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Abstract

:

Heavy metals accumulate in high water table coal mining subsidence ponds, resulting in heavy metal enrichment and destruction of the ecological environment. In this study, subsidence ponds with different resource reutilization methods were used as study subjects, and non-remediated subsidence ponds were collectively used as the control region to analyze the heavy metal distributions in water bodies, sediment, and vegetation. The results revealed the arsenic content in the water bodies slightly exceeded Class III of China’s Environmental Quality Standards for Surface Water. The lead content in water inlet vegetation of the control region and the Anguo wetland severely exceeded limits. Pearson’s correlation, PCA, and HCA analysis results indicated that the heavy metals at the study site could be divided into two categories: Category 1 is the most prevalent in aquaculture pond B and mainly originate from aquaculture. Category 2 predominates in control region D and mainly originates from atmospheric deposition, coal mining, and leaching. In general, the degree of heavy metal contamination in the Anguo wetland, aquaculture pond, and fishery–solar hybrid project regions is lower than that in the control region. Therefore, these models should be considered during resource reutilization of subsidence ponds based on the actual conditions.
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1. Introduction


Since the groundwater level in regions with a high water table is high, a large subsidence pond will form after a coal mine has collapsed [1]. This not only drastically decreases the land area but also affects the ecological structure to some extent and disrupts the ecological equilibrium. Subsidence ponds are usually closed or semi-closed systems to which atmospheric deposition and mine water will carry pollutants from the surroundings, resulting in the accumulation of high levels of heavy metals in these water bodies. At the same time, irrigation with contaminated water on surrounding farms, along with excessive chemical fertilizer application, further exacerbate heavy metal contamination in water bodies. The enrichment of high levels of heavy metals in sediment causes their levels to be significantly higher than background values, resulting in heavy metal contamination [2]. Hence, there is an urgent need to carry out resource reutilization of coal mining subsidence ponds.



Various levels of government are particularly concerned about the integrated remediation of coal mining subsidence ponds. Remediation of subsidence regions containing subsidence ponds should be carried out based on both the local natural and social environments. At present, there are several main remediation measures. Regions with shallow water accumulation and sufficient water supply can be reclaimed as paddy fields [3]. Subsidence ponds that have a water depth of < 3 m and are suitable for aquaculture can be converted into aquaculture ponds. At the same time, the fishery–solar hybrid model can be introduced to achieve power generation and fish rearing. In regions with large areas of water accumulation, a constructed wetland ecosystem can be created [4]. In regions with large water accumulation area and depth, good water quality, and good water conservancy conditions in surrounding regions, a plain reservoir can be constructed to solve local industrial, agricultural, and domestic water supply problems [5].



Employing different remediation measures for coal mining subsidence ponds can alleviate human–land conflict to varying degrees, utilize accumulated water resources and improve the ecological environment in order to bring about economic, social, and environmental benefits. We should not ignore potential environmental problems while focusing on the advantages of these measures, however. For example, some wetlands constructed from subsidence ponds also collect municipal sewage before processing, releasing it into constructed wetlands after the discharge standards are reached [6]. Municipal sewage usually has low heavy metal content. Although heavy metals are not the main problem with municipal sewage, they cannot be degraded and will accumulate in sediment, water bodies, aquatic plants, and animals, and enter humans via various food chains. The heavy metals can disturb human metabolomics, leading to morbidity and even mortality. Many studies have demonstrated that constructed wetlands can purify water. However, are heavy metals enriched in wetlands after constructed wetlands have received wastewater? Does heavy metal enrichment exceed the auto-purification capabilities of wetlands? Will the ecological equilibrium of the wetland system be disrupted? Will aquaculture increase the heavy metal burden of the ecosystem? In addition, although fishery–solar hybrid projects can promote local economic development, does the construction of solar panels adversely affect local water bodies, sediment, and aquatic plants? After the water has accumulated in coal mining subsidence ponds, what measures should be employed to better restore the ecological environment? These questions deserve consideration.



In response to these queries, a resource-exhausted city (Pei County of Xuzhou) in China was used as a study subject to examine heavy metal distributions in the sediment, water bodies, and vegetation of coal mining subsidence ponds using different resource reutilization methods (the Anguo wetland, an aquaculture pond, and solar hybrid project regions) and non-remediated subsidence ponds were collectively used as a control to analyze heavy metal contamination in coal mining subsidence ponds using different resource reutilization methods in order to provide a basis for reclamation plans for Pei County and other subsidence ponds.




2. Study Area


As shown in Figure 1, Pei County is located in the southern part of the North China Plain (latitude: 34°28′–34°59′ N, longitude: 116°41′–117°09′ E). It is a classic alluvial plain with an elevation that decreases from 41 m in the southwest to 31.5 m in the northeast. The annual mean sunshine of Pei County is 1850.3 h, the average temperature is 15.5 °C, the annual mean precipitation is 704.4 mm, the annual mean humidity is 72%, the annual mean runoff depth is 136 mm, the total runoff volume is 170 million m3, the runoff volume in wet years is 250–300 million m3, and the runoff volume in dry years is 60 million m3. Pei County is located in a region with a high water table, and the groundwater flows from southwest to northeast. The vertical depth is 20–40 m and decreases from southwest to northeast. The region also has good groundwater quality [7].



Pei County is a classic coal resource city. There are eight pairs of mines in the county with an annual output of more than 1300 t of superior quality coal. Currently, three pairs of mines are closed. As an important coal-producing region in China, Pei County has made enormous contributions to the country’s economic development. However, coal mining has created large areas of subsidence ponds, which have resulted in damage to the local ecosystems. According to statistics, the area of surface subsidence caused by coal mining in Pei County was 8450 ha by the end of 2019, of which 2149 ha were subsidence ponds formed when the subsidence was ≥2.0 m. Much still needs to be accomplished in order to achieve the integrated remediation of coal mining subsidence ponds.



In recent years, Pei County has focused on the remediation of coal mining subsidence areas. The subsidence ponds that have been flooded have been treated according to local conditions, and the ecological environment has been improved. It has won the 2018 United Nations Human Settlements Award. It has achieved a magnificent transformation from A city of coal ash and half a city of dust “ to “Green hills and half lakes“. The experience of coal mining subsidence in Pei County is also widely promoted.




3. Materials and Methods


3.1. Samples and Preparation


On 29 August 2019, sediment, overlying water, and vegetation samples were collected in (A) the Anguo wetland, (B) an aquaculture pond, (C) fishery–solar hybrid project region, and (D) non-remediated subsidence pond, which were collectively used as the control region. The Anguo wetland was constructed in 2012 in conjunction with the tailwater diversion project of the South-to-North Water Diversion Project and was rated as a national wetland park in 2015. It was divided into two independent wetland systems: water from the Zhangshuanglou Canal and Longkou River was collected at the south and west water inlets, respectively, of which water from the Zhangshuanglou Canal contains recycled water that was obtained after treatment of wastewater from the Pei County development zone and sewage from surrounding residential regions, while water from the Longkou river contains recycled water that was obtained after treatment of wastewater from the Longgu development zone and sewage from surrounding residential regions. After the wastewater has entered the Anguo wetland, it undergoes sedimentation in the inlet sedimentation zone and then flows through the primary and secondary surface flow regions before passing through the plant oxidation pond and other subsequent processing treatments in order to achieve the discharge standard prior to discharge from the wetland outlet. Nine sample plots were set up for the Anguo wetland (A), one for the aquaculture pond (B), one for the fishery–solar hybrid project region (C), and one for the non-remediated subsidence ponds (D), based on the characteristics of the study site. Three sampling points were set up for each sample plot, for a total of 12 sample plots and 36 sampling points in the study. Figure 1 shows the distribution of the sample plots. An organic glass sampling container was used to collect water samples 0.5 m below the water surface, which were then transferred into clean polyethylene bottles. A grab sampler was used to collect 0–10 cm surface layer sediment, which was immediately stored in polyethylene bags for transport back to the laboratory. Concurrently, intact plants were collected from the sample plots. All samples were immediately divided in two after being brought back to the laboratory, one of which was used for physicochemical measurements while the other was stored as a backup sample.



A Global Water (College Station, TX, USA) portable multipurpose water analyzer was used for onsite pH measurements of overlying water. Sediment samples were air-dried at room temperature. When soil moisture content reached the plastic limit, the sample was gently broken into small blocks of diameter < 1 cm following the natural structures (fissures) of the soil. Gravel and plant debris were removed, and the samples were sieved before physicochemical markers were measured. Plant samples were cleaned and dried to a constant weight (60 °C, 48 h). Following this, samples were ground and sieved before physicochemical markers were measured. The sieved sediment samples and plant samples underwent HNO3-HCl-HF (3:3:2) high-temperature digestion, and pH was measured using the 2.5:1 water/soil ratio acidity method [8]. Soil organic carbon (SOC) was analyzed using the potassium dichromate oxidation–ferrous sulfate titrimetric method. Soil available nitrogen (AN) was measured by the alkali N-proliferation method. The concentration of available phosphorus (AP) was determined using the Olsen method (UV-2550, UV-visible spectrophotometer, Shimadzu, Japan). Soil available potassium (AK) was measured by the 1 mol L−1 neutral NH4OAC method (iCAP 6300 ICP-OES spectrometer, Thermo Scientific, USA). Inductively coupled plasma atomic emission spectroscopy (ICP-ES) was used to measure cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), zinc (Zn), and arsenic (As) content. Mercury (Hg) content was measured using atomic fluorescence spectroscopy (AF-601A). The detection limits of Cd, Pb, Cr, Cu, Zn, Hg, and As were 0.01 mg kg−1, 0.1 mg kg−1, 4.0 mg kg−1, 1.0 mg kg−1, 0.5 mg kg−1, 0.2 μg kg−1, and 0.01 mg kg−1, respectively.




3.2. Pollution Assessment Methods


3.2.1. Sediment Quality Guidelines


At present, since there are no river sediment specifications in China, the paddy field standards in the “Soil environmental quality Risk control standard for soil contamination of agricultural land (GB15618 2018)” are usually used as a reference [9]. Therefore, we first used these paddy field standards to evaluate heavy metal contamination in sediment. Second, it is more meaningful to use the background soil heavy metal values in a specific region to evaluate heavy metal contamination. The soil heavy metal background represents the baseline value of the soil environment that was either not affected or only slightly affected by human activities. In this study, we used the background value of the soil environment in Jiangsu Province as an evaluation criterion to reevaluate heavy metal contamination in sediment. Class III of China’s Environmental Quality Standards for Surface Water (GB 3838–2002) was used as a reference for evaluating heavy metal levels in water bodies, a criterion that is mainly applicable for secondary concentrated domestic drinking water source protection regions, fish and prawn wintering sites, migration channels, aquaculture regions, and other fishing and swimming regions. The National Food Safety Standard Contaminant Limit in Food (GB2762-2017) [10] was used as a standard for evaluating plant heavy metals. Zn and Cu are not regulated in this standard.




3.2.2. Nemerow Synthetic Pollution Index


The Nemerow synthetic pollution index was used for a comprehensive assessment of the level of pollution by various heavy metals in sediment, overlying water, vegetation, and ecosystems. The calculation formula is as follows:
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Here, P is the integrated pollution index of various sampling points, max(Pi) is the maximum value of the univariate pollution index of heavy metals, and      P i   ¯    is the mean value of the univariate pollution index of heavy metals [11]. Ci is the measurement of heavy metal i, while Si is the standard value of heavy metal i and wi is the weight of heavy metal i. According to Soil environmental quality Risk control standard for soil contamination of agricultural land (GB15618 2018), the standard values of Cu, Zn, Cr, Cd, Hg, As and Pb are 200 mg kg−1, 300 mg kg−1, 350 mg kg−1, 0.8 mg kg−1, 1.0 mg kg−1, 20 mg kg−1 and 240 mg kg−1 in the sediment, respectively. In water, the standard values of Cu, Zn, Cr, Cd, Hg, As and Pb are 1.0 mg kg−1, 1.0 mg kg−1, 0.05 mg kg−1, 0.005 mg kg−1, 0.1 mg kg−1, 0.01 mg kg−1 and 0.05 mg kg−1, respectively, according to Class III of China’s Environmental Quality Standards for Surface Water (GB 3838–2002), and the limits of Cr, Cd, Hg, As and Pb in plants are 0.5 mg kg−1, 0.05 mg kg−1, 0.01 mg kg−1, 0.5 mg kg−1 and 0.1 mg kg−1, respectively, according to the National Food Safety Standard Contaminant Limit in Food (GB2762-2017). The weight is determined by the magnitude of the effects of the heavy metal on the environment: Cd, Hg, As, and Pb are Class 1 metals, and their weight is three, while Cu, Zn, and Cr are Class 2 metals and their weight is two.



The above method was used to calculate Nemerow’s synthetic pollution index values for sediment, overlying water, and vegetation, which are represented as Psediment, Pwater, and Pplant, respectively. The arithmetic mean of Psediment, Pwater, and Pplant was used as Nemerow’s synthetic pollution index P of the sampling point. Finally, P was used for pollution grading: P ≤ 1: no pollution, 1 < P ≤ 2: mild pollution, 2 < P ≤ 3: moderate pollution, and P > 3: severe pollution.




3.2.3. Geoaccumulation Index


The geoaccumulation index Igeo was first proposed by Muller in 1969 [12] for quantifying heavy metal contamination in sediment. The calculation formula is as follows:


   I  g e o   =   log  2  (  C n  / 1.5  B n  )  



(4)




where Cn represents the measured concentration of heavy metal n in the sediment (mg kg−1), Bn is the background value of heavy metal n in the soil matrix in Pei County (mg kg−1), and 1.5 is the correction coefficient [13].



The heavy metal contamination was divided into seven categories based on the Igeo value, consisting of Class 0: Igeo ≤ 0, practically uncontaminated; Class 1:0 < Igeo ≤ 1, uncontaminated to moderately contaminated; Class 2:1 < Igeo ≤ 2, moderately contaminated; Class 3:2 < Igeo ≤ 3, moderately to heavily contaminated; Class 4:3 < Igeo ≤ 4, heavily contaminated; Class 5:4 < Igeo ≤ 5, heavily to extremely contaminated; Class 6: Igeo > 5, extremely contaminated.





3.3. Statistical Analyses


Pearson correlation is an indicator that is used to characterize the correlation of categorical variables. It is one of the most popular similarity measures to evaluate how much two variables are correlated. Moreover, it is appropriate for the variables with different magnitudes. Principal component analysis (PCA) is a commonly used multivariate analytical method for decreasing variables and dimensionality. We selected factors with eigenvalues > 1 as principal components to effectively reflect the original data [14]. Hierarchical cluster analysis (HCA) uses maximum inter-group differences and minimum intra-group differences for data classification [15] and is widely used in hydrogeochemistry [16,17]. We employed HCA and PCA to analyze the sources of heavy metal contamination. All calculations were completed in Statistical Package for the Social Sciences (SPSS) 26.0.





4. Results and Discussion


4.1. Assessment of Heavy Metal Contamination


Figure 2 presents the changes in heavy metal content and pH in sediment, overlying water, and vegetation. From Figure 2a, it can be seen that the pH range of sediment was 7.7–8.4, indicating that it was weakly basic. This result is consistent with the results of research on high water table mines in eastern China [18,19,20]. The slightly high pH of sediment can be attributed to many factors, including climatic characteristics, parent material of the soil, soil cations, and organic acids released during organic matter accumulation and decomposition [21,22]. Specifically, Pei County is located north of the Yangtze River, where precipitation is low, leaching is weak, and soil basic ion content is high. In addition, the parent material of the soil is fluvo-aquic soil, in which organic matter content is low and free calcium carbonate content is high. The existence of carbonate soils causes the pH to be basic and the precipitation in the form of metal oxides. Therefore, the soil of this region tends to be basic.



In the sediment, the AN, AP, AK, and SOC concentrations were 0.2–10.2 mg kg−1, 4.3–15.8 mg kg−1, 5.2–27.8 mg kg−1, and 1.22–7.56 g kg−1, respectively. AN, AP, AK and SOC concentrations in the sediment could act as an important indicator of the health of the ecological system.



In the sediment, the Cu, Zn, Cr, Cd, Hg, As, and Pb concentrations were 12.54–45.21 mg kg−1, 55.86–123.00 mg kg−1, 39.44–84.34 mg kg−1, 0.08–1.17 mg kg−1, 5.92 × 10−3–77.88 × 10−3 mg kg−1, 6.02–14.70 mg kg−1, and 14.50–32.40 mg kg−1, respectively. By referencing the “Soil Environmental Quality in the Agricultural Land Soil Contamination Risk Management Control Standards,” it can be seen, with the exception of Cd content in the control region exceeding the limits, the levels of the other heavy metals were below the soil contamination risk management threshold. The assessment results were not encouraging; however, when the soil background values of Jiangsu Province were used as the basis for assessment. In the sediment, Cu, Zn, Cr, Cd, Hg, As, and Pb exceeded limits by 75%, 100%, 42%, 92%, 50%, 58%, and 67%, respectively. This indicates that the soil heavy metal content in Pei County is relatively low, and heavy metal content exceeding limits is the outcome of long-term exogenous input [23]. The reason Cu and Zn exceeded the limits is that high levels of Cu and Zn are currently present in feed additives, and long-term use, therefore, increases heavy metal content in the sediment. In addition, a large number of studies have shown that mining, the application of chemical fertilizers, and wastewater discharge may lead to heavy metal contamination [18,24,25]. According to reports, chemical fertilizers with poor calcium superphosphate contain trace amounts of As and Cd [26], while some pesticides contain Pb and Hg, which will enter the natural environment after application.



In water bodies, Cu, Cr, and Cd levels were below the detection limits, while Zn, Hg, As, and Pb levels were 0.01–0.22 mg kg−1, 0.12 × 10−3–28.39 × 10−3 mg kg−1, 0.01–0.10 mg kg−1, and 0.001–0.01 mg kg−1, respectively. Among all heavy metals detected, the levels of Zn, Hg, and Pb were below the Class III limit of China’s Environmental Quality Standards for Surface Water (GB 3838–2002), while As content slightly exceeded the limit. This was mainly due to high As content in water from the Longgu development zone wastewater treatment plant that was collected in the western water inlet A4 of the Anguo wetland and exceeded the limit by a factor of 9.8.



In vegetation from all sample plots, Cr and Cd from some sample plots were below the detection limits, while Cu, Zn, Hg, As, and Pb levels were 4.01–14.00 mg kg−1, 40.29–127.95 mg kg−1, 1.18 × 10−3–3.51 × 10−3 mg kg−1, 0.43–0.61 mg kg−1, and 0.30–1.92 mg kg−1, respectively. From the National Food Safety Standard Contaminant Limits in Food (GB2762-2017), it can be seen the vegetation Hg level was within the clean range. Pb content, however, severely exceeded standard limits, particularly in the control region and the Anguo wetland water inlet, where it exceeded the limit by factors of 19.21 and 17.00, respectively. This is mainly because Pb is easily transported into plants, and high levels of Pb are absorbed by the root system into vegetation. In addition, studies have revealed that root absorption is not the only pathway by which heavy metals are enriched in vegetation, with migration and transformation of heavy metals at the air–plant interface also playing important roles in heavy metal enrichment [27]. Sediment, overlying water, and vegetation were considered as a whole, with Csum representing the sum of different heavy metals in sediment, overlying water, and vegetation. The Csum ranges of Cu, Zn, Cr, Cd, Hg, As, and Pb were 17.66–55.21 mg kg−1, 115.80–224.29 mg kg−1, 39.44–84.34 mg kg−1, 0.12–1.17 mg kg−1, 9.37 × 10−3–81.24 × 10−3 mg kg−1, 6.51–15.16 mg kg−1, and 15.00–34.11 mg kg−1, respectively.




4.2. Heavy Metal Spatial Distribution


We used the Anguo wetland outlet A9 to represent wetlands for comparison with the aquaculture pond B, fishery–solar hybrid project region C, and control region D. There are two main reasons for using A9 to represent wetland. The first reason is that A9 represents the enrichment level of heavy metals in sediment after constructed wetlands have received wastewater. The second reason is to maintain consistency with the analysis of heavy metals in water. The following text will compare the heavy metal pollution levels in water at the A9 sampling point after wetland treatment. As shown in Figure 2b–c, the Cu and Zn content in sediment from different sample plots exhibited identical relative relationships: B > D > C > A9. This indicates that Cu and Zn may have identical pollution sources, and Cu and Zn levels are higher in the aquaculture pond. These findings are consistent with the results of [28]. Studies have determined that long-term usage of bait in aquaculture will increase Cu and Zn content in sediment, causing these heavy metals to exceed limits.



From Figure 2e–h, it can be seen that Cr, Hg, As, and Pb displayed identical patterns, indicating that the pollution sources of these heavy metals may be identical. These distribution patterns are insufficient to demonstrate that the pollution sources are indeed the same, and further study is required to determine whether these heavy metals are associated in order to confirm that they share the same pollution sources. Cr, Hg, As, and Pb levels in the Anguo wetland A, aquaculture pond B, and fishery–solar hybrid project region C were all lower than those of control region D, demonstrating the advantages of these three coal mining subsidence pond reutilization methods. The sources of heavy metals in coal mining subsidence regions may be due to coal mining, pesticide application, domestic sewage, and industrial wastewater discharge [18,29]. First, although the Anguo wetland A receives water from the Longgu development zone and the Pei County development zone wastewater treatment plant, the heavy metal content in the water from these zones was not high, and its effects on sediment heavy metal accumulation are minimal. Second, a large number of reeds were planted in the Anguo wetland, which exerts significant absorption effects on Cd and other heavy metals [30]. This type of environmental intervention also decreases heavy metal content in wetland sediment. Some heavy metals in aquaculture pond B will enter aquatic animals via food chains [31,32]. Therefore, sediment heavy metal content in the aquaculture pond is lower than the control region. In the fishery–solar hybrid project region B, solar power is considered a clean energy source. Under normal circumstances, solar-powered batteries do not pollute the environment and will not increase heavy metal accumulation in sediment [33,34]. Since control region D is low-lying, heavy metals produced from coal mining and tailing accumulation will enter into water bodies through surface runoff [35]. In addition, the application of large amounts of pesticides in farmlands surrounding subsidence ponds is also an important source of heavy metals that cannot be ignored. Given that heavy metals are highly stable and difficult to degrade, heavy metals in water bodies will be enriched in sediment. Therefore, the Cr, Hg, As, and Pb levels in control region D were higher than in other regions.



With the exception of sample plots that were lower than the detection limits, the heavy metal content in the corresponding plants of various sample plots exhibited patterns identical to those of sediment. This is mainly because heavy metals in vegetation originate in sediment, from which they are absorbed and enriched by root systems into vegetation [36,37]. To some extent, the higher the heavy metal content in sediment, the higher the heavy metal content in vegetation [38]. During application, some heavy metals will enter the soil. In overlying water, heavy metal content was significantly lower than heavy metal content in sediment and vegetation, which is consistent with the results of many related studies. For example, [39] studied heavy metals in the sediment, water bodies, and water grasses of Pulicat Lake, India, finding that the Cd and Cr levels in sediment are far higher than the heavy metal content in water bodies. [40] studied the distribution characteristics of heavy metals in Uluabat Lake, Turkey, discovering that the heavy metal content in the overlying water was significantly lower than the heavy metal content in the sediment. The main reason for this phenomenon is that heavy metals in overlying water will be adsorbed to suspended matter through complexation. In addition, the results also revealed that heavy metals in overlying water did not exhibit patterns identical to those of sediment and vegetation. Studies found that as flow occurs in a water body, heavy metals in overlying water will be adsorbed within a distance of 10 km under normal circumstances [41]. In contrast to heavy metals in sediment and vegetation that are the result of long-term accumulation, heavy metal content in overlying water tends to undergo real-time changes. Therefore, it is not difficult to describe the differences between heavy metal content in overlying water versus that in sediment and vegetation.



When Csum was used as a study subject, the variation trends of Cu, Zn, and Cd in the system consisting of sediment, overlying water, and vegetation were identical, and the variation trends of As, Cr, Hg, and Pb were identical. This proves that the two types of heavy metals may have different pollution sources.



In the two independent wetland systems of the Anguo wetland, the heavy metal content of sediment, overlying water, and vegetation displayed identical trends, while Cu, Zn, and Cd levels manifested the following relative pattern: secondary surface flow region > sediment > primary surface flow region. Meanwhile, As and Pb levels exhibited the following pattern: sediment > secondary surface flow region > primary surface flow region. In addition, the heavy metal content in the overlying water of the Anguo wetland outlet was lower than that of the water inlet, indicating that the joint effects of wetland surface flow and aquatic plants can effectively purify the 50,000 tons of tailings that enter the Anguo wetland daily from the Pei County and Longgu development zones.




4.3. Assessment of Nemerow’s Synthetic Pollution Index


Table 1 shows the calculation results for Nemerow’s synthetic pollution index, in which bold fonts indicate index values >1. It is evident that, with the exception of control region D, Nemerow’s indices of sediment at all sampling points were <1, indicating that the sediment was relatively clean. In contrast, the water quality Nemerow’s synthetic pollution index analysis results revealed that the water quality of the Anguo wetland water inlet was poor and is severely polluted. This is mainly due to As content in the Longkou River exceeding limits, which consists of recycled water obtained following treatment of wastewater from the Longgu development zone and sewage from surrounding residential areas. After purification in the primary and secondary surface flow regions of the Anguo wetland, water from the Anguo wetland outlet was significantly improved and reached a clean level. This also shows that the purification effects of the Anguo wetland are relatively good. In addition, the fishery–solar hybrid project region and the control region were mildly polluted. It is worth noting that the Pplant values of all sampling points were >3, showing that there is severe heavy metal contamination in vegetation. Our analysis indicates that this is because the Pb content in vegetation severely exceeded limits. Heavy metals are absorbed by the root system, from which they flow up and accumulate in the vegetation. Additionally, Pb that enters vegetation from the atmosphere cannot be overlooked. Coal mining, vehicle exhaust, and industrial production [42] may increase atmospheric Pb content in the sampling plot, and atmospheric Pb is enriched in particulate matter, which enters vegetation via stomata in the plants’ epidermis [43]. Since Pplant exceeded the pollution limits, this caused Nemerow’s synthetic pollution index of the aquatic system to exceed limits, indicating that the system is in a polluted state.




4.4. Geostatistical Analyses of Sediment Heavy Metals


Figure 3 presents the Igeo of various heavy metals. From this figure, it can be seen that the Cr values at all sampling points were within clean levels; Cu, Zn, Hg, As, and Pb at most sampling points were at clean levels, while other sampling points were at mild-moderate pollution levels. Among all heavy metals, the Cd contamination levels were more severe, with 33%, 25%, and 8.3% of sampling points at moderate pollution, moderate–high pollution, and high pollution levels, respectively. Sediment Cd mainly originates from coal mining, traffic, atmospheric deposition, fertilizer application, and the use of Cd-containing pesticides [44]. Cd is an accompanying element in coal mining that tends to undergo migration and was found to be enriched in sediment compared with other heavy metals, resulting in Cd content exceeding limits.




4.5. Pearson’s Correlation, PCA, and HCA


Table 2 lists the Pearson’s correlation coefficient of heavy metals and other physicochemical properties. Since soil pH is one of the important physical characteristics of soil and strongly affects heavy metal adsorption sites and adsorption stability, many studies have reported the impact of pH on heavy metals [45,46]. Imoto et al. [47] employed multivariate regression to study the effects of pH on Cd and Pb adsorption and derived an adsorption formula. Their results revealed that soil pH greatly affects heavy metal adsorption. Bang et al. [48] demonstrated that soil pH changes the surface charge of heavy metal adsorbents, which alters the adsorption of heavy metals by soil organic matter. In this study, the pH of the aquatic ecosystem was found to be negatively correlated with most heavy metals. These results are consistent with previous studies [49,50]. The specific reason may have to do with the basic pH of the study site. In a basic soil solution, heavy metals in the soil will form insoluble hydroxides through complexation, and the metallic ion concentration in the soil solution will decrease. Within a certain pH range, the higher the soil pH, the greater the solubility of soil organic matter and the stronger the metal complexation ability. This causes a large number of heavy metal ions to be in a more stable bound state in the form of hydroxides [51]. Due to the electron structure of heavy metal ions, however, heavy metal ions and hydroxide ions exist in the form of water and ions. The higher the soil pH, the more favorable the hydrolysis reaction, which decreases heavy metal concentration in soil solution [52].



There is a strong interaction among sediments elements in the natural environment. The results showed that AN, AP and AK have strong influences on the concentrations of As and Cr via physical sorption and precipitation. SOC was positively correlated with Cu and Zn, which is similar to the studies reported by Liao J [53] and Katalin Juhos [54].



In the aquatic ecosystem, the correlation coefficients of Cu-Zn, Cu-Cd, Cu-Hg, Zn-Cd, Zn-Hg and Cd-Hg were 0.90, 0.53, 0.17, 0.55, 0.19, and 0.64, respectively, while the correlation coefficients of As-Cr, As-Pb, and Cr-Pb were 0.91, 0.18, and 0.33, respectively. These results show that Cu, Zn, Cd and Hg may have identical pollution sources, and As, Cr, and Pb may have identical pollution sources, which is consistent with the analysis results of the preceding section.



The Kaiser-Meyer-Olkin (KMO) value (0.517) of the PCA and Bartlett test results indicate that principal component analysis can be carried out on the data. Four principal components were extracted based on eigenvalues (eigenvalues >1), which explained 80.89% of the total variance. PC1 accounted for 33.70% of the total variance and displayed strong positive correlations with As, Cr, AK, as seen in Figure 4a. PC2 explained 19.81% of the total variance and exhibited strong positive correlations with Pb, AN, AP and pH. PC3 explained 14.61% of the total variance and showed a strong positive correlation with Cu, Zn, Cd, and Hg. PC4 explained 12.76% of the total variance and exhibited strong positive correlations with SOC. Based on the above results, we can deduce that Cu and Zn have a common source and As and Cr have a common source. Figure 4b presents the HCA results. Evidently, all indicators clustered into four categories: Category 1, consisting of As, Cr, AK; Category 2, consisting of Pb, AN, AP and pH; Category 3, consisting of Cu, Zn, Cd, and Hg; and Category 4, consisting of SOC. This result is identical to the Pearson’s correlation and PCA results.



In combination with the distribution patterns of heavy metals, it can be seen that Cu and Zn, was the most prevalent in aquaculture pond B, while As and Cr predominated in control region D. It is well known that heavy metal sources are both natural and anthropogenic. Natural sources include rock weathering and soil erosion, while anthropogenic sources include coal mining, agriculture, and industrial production. For example, waste heaps are eroded by wind to form dust, which is suspended in the air and deposits on the land surrounding the waste heap. Coal gangue undergoes erosion and leaching, causing heavy metals to enter the soil via surface runoff caused by precipitation. In addition, domestic sewage, the application of pesticides and chemical fertilizers, aquaculture, and tourism will also result in heavy metal accumulation [55]. Thus, aquaculture can be interpreted as the main source of Cu and Zn, including long-term bait usage. Meanwhile, As and Cr mainly originate from atmospheric deposition, coal mining, and leaching.





5. Conclusions


The present study analyzed the heavy metal distributions in water bodies, sediment, and vegetation in subsidence ponds with different resource reutilization methods in China. Multivariate statistical analysis, including Pearson’s correlation analysis, principal component analysis and hierarchical cluster analysis, were conducted to identify the pattern of heavy metal concentrations and the potential sources. The results showed that levels of heavy metals were below the soil contamination risk management thresholds, except Cd in the control region by referencing the GB15618 2018. The assessment results of heavy metals exceeded limits by varying degrees when the soil background values of Jiangsu Province were used as the basis for assessment, however. This indicates that the soil heavy metal content in Pei County is relatively low, and heavy metal content exceeding limits is the outcome of long-term exogenous input. In water bodies, the levels of Zn, Hg, and Pb were below Class III of China’s Environmental Quality Standards for Surface Water (GB 3838–2002), while As content slightly exceeded the limit. In vegetation, Pb content severely exceeded limits, particularly in the control region and the Anguo wetland inlet.



Pearson’s correlation, PCA, and HCA analysis results revealed that Cu and Zn are the most prevalent in aquaculture pond B and mainly originate from aquaculture, and As and Cr predominate in control region D and mainly originate from atmospheric deposition, coal mining, and leaching.



In addition, the heavy metal distribution patterns indicated that the joint effects of wetland surface flow and aquatic plants could effectively purify the 50,000 tons of tailings that enter the Anguo wetland daily from the Pei County and Longgu development zones. Some degree of heavy metal enrichment in the sediment and vegetation of the Anguo wetland is unavoidable, however, although the degree of enrichment was still found to be lower than that of the control region. In the aquaculture pond B, Cu and Zn levels exceeded limits, and they should thus be considered when selecting bait in the future. Solar-powered batteries do not cause environmental pollution under normal circumstances. Therefore, these models should be considered during resource reutilization of subsidence ponds based on the actual conditions.
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Figure 1. Sampling sites in Pei County, China. 
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Figure 2. Changes in heavy metal content and pH in sediment, overlying water, and vegetation of various sample plots. 
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Figure 3. Igeo values in various sample plots. 
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Figure 4. PCA and HCA results for heavy metals and other physicochemical properties in sediments. 
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Table 1. Nemerow’s synthetic pollution index analysis results for various sampling points.
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	Psediment
	Pwater
	Pplant
	P





	A1
	0.55
	0.84
	12.56
	4.65



	A2
	0.49
	0.94
	6.68
	2.70



	A3
	0.51
	0.77
	9.85
	3.71



	A4
	0.38
	0.81
	11.07
	4.09



	A5
	0.56
	0.48
	3.81
	1.62



	A6
	0.44
	7.19
	5.22
	4.28



	A7
	0.30
	1.03
	3.75
	1.69



	A8
	0.58
	1.92
	13.51
	5.33



	A9
	0.52
	0.96
	10.54
	4.01



	B
	0.33
	0.56
	2.34
	1.08



	C
	0.39
	1.11
	4.57
	2.02



	D
	1.06
	1.03
	14.43
	5.51







The bold fonts indicate index values > 1.
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Table 2. Pearson’s correlation matrix for heavy metals and other physicochemical properties.
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	pH
	AN
	AP
	AK
	SOC
	Cu
	Zn
	Cr
	Cd
	Hg
	As
	Pb





	pH
	1.00
	
	
	
	
	
	
	
	
	
	
	



	AN
	0.51
	1.00
	
	
	
	
	
	
	
	
	
	



	AP
	0.28
	0.34
	1.00
	
	
	
	
	
	
	
	
	



	AK
	−0.09
	0.15
	−0.01
	1.00
	
	
	
	
	
	
	
	



	SOC
	0.08
	−0.12
	−0.03
	0.20
	1.00
	
	
	
	
	
	
	



	Cu
	−0.02
	−0.35
	−0.26
	0.08
	0.36
	1.00
	
	
	
	
	
	



	Zn
	0.01
	−0.35
	−0.28
	−0.15
	0.10
	0.90 **
	1.00
	
	
	
	
	



	Cr
	−0.10
	0.49
	0.16
	0.38
	−0.07
	−0.26
	−0.44
	1.00
	
	
	
	



	Cd
	−0.11
	−0.40
	−0.28
	−0.48
	0.21
	0.53
	0.55
	−0.39
	1.00
	
	
	



	Hg
	−0.07
	−0.03
	−0.20
	−0.42
	−0.10
	0.17
	0.19
	0.33
	0.64 *
	1.00
	
	



	As
	0.06
	0.65 *
	0.43
	0.36
	−0.21
	−0.30
	−0.38
	0.91 **
	−0.50
	0.22
	1.00
	



	Pb
	0.24
	0.69 *
	0.41
	−0.30
	−0.33
	−0.17
	−0.10
	0.18
	0.16
	0.31
	0.33
	1.00







* p < 0.05, ** p < 0.01 (two-tailed).
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