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Abstract

:

The Middle Route Project of China’s South-to-North Water Diversion Project (SNWDP) is a national-level water source protection zone and the ecological safety of its water quality and surrounding soil is of great significance. In this study, heavy metals in the surface water and topsoil in the core water source area were quantitatively analyzed using a geographic information system (GIS) and geostatistical techniques combined with environmental pollution and ecological risk assessment models to determine their environmental contamination levels, ecological risk levels, and spatial distribution patterns. Cd was identified as an essential factor responsible for the overall slight heavy metal pollution in the topsoil layer. Heavy metal contamination in surface water was primarily driven by alert-level concentrations of Hg and was consistently distributed in areas with high concentrations of Hg in the topsoil. Applying the potential ecological risk index (RI) revealed two key results. First, surface water showed no ecological risk. The concentrations of heavy metals in surface water met the goals set by relevant authorities in China. Second, overall, the topsoil was at low ecological risk, with a spatial pattern primarily influenced by Cd and Hg. Some heavy metals might have similar pollution sources and originate from human activities such as industrial activities, mining and smelting, and pesticide and chemical fertilizer applications. The study is important for improving the soil and water ecology in the reservoir area and ensuring the northward diversion of high-quality water. In addition, it provides a sound basis for making decisions about local heavy-metal remediation and treatment projects.
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1. Introduction


Heavy metals are the most common pollutants incorporated into indices that characterize various types of environmental quality. Most heavy metals are carcinogenic and detrimental to the nervous and immune systems and can easily accumulate in living bodies after being concentrated and magnified via the food chain [1,2]. The US Environmental Protection Agency has listed six heavy metals as priority pollutants: cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn) [3]. Globally, heavy metals pose a serious threat to human health and ecosystem integrity [4,5,6,7].



Reservoir control reaches are semi-natural and semi-artificial ecosystems that are easily affected by human activities [8]. With rapid population growth, the expansion of industrial and agricultural sectors, and advancing urbanization, large quantities of dangerous chemical substances, particularly heavy metals, are released in various forms into water bodies [9,10,11], causing pollution in aquatic environments which directly or indirectly threatens the safety of humans and other organisms [12,13,14]. Characterized by their long-term hazardous effects, high invisibility, high toxicity, non-biodegradability, and ease of accumulation, circulation, and migration, heavy metals in soils can have a significant adverse impact on regional ecological conditions [15,16]. Heavy metals can not only impair crop growth [17,18], but also enter surface water through aerial dust transported by wind. When they reach a certain concentration, heavy metals in soil will penetrate into groundwater with surface runoff and enter water sediment through sedimentation, which will be rereleased to water bodies under certain conditions, resulting in water environment pollution [19,20,21]. In recent years, the migration and geochemical diffusion of toxic elements in soils and sediments, the soil pollution generated by toxic elements, and the related ecological risks have become an important, burgeoning field of research [22,23,24]. Most published studies tend to focus on heavy metal pollution in either water bodies or soils, while relatively few have simultaneously investigated it in both, and more comprehensive assessments are still lacking [25,26,27,28].



The Middle Route Project of China’s South-to-North Water Diversion Project (SNWDP), currently the largest of its kind in the world, is a strategic inter-basin water diversion project implemented to alleviate severe water shortages in northern China [29,30] and was officially put into operation to supply water on 12 December 2014. By July 2021, the project had provided a total water supply of more than 40 billion m3 to four provinces/municipalities (Beijing, Tianjin, Hebei, and Henan), becoming the water-supply lifeline for 24 large and medium-sized cities along its route. Continuing economic progress in the areas surrounding the Danjiangkou Reservoir has resulted in development in several sectors—aquaculture, forest product processing, and various types of industrial manufacturing—in many villages and townships, causing ecological and environmental damage as well as severe soil erosion, which now poses a discernible threat to the reservoir’s water quality [31,32].



China has now entered the Fourteenth Five-Year Plan period, aiming to achieve green and low-carbon circular development. The plan further clarifies the need to comprehensively strengthen ecological protection and restoration in certain areas, such as national key ecological functional zones, ecological protection redlines, and national nature reserves. On 14 May 2021, Xi Jinping, the General Secretary of the Central Committee of the Communist Party of China, delivered an important speech in Nanyang, Henan Province. He stressed the relationship of the SNWDP to the country’s overall strategic plan and long-term development, and the welfare of the populace; the need to adhere to the appraisal principles for major hydraulic engineering projects that prioritize water conservation and emphasize spatial balance, ecological security, and sustainability; and the need to improve the level of intensive and economical utilization of water resources.



Although it lacks a clear-cut definition, the core water source area (CWSA) of the Middle Route of China’s SNWDP refers to a total of nine counties (cities and districts) which are in relatively close proximity to the Danjiangkou Reservoir’s water surface and produce urban and industrial pollution that directly affects its water quality, according to the Counterpart Cooperation Work Plan for the Danjiangkou Reservoir Area and Its Upstream Areas issued by the National Development and Reform Commission of China and the Office of the SNWDP Construction Committee [33]. The CWSA is responsible for the daunting task of supplying water along the Middle Route Project of the SNWDP. The ecological environmental conditions in the areas along this route, and the high-quality development of their water resources, have consequences for the water safety of several tens of millions of people in North China and play a vital role in ensuring economic and social stability in the water-receiving areas and the northward diversion of clear water from the sole reservoir. To date, however, surprisingly few studies have investigated heavy metal pollution as it pertains to the Middle Route Project of the SNWDP.



In this study, the definition of the CWSA was first optimized based on village- and township-level administrative units. Then, the spatial variability and distribution pattern of the concentrations of six heavy metals (Cd, Cr, Cu, Hg, Pb, and Zn, respectively denoted here as CCd, CCr, CCu, CHg, CPb, and CZn) in the surface water of the Danjiangkou Reservoir area and the surrounding topsoil in the study area (the CWSA) were analyzed by using a combination of a geographic information system (GIS) and geostatistical techniques. In addition, the heavy metals in the surface water and topsoil were quantitatively analyzed using environmental pollution and ecological risk assessment models to determine their environmental contamination levels, potential ecological risk levels, and spatial distribution patterns. Moreover, an attempt was made to identify the sources of heavy-metal pollutants in the CWSA.



In response to China’s new consequential development strategy, the purpose of this study is to (1) mitigate the ecological risk and improve the drinking water safety due to heavy metal pollution in the Danjiangkou Reservoir area, and (2) ensure the availability of high-quality clear water in northern China and protect the environmental resources affected by the water transfer project. This is conducive to promoting the coordinated and sustainable socioeconomic and environmental development of the core water source and receiving areas. The results of the study provide data support and a basis for decision making for local ecological and environmental management and soil and water restoration.




2. Materials and Methods


2.1. Study Area


In this study, the CWSA of the Middle Route of China’s SWNDP was defined as consisting of five counties (cities and districts), including Zhangwan District, Maojian District, Danjiangkou City (including the Wudang Mountains Special Zone), Yunyang District, and Yunxi County in Shiyan City, Hubei Province, and 38 villages, townships, and sub-districts under the jurisdiction of Xichuan and Xixia Counties, in Nanyang City, Henan Province. This definition has already been accepted by Chinese researchers [33]. Figure 1 shows the location of the CWSA on a map. The study area, with a total area of 6022.59 km2 (water area accounts for more than 80% of the Danjiangkou Reservoir area), is the core area along the Danjiangkou Reservoir (110°20′–112°00′ E, 32°20′–33°20′ N), which contains two river basins, the Han and Dan River Basins, both of which flow into the reservoir. Here, a monsoon climate prevails, with an annual average temperature of 15–16 °C and an annual average precipitation of 800–1000 mm. The geological formations in the study area are complex; most are from the Proterozoic and Mesozoic Eras, while a few are Paleozoic and Cenozoic in age, being composed of a variety of rocks (mostly metamagmatic and carbonate rocks). Situated at the southern foot of Funiu Mountain (a branch of the Qinling Mountains), Nanyang City comprises the eastern part of the study area, with a terrain that generally declines in elevation from northwest to southeast, primarily characterized by three types of landforms: eroded low mountains, eroded hills, and accumulation plains. Due to the presence of the Qinling Mountains, the terrain of Shiyan City, in the western part of the study area, has elevation that is, overall, high in the northwest and low in the southeast and geomorphologically consists mainly of hills and mountains of low and medium stature. With most of its population employed in the agricultural sector, the study area is, overall, relatively less developed from both the economic and social perspective. Agricultural production is the main socioeconomic activity and source of income in the study area.




2.2. Sample Collection and Testing


Surface-water samples were collected at 85 sites in the Danjiangkou Reservoir and topsoil samples were collected at 7735 sites from August to October in 2017 and 2018. The surface water of Danjiangkou Reservoir is classified as class II water type (i.e., class I protection zone for domestic drinking water sources of surface water) according to the classification standard of water environmental functions and protection objectives in China. The specification for Multi-Purpose Regional Geochemical Survey (1: 250,000) (DD2005-01) issued by the China Geological Survey was strictly followed during the sample collection and testing processes [34].



In this research, surface water samples were collected along the Danjiangkou Reservoir of the study area according to the collection density of 1/12 km2 and fine-tuned considering the reservoir shape, proximity to the main water source inlet, location of sewage facilities, and other factors. A vertical plexiglass water sampler meeting the requirements was used to collect surface-water samples from the reservoir at 0.5 m below the surface. Each sample was placed in a 500 mL HNO3-washed polyethylene plastic bottle and left to settle naturally for 30 min, then the upper clear liquid was taken and acidized to pH <2. After being sealed, the bottles were brought to the laboratory in a timely fashion and stored in a refrigerator at 4 °C. Meanwhile, topsoil samples were collected using the grid sampling approach according to the specification of land quality geochemical assessment in China (DZ/T 0295-2016) [35] to ensure evenly distributed sampling points within the grid. Grid selection was closely related to the water quality of the reservoir area and the cultivated land and gardens around the reservoir with frequent human activities. For mountainous areas and woodlands with weak human activities, sampling grids could be appropriately reduced or not arranged. Specifically, within each 1 km2 grid cell in the study, 6 topsoil samples (total mass > 1 kg) were collected at depths of 0–20 cm and placed in a sample-labeled cloth bag. Each sample was air-dried, after which it was gently struck with a mallet and then passed through a 10-mesh standard sieve. A total of 400 g of sieved soil was placed in another sample-labeled cloth bag, and all topsoil samples were delivered in a timely fashion to the facility for testing and analysis. In addition, efforts were made to ensure that the required sample thickness of the soil layer was achieved and that the samples were uniform and representative. Finally, the actual numbers of topsoil and surface water samples collected were 7735 and 85, respectively, and all of them were tested and statistically analyzed based on the comprehensive sampling.



Six heavy metals (Cd, Cr, Cu, Hg, Pb, and Zn) were tested to determine their concentration in the surface water and topsoil samples by Hubei Geological Research Laboratory. The test method and equipment are shown in Table 1. The reporting rate of each heavy metal reaches 100%, indicating that the detection limit of analytical method fully meets the requirements. Two specific methods were used: (1) We weighed 0.1 g of each topsoil sample, decomposed it by HF, HCl, HNO3, and HClO4, and extracted it with HCl into a 100 mL volumetric flask. Nitric acid was added to the surface water as a protective agent. Inductively coupled plasma mass spectrometry was used to quantify the CCd, CCr, CCu, CPb, and CZn contents in the topsoil and surface water. (2) We weighed 0.5 g of each topsoil sample, added 5 mL of aqua regia (volume ratio of concentrated hydrochloric acid to nitric acid was 3:1) and 5 mL of distilled water, and boiled the water bath for 2 h. Then we transferred it to a 50 mL volumetric flask after natural cooling, fixed the volume with deionized water, and shook it well. Then 10 mL of each surface water sample was taken, mixed in a solution of hydrochloric acid, potassium bromate, and potassium bromide, and shaken well. After it was left standing for 20 min, a few drops of hydroxylamine hydrochloride were added for reduction. Atomic fluorescence spectrometry was used to measure the CHg in the topsoil and surface water. Relevant national standards and methods, as well as the Regulations on Quality Management of Environmental Monitoring (2006) [36], the Water Quality Technical Regulation on the Design of Sampling Programs (HJ 495-2009) [37], and the Technical Specification for Soil Environmental Monitoring (HJ/T 166-2004) [38] (all issued by the Ministry of Ecology and Environment of China), were followed throughout the storing, analysis, and testing of samples. Quality control (QC) was performed using a combination of external and internal methods with national primary reference materials (GBW). In addition, a three-level verification process was carried out. The required detection limit and pass rate were both achieved for each heavy metal.




2.3. Data Processing and Spatial Analysis Methods


2.3.1. Statistical Analysis


Outliers were identified in the 85 surface-water samples and 7735 topsoil samples by comparing the concentration of heavy metals in each sample to their average concentration. If the difference between the concentration of a heavy metal and its corresponding average concentration was greater than 3 times the standard deviation (SD) of the water and soil data sets, that value was considered an outlier. Each outlier was then replaced by the corresponding normal maximum value [39]. To prevent an increase in their regularity, the original data were only subjected to this outlier elimination treatment [40].



All statistical analyses were completed by SPSS 19.0 software and the results were analyzed by descriptive statistics. Correlation analysis is a statistical method for determining whether there is a correlation between samples and, if so, the strength of that correlation [41]. For heavy metals, there generally exists a certain link between their sources and their migration and transformation processes. Pearson correlation coefficient analysis (PCCA) is used to measure whether two data sets are on a line so as to judge the linear relationship between distance variables and help to determine possible sources of heavy metal pollution [42]. In recent years, it has been widely used to evaluate the relationships between different heavy metals in soil and water [42,43,44]. The significance values are based on the p-test value in PCCA.



Principal component analysis (PCA) can interpret the variance of a large dataset with several variables as effective pattern recognition [45,46]. To further identify associations among and common sources of metals, PCA was performed with a varimax rotation which can facilitate interpreting the results by minimizing variable numbers with high loading on each component [47]. The Kolmogorov–Smirnov test was used to analyze the normality of the data. A p-value above 0.05 was used to accept the hypothesis of the normally distributed dataset [48,49]. After completing the outlier elimination process, the data of heavy metal concentration in topsoil and surface water basically followed normal distribution. The data of samples in topsoil and surface water were subjected to Kaiser–Meyer–Olkin and Bartlett tests. The results met the PCA requirements. The number of principal components was determined according to Kaiser rule (characteristic value >1) [50]. Subsequently, a PCA-based method, absolute principal component scores (APCS)- multiple linear regression (MLR), was used to quantify the contribution of each PC [51]. This provides a quantitative characterization of the contribution of each pollution source to the overall pollution [52,53].




2.3.2. Spatial Analysis Methods


In this study, semi-variogram calculations and theoretical model fitting were completed in GS+ 9.0 software. Relevant distribution maps (of heavy metal concentrations, environmental contamination levels, and ecological risk levels) were plotted using the ordinary kriging and inverse distance weighting interpolation methods in ArcGIS 10.2.





2.4. Heavy Metal Pollution and Its Risk Assessment Methods


2.4.1. Nemerow Pollution Index (NPI)


The NPI is a measure now commonly used to assess the quality of a surface water environment. It is useful for identifying the elements that cause the most pollution [54]. The NPI is derived as follows:


    P i  =    C i     S i        P N  =      max       P i     2  + a v g      P i     2   2      



(1)




where    P i    is the single-factor pollution index for heavy metal i in the surface water;    C i    is the measured concentration of heavy metal i;    S i    is the corresponding water-quality reference standard, according to the class II water-quality standard stipulated in China’s Environmental Quality Standards for Surface Water (EQSSW) (GB 3838-2002);    P N    is the NPI for heavy metals in the surface water; and max(   P i   ) is the maximum value and   a v g    P i      is the mean value of the single-factor pollution index for heavy metals in the surface water. The    P i    and    P N    assessment standards for heavy metals in surface water are as follows:    P i    ≤ 1, safe; 1 <    P i    ≤ 2, alert; 2 <    P i    ≤ 3, mild concentration; and    P i    > 3, serious concentration; likewise,    P N    ≤ 0.7, safe; 0.7 <     P N    i    ≤ 1, alert; 1 <    P N    ≤ 2, mild concentration; and    P N    > 2, serious concentration [54].




2.4.2. Pollution Load Index (PLI)


The PLI can convey total heavy metal contamination levels in different areas and the temporal and spatial variation patterns [55]. The PLI is calculated as follows:


   C  F i  =    C i     B i       PLI =   C  F 1  ×     C  F 2  ×     … …     × C  F n   n    



(2)




where   C  F i    is the single-factor contamination index for heavy metal i in the soil;    C i    is the measured concentration of heavy metal i;    B i    is the soil background concentration of heavy metal i, for which the average concentration of a given heavy metal in the topsoil in Hubei and Henan Provinces was used as the reference concentration; PLI is the pollution load index for heavy metals in the soil; and n is the number of heavy metals assessed. The   C  F i    and PLI assessment standards for soils are as follows:   C  F i     ≤ 1, not polluted; 1 <   C  F i    ≤ 2, slightly polluted; 2 <   C  F i    ≤ 3, moderately polluted; and   C  F i    > 3, highly polluted; likewise,   PLI    ≤ 1, not polluted; 1 <   PLI   ≤ 2, slightly polluted; 2 <   PLI   ≤ 3, moderately polluted; and   PLI   > 3, highly polluted [56].




2.4.3. Potential Ecological Risk Index (RI)


The RI can facilitate the assessment of the combined effects of various heavy metals and their differential toxicity to organisms [57]. This index is used extensively to assess the ecological risk posed by heavy metals and to quantify potential ecological risk levels [58,59,60,61]. The RI can be calculated using these equations:


    E r i  =  T r i  ×  C r i  =  T r i  ×    C s i     C n i       RI =   ∑   i = 1  n   E r i    



(3)




where    E r i    is the single-factor potential ecological risk index for heavy metal i at sampling site r;    C i r    is the single-factor contamination index for heavy metal i at sampling site r;    C s i    is the measured concentration of heavy metal i;    C n i    is the reference concentration for heavy metal i;    T r i    is the toxicity factor for heavy metal i, whose values for Cd, Cr, Cu, Hg, Pb, and Zn are 30, 2, 5, 40, 5, and 1, respectively [52]; and   RI   is the sum of    E r i   . and represents the overall potential ecological risk index. Table 2 summarizes the    E i r    and RI classification standards [60].






3. Results


3.1. Analysis of Heavy Metal Pollution in Surface Water


3.1.1. Statistical Characteristics Analysis of Surface Water


Table 3 summarizes the measured concentrations of the six heavy metals in the CWSA of the Middle Route of China’s SNWDP. The average value of each heavy metal did not exceed the class II standards stipulated in China’s EQSSW (GB 3838-2002) [62] or the standards stipulated in China’s Standard for Drinking Water (SDW) (GB 5749-2006) [63]. This result suggests that the surface-water quality in the study area met the goal set by relevant authorities in China (which was to achieve a long-term stable water-quality level in the Danjiangkou Reservoir area conforming with the class II standards) and reached the level required for water-supply purposes. The coefficient of variation (CV) reflects the degree of dispersion in the data for a set of samples. Generally, a CV of <10% indicates weak variability, a CV of 10–100% indicates moderate variability, whereas a CV of >100% indicates strong variability [64]. This pattern suggests moderate variability in CHg (69.50%) and CCd (34.69%) and strong variability in CCr (278.21%), CCu (177.55%), CPb (171.18%), and CZn (121.55%). In particular, the CV for CCr was the greatest. Clearly, the spatial distribution of heavy metal concentrations was relatively highly dispersed and variable, as well as non-uniform.




3.1.2. Assessment of Current Heavy Metal Contamination Levels in Surface Water


Figure 2 and Table 4 summarize the assessment of    P i    for heavy metals in the surface water in the study area. Overall, the contamination level of each heavy metal was relatively low. The values of    P i    for Cd, Cr, Cu, Pb, and Zn were all less than 1, suggesting that the concentrations of these metals were at a safe level. For Hg,    P i    was between 1 and 2 at only two sampling sites (   P i    = 1.04 at both sites), suggesting that CHg was at the alert level at both sites. Overall, CHg was at the alert and safe level at 2.35 and 97.65% of all sampling sites, respectively.



Similarly, the assessment of NPI revealed alert- and safe-level heavy metal concentrations at 2.35 and 97.65%, respectively, at all sampling sites (Table 4). Further, sampling sites with alert-level heavy metal concentrations per the NPI were consistent with those with alert-level CHg values, suggesting that the heavy metal pollution in the surface water in the study area was primarily caused by an alert-level CHg. From a spatial distribution perspective (as shown in Figure 3), sampling sites with alert-level heavy metal concentrations are located in the runoff areas along the Danjiangkou Reservoir in western Anyang (I) and eastern Jinhe (II).





3.2. Analysis of Environmental Quality of Heavy Metals in Topsoil


3.2.1. Analysis of Topsoil Concentrations


Table 5 summarizes the statistics for the six heavy metals at 7735 topsoil sampling sites in the CWSA of the Middle Route of China’s SNWDP. The mass concentrations of elements varied rather significantly. A comparison of the average concentration of each element to the corresponding topsoil background value (referring to China’s Soil Element Background Values (1990) published by the China Environmental Monitoring Center) revealed that, except for Hg and Pb, all metals exceeded their ambient levels in the study area. Specifically, the CCd, CCr, CCu, and CZn were 1.77-, 1.90-, 1.24-, and 1.19-fold higher than their background values, respectively, indicating considerable enrichment. Nevertheless, the CV values indicated strong variability in the concentrations of heavy metals; the CV values for CPb and CZn were the highest (302.64 and 344.24%, respectively), which suggests that both metals are distributed in a notably varied pattern and are relatively significantly affected by human activities.




3.2.2. Spatial Variability and Distribution Pattern of the Heavy Metals in the Topsoil


The concentrations of the six heavy metals in the topsoil were then analyzed using a semi-variogram. The spatial variability of each metal’s concentration in topsoil was characterized with the nugget, sill, and range parameters. The exponential model exhibited the best goodness of fit for CCd and CCu; the Gaussian model was used to fit CHg, CPb, and CZn; and the linear model was used to fit CCr. The nugget/sill ratio not only reflects the importance of natural and human factors contributing to spatial variability, but also the strength of spatial autocorrelation between the variables of a system. In terms of structural factors, a nugget/sill ratio of <25%, 25–75%, and >75% indicates strong, moderate, and weak spatial autocorrelation within the system, respectively [65]. As Table 6 shows, the nugget/sill ratio for the six heavy metals in the topsoil ranged from 25 to 75%, suggesting moderate spatial correlations in their concentrations across space. This pattern in spatial variability within the system emerged from the combined action of key structural factors (e.g., the parent soil material, landforms and topography, and climate) and random factors related to human activities.



The coefficient of determination, R2, measures the goodness of fit of a theoretical model. The R2 values for the concentrations of the six heavy metals were all above 0.80, suggesting an overall relatively high goodness of fit. The range parameter reflects the range of spatial autocorrelation at a certain observational scale; that is, a given variable is spatially autocorrelated within a range and is not outside that range. The range for CHg was the largest (47.17 km), suggesting its distribution was relatively homogeneous, varying insignificantly within a small range and tending to display a simple pattern overall. This is in stark contrast to CCr, with the smallest range (13.44 km), characterized by relatively strong variability within a small range in the study area. Further, the range for heavy metal concentration was much greater than the sampling interval; hence, the unbiased estimation produced for the study area based on the sampling sites was reliable and met the requirement for assessing spatial variability.



A spatial distribution map of the concentration of the six heavy metals in the topsoil in the study area was plotted using the ordinary kriging interpolation method in ArcGIS 10.2, as shown in Figure 4. For cadmium, the overall CCd was relatively low. High-CCd areas were distributed primarily in Maotang (III), in the northern part of the study area. Relatively small high-CCd areas were found in Xijiadian (IV), but everywhere else the level was relatively low. Compared with the concentrations of other metals, overall CCr was relatively high. High- and moderate-CCr areas occurred in the north and south and some parts in the west. Notably, high-CCr clusters appeared in Hejia (V), Longshan (VI), and the Wudang Mountains (VII). In the rest of the study area, CCr gradually decreased from northeast to southwest. For copper, high- and moderate-CCu areas were distributed primarily in the northern and southern parts of the study area. From a structural perspective, there were three high-CCu centers, located in Maotang (III), Xijiadian (IV), and Liangshuihe (VIII). The CCu values were low in most of the rest of the study area. Compared with other heavy metals, the concentration of CHg was the lowest. A single notable high-CHg cluster appeared in western Shangji (IX); CHg values were low in most of the study area and moderate in a few spots. Regarding lead, the distribution of CPb varied significantly from area to area and was high in places near Nanyang and lower close to Shiyan. There were two high-CPb centers located in Maotang (III) and Cangfang (X), while moderate CPb values radiated from Liubei (XI) and Fangtan (XII). CPb gradually decreased in the rest of the study area; in particular, CPb values were low in the west and south. For zinc, the distribution pattern of CZn was similar to that of CCd. A notable single high-CZn appeared in Maotang (III). Relatively small high-CZn areas occurred in Fangtan (XII) and Shangji (IX), with a few moderate-CZn areas distributed in the south. Low CZn values were observed in the rest of the study area.




3.2.3. Characteristics and Distribution of Heavy Metal Pollution in the Topsoil


Table 7 summarizes the PLI-based assessment of heavy metal pollution in the topsoil of the study area. The   C  F i    value suggests that the topsoil was slightly polluted with Cd, Cu, Zn, and Cr but not polluted by Hg and Pb. Proportionally, most of the sampling sites were not polluted with Hg and Pb (88.14 and 99.43%, respectively); in contrast, 68.16, 60.56, 53.63, and 47.96% of the sites were slightly polluted with Zn, Cd, Cu, and Cr, respectively; 20.09% of the sites were moderately polluted with Cd; and a relatively small proportion of sites were moderately polluted with the other metals. Notably, 6.87, 4.34, 2.51, and 1.37% of the sampling sites were highly polluted with Cd, Cu, Cr, and Hg, respectively. The PLI for the combination of all six heavy metals ranged from 0.17 to 3.20; on average it was 0.90, suggesting that the sampling sites were generally not polluted. In addition, the PLI values showed that 70.60, 28.93, 0.44, and 0.03% of the sampling sites were not polluted, slightly, moderately, and highly polluted, respectively. Overall, we can infer that the study area is currently not polluted. Further, among the polluted areas found, most were only at a slightly polluted level; very few moderately and highly polluted areas were detected. Cd and Cu are the principal elements causing pollution in the study area.



Figure 5 shows the spatial distribution of the PLI. Clearly, the polluted areas were concentrated primarily in the northern and southern sections of the study area. The majority of the study area was in a slightly polluted state. Moderately and highly polluted areas formed discernible clusters, mainly concentrated in central Maotang (III) and northwestern Shangji (IX) in the north. A few moderately and highly polluted areas were noted in northeastern Anyang (I) and central southern Jinhe (II), although only two highly polluted sampling sites were found, both located in central Maotang (III).





3.3. Ecological Risk Assessment of Heavy Metals in Surface Water and Topsoil


The RI values for the 85 surface-water sampling sites ranged from 1.55 to 42.63, suggesting a generally low ecological risk (Table 8). An analysis of the maximum values of    E r i    for the six heavy metals showed the following: There were only two sampling sites where Hg posed a moderate ecological risk, matching the sites with alert-level CCu values according to    P i   . The other heavy metals posed a low ecological risk.



Of the six heavy metals at the 7735 topsoil sampling sites, Cd had the highest average RI value, followed by Hg, Cu, Pb, Cr, and Zn. Moreover, Cd was the only metal with an average RI value (53.25) above 40, suggesting that it poses a moderate ecological risk, whereas the other five metals pose a low ecological risk (Table 8). The values of    E r i    for Cd and Hg were relatively high, ranging from 6.83 to 212.20 and from 0.58 to 155.41, respectively. As shown in Figure 6, the ecological risk associated with Cd was moderate, considerable, and high at 57.16, 8.49, and 1.63% of the sampling sites, respectively, and the risk associated with Hg was moderate and considerable at 8.82 and 3.04% of sites, respectively. All the other metals posed a low risk at all sampling sites. Clearly, Cd and Hg were the main contributors to ecological risk in the study area. The RI for heavy metals in the topsoil ranged from 15.66 to 405.49, with an average of 89.73; this also indicates that heavy metals, overall, pose a low ecological risk (Table 8). However, the ecological risk was moderate and considerable at 6.63 and 0.32% of the sampling sites, respectively (Figure 6). Figure 7 depicts the spatial distribution of the RI, showing a moderate ecological risk from heavy metals mainly in the north of the study area and in some places in the central and southern parts. Notably, the heavy metals posed a considerable ecological risk primarily in central eastern Maotang (III), northwestern Shangji (IX), and northeastern Anyang (I). The spatial pattern for ecological risk was predominantly affected by Cd and Hg pollution.




3.4. Analysis of PCCA and PCA-APCS-MLR


Table 9 and Table 10 summarize the results of PCCA for heavy metal concentrations in the topsoil and surface water of the study area. Significant positive correlations were found between CCd and CZn, between CCr and CCu, and between CCu and CZn (all at p < 0.01), with correlation coefficients of 0.452, 0.561, and 0.639, respectively (Table 9). These results suggest that Cd, Zn, Cr, and Cu might have originated from similar sources in the topsoil. The PCCA of the surface water has three results: (1) There was a significant positive correlation between CCd and CCr, CCd and CPb, CCr and CCu, CCu and CHg (at p < 0.01), with correlation coefficients of 0.537, 0.662, 0.438, and 0.355, respectively. (2) CHg and CZn showed a significant negative correlation (at p < 0.01), with a correlation coefficient of 0.406. (3) CCr and CPb presented a significant negative correlation (at p < 0.05), with a correlation coefficient of 0.242 (Table 10). These data indicate that Cd and Cr, Cd and Pb, Cr and Cu, and Cu and Hg in surface water might have originated from similar sources.



With regard to the topsoil, the KOM value (0.652) was above 0.6, and the p-value (0.000) of the Bartlett sphericity test was below 0.05. Hence, the data met the PCA requirements. Based on the PCA results (Table 11), two principal components (PCs) were obtained, the corresponding eigenvalues of which were 2.232 and 1.597, respectively. Their cumulative explained variance reached 62.143% (variance explained in the data by the first and second PCs was 37.194 and 24.949%, respectively), which explains the variation of data well in PCA. Figure 8a shows the factor loading map after rotation. CCr, CCu, and CZn had high loading on the first PC (0.753, 0.877, and 0.796, respectively). Elements with high loadings on the same component can be considered to originate from the same source. Therefore, Cr, Cu, and Zn likely originated from the same pollution source, which is consistent with the PCCA findings. Conversely, CCd, CHg, and CPb had high loading on the second PC, with corresponding characteristic values of 0.644, 0.708, and 0.788, respectively. We can thus infer that those three metals likely originated from the same sources in the topsoil.



In surface water, the KOM value (0.687) was above 0.6, and the p-value (0.000) of the Bartlett sphericity test was below 0.05, which also met the PCA requirements. As Table 11 shows, two principal components (PCs) were obtained, the corresponding eigenvalues of which were 2.478 and 1.494, respectively. Their cumulative explained variance reached 66.198% (variance explained in the data by the first and second PCs was 41.300 and 24.898%, respectively). Figure 8b shows CCr and CCu had high loading on the first PC (0.702 and 0.706, respectively); CHg (0.854) had high loading and CZn (−0.799) had high negative loading on the second PC, which is consistent with the PCCA results that CHg and CZn showed a significant negative correlation. These indicate that Cr and Cu might have originated from similar pollution sources, which is consistent with the PCCA results in surface water.



PC1 (topsoil) and PC2 (surface water) can be regarded as industrial and mining pollution factors; PC2 (topsoil) can be considered an agricultural pollution factor. The contribution rate of each common factor to heavy metals is calculated by APCS-MLR. Most of the fitting coefficients (R2) between the estimated result and measured result are bigger than 0.8, showing that there was a good consistency between them. The ratio of estimated concentration to measured concentration was close to 1, indicating that APCS-MLR has good feasibility for the calculation of heavy metallic pollution sources. As shown in Table 12, the contribution rates of PC1 (topsoil) to Cr, Cu, and Zn respectively were 69.03, 72.81, and 75.67%. The sources of these three elements were consistent. In addition, the contribution rate to Hg and Pb was more than 20%, indicating that industrial and mineral pollution in the research area also has some impacts on these elements. The contribution rate of PC2 (topsoil) to Cd, Hg, and Pb was 71.03, 52.19, and 48.76%, whilst for the other heavy metals it was between 2.12 and 11.38%, indicating that agricultural activities in the research area had fewer effect on Cr, Cu, and Zn in topsoil. The contribution rate of PC2 (surface water) to Cr and Cu was 68.81 and 81.92%. The sources of these two elements were well consistent. Moreover, they also had a great impact on Hg (52.37%) and Zn (60.48%). Other pollution sources have a great influence on Cd, Hg, and Pb, but the specific sources need to be further explored.





4. Discussion


4.1. Contamination Risk Characteristics of Heavy Metals in Topsoil and Surface Water


The migration and transformation of heavy metal pollutants in topsoil and surface water are, to some extent, prone to double pollution of soil and groundwater, and with industrial drainage, rainfall, etc., heavy metal elements from the soil are brought into the water environment, leading to more serious pollution of water resources [66]. Water pollution is particularly important for the Danjiangkou Reservoir, which is a national-level water source protection zone and an important drinking water source [67]. The heavy metal pollution in the surface water in the study area was primarily caused by two sites with alert-level CHg, one located in the west of Anyang Town and one in the east of Jinhe Town. There were a few areas of high-density distribution of CHg in the topsoil. The comparison between surface water and topsoil sampling sites showed that western Shangji Town, an area with high CHg in the topsoil, closely bordered eastern Jinhe Town, and that western Anyang Town, an area with moderate CHg in the topsoil, corresponded to the surface-water site with an alert-level CHg. These findings suggest that Hg pollution in the surface water, specifically alert-level CHg, was likely caused by Hg in the surrounding soil that was eroded and transported by rainfall or runoff into the reservoir.



The overall RI of surface water was low, indicating that the ecological risk of surface water in the reservoirs of the study area is low. Since the initiation of the SNWDP, strict ecological control measures have been implemented in the reservoir area, and residents have a strong awareness of environmental protection. A relevant study confirmed that the ecological safety in the water source areas of the SNWDP around Danjiangkou Reservoir has been improved by reducing chemical inputs [68]. The PLI and RI of topsoil were most affected by Cd, causing a moderate risk in parts of Xichuan County, Nanyang City, Henan Province, in the northern part of the study area. As a national poverty-stricken area, Xichuan aims to build a strong agricultural county with peppers, fruits, wheat, maize, and sweet potatoes. Although traditional agriculture in the county has been transformed to organic farming and is encouraged to be run by agribusinesses [68], the long-term farming practice of increasing fertilizer application to improve crop yields still results in lower potential ecological risk.




4.2. Analysis of Heavy Metal Sources


Cr, Cu, and Zn in the topsoil and Cr and Cu in surface water may have originated from similar contamination sources. Based on earlier statistical analysis and spatial distribution patterning, CCr, CCu, and CZn in the surface water exhibited strong variability, while in the topsoil they surpassed their corresponding background values and similarly had very high CV values. Moreover, CCr had the highest distribution across the study area. Collectively, these findings suggest that Cr, Cu, and Zn are primarily affected by external anthropogenic factors. In the last few decades, the release of Cd was about 22,000 metric tons, whereas Zn and Cu were 350,000 and 939,000 metric tons, respectively [69]. These dumped heavy metals pollute soil and water, resulting in reduced agricultural productivity [70,71]. Activities such as mining and chemical industries are the main causes of Cr, Cu, and Zn contamination in soil and water beyond tolerable limits [72]. There are also ore resources (e.g., Cu and Zn ores) in the study area. The wastewater and waste gases and residues generated during the mining and smelting of these ores, as well as the industrial pollutants discharged from other industrial activities, can all become sources of Cr, Cu, and Zn.



Cd, Hg, and Pb in the topsoil might have originated from similar pollution sources. The earlier analysis of pollution risk revealed that Hg and Cd affected the combined pollution in the surface water and topsoil environments. The potential ecological risk in the topsoil was shown to be driven by Cd and Hg. CPb in surface water displayed strong variability; CV values for both CCd and CPb in the topsoil were very high, with the former 1.77-fold higher than its corresponding background value. Cd and Pb are similarly significantly affected by human activities. Cd, Hg, and Pb in contaminated soils play a greater role in inhibiting plant growth [69]. The presence of the coal mining industry in the vicinity of the study area and the entry of coal mine drainage or rainwater into the soil can cause the occurrence of heavy metal pollution in the soil. The mining of coal and the discharge of mine sludge lead to Cd and Pb contamination in the soil [73,74]; these elements can also come from the emissions of fertilizers and pesticides and vehicle exhaust. In addition, there might be a close correlation between the Hg in topsoil and surface water in the study area. The Hg in the water body originated from two main sources: (1) wastewater discharged by the manufacturing of products such as chlor-alkali, plastics, batteries, and electronics; and (2) disposed medical equipment waste. Hence, this situation warrants attention in the relevant areas.




4.3. Strategy Recommendations


(1) Increased Cd content in the soil is mainly caused by agricultural activities, such as the use of irrigation water and fertilizers containing heavy metal contamination [75]. This may be related to the fact that Cd is a major ecological risk factor in topsoil in the district. The relevant authorities need to strengthen the supervision of Cd contamination in the agricultural soils of Maotang Town and Xijiadian Town, strengthen the management of factory pollutant discharge and domestic waste dumping, and implement treatment measures, such as solidification of residues after refining, as soon as possible. At the same time, optimization and control of agricultural production management is also important to mitigate the ecological risk to the soil in the study area.



(2) The area of Hg contamination in surface water corresponds to the area of high Hg content in the surrounding topsoil, and it is likely that elemental Hg in the soil enters the reservoir sediment through migration and is released back into the surface water through human activities and natural factors [76]. Monitoring and evaluation of reservoir sediment quality needs to be strengthened. A high proportion of the upper Danjiangkou Reservoir sediment comes from industrial activities, and agricultural activities are the main factor contributing to the higher metal sediment at the bottom of the reservoir [77]. The government needs to be alerted to strengthen supervision and management to limit the input of these activities.



(3) It is essential to treat pollution in areas where ecological risk already exists, explore more reasonable methods of technical restoration, and establish and improve ecological compensation mechanisms. The study area involves multiple regions across provinces and municipalities, and political barriers should be broken down to strengthen inter-regional cooperation. China has enacted laws related to the comprehensive prevention and control of heavy metal pollution, and all departments should achieve legal governance to improve the heavy metal pollution status of the CWSA of the Middle Route of China’s SNWDP.





5. Conclusions


In this study, six heavy metals in the surface water and topsoil of the CWSA of the Middle Route of China’s SNWDP were investigated based on robust assessment models (NPI, PLI, and RI) to determine their environmental contamination levels, potential ecological risk levels, and spatial distribution patterns. A semi-variogram analysis revealed the extent of variability in the concentration of heavy metals in the topsoil. In addition, through a correlation analysis combined with PCA, this paper attempted to identify the main sources of heavy metals in surface water and topsoil. The results show the following.



The heavy metal concentrations in the surface water met the class II standards stipulated in China’s EQSSW (GB 3838-2002) and the standards stipulated in the SDW (GB 5749-2006). The pollution at two surface-water sampling sites, in Anyang Town and Jinhe Town, as indicated by the NPI, was caused by alert-level CHg. These two sites correspond to areas with high CHg values in their topsoil. Attention should be paid to the Hg discharged in those areas.



The concentration of heavy metals in the topsoil generally exhibited moderate variability. The PLI values revealed a level of slight pollution in most of the areas where pollution was present. Cd and Cu were the principal elements causing pollution, and the most polluted areas were concentrated in the north and south of the study area. The RI values indicate a low ecological risk in the surface water and an overall low ecological risk in the topsoil. However, the ecological risk was moderate and considerable at 6.63 and 0.32% of sampling sites, respectively. The spatial pattern of ecological risk was mainly influenced by Cd and Hg. The PCCA and PCA results are in agreement, showing that Cr, Cu, and Zn and Cd, Hg, and Pb in the topsoil and Cu and Cr in the surface water could have originated from the same pollution sources. The APCS-MLR shows that these pollution sources are primarily linked to human activities, such as industrial activities, mining and smelting, and the application of chemical fertilizers and pesticides. This paper also puts forward brief strategy recommendations.



In the future, it is necessary to further enhance the assessment of pollution in both soil and water from several perspectives in tandem, such as examining the sources of anthropogenic factors, enacting policies and regulations, and ensuring the remediation and control of heavy metal contamination, and to strengthen the method of identifying pollution sources.
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Figure 1. Location map of core water source area of Middle Route of South-to-North Water Diversion Project, China. 
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Figure 2. Results for the Pi index of six heavy metals in surface water of the study area. 






Figure 2. Results for the Pi index of six heavy metals in surface water of the study area.



[image: Land 10 00934 g002]







[image: Land 10 00934 g003 550] 





Figure 3. Spatial distribution of NPI for six heavy metals in surface water of study area. I: Anyang Town; II: Jinhe Town; III: Maotang Town; IV: Xijiadian Town; V: Hejia Town; VI: Longshan Town; VII: Wudang Mountains, D.C.; VIII: Liangshuihe Town; IX: Shangji Town; X: Cangfang Town; XI: Liubei Town; XII: Fangtan Town. 
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Figure 4. Spatial distribution of heavy metal concentration in topsoil across study area. I: Anyang Town; II: Jinhe Town; III: Maotang Town; IV: Xijiadian Town; V: Hejia Town; VI: Longshan Town; VII: Wudang Mountains, D.C.; VIII: Liangshuihe Town; IX: Shangji Town; X: Cangfang Town; XI: Liubei Town; XII: Fangtan Town. 
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Figure 5. Spatial distribution of PLI for heavy metals in topsoil of the study area. I: Anyang Town; II: Jinhe Town; III: Maotang Town; IV: Xijiadian Town; V: Hejia Town; VI: Longshan Town; VII: Wudang Mountains, D.C.; VIII: Liangshuihe Town; IX: Shangji Town; X: Cangfang Town; XI: Liubei Town; XII: Fangtan Town. 
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Figure 6. Percentage contributions of Cd and Hg to    E r i    and RI for heavy metals in topsoil. 
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Figure 7. Spatial distribution of RI for heavy metals in topsoil of study area. I: Anyang Town; II: Jinhe Town; III: Maotang Town; IV: Xijiadian Town; IV: Hejia Town; VI: Longshan Town; VII: Wudang Mountains, D.C.; VIII: Liangshuihe Town; IX: Shangji Town; X: Cangfang Town; XI: Liubei Town; XII: Fangtan Town. 
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Figure 8. Factor loading for two principal components after varimax rotation. (a): Topsoil; (b): Surface water. 
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Table 1. Testing methods for heavy metal elements.
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Type

	
Item

	
Cd

	
Cr

	
Cu

	
Pb

	
Zn

	
Hg






	
Topsoil

	
Testing method

	
Inductively coupled plasma mass spectrometry (HJ 766-2015)

	
Atomic fluorescence spectrometry (HJ 680-2013)




	
Equipment

	
Inductively coupled plasma spectrometer (NexION 350D)

	
Atomic fluorescence spectrometer (AFS-8510)




	
Detection limit (mg·kg−1)

	
0.02

	
1.00

	
1.20

	
0.20

	
3.20

	
0.0005




	
Surface water

	
Testing method

	
Inductively coupled plasma mass spectrometry (HJ 700-2014)

	
Atomic fluorescence spectrometry (HJ 694-2014)




	
Equipment

	
Inductively coupled plasma spectrometer (NexION 350D)

	
Atomic fluorescence spectrometer (SA-7800)




	
Detection limit (µg·L−1)

	
0.02

	
0.11

	
0.05

	
0.09

	
0.67

	
0.0004
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Table 2. Evaluation index and grading standard of potential ecological risk (RI).
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Potential Ecological Risk Index






	
Threshold interval

	
   E r i    ≤ 40,   RI   ≤ 150

	
40 <    E r i    ≤ 80,

150 <   RI   ≤ 300

	
80 <    E r i    ≤ 160,

300 <   RI   ≤ 600

	
160 <    E r i    ≤ 320, 600 <   RI   ≤ 1200

	
   E r i    > 320,   RI   > 1200




	
Ecological risk level

	
Low risk

	
Moderate risk

	
Considerable risk

	
High risk

	
Significantly high risk
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Table 3. Statistics for six heavy metals in surface water in study area.
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	Statistic
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	Maximum (µg·L−1)
	2.77
	7.62
	3.14
	0.052
	2.12
	223.00



	Minimum (µg·L−1)
	0.03
	0.53
	0.06
	0.002
	0.12
	1.57



	Median (µg·L−1)
	0.03
	3.57
	0.98
	0.002
	0.72
	55.63



	Average (µg·L−1)
	0.26
	3.49
	1.17
	0.009
	0.87
	63.93



	SD (µg·L−1)
	0.75
	1.26
	0.66
	0.014
	0.51
	52.60



	CV (%)
	34.69
	278.21
	177.55
	69.50
	171.18
	121.55



	EQSSW I (µg·L−1)
	1
	10
	10
	0.05
	10
	50



	EQSSW II (µg·L−1)
	5
	50
	1000
	0.05
	10
	1000



	EQSSW III (µg·L−1)
	5
	50
	1000
	0.1
	50
	1000



	EQSSW IV (µg·L−1)
	5
	50
	1000
	1
	50
	2000



	EQSSW V (µg·L−1)
	10
	100
	1000
	1
	100
	2000



	SDW (µg·L−1)
	5
	50
	1000
	1
	10
	2000
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Table 4. Proportions (%) of Nemerow pollution index (NPI) levels of six heavy metals in surface water.
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	Level
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn
	NPI





	Safe
	100.00
	100.00
	100.00
	97.65
	100.00
	100.00
	97.65



	Alert
	0.00
	0.00
	0.00
	2.35
	0.00
	0.00
	2.35



	Mild concentration
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Serious concentration
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
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Table 5. Statistics for six heavy metals in topsoil of study area.
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	Statistic
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	Maximum (mg·kg−1)
	0.87
	248.24
	121.09
	0.221
	63.13
	193.00



	Minimum (mg·kg−1)
	0.03
	2.60
	1.40
	0.001
	0.40
	11.71



	Median (mg·kg−1)
	0.19
	77.82
	27.64
	0.027
	22.46
	80.40



	Average (mg·kg−1)
	0.22
	81.60
	31.29
	0.035
	22.46
	85.71



	SD (mg·kg−1)
	0.12
	42.06
	20.04
	0.031
	7.42
	24.90



	CV (%)
	187.84
	194.03
	156.17
	112.16
	302.64
	344.24



	Topsoil background value (mg·kg−1)
	0.12
	74.90
	25.20
	0.06
	46.30
	71.85
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Table 6. Parameters of semi-variogram models for six heavy metals in topsoil.
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	Item
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	Model
	Exponential
	Linear
	Exponential
	Gaussian
	Gaussian
	Gaussian



	Nugget
	0.01
	1595.00
	350.10
	0.0007
	35.19
	533.00



	Sill
	0.03
	3969.35
	944.38
	0.0025
	103.62
	2631.88



	Nugget/Sill (%)
	30.30
	40.18
	37.07
	28.00
	33.96
	20.25



	Range (km)
	29.58
	13.44
	21.71
	47.17
	31.47
	16.75



	R2
	0.90
	0.81
	0.94
	0.85
	0.81
	0.83
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Table 7. Classes and statistics for the contamination factor (CF) and pollution load index (PLI) for six heavy metals in topsoil.
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Contamination

	
Proportion of Contaminated Sites (%)




	
CF

	
PLI




	
Cd

	
Cr

	
Cu

	
Hg

	
Pb

	
Zn






	
Not polluted

	
12.48

	
45.61

	
36.95

	
88.14

	
99.43

	
27.83

	
70.60




	
Slightly polluted

	
60.56

	
47.96

	
53.63

	
8.82

	
0.57

	
68.16

	
28.93




	
Moderately polluted

	
20.09

	
3.92

	
5.08

	
1.67

	
0.00

	
4.01

	
0.44




	
Highly polluted

	
6.87

	
2.51

	
4.34

	
1.37

	
0.00

	
0.00

	
0.03




	
Statistics of CF and PLI




	
Maximum

	
7.07

	
3.31

	
4.81

	
3.89

	
1.36

	
2.69

	
3.20




	
Minimum

	
0.23

	
0.03

	
0.06

	
0.01

	
0.01

	
0.16

	
0.17




	
Average

	
1.77

	
1.09

	
1.24

	
0.61

	
0.49

	
1.19

	
0.90




	
Classification of contamination

	
Slightly polluted

	
Slightly polluted

	
Slightly polluted

	
Not polluted

	
Not polluted

	
Slightly polluted

	
Not polluted
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Table 8. Ecological risk index (   E r i   ) and potential ecological risk index (RI) for six heavy metals in topsoil and surface water of study area.
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Item

	
Type

	
     E r i     

	
RI




	
Cd

	
Cr

	
Cu

	
Hg

	
Pb

	
Zn






	
Max

	
Surface water

	
16.61

	
0.30

	
0.02

	
41.60

	
1.06

	
0.22

	
42.63




	
Topsoil

	
212.20

	
6.63

	
24.03

	
155.41

	
6.82

	
2.69

	
405.49




	
Min

	
Surface water

	
0.15

	
0.02

	
0.00

	
1.20

	
0.06

	
0.00

	
1.55




	
Topsoil

	
6.83

	
0.07

	
0.28

	
0.58

	
0.04

	
0.16

	
15.66




	
Average

	
Surface water

	
1.55

	
0.14

	
0.01

	
7.54

	
0.43

	
0.06

	
9.74




	
Topsoil

	
53.25

	
2.18

	
6.21

	
24.47

	
2.43

	
1.19

	
89.73




	
Ecological risk level

	
Surface water

	
Low risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk




	
Topsoil

	
Moderate risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk

	
Low risk
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Table 9. Pearson correlation matrix of heavy metals in topsoil.
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	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	Cd
	1.000
	
	
	
	
	



	Cr
	0.117
	1.000
	
	
	
	



	Cu
	0.218
	0.561 **
	1.000
	
	
	



	Hg
	0.243
	0.049
	0.099
	1.000
	
	



	Pb
	0.153
	−0.159
	−0.187
	0.236
	1.000
	



	Zn
	0.452 **
	0.386
	0.639 **
	0.186
	–0.066
	1.000







Note: ** Correlation significant at 0.01 level (bilateral).
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Table 10. Pearson correlation matrix of heavy metals in surface water.
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	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	Cd
	1.000
	
	
	
	
	



	Cr
	0.537 **
	1.000
	
	
	
	



	Cu
	−0.487
	0.438 **
	1.000
	
	
	



	Hg
	−0.166
	0.997
	0.355 **
	1.000
	
	



	Pb
	0.662 **
	−0.242 *
	−0.172
	−0.190
	1.000
	



	Zn
	−0.355
	0.305
	0.140
	−0.406 **
	−0.123
	1.000







Note: ** Correlation significant at 0.01 level (bilateral), * Correlation significant at 0.05 level (bilateral).
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Table 11. Principal component analysis results.
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	Component
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn
	Characteristic Value
	Variance (%)
	Cumulative Variance (%)





	PC1 (topsoil)
	0.367
	0.753
	0.877
	0.088
	−0.346
	0.796
	2.232
	37.194
	37.194



	PC2 (topsoil)
	0.644
	−0.105
	0.017
	0.708
	0.688
	0.311
	1.497
	24.949
	62.143



	PC1 (surface water)
	−0.907
	0.723
	0.683
	0.235
	−0.665
	0.420
	2.478
	41.300
	41.300



	PC2 (surface water)
	0.021
	−0.192
	0.275
	0.881
	−0.125
	−0.762
	1.494
	24.898
	66.198
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Table 12. Common factor contribution rate of heavy metals.
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	Item
	Cd
	Cr
	Cu
	Hg
	Pb
	Zn





	PC1 (topsoil) (%)
	13.48
	69.03
	72.81
	26.74
	20.01
	75.67



	PC2 (topsoil) (%)
	71.03
	11.38
	5.21
	52.19
	48.76
	2.12



	Other
	15.49
	19.59
	21.98
	21.07
	31.23
	22.21



	Measured average concentration (mg·kg−1)
	0.22 ± 0.12
	81.60 ± 42.06
	31.29 ± 20.04
	0.035 ± 0.031
	22.46 ± 7.42
	85.71 ± 24.90



	Estimated average concentration (mg·kg−1)
	0.26 ± 0.10
	81.97 ± 42.51
	30.83 ± 21.88
	0.035 ± 0.036
	22.37 ± 7.53
	86.33 ± 24.79



	Ratio (E/O)
	1.05
	1.01
	1.03
	1.08
	1.03
	0.99



	R2
	0.82
	0.79
	0.88
	0.83
	0.91
	0.84



	PC1(surface water)
	8.69
	68.81
	81.92
	52.37
	29.23
	60.48



	Other
	91.31
	31.19
	18.08
	47.63
	70.77
	39.52



	Measured average concentration (µg·L−1)
	0.26 ± 0.75
	3.49 ± 1.26
	1.17 ± 0.66
	0.009 ± 0.014
	0.87 ± 0.51
	63.93 ± 52.60



	Estimated average concentration (µg·L−1)
	0.29 ± 0.74
	3.44 ± 1.35
	1.22 ± 0.65
	0.009 ± 0.015
	0.88 ± 0.54
	63.79 ± 54.46



	Ratio (E/O)
	1.02
	1.01
	1.02
	1.04
	1.03
	1.01



	R2
	0.87
	0.94
	0.92
	0.81
	0.86
	0.75
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