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Abstract

:

Due to manganese mining and slag accumulation, the geological structure of the wetland polluted by heavy metals in Xiangtan Manganese Mine area was seriously damaged, hence biodiversity loss, severe soil, and water pollution, as well as serious heavy metal pollution to food, vegetables, and other natural sources. In order to restore the ecological environment of the mining area, in 2015, the ecological restoration test of heavy metal polluted wetlands in the mining area was carried out. The results showed that the Mn content of different parts of Koelreuteria paniculata root from high to low order: fine root > small root > medium root > large root. The Mn content of different parts of Elaeocarpus decipiens root from high to low order: large root > medium root > small root > fine root. The order of Mn content in plants of the wetland restoration from high to low is as follows: Canna warscewiezii > Thalia dealbata > Boehmeria > Pontederia cordata > Typha orientalis > Nerium oleander > Softstem bulrush > Iris germanica > Acorus calamus > Arundo donax > Phragmites australis; The order of Internal Cu content from high to low is as follows: Acorus calamus > Thalia dealbata > Softstem bulrush > Canna warscewiezii > Typha orientalis > Arundo donax > Boehmeria > Iris germanica > Pontederia cordata > Nerium oleander > Phragmites australis; Zn content from high to low order is as follows: Canna warscewiezii > Acorus calamus > Thalia dealbata > Typha orientalis > Pontederia cordata > Arundo donax > Softstem bulrush > Iris germanica > Boehmeria > Phragmites australis > Nerium oleander; Cd content from high to low order is as follows: Phragmites australis > Softstem bulrush > Thalia dealbata > Nerium oleander > Boehmeria > Canna warscewiezii > Acorus calamus > Iris germanica > Typha orientalis > Pontederia cordata > Arundo donax. The results of this study have provided a theoretical basis and decision-making reference for the evaluation of heavy metals polluted wetland restoration, protection, and reconstruction effects and the selection of ecological restoration modes.
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1. Introduction


With the development of industry and the increase in its demand, large-scale minerals are being mined with mechanized operation [1,2]. Especially since modern times, the mining industry has been developing at a faster pace. At present, the development and utilization of mineral resources in China is generally extensive. Mining is often accompanied by varying degrees of impact and damages on the surrounding environment. Mining and mine environmental problems coexist, and the contradiction continues to intensify. Due to the emission and diffusion of pollutants into the air, water, soil, plants, and animals, high concentrations of HMs and metalloids (Zn, Pb, Cd, As, Tl, etc.) can be found in and around active and abandoned mines or smelting plants. Mining activities often lead to a serious decline in soil, water, and ecological environmental quality, soil erosion and reduction of agricultural and fishery production, and directly affect the food, drinking water safety, and human health in the area. At the same time, mining will also lead to the loss and fragmentation of local animal and plants’ habitats, as well as biodiversity loss; mining activities have greatly changed the structure and function of the local ecosystem, affecting the landscape pattern and safety of the whole area. It has destroyed and occupied a large amount of land resources, intensifying the contradiction between people. Mining process is often accompanied by serious environmental pollution and ecological safety problems. The main problems of the ecological environment in mining areas include excessive heavy metals, lack of soil nutrients, changes in soil physical and chemical properties, and extreme changes in soil acidity [3,4,5]. These problems pose a serious threat to the native habitat of the ecosystem and the structure and function of plants. They can lead to biodiversity loss and ultimately seriously affect the production and life of residents and to a certain extent affect the ecological security of the entire region [6,7,8]. Therefore, effective assessment of soil HM contamination is an important global issue [9]. The most serious problems of ecology and environment in the mining area often occur in the slag area in the abandoned mining area. Because the original soil is covered by slag and the surface is composed of slag from different ages, these slags often lack vegetation and are exposed, which can easily produce soil loss and pollute the regional land and wetlands, and thus cause the pollution of drinking water and food and vegetables [10,11]. At present, pollution in mining areas has become a global problem, mainly manifested by the large polluted land area, complex pollution composition, and great difficulty to recover. Relevant research pointed out that the environmental problems caused by mining had lasted for a very long time, even for hundreds of years, which would seriously affect the local economic and social development.



In order to restore the damaged and polluted environment in the mining area, a scientific and reasonable evaluation of the contaminated soil must be conducted in the first place to understand the migration law and characteristics of heavy metals and carry out targeted ecological restoration. It is very important to select appropriate evaluation methods and indicators. At present, mature evaluation indicators for the geochemical assessment of the soil environment include contamination factor (Cf), degree of contamination (Cdeg), pollution load index (PLI), and geo-accumulation index (Igeo). These indicators enable the estimation of environmental risk and soil degradation due to accumulation of HMs [12,13,14,15]. In the study of heavy metals migration, isotope analysis proved to be a promising tool, helping us to understand heavy metals behavior by the smelting process and in plant tissue study [16,17].



In the selection of ecological restoration methods, the United States developed the permeable reaction wall technology for treating polluted water in the 1980s, which was very representative. As of now, a large number of engineering and technical studies on this technology have been conducted in Europe and the United States and other countries, and this technology has gradually entered the stage of commercial application. Permeable reaction wall technology is an in situ treatment method for groundwater pollution. It has two kinds of process flows: continuous wall, water separation funnel, and water diversion gate, but the principle is the same. The treatment system consists of an inlet tank, a reaction zone, and an outlet tank. Active material walls are arranged in the system to intercept the contaminated plume. After the contaminated plume reacts with the medium filler through the reaction zone, the pollutants are transformed into another form acceptable to the environment, so as to achieve the purpose of reaching the treatment standard. The reaction medium is usually strong in chemical reduction, which can remove chromium, uranium, selenium, cobalt, copper, mercury, arsenic, and other heavy metal elements, as well as nitrate and sulfate. In the redox reaction, heavy metals are precipitated as simple substances or insoluble compounds.



In recent years, the ecological interception system based on permeable reaction wall technology is mainly used to control agricultural non-point source pollution and protect the water ecological environment of the basin. The types of ecological interception system vary from place to place, including plant buffer zone, ecological ditch composed of agricultural drainage ditch and its internal plants, and multi-level ecological interception zone constructed by different tree species on different platforms. Its action mechanism is to intercept runoff and sediment by constructing the system and use the system plants to absorb and remove other non-point source pollutants.



The surface soil of Xiangtan Manganese mining area is formed by the accumulation of slag in different years, and others heavy metals associated with Mn occur commonly in slag produced by manganese processing. The complex processing of Mn-bearing ores probably dominates in areas where extreme pollution levels of this element have been recorded [16]. According to relevant research, we believe that the HM content in the topsoil formed in Xiangtan Manganese mining area is mainly related to the natural existence of metals [9,16,17,18]. The contaminated soil in Xiangtan Manganese mining area is not only the receptor of pollutants such as mining wastewater and waste residue but also a source of pollution in the surrounding area. Soil leakage and surface runoff caused by rainfall, especially soil and water loss during rainstorm, will lead to the diffusion of pollution and harm the soil and water ecological environment around the mining area. The soluble metal ions and compounds in contaminated soil will eventually enter the water body, which will affect the safety of diet and drinking water in a larger area, although the pollution decreases with the distance from the slag, which is consistent with V. Chrastný research [18]. It usually takes a long time to use bioremediation technology to repair heavy metal contaminated soil. Therefore, before realizing the long-term goal of ecological restoration in polluted areas, it is necessary to take appropriate measures to establish soil leakage and surface runoff interception and treatment system to control the diffusion of heavy metal pollution, so as to ensure the ecological safety of the surrounding environment of the mining area.




2. Research Methods


2.1. Overview of the Study Area


Xiangtan Manganese Mine Area is located 14 km northwest of Xiangtan, Hunan Province, China, at 112°45’~112°55’ (55’ E and 27°53’~28°03’ N) [19,20]. Xiangtan Manganese Mine area has a typical subtropical monsoon climate with obvious characteristics: obvious seasonal changes in precipitation and temperature and an average annual precipitation of 1425 mm [21,22]. Summer is hot and drier, winter is cold and humid, the highest temperature is 41.8 °C, the lowest temperature is −12.1 °C, and the annual average temperature is 17.5 °C [23]. Northwest winds prevail in winter and southeast winds prevail in summer. The summer drought lasts for an average of 30–40 days, with an average relative humidity of 80% and an average frost-free period of 300 days. After nearly a hundred years of mining, Xiangtan mineral resources are exhausted, leaving a fragile geological structure and serious environmental pollution [24]. In 2011, the government decided to remediate the local geological damages and solve the ecological problems in Hunan-manganese region (Shown in Figure 1).



The wetland is located in the manganese ore mining area, with serious heavy metal pollution, which mainly comes from the mining wastewater and waste residue in the original mining area, and it is also a pollution source in the surrounding area. Wastewater and waste residue can be spread through surface runoff and soil erosion under natural circumstances, bringing great potential dangers to the ecological environment of the wetlands and the surrounding areas. The water quality of the two wetlands was acidic, with the average pH value of 5.2. The heavy metal content in the water is extremely high, with an average Mn content of 28.05 mg/L. The main problems facing the restoration project are: (1) the water quality is perennial acidic; (2) heavy metal pollution; (3) Serious soil erosion; (4) The geological structure is unstable; (5) surrounding wetland is mainly slag without soil; (6) the slag mountain color is black, and the highest temperature in summer is 68 °C.




2.2. Ecological Restoration Plan


The heavy metal pollution area of Xiangtan Manganese Mine is mainly formed by the accumulation of slag in different years. The primary soil has been located dozens of meters below the slag. The slag mounds were selected for ecological restoration in 2015, and it is located in the former Qingshan dew mining area of the Xiangtan manganese mine. The implementation plan of ecological restoration consists of three parts: (1) Vegetation restoration and reconstruction of the slag mounds around the wetlands. (2) Establishment of the ecological interception system of the slope around the wetlands. (3) Establishment of the artificial wetland system to a complete wetland ecological restoration system.



2.2.1. Restoration of Mountains Surrounding the Wetland


The restoration project covers two adjacent natural wetlands and surrounding slag mounds. The area of A is 4450 m2 and that of B is 6952 m2. The two wetlands are separated by a mountain and are not connected to each other.




2.2.2. Ground Ecological Restoration Preparation


	(1)

	
Repair plant screening and the construction of plant resource library







The existing terrestrial plant resources in the mining area are collected to establish a restoration plant selection and evaluation system, a spring and summer plant community dominated by wild herbs, and long-term plant community dominated by artificial planting of ornamental plants. Four types of plant communities are suitable for different seasons; the functions of the natural ecosystem are used to attract insects and birds to form a relatively complete and complex ecosystem. This can effectively reduce soil loss and surface runoff and reduce the environmental heavy metal pollution.



	(2)

	
Construction of the surface runoff ecological interception system for polluted soil







Heavy metal pollution is mainly spread around wetlands through soil loss and surface runoff. There are two ways to control the spread of pollution with the surface runoff: (1) Establishing annular ecological water retaining ditches along the mountain can effectively prevent heavy metal pollution from entering the surrounding environment, promote the infiltration of heavy metals with the rain, and reduce heavy metal pollution to soil [25]. In theory, the more retaining ditch, the better the seepage effect, but characterized by the greater engineering cost. (2) Setting up spiral ecological ditches along the mountain to strengthen infiltration and lead excess water into the reserve treatment tank. Through chemical and biological methods, toxicity is reduced and precipitation is produced, which has the characteristics of low engineering cost (shown in Figure 2 and Figure 3).



	(3)

	
Construction of the artificial wetland system







In the ecological restoration of artificial wetland, rational allocation of plants and efficient allocation of microorganisms and micro-animals can improve the micro-ecological environment of plant roots and improve the ability of organisms and ecosystems to resist heavy metal pollutants. The terrestrial plant wetland system is introduced to enrich plant resources, solve the problem of limited plant resources in winter, develop technologies to cultivate various ornamental plants, and realize multiple benefits of pollution control, pollution recycling, and economic proliferation.




2.2.3. Wetland Ecological Restoration was Implemented


	(1)

	
Repair plant screening







According to the conclusion of preliminary research and potted experiments, the selected tree species must have the following characteristics [26,27,28,29,30,31,32]: (1) Strong resistance to heavy metal stress, (2) Ability to absorb rich manganese elements and large biomass, (3) Aesthetic value and economic value; (4) Ability to adapt to the alternate dry and wet growth environment and resistance to high temperature. The final plant species for mountain restoration are: Koelreuteria paniculata, Paulownia fortunei, Cinnamomum camphora, Castanopsis fissa, Elaeocarpus decipiens (as shown in Figure 4), and plant species for wetland restoration include: Canna warscewiezii, Nerium oleander, Arundo donax, Thalia dealbata, Pontederia cordata, Boehmeria, Softstem bulrush, Iris germanica, Acorus Calamus, Typha orientalis, and Phragmites australis, which are planted in wetland A and B.



	(2)

	
Polluted soil surface runoff ecological interception zone project







The ecological interception zone project consists of two blocks: (1) surface runoff collection system; (2) surface runoff treatment system.



Surface runoff collection system adopts the above ecological diversion ditch scheme. According to Sun Li and the study of the wetland plants on the removal of heavy metal pollution, pebbles are at the bottom, large-capacity adsorption filling and sand are in the middle level, and planting shrubs and herbs are at the upper layer. According to the above research and the potted plant experimental conclusion, and based on tolerance, economic, and aesthetic value of heavy metals, the following 11 plants are selected for the wetland’s restoration: Canna warscewiezii, Nerium oleander, Arundo donax, Thalia dealbata, Pontederia cordata, Boehmeria, Softstem bulrush, Iris germanica, Acorus calamus, Typha orientalis, and Phragmites australis. Gravel and sand are set inside the ecological interception system for the adsorption and precipitation of heavy metals. The ecological interception zone becomes a first-level treatment unit for wetland landscape restoration.



The surface runoff treatment system is located in the catchment, including three artificial wetland modules. Based on the permeable reaction wall technology, each module has a different matrix filler. Eleven kinds of plants are planted on the surface, and the pollution is finally controlled through physical, chemical, and biological methods. The heavy metal purification effect is good (shown in Figure 5).





2.3. Measurement of Heavy Metal Content


Plant sampling plan: sampling of land plants for ecological restoration, select restoration plants, and sample the leaves, branches, stems, barks, and roots. Sample 1 kg respectively according to diameter ≥ large root, medium root, small root, thin root, 0.5 cm, 0.2~0.5 cm, 0.1~0.2 cm, ≤0.2 cm and take them back to the laboratory for testing. In the wetland plant sampling, three plants of each kind are taken, the whole plant is taken out from the wetland, and integrity of the root is maintained. The plants are taken back to the laboratory for cleaning, and the above and below ground parts of the plants are separated from the base of the plants. Plant samples shall be taken back to the laboratory and dried in the oven for 24 h to constant weight. The dried samples are pulverized and the powder are put into the aluminum box. Then, 2 g of samples are put into the porcelain crucible, and the horse boiler is heated to 300 °C for about half an hour to smoke, then the temperature is turned to 500 °C for 2 h. 2 mL of 1:1 hydrochloric acid is used for cooling. The ashes are dissolved and filtered in a 100 L volumetric bottle. Deionized ultra-pure water is used to set the line. Finally, the heavy metal content in plant samples (mg/Kg) is taken. In addition, the plant heavy metal concentration coefficient and the operation coefficient of heavy metal in plants are as follows:


Concentration coefficient (BAC) = in plant pollutant concentration/intrasoil pollution concentration










Operating coefficient (BTC) = aboveground partial heavy metal content/root heavy metal content











Soil sampling scheme: according to the principle of availability, representativeness, and uniformity, soil samples were collected in 2019 and 2020. 9 samples in four directions of the wetland and 4 soil samples with GPS with 3~5 m accuracy was collected. Three samples were taken and fully mixed every 50~100 m to form a complete soil sample. All soil samples are packaged in disposable polyethylene bags with detailed information (landscape type, soil type, vegetation cover) to bring the samples back to the laboratory under natural conditions. A total of 144 surface samples (0~20 cm) were collected for trial.



Debris was removed after air drying and grinding. The soil in the sample was further ground until it can pass through a 0.149 mm nylon sieve for soil heavy metal measurement. The soil samples were digested at high temperature for 6 h by a mixture of nitric acid, hydrofluoric acid, and perchloric acid. Then they were determined by inductively coupled plasma atomic emission spectrometry (Hitachi-4010, produced in Japan). For the determination results, parallel tests and standard control (Chinese Academy of metrology gbw-07401) were used to evaluate the quality assurance and control. The standard recovery was 95.12~104.47%. The analysis results met the standard requirements of technical code for soil environmental monitoring HJ/T166-2004 issued by the State Environmental Protection Administration.



In order to reflect the soil characteristics and environmental characteristics of the local wetland, the combined outdoor and indoor measurement methods were adopted. The soil pH meter was used for field measurement. Soil particle composition (sticky particle clay; particle silt; sand particle: sand) was determined by the laboratory laser particle size analyzer (Microtrac S3500, produced in the USA). For soil nutrients, soil organic carbon (Soil organic carbon, SOC), nitrate nitrogen (NO3-N), and fast acting phosphorus (AP) were used. Organic carbon removed soil calcium carbonate with soil hydrochloric acid, total organic carbon analyzer (HT1300, Jena) was used. NO3-N was determined by UV spectrophotometry. Fast-acting phosphorus was determined by photoelectric specific color method.




2.4. Statistics and Analysis Methods


The basic data was collected and sorted with Excel 2010 first, then the significant differences of all statistical tests were estimated at a significant level of p < 0.05. Excel 2010 was used for statistical data processing, and SPSS18.0 was used for mean comparison analysis. The statistical maps are drawn according to the collated data.





3. Results


3.1. Soil Physical and Chemical Properties


Soil is the substrate for plant growth and the most important place for plants to absorb nutrients and water. The changes of the physical and chemical properties of soil play a very important role in the structure and variation of plant population and community. SOC, NO3-N, AP, pH, and soil particle composition (clay, silt, sand) status are shown in Table 1. The physical and chemical properties of slag heaps in different ages vary greatly. Due to random stacking, the distribution law was not obvious. Among them, NO3-N, AP, SOC, K of the new slag mounds are 0.661%, 0.4225%, 9.335%, and 3.352% respectively. It can be seen from Table 1 that the soil properties have changed significantly after artificial restoration, and that there was obvious improvement of soil texture is obvious, which verifies the necessity of artificial restoration.




3.2. Soil Content of Heavy Metals


It can be seen from Table 2 that, with the exception of Cu, the contents of Cd, Zn, and Pb in the soil of the manganese ore contaminated sites are significantly higher than the values in the national level III standard for soil environmental quality. After ecological restoration, all indicators have been significantly improved, but they are still significantly higher than the national level III standard. The background values of Mn and Fe in the areas without heavy metal pollution near the manganese ore pollution area are 688.578 mg/kg and 3068.567 mg/kg respectively. After ecological restoration, the content of Mn in soil is still 26.22 times that of the background value, and the content of Fe is 3.44 times that of the background value.




3.3. Screening of the Plant Survival Status


Among the trees selected for mountain restoration, only Elaeocarpus decipiens and Koelreuteria paniculata survived and grew well; only one Cinnamomum camphora survived, and Castanopsis fissa and Paulownia fortunei all died. Only Nerium oleander and Ligustrum quihoui in the collection system survived. Hydrocotyle vulgari and Ligustrum quihoui in the processing system all died, Arundo donax and Acorus calamus did not grow well, and Softstem bulrush, Iris germanica, Phragmites australis, Pontederia cordata, and Canna warscewiezii survived and grew well. The content of heavy metals in the roots of the dead plants is much greater than that on the ground. Plant transfer and utilization of heavy metals is very weak, and heavy metal elements accumulate in plant roots, causing plant poisoning.




3.4. Heavy Metal Content in the Plant Body


	(1)

	
Heavy metal content in the land plant roots







Table 3 shows the heavy metal content of the roots of Koelreuteria paniculata and Elaeocarpus decipiens. The content of manganese in the roots of Koelreuteria paniculata increases gradually from big root to fine root. The content of manganese in the fine roots was significantly higher than other parts of the roots (p < 0.05). However, the content of manganese in the roots of Elaeocarpus decipiens decreases gradually from big root to fine root. The content of manganese in the fine roots is significantly lower than other parts of the roots (p < 0.05). The content of Fe and Cu in Koelreuteria paniculata roots increased from big to fine roots, with significant differences from other parts (p < 0.05), and the content of Fe and Cu in Elaeocarpus decipiens had the same trend to Koelreuteria paniculata. The difference of Zn and Pb were not significant in big root of Koelreuteria paniculata, middle root and small root, but their content in fine root is significantly higher than the other 3 parts. The difference of Zn and Pb was significant in big root of Elaeocarpus decipiens, middle root, and small root, from large root to fine root. The content of Cd in four parts of roots of Koelreuteria paniculata and Elaeocarpus decipiens roots was low and the difference was not significant (p > 0.05).



	(2)

	
Heavy metal content in the wetland plant







Eleven species of wetland plants were selected for wetland restoration and planted in ecological interception zone in natural wetlands in restoration project area. Mn, Cu, Zn, and Cd were detected in wetland plants. Figure 6 shows the content of above-ground and underground heavy metals of wetland plants. Canna warscewiezii, Nerium oleander, Arundo donax, Thalia dealbata, Pontederia cordata, Boehmeria, Softstem bulrush, Iris germanica, Acorus calamus, Typha orientalis, and Phragmites australis’s above-ground Mn content is significantly higher than the underground Mn content (p < 0.05); the Mn content of Nerium oleander is not significantly different from its underground Mn content (p > 0.05). Among the 11 kinds of plants, the Arundo donax’s content is highest and significantly higher than the 10 other plants; Canna warscewiezii, Piracuda grass, and Boehmeria’s Mn content is less than Thalia dealbata’s, but the three plants are not significantly different than the other 7 plants, Nerium oleander’s Mn content is significantly less than Canna warscewiezii and other three plants, but significantly greater than the other 5 plants, Softstem bulrush, Iris germanica, and Acorus calamus is significantly less than Nerium oleander but significantly greater than Arundo donax; Phragmites australis is the least Mn content of all planting plants. The Mn content in the plant from high to low order is as follows: Canna warscewiezii > Thalia dealbata > Boehmeria > Pontederia cordata > Typha orientalis > Nerium oleander > Softstem bulrush > Iris germanica > Acorus calamus > Arundo donax > Phragmites australis.



The experiment shows that the maximum transfer coefficient of Mn in wetland plant BTF is Phragmites australis, up to 7.55, and its transfer ability of its underground parts to the aboveground parts of the plant body is very strong. The minimum BTF is the Acorus calamus, value is 0.14, and its ability to transfer from underground parts to the aboveground parts is very weak. Maximum BAF is Canna warscewiezii, up to 7.53, which has a strong enrichment capacity for the soil of Mn. BTF from large to small order: Phragmites australis > Typha orientalis > Boehmeria > Softstem bulrush > Pontederia cordata > Thalia dealbata > Iris germanica > Arundo donax > Canna warscewiezii > Nerium oleander > Acorus calamus, BAF from large to small order is: Canna warscewiezii > Boehmeria > Thalia dealbata > Pontederia cordata > Typha orientalis > Softstem bulrush > Nerium oleander > Iris germanica > Acorus calamus > Arundo donax > Phragmites australis.




3.5. Control Status of Heavy Metals Pollution


The content of heavy metal elements detected in the Class I wetland unit is significantly lower than the value of the unit intake. The contents of Mn, Pb, Zn, Cd, and Cu have decreased by 11.5%, 19.3%, 82.0%, 33.3%, and 80.0%, respectively. Among them, the removal rate of Zn and Cu was the highest, and the water outlet of the Class I wetland unit is lower than the national discharge standard (Table 4). In general, the treatment effect of Grade I wetland unit treatment is not ideal, especially the removal rate of manganese and lead is very low, and these two elements’ contents are still far higher than the national standards. During field observation, the water quality of the well out of the primary wetland unit is very clear. It is said that the turbidity removal capacity of this unit is very strong, and the main reason for the low heavy metal removal ability is that the adsorption capacity of the selected filling in the unit is small. In view of the construction cost of the treatment system, the main filler of this unit is sand, gravel, and peat soil. The filtration performance of peat soil is very good, but the adsorption capacity of heavy metal ions is small. In addition, plant roots are underdeveloped and microbial activity is low. Therefore, the treatment effect of removing manganese and lead in the primary wetland unit is not significant. The biological role of the ecological interception and processing system is very important. It is necessary to carry out in-depth analysis and research in the progress of the system. Compared with the primary unit, the effect of removing the heavy metal elements in the secondary wetland unit is very significant. With the effluent content of the primary unit as the base, the removal rate of all the detected heavy metal elements has exceeded 99%. The content of manganese effluent in the secondary wetland unit is not only far lower than the value of the primary treatment unit but also several times below the standards stipulated by the state.



Heavy metal content in the water samples in the wetland does not change much. Although the pollution from the surrounding slag mounds has been cut off, mainly because of a lot of heavy metal sludge, after the detection of heavy metal content in the plant, Canna warscewiezii, Boehmeria, and other parts of the ground manganese content reached 4000 mg/kg. It shows that aquatic plants still reduce the total amount of heavy metals in the wetlands.





4. Discussion


Ecological restoration planting plants can effectively absorb the heavy metals of the soil during the process of growth; the main reason is that the plant root secretions can regulate the soil environment, activate the heavy metal elements, make heavy metal elements gradually dissolve, and form organic matter and heavy metal compounds. Increasing the biological activity of heavy metals can promote plant roots to effectively transfer heavy metal compounds to the plant. The accumulation of Fe and Mn in the slag soil in the study area is the highest, while Pb and Cd are the lowest. Fe and Mn content are the lowest in all plants, indicating that plant growth is closely related to the heavy metal content in the environment. There are obvious differences between the absorption capacity of two plants planted on land and 11 plants planted in wetlands and different heavy metals, and the content of heavy metals varies in different parts and root systems. Except Mn, the content of Cu, Zn, and Cd in the roots is greater than they are in the above-ground part, indicating that wetland plants avoid the damage of heavy metals to the above-ground tissues by enriching the root system.



The experimental results of plant growth in manganese polluted wetland showed that the survival rate of Hydrocotyle vulgaris was low, the growth of Arundo donax and Acorus calamus decreased, but the growth of Thalia dealbata, Boehmeria nivea, Canna indica, Phragmites australis, Typha orientalis, Nerium oleander, Pontederia cordata, Scirpus validus and Iris germanica grew well. The results of the demonstration project further prove that the well-growing plants can be used as alternative plants for the leachate collection and treatment system of Xiangtan Manganese Mine contaminated soil.




5. Conclusions


During the preliminary study of the heavy metal pollution of manganese ore, the N.L.Nemerow (pollution index) method was used to evaluate the heavy metal pollution of soil from single factor pollution index and comprehensive pollution index. In this way, it not only comprehensively reflects the pollution of different heavy metal elements to the soil but also highlights the pollution of high concentration heavy metal elements with the greatest impact on the soil quality. At the same time, the potential ecological hazard index method was used to evaluate the potential ecological hazard of heavy metal pollution in soil. The results are consistent with those of the isotopic research of Sutkowska, Vladislav Chrastný, Vaněk, Aleš and Rafael Baieta: (1) In the area of deeply buried ore bodies, 90% of the HM load was related to anthropogenic sources. Zn, Pb, and Cd vertical distributions and the patterns of topsoil pollution differ in terms of types of mined ores. (2) Under relatively comparable pH conditions, the main soil properties influencing metal migration are total organic carbon and cation exchange capacity. The mobilization of Pb, Zn, and Cd in soils depends on the persistence of the metal-containing particles in the atmosphere; the longer the time, the more abundant the stable forms. (3) The pollution decreases with the distance from the slag.



The overall strategy and technical route for the implementation of heavy metal pollution control are: source reduction, process control and intermediate ecological restoration, and terminal interception. The focus of this study is to control the diffusion of heavy metal pollution in the mining area. The technical route is as follows: excavate a fence ditch around the mountain at the bottom of the waste slag stacking mounds, collect the surface runoff and soil leachate of the mountain, and introduce an artificial wetland treatment system with multi-level functional units based on the principle of permeable reaction wall technology. The collected soil leachate and runoff water are purified by using wetland plants with strong absorption capacity and resistance to heavy metal pollution adsorbed and screened by media fillers.



	(1)

	
The Mn content of different parts of Koelreuteria paniculata root from high to low order: fine root > small root > medium root > large root. The Mn content of different parts of Elaeocarpus decipiens root from high to low order: large root > medium root > small root > fine root.




	(2)

	
The Mn content in wetland restoration plants varies from high to low order is as follows: Canna warscewiezii > Thalia dealbata > Boehmeria > Pontederia cordata > Typha orientalis > Nerium oleander > Softstem bulrush > Iris germanica > Acorus calamus > Arundo donax > Phragmites australis; Internal Cu content from high to low order is as follows: Acorus calamus > Thalia dealbata > Softstem bulrush > Canna warscewiezii > Typha orientalis > Arundo donax > Boehmeria > Iris germanica > Pontederia cordata > Nerium oleander > Phragmites australis; Zn content from high to low order is as follows: Canna warscewiezii > Acorus calamus > Thalia dealbata > Typha orientalis > Pontederia cordata > Arundo donax > Softstem bulrush > Iris germanica > Boehmeria > Phragmites australis > Nerium oleander; Internal Cd content from high to low order is as follows: Phragmites australis > Softstem bulrush > Thalia dealbata > Nerium oleander > Nerium oleander > Boehmeria > Canna warscewiezii > Acorus calamus > Iris germanica > Typha orientalis > Pontederia cordata > Arundo donax.







The contents of manganese in aboveground tissue of wetland plant samples is mostly higher than 1000 mg/kg, and the contents of zinc, copper, and cadmium are also relatively high. The ratio of manganese content in above-ground tissue to root is greater than 1. The ratio of Mn, Zn, Cu, and Cd contents in the poor growing Acorus calamus and Arundo donax to these heavy metal contents in aboveground tissue to root is less than 1, which indicates that their ability to transfer and utilize heavy metals is weak, and heavy metals accumulate in roots and cause plant poisoning. The absorption of manganese in the aboveground part of Boehmeria nivea is as high as 217.8 mg/kg, followed by Thalia dealbata, Phragmites australis, and Canna indica. The lowest absorption is Pontederia cordata and Scirpus validus.



	(3)

	
The contents of Mn, Pb, Zn, Cd, and Cu in the soil and wetland in the polluted area far exceed the national standards, which indicates that manganese is not the only polluting element in manganese ore polluted area. In the treatment of heavy metals contaminated area, it is necessary to take appropriate measures to further control the possible harm caused by other heavy metals. The content of Cu in the water sample in the control area is lower than the national standard. The test data show that the impact of Cu on the water environment in the manganese ore polluted area does not pose a potential threat.







Soil leakage fluid and surface runoff interception and treatment system in the steep slope slag mountain around the wetland have a strong ability to remove manganese, lead, Zn, and tin. After the purification treatment of the two-level wetland units, the content of all the heavy metal elements detected in the water samples is far lower than the emission standards stipulated by the state. However, due to the short running time of the system, whether the established system can always maintain a high purification rate remains to be seen in further operation.



Suggestion for potential future research:




	(4)

	
The N.L.Nemerow (pollution index) method and isotope tracing technology shall be combined to scientifically evaluate the pollution degree of manganese ore polluted area to the surrounding areas.




	(5)

	
The evaluation indexes of soil environmental geochemical evaluation shall be used to evaluate the pollution of heavy metals and put forward a more reasonable ecological restoration scheme.




	(6)

	
Monitoring of the operation effect of the ecological interception and treatment system should be continued. Further improvement of the design of soil leakage and surface runoff collection and treatment system and further study of the biological role of ecological interception and treatment system should be achieved.
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Figure 1. Overview of the study area. (1). Abandoned mining enterprise. (2). Slag stacking site. (3). Current situation of soil erosion. (4). Current situation of sewage discharge. (5). Contaminated wetland. (6). Contaminated wetland. 
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Figure 2. Initial scheme indication of interception system (retaining mode). 
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Figure 3. Final scheme indication of interception system (gutter mode). 
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Figure 4. (1). Site cleaning. (2). planting hole. (3). ecological restoration plant. (4). ecological restoration plant. (5). Kolreuteria paniculate. (6). Paolownia fortunci. 
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Figure 5. Ecological interception and restoration system. (1). Engineering Schematic Drawing. (2). Engineering Site of the Ecological Interception Zone. 
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Figure 6. The accumulation of heavy metal content in Wetland plants on the ground and underground. 
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Table 1. Soil physical and chemical properties (%).
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NO3-N

	
AP

	
SOC

	
K

	
pH

	
<0.002 mm Clay

	
0.002–0.02 mm Silt

	
0.02–2 mm Sand






	
Ecological restoration sites

	
Mean

	
1.202 a

	
0.932 a

	
30.048 a

	
5.945 a

	
5.03 a

	
26.514 a

	
41.708 a

	
31.778 a




	
P

	
0.02

	
0.001

	
0.001

	
0.001

	
0.001

	
0.002

	
0.004

	
0.006




	
F0.05

	
2.56

	
9.02

	
3.88

	
7.002

	
15.27

	
5.611

	
4.579

	
5.021




	
Non ecological restoration sites

	
Mean

	
0.710 b

	
0.530 b

	
15.239 b

	
5.466 b

	
4.380 b

	
51.397 b

	
31.890 b

	
16.713 b




	
P

	
0.01

	
0.001

	
0.001

	
0.001

	
0.001

	
0.002

	
0.004

	
0.006




	
F0.05

	
0.16

	
0.11

	
5.07

	
2.08

	
1.02

	
10.245

	
3.452

	
1.498








Note: Different lowercase letters in the same column indicate significant differences.
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Table 2. Soil content of heavy metals.
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Mn (mg/kg)

	
Fe (mg/kg)

	
Cu (mg/kg)

	
Zn (mg/kg)

	
Pb (mg/kg)

	
Cd (mg/kg)

	
pH






	
Ecological restoration sites

	
Mean

	
18,056.942 a

	
10,562.488 a

	
13.094 a

	
3222.432 a

	
3194.613 a

	
32.926 a

	
5.037 a




	
P

	
0.000

	
0.000

	
0.004

	
0.000

	
0.000

	
0.000

	
0.000




	
F

	
184.190

	
133,424

	
3.381

	
27.902

	
31.231

	
7.76

	
0.568




	
Non ecological restoration sites

	
Mean

	
19,688.578 b

	
13,068.567 b

	
18.004 b

	
3489.871 b

	
3514.735 b

	
40.954 b

	
4.47 b




	
P

	
0.000

	
0.000

	
0.004

	
0.000

	
0.000

	
0.000

	
0.000




	
F

	
199.152

	
162.025

	
3.565

	
37.451

	
36.980

	
12.667

	
0.523




	
National standard levels (Grade III)

	

	
-

	
-

	
400

	
500

	
500

	
1.0

	
-








Note: Different lowercase letters in the same column indicate significant differences.
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Table 3. The heavy metal content in root of plantation (mg/kg).
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Part

	
Mn

	
Fe

	
Cu

	
Zn

	
Pb

	
Cd






	
Koelreuteria paniculata

	
Big root

	
240.29 ± 23.33a

	
104.95 ± 9.23a

	
4.06 ± 0.79a

	
24.95 ± 4.85a

	
4.69 ± 0.64a

	
0.38 ± 0.05a




	
Medium root

	
248.28 ± 41.88a

	
173.27 ± 41.29b

	
5.82 ± 0.34b

	
25.97 ± 0.83a

	
4.81 ± 1.41a

	
0.45 ± 0.06a




	
Small root

	
295.89 ± 8.72a

	
331.58 ± 181.32c

	
6.21 ± 0.45c

	
26.92 ± 4.12a

	
5.44 ± 1.17a

	
0.42 ± 0.025a




	
Fine root

	
419.28 ± 71.02b

	
530.56 ± 206.66d

	
9.26 ± 2.30d

	
37.83 ± 4.05b

	
9.49 ± 1.72b

	
0.42 ± 0.18a




	
Elaeocarpus sylvestris

	
Big root

	
433.65 ± 26.05a

	
122.11 ± 33.18a

	
2.53 ± 0.27a

	
8.44 ± 2.53a

	
2.95 ± 0.35a

	
0.98 ± 0.16a




	
Medium root

	
345.84 ± 48.09b

	
173.32 ± 66.14b

	
4.84 ± 0.21b

	
10.31 ± 1.22b

	
3.20 ± 0.23b

	
0.76 ± 0.09a




	
Small root

	
335.42 ± 26.63b

	
524.56 ± 128.19c

	
5.93 ± 0.17c

	
15.79 ± 0.95c

	
3.78 ± 0.29c

	
0.76 ± 0.07a




	
Fine root

	
286.31 ± 86.96c

	
689.11 ± 141.87d

	
7.93 ± 0.74d

	
25.01 ± 2.30d

	
7.80 ± 0.85b

	
1.04 ± 0.04a




	
Soil heavy metal contents

	

	
18,056 ± 109.45a

	
10,562.49 ± 163.66a

	
13.10 ± 3.65a

	
3222.43 ± 26.37a

	
3194.613 ± 7.52a

	
32.962 ± 0.15a




	
National standard levels (Grade III)

	

	
-

	
-

	
400

	
500

	
500

	
1.0








Note: Different lowercase letters in the same column indicate significant differences.
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Table 4. Heavy metal content in water samples collected in the outlet of treatment cells (mg/kg−1).
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Sample Type

	
Sampling Point

	
Mn

	
Pb

	
Zn

	
Cd

	
Cu






	
Soil samples

	
Total soil content

	
18,056.9

	
3194.6

	
3222.4

	
32.9

	
13.1




	
water samples

	
Control (no interception)

	
27.03

	
0.9

	
2.65

	
0.08

	
0.02




	
Treatment system import

	
26.77

	
0.57

	
2.66

	
0.06

	
0.05




	
Primary wetland unit

	
23.7

	
0.46

	
0.48

	
0.04

	
0.01




	
Secondary wetland unit

	
0.1

	
0.1

	
0.05

	
0.01

	
-




	
Tertiary wetland unit

	
/

	
/

	
/

	
/

	
/




	
Standard [GB 18918-2002]

	
2

	
0.1

	
1

	
0.01

	
0.5
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