing land uses and sampling sites. 
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Figure 2. Enrichment factors of trace metals in the topsoil. Box plot (dark grey) extends from the 25th to 75th percentiles, covering the median (line) and the mean (black point) values; Circles at the top and bottom of box plot represent the maximum and minimum values; Whiskers represent the 5th and 95th percentiles. 
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Figure 3. Spatial distribution patterns of anthropogenic Pb (a), Cd (b), Cu (c), Zn (d), Cr (e), and Ni (f) contributions in the topsoil. 
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Figure 4. Spatial distribution patterns of PC1 (a) and PC2 (b) in the topsoil. 
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Table 1. Descriptive statistics of trace metal concentrations in the topsoil and subsoil.
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	Trace Metals (mg/kg)
	Parameters
	Pb
	Cd
	Cu
	Zn
	Cr
	Ni





	Study area
	Minimum
	33.10
	0.15
	23.54
	68.09
	41.13
	24.41



	(Topsoil, n = 97)
	Maximum
	56.10
	0.22
	42.13
	131.30
	68.81
	40.69



	
	Mean
	43.34
	0.19
	30.51
	94.74
	53.23
	34.75



	
	S.D a
	8.34
	0.03
	5.73
	21.85
	9.27
	7.21



	
	V.C b
	19.24
	15.79
	18.78
	23.06
	17.41
	20.75



	Study area
	Minimum
	18.95
	0.08
	16.17
	43.80
	27.46
	15.72



	(Subsoil, n = 25)
	Maximum
	26.69
	0.12
	20.96
	63.75
	35.81
	26.19



	
	Mean
	24.46
	0.11
	18.83
	55.59
	31.62
	21.33



	
	S.D a
	2.48
	0.02
	2.84
	8.81
	3.19
	4.11



	
	V.C b
	10.14
	18.18
	15.08
	15.85
	10.09
	19.27



	A county in Northwest China [22]
	Mean
	24
	0.20
	30
	83
	71
	32



	A county in Southwest China [23]
	Mean
	29.41
	0.38
	26.55
	91.20
	76.48
	35.79



	A town in East China [24]
	Mean
	31.41
	0.11
	31.60
	61.13
	86.38
	34.93



	A town in North China [25]
	Mean
	28.29
	0.24
	35.98
	93.31
	100.73
	38.14



	Shenyang [26]
	Mean
	116.76
	1.10
	92.45
	234.80
	67.90
	—



	Wuhan [27]
	Mean
	301.70
	3.98
	60.85
	86.40
	152.78
	52.87



	Guangzhou [28]
	Mean
	109
	0.5
	63
	117
	—
	26



	Chinese environmental quality standard for soils c
	
	250
	0.3
	50
	200
	150
	40







a Standard deviation. b Variation coefficient (%). c Limits affecting agricultural production and human health according to Chinese Environmental Quality Standard for Soils [29].
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Table 2. Spearman correlation coefficients of Fe, Al, and their chemical fractions in the subsoil (n = 25).
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Metal

	
Spearman Correlation Coefficients

	
Chemical Fractions % (Mean ± S.D)




	
Pb

	
Cd

	
Cu

	
Zn

	
Cr

	
Ni

	
Acid-Soluble

	
Reducible

	
Oxidizable

	
Residual






	
Fe

	
0.573

	
0.611

	
0.458

	
0.418

	
0.526

	
0.406

	
6.23 ± 0.71

	
18.21 ± 1.35

	
12.36 ± 1.21

	
63.20 ± 5.17




	
Al

	
0.813

	
0.876

	
0.795

	
0.729

	
0.842

	
0.704

	
2.68 ± 0.28

	
8.13 ± 1.14

	
5.06 ± 0.53

	
84.13 ± 7.75
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Table 3. Explanation of total variance and component matrix for trace metals in the topsoil. PC = principal component.
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Initial Eigenvalues

	
Element

	
Rotated Component Matrix




	
Component

	
Total

	
% of Variance

	
Cumulative %

	
PC1

	
PC2




	
Explanation of Total Variance

	
Component Matrixes






	
1

	
3.191

	
53.182

	
53.182

	
Pb

	
0.974

	
−0.140




	
2

	
2.364

	
39.402

	
92.584

	
Cd

	
−0.235

	
0.866




	
3

	
0.275

	
4.585

	
97.170

	
Cu

	
0.092

	
0.961




	
4

	
0.077

	
1.279

	
98.449

	
Zn

	
−0.073

	
0.967




	
5

	
0.061

	
1.024

	
99.472

	
Cr

	
0.975

	
0.060




	
6

	
0.032

	
0.528

	
100.000

	
Ni

	
0.967

	
−0.135












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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