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Background: The impact of phosphate mining development on surface water pollution and ecological disasters is a highly concerned issue in global mining activities. With the increasing demand for phosphate fertilizers, the environmental impact of phosphate mining is becoming increasingly prominent, especially in the Mabian Jinyang area of Sichuan Province. This study aims to analyze the mechanisms and impacts of water pollution and ecological disasters caused by phosphate mining development, and evaluate the ecological risks caused by heavy metal pollution in water bodies.Method: We conducted a systematic assessment of the impact of phosphate mining development on water pollution and ecological risks in the Mabian Jinyang area of Sichuan Province using chemical analysis and potential ecological risk index (PERI) method. The total area of the region is approximately 6,400 square kilometers. We conducted systematic water sample collection and analysis at 367 sampling points from January 2020 to December 2021. By collecting water samples from different work areas, measuring the content of heavy metal elements and total phosphorus in the samples, and quantitatively evaluating the potential threat of heavy metal pollution to the aquatic ecosystem.Result: The research results show that in the mining work area, both heavy metal element indicators and total phosphorus indicators exhibit point pollution, and the total phosphorus concentration in the water body varies greatly with the seasons. One of the main reasons for the excessive total phosphorus is the collapse caused by geological disasters and the non-standard stacking of slag and gangue piles in the mining development area. In addition, in terms of potential ecological hazards, it is positively correlated with the degree of mining development, and the higher the degree of mining development, the greater the potential ecological hazards. Although the potential ecological hazards of various heavy metals in the water bodies of the work area are not high overall, there are still some areas that exhibit mild to moderate ecological hazards, as well as very few areas with strong ecological hazards. These areas are mainly affected by strong ecological risks caused by Cd and As elements.Meaning: The research findings of this article provide valuable information for mining enterprises and environmental organizations, promoting a balance between phosphate mining and environmental protection, and driving mining activities towards a more sustainable direction. By identifying pollution characteristics and ecological risks, this study provides theoretical support for future environmental management and pollution control measures in mining areas.Keywords: chemical analysis methods, ecological risk assessment, distribution of heavy metals, sustainable mining, environmental management strategy, identification of pollution sources, environmental impact of phosphate ore
1 INTRODUCTION
Phosphate rock resources are an important source of fertilizer for global agricultural production, and mining output has increased significantly in the past decades. The global production of phosphate ore has risen to about 240 million tons per year, with countries such as China, Morocco, and the United States leading in mining. In 2019, phosphate mining accounted for approximately 90% of global fertilizer production (Geissler et al., 2019). The mining of phosphate ore in the Jinyang area of Mabian plays a crucial role in the local economy, providing employment opportunities and promoting agricultural production through the supply of phosphate fertilizers. However, the rapid expansion of mining activities has also led to social challenges, including community displacement and water resource conflicts (Othman and Al-Masri, 2007; Ma et al., 2015), especially surface water pollution and ecological disasters, which have become important issues of concern in today’s mining activities (Zhang et al., 2023; Li et al., 2010; Fan et al., 2022; Li et al., 2023). Phosphate mining involves various processes that lead to pollution and contamination. The mining of phosphate ore releases particulate matter, which can be carried by the wind and cause air pollution. In addition, the treatment of mining waste containing toxic elements such as cadmium and mercury often leads to soil pollution. The chemical processes involved in phosphate processing, including the release of phosphoric acid and other harmful by-products, may lead to pollution of surrounding water bodies. These pollutants, especially phosphorus compounds, can be transported through groundwater flow, surface runoff, and sedimentation, leading to widespread ecological damage. Over time, these pollutants will accumulate in water systems, leading to eutrophication, hypoxia, and harmful algal blooms in affected areas (Diahou et al., 2023; Khelifi et al., 2021; Filho et al., 2024). At the same time, facing the challenges of global climate change and ecological degradation, the dual carbon target has become an important component of national and regional environmental policies (Chen et al., 2023; Chen et al., 2024a; Chen et al., 2024b; Chen et al., 2024c; Chen et al., 2024d). In this context, environmental management of phosphate mining is particularly important, and it is urgent to combine the dual carbon policy to promote green mining practices, in order to reduce the negative impact of mining activities on the ecological environment and promote the sustainable use of resources.
The impact of phosphate mining on water environment is mainly reflected in heavy metal and total phosphorus pollution. During the mining process, a large amount of waste and slag are often randomly piled up, resulting in an increase in the concentration of heavy metal elements such as Cu, Pb, Zn, Cd, etc., in the water. In addition, the phosphorus element in phosphate ore enters the water through various pathways, further exacerbating the problem of eutrophication in the water (Luo et al., 2023; Tummala et al., 2024; Wang Y. et al., 2022). These pollutants not only affect water quality, but may also accumulate through the food chain, ultimately endangering human health. Although previous studies have shown that phosphate mining can cause heavy metal pollution to water bodies (Hayder et al., 2023; Al-Hwaiti et al., 2018), current research mostly focuses on the local distribution of pollutants and the analysis of single indicators, lacking a systematic comparison of spatial differences in pollution characteristics and ecological risks between different work areas. In addition, there is still insufficient research on the combined effects of heavy metals and total phosphorus in the development process of mining areas, as well as their comprehensive ecological hazards. Especially limited research has been conducted on the migration patterns and cumulative effects of water pollution under different geographical environmental conditions, resulting in a lack of comprehensive understanding of the mechanisms of pollution diffusion and long-term potential ecological risks. This study aims to explore the potential impact of phosphate mining activities on surface water environment, particularly in terms of heavy metal and total phosphorus pollution. The main objectives of the study include: 1) assessing the levels of heavy metal and total phosphorus pollution in water bodies caused by phosphate mining development in the Mabian Jinyang area of Sichuan Province; 2) Analyze the spatial distribution characteristics of these pollutants and their correlation with mining activities; 3) Quantify the potential ecological risks of aquatic ecosystems using the Potential Ecological Risk Index (PERI) method; 4) Propose environmental protection strategies and recommendations based on research results to promote the sustainable development of mining activities.
This study focuses on the development of phosphate mines in the Mabian Jinyang area of Sichuan Province. Three typical working areas, Laoheba, Liugushui, and Maiziping, were selected. Chemical analysis and potential ecological risk index methods were comprehensively used to systematically analyze the impact of phosphate mine development on the distribution of heavy metals and total phosphorus in water bodies and their potential ecological hazards. The aim of this study is to reveal the characteristics of water pollution and its ecological risks during phosphate mining, and provide scientific basis for the sustainable development of phosphate resources. By filling the gap in existing research on the spatial variability and cumulative risk of water pollution in different work areas, we aim to identify the spatial differences in pollution levels and their causes, in order to provide theoretical support for future environmental management and pollution control measures in mining areas.
2 METHODOLOGY
The sampling strategy of this study is to ensure that the sample can represent the water conditions in the study area, as shown in Figure 1. We collected water samples in three typical work areas in the Mabian Jinyang area of Sichuan Province: Laoheba, Liugushui, and Maiziping. The selection of sample collection points is based on factors such as geographical location, land use type, and human activity intensity. The collection of water samples in the work area mainly focuses on the Mabian River basin and its tributaries. In each work area, we collected water samples during the wet and dry seasons to capture the impact of seasonal changes on water quality. Water samples should be collected during periods of stable water level. The instantaneous sampling method should be used for water sample collection, and the water body should be gently disturbed during sampling. Before sampling, the water bottle and stopper should be washed with the water to be collected 3–5 times, and then the sampling bottle should be sunk to a depth of 30 cm underwater for sampling. After water sample collection, it should be promptly sent to the laboratory for analysis and testing. Generally, the period from sampling date to laboratory analysis and testing should not exceed 7 days. Special analysis projects shall be executed in accordance with relevant requirements. Before transporting water samples, a sample delivery form should be filled out, and the sample delivery form and sample label should be checked for accuracy. During the transportation of samples, attention should be paid to shock resistance, antifreeze, sun protection, and pollution prevention. The laboratory should verify and sign for the samples. We used standardized chemical analysis methods to determine heavy metal elements (such as Cu, Pb, Zn, As, Cd, Mn, and Hg) and total phosphorus content in water samples. These analysis results will be used for subsequent pollution assessment and ecological risk analysis. The obtained chemical analysis data was first cleaned to eliminate outliers and missing values. Subsequently, we normalized the data to eliminate the influence of different measurement units on the analysis results. In addition, we also calculated the concentration range, mean, and standard deviation of each element, providing basic data for statistical evaluation. To assess the potential ecological risks of heavy metal pollution in water bodies, we used the Potential Ecological Risk Index (PERI) method (Zhang and Xu, 2023; Wang N. et al., 2022; Cao et al., 2023; Zhao et al., 2024). This method quantifies the potential threat of heavy metal pollution to aquatic ecosystems, helps us identify areas with higher levels of pollution, and evaluates the pollution characteristics and ecological risks between different work areas. We use the average background value of water bodies in Chengdu Economic Zone as the evaluation criterion to ensure the comparability of the evaluation results.
[image: Figure 1]FIGURE 1 | Study area map.
The evaluation standards for heavy metals in water bodies was shown in Table 1. In this work, the water sample was analyzed for heavy metal elements of Cd, Cr, Cu, Pb, Zn, Co using inductively coupled plasma mass spectrometry (ICP-MS). Using an atomic fluorescence spectrometer (instrument model: AFS-930) to measure As and Hg. The detection limits for As, Cd, Cr, Cu, Pb, Zn, Hg, Co, and pH are 0.05, 0.01, 2.0, 2.0, 5.0, 10, 0.005, 0.1, and 0.01, respectively, with units of μ g/L and dimensionless pH values. The detection limit of inductively coupled plasma mass spectrometer ICP-MS is 10 × 10-12 μ g/L, and the process follows GB/T 8538-2008; The detection limit of AFS-930 is 10-11∼10-12 μ g/L. During the testing, water quality standard samples GBW08606, GBW (E) 080272, GS-BZ50020-90, GSB04-1767-2004, and GSBZ50032-94 were inserted separately (controlling different items). For those without standard samples, the quality was monitored using spiked recovery method. A total of 3 internal monitoring samples were inserted, and the pass rate was 100%. The B element in the water sample was determined by inductively coupled plasma mass spectrometer; Fe2+, Fe3+, I, etc. are determined by spectrophotometry; Cl-, SO42-, F, PO43-, NO3-, etc. are analyzed using ion chromatography; Free CO2, total hardness, total dissolved solids, oxygen consumption, etc. are measured by volumetric method; The pH value is determined using the glass electrode method. MAPGIS is used as the basic platform for mapping, and data processing, parameter statistics, histograms, etc. are all completed in the Geochem Studio software program. The obtained analytical data should be subjected to basic geochemical parameter statistics for the entire region and sub regions (such as geological units), including sample size (N), area (S), mean (X), standard deviation (S), coefficient of variation (CV), background mean (C) gradually excluding the mean plus or minus three times the standard deviation, median (M), maximum value (X), minimum value (X), and lower limit of anomalies (T).
TABLE 1 | Evaluation standards for heavy metals in water bodies (unit: 10–6).
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Results of the complete water analysis
3.1.1 Laoheba work area
It can be seen from Table 2 that the pH values of water samples collected in the Mabian Laoheba working area in 2021 were mostly between 7 and 8.5, with an average value of 7.93, which is weakly alkaline.
TABLE 2 | Statistical results of chemical analysis in the Mabian Laoheba working area.
[image: Table 2]It can be concluded from the water quality sample diagram of the work area (Figure 2) that there are a total of 70 water quality samples in the work area. The Laoheba area is divided into Shanshuigou and Haroluo River basins. The water quality is all in Class I area, alkaline earth metal ions exceed alkali metal ions, weak acid radicals exceed strong acid radicals, and carbonate hardness exceeds 50%, which is generally a typical Ca-HCO3 type of water quality. In terms of water quality, the total dissolved solids exceeded the standard only in Shanshuigou, which was caused by the slag dump entering the river channel after rainwater scouring. The chemical oxygen demand of each small watershed in Laoheba was relatively low; the total phosphorus index of the water body was relatively low this year, with an average total phosphorus of 0.94 mg/L. There was one place in Tongchanggang (1.01 mg/L) and two places in Baofengping (1.15 mg/L and 2.20 mg/L), which were slightly exceeded. The maximum value in the basin was in Shanshuigou (52.5 mg/L), which was caused by the scouring of the slag dump and the spoil dump in the rainy season upstream. These results indicate that although the water quality in the Laoheba working area is generally good, the risk of local pollution caused by mining activities still exists, especially near the slag yard. Research suggests that mining area management should strengthen the control and disposal of waste disposal, especially during the rainy season, to reduce potential pollution to water bodies. This provides a scientific basis for pollution control measures in the region, especially for strategies to prevent the spread of heavy metal and phosphorus pollution, which has practical significance.
[image: Figure 2]FIGURE 2 | Piper three-line diagram of water quality in the Laoheba area of Mabian (Shanshuigou on the left and Haroluo River on the right).
3.1.2 Liugushui working area
As can be seen from Table 3, the pH values of water samples collected in the Liugu Water Work Area in Mabian in 2021 are mostly between 8.08 and 8.48, with an average value of 8.34, which is alkaline.
TABLE 3 | Statistical results of chemical analysis of the Liugu water work area in Mabian.
[image: Table 3]From the water quality sample diagram of the work area (Figure 3), it can be concluded that there are a total of 45 water quality samples in the work area. The Liugu Water Work Area is all in the Xuekoushan River Basin. The water quality is all in Class I area, alkaline earth metal ions exceed alkali metal ions, weak acid radicals exceed strong acid radicals, and carbonate hardness exceeds 50%, mainly Ca-HCO3 type water quality. In terms of water quality, the total dissolved solids are less than 1000 mg/L, the total hardness is less than 450 mg/L, SO42- is less than 250 mg/L, and the chemical oxygen demand is not exceeded; the total phosphorus index of the water body is relatively low this year, with an average total phosphorus concentration of 0.039 mg/L. The water quality status of the Liugushui working area reflects that the development of the mining area has a relatively small impact on the water body, which may be related to its geographical location, mining scale, and waste management measures. This provides a basis for maintaining existing environmental management and monitoring measures in the region, while also offering successful experiences for other similar areas, demonstrating how to reduce negative impacts on the environment through reasonable development management.
[image: Figure 3]FIGURE 3 | Piper three-line diagram of water quality in the Laoheba area of Mabian. (left is the upper reaches of Xuekoushan River, right is the lower reaches of Xuekoushan River).
3.1.3 Maiziping work area
As can be seen from Table 4, the pH values of water samples collected in the Mabian Laoheba work area in 2021 are mostly between 7.7 and 8.51, with an average value of 8.29, which is weakly alkaline.
TABLE 4 | Statistical results of chemical analysis of the Mabian Maiziping work area.
[image: Table 4]From the water quality sample diagram of the work area (Figure 4), it can be concluded that there are a total of 48 water quality samples in the work area. The Maiziping area is divided into the Shanshuigou and Haroluo River basins. The water quality is all in the Class I area. The alkaline earth metal ions exceed the alkali metal ions, the weak acid radicals exceed the strong acid radicals, and the carbonate hardness exceeds 50%, which is a typical Ca-HCO3 type of water quality. In terms of water quality, the total dissolved solids are less than 1000 mg/L, the total hardness is less than 450 mg/L, SO42− is less than 250 mg/L, and the chemical oxygen demand is not exceeded; the total phosphorus index of the water body is relatively low this year, and the average total phosphorus concentration is 0.04 mg/L. The water quality analysis of Maiziping work area shows that the area is also less affected by phosphate mining, especially with total phosphorus and other key water quality indicators remaining at a low level. This result demonstrates the good state of water conservation in the work area, providing valuable experience for other mining areas in water management, and emphasizing the importance of reasonable mining area management and environmental protection measures in maintaining water ecological security.
[image: Figure 4]FIGURE 4 | Piper three-line diagram of water quality in Maiziping area, Mabian (left is the Jinhe and Fenyinhe watersheds in Maiziping, right is the Dayuanzi River watershed).
3.2 Heavy metal characteristics of water bodies
3.2.1 Laoheba working area
The water samples collected in the working area are mainly from the Mabian River basin and its tributaries. The indicators of the water samples collected during the flood season are statistically analyzed. The statistical results are shown in Table 5. The coefficients of variation of the test indicators of heavy metals such as Pb, As, Zn, Cd, Cu, and P are as high as 166.72, 78.39, 196.66, 151.5, 169.05, and 664.19, respectively, indicating that the distribution of P and heavy metals such as Cu, Pb, and Zn in the working area is extremely uneven.
TABLE 5 | Descriptive statistics of surface water sample indicators in the working area (N = 100).
[image: Table 5]The work area is located in the Laoheba area of Mabian, where mining activities are highly developed, mainly concentrated in the Laoheba Shanshuigou, Erba, Baofengping, Tongchanggang and other areas in Yanfeng Township, Mabian County. The main mining species are phosphate and a small amount of lead and zinc. The high values of heavy metals such as Pb, As, Zn, Cd, Cu, and P are all located in the above areas.
The water samples collected this time were contained in pure water bottles. The heavy metals of the water samples were tested at the Testing Center of the Institute of Comprehensive Utilization of Mineral Resources of the Chinese Academy of Geological Sciences, and the analysis results of 8 heavy metal elements were obtained (Table 6). According to the GB3838-2002 water area function and standard classification, according to the surface water environmental function and protection objectives, it is divided into Class I-V according to the function level. 70 surface water samples were collected in the Laoheba work area of Mabian, and the statistical table of the heavy metal analysis results of the water body is as follows.
TABLE 6 | Statistical table of water element analysis results in the Mabian Laoheba working area (μg/L).
[image: Table 6]As can be seen from Table 6, the two elements of Fe and Mn are not classified, which are the standard limits of the supplementary project of surface water sources. The overall content of heavy metals in the mines of the Mabian Laoheba working area is not high. Some elements have a large range of variation in water. The detection rate of each element is 100%, indicating that the content of each element in the water body is relatively low. Hg, Fe, As, and Cd all meet the Class I standard; most of the Mn elements meet the Class I standard, and there are individual exceeding the standard in Shanshuigou (1) and Tongchanggang tailings pond (2); Cu element meets the Class I standard, and only one place in the Erba River slightly exceeds the standard; Zn and Pb elements only slightly exceed the standard in one place in Shanshuigou. From the analysis results of the heavy metal content in the water body, the degree of heavy metal pollution in the Laoheba working area is low. These results reveal that heavy metal pollution in the Laoheba work area is directly related to mining activities, especially in high-risk areas such as slag yards and copper plant embankments. The uneven distribution and local exceedance of heavy metals indicate weak links in environmental management in mining areas. The research results provide a scientific basis for strengthening pollution source monitoring and waste disposal in the region. It is recommended to strengthen anti-seepage measures and waste management in high-risk areas, especially during the rainy season, to prevent pollutants from entering water bodies through surface runoff, thereby reducing the threat of heavy metals to the water environment.
3.2.2 Liugushui working area
The water samples collected in the working area are mainly from the Xuekoushan River basin and its tributaries, a tributary of the Mabian River. The indicators of the water samples collected during the flood season were statistically analyzed. The statistical results are shown in Table 7. The coefficients of variation of the test indicators of heavy metals such as Pb, As, Zn, Cd, Cu and P are not high. Only the coefficient of variation of Cd is slightly higher at 254.60, indicating that the distribution of heavy metal elements and P in the working area is relatively uniform.
TABLE 7 | Descriptive statistics of surface water sample indicators in the working area (N = 100).
[image: Table 7]The working area is located in the Liugushui phosphorus, lead and zinc ore cluster area in Mabian, Sichuan. The mining activities are highly developed, mainly concentrated in Liugushui, Wenshuitang and Niukejiao in Xuekoushan Township, Mabian County. The main mining species are phosphorus and lead-zinc ore. The high values of heavy metals such as Pb, As, Zn, Cd, Cu and P are all located in the above areas.
The water samples collected this time were stored in pure water bottles. The heavy metals in the water samples were tested at the Testing Center of the Institute of Comprehensive Utilization of Mineral Resources, Chinese Academy of Geological Sciences, and the analysis results of 8 heavy metal elements were obtained (Table 8).
TABLE 8 | Statistical table of element analysis results of the Xuekoushan River Basin water body (μg/L).
[image: Table 8]According to the GB3838-2002 water body function and standard classification, according to the surface water environmental function and protection objectives, it is divided into Class I-V according to the function level. 45 surface water samples were collected in the Xuekoushan River Basin work area in Mabian, and the statistical table of the heavy metal analysis results of the water body is as follows.
As can be seen from Table 8, the two elements Fe and Mn are not classified, which are the standard limits of the supplementary project for surface water sources. The overall content of heavy metals in the mines in the Mabian Laoheba working area is not high, and the variation range of some elements in the water is large. The detection rate of each element is 100%, indicating that the content of each element in the water body is relatively low. Except for 3 sampling points where Pb exceeds the standard, the water samples of Xuekoushan River meet the Class I standard; Pb element exceeds the standard in individual cases such as water inrush in the Niukejiao tunnel and leaching in the slag yard. From the analysis results of the heavy metal content in the water body, the degree of heavy metal pollution in the Liugushui working area is related to the mining activities in the mining area. The heavy metal analysis results of the Liugushui working area show that although mining activities have had a certain impact on the environment, the overall pollution level is relatively low, especially the heavy metal content of most sampling points does not exceed the standard. This indicates that through appropriate environmental management measures, the spread of pollution during the mining process can be effectively controlled. It is suggested to further strengthen the monitoring of heavy metals such as Cd with significant fluctuations, especially in areas with local exceedances such as Jiankejiao, to ensure effective control of pollution risks.
3.2.3 Maiziping work area
The water samples collected in the work area are mainly from the Jinhe River and Fenyinhe River basins in the Maiziping area of Mabian and the upper reaches of the Dayuanzi River, a tributary of the Mabian River. The indicators of the water samples collected this time were mathematically statistically analyzed. The statistical results are shown in Table 9. The coefficients of variation of the test indicators of heavy metals such as Pb, Zn, and Cd are as high as 380.69, 336.32, and 327.18, respectively, indicating that the distribution of heavy metal elements such as Pb, Zn, and Cd in the work area is extremely uneven.
TABLE 9 | Descriptive statistics of surface water sample indicators in the work area (N = 100).
[image: Table 9]The work area is located in the Maiziping area of Mabian, Sichuan. The mining activities are highly developed, mainly concentrated in Maiziping Village and Heizu in Yonghong Township, Mabian County. The main mining species are phosphorus, lead and zinc ore, etc. Heavy metals such as Pb, As, Zn, Cd, Cu and high values of P are all located in the above areas.
The water samples collected this time were contained in pure water bottles. The heavy metals of the water samples were tested at the Testing Center of the Institute of Comprehensive Utilization of Mineral Resources of the Chinese Academy of Geological Sciences, and the analysis results of 8 heavy metal elements were obtained (Table 10). According to the GB3838-2002 water area function and standard classification, according to the environmental functions and protection targets of surface water areas, they are divided into Class I-V according to the function level. 48 surface water samples were collected in the Mabian Laoheba work area, and the statistical table of the heavy metal analysis results of the water body is as follows.
TABLE 10 | Statistical table of water element analysis results in the Mabian Maiziping work area (μg/L).
[image: Table 10]As can be seen from Table 10, the two elements Fe and Mn are not classified, which are the standard limits of the supplementary project for surface water sources. The overall content of heavy metals in the mines of the Maiziping working area in Mabian is not high. Some elements have a large range of variation in water. The detection rate of each element is 100%, indicating that the content of each element in the water body is relatively low. Hg, Fe, Cu, and As all meet the Class I standard; most of the Mn, Pb, Zn, and Cd elements meet the Class I standard, and only a few slightly exceeded the standard in the sheep shed (1) in the northern section of Maiziping. From the analysis results of the heavy metal content in the water body, the heavy metal pollution level in the Maiziping working area is relatively low. The distribution characteristics of heavy metals in the Maiziping work area reveal the potential impact of mining activities on water quality. Although most heavy metal concentrations are within the national standard range, local exceedances are worth paying attention to. The pollution prevention and control measures in mining areas need to be further strengthened, especially in the management of heavy metal containing waste, to prevent highly variable heavy metals from entering water bodies through surface runoff. This result provides important reference for local governments and mining area managers to formulate environmental management policies, and suggests implementing stricter waste management and environmental monitoring mechanisms to reduce the negative impact of mining activities on the water environment.
After a comprehensive analysis of the heavy metal characteristics in the water bodies of the Laoheba working area, Liugushui working area, and Maiziping working area, it can be clearly seen that although the water bodies in the three regions generally show lower levels of heavy metal pollution, there are significant differences in pollution distribution and potential ecological risks. Due to mining activities and poor waste management, the Laoheba work area has experienced scattered heavy metal pollution, especially with prominent levels of Cu and Cd pollution. The distribution of heavy metals in the Liugushui working area is relatively uniform, but the pollution levels of As and Pb are relatively high, indicating long-term environmental risks. The Maiziping work area exhibits uneven distribution of Pb, Zn, and Cd, and the potential ecological hazards of Mn and As are significant. These differences reflect the intensity of mining activities, environmental management measures, and the impact of geological conditions on heavy metal pollution in water bodies in different work areas, emphasizing the importance of targeted environmental policies and pollution control measures. Overall, although the potential ecological hazards of heavy metals in current water bodies are not high, continuous monitoring and effective environmental management are crucial for mitigating the impact of future phosphate mining on the water environment.
3.3 Total phosphorus pollution in surface water
The rapid urbanization and mining development in the region have caused pollution of nutrients such as nitrogen and phosphorus in rivers and potential eutrophication of water bodies. It is of great significance to identify the characteristics of nitrogen and phosphorus pollution in regional watershed water bodies and their evolution trends. The project selected the Shanshuigou Basin in the Laoheba area of Mabian, the Xinihe Basin in Erbawan, and the Haroluo River Basin as research objects. Sample points were set up in the basin according to spatial distribution, land use type, human activity intensity, etc. Water samples were collected in June 2021 to study the spatiotemporal distribution characteristics of total phosphorus pollution in the basin water bodies, analyze its pollution sources, and evaluate its eutrophication level.
3.3.1 Laoheba working area
The results showed that the total phosphorus index of the water bodies in the small watersheds of the Mabian Laoheba work area was relatively low this year, with a total phosphorus concentration of 0.0008–52.5 mg/L, an average of 0.94 mg/L (Figure 5). There was one copper factory embankment (1.01 mg/L) and two storm plains (1.15 mg/L, 2.20 mg/L), slightly exceeding the standard. The maximum value in the watershed was in Shanshui Gou (52.5 mg/L), which is within the scope of Zhongyi Mining and has been suspended. After investigation, it was found that there were slag piles above the mining site that were washed into the river by rainwater, and only three other places slightly exceeded the standard (the average value of these three places was 1.45 mg/L). It is caused by the collection and erosion during the rainy season in the upstream slag yard and waste dump. The maximum allowable discharge concentration of total phosphorus shall refer to GB18918-2002 “Pollutant Discharge Standards for Urban Sewage Treatment Plants.” The standard can be as shown in Table 11. There are 66 samples that meet the first level standard, accounting for 94.29%, 3 samples that meet the second level standard, accounting for 4.29%, and 1 sample that exceeds the third level standard, accounting for 1.43% (Figure 4). From a small watershed perspective, the average total phosphorus in the Harroro River Basin is 0.232 mg/L, the West Ni River Basin in Erba Bay is 0.189 mg/L, and the Shanshuigou Basin is 0.10 mg/L (excluding the maximum value of 52.5 mg/L).
[image: Figure 5]FIGURE 5 | Schematic diagram of total phosphorus geochemistry in Mabian Laohe Dam.
TABLE 11 | Maximum allowable emission mass concentration of total phosphorus in mg·L−1.
[image: Table 11]TABLE 12 | Statistics of pollution degree and potential ecological hazard of each soil sampling point in the Laoheba working area.
[image: Table 12]Whether it is heavy metal elements or total phosphorus indicators, the working area shows point pollution. Heavy metal elements such as Zn and Pb are only slightly exceeded in the Shanshuigou and Tongchanggang basins. The maximum value of total phosphorus pollution overlaps with the excessive heavy metals in Shanshuigou. Combined with the field sampling situation, the reasons for point source total phosphorus pollution are:
1. Comparison shows that the water samples in the flood season are rich in water and have good fluidity. Compared with the total phosphorus of samples collected in the Laoheba area in 2020, the average total phosphorus is 0.053 mg/L. The collection density in 2021 is higher, with an average of 0.94 mg/L, indicating that the total phosphorus pollution of water samples in the flood season is relatively small; the water volume is small and the fluidity is poor in the dry season. The total phosphorus of water samples collected in the Mabian Laoheba working area in 2020 is 8.315 mg/L on average; indicating that the total phosphorus concentration in the water body varies greatly with the seasons.
2. Total phosphorus exceeding the standard is mainly concentrated in mining areas, which are related to industrial site construction, tailings and gangue slag dumps, spoil dumps, tailings ponds, irregular stacking, collapse, domestic and industrial sewage, etc.
3. The collapse caused by geological disasters within the scope of mining development, the irregular stacking of slag and gangue piles, or the collapse of retaining walls without timely repair, leading to river erosion, is one of the reasons for the excessive total phosphorus.
3.3.2 Liugushui working area
According to the analysis and test results, the total phosphorus index of the water bodies in the small watersheds of the Liugushui working area in Mabian was relatively low this year, with a total phosphorus concentration of 0.0116–0.14 mg/L and an average of 0.0388 mg/L, which did not exceed the standard. Water samples from the lower reaches of the Xuekoushan River were collected from the lower reaches of the basin, which flows through Xuekoushan Township and the sand and gravel factory. The results showed that the total phosphorus concentration in the lower reaches of the Xuekoushan River was 0.108–0.94 mg/L, with an average of 0.260 mg/L. The total phosphorus concentration increased relative to the upstream mining area, indicating that the total phosphorus concentration is not only affected by mining activities, but also by domestic sewage and other production activities. The maximum allowable emission mass concentration of total phosphorus refers to GB18918-2002 “Pollutant Discharge Standards for Urban Sewage Treatment Plants,” and the Xuekoushan River Basin has reached the first-level standard.
3.3.3 Maiziping work area
According to the sampling and analysis test results, the total phosphorus index of the water bodies in the small watersheds of Maiziping work area in Mabian is relatively low this year, and there is no total phosphorus exceeding the standard in the region. The total phosphorus concentration is 0.01–0.51 mg/L, with an average of 0.04 mg/L. From the perspective of small watersheds, the average total phosphorus value of Yinhe River is 0.04 mg/L, the average total phosphorus value of Jinhe River is 0.043 mg/L, and the total phosphorus concentration of Dayuanzi River Daheba-Meiziwan section is 0.01–0.20 mg/L, with an average total phosphorus value of 0.067 mg/L. The maximum allowable emission mass concentration of total phosphorus refers to GB18918-2002 “Pollutant Emission Standards for Urban Wastewater Treatment Plants.” The standards are shown in Table 11, and all samples exceed the third-level standard.
3.4 Assessment of potential ecological hazards in water bodies
3.4.1 Laoheba working area
Based on Table 12 and Figure 6, it can be seen that the pollution degree of each heavy metal in the water body of the Mabian Laoheba working area is generally: Cu > Cd > Zn > Mn=Hg > Pb=As.
[image: Figure 6]FIGURE 6 | Heavy metal pollution in the water body of the Laoheba working area.
It can be seen from Figure 7 that the potential ecological hazard of each heavy metal in the water body of the Mabian Laoheba working area is not high, mainly with slight and moderate ecological hazards, and a small amount of strong ecological hazards. In comparison, the hazard levels of Cd and As are slightly stronger, with 2 strong ecological hazards.
[image: Figure 7]FIGURE 7 | Potential ecological hazards of heavy metals in water bodies in the Mabian Laoheba working area.
Table 14 shows the pollution degree and potential ecological hazard degree of each sampling point in the water body of the Mabian Laoheba working area. It can be seen from the table that the pollution degree of water bodies at the sampling points in the Mabian Laoheba working area is mainly light pollution, accounting for 80%, and the potential ecological hazard is mainly slight ecological hazard, accounting for 97.14%.
3.4.2 Liugushui working area
From Figure 8, it can be seen that the pollution degree of each heavy metal in the water body of Mabian Liugushui working area is generally: As > Pb > Cd > Mn > Zn > Cu=Hg.
[image: Figure 8]FIGURE 8 | Heavy metal pollution in the water body of Liugushui working area.
It can be seen from Figure 9 that the potential ecological hazard of each heavy metal in the water body of Mabian Liugushui working area is not high, mainly with slight and moderate ecological hazards, and a small amount of strong ecological hazards. In comparison, As has 4 very strong ecological hazards and 3 strong ecological hazards, and the hazard level is slightly higher.
[image: Figure 9]FIGURE 9 | Potential ecological hazards of heavy metals in water bodies in the Liugushui working area in Mabian.
Table 13 shows the pollution degree and potential ecological hazard degree of each sampling point in the water body of the Liugushui working area in Mabian. It can be seen from the table that the pollution degree of water bodies at the sampling points in the Liugushui working area in Mabian is mainly light pollution, accounting for 82.22%, and the potential ecological hazard is mainly slight ecological hazard, accounting for 86.67%.
TABLE 13 | Statistics of pollution degree and potential ecological hazard of each soil sampling point in the Liugushui working area.
[image: Table 13]3.4.3 Maiziping work area
From Figure 10, it can be seen that the pollution degree of each heavy metal in the water of the Maiziping work area in Mabian is generally: Mn > As > Pb > Zn > Cd > Cu=Hg.
[image: Figure 10]FIGURE 10 | Heavy metal pollution level in water bodies in the Maiziping work area.
From Figure 11, it can be seen that the potential ecological hazard level of each heavy metal in the water body of the Maiziping work area in Mabian is not high, mainly with slight and moderate ecological hazards, and a small amount of strong ecological hazards. In comparison, Cd has 1 extremely strong ecological hazard.
[image: Figure 11]FIGURE 11 | Potential ecological hazards of heavy metals in water bodies in the Maiziping work area in Mabian.
Table 14 shows the pollution degree and potential ecological hazard degree of each sampling point in the water body of the Maiziping work area in Mabian. It can be seen from the table that the pollution degree of water bodies at the sampling points in the Maiziping work area in Mabian is mainly light pollution, accounting for 91.67%, and the potential ecological hazard is mainly slight ecological hazard, accounting for 97.92%.
TABLE 14 | Statistics of pollution degree and potential ecological hazard of soil sampling points in the Maiziping work area.
[image: Table 14]After a comprehensive analysis of the water conditions in the three working areas of Mabian Laoheba, Liugushui, and Maiziping, covering the results of water analysis, heavy metal characteristics, total phosphorus pollution in surface water, and potential ecological hazard assessment of water bodies, the following patterns can be clearly observed: the role of mining activities in the water environment presents multidimensional characteristics and significant spatial differences in different regions. The Laoheba work area exhibits a high level of heavy metal pollution and total phosphorus levels, which may be related to the intensive mining activities and waste management measures in the area. Although the Liugushui work area has also been affected by mining activities, its water quality is relatively good, which may be attributed to more standardized mining management and environmental monitoring mechanisms. The Maiziping work area exhibits an uneven distribution of heavy metal pollution, which may be closely related to the specific geological conditions and mining activity patterns in the area. The above findings highlight the complexity of the impact of mining activities on water environments and indicate that different regions have varying needs for environmental management strategies. This research not only provides an empirical basis for a deeper understanding of the impact of mining activities on water environments, but also provides a scientific basis for developing environmental management measures that are tailored to regional characteristics. Through comprehensive analysis of water bodies, heavy metal pollution, total phosphorus pollution, and ecological hazard assessment, the impact of mining activities on the water environment can be more comprehensively evaluated, providing theoretical support for achieving a balance between mining development and environmental protection.
4 CONCLUSION
This study takes the development of phosphate mines in the Mabian Jinyang area of Sichuan Province as a case study, systematically exploring the pollution of heavy metals and total phosphorus in water bodies in mining areas and their potential ecological hazards. The research results indicate that the overall water quality of the water bodies in the three working areas of Mabian Laoheba, Liugushui, and Maiziping is Class I water, and the water type is mainly Ca-HCO3 type, which is consistent with the research results of (Wu et al., 2014). Our research results provide additional evidence for understanding the universality of the impact of phosphate mining on the water environment. However, there are significant differences in the distribution and pollution levels of heavy metals and total phosphorus in the three work areas, reflecting the complex impact of phosphate mining development on the surrounding environment. In the Mabian Laoheba work area, the distribution of P element and heavy metal elements such as Cu, Pb, Zn is extremely uneven, manifested as obvious point pollution. Our results provide a scientific basis for developing region specific environmental protection strategies. Related studies have shown that mining activities in similar areas often lead to the accumulation of heavy metals in water bodies, especially near mining areas (Jiao et al., 2023; Liu et al., 2021; Song et al., 2021). Especially Cu and Cd, their pollution levels are the most prominent, but overall, the potential ecological hazards of heavy metals in water bodies are mainly mild and moderate, with only a few areas showing strong ecological hazards. The formation of point pollution may be related to non-standard waste disposal and slag stacking in mining areas, which also provides strong evidence for excessive total phosphorus. However, the ecological risk of heavy metals in the water body of the Laoheba working area is relatively controllable, indicating that with appropriate environmental management measures, the environmental risk in the area can be effectively alleviated. In contrast, the distribution of heavy metal elements and P elements in the Liugushui working area is relatively uniform, and the total phosphorus index of the water in this area is low, with no exceedance observed, indicating that the water environment quality in this working area is currently good. However, it should be noted that although the overall risk of heavy metal pollution is not high, elements such as As and Pb may still have certain long-term impacts on ecosystems, and continuous monitoring and corresponding preventive measures need to be taken. Our research results are consistent with previous studies in terms of heavy metal distribution patterns, which not only validates their findings on the impact of mining methods and mineral types on heavy metal distribution in water bodies, but also further reveals how these factors specifically affect aquatic ecosystems in different mining environments (Pei, 2022; Ma et al., 2023). In the Maiziping work area, the distribution of heavy metal elements such as Pb, Zn, Cd also shows extremely uneven characteristics, and the pollution levels of Mn, As, and Pb are more prominent. According to relevant literature, high concentrations of Mn may lead to degradation of aquatic ecosystems and affect the survival of aquatic organisms (Xie et al., 2022). Similar to other work areas, the total phosphorus index in the water of Maiziping is relatively low and has not exceeded the standard, but the potential ecological hazards of heavy metal pollution are mainly mild and moderate. However, there are still strong ecological hazards in some areas, especially caused by Mn and As, which reminds us to pay special attention to the management and control of these heavy metals in the development of phosphate mines in this region. In addition, in this study, we conducted a preliminary analysis of the potential correlation between pH value and heavy metal concentration. Although no uniform correlation pattern was observed between different work areas, our analysis shows that in certain regions, there is a certain correlation between changes in pH values and specific heavy metal concentrations. This may be due to the significant impact of pH on the solubility and form of heavy metals, which in turn affects their migration and bioavailability in water bodies. However, this correlation is influenced by various factors such as geological conditions, mining development activities, and waste disposal methods. Therefore, we suggest that future research can delve deeper into the interactions between these environmental factors and how they collectively affect the dynamics of heavy metal pollution in water bodies.
This study reveals the spatial distribution characteristics and potential ecological risks of heavy metal and total phosphorus pollution in water bodies during phosphate mining development through detailed analysis of three working areas. We found that the point pollution of heavy metals is closely related to the intensity of mining activities and poor waste management, while the differences in pollution levels between different work areas are related to the mining methods and scale within the region. Although the potential ecological hazards of heavy metals in the water bodies of the current work area are not high, in the long run, continuous mining development may exacerbate these risks. This study not only provides scientific basis for environmental management in phosphate mining development, but also provides important guidance for managers in ecological protection and heavy metal pollution control in mining areas. Firstly, research has shown that poor mining activities and waste management are the main causes of heavy metal pollution in water bodies. This requires mining area managers to develop and implement stricter waste treatment and management policies in future mining development, especially for controlling high-risk heavy metal elements such as Cu, Pb, Zn, As, and Cd. Secondly, considering the point like pollution characteristics of some water bodies in the work area, it is recommended to strengthen environmental monitoring in these areas and establish a long-term and dynamic monitoring mechanism to timely detect and control potential pollution sources. In addition, in the future, efforts should be made to strengthen the protection of communities and ecosystems around mining areas, in order to avoid ecological imbalances and environmental degradation caused by mining development.
The limitations of this study mainly lie in the selection of data collection and analysis methods. Firstly, the collection of water samples is limited to three working areas and may not fully represent the overall water pollution situation in the Mabian Jinyang area. Therefore, there may be regional biases in the research results, and it is recommended to expand the sampling range and cover more work areas in future studies to improve the universality and representativeness of the research. Secondly, although this study employed standardized chemical analysis methods and the Potential Ecological Risk Index (PERI) method, which are effective in assessing the potential threat of heavy metal pollution, some other environmental factors such as water mobility, seasonal variations, and the interaction of other pollution sources may still be overlooked. Future research can enhance the comprehensiveness of assessments by integrating ecotoxicological experiments and multi-media environmental models. Ecotoxicology experiments will provide direct evidence about the response of organisms to heavy metal exposure, while multi-media environmental models can help simulate the migration and transformation of heavy metals in different environmental media, providing a more comprehensive perspective for risk assessment. Finally, due to time constraints in data collection, this study was unable to consider the changing trends of long-term monitoring data. Subsequent research will incorporate long-term data analysis to gain a deeper understanding of the sustained impact of phosphate mining development on the water environment.
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P (mg/L) 051 001 0.04 05 2 0.03 0.01 007 167.08

K (mg/L) 12 028 ‘ 053 092 2 047 004 021 3977

Cd (ug/L) 174 0 0.08 174 3 0.03 0.06 025 327.18

As (ug/L) 462 013 061 45 2 045 044 0.66 108.73

Se (ug/L) 095 0 013 095 2 0.09 0.02 015 11198

Total 235 13 103.85 p22) 3 955 1,584.38 398 38.33
dissolved

solids

(mg/L)

PH(10°%) 851 7.7 829 081 s 832 0.02 ‘ 0.14 173
SO,* (mg/L) 101 096 19.08 100 2 1635 94.11 17.15 89.88
HCO; (mg/L) 163 19.6 105.94 1434 8 104 1,146.29 33.86 3196
CO.* (mg/L) 9.63 642 654 321 25 642 04 0.63 9.62

Total . 221 619 ‘ 1336 2148 . 3 v 137 | 2060.19 v 45.39 33.97
hardness

(mg/L)
Na*(mg/L) 25 0.36 0.91 2.14 2 0.82 0.2 0.45 48.77

Mn (ug/L) 108 027 1036 132 2 263 389.35 1973 19039
Mg (mg/L) 2 051 9.54 25.49 2 8.49 2602 5.1 53.45
Ca?(mg/L) 632 168 37.75 61.52 3 37.35 14076 1186 3143
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Variation
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F (mg/L) 117 002 017 115 4 0.09 0.06 024 14327

CI(mg/L) 116 012 043 1.04 2 041 0.08 028 65.07
NO, (mg/L) 104 066 486 975 2 434 757 275 56.58

Cu(ug/L) 121 014 0.96 1197 2 0.56 262 162 169.05

Pb(ug/L) 389 003 357 38.87 2 126 35.47 596 16672

Zn (ug/L) 109 018 813 108.82 2 342 2556 1599 196.66

P (mg/L) 525 0 094 525 4 0.07 39.19 626 664.19

K (mg/L) 6.86 0.09 ‘ 083 677 2 0.58 105 102 12313

Cd (ug/L) 0.58 0 0.08 058 3 0.02 0.02 013 1515

As (ug/L) 347 0.09 084 338 2 07 044 0.66 78.39

Se (ug/L) 091 005 021 0386 3 013 0.04 019 9168

Total 2,280 36 25822 2,044 2 177 1333353 365.15 14141
dissolved

solids

(mg/L)

PH(10°%) 871 5.05 7.93 3.66 3 8.06 033 ‘ 058 7.28
SO,* (mg/L) 1,180 1.89 58.16 1,178 0 14 37949.95 194.81 33494
HCO; (mg/L) 235 131 125.08 219 3 130.5 2,19402 46.84 37.45
CO.* (mg/L) 9.65 322 483 643 14 322 1034 32 666

Total . 1770 131 ‘ 22591 1756.9 . 2 v 165.5 | 8705284 v 295.05 130.6
hardness

(mg/L)
Na(mg/L) 348 011 0.96 337 2 075 0.44 0.6 68.92

Mn (ug/L) 613 03 2279 557 0 357 637973 79.87 35049
Mg (mg/L) 58.1 091 1463 57.19 3 126 116,58 108 73.82
Ca?(mg/L) 615 374 5643 611.26 2 39.25 6,508.77 80.68 142.96
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F (mg/L) 0.43 004 015 039 3 011 001 012 80.69
CI(mg/L) 093 019 039 075 2 035 003 017 1262
NO, (mg/L) 8.59 11 443 7.49 2 44 213 146 3287

Cu(ug/L) 24 026 06 215 0 0.53 013 036 59.16

Pb(ug/L) 381 015 412 37.95 2 136 55.71 7.46 18119

Zn (ug/L) 107 078 355 992 2 273 504 225 6322

P (mg/L) 014 001 0.04 013 2 0.03 0 003 68.13

K (mg/L) 1.02 021 ‘ 0.64 081 2 0.62 002 015 2336

Cd (ug/L) 0.76 0 0.06 076 3 0.01 0.03 0.16 2546

As (ug/L) 7.34 022 144 7.12 2 0.56 377 1.94 135.12

Se (ug/L) 08 001 026 08 2 017 005 023 89.16

Total 243 62 155.87 181 2 160 3,01021 54.87 352
dissolved
solids

(mg/L)

PH(10°%) 8.48 8.08 834 04 7 836 001 ‘ 01 119
$O,* (mg/L) 953 357 43.83 9173 2 324 1,039.84 3225 73.58
HCO; (mg/L) 183 58.8 110.14 1242 7 108 668.22 25.85 2347
CO.>"(mg/L) 9.63 642 651 321 33 642 03 055 845

Total . 245 819 172.67 163.1 3 180 2,873.06 536 3104
hardness

(mg/L)

Na*(mg/L) 2.82 0.37 0.8 245 2 0.71 0.16 04 50.22
Mn (ug/L) 33 0.73 4.14 147 2 191 3> 6.11 147.6
Mg (mg/L) 256 3.09 1581 2251 2 173 23 65 4113
Ca?(mg/L) 613 182 43.04 431 2 429 153.01 1237 2874






